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Abstract
Recently, an innovative protocol of electrical stimulation, named “fictive locomotion
induced stimulation” (FListim), which consists of an intrinsically variable noisy
waveform, has been obtained from a segment of chemically-induced fictive
locomotion (FL) sampled from the ventral root (VR) of an in vitro preparation of
neonatal rat spinal cord. FListim delivered at sub-threshold intensities to a dorsal
root (DR) has been shown to optimally activate the central pattern generators
(CPGs) for locomotion (Taccola, 2011).
In an attempt to introduce novel and improved protocols of stimulation in
combination with neurochemicals, the current PhD project aims to identify the
features that make sub-threshold noisy waveforms effective in activating locomotor
patterns.
To reach this aim, locomotor-like patterns in response to different noisy waveforms
were compared. In order to obtain a wide palette of noisy protocols
electromyographic (EMG) recordings were performed from leg muscles of adult
volunteers during walking. These recordings were then delivered as stimulating
patterns called real locomotion-induced stimulation (ReaListim).

ReaListim protocols, sampled during different motor behaviours, are equally able to
induce an epoch of locomotor-like oscillations. Conversely, smooth kinematic
profiles and non-phasic noisy patterns such as standing and isometric contraction,
are unable to activate the locomotor CPGs. The complexity of noisy waveforms
was then reduced at motoneuronal level, by recording electrical activity of a single
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motoneuron during FL. Long-lasting episode of FL, were evoked in response to
intracellular patterns delivered at sub-threshold intensities. The analysis of
motoneuronal firing during FL was used to identify four recurrent frequency values
that optimally activated the locomotor CPGs when applied simultaneously in a
multifrequency protocol. Different permutations were tried to further simplify the
multifrequency protocol while isolating the most effective components of the four
identified frequencies. The simplest asynchronous paradigm that can induce
locomotor-like episodes consists of a train of rectangular pulses that contain two
frequencies: 35 and 172 Hz. This protocol resulted already effective at subthreshold intensity even when delivered for a very short time (500 ms).

The role of oxytocin in the modulation of neuronal networks is explored here on
spinal networks. Intracellular recordings demonstrate that oxytocin dosedependently depolarizes single motoneurons with the appearance of sporadic
bursts with superimposed firing. By applying the selective blocker of sodium
channels, tetrodotoxin (TTX), the effects of oxytocin can be completely abolished,
which suggest a premotoneuronal-level origin.
The neuropeptide is capable to induce VRs depolarization with superimposed
synchronous bursts of activity, while reflex responses induced by single pulses are
depressed depending on the stimulus strength and peptide-concentration. The
disinhibited bursting evoked by the pharmacological blockade of glycine and
GABAA receptors blockers, strychnine and bicuculline, respectively, is accelerated
by oxytocin, an effect that is suppressed by the selective oxytocin receptor
antagonist atosiban.
3

On spinal locomotor networks oxytocin facilitates the emergence of FL episodes in
response either to weak noisy waveforms protocols or to the conjoint application of
NMDA and 5HT at sub-threshold concentrations, even if the periodicity of a stable
FL is not significantly affected by the neuropeptide. Interestingly, the facilitation of
the locomotor CPGs by oxytocin is dependent on the endogenous release of 5HT,
as is demonstrated by incubation with the inhibitor of 5HT synthesis, pchlorophenilalanine (PCPA).

Low-frequency trains of stereotyped pulses (0.33 and 0.67Hz) delivered with a
controlled time interval (delays 0.5 to 2 s) to multiple DRs converged on spinal
locomotor circuits to generate locomotor rhythm. The same finding is confirmed by
the phase resetting that is induced by single afferent stimuli during a simultaneous
train of pulses delivered to another DR. Staggered protocols fail to elicit FL when
simultaneously applied to multiple DRs, while a multi-site randomized pulse train is
still effective in eliciting locomotor-like patterns.

This thesis outlines new strategies for optimizing the reactivation of spinal
locomotor networks after spinal damage. Though the technology that is currently
available in clinics does not allow for the delivery of highly-variable stimulating
patterns, experiments reported here indicate a way to overcome these limitations.
Indeed, protocols that contain few distinct frequencies that are isolated from the
spectrum of noisy waves can activate the CPGs even when delivered with a multisite approach. This suggests that it may be possible to separately supply multiple
trains of pulses to several cord sites using different electrostimulators. The yield of
4

stimulation in activating locomotor circuits will be further improved by the
association with the neuropeptide oxytocin.
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Introduction
Locomotion is a parsimonious rhythmic motor behaviour.
Locomotion is a stereotyped rhythmic motor behaviour that allows animals and
humans to move through the environment. It involves the coordination of several
joints and muscles in the limbs and trunk to attain forward progression while
simultaneously maintaining body balance and limiting loss of energy (Grasso et al.,
1999).
Over the years, many approaches have been introduced to study the
characteristics of locomotion. Among them, biomechanics is a science that studies
the internal and external forces acting on the human body and the effects produced
by these forces. It consists in the application of Newtonian mechanics to the study
of the musculoskeletal system.
During the last century, many hypotheses have been suggested to describe the
biomechanics of locomotion. In the early sixties, the inverted-pendulum model
was introduced (Cavagna et al., 1963). This hypothesis states that the centre of
mass (COM) of the body vaults over the stance leg in an arc (Cavagna et al.,
1963). Considering the energy balance, the model suggests that, during the first
half of the stance phase, the kinetic energy is converted into potential energy,
which is partially recovered through the second half of the stance phase as the
COM falls forward and downward. In theory, if an inverted pendulum acted in a
purely conservative way during walking, any shift in kinetic energy would be
counterbalanced by an opposing variation in potential energy, with no necessity for
further mechanical work performed by muscles. Actual walking tends to fit this
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theoretical model, though energy is also dispersed in friction and ground
resistance.
On the other hand, running patterns have an energy balance very different from
that observed during walking. In running, the inverted pendulum mechanism is less
dominant (Kuo and Donelan, 2010; Cavagna et al., 1964; Cavagna et al., 1977),
and energy is conserved through a mechanism known as elastic body bounce. In
elastic body bounce, the exchange of mechanical energy that is stored in the
elastic elements of muscles is recovered as both kinetic and potential energy, as in
a bouncing ball (Cavagna et al., 1977). The two mechanisms that describe the
different patterns of forces during walking and running are schematically depicted
in Figure 1.

Figure 1. Motor behaviours can be schematized in simplified models. Walking behaviour is
represented on the left. The COM (centre of mass) vaults over a rigid leg, like an inverted
pendulum. The COM reaches its highest point in correspondence with the mid stance. Kinetic and
gravitational potential energies are exchanged cyclically. The model on the right depicts running
behaviour by showing the leg acting as a spring, with the COM reaching its lowest point at mid-
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stance. During running, in the braking phase, the kinetic and gravitational potential energies are
stored as elastic energy and are recovered during the propulsive phase (Dickinson et al., 2000).

According to the principle of dynamic similarity (Alexander, 1989), geometrically
similar bodies that depend on pendulum-like biomechanics of movement show
similar gait dynamics. This principle has been demonstrated in humans (Ivanenko,
2004), but also in several animal species which differ in terms of size, mass,
posture or skeleton type, including dogs (Goslow et al., 1981), rodents, birds
(Heglund et al., 1982), salamanders (Frolich and Biewener, 1992), lizards (Farley
and Ko, 1997) and frogs (Ahn et al., 2004).
Biomechanics finds its greatest use in physical medicine and rehabilitation where it
is employed for the characterization of musculoskeletal function and dysfunction
(Zajac et al., 2002; 2003). Indeed, injuries to the central nervous system (CNS) and
other motor disturbances can alter the biomechanical features of a gait to produce
walking deficits. At the same time, detailed biomechanics descriptors support the
assessment of spontaneous recoveries and the benefits of new neurorehabilitative
interventions (Kuo and Donelan, 2010).
Kinematic analysis is a branch of biomechanics that describes the geometric
features of movements by tracing positions, angles, velocities and accelerations of
body segments and joints during motion. From a kinematic perspective, the gait
cycle starts when one foot makes contact with the ground and ends when the same
foot contacts the ground again. Each gait cycle has two main phases: the first is
the phase during which the foot remains in contact with the ground (stance, 60% of
the cycle); the second is the phase during which the foot is swinging in the air
(swing, 40 % of cycle; Perry and Burnfield, 1992). Kinematic analysis suggests that
8

locomotion is not a perfectly stereotyped behaviour. Indeed, although fluctuations
from the main scheme are quite small in moving subjects (Gabel and Najak, 1984;
Terrier and Schutz, 2003), highlighting the accuracy and reliability of the finelytuned systems that regulate gait (Hausdorff, 2005); however, a certain inherent
variability is reported at each step (Courtine et al., 2005).
As mentioned above, the kinematic analysis of gait shows a certain inherent
variability. Similarly, muscular activation also turns out to be complex and variable,
since it requires the concerted activation of a large number of limb and trunk
muscles. In addition, it has been shown that, in lower limbs, there are more
degrees of freedom (DOFs) in the joints and muscles than motor patterns (Aoi and
Funato, 2015), thus demonstrating the existence of a discrete kinematic
redundancy. The prevalent hypothesis is that complex movements such as the
gait may be controlled through the flexible combination of motor primitives
(Giszter et al., 1989), which are defined as set of fixed-duration motor-unit bursts
that are assembled by the motor system to compose voluntary or reflexive actions
(Bizzi et al. 1991, Mussa-Ivaldi and Giszter, 1992, Mussa-Ivaldi, 1999, Hart and
Giszter 2004) and which allow the construction of motor issues (Dominici et al.,
2011). Similar patterns of activation have been identified in humans and in various
quadrupedal mammals (Grillner, 2011), which suggests that locomotion in
vertebrates shares common basic rules.

9

Central Pattern Generators (CPGs)
Rhythmic motor behaviours are generated by neuronal networks
wholly located in the CNS.
In the central nervous system (CNS) neurons are functionally organized in
networks with the ability to produce complex, rhythmic motor behaviours such as
walking, swimming, chewing, and breathing. A network can produce rhythmic
activities mainly through two mechanisms. The first is based on the existence of
peacemaker neurons that can generate membrane-potential oscillations when
isolated from the rest of the network (Harris-Warrick and Flamm, 1987). The
second

mechanism

depends

on

a

phenomenon

called

network-driven

rhythmicity, in which the rhythm emerges as a consequence of synaptic
connections among neurons that are not themselves intrinsically rhythmic (Marder
and Bucher, 2001). These mechanisms are not necessarily in dichotomy, but they
may be present concurrently in the same network, as happens for instance in the
crustacean stomatogastric ganglion (Harris-Warrick, 2010).
Along the neuraxis there are several interneuronal circuits that can generate
rhythmic behaviours that are denominated central pattern generators (CPGs;
Grillner, 2006). As for locomotion, a locomotor CPGs that is entirely localized in the
spinal cord (locomotor CPGs; Kjaerulff and Kiehn, 1996) produces the basic
locomotor program. It consists in the sequential activation of ipsilateral flexor and
extensor muscles in the same limb and in the left / right coordination between limbs
(Grillner and El Manira, 2015) independent of both sensory feedback and
supraspinal inputs. Although CPGs operate without external commands, the
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locomotor circuits in the spinal cord continuously receive and integrate afferent
information that helps to refine the motor output according to external demands.
The generation of rhythmic bursts of activity in the locomotor CPGs seems to rely
on a core of excitatory interneurons that are coordinated to express an alternating
activity by a mechanism of reciprocal inhibition (Grillner and El Manira, 2015).
The first insight into the locomotor CPG organization is dated back to the past
century when Thomas Graham Brown demonstrated that rhythmic hind-limb flexor–
extensor movements can be induced in a decerebrate cat in the absence of any
sensory input from the periphery (Graham Brown, 1911). These results suggest
that the locomotor program may be produced by networks of neurons located
entirely in the spinal cord. From this pioneering work, CPGs have been extensively
studied in several animal models, thereby unveiling noteworthy details about the
organization and function of the elements that constitute locomotor circuits
(Buschges et al., 2008). For a better understanding of the general principles of
locomotor-circuit organization, simplified experimental preparations with relatively
few neurons have been adopted that use, for instance, invertebrates such as
leeches and crustaceans and vertebrates as lamprey and zebrafish (Selverston
and Moulins, 1985; Grillner et al., 1998a, b; Kyriakatos et al., 2011).
The achievements in electrophysiological, pharmacological and genetic properties
of the elements that comprise the CPG for locomotion that have been obtained
from the above-mentioned models may be then translated to mammals, as the
basic mechanisms that generate alternating patterns are generally preserved
among species (Grillner, 2011).
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CPGs

generate

rhythmic

activity

depending

on

their

circuit

architecture.
One of the most challenging problems in neuroscience is to understand the
operation underlying CPGs networks. Studying the function of a circuit implies the
characterization of a high number of neurons and synaptic connections. Since the
anatomical and cellular architecture of spinal networks is not yet known, theoretical
models of CPGs may facilitate the production of a quantitative description of circuit
mechanisms, thereby filling the gap between circuit operation and basic
behaviours. The first model proposed to explain the functional organization of
CPGs for locomotion is the half-centre. This model states that centres that control
the locomotor program are composed of two groups of spinal neurons that are
organized reciprocally and are able to mutually inhibit each other (Brown, 1914).
However, such a model represents only a simplified CPG organization and cannot
explain many features of the real locomotor pattern generated in the mammalian
spinal cord. An implementation of the half-centre hypothesis has come from the
study of turtles (Lennard, 1985) and adult decerebrate cats. It indicates the
existence of separate networks for rhythm generation and pattern formation
(Kriellaars et al., 1994; Lafreniere-Roula and McCrea, 2005). Figure 2 depicts the
monolateral two-layer organization of the CPGs for locomotion.
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Figure 2. The central pattern generators (CPGs) have a two-layer organization. The
architecture consists of two separate networks: a half-centre rhythm generator (RG or clock) and a
pattern-formation network (PF). Spontaneous pause of the rhythmic output (deletions) may occur at
the level of the RG or PF (from Lafreniere-Roula and McCrea, 2005).

The major weakness of the above mentioned models is represented by the
difficulty in modelling different sources of variability, since their impact is still matter
of debate. To better understand the effect of such variability, stochastic neural
networks have been introduced.
Recently, in agreement with stochastic neural networks, Berg and colleagues
(2007) have shown that, during the scratch-like behaviour induced by the
mechanical stimulation of the carapace in adult turtles, motoneurons enter in a high
13

conductance state due to intense synaptic activity. By measuring the total
excitatory and inhibitory conductance of motoneurons, they propose that synaptic
inhibition and excitation alternate in phase (balanced model) instead of out of
phase (reciprocal model). In this model, motoneuronal firing is stochastically
determined by synaptically-induced fluctuations in membrane potential rather than
by intrinsic membrane properties (Berg et al., 2007).

CPGs undergo finely timed developmental changes.
The development of locomotor spinal circuits is linked to both modifications in
intrinsic properties of their constituent elements and to changes in the wiring
properties of locomotor networks.
Five days prior to birth (E14.5-E16.5), only a spontaneous synchronous motor
pattern can be observed (Iizuka et al., 1997; Nishimaru and Kudo, 2000;
Nakayama et al., 2004). This type of embryonic network-bursting activity can also
be evoked in new-born rodents through the pharmacological blockage of synaptic
inhibition. Indeed, developmental studies indicate that, during the embryonic
period, the transition from a synchronous to an alternate pattern may depend on
the maturation of inhibitory connections between the two sides and on the shift of
ECl- towards hyperpolarized values. This latter event converts γ-Aminobutyric acid
(GABA) and glycine-evoked potentials from excitatory to inhibitory, as they are in
the mature state (O`Donovan et al., 1998; Nishimaru and Kudo, 2000; Vinay et al.,
2002).
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Another fundamental feature of the transition from embryonic to postnatal age is
the change in motoneuron morphology and membrane properties that lead to
important modifications in excitability, including a decrease in input resistance, an
increase in rheobase and a maturation of repetitive firing properties. Furthermore,
motoneuronal pools do not maturate simultaneously, as the motoneurons that
innervate rat hind-limb extensor muscles are usually less mature than flexors at
birth in terms of electrical properties (Vinay et al., 2000; Carrascal et al., 2005).
Finally, the development of descending pathways, especially of monoaminergic
projections, represents a further stage in the maturation of lumbar networks.
Serotoninergic fibres reach the lumbar enlargement at E17 and from this moment
they keep on their maturation process until the end of the first postnatal week.
During this period, the growth of serotoninergic axons allows the maturation of
electrical properties in mature motoneurons (Vinay et al., 2002). Neuropeptides
such as oxytocin also exert trophic and differentiating roles in the maturation of the
spinal cord. Oxytocin is produced in the paraventricular hypothalamic nucleus
(PVN) (Swanson and McKellar, 1979) and carried to the spinal cord principally
through descending pathways. These fibres arrive before birth at the thoracic level
and reach the lumbar spinal cord at the second postnatal day (Leong et al., 1984),
thereby modulating CPGs activity and its maturation (Pearson et al., 2003).
Rodents cannot walk at birth because they lack postural control (Clarac et al.,
1998). But when suspended, they show an air-stepping behaviour that lasts a few
cycles (Fady et al., 1998). Moreover, once the spinal cord is isolated from
newborns by keeping hindlimbs attached, in response to appropriate stimulation,
real stepping and a coordinate pattern of muscular activity emerges that is similar
15

to the adult electromyographic activity recorded during locomotion (Gordon and
Whelan, 2006).
In conclusion, since CPG circuits express locomotor patterns similar to those of
adults already at birth (Kiehn and Kjaerulff, 1996), results collected from the spinal
cord of new-borns may suggest important findings to describe adult locomotor
circuits.

The spinal cord isolated from new-born rodents is a very useful model
for understanding the CPGs operation.
The most common type of vertebrate model employed in the functional studies of
locomotor CPGs is the in-vitro isolated spinal cord of the new-born rat (Smith et al,
1988), which, though deprived of supraspinal and peripheral inputs, retains the
ability to generate a coordinated locomotor-like activity if opportunely stimulated
(Kudo and Yamada 1987; Cazalets et al. 1992).
This preparation provides several advantages, such as the easy manipulation of
the perfusion-medium composition, the possibility to apply drugs that do not cross
the blood-brain barrier by simply adding them to the recording chamber, and the
ability to reversibly manipulate the excitability of networks within discrete segments
of the spinal cord (Beato and Nistri, 1999; Taccola et al., 2010). Furthermore, in
new-borns, the CNS is not yet fully myelinated; thus, it is possible to keep the
tissue alive for quite a long period through an adequate perfusion system. Indeed,
this preparation can be used for several hours when it is maintained in an
appropriate oxygenated physiological medium, and it is still able to generate
locomotor patterns 24 hours after dissection (Taccola et al., 2008). In a preliminary
16

test even after 48, hours the preparation was optimally functional in generating a
locomotor output (Dose and Taccola, unpublished observations).
The locomotor CPGs output recorded from the isolated spinal cord consists of a
pattern of electrical discharges that alternate among the second and fifth lumbar
VRs (VRL2-L5) on the same side of the cord, which correspond to flexor and
extensor commands, respectively (Kiehn and Kjaerulff, 1996), and between the left
and right sides of the spinal cord (Juvin et al., 2007). This phenomenon is called
fictive locomotion (FL) because the alternated neural oscillations recorded from
isolated spinal cords resemble the electromyographic patterns recorded in walking
animals in vivo (Gordon and Whelan, 2006), as depicted in Figure 3. FL is not
exclusive of in vitro preparations, but it can be recorded also from peripheral
nerves in decerebrated and curarized in vivo cats (Grillner and Zangger, 1979;
Pearson and Rossignol, 1991).

Figure 3. Locomotor activity recorded in vivo from adult animals during real stepping is
comparable to FL patterns induced in vitro. A depicts the activity of flexor and extensor muscles
derived from an adult rodent walking on a treadmill. In B, a chemically induced FL is recorded from
the ventral roots of a neonatal isolated spinal cord. As depicted by the figure, the flexor-extensor
pattern obtained from the in-vitro preparation is similar to that recorded from a rodent during real
stepping on a treadmill (Juvin et al., 2007).
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FL may be induced chemically in isolated spinal cords through the bath application
of several types of neurotransmitter agonists, such as N-methyl-D-aspartate
(NMDA) and serotonin (5-hydroxytryptamine, 5-HT).
The exact mechanism and the site of action of these substances is not known; they
might, however, act by increasing neuronal excitability to recruit a sufficient number
of CPG neurons (Kiehn et al., 1999a, Madriaga et al., 2004, Christie and Whelan,
2005, Liu and Jordan, 2005). At present, the best way to elicit the locomotor rhythm
results to be via the co-application of NMDA and 5-HT (Sqalli-Houssaini et al.
1993; Kiehn and Kjaerulff, 1996; Cazalets and Bertrand, 2000), since in these
conditions, FL is regular and stable until neurochemicals are applied (Dose and
Taccola, 2012). However, when separately applied, the two neurotransmitters are
both able to activate the CPGs.
Excitatory amino acids have a pivotal role in CPG activity (Kudo and Yamada,
1987); they act on both NMDA and non-NMDA glutamate receptors, as is
demonstrated by the disappearance of FL in experiments in which both receptors
are simultaneously blocked (Smith et al, 1988; Cazalets et al.1992). On the other
hand, exogenous 5HT increases FL-cycle duration and period (Harris-Warrick and
Cohen 1985), thereby improving left / right and flexor / extensor alternation (Beato
et al., 1997; Pearlstein et al., 2005). Indeed, it has been demonstrated that 5-HT
reduces the Ca2+-dependent K+ channel (KCa) current, thereby reducing the slow
afterhyperpolarization (sAHP) and therefore prolonging bursts duration (Hill et al.,
1992). Indeed, the summation of the sAHP is an important factor in controlling
burst termination and thereby in regulating the frequency of FL (Hill et al., 1992).
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Moreover, 5HT increases motorneuron excitability by inhibiting certain channels
that are involved in leak conductance—namely, the TASK-1 potassium channels—
thereby inducing a more depolarized membrane potential and an increase in input
resistance (Perrier et al., 2003). Besides the induction of FL episodes when applied
alone (Cazalets et al., 1992), 5HT affects locomotor-related oscillations previously
induced by the sole NMDA (Pearlstein et al., 2005). Moreover, inhibition of the
endogenous synthesis of 5HT through the p-chloro-phenylalanine (PCPA) leads to
a disorganization of the locomotor rhythm that is induced by the activation of
NMDA receptors (Pearlstein et al., 2005).

Circuits controlling the locomotor program are located in the ventral
lumbar spinal cord.
Pharmacological, electrophysiological and lesion studies in the isolated spinal cord
demonstrate that rostral lumbar segments are more rhythmogenic than caudal
ones, thus indicating a rostro-caudal distribution of the locomotor network in the
lumbar cord with the greatest rhythmogenic potential at L1-L2 segments (Kjaerulff
and Kiehn, 1996; Cowley and Schmidt, 1997; Kremer and Lev-Tov, 1997; Grillner
et al., 1998; Beato and Nistri, 1999; Lev-Tov et al., 2000, Kiehn and Butt, 2003;
Nistri et al., 2006; Kiehn, 2006). Besides the rostro-caudal distribution of the
locomotor CPG, its ventral distribution in the spinal cord has been confirmed with
dorsal horn-ablation studies (Kjaerulff and Kiehn, 1996; Taccola and Nistri, 2006).
Indeed, after the removal of the dorsal region, the locomotor rhythm persists (albeit
with reduced cycle frequency), which is probably due to a decreased drive from the
CPG onto the motoneuron pools (Kjaerulff and Kiehn, 1996). Precisely, activity19

dependent neuronal labelling indicates that the area around the central canal and
the medial part of the intermediate grey matter (Rexed laminae VII-VIII-X) are
important for rhythm-generation during locomotion (Viala et al., 1991; Kjaerulff and
Kiehn, 1994; Butt and Kiehn, 2003; Miles et al., 2005). Furthermore, it has been
demonstrated that left-right coordination is provided by commissural interneurons
(CINs), which axons cross the midline and form synapses with motoneurons and /
or interneurons located in the contralateral hemicord. Conversely, the coordination
of flexor and extensor motoneurons on the same side involves ipsilateral inhibitory
networks, as demonstrated by the synchronous activation of flexor and extensor
motoneurons in response to the pharmacological blockade of glycinergic inhibition
(Cazalets et al. 1998; Beato & Nistri 1999).
The cartoon in Figure 4 shows that the locomotor CPG is located mainly in the
ventral lumbar cord and that it has a rostro-caudal distribution.
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Figure 4. Spinal locomotor networks are localized in the ventral spinal cord. The locomotor
circuit is distributed along the cord from L1 to L6 in two medial columns. The colour gradient points
out the higher rostral (red) and lower caudal (blue) capability to generate rhythmic activity. In the
ventral commissure is indicated the pathway mediating left-right coordination, while the pathways
involved in the flexor and extensor alternation are depicted in figure in the lateral and ventral
funiculus (from Kjaerulff and Kiehn, 1996).
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Distinct excitatory and inhibitory interneuronal populations have been
identified using genetically-modified animals.
Detailed knowledge of the individual components of the locomotor CPG is still
lacking. To relate the locomotor function to the molecular identity of CPGs neurons,
many efforts have been made in the last few years to adopt a broad spectrum of
genetic manipulations on spinal interneurons and to thereby examine potential
consequences on locomotor output. This research, based on molecular biology and
genetics techniques, has employed animal models such as mouse, lamprey,
tadpole and zebrafish. Many of these techniques, like knockout and knockin
technologies, are unavailable in rat studies because it is hard to culture and
maintain rat embryonic stem cells (ES). Nevertheless, since rats and mice are
phylogenetically very closely related, results collected in mice may be extended to
rats.
In mice, four classes of CPG interneurons (V0, V1, V2 and V3) have been
identified in the ventral part of the neural tube (Jessel, 2000).
V0 interneurons (mostly inhibitory) are associated with left-right alternation (Lanuza
et al., 2004). The V1 inhibitory interneurons are required for the generation of fast
motor bursting during locomotion, thus highlighting the important regulatory role on
the frequency of the locomotor rhythm (Gosgnach et al., 2006). V2 interneurons
are divided into two subpopulations, genetically identified by the expression of
specific cell markers. V2a interneurons are glutamatergic, while V2b are
GABAergic interneurons (Lundfald et al., 2007). Mice that lack these neurons show
alterations in frequency, amplitude and bilateral coordination compared to wild type
FL characteristics (Crone et al., 2008). V3 interneurons participate in the
22

generation of a stable and balanced rhythm (Zhang et al., 2008). Moreover, dI6
cells, which originate from progenitors located immediately dorsally to the V0
interneurons, seem to be involved in the generation of the locomotor rhythm
(Gosgnach, 2011). Another class of interneurons that express the Hox gene Hb9
seems to take part in locomotor rhythm generation (Brownstone and Wilson, 2007).
In these knockout models for specific interneuronal subpopulations, the locomotor
output is not completely abolished. Thus, other, not-yet-identified interneurons
should be part of the locomotor CPGs. Another explanation for the persistence of
rhythmic activity in knockout animals might consider the presence of redundant
circuits that act as ancillary networks. These could be compensatory networks that
come into play following selective alterations in circuit membership.
In conclusion, new techniques allow for the identification of single network
elements, thereby confirming that the locomotor CPGs has a remarkable cellular
heterogeneity and complexity.

The pharmacological blockade of fast synaptic inhibition unveils the
intrinsic rhythmicity of the spinal cord.
Spinal circuits possess an intrinsic source of excitability that participates in
generating the locomotor program (Eklöf-Ljunggren et al., 2012). Indeed, the
blockade of inhibitory transmission uncovers a glutamatergic network that remains
capable of producing rhythmic activity. This rhythmic activity comes from a basic
excitatory network, which may be seen as a locomotor network deprived of the
contribution of inhibitory connections (Clarac et al., 2004). In vivo experiments on
cats demonstrate that, when the glycinergic inhibition is blocked, the spinal cord
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evokes paroxysmal activity (Schwindt and Crill, 1981). Moreover, in cultured spinal
neurons, the application of glycine and GABA receptor blockers, strychnine and
bicuculline respectively, induces rhythmic and self-sustained bursting activity
(Streit, 1993). Also, in the isolated spinal cord from neonatal rat, bursting activity
can be elicited through the co-application of strychnine and bicuculline, as depicted
in Figure 5 (Bracci et al., 1996a; Beato and Nistri 1999). Discharges are
synchronous along the cord and between the left and right VRs, and they are
blocked by the conjoint application of the NMDA receptors antagonist, d-(-)-2amino-5-phosphonopentanoic acid (APV), and the (AMPA)/kainate receptors
blocker, 6-cyano-7-nitroquinoxaline-2,3-dione (CNQX), (Legrand et al., 2004).
Since these agents block the excitatory synaptic transmission, their effect
highlights the well-defined network origin of the synchronous bursting activity. The
rhythm originating from the pharmacological blockage of fast synaptic inhibition is
for this reason called disinhibited. It resembles the early types of network bursting
activity present at early stages of development (E14.5-E16.5; Iizuka et al., 1998;
Nakayama et al., 1999).
However, it has been suggested that bicuculline may distort the real contribution of
GABAA receptors at a network level since bicuculline has two opposite effects on
the burst rate (Pflieger et al., 2002). On one hand, it increases burst frequency
through the blockade of GABAA receptors similarly to picrotoxin; on the other hand,
like apamin, it decreases the burst rate of disinhibited rhythm through calciumactivated potassium channels (Pflieger et al., 2002).
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Figure 5. Intracellular recordings from motoneurons show that strychnine and bicuculline
induce a disinhibited rhythm when simultaneously applied. The co-application of strychnine
and bicuculline first elicits a strong depolarization of a single motoneuron with the emergence of
sporadic bursting activity (synchronous among all motor pools, not shown) that becomes a regular
disinhibited rhythm as soon as the cell repolarizes to its resting baseline. The trace depicted in the
figure is from a neuron at a resting potential of - 73 mV (modified from Bracci et al., 1996a).

An interesting question raised by Bracci and colleagues concerns whether this
synchronous rhythmic activity is generated by the same network involved in the
origin of the rhythmic locomotor-like activity (Bracci et al., 1996b). In favour of the
hypothesis of a common source of rhythmicity, there is evidence that some
pharmacological agents can modulate the fictive locomotion frequency in a dosedependent manner (Cazalets et al., 1992) and similarly affect periodicity of the
disinhibited rhythm (Bracci et al., 1996a). Moreover, the alternating pattern induced
by NMDA and 5-HT may also be transiently converted into a synchronous one as
soon as bicuculline and strychnine are applied during fictive locomotion (Kremer
and Lev-Tov, 1997). In optogenetic studies, Kiehn and colleagues demonstrate that
excitatory neurons are sufficient and necessary for the generation of the locomotor
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rhythm and that this function cannot be replaced by the light-mediated activation of
inhibitory neurons (Hägglund et al., 2013).
In conclusion, disinhibited rhythm induced by bicuculline and strychnine could be
used as a valuable tool to reduce the complexity of the network and to study the
modulation of rhythmic activity in the spinal cord.

Neuromodulation finely tunes the CPG output.
The operation of the locomotor CPGs depends on both the biophysical properties
of its constituent neurons and the connections between them. Both features are
continuously modified by neuromodulatory substances, which allow circuits
producing an assortment of different motor patterns to better adapt the locomotor
program to environmental changes (Marder and Bucher, 2001). Neuromodulators
may be differentiated with regard to their sites of synthesis into extrinsic and
intrinsic types (Katz, 1995). While extrinsic modulators are produced far from
locomotor spinal networks, intrinsic modulators are released by spinal
interneurons (Katz and Frost, 1996). Furthermore, extrinsic and intrinsic
modulators may be further subdivided on the basis of their chemical structure into
biogenic amines (5-HT, noradrenaline, dopamine, histamine and trace amines),
amino acids (GABA, Glu, Gly) and peptides such as oxytocin. Other molecules that
do not fall into these categories have also been shown to modulate the locomotor
response, such as ATP, adenosine, endocannabinoids and nitric oxide (NO) (Miles
and Sillar, 2011).
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Once released, these agents reach their targets in two principal ways that depend
on the distance of the release terminal from the postsynaptic site of action. In
wiring transmission, intercellular communication occurs among well-defined
connected structures (synapses). In volume transmission, a long-range diffusion
of signals within blood, cerebrospinal fluid or extracellular space connects remote
targets from the site of release (Agnati and Fuxe, 2000). Wiring transmission
includes synaptic transmission and gap junctions (Fuxe et al., 2007). On the other
hand, volume transmission also activates extrasynaptic receptors that can be found
at various locations in neurons, including the cell body, the dendritic shafts and
dendritic spines. These receptors can also be found adjacent to the postsynaptic
density zone (PSD) (Petralia et al., 2010; Hardingham and Bading, 2010) and in
glial cells (Fuxe et al., 2010).
Therefore, wiring and volume-transmitted signals are continuously integrated by
neurons in the CNS.
Furthermore, neuromodulators may be tonically or phasically released. Phasic
release produces transient alterations in neuronal circuits; tonic release maintains
a low, basal modulatory action over the network.
Since the locomotor CPGs need to rapidly adapt to continuous environmental
changes, activity-dependent changes may play a main role in modulating motor
outputs (Bertrand and Cazalets, 2013). For instance, during FL, the accumulation
of neuromodulators can play a role in the self-termination of this behaviour, as
occurs in Xenopus embryos in which ATP and adenosine exert control in the
duration of swimming episodes (Dale and Gilday, 1996). Moreover, as seen in
lamprey spinal cords, NO released from active neurons induces an amplification of
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the network output by decreasing inhibition and increasing excitation in the network
(Kyriakatos and El Manira, 2007; Kyriakatos et al., 2009).
Neurotransmitter release is affected after spinal cord injury (SCI), though the
expression and functionality of receptors can withstand great changes. For
example, in the weeks after SCI, 5-HT2 become constitutively active because these
brain stem-derived neurotransmitters are lacking as a result of the injury (Harvey et
al. 2006; Murray et al. 2010).
Furthermore, motoneurons develop supersensitivity to 5-HT, and very small
residual amounts of 5HT are able to facilitate sodium-persistent inward currents
(Na PICs; Harvey et al., 2006) and calcium PICs mainly through the 5-HT2 receptor
(Li et al., 2007). Therefore, one of the aims of pharmacotherapy after SCI is to
restore the physiological levels of neuromodulators and to limit the imbalance
created after tissue damage.

The locomotor CPG can be activated more physiologically using
electrical stimuli.
Drug applications to the whole spinal cord aimed at inducing FL represent a nonphysiological approach, because receptors are continuously stimulated in this way
and because substances added to the whole tissue act on all spinal neurons.
Contrariwise, the electrical stimulation of primary afferents promotes the release of
endogenous neurotransmitters at more specific sites. However, a brief electrical
single pulse is not able to trigger an episode of FL. Only a repetitive stimulation can
cause persistent neuronal depolarization due to glutamate release from primary
afferent (Kangrga and Randic, 1990) and can enrol a larger population of cells of
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the circuit up to the threshold for the generation of locomotor pattern (Marchetti et
al., 2001a).
Furthermore, it has been shown that extracellular potassium concentration
increases during electrically-induced locomotor-like episodes. This phenomenon
could influence the excitability of CPGs (Marchetti et al., 2001b). Indeed, by
increasing the extracellular potassium concentration in a very narrow range, the
isolated spinal cord generates a stable pattern of FL (Bracci et al, 1998).
During the electrical activation of CPGs, despite continuous stimulation,
electrically-induced FL decays, even when the intensity of stimulation is augmented
(Marchetti et al., 2001a). Probably the termination of FL is due to synaptic fatigue
(Lev Tov and Pinco, 1992), the release of inhibitory neurotransmitters or buffering
of potassium (Marchetti et al., 2001a).
Interestingly, despite changes in the frequency and amplitude of the stimulating
protocols, electrically-induced FL remains relatively stereotyped, preserving a
typical periodicity (1-2 seconds) (Marchetti et al., 2001a; Taccola, 2011) consistent
with the rhythmic oscillation frequency induced by the bath-application of
neurochemicals (Cazalets et al., 1992). This indicates the existence of an intrinsic
control in the CPG circuits, with non-linear properties between incoming and
outgoing inputs (Marchetti et al., 2001a; Taccola, 2011).

Sensory inputs have a direct access to the CPGs.
Despite the automaticity of the locomotor program (Grillner and Zangger, 1984;
Giuliani and Smith, 1987), the operation of CPGs during real locomotion is finely
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regulated by afferent feedback which plays a pivotal role in adapting and
modulating the output. Indeed, sensory inputs are an important source of feedback
during locomotion that reinforce rhythmic patterns (Frigon and Rossignol, 2006).
Sensory inputs that originate from the periphery are conveyed to the spinal cord by
primary afferent fibres (Figure 6). These signals are generated from different types
of receptors located peripherally: namely, cutaneous receptors, muscle
spindles, Golgi tendon organs (GTOs).
Early studies have shown that proprioceptive afferents possess the ability to initiate
or block locomotor movements (Sherrington, 1910b). The stimulation of
proprioceptors at the hip level may induce an air-stepping behaviour in spinalized
cats (Sherrington, 1910a). Conversely, during locomotion on a treadmill, the flexion
of one hip joint prevents the step on ipsilateral side while the other limb continues
walking (Grillner and Rossignol, 1978). Moreover, afferents participate in the
modulation of locomotor speed, shaping the gait cycle structure (Forssberg et al.,
1980a). In fact, an increase in treadmill speed shortens the stance phase, while the
swing phase remains constant within a wide range of selected velocities (Barbeau
and Rossignol, 1987). In addition, when a cat is placed on a split belt and the two
limbs are subjected to different speeds, each limb adapts to the corresponding
speed (Forssberg et al., 1980b).
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Figure 6. The locomotor CPG receives projections from periphery. In figure are depicted
afferent pathways (Ia, Ib, II, and cutaneous afferents) that from lower limb reach the spinal cord and
higher centres, conveying information for adjusting the locomotor output to environmental changes.
These inputs (in yellow) are generally subjected to a presynaptic inhibitory control (from Rossignol
et al., 2006).

The important role of sensory feedback in CPG operation has been highlighted by
studies conducted during an ongoing locomotor activity recorded in neonatal
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demonstrated that the removal of sensory feedback from the hind limbs disrupts FL
(Acevedo and Diaz-Rioz, 2013).
Afferent inputs are also involved in the regulation of muscle activity levels through
different reflex pathways, as highlighted in experiments in which a reduction in
sensory feedback from the ankle extensor that becomes less stretchable causes a
consequent reduction in the extent of the ongoing activity derived from contracting
muscles (Gorassini et al., 1994).
The evidence that afferent inputs have direct access to the CPGs comes from
experiments conducted in decerebrated spinal cats. After induction of FL through
the administration of L-dopa and nialamide, the conjoint delivery of brief electrical
pulses of stimulation to the afferents is able to reset the step cycle in a phasedependent manner (Conway et al., 1987; Perreault et al., 1995; Iizuka et al., 1997;
Pearson et al., 1998). This effect is mediated by polysynaptic pathways (Lam and
Pearson, 2002). Studies conducted on rodent (Lizuka et al., 1997) and lamprey
(Vogelstein et al., 2006) in vitro spinal cord preparations show that, during a
chemically-induced FL, electrical stimulation of afferents can reset the rhythm on a
cycle-by-cycle basis.
In addition, afferent inputs such those evoked by the stimulation of paw and
perianal region receptors are able to trigger episodes of locomotion (Pearson and
Rossignol 1991).
In the isolated spinal cord of neonatal rats, inputs evoked by the electrical
stimulation of sacrocaudal afferents activate CPG networks through the excitation
of sacral neurons, which, in turn, possess crossed and uncrossed ascending
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projections through the ventral (VF) and lateral white matter funiculi (Lev-Tov et al.,
2010; Etlin et al., 2013).
In conclusion, afferent feedback plays an essential role in regulating the operation
of the locomotor CPGs in function of the biomechanical characteristics of the limbs
and their interactions with the environment. Moreover, because of the favoured
access to locomotor circuits and the ability to trigger locomotor episodes, primary
afferent fibres could be used to facilitate locomotor recovery to some extent even
when the supraspinal drive is compromised.

Posture is a motor behaviour partially controlled by spinal circuits.
Body movement throughout space depends not only on the rhythmic and
alternated contraction of flexor and extensor muscles on both lower limbs but also
on the maintenance of a correct standing posture.
Postural-control mechanisms have been developed in ground-living animals that
allow them to adjust their posture against the force of gravity and equilibrium
changes. The mechanisms involved in the regulation of postural muscle tone and
in the generation of a locomotor rhythm are closely integrated, thereby allowing the
generation of appropriate movements during locomotion (Zelenin et al., 2003;
Deliagina et al., 2008). The integrity of reticulospinal and vestibulospinal pathways
is crucial for postural control (Takakusaki et al., 2016). Indeed, the postural activity
is regulated in two ways: a feedback mode, which is mainly involved in postural
corrections, and a feed-forward mode, which is aimed at anticipating and
counteracting the destabilizing effects of movement.

33

Regarding the localization of the postural mechanism, hind-limb posture is
controlled by two closed-loop mechanisms: a short one in the spinal cord and a
long one involving supraspinal centres (Boulenguez and Vinay, 2009; Deliagina et
al., 2008). Under certain conditions in quadrupeds, the system may be dissociated
into two independent sub-systems that stabilize the orientation of the anterior and
posterior parts of the trunk. These are driven by somato-sensory inputs from limb
mechanoreceptors (Deliagina et al., 2007).
Studies conducted in rabbits show that all four limbs are involved in supporting the
body in standing animals. If posture is perturbed, each limb participates in the
generation of corrective motor responses (Beloozerova et al., 2003). Thus, the
spinal cord not only responds to supraspinal commands for postural corrections; it
is also able to generate postural corrections in response to local somato-sensory
inputs (Deliagina and Orlovsky, 2002).
Following a SCI, the resulting loss of posture is attributable to the great importance
of supraspinal centres over spinal mechanisms. Nevertheless, some elements
concerning postural control remain at the spinal level. Moreover, after spinal cord
transection, the CPG for standing, which is mainly localized at the spinal level, is
deprived of the tonic supraspinal drive, thereby reducing its activity.
From a rehabilitative perspective, a prerequisite for the recovery of the locomotor
behaviour after SCI is the restoration of postural control. Therefore, it is intriguing
to consider the possibility of reactivating standing CPG using the same
interventions aimed to modulate the locomotor CPGs: namely, pharmacological
and electrical stimulation. Experiments conducted on spinalized rabbits show that
epidural stimulation of the spinal cord can partly substitute the supraspinal
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excitatory drive and activate the standing CPG to a certain extent (Musienko et al.,
2010).
In conclusion, the optimal neurorehabilitation that aims to restore locomotion
should also provide a functional return of standing ability. Indeed, even though it is
possible to step with an appropriate weight-bearing system, this does not
correspond to the movement of the body throughout a real environment.

Functional recovery after spinal-cord injury can be promoted by
electrostimulation.
SCI consists in a temporary or permanent impairment in sensory, motor and
autonomic functions (Hulsebosch, 2002). In addition, it can lead to the onset of
chronic pain and spasticity (Sjölund, 2002; Saulino, 2014). Regarding aetiology, a
SCI can be subdivided into traumatic and non-traumatic. Furthermore, depending
on the degree of damage to the descending and ascending pathways that pass
through the damage site, the injury is considered complete or incomplete (Harkey,
2003).
According to the National Spinal Cord Injury Statistical Center (NSCISC), there are
about 54 new traumatic spinal-cord injuries per million persons every year in the
U.S. (National Spinal Cord Injury Statistical Center, 2016). Data collected in 2014
in Friuli Venezia Giulia indicates a much lower incidence of SCIs than that in the
U.S.: namely, about 14 new cases per million (personal communication by Zampa,
M.D, IMFR, Udine, Italy, 2014). The majority of traumatic injuries (55%) affect the
cervical and thoracic levels (De Vivo, 2012) and are due to motor-vehicle accidents
or falls. From a pathophysiological point of view, SCI shows a biphasic trend,
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presenting a first phase or primary injury that is consequent to the mechanical
injury that disrupts axons, blood vessels, and cell membranes. In a following stage,
it manifests a secondary injury, which is characterized by vascular dysfunction
edema and ischemia, excitotoxicity, production of free radicals, inflammation and
apoptosis (Rowland et al., 2008). While the primary injury phase lasts from 1 to 2
hours, the secondary phase may continue for 2 weeks. During this period, the
effects produced by the primary injury are amplified and extended.
Since the vast majority of SCIs involve the cervico-thoracic cord (National Spinal
Cord Injury Statistical Center, 2016), lumbar spinal circuits that underlie the
locomotor program are potentially still able to perform complex motor tasks in the
absence of supra-spinal control and can be modulated by activity-dependent
neuro-rehabilitative approaches (Edgerton et al., 2004). Although therapy for SCI is
currently still lacking, one of the most common rehabilitation strategies involves the
use of functional electrical stimulation (FES). This technique applies electric current
to the neuromuscular junction to induce externally driven muscle contractions that
supplement or replace lost functions in people with SCI (Peckham and Knutson,
2005). However, FES is far from restoring locomotor behaviour in SCI persons;
therefore, more targeted approaches need to be developed. Thus, epidural
stimulation has been introduced to activate spinal CPGs for locomotion.
The first use of epidural electrical stimulation comes from the treatment of chronic
pain (Shealy et al., 1967; Broggi et al., 1994; Lang, 1997; Moreno-Duarte et al.,
2014) or spasticity (Barolat-Romana et al., 1985). Recently, several studies carried
out in preclinical models of complete SCI show that epidural electrical stimulation
can induce stepping movements in adult cats (Kazennikov et al., 1983; Iwahara et
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al., 1992; Gerasimenko et al., 2003; Musienko et al., 2012) and rats (Ichiyama et
al., 2005).
Also, clinical studies in humans with SCI have demonstrated the efficacy of
epidural stimulation in temporally-activating locomotor circuits, as is shown in
Figure 7 (Dimitrijevic et al., 1998a, Dietz and Harkema, 2004; Minassian et al.,
2007, Gerasimenko et al., 2008).
More recently, it has been demonstrated that epidural stimulation applied to the
lumbosacral region in combination with intense training can aid the recovery of
volitional control in humans with SCI (Edgerton and Harkema, 2011; Harkema et
al., 2011; Angeli et al., 2014).

Figure 7. Epidural stimulation triggers the locomotor CPG in spinal-cord injured persons. A
spinal-cord injured subject is lying in supine position while an epidural electrode, placed at the
lumbar level, delivers a train of electrical pulses at 25Hz (left). As a consequence of the stimulation,
surface EMG electrodes positioned at flexor and extensor muscles in the lower limbs produce a
rhythmic, alternated activity (right). Real stepping-like movements are recorded by the position
sensor located on the knee (bottom cartoon and trace; Minassian et al., 2007).
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Some characteristics of electrical stimulation have been designed by experimental
and clinical studies. In particular, it has been shown that the best site of stimulation
is the lumbar enlargement, which is very effective in facilitating CPG activation in
cats, rats and humans (Gerasimenko et al, 2001; Ichiyama et al., 2005; Lavrov et
al., 2006; Dimitrijevic et al., 1998). The optimal frequency of stimulation for inducing
stepping-like movements in decerebrated cats is between 5 and 10 Hz (Iwahara et
al., 1992), in chronic spinal rats between 40 and 60 Hz (Ichiyama et al., 2005) while
in man between 30 and 40 Hz (Dimitrijevic et al., 1998).
The mechanism by which epidural stimulation improves motor function is not well
understood. One hypothesis involves Hebbian mechanisms of synaptic facilitation
(Young, 2015). Indeed, the widespread activation of ascending and descending
pathways in the spinal cord, which occurs during electric stimulation, could
strengthen synaptic activity (Young, 2015). Another hypothesis suggests that
epidural stimulation acts through the activation of DRs (Tator et al., 2012).
Epidural stimulation is an invasive practice that requires the surgical implant of
epidural electrodes, but it has been recently demonstrated that non-invasive
transcutaneous stimulation can activate locomotor circuits and also alleviate
spasticity in people with incomplete SCI (Minassian et al., 2012; Hofstoetter et al.,
2014, Hofstoetter et al., 2015). Transcutaneous stimulation of non-injured persons
effectively induces robust locomotor behaviour when applied in a multi-site
approach (Gerasimenko et al., 2015). It may be used to selectively activate specific
motor pools to produce modulatory effects that depend on the characteristics of the
stimulation protocol (Sayenko et al., 2015). For instance, it seems that a way to
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fine-tune locomotor networks is to control timing of stimulation onset among
multiple spinal electrodes (Shah et al., 2016).
In conclusion, electrical stimulation of the lumbar spinal cord may be a valid tool for
improving ambulation in SCI persons. Despite advancements in the hardware
technology, the current protocols have been slightly changed since their
introduction and consist of stereotyped trains of rectangular pulses.
Consequently, there is an urgent need to focus on innovative and more effective
stimulating protocols to better facilitate spinal CPGs post lesion.

Combined strategies help to facilitate the CPG circuits.
In the last few years, much evidence has spread the firm conviction that therapy for
the recovery of locomotion after SCI requires a combined neurorehabilitative
approach (Edgerton et al., 2006).
Although electrical stimulation can induce stepping movements in the absence of
supraspinal control, it is difficult to attain a weight-bearing step using only electrical
stimulation. Pharmacological substances can provide a modulatory drive to the
locomotor CPG.
In this regard, different types of chemicals—such as the 5HT receptor agonist,
quipazine (Gerasimenko et al., 2007); the dopamine precursor, L-DOPA (Guertin,
2004b); and the alpha-2 agonists, clonidine (Côté et al., 2003)—facilitate the
recovery of locomotion in spinalized animals.
The combination of electrical stimulation and pharmacology induces a certain
degree of locomotor recovery in rodents (Chau et al., 1998b; Gerasimenko et al.,
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2007; Courtine et al., 2009; Van den Brand et al., 2012), putatively by replacing the
excitatory drive lost after SCI, mimicking the action of neuromodulators on spinal
locomotor circuits.
Among these, an important role in the facilitation of locomotion in the presence of
epidural stimulation is played by the serotonergic system (Gerasimenko et al.,
2009). Recently, a new drug combination (Guertin et al., 2010) has been tested for
its safety in humans (Guertin and Brochu, 2009; Rouleau and Guertin, 2011).
However, this drug combination has not been used conjointly with electrical
stimulation and further investigation is required. Besides the few therapeutics now
under investigation, it is compelling to find new and more specific substances that
selectively target distinct elements of the CPG to sustain the locomotor program
when triggered by the best protocols of spinal-cord electrical stimulation.
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Aims
In the attempt to improve the efficiency of stimulating protocols for the recovery of
locomotion, an innovative protocol of electrical stimulation has recently been
suggested that is called fictive locomotion induced stimulation (FListim). It consists
in an intrinsically variable noisy waveform that is sampled from VRs during fictive
locomotion (Taccola, 2011). FListim has been shown to be able to produce a
longer-lasting episode of rhythmically alternated oscillations than that produced by
the classical train of rectangular pulses (Taccola, 2011).
a) This thesis aims to determine the features that make the noisy waveforms
optimally effective in activating the CPG. To answer this question, I have employed
two approaches:
•

The first approach is to compare the appearance of FL patterns in response
to different noisy stimulating waveforms. To this purpose, EMG recordings
from different limb muscles of neurologically intact volunteers, obtained
during the execution of different rhythmic motor tasks, have provided a wide
palette of noisy waveforms to be tested on in vitro spinal cords.

•

The second approach is to reduce the complexity of the noisy waveform at
the single motoneuronal level. To this end, I determined whether distinct
groups of frequencies besides those contained in motoneuronal firing during
FL can selectively activate locomotor CPG when simultaneously delivered
as a multifrequency protocol.

b) Furthermore, to reach a better activation of the locomotor CPGs, I investigated
whether new neurochemicals might be co-applied with the electrical stimulation of
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DRs. In particular, the neuropeptide oxytocin, which has been proven to modulate
neuronal networks, might further increase the efficacy of noisy waveforms in
evoking locomotor patterns.
c) Lastly, I focused my research project on the multi-site electrical stimulation of the
spinal cord. Thus, in an effort to develop more effective stimulating protocols, I
explored the following issues:
•

Whether staggered trains of pulses, delivered simultaneously to different
DRs at the same frequency of stimulation, elicit episodes of FL.

•

Whether multifrequency protocols are effective even if simultaneously
delivered to two different DRs.
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Materials, methods and results
See enclosed papers.
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IN THE ISOLATED SPINAL CORD of the neonatal rat, episodes of
locomotor-like oscillations can be recorded from lumbar (L) 2
and L5 ventral roots (VRs), alternating between the left and
right sides of the cord, due to rhythmic activation of flexor and
extensor motor pools, respectively (Kiehn and Kjaerulff 1996).
This phenomenon is ascribed to the existence of a neuronal
spinal network, named central pattern generator (CPG) that,
following diverse stimuli (Cazalets et al. 1992; Lev-Tov et al.
2000), automatically triggers the locomotor program that can
be recorded extracellularly from VRs and intracellularly from
motoneurons and premotoneurons (Kiehn 2006).
Although experimental studies have indicated the possibility
to activate the CPG using trains of square pulses applied to
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dorsal afferents (Marchetti et al. 2001a) or to the cauda equina
(Blivis et al. 2007), to date it is impossible to evoke stable
locomotion in humans by electrical stimulation of sensory
afferents (Selinov et al. 2009). Epidural electrical stimulation
associated with intense neurorehabilitation has recently produced encouraging clinical benefits in reactivating, albeit transiently, standing in persons with incomplete traumatic lesions
of the spinal cord (Harkema et al. 2011). The lack of effectiveness of electrical stimulation can be attributed to the filtering effect of CPG interneurons receiving synaptic inputs from
the spinal rhythm generator to gate the flow of sensory information in the spinal cord (Sillar 1991). Interestingly, a better
outcome is observed when stimuli are applied close to the
spinal cord region, which putatively contains the CPG (Kiehn
and Butt 2003), using epidural (Lavrov et al. 2008a, 2008b) or
intraspinal (Gaunt et al. 2006) electrodes.
In the attempt to better activate spinal locomotor circuits,
studies on spinalized animals have proposed the association of
electrical stimulation of the lumbo-sacral spinal cord to the
systemic administration of substances that can activate CPG
neurons (Musienko et al. 2011). Using just pharmacological
agents to activate the CPG in humans requires, however, doses
that are associated to strong collateral effects (Hollenberg
1988; Moreau et al. 1989). From this perspective, it would be
more practical to refine the parameters of electrical stimulation,
rather than to titrate the concentrations of pharmacological
drugs, which possess complex pharmacokinetics and pharmacodynamics. Thus the design of new stimulating protocols, in
parallel with a better understanding of the pharmacology of
locomotor spinal circuits, might open up a broader repertoire of
neurorehabilitative treatments to specifically restore motor
functions following a severe spinal cord injury (Musienko et al.
2012).
An innovative protocol of electrical stimulation, named
FListim (fictive locomotion-induced stimulation; Taccola
2011), has recently been shown to evoke locomotor-like activity in vitro. FListim is obtained by sampling, from one VR,
noisy waveforms that previously appeared during fictive locomotion [FL; in the presence of N-methyl-D-aspartate (NMDA)
plus serotonin] and delivering the recorded trace to one lumbar
dorsal root (DR) or to the cauda equina of the in vitro spinal
cord. The clear advantage of FListim relies on the stimulation
strength that is much lower than the minimum one required to
induce a reflex response. Compared with the classic protocols
of electrical stimulation, which use trains of stereotyped rectangular impulses (Marchetti et al. 2001a), FListim, regardless
of the main frequency of waveforms composing it, induces
locomotor-like oscillations of longer duration and with a
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Dose F, Taccola G. Coapplication of noisy patterned electrical
stimuli and NMDA plus serotonin facilitates fictive locomotion in the
rat spinal cord. J Neurophysiol 108: 2977–2990, 2012. First published
September 5, 2012; doi:10.1152/jn.00554.2012.—A new stimulating
protocol [fictive locomotion-induced stimulation (FListim)], consisting of intrinsically variable weak waveforms applied to a single dorsal
root is very effective (though not optimal as it eventually wanes away)
in activating the locomotor program of the isolated rat spinal cord.
The present study explored whether combination of FListim with low
doses of pharmacological agents that raise network excitability might
further improve the functional outcome, using this in vitro model.
FListim was applied together with N-methyl-D-aspartate (NMDA) ⫹
serotonin, while fictive locomotion (FL) was electrophysiologically
recorded from lumbar ventral roots. Superimposing FListim on FL
evoked by these neurochemicals persistently accelerated locomotorlike cycles to a set periodicity and modulated cycle amplitude depending on FListim rate. Trains of stereotyped rectangular pulses
failed to replicate this phenomenon. The GABAB agonist baclofen
dose dependently inhibited, in a reversible fashion, FL evoked by
either FListim or square pulses. Sustained episodes of FL emerged
when FListim was delivered, at an intensity subthreshold for FL, in
conjunction with subthreshold pharmacological stimulation. Such an
effect was, however, not found when high potassium solution instead
of NMDA ⫹ serotonin was used. These results suggest that the
combined action of subthreshold FListim (e.g., via epidural stimulation) and neurochemicals should be tested in vivo to improve locomotor rehabilitation after injury. In fact, reactivation of spinal locomotor circuits by conventional electrical stimulation of afferent fibers
is difficult, while pharmacological activation of spinal networks is
clinically impracticable due to concurrent unwanted effects. We
speculate that associating subthreshold chemical and electrical inputs
might decrease side effects when attempting to evoke human locomotor patterns.
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greater number of cycles (Taccola 2011). This makes of
FListim a novel tool for the electrical activation of the locomotor CPG.
The present study aims at optimizing the effect of the new
FListim protocol, through the joint application of pharmacological drugs, capable of activating the neurons of the locomotor CPG. Moreover, we have assessed whether a low-amplitude
FListim could facilitate subthreshold concentrations of neurochemicals to trigger the emergence of a locomotor rhythm.
METHODS
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Electrophysiological recordings. In accordance with the guidelines
of the National Institutes of Health and the Italian Act Decreto
Legislativo 27/1/92 n. 116 (implementing the European Community
directives n. 86/609 and 93/88) and under the authorization of the
Italian Ministry of Health, experiments were performed on spinal cord
preparations after isolation from neonatal rats as previously reported
(Taccola 2011). Although, in the first days after birth, maturation of
locomotor networks occurs (Jamon and Clarac 1998; Clarac et al. 2004),
for this study were used animals in the range of P0 –P4, since, at this
stage, the alternating pattern is characterized by stable timing (Kiehn
and Kjaerulff 1996; Juvin et al. 2007) and, when electrically stimulating dorsal afferents, comparable effectiveness in activating the CPG
is reported (Kiehn et al. 1992; Marchetti et al. 2001a). Since data from
P0 and P4 did not differ in terms of FListim effects, results were
pooled together.
All efforts were made to reduce the number of animals and their
suffering. Each spinal cord (sectioned from the mid-thoracic region to
the cauda equina) was mounted in a small recording chamber (maintained at constant room temperature, 22° C), which was continuously
superfused (5 ml/min) with oxygenated (95%-O2 5%-CO2) Krebs
solution of the following composition (in mM): 113 NaCl, 4.5 KCl, 1
MgCl27H2O, 2 CaCl2, 1 NaH2PO3⫺
4 , 25 NaHCO3, and 11 glucose, pH
7.4. AC-coupled recordings (range 0.1–10,000 Hz) from lumbar VRs
were obtained by using tight-fitting suction electrodes (Taccola 2011).
In a few experiments, DC-coupled records were also acquired. As a
routine, recordings were taken from L2 VRs, which primarily consist
of axons from flexor motoneurons to hindlimb muscles, and from L5
VRs, which are primarily composed of axons driving extensor motoneurons of the same limbs (Kiehn and Kjaerulff 1996). The alternation of discharges between flexor and extensor motor pools and
between left (l) and right (r) sides of the cord represents the hallmark
of FL (Juvin et al. 2007).
Parameters of spinal network activities. FL rhythm (Cazalets et al.
1992) was induced by the continuous bath-application of NMDA
(Tocris, Bristol, UK) plus serotonin [5-hydroxytryptamine (5-HT);
Sigma, Milan, Italy].
In accordance with previous studies, the concentration of NMDA
was selected in each experiment to produce a stable FL with typical
periodicity (2– 4 s; Bracci et al. 1998; Beato and Nistri 1999; Bertrand
and Cazalets 1999; Pearlstein et al. 2005; Juvin et al. 2007). Usually,
the concentration of NMDA was 3– 6 M with the expected acceleration of FL period for the larger dose (Kudo and Yamada 1987; Smith
and Feldman 1988; Atsuta et al. 1991; Cazalets et al. 1992). This
approach allowed us to select the most appropriate period of FL to be
tested in experiments with FListim application as the goal was to
explore how these electrical stimuli (of varying frequency) could
modulate either slow or fast ongoing patterns. The same approach was
used for the concentration of 5-HT (3–10 M) that is typically added
to the NMDA solution to stabilize the rhythm (Pearlstein et al. 2005).
In this study, we considered as subthreshold a pharmacological
stimulation based on half of the lowest concentration of NMDA ⫹
5-HT capable of evoking a stable FL rhythm.
For each preparation, a VR recording was randomly chosen and,
from it, at least 20 cycles of FL activity were analyzed for periodicity

(defined as the time between the onset of two cycles of oscillatory
activity) and amplitude (calculated as the voltage difference expressed
in V between the baseline at the beginning of each cycle and its
peak). Variations in period and amplitude occurring during electrical
stimulation are indicated as a percentage of prestimulus control
conditions.
FL activity was also assessed based on its regularity, expressed by
the coefficient of period variation (CV; displayed as standard deviation [SD] mean⫺1). Correlation among signals arising from pairs of
VRs was expressed by the cross-correlation function (CCF), obtained
with Clampfit 10.1 software (Molecular Devices). While a CCF
greater than ⫹0.5 indicates that two roots are synchronous, a CCF less
than ⫺0.5 shows full alternation (Ryckebusch and Laurent 1994;
Taccola et al. 2008).
Designing the FListim. FListim was always elicited by applying a
reconstructed series of electrical pulses to a single DR as previously
detailed (Taccola 2011). In our experiments, this type of stimulation
was ineffective to evoke FL when applied to a VR, either L1 or from
L4 to L7 of both sides (n ⫽ 7). The method of constructing the
protocol for FListim started with AC-coupled recordings of FL
induced by NMDA (4 – 6 M) and 5-HT (10 M) acquired (range 0.1
Hz - 10 000 Hz; sampling rate ⫽ 500 Hz) from VRs. Epochs (60 s or
30 s) of FL were promptly processed for off-line analysis (Clampfit
10.1 software; Molecular Devices) and randomly selected for use.
Sampled traces were imported into an Origin 7.5 spreadsheet (OriginLab), where the x-axis comprised each sampling time for every epoch
duration and the y-axis was used for the corresponding current
amplitude. Through Origin software the amplitude of FListim was
optimized to evoke a FL in each preparation. The optimal amplitude
of FListim was in the range of 0.2– 0.6 times the threshold, while
larger intensities only induced a synchronous rhythm on all four VRs,
which was time locked with the stimulating pattern (Taccola 2011).
The two columns of values were then exported (as an ASCII text
file) to a multichannel stimulation device STG 4004 (Multi Channel
Systems).
The stimulating protocol resulting from this procedure was termed
FListim and was applied to one DR through a bipolar suction electrode, after the neurochemicals were washed off, to allow the preparation to return to baseline conditions.
In accordance with the previously described method (Taccola
2011), the experimental protocol used to generate FL with distinct
electrical stimuli applied to a single DR is illustrated in Fig. 1A. In
detail, AC-coupled recordings were first obtained from a stable FL
rhythm induced by the coapplication of NMDA (5 M) and 5-HT (10
M; mean period of oscillations was 2.54 ⫾ 0.36 s; CV ⫽ 0.14) and
stored. After extensive washout (30 min) and return to control (Ctrl)
conditions, a 60-s epoch from VRlL2 (shaded box) was digitized and
converted into the electrical stimulation protocol FListim (see above),
delivered to the DRrL5 of the same preparation. FListim, delivered at
an amplitude of 0.53 times the threshold (Th, defined as the minimum
intensity required to induce a reflex response using a single square
pulse of duration ⫽ 0.1 ms), evoked a sustained episode of locomotor
oscillations of 58.17 s duration with 25 oscillations (mean period of
2.43 ⫾ 0.24 s; CV ⫽ 0.10; Fig. 1 B). In a random sample of 15 spinal
cords, delivery of 60 s FListim (amplitude ⫽ 0.51 ⫾ 0.31 Th)
generated locomotor episodes with alternating oscillations of 2.59 ⫾
0.72 s mean period, i.e., faster than the ones induced in the same
preparations by the application of NMDA (4 –5 M) ⫹ 5-HT (10 M;
3.91 ⫾ 0.90 s; P ⬍ 0.001, paired t-test).
To minimize the potential bias of conditioning network excitability
by the initial application of NMDA and 5-HT so that effects induced
by FListim would be greatly facilitated, alternating VR discharges
elicited by the same dose of NMDA and 5-HT were recorded from
one preparation and converted to FListim applied to a naïve preparation. This approach has demonstrated (see Taccola 2011) that the
locomotor-like response elicited by FListim in the two experimental
protocols was comparable in terms of number oscillations (15 ⫾ 4 vs.
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19 ⫾ 3; P ⫽ 0.018, Mann-Whitney rank sum test; n ⫽ 7); mean cycle
period (2.44 ⫾ 0.35 s vs. 2.73 ⫾ 0.60 s; P ⫽ 0.262, Mann-Whitney
rank sum test; n ⫽ 7); and regularity of oscillations (0.18 ⫾ 0.03 vs.
0.21 ⫾ 0.08; P ⫽ 0.262, Mann-Whitney rank sum test; n ⫽ 7).
The protocol of FListim is, therefore, different from the standard
train of square pulses applied to a single DR as exemplified in Fig. 1C
(Etlin et al. 2010; Dunbar et al. 2010; Marchetti et al. 2001a). In the
latter case, the stimulus intensity was chosen to be slightly above Th
as this is typically sufficient to induce FL (Etlin et al. 2010; Dunbar
et al. 2010; Marchetti et al. 2001a). Figure 1C indicates that, on the
same preparation, the response induced by a rectangular pulse train
(DRtrain) at 2 Hz (amplitude ⫽ 1.5 Th) elicited a shorter episode of
alternating oscillations, that lasted for 36.81 s, with only 13 cycles
whose period and regularity (2.93 ⫾ 0.54 s and CV ⫽ 0.19, respectively) were not different from those seen in response to FListim.
Previous studies have demonstrated that even stronger DR square
stimuli did not improve the length of FL (Atsuta et al. 1990; Delvolvé
et al. 2001; Marchetti et al. 2001a).
Statistical analysis. Data are expressed as means (⫾SD), while n
indicates the number of spinal cord preparations. After distinguishing
between parametric or nonparametric data using a normality test, all
parametric values were analyzed with Student’s t-test (paired or
unpaired) to compare two groups of data or ANOVA for more than
two groups. For nonparametric values, Mann-Whitney test was used
for two groups, while, for multiple comparisons, ANOVA on Ranks
was first applied, followed by a post hoc test (Dunnett’s method).
Statistical analysis was performed using SigmaStat 3.5 software
(Systat Software). Results were considered significant when P ⬍ 0.05.
RESULTS

Continuous delivery of FListim induced reproducible bouts
of locomotor-like oscillations. To assess the reproducibility of
the locomotor-like response elicited by FListim, in 10 experiments, FListims (average amplitude 0.39 ⫾ 0.14 Th) were
repetitively delivered to the same preparations at 5-min interval
for a total of 175 min. As indicated in Fig. 2, A and B, in
response to stimulation with FListim, stable episodes of FL

were observed even after 175 min, preserving a similar number
of cycles (93.6 ⫾ 7.5% of Ctrl; P ⫽ 0.630, Kruskal-Wallis one
way ANOVA on Ranks on raw data; n ⫽ 10), thus demonstrating that FListim could be used as a long-term routine
protocol for activating the spinal CPG in a reproducible manner. On a set of preparations (n ⫽ 7), FListim that successfully
evoked locomotor-like patterns when applied to a single DR,
was then delivered to a lumbar VR and failed to produce any
sustained epoch of FL.
Unlike standard trains of stimuli, FListim could modulate
pharmacologically induced locomotor cycles. Figure 3A shows
an example of FL induced by NMDA (5 M) ⫹ 5-HT (10 M)
with oscillation period of 3.97 ⫾ 0.27 s (CV ⫽ 0.07), during
which the concurrent application of FListim (applied at 5 min
intervals for a total of 175 min) increased rhythm frequency
(mean period 2.78 ⫾ 0.18 s) and cycle amplitude (averaged
value 116.74% of Ctrl) with similar regularity (mean period
CV ⫽ 0.07). This pattern was typically stable because the
rhythm period at the start and after 110 min of uninterrupted
FL was 2.94 ⫾ 1.02 and 3.83 ⫾ 0.49 s, respectively (paired
t-test on raw data, P ⫽ 0.117; n ⫽ 4). Similarly, cycle
amplitude remained unmodified (0.29 ⫾ 0.15 and 0.25 ⫾ 0.12
mV, respectively; paired t-test on raw data, P ⫽ 0.217; n ⫽ 4).
When delivering FListim in the presence of neurochemicals,
the double alternation pattern (typical of locomotor-like oscillations as clearly shown on faster time-base in Fig. 3B) was
accelerated (Fig. 3A). However, in the 60-s epoch following
termination of each FListim, despite the continuous application
of neurochemicals, the rhythm was transiently (30.94 ⫾ 8.85 s)
reduced in amplitude (averaged value 91.34% of Ctrl). Correspondingly, the rhythm was slowed down (mean period ⫽ 3.46 ⫾
0.28 s) towards preFListim values, while regularity remained
similar (mean period CV ⫽ 0.08).
Histograms of Fig. 3C show that, on average taken from four
VRs of either side of four spinal cords, FListim delivery
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Fig. 1. A: stable fictive locomotion (FL) rhythm is recorded in
AC mode in response to the application of N-methyl-D-aspartate (NMDA; 5 M) and serotonin [5-hydroxytryptamine (5HT); 10 M]. A 60-s segment sampled from the trace recorded
from the ventral root (VR)lL2 (shaded box) is imported in the
programmable stimulator and delivered, at an intensity of 0.53
times the threshold (Th), to the right L5 dorsal root of the same
preparation perfused in physiological solution (B). The episode
of locomotor oscillations induced by fictive locomotion-induced stimulation (FListim) is compared in C to the one evoked
by a traditional train of 2 Hz rectangular stimuli (DRtrain) at an
amplitude of 1.5 times the Th. Note greater number of cycles in
response to FListim.
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accelerated FL rhythm (P ⫽ 0.005, one-way ANOVA followed
by Dunnett’s method; n ⫽ 4), which returned to control when
stimulation ceased, with unvaried regularity throughout all the
different experimental phases (mean period CV in Ctrl ⫽ 0.17 ⫾
0.06, mean period CV during FListim ⫽ 0.12 ⫾ 0.04, and
mean period CV after FListim ⫽ 0.15 ⫾ 0.05; P ⫽ 0.630,
Kruskal-Wallis one-way ANOVA on ranks; n ⫽ 4). The
average amplitude of oscillations regularly increased during
each stimulation episode and returned to control after the end
of stimulation, as indicated in Fig. 3D (P ⫽ 0.029, MannWhitney rank sum test; n ⫽ 4). Lack of FL fatigue was also
confirmed by the observation that (in the continuous presence
of NMDA and 5-HT) the period of FL oscillations evoked by
the first FListim was similar to the value recorded at 110 min
(3.41 ⫾ 1.30 s vs. 3.01 ⫾ 0.52 s, respectively; paired t-test on
raw data, P ⫽ 0.775; n ⫽ 4). Likewise, cycle amplitude (0.28 ⫾ 0.19
vs. 0.30 ⫾ 0.14 mV; paired t-test on raw data, P ⫽ 0.537; n ⫽
4) remained constant.
FL induced by NMDA plus 5-HT was modulated by FListim
even when records had been sampled in DC mode (data not
shown). Out of 10 preparations, delivery of FListim cycles
sampled in DC-mode (Taccola 2011) with an average period of
4.09 ⫾ 0.84 s evoked an increase in frequency and amplitude
of locomotor oscillations induced by neurochemicals (period ⫽
3.41 ⫾ 0.92 s; amplitude ⫽ 132.89 ⫾ 19.78% compared with
Ctrl) similar to the one reported in response to stimulation with
AC FListim. At the end of DC FListim, it was again observed
a temporary reduction in period (4.13 ⫾ 1.06 s; P ⫽ 0.038 vs.
stimulation without FListim, Mann-Whitney rank sum test)
and amplitude (94.12 ⫾ 9.70% compared with Ctrl; P ⬍ 0.001

vs. stimulation with FListim, Mann-Whitney rank sum test on
raw data).
Table 1 summarizes the average value of FL oscillation
period by FListim (intensity of 0.4 Th) in standard solution, by
NMDA (5 M) ⫹ 5-HT (10 M), and by the combination of
electrical and chemical stimulation (n ⫽ 17). The period of
oscillations induced by NMDA and 5-HT alone was significantly greater than the one obtained from the alternating
oscillations evoked in standard solution by FListim or the one
calculated from alternating cycles during the combined stimulation (respectively P ⬍ 0.001 and P ⫽ 0.004, one-way
ANOVA followed by Tukey’s test).
Comparing the effect of FListim or DRtrain on chemically
induced FL. In another set of experiments, similar to the ones
shown in Fig. 4A, during a stable pharmacologically evoked FL
(period ⫽ 4.37 ⫾ 0.31 s), DRtrain (frequency ⫽ 2 Hz,
amplitude ⫽ 1.5 Th), or FListim (intensity of stimulation ⫽ 0.6
Th) were alternatively delivered to compare their differential
effects. Figure 4A (and Fig. 4B, inset) shows that the DRtrain
did not interfere with average FL cycle period (3.91 ⫾ 0.21 s)
induced by NMDA and 5-HT. Thus, even if a similar train of
weak DR pulses could evoke per se FL, it could not modify the
ongoing pattern elicited by neurochemicals. This observation
accords with previous data demonstrating that electrical stimuli
of an intensity at least double than the one used in the present
experiments are necessary to modulate the FL (Kiehn et al.
1992; Taccola et al. 2010).
On the other hand, FListim of rather weak intensity sped up
average FL cycles calculated for the whole stimulation epoch
(period decreased to 2.93 ⫾ 0.34 s).
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Fig. 2. A: series of FListims of an intensity of 0.2 times the Th
are repeatedly delivered at 5-min intervals for a total time of
175 min. Motor responses induced after 55 min (left) are similar
(in terms of duration of locomotor-like episode, number of
cycles and cumulative depolarization) to the ones recorded in
response to the same stimulus and in the same preparation at the
175th min (right). B: time course of mean number of oscillations
elicited by delivery of FListims (expressed as percentage of the
response evoked by the first FListim applied) is obtained from
similar experiments (n ⫽ 10).
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We also investigated if, during the continuous application of
FListim, the coincidence of a stimulus with the peak or trough
of the FL cycle could reset the periodicity of the subsequent
oscillation: this is exemplified in Fig. 4C in which FListim
pulses are shown in correspondence to FL cycles (indicated by
circles) from three VRs. Thus, for an average of 6 preparations,
the cycle period was 3.22 ⫾ 1.30 or 3.08 ⫾ 0.88 s when a
FListim pulse coincided with either a trough or a peak (P ⫽
Table 1. Summary of effects produced by neurochemicals,
FListim, or their combination
Period (means ⫾ SD)

n

A: NMDA (5 M)
⫹ 5-HT (10 M)
B: FListim 0.4 Th

4.01 ⫾ 0.81 s

17

2.62 ⫾ 0.93 s

17

C: cumulative effect

2.98 ⫾ 0.90 s

17

Statistics
P
P
P
P
P
P

⬍
⫽
⬍
⫽
⫽
⫽

0.001
0.004
0.001
0.469
0.004
0.469

for
for
for
for
for
for

A
A
A
B
A
B

vs.
vs.
vs.
vs.
vs.
vs.

B
C
B
C
C
C

NMDA, N-methyl-D-aspartate; 5-HT, 5-hydroxytryptamine; FListim, fictive
locomotion-induced stimulation; Th, threshold. All 3 experimental conditions
were tested on the same preparation. Statistic was performed by applying
one-way ANOVA followed by all pairwise multiple comparison procedures
(Tukey’s test) for group pairs as indicated by A–C.

0.56, Wilcoxon signed rank test). These data show that, on
average, FL oscillations were accelerated by FListim but were
not reset during persistent stimulation.
Histograms in Fig. 4D summarize the mean values collected
from five spinal cords, demonstrating that the application of
FListim (intensity of stimulation ⫽ 0.51 ⫾ 0.12 Th) during
chemically induced FL (unlike DRtrains) could significantly
improve periodicity and amplitude of FL (P ⫽ 0.008, MannWhitney rank sum test).
Comparing the effect of FListim or DRtrain in the presence
of baclofen. The GABAB receptor agonist baclofen is a potent
inhibitor of excitatory synaptic transmission in the spinal cord
by reducing release of glutamate from primary afferents and
depressing network excitability (Nistri 1975; Curtis et al. 1981;
Bertrand and Cazalets 1998, 1999). Thus we wondered
whether baclofen might differentially affect FL evoked by
FListim or square pulse trains applied to activate afferent fibers
impinging upon the locomotor CPG. In fact, it has been
demonstrated that baclofen slows down the chemically induced
FL in the rat spinal cord (Bertrand and Cazalets 1998, 1999).
As depicted in Fig. 5, A–D, left, and E, baclofen (0.2–1 M)
dose dependently and reversibly disrupted FL induced by
FListim (0.2 Th intensity) as cycle period increased with
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Fig. 3. A: during a stable FL rhythm induced by NMDA (5 M)
and 5-HT (10 M), the corresponding delivery of FListim to
DRlL5 at an intensity of 0.23 times the Th increases frequency
and amplitude of cycles. B: a segment corresponding to the gray
bar in A illustrates, on higher time base, the double alternation
of locomotor oscillations recorded from the L2 and L5 ventral
roots on both sides of the cord. Histograms in C and D report
average values from the three stages of the experimental protocol, obtained from 4 experiments, in which period is expressed in s (*P ⫽ 0.005) and amplitude as a percentage value
of control (Ctrl; *P ⫽ 0.029).
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Fig. 4. A: during FL rhythm evoked by NMDA (5 M) and
5-HT (10 M), a standard train of 2 Hz rectangular stimuli at an
intensity of 1.5 times the Th (DRtrain) or a FListim of an
amplitude of 0.6 times the threshold are delivered to the right L6
dorsal root. Effect elicited by the two protocols on locomotor
oscillations is depicted at a higher temporal resolution in the insets
in B, corresponding to the black bars reported in the section above.
In C is reported a schematic representation of the effect of FListim,
as shown in A and B, right. No stable coincidence appears among
the peaks of the stimulating noisy waveforms (vertical gray
lines) and the peaks of FL oscillations recorded from the three
VRs (gray, black and empty circles), demonstrating that FListim
could not entrain the periodicity of FL cycles. Note the lack of
gray circles occurring at the beginning of FListim delivery,
corresponding to the deletions experienced by VRlL5. Histograms in D report the average percentage values (compared to
prestimulus control, Ctrl) for period and amplitude obtained for
each of the two different protocols delivered in sequence to the
same preparations. It is noteworthy that FListim, as opposed to
DRtrains, significantly reduces period of FL cycles (*P ⫽
0.008; n ⫽ 5).

augmenting concentrations of baclofen (Fig. 5D), while the CV
was unvaried (0.22 ⫾ 0.07; n ⫽ 8). At the concentration of 5
M (not shown), the locomotor-like response induced by
FListim was replaced by synchronous discharges that reproduced the stimulating pattern.
The locomotor-like response induced by a square pulse
DRtrain (Fig. 5, A–D, right) was also strongly (yet reversibly) inhibited with loss of alternating VR cycles at 1 M
baclofen (Fig. 5D, right). Figure 5F summarizes the mean

period of oscillations for DRtrains applied at 1.5 Th intensity (n ⫽ 8).
Figure 5, B–D, shows that augmenting concentrations of
baclofen delayed rhythm onset in a dose-dependent manner
and that this effect was stronger during the DRtrain-triggered
FL. In particular, for 0.2 M baclofen, the initial pause was
7.14 ⫾ 1.46 s with DRtrain and 3.85 ⫾ 0.76 s with FListim.
For 0.5 M baclofen, the pause was 12.38 ⫾ 0.13 s with
DRtrain and 6.36 ⫾ 1.59 s with FListim.
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Stereotypic acceleration of FL. To verify whether the accelerated average periodicity of FL oscillations observed during
the combined pharmacological and FListim stimulation was
related to the main periodicity of stimulating waveforms,
experiments were performed in which FListims of different
frequencies were repeatedly delivered to a stable FL, induced
by application of NMDA (5 M) ⫹ 5-HT (10 M). FListims
were obtained from a separate group of experiments by sampling FL traces in the presence of 10 M of 5-HT plus
increasing concentrations of NMDA (from 4 M to 6 M),
thus providing stimulating protocols of different periodicity
(5.10 ⫾ 0.33 s for slow rate FListim; 4.14 ⫾ 0.33 s for medium
rate FListim; 3.33 ⫾ 0.39 s for fast rate FListim).
Figure 6A shows an example in which, during FL induced by
NMDA ⫹ 5-HT (period ⫽ 3.98 ⫾ 0.30 s), all three different
FListims decreased cycle period to a similar degree. In fact, in
five preparations, the mean FL period induced by neurochemicals alone (4.27 ⫾ 0.75 s) became 3.48 ⫾ 0.79 s for slow rate
FListim, 3.42 ⫾ 0.75 s for medium rate FListim, and 3.69 ⫾

1.10 s for fast rate FListim (P ⫽ 0.946, Kruskal-Wallis one
way ANOVA on Ranks on raw data; n ⫽ 5). Thus period
acceleration evoked by FListim was apparently independent
from stimulation periodicity.
Did the FL cycle amplitude depend upon the frequency of
stimulation? It is known that neuronal output increases in
response to stimulation with sinusoidal inputs close to the
oscillation frequency of the networks (Leung and Yu 1998;
van Brederode and Berger 2008; Haas et al. 2010). We
wanted to clarify whether a resonance phenomenon might
have occurred to account for the enhancement of cycle
amplitude observed during the joint application of FListim
plus NMDA ⫹ 5-HT.
Figure 7A depicts a FL induced by 3 M NMDA ⫹ 10 M
5-HT (period ⫽ 6.22 ⫾ 0.63 s; period CV ⫽ 0.10) upon which
fast rate FListim was superimposed. For the whole duration of
application (60 s), cycle period dropped to 4.06 ⫾ 0.43 s (CV ⫽
0.11), while, compared with prestimulus values, cycle amplitude increased to 170%. On the same preparation, after wash-
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Fig. 5. Alternating oscillations, induced in control by the
delivery of FListim (intensity ⫽ 0.2 Th; A, left) or DRtrain
(intensity ⫽ 1.5 Th; A, right) to one DR, are reduced in number
and appear to slow down at increasing concentrations of
baclofen (0.2–1 M; B–D). Nevertheless, while oscillations
evoked by FListim persist even at a concentration of baclofen
of 1 M (D, left), the DRtrain induced cycles, at the same
concentration, are completely abolished (D, right). Histograms
represent the significant slow down in the average period of
oscillations, evoked by FListim (E) and DRtrain (F) respectively, when increasing concentrations of baclofen until suppression of cycles (left: *P ⫽ 0,010; right: *P ⫽ 0,030,
one-way ANOVA followed by Dunnett’s method, n ⫽ 8). Note
that the two protocols were delivered in sequence to the same
DR on the same preparations.
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out, concentration of NMDA was raised to 6 M (keeping the
5-HT concentration at 10 M) to induce a faster FL (period ⫽
1.51 ⫾ 0.13 s; CV 0.09). By stimulating with a slow rate
FListim, locomotor oscillations were accelerated (period of
1.38 ⫾ 0.19 s; CV 0.14), while cycle amplitude was reduced
to a 61%.
In the graph of Fig. 7C, the percentage of locomotor cycle
amplitude during delivery of FListim (compared with the
prestimulus control phase) is plotted against the phase shift
between locomotor output and stimulating input, calculated as
the difference between the period of FL oscillations before
stimulus and the main period of stimulating oscillations. The
linear regression analysis obtained from the values collected
from 21 spinal cords (y ⫽ 8.93x ⫹ 116.51; Pearson’s r ⫽ 0.57;
n ⫽ 92) showed that there exists a linear relationship, with a
biphasic trend, between the increasing positive values of phase
displacement of the two waveforms and the variations in cycle
amplitude.
In fact, for positive phase shift values between the two
waveforms (Fig. 7, A and C), which correspond to the
situation in which the frequency of the afferent stimulating
pattern is higher than the frequency of the rhythmic motor
output recorded from VRs before FListim, a strengthened
amplitude of locomotor-like cycles appears. Vice versa, for
FListims slower than the frequency of prestimulus FL cycles
(Fig. 7, B and C), a reduction in amplitude of oscillations
was observed.

FListim and neurochemicals cooperate to bring locomotor
CPG to threshold. We explored whether combined subthreshold stimuli of different nature, namely low concentrations of
neurochemicals and weak FListim, could contribute to bring
the CPG to threshold for triggering the locomotor program.
For this purpose, we first delivered a FListim of strength ⫽
0.2 Th to elicit a long lasting locomotor episode (duration ⫽
55.10 s) composed of 32 cycles of 1.78 ⫾ 0.38 s period (data
not shown). Thereafter, as shown in Fig. 8A, the same FListim
was halved (0.1 Th) and evoked only sporadic events instead of
stable alternating oscillations. Then, we applied NMDA ⫹
5-HT at subthreshold concentrations (respectively, 2.5 and 5
M), which induced noisier baseline activity unable to trigger
FL (Fig. 8B, left). When the weak FListim was superimposed
(but not so when using weak 2 Hz DRtrains; data not shown),
FL emerged with period ⫽ 3.25 ⫾ 0.09 s and CV period ⫽
0.14 ⫾ 0.06 (Fig. 8B, right, and traces on faster time scale in
Fig. 8C). Correlograms (Fig. 8D) confirmed the double alternation among pairs of homolateral (upper; CCF ⫽ ⫺0.755)
and homosegmental (lower; CCF ⫽ ⫺0.814) VRs.
This observation was replicated on nine spinal cords. In all
tested cases, in the presence of subthreshold concentrations of
neurochemicals, weak FListim (0.31 ⫾ 0.18 Th), evoked
locomotor-like oscillations (3.24 ⫾ 1.05 s period) comparable
to those detected in the same preparation in the presence of 5
M NMDA and 10 M 5-HT (2.80 ⫾ 0.75 s; P ⫽ 0.299,
paired t-test). In four of these preparations, low intensity (Th)
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Fig. 6. Three FListims of equal intensity (0.5 times Th), but
with different frequency (slow, medium, and fast rates), are
obtained from a preparation perfused with increasing concentrations of NMDA (from 4 to 6 M) and stable 5-HT (10 M).
In another experiment, the effect of the three protocols on FL
oscillations induced by 5 M NMDA and 10 M 5-HT is
demonstrated in A for the same spinal cord. The histogram in B
summarizes the average percentage value of period with respect
to the prestimulus interval (1 min, Ctrl) for each of the three
FListims (n ⫽ 5).
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DRtrains were also delivered, which, unlike FListim, did not
facilitate emergence of FL.
Low intensity FListim delivered in the presence of higher
extracellular potassium. We wondered whether increasing network excitability, by elevating extracellular potassium without
reaching threshold for FL, could synergize with weak FListim
to evoke a locomotor pattern. In control conditions, weak
FListim (0.08 times Th) induced irregular discharges with no
alternating oscillations (Fig. 9A), as indicated by the crosscorrelation values reported in Fig. 9A2 for a pair of L2 and L5
homolateral (CCF ⫽ ⫺0.110) and homosegmental (CCF ⫽
⫺0.092) VRs. Subthreshold concentrations of NMDA (2 M)
and 5-HT (3 M), together with the same weak FListim,
elicited a stable FL with 16 ⫾ 1 oscillations (period and CV
were 3.49 ⫾ 0.26 s and 0.07, respectively; Fig. 9B), alternating
among pairs of L2 and L5 homolateral (CCF ⫽ ⫺0.654) and
homosegmental (CCF ⫽ ⫺0.655) VRs (Fig. 9B2).
While an increased K⫹ concentration (6 mM) evoked only
sporadic discharges (not shown), superimposed weak FListim
elicited a short FL episode with 23 ⫾ 8 cycles, of period and
regularity of 1.85 ⫾ 0.04 s and 0.02, respectively (Fig. 9C).
These oscillations showed a modest alternating trend among
pairs of L2 and L5 homolateral (CCF ⫽ ⫺0.408) and homosegmental (CCF ⫽ ⫺0.420) VRs, as indicated by the
cross-correlogram in Fig. 9C2. When the concentration of
potassium was raised stepwise up to 11 mM, no alternating

oscillations appeared in the presence of FListims of subthreshold intensity (n ⫽ 4).
DISCUSSION

The main outcome of this study is the demonstration that a
new stimulation protocol, which uses a noisy waveform sampled from the motor output during FL (as opposed to a classic
train of rectangular pulses), could potentiate the pharmacological stimulation of the CPG to facilitate FL. FListim regulated
the oscillation amplitude in a biphasic manner, as the slowest
noisy waveforms decreased the amplitude of VR cycles, while
the higher frequency ones enhanced the oscillation size. FListim in
association with subthreshold concentrations of NMDA and
serotonin facilitated the emergence and duration of a locomotor
rhythm. A similar effect was not observed in case of a generalized increase in spinal cord neuronal excitability, suggesting
that, to optimally activate spinal locomotor circuits, it is necessary to combine a selective pharmacological stimulation of
CPG elements with an electrical stimulation using a noisy
waveform that corresponds to the locomotor pattern.
Delivery of FListim during FL rhythm modulates the properties of locomotor cycles. The fast periodicity of FL discharges has been traditionally ascribed to the variable number
of neurons activated through the gradual recruitment of usually
silent premotoneurons (Sillar and Roberts 1993; Grillner
2003). More recently, it has been proposed that the frequency
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Fig. 7. A: during a slow FL induced by low concentrations of
NMDA (3 M) and standard concentrations of 5-HT (10 M)
in response to stimulation with a fast rate FListim (amplitude ⫽
0.45 times the threshold), FL cycles are accelerated and increased in amplitude. On the contrary, in B is shown that during
a fast FL induced by higher concentrations of NMDA (6 M,
while 5-HT concentrations remained at 10 M), stimulation
with a slow rate FListim of an amplitude identical to the
FListim in A, reduces amplitude of oscillations. This biphasic
trend, for different experiments, is represented by the slope of
the regression line depicted in the plot in C, which represents on
the y-axis the percentage amplitude of cycles during FListim,
with respect to prestimulus values (Ctrl), and on the x-axis the
phase displacement defined as the difference between FL period
before stimulation (Tprestim) and the one owned by the stimulation wave (TFListim).
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of rhythmic oscillations is related to a selective switch from an
interneuronal population activated at low speed to another
group of interneurons that respond only to higher speeds and
that seem to be anatomically and genetically distinct from the
first ones (Crone et al. 2009; Fetcho and McLean 2010).
During locomotor performance, recruitment of V2a interneurons, essential for the alternation between right and left limbs,
has been suggested to be dependent on the frequency of the
rhythmic synaptic drive from the CPG. At high frequencies, a
neuronal subpopulation (normally silent at rest) is selectively
added to maintain coordination between the left and right sides
during accelerations (Zhong et al. 2011).
Notwithstanding the fact that the detailed topography of
neurons recruited during stimulation with FListim remains to
be explored, the increase in cycle amplitude due to stimulation
with higher frequencies may correspond to the involvement of
a larger number of motoneurons, as a previous study has
reported a relation between number of motoneurons and cycle
amplitude (Mazzone et al. 2010). On the other hand, the larger
cycle amplitude due to stimulation with high frequency waveforms might also be determined by the recruitment of an
additional pool of motoneurons within the same segment. In
fact, homologous motoneurons possessing distinct intrinsic
membrane properties and synaptic drive can contribute to
stronger oscillations (Gabriel et al. 2011). We can also suppose
that the involvement of a wider population of premotoneurons,
selectively recruited by FListim, could better synchronize motoneurons, with the result of increasing the amplitude of each
cycle. It is noteworthy that pharmacological block of spinal

inhibition elicits synchronous discharges recorded from all
VRs and, at the same time, determines an increase in amplitude
of single rhythmic events (Beato and Nistri 1999).
FListim compared with standard protocols of electrical
stimulation. In the present study, by comparing the effect of
classic stimulation and FListim, both of them sequentially
applied to the same DR, it emerged as clearly shown in Fig. 4
that only this latter one could modify the properties of alternated cycles. This fact suggests that the mechanisms that
render FListim capable of generating locomotor oscillations
may be different from those induced by stereotyped rectangular
stimuli. One possibility comes from the high intrinsic signal
variability contained in FListim, which corresponds to the high
sampling frequency of a FL trace (500 Hz) and may determine
a profile of transmitter release to CPG elements that is different
from the one induced by a traditional train of 2-Hz impulses.
FL epochs evoked by either electrical stimulation protocols
inevitably decayed, although they lasted longer with FListim.
By associating FListim with subthreshold concentrations of
neurochemicals, it was possible to significantly prolong the
episode of locomotor oscillations. Conversely, in the presence
of the same subthreshold concentration of neurochemicals, a
classical DRtrain was far less effective in evoking FL cycles.
These results suggest that the causes of termination of FL
induced by FListim in control conditions could be compensated, at least in part, by the pharmacological activation of the
CPG.
Previous studies have reported that repeated VR stimuli can
trigger FL in the mouse spinal cord (O’Donovan et al. 2010).
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Fig. 8. A: in the presence of weak FListim (amplitude ⫽ 0.1
times the Th), alternating oscillations are replaced by a series of
synchronous discharges. B: subsequent application of subthreshold concentrations of NMDA (2.5 M) plus 5-HT (5
M) generates only an increase in tonic activity. In the continuous presence of subthreshold concentrations of neurochemicals, the delivery of a weak FListim generates now a prolonged
episode of locomotor-like oscillations, as highlighted, on a
higher time scale, in C, inset, which corresponds to the gray bar
in B. Cross-correlogram analysis (CCF) illustrated in D confirms the characteristic alternation of locomotor-like oscillations, derived from pairs of ventral roots.
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When FListim was applied to a single VR, no FL was observed. This result suggests that the antidromic pathways
activated by FListim could not readily access the locomotor
CPG that needs to be stimulated by stronger electrical pulses
(Mentis et al. 2005) than the ones used in the present investigation. This notion accords with the demonstration that inhibitory Renshaw cells activate different postsynaptic receptors on
motoneurons, depending on the stimulation frequency (McCrea et al. 1980; Lamotte d’Incamps and Ascher 2008). As
one aim of the current report was to identify patterns of
stimulation with minimal deleterious effects and with sustained efficiency on the locomotor CPG, it seemed desirable
to carry further experiments with weak intensity FListim
applied to a single DR.
Baclofen differently affects alternating rhythms evoked by
FListim or DRtrain. Baclofen, by acting on pre- and postsynaptic metabotropic GABAB receptors, depresses synaptic
transmission (Nistri 1975; Curtis et al. 1981) and neuronal
network activity (Brockhaus and Ballanyi 1998; Brown et al.
2007). In this study we demonstrated that increasing concentrations of baclofen augmented, in a dose-dependent manner,
the period of electrically-induced locomotor cycles and reduced the number of oscillations up to a complete suppression
for higher concentrations of this drug. An analogous depressing effect of baclofen on the locomotor patterns evoked
through direct activation of CPG by neurochemicals has been
reported (Bertrand and Cazalets 1998, 1999). The effect of
baclofen has been ascribed to the activation of GABAB receptors that slow down the timing of the motor pattern (due to their

direct action on the network) and also inhibit presynaptically
the CPG output, with a minor direct effect on motoneurons
(Cazalets et al. 1998). In our experiments, the electrically
induced locomotor rhythm appeared sensitive to even lower
concentrations of baclofen than the ones reported to suppress
the chemical FL (Bertrand and Cazalets 1998, 1999). In fact,
when the CPG was activated through electrical stimulation of
a DR, the well-known reduction of glutamate release from
primary afferents (Nistri 1975; Curtis et al. 1981) was likely
additive to the effects of baclofen listed above.
The present data showed a differential sensitivity of FL to
baclofen depending on the protocol of electrical stimulation. In
fact, although significantly slower, the locomotor-like oscillations elicited by FListim could still be recorded at concentrations of baclofen that, conversely, abolished FL elicited by
stimulation with standard square pulse trains. It should be
noted that the different stimulus strength used in the two
protocols presumably recruited a different set of afferent fibers
(Koga et al. 2005) with distinct sensitivity to baclofen (Ataka
et al. 2000; Yang et al. 2001) due to dishomogeneity of
GABAB receptor expression (Price et al. 1984) or subunit
composition (Bonanno and Raiteri 1993).
Conjoint pharmacological and electrical stimulation facilitates CPG activity. The contrasting ability of FListim applied
to a single DR to modulate FL evoked by NMDA and 5-HT,
whereas standard square pulses delivered to the same DR could
not do so, clearly indicated that FListim was the protocol of
choice to influence the activity of the locomotor CPG. Thus it
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Fig. 9. A: FListim of low intensity (0.08 times to threshold, Th)
induces cumulative depolarization with superimposed sporadic
discharges, predominantly synchronous on all VRs. B: when
weak FListim is applied in the presence of subthreshold concentration of NMDA (2 M) and 5-HT (3 M), a stable
episode of locomotor-like oscillations appears. The same stimulating protocol, when delivered in high K⫹ (6 mM; C) solution, elicits stronger cumulative depolarization, with uncorrelated discharges mingled with brief episodes of alternating fast
oscillations. A2–C2: values of the correlation analysis among
pairs of homolateral (top) and homosegmental (bottom) VRs
during the delivery of FListim each one of the experimental
conditions indicated in A–C, bottom.
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was important to consider how pharmacological agents and
FListim could summate to facilitate locomotor-like patterns.
Previous studies have demonstrated that catecholamines
prolong the locomotor response induced by tonic epidural
electrical stimulation in the spinalized rat (Musienko et al.
2011). This in vivo effect is proposed (Musienko et al. 2012)
to arise from the combination of the direct electrical stimulation of spinal circuits, to replace the lost excitatory drive, with
the pharmacological agents that would mimic the modulatory
action of monoaminergic systems on spinal networks (Conway
et al. 1988). In the present experiments, FListim, in combination with agonists of the glutamatergic and serotoninergic
systems, cooperated in facilitating FL rhythm, further validating the close analogy between in vivo observations and in vitro
data. In fact, FListim increased the frequency of stable locomotor oscillations induced by NMDA ⫹ 5-HT, a result reminiscent of the better functional outcome of the association of
pharmacological and electrical stimuli in the spinal rat
(Ichiyama et al. 2008).
The role of neuromodulators may consist in the activation of
extrasynaptic serotoninergic receptors (Smeets and González
2000) that positively modulate synaptic inputs (triggered by
electrical stimulation) to crucial CPG elements (Hinckley et al.
2010). In support of this notion, it has been shown that epidural
spinal cord stimulation recruits the serotoninergic system
(Song et al. 2009, 2011) that plays a pivotal role in modulating
the activity of locomotor networks (Zhong et al. 2006; Dunbar
et al. 2010).
The present data provide the demonstration that stimulation
with combined subthreshold electrical and pharmacological
stimuli cooperated in activating the in vitro locomotor pattern.
Widespread activation of spinal neurons with a high potassium
solution did not produce a comparable effect. Although discrete increases in extracellular potassium are likely to trigger
FL episodes induced by dorsal afferent stimulation (Marchetti
et al. 2001b), it is difficult to activate the CPG by increasing
extracellular potassium, as the effective concentration window
is very narrow (Bracci et al. 1998). Thus a broad increase in
spinal cord excitability evoked by high potassium was not per
se sufficient to synergize the effect of a weak FListim.
The neurochemicals employed in this experimental study to
activate the CPG evoke severe central and systemic collateral
effects (Hollenberg 1988; Moreau et al. 1989). Nevertheless,
the discovery of new drug combinations that can selectively act
on the CPG (Guertin et al. 2010), along with the development
of innovative systems for a more localized drug delivery (Kang
et al. 2009) or with new substrates for the controlled release of
neuroactive chemicals directly at the level of the spinal subarachnoid space (Cobacho et al. 2009), may help targeting
pharmacological agents to modulate the activity of spinal
circuits. Hence, the present study suggests that conjoint electrical stimulation using weak noisy waves with even subthreshold concentrations of neurochemicals may actually be a desirable process to pharmacologically manipulate CPG excitability
to restore functional benefits to persons with a spinal cord
injury.
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Abstract
Noisy waveforms, sampled from an episode of fictive locomotion (FL) and
delivered to a dorsal root (DR), are a novel electrical stimulating protocol
demonstrated as the most effective for generating the locomotor rhythm in
the rat isolated spinal cord. The present study explored if stimulating protocols constructed by sampling real human locomotion could be equally efficient to activate these locomotor networks in vitro. This approach may extend
the range of usable stimulation protocols and provide a wide palette of noisy
waveforms for this purpose. To this end, recorded electromyogram (EMG)
from leg muscles of walking adult volunteers provided a protocol named
ReaListim (Real Locomotion-induced stimulation) that applied to a single DR
successfully activated FL. The smoothed kinematic profile of the same gait
failed to do so like nonphasic noisy patterns derived from standing and
isometric contraction. Power spectrum analysis showed distinctive low-frequency
domains in ReaListim, along with the high-frequency background noise. The
current study indicates that limb EMG signals (recorded during human locomotion) applied to DR of the rat spinal cord are more effective than EMG
traces taken during standing or isometric contraction of the same muscles to
activate locomotor networks. Finally, EMGs recorded during various human
motor tasks demonstrated that noisy waves of the same periodicity as ReaListim, could efficiently activate the in vitro central pattern generator (CPG),
regardless of the motor task from which they had been sampled. These data
outline new strategies to optimize functional stimulation of spinal networks
after injury.

Introduction
One important goal for spinal network rehabilitation is
the possibility to activate locomotor patterns with electrical stimuli applied to afferent inputs (Harkema et al.
2011). This is particularly attractive as a tool to recover,
at least in part, locomotor activity after spinal cord injury.
In the attempt to optimize the parameters for such a
stimulation using as a test model the in vitro spinal cord
preparation, we recently discovered a new stimulating
protocol, named FListim (Fictive Locomotion-induced
stimulation) based on high-frequency sampling of FL

records from a ventral root (VR) of an isolated neonatal
rat spinal cord and delivering it to a single dorsal root
(DR) of the same preparation (Taccola 2011; Dose and
Taccola 2012). This special stimulation pattern, even
when applied at amplitude lower than the one required
by standard square pulses, was able to induce locomotorlike oscillations of longer duration and with a greater
number of cycles than hitherto described (Taccola 2011).
The specific recruitment of the locomotor central pattern
generator (CPG) made by FListim is confirmed by its
ability to synergize the FL induced by NMDA (N-MethylD-aspartate) + 5-HT (5-hydroxytryptamine; Dose and
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Taccola 2012). Although the precise mechanisms through
which FListim can activate locomotor CPG remain
unclear, its intrinsic noise turns out to be a crucial feature
(Taccola 2011). The results so far were exclusively
obtained using FL patterns sampled from neonatal rat
spinal cords. We wondered if collecting records of limb
muscle activity during real locomotion from healthy
human volunteers might also have the ability to induce
FL in the isolated rat spinal cord. This seems to be a
desirable goal because the characteristics of human and
rodent locomotor patterns, although similar, are not
identical. Furthermore, using human electromyogram
(EMG) data also allows DR stimulation with noisy, nonphasic traces (obtained during isometric or postural contraction of antigravity muscles) to assess the relative role
of noise in the CPG activation.
Furthermore, detailed analysis of the EMG recorded
from human leg muscles has allowed identifying distinct
activation profiles during the execution of a specific
motor task (Raasch and Zajac 1999; Bizzi et al. 2008;
Wakeling and Horn 2009). Thus, we can hypothesize
that stimulating protocols obtained from EMGs sampled
during several motor tasks may activate, more or less
efficiently, the in vitro CPG. To this aim, EMGs referred
to distinct rhythmic movements, such as pedaling, hopping, or jumping, were recorded from volunteers, digitized and applied to a single DR to assess their impact
on the locomotor CPG in vitro. Finally, stimulating patterns obtained from the EMG captured from repetitive
flexions of the ankle joint were used to evaluate whether
noisy waves sampled from monoarticular rhythmic oscillations were per se sufficient to activate the in vitro
CPG.

KCl, 1 MgCl27H2O, 2 CaCl2, 1 NaH2PO4, 25 NaHCO3,
and 11 glucose, pH 7.4. VR recordings in DC mode
were taken from L2 VRs, which contain axons from
motoneurons that innervate mainly hindlimb flexor
muscles, and from L5 VRs containing axons which drive
primarily hindlimb extensor muscles (Kiehn and Kjaerulff 1996). The alternation of discharges between flexor
and extensor motor pools and between left (l) and right
(r) sides of the cord represents the hallmark of FL
(Juvin et al. 2007).

Parameters of spinal network activity
Electrical stimuli were delivered, using bipolar suction
electrodes, in order to evoke single VR responses. Stimuli
were considered as threshold (Th) according to their ability to elicit fast synaptic responses from the homologous
VR (see Marchetti et al. 2001). In response to DR stimulation with repetitive stimulating patterns, epochs of FL
arise over a background of cumulative depolarization. FL
cycles were analyzed for their periodicity (time between
the onset of two consecutive cycles of oscillatory activity)
and regularity, expressed by the coefficient of period variation (CV; displayed as standard deviation [SD] mean 1).
The correlation among signals arising from pairs of VRs
was expressed by the cross-correlogram function (CCF),
obtained using Clampfit 10.3 software (Molecular
Devices LLC, CA). While a CCF greater than 0.5 indicated that two VRs were synchronous, a CCF less than
0.5 showed full alternation (Ryckebusch and Laurent
1994; Taccola et al. 2010).
The power spectrum for stimulating patterns was
obtained through Clampfit 10.3 software (Molecular
Devices, LLC, CA).

Methods
Designing the ReaListim
Electrophysiological recordings
All procedures were conducted in accordance with the
guidelines of the National Institutes of Health and the
Italian Act Decreto Legislativo 27/1/92 n. 116 (implementing the European Community directives n. 86/609
and 93/88) and under the authorization of the Italian
Ministry of Health. All efforts were made to reduce the
number of animals and their suffering.
Experiments were performed on spinal cord preparations after isolation from neonatal rats (P0-P4), as previously reported (Taccola et al. 2004). Briefly, spinal
cords were sectioned from the midthoracic region to the
cauda equina, maintained at a constant room temperature of 22°C and continuously superfused (5 mL/min)
with oxygenated (95% O2; 5% CO2) Krebs solution of
the following composition (in mmol/L): 113 NaCl, 4.5
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EMG recordings from several muscles were obtained during various motor tasks carried out by two healthy volunteers. Epochs (60 sec) of EMG traces were promptly
processed for off-line analysis (Clampfit 10.3 software;
Molecular Devices) and records from one muscle were
randomly selected for use. The sampled trace was
imported into a spreadsheet of Origin 9 (OriginLab,
North Hampton, MA), where the x-axis considered each
sampling time for the epoch duration and the y-axis was
used for the corresponding current amplitude. The two
columns of values were then exported (as an ASCII text
file) to a programmable stimulation device (STG 2004;
Multi Channel Systems, Reutlingen, Germany). The stimulating protocol resulting from this procedure was termed
ReaListim (Real Locomotion-induced stimulation) and
was applied to a DR.

ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

F. Dose et al.

Subjects
Two healthy right leg dominant subjects (female, 31 years
old, 62 kg, 1.74 m; male, 43 years old, 76 kg, 1.77 m)
volunteered for the experiments. Human recordings were
performed by specialized health care professionals in the
SPINAL Clinical lab at Istituto di Medicina Fisica e Riabilitazione (Udine, Italia) and in the Gait & Motion Analysis Laboratory at Sol et salus hospital (Torre Pedrera,
Rimini, Italy). The study conformed to the Declaration of
Helsinki and the written informed consent was obtained
from participants according to the clinical protocols
established by the Istituto di Medicina Fisica e Riabilitazione (Udine, Italia).

EMG recordings
Spectrum profiles of EMG intensities were continuously
obtained for 60 sec during different motor tasks, namely
standing, overground walking at a self selected speed,
incremental squats at 30°, 60°, and 90° of knee flexion,
hopping, two legged or one legged jumping, and pedaling
on an Ergoselect 100K bicycle ergometer (Ergoline
GmbH, Deutschland) at the frequency of 60 rpm and
power output of 120 W.
EMG recordings from rhythmic oscillations of the right
ankle joint, featuring a cycle period approximating that
for walking and cycling, were also taken from a subject
lying supine with one foot supported by a researcher.
During the performance of these exercises, subjects
were instructed to generate stepping, jumping, or ankle
flexions at the same frequency using an auditory metronome.
Briefly, EMG Ag/AgCl surface electrodes (10 mm diameter, 21 mm interelectrode distance) were positioned on
the right leg and connected to TELEMG system (BTS,
Milano, Italia). Guidelines provided by the European Project SENIAM (Surface EMG for Non Invasive Assessment
of Muscles, 1996–1999; Hermens et al. 2000) were followed in positioning electrodes. EMG signals were simultaneously recorded from the tibialis anterior (TA), medial
gastrocnemius (GM), vastus medialis (VM), rectus femoris (RF), and vastus lateralis (VL). The EMG signals
were band-pass filtered, with cut-off frequencies from 5
to 200 Hz, amplified 10009 and then sampled at 500 Hz.

Analysis of EMG signals and gait
As a control to define the role of intrinsic variability of
the stimulating pattern in effectively activating the CPG,
we compared alternating oscillations induced by noisy
waves recorded from limb muscles with the effects elicited
by simultaneously derived kinematic patterns (from limb
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markers) that were smooth sinusoids. Kinematic profiles
were obtained with the Elite 2000 system (BTS, Milano,
Italia) consisting of six infrared cameras (positioned
4.5 m along the progression line of the subjects) operating at a sampling frequency of 50 Hz (Ferrigno and Pedotti 1985). After three-dimensional calibration, the
spatial accuracy of the system was greater than 1.5 mm.
Infrared reflective marks were positioned in correspondence to the lateral condyle of the knee (knee), the lateral
malleolus (mall), between the lateral condyle of the knee
and the lateral malleolus in the midpoint (bar), the heel,
and the 5th metatarsal (met; Davis et al. 1991). Subjects
were asked to walk barefoot as naturally as possible, looking straightforward. During the acquisition of kinematic
data, the activity of soleus muscle was simultaneously
recorded as described above.

Statistical analysis
All data are reported as mean  SD, where n indicates
the number of spinal cord preparations. After distinguishing between parametric or nonparametric data, using a
normality test, all parametric values were analyzed with
Student’s t-test (paired or unpaired) to compare two
groups of data or with analysis of variance (ANOVA) for
more than two groups. For nonparametric values, Mann–
Whitney test was used for two groups, while, for multiple
comparisons, ANOVA on Ranks was first applied, followed by a post hoc test (Dunnett’s method). Statistical
analysis was performed using SigmaStat 3.5 software (Systat Software Inc, IL). Results were considered significant
when P < 0.05.

Results
Noisy waves obtained from EMG recordings
of the lower limb during human locomotion
activate the in vitro CPG
We aimed at assessing whether electrical stimulation with
noisy waveforms corresponding to locomotor patterns of
an adult volunteer was able to trigger the CPG of the in
vitro neonatal rat spinal cord. Thus, we first recorded
EMGs from five muscles in the lower limb (RF, VM, TA,
GM, and VL; Fig. 1A) of a volunteer walking at a freely
chosen stride frequency (average speed = 1.01 m/sec). For
each EMG trace, a 60 sec segment was randomly sampled
in order to design the stimulation protocol, that we
named ReaListim, which, in this example, was characterized by noisy waves with average 1.25 sec period.
Figure 1A exemplifies how the noisy traces obtained
from the VL muscle (shaded box), when delivered
(intensity = 0.54 Th) to rL6 DR of the isolated rat spinal
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Figure 1. EMG recordings during human locomotion provide noisy waveforms able to activate the in vitro CPG. In A, EMGs are simultaneously
recorded from five muscles of the right leg during real locomotion in an adult volunteer walking overground at normal speed. The superficial
electrodes are positioned as indicated by the black lines in the cartoon (right). A segment of 60 sec duration is extracted through offset analysis
from the VL EMG (shaded box) and used for designing the ReaListim protocol, later delivered to the DRrL6 of a neonatal rat isolated spinal
cord (intensity = 0.54 Th), while the motor response is continuously monitored through recording suction electrodes from VRs L2 and L5 (B).
During electrical stimulation with ReaListim, VRs are depolarized with a superimposed episode of locomotor-like oscillations (C), as confirmed by
the negative peaks centered at zero lag value in the cross-correlogram functions in D. In E, F, and G, histograms show, respectively, that the
mean number and the mean period of FL oscillations, as well as the mean cumulative depolarization amplitude, do not statistically change,
even in response to delivery of noisy waveforms obtained from different leg muscles (n = 7; P = 0.723 for E; P = 0.740 for F; P = 0.967 for G).
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cord (Fig. 1B), evoked cumulative VR depolarization
(1.17 mV) with superimposed 28 oscillating cycles
(2.06  0.41 sec period and 0.20 CV; Fig. 1C). Oscillations between L2 and L5 VRs on the two sides of the
spinal cord were alternated, as confirmed by the value of
the cross-correlograms illustrated in Figure 1D (CCF
homolateral = 0.71; CCF homosegmental = 0.66),
indicating, therefore, their characteristic FL property.
EMG recordings obtained in three sessions of locomotion (average speed of 1.11  0.07 m/sec) provided ReaListims (period = 1.12  0.11 sec for 60 sec epoch),
which induced, in 11 preparations, cumulative VR depolarization of 0.71  0.33 mV with a superimposed episode of FL (52.15  7.08 sec long, 21  4 locomotor
cycles of 2.73  0.65 sec period and 0.28  0.11 CV). In
six experiments, ReaListims, simultaneously sampled from
flexor and extensor muscles of leg and calf, and delivered
in sequence to a single DR of the isolated rat spinal cord,
were equally capable of evoking locomotor-like responses
of similar duration, period, and cumulative depolarization
(Fig. 1E–G).

Different responses of the in vitro CPG to
electrical stimulation with EMGs or
kinematic profiles
Stimulating patterns composed of noisy or smooth
sinusoidal waves of identical main frequency were
obtained by simultaneously recording, during the same
session of human locomotion, the activity of the soleus
muscle, and the variations in the joint profile of the
heel, on the y-axis. The two traces were imported into
the programmable stimulator and corrected to obtain
waveform traces of the same maximal amplitude.
Hence, the two stimulating patterns (ReaListims and
kinematic profiles) provided either a noisy baseline or a
smooth baseline.
Figure 2A shows that stimulation of the DRrS1 of the
isolated spinal cord with ReaListim (intensity = 0.33 Th)
induced cumulative depolarization (0.46 mV) with FL of
57.31 sec duration with 22 cycles (period and CV of
2.73  1.03 sec and 0.38, respectively). Conversely, on
the same preparation, electrical stimulation of the same
DR with the protocol obtained from the kinematic profile
of the heel (intensity = 0.33 Th) induced very small
cumulative depolarization (0.08 mV), with a series of
synchronous discharges among the four VRs. The crosscorrelogram analysis (Fig. 2C and E) confirms that
ReaListim evoked FL with alternating oscillations among
homosegmental (lL2 and rL2, CCF = 0.88) and
homolateral (lL2 and lL5, CCF = 0.66) VRs, while a
sinusoidal stimulation obtained from the heel kinematic
profile evoked only synchronous oscillations both at
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homosegmental (VRlL2 and VRrL2, CCF = 0.65) and homolateral (VRlL2 and VRlL5, CCF = 0.75) levels.
These results were confirmed in five preparations
(Fig. 2D) with mean CCF of 0.68  0.12 for homosegmental VRs and of 0.38  0.14 for homolateral VRs during ReaListim. In the same preparations, delivery of waves
obtained from the kinematic analysis of the heel evoked synchronous discharges (homosegmental CCF = 0.60  0.16
and homolateral CCF = 0.70  0.07) only.
We tested whether the inability to activate the in vitro
FL with Kstim was due to the absence of noise in kinematic
profiles. For this reason, numerous kinematic patterns were
simultaneously sampled, on the y-axis, from different track
positions in the lower limb during the same locomotor session. As schematized in Figure 3A, in correspondence to
gait phases exemplified as a stick diagram, kinematic traces
from different tracks of the lower limb were recorded for
the first two steps of a locomotor session. These traces were
synchronized with the EMG recorded from the right soleus
(bottom record in Fig. 3A). The metatarsal trace presented
the most different profile from the one from the heel as it
comprises a second peak in coincidence with ankle flexion.
Fourier analysis (Fig. 3B1–C1) confirms that both traces
had a main peak at 0.9 Hz and a second component at
1.8 Hz, while the metatarsal trace shows a further component at 2.9 Hz (Fig. 3C).
As illustrated in Figure 3B2 and C2, we subsequently
delivered, to the same DR in the same preparation, first,
a smoothed wave obtained from the heel trace and, then,
the one recorded from the metatarsus, both at the same
maximum amplitude. Responses from VRs (see Fig. 3B2–
and C2) indicate that, in both cases, the stimulation
induced similar cumulative depolarization (0.35 lV for
the heel and 0.41 lV for the metatarsus), followed by
baseline repolarization despite continuous stimulation.
Reflex discharges were observed during each stimulating
cycle plus sporadic, slow bursts. The cross-correlogram
analysis (Fig. 3D and E) confirms events synchronicity
among
homosegmental
(heel
CCF = 0.66;
met
CCF = 0.83) and homolateral (heel CCF = 0.88; met
CCF = 0.96) VRs. The same observations were obtained
from three spinal cords. These results indicate that, unlike
ReaListim, Kstim could not evoke FL, suggesting that the
noise contained in the stimulating traces sampled from
the motor output of a human individual was a crucial
characteristic for activating the in vitro CPG.

Noisy traces obtained during isometric
contractions or static posture do not induce
FL
To further clarify the characteristics of ReaListim responsible for the activation of the in vitro CPG, we have
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Figure 2. Kstim, unlike ReaListim, does not trigger FL. In A, ReaListim, designed from right soleus EMG (intensity = 0.33 Th), when applied to
DRrS1, evokes an episode of FL from VRs L2 and L5 on both side of the spinal cord. In the same experiment, delivery of Kstim, sampled from
the kinematic profile of right heel (intensity = 0.33 Th), generates only a slight cumulative depolarization with sporadic electrical discharges (B).
In C, the cross-correlogram analysis performed for the traces shown in A reports negative values, representing the double alternation among
pairs of homosegmental L2 (top) and homolateral L2 and L5 (bottom) VRs. Conversely, in E, the cross-correlogram analysis for traces in B
shows positive peaks, describing full synchrony among discharges recorded from homosegmental (top) and homolateral (bottom) VRs. In D,
histograms summarize the mean CCF values obtained for homosegmental (dark gray) and homolateral (light gray) VRs in response to
stimulation of the same cords with ReaListim (right) and Kstim (left), respectively. While ReaListim always evokes alternating oscillations, Kstim
generates only synchronous events (n = 5).

explored whether the EMG phasic patterns, used to
design ReaListim, were a crucial characteristic. Thus, we
compared stimulation using ReaListim (see top record in
Fig. 4A) with noisy traces derived from the tonic
activation of the same muscle, either during the antigravity contraction for standing (top trace in Fig. 4B) or
during an isometric contraction task (top record in
Fig. 4C and D).
As demonstrated by Figure 4A, 60 sec stimulation with
ReaListim (VM muscle) evoked (intensity = 0.15 Th)
cumulative depolarization (0.80 mV) with a longlasting
episode of FL (57.77 sec, 23 oscillations, period and CV of
2.62  0.51 sec and 0.20, respectively). Oscillations alternated among homosegmental VRs, as confirmed by the
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cross-correlogram analysis (homosegmental CCF = 0.50;
not shown).
On the other hand, stimulation with EMG traces sampled during static posture or isometric contraction did
not evoke cumulative depolarization, but only sporadic
tonic discharges (Fig. 4B and C). Even when increasing
the amplitude of the EMG trace from the isometric contraction to that of the ReaListim one, no alternating oscillations appeared, although the stimulating protocol was
able to induce cumulative VR depolarization (0.31 mV;
Fig. 4D).
Analogous observations were replicated with six preparations, in which ReaListim induced an average cumulative depolarization of 0.66  0.29 mV, superimposed by
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Figure 3. Kstims sampled from different tracks of the lower limb are ineffective in eliciting FL. The kinematic analysis of locomotion is
performed on several tracks of the right leg (knee, bar, mall, heel, and met), as reconstructed for consecutive phases of the first step in A. The
kinematic profiles are indicated in gray scale and synchronized with the soleus muscle EMG. Segments of 60 sec duration are sampled from
heel and met profiles to produce the stimulating protocols heel Kstim (B) and met Kstim (C), for which power spectra are obtained
(B1 and C1, respectively). Heel Kstim applied to DRrS4 (intensity = 0.33 Th) evokes a small cumulative depolarization accompanied by single
reflex responses, corresponding to stimulating pattern peaks, and by the sporadic appearance of bursts (B2). Analogously, met Kstim
(intensity = 0.33 Th) depolarizes VRs, with single reflex responses and sporadic bursts that are synchronous among all VRs (C2). The crosscorrelogram analysis from pairs of homosegmental (left) and homolateral (right) VRs quantifies the synchrony among discharges elicited by
Kstims (D for heel Kstim and E for met Kstim).

ª 2013 The Authors. Physiological Reports published by Wiley Periodicals, Inc. on behalf of
the American Physiological Society and The Physiological Society.

2013 | Vol. 1 | Iss. 2 | e00025
Page 7

Human EMGs Elicit FL in the Isolated Rat Cord

A

E

F. Dose et al.

C

B

D

F

G

Figure 4. Human EMGs sampled during standing and isometric contraction fail in inducing FL. In A, ReaListim is designed from rVM EMG
recording and applied to DRlL7 (intensity = 0.15 Th) to elicit an epoch of alternating oscillations from L2 VRs. In the same experiments, delivery
of the EMGs recorded from rVM during standing static posture (B, intensity = 0.01 Th) or isometric muscle contraction (C, intensity = 0.09 Th)
does not depolarize VRs, although elicits few uncorrelated discharges. Finally, when the peaks of the EMG in C are artificially adjusted to the
same maximum amplitude of ReaListim in A, the resulting stimulating protocol can generate a small cumulative depolarization with
synchronous events (D). In E, a segment of the same ReaListim shown in A is displayed at a faster time base scale, while the power spectrum
of the entire stimulating pattern (60 sec) is reported below. An analogous Fourier analysis is performed also for isometric EMGs (F, in top panel
see a sample episode of the DRstim in C, at a faster time base scale). Note in the inserts the magnification of spectra in the high-frequency
regions. The power spectra of the two protocols are superimposed in G (black trace, ReaListim; gray trace, isometric contraction), emphasizing
that, among the noisy waveforms sampled from EMGs, only ReaListim presented a series of components in the low-frequency domain.
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FL of 53.65  3.98 sec duration with 20  2 alternating
cycles of period and CV 2.90  0.36 sec and 0.29  0.11,
respectively. In the same spinal cords, in response to
stimulation with EMGs recorded during standing posture
or isometric contractions, we did not observe any depolarization or appearance of locomotor oscillations. Even
stimulation with the EMG traces of an isometric contraction with amplitude brought to ReaListim values, did not
induce any locomotor cycles, despite an average cumulative depolarization of 0.36  0.13 mV. These findings
suggest that the basic intrinsic noise of the human EMG
was unable to elicit FL.
To look for discrete frequency domains within the
noisy waveforms necessary for activate FL, we analyzed
the power spectra of the ReaListim record (see, in Fig. 4E,
example at high gain and faster time base taken from the
record shown in A) and isometric contraction trace (see,
in Fig. 4F, example at high gain and faster time base
taken from the record shown in C). While the power
spectrum of ReaListim (Fig. 4E, bottom) revealed principal components clustered at the low frequency, on the
other hand, the spectrum of isometric contraction lacked
these peaks and contained only small components at
higher frequency (Fig. 4F, bottom). The insets to Figure 4E and F show that, in the high-frequency domain, a
similar pattern for both protocols (albeit smaller in
amplitude for ReaListim) was present. Figure 4G indicates
that, after alignment of both traces in the frequency range
below 25 Hz, ReaListim (black trace) was characterized
by a series of components between 0 to 10 Hz, whereas
the isometric contraction stimulus (gray trace) lacked any
elements. On the contrary, from 15 to 25 Hz, only the
isometric contraction profile was observed (Fig. 4G).

Effect of stimuli sampled from human EMGs
during nonlocomotor rhythmic activity
We next tested whether stimulation with noisy waveforms
from EMG recordings of the right GM during the execution of nonlocomotor rhythmic activities could activate
the in vitro CPG. Thus, we sampled 60 sec EMG records
taken while one volunteer was pedaling or hopping.
Figure 5A shows that ReaListim (period = 1.07 
0.10 sec and intensity of stimulation peak = 0.5 Th; top
row shows pattern at fast time base) depolarized VRs by
0.22 mV and evoked FL of 53.04 sec duration, with 22
locomotor cycles (period = 2.51  0.55 sec; CV = 0.22).
Figure 5B indicates that, on the same in vitro preparation,
the EMG pattern obtained during pedaling (period =
1.07  0.11 sec; intensity of stimulation peak = 0.4 Th;
top row shows pattern at fast time base) delivered to the
same DR induced cumulative depolarization (0.23 mV)
with FL (lasting 41.09 sec with 18 locomotor-like oscilla-
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tions; period = 2.42  0.44 sec; CV = 0.18). Finally, stimulation with a pattern corresponding to the repeated
hopping (Fig. 5C; period = 0.58  0.02 and amplitude of
stimulation peak = 0.5 Th; top row shows pattern at fast
time base) generated a cumulative depolarization
(0.20 mV) with short FL (13 oscillations for 28.96 sec;
cycle period = 2.41  0.34 sec; CV = 0.14).
FL episodes have been quantified with respect to the
number of oscillations (Fig. 5D), cycle period (Fig. 5E)
and peak of cumulative depolarization (Fig. 5F), for the
three different stimulating protocols delivered to the same
five preparations. The ReaListim appeared to activate the
in vitro CPG more efficiently than the EMG pattern
recorded during hopping, as shown by the significantly
greater number of alternating cycles evoked.
We next designed another stimulating pattern that
requires the synchronous activation of limbs, like hopping, carried out at a periodicity approximating the one
of ReaListim. To this aim, EMGs of right VM, TA, and
GM during both two legged and one legged jumping were
sampled. Figure 6A–C compares the EMG records used
for ReaListim (see example of a single burst in the gray
box; period of 1.00  0.01 sec), with two legged or one
legged jumping. It is noteworthy that despite the EMG
similar periodicity, namely of 1.25  0.04 and
1.20  0.03 sec, respectively, bursts for EMGs referred to
the two legged or one legged jumping (see examples in
the gray boxes of Fig. 6B and C), show the characteristic
biphasic component due to, first, contraction of the
muscle for the spring phase and, second, the contraction
during the return phase.
In Figure 6A, ReaListim sampled from the rGM
induced, at the peak of a cumulative depolarization of
0.49 mV, an episode of 60.58 sec with 30 oscillations,
of 2.08 sec period (CV = 0.30). In the same spinal
cord, a stimulus of an amplitude approximating that of
ReaListim, sampled from the rGM during jumping,
depolarized VRs by 0.51 mV and induced a locomotor
episode of 31.591 sec duration and 18 oscillations
(period = 1.87 sec and CV = 0.20; Fig. 6B). Similarly,
the subsequent delivery to the same DR of EMGs provided of equal intensity and sampled during one legged
jumping, determined a depolarization of 0.46 mV and
an episode of FL comparable to the ones obtained with
the other two patterns of stimulation (duration = 38.30,
period = 1.91 sec,
number
of
oscillations = 21;
CV = 0.22; Fig. 6C).
The histograms of Figure 6D–F quantify FL episodes
evoked by these stimulating patterns (average of six preparations) in terms of the number of oscillations (Fig. 6D),
cycle period (Fig. 6E), and peak of cumulative depolarization (Fig. 6F): thus, noisy patterns with a periodicity similar to that of ReaListim, but sampled during tasks
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Figure 5. Stimulating protocols obtained from human EMGs during walking, cycling, and hopping induce a different number of FL cycles. In
A, ReaListim is designed from the EMG recording (duration 60 sec; in top panel is reported a faster sample trace) of rGM during locomotion.
The stimulating pattern is applied to DRlL6 (intensity = 0.50 Th), evoking an episode of FL from L2 and L5 VRs on both side of the cord. A FL
episode of duration similar is generated by a stimulating protocol (duration = 60 sec; intensity = 0.40 Th), sampled from the rGM EMG
recording while the volunteer is pedaling (B, in top panel is reported a faster sample trace). Contrarily, by applying a rGM EMG trace
(duration = 60 sec; intensity = 0.50 Th; in top panel is reported a faster sample trace) recorded during hopping a shorter episode of FL is
obtained. Note that A, B, and C are referred to the same preparation. Histograms in D, E, and F summarize the mean value for number and
period of oscillations and for cumulative depolarization amplitude. Note that the number of locomotor-like oscillations using the hopping
pattern is significantly reduced with respect to ReaListim (n = 5; P = 0.011).

involving the synchronous activation of lower limbs, were
equally able to activate the in vitro CPG.

Stimulating patterns sampled from human
EMGs during rhythmic single joint flexions
can activate FL
We wanted to assess whether phasic EMGs, with the same
periodicity as ReaListim and obtained in the absence of
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multisegmental movement of lower limbs, were appropriate to generate FL. For this reason, the activity from TA
and GM muscles was recorded during rhythmic oscillations of the ankle joint under weight-bearing conditions,
with a cycle period (1.09  0.01 sec) approximating that
for walking, cycling, and jumping (gray trace in Fig. 7B).
Stimulation with a ReaListim sampled from the rGM
induced a depolarization of 1.20 mV with a superimposed
episode of 60.37 sec duration with 26 locomotor oscilla-
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Figure 6. Human EMGs sampled during walking, two legged jumping and one legged jumping provide stimulating waveforms that similarly
activate the in vitro CPG. A, ReaListim is designed from the EMG recordings of the rGM during locomotion (duration 60 sec; top panel shows
faster sample trace). The gray box on the left (1 sec width) shows a typical single burst of an EMG during a gait cycle. The stimulating pattern
applied to DRrL7 (intensity = 0.1 Th) elicited an epoch of FL from the controlateral L2 and L5 VRs. A similar locomotor-like response was
generated by EMGs obtained from rGM muscle (duration = 60 sec; intensity = 0.1 Th) and sampled while the volunteer was jumping on two
legs (B). B, top panel on the left shows a single burst, while a sample of the stimulating pattern is illustrated on a faster time base scale.
Applying a rGM EMG trace (duration = 60 sec; intensity = 0.1 Th) recorded during one legged jumping generated a comparable episode of FL
(C). Top panels in C show one single burst, and 10 sec stimulating pattern (faster time scale). Note that all data depicted in A, B, and C were
obtained from the same preparation. Histograms in D, E, and F indicate that no statistical difference appeared in response to the three
stimulating protocols, as far as number and period of oscillations, and cumulative depolarization amplitude were concerned (n = 6).

tions of a period of 2.41 sec (CV = 0.38; Fig. 7A). A
pattern of similar amplitude to the one of ReaListim,
but obtained from the rTA during repetitive ankle
flexions, generated an episode of FL with similar features
(cumulative depolarization = 1.14 mV; duration = 58.50
sec; number of oscillations = 23; period of oscillations =
2.67 sec with CV = 0.39; Fig. 7B). Average values

obtained from six spinal cords are quantified in terms of
number of oscillations, cycle period, and cumulative
depolarization in Figure 7D–F.
In conclusion, in the present study, all stimulating
patterns obtained from noisy and phasic EMGs,
characterized by a periodicity approximating that of ReaListim, were able to activate the in vitro CPG, regardless
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Figure 7. Stimulating patterns obtained from human EMGs from the rhythmic oscillations of ankle joint generate locomotor-like responses
similar to the ones induced by ReaListim. A, ReaListim (60 sec duration, 0.2 Th intensity), sampled from rGM and delivered to DRrS4, induced a
series of alternating oscillations among VRs. At the top, a segment of the trace comprised in the open box is displayed at faster time scale. An
analogous response is recorded in B from the same preparation when stimulated with the EMG (60 sec duration, 0.2 Th intensity) captured
from rTA during rhythmic oscillations of the ankle joint. A segment of the stimulating pattern (open box) is displayed at the top on a faster
time scale. The mean values of pooled data from six experiments are summarized in the histograms below, as for number of oscillations (C),
cycle period (D), and peak of cumulative depolarization (E), demonstrating that these two stimulating patterns were similarly effective in
inducing an episode of FL with similar characteristics.

of the type of rhythmic task from which they were
obtained.

Discussion
The present study shows that using the EMG records
obtained from human leg muscles during normal gait
(ReaListim) and applying them to a single DR of the rat
isolated spinal cord was very effective in eliciting a
long-lasting series of FL cycles. This novel observation
demonstrates that the type of DR stimulus (containing
locomotor-related signals) was important rather than its
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origin (in vitro rat spinal cord or human muscle activity)
and that, whether recorded from an in vitro preparation
or a healthy volunteer, the rat locomotor networks
reacted with similar responses.

Characteristics of the ReaListim protocol to
activate FL
A protocol of undulatory, noisy stimuli from the human
leg EMG during real locomotion (named ReaListim)
activated locomotor-like oscillations in the isolated spinal
cord even when the stimulus amplitude was subthreshold
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to induce a VR reflex. Interestingly, EMG records sampled from flexor or extensor leg muscles were equally
effective to evoke FL.
Nevertheless, reconstructing the DR stimulation protocols from the kinematic records of the same human walking activity (Kstim) was not able to induce FL despite
collecting stimulus data from either the heel or the metatarsal joint. Thus, the information of simple stimulus
alternation contained in the kinematic profile at walking
speed could not be sufficient for FL. Likewise, sustained
EMG discharge sampled during standing posture or during the execution of isometric squat exercises failed to
activate FL. These results are reminiscent of previous data
when a broad range of DR stimulation patterns was used
to elicit sustained FL in vitro with poor success (Taccola
2011). Thus, we reasoned that the original FL record
obtained from the spinal cord in vitro or the ReaListim
obtained from human gait must contain certain properties that confer them the ability to activate the locomotor
CPG.
In fact, an epoch of FL analogous for duration and
number of oscillations to the one evoked by ReaListim
has been previously observed with FListim elicited by
NMDA + 5-HT (Taccola 2011; Dose and Taccola 2012).

The importance of noise for electrical
stimuli eliciting FL
If the smooth kinematic stimulus pattern as well as the
high-frequency firing during isometric contraction were
unable to produce FL, we suspected that the intrinsic
variability of the stimulating traces used in this study was
a crucial element for an optimal CPG activation. This
notion is in accordance with previous observations that
the efficacy of stimulation with noisy waves was lost when
the stimulating pattern was smoothed (Taccola 2011).
This result reaffirms the importance of variability for
spinal CPG function (Ziegler et al. 2010; Lee et al. 2011),
in line with error-based motor learning paradigms
(Huang et al. 2011).
As EMG records cannot provide detailed information
on the nature of these electrical signals, we have indicated
such traces as “noisy”, based on the sole macroscopic
observation of the ragged baseline. In line with this point
of view, the ReaListim protocol apparently possesses the
same level of noise as FListim. However, intrinsic variability of FListim mainly corresponds to the firing profile of
motoneurons within the same pool during FL (Berg et al.
2007), while for the EMG of real locomotion in a
volunteer, additional nonlinear sources of variability
need to be considered. For instance, stiffness, viscoelastic
properties of muscles, coupling among limb segments and
biomechanical constrains, anticipatory adjustments from
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supraspinal centers, and reflex responses to external perturbations are likely contributors to the noise within in
vivo EMGs (Thrasher et al. 2011). Other forms of variability in human EMG signals are attributable to specific
muscle pennation and fiber composition (Johnson et al.
1973) or to the proximity of EMG electrodes to the muscle innervation (De Luca 1997). These sources of EMG
variability seemed negligible in activating the CPG
because EMGs from either different leg muscles or the
same muscle in different recording sessions appeared to
have the same ability to elicit FL.
Thus, baseline noise associated with a certain waveform
with main frequency within the real or fictive locomotion
rhythms was the crucial requirement for activating the
locomotor network in vitro. Another possibility is that
the noise sampled from the EMG or from the FL contains
distinctive information that codifies the state of network
activity and the type of motor task undertaken. In support of this notion is the report that in the cerebral cortex
the noise fluctuations in neuronal network output rely on
the frequency of sensory stimuli in a state-dependent
manner (White et al. 2012).
Comparison of power spectra of noisy waveforms
shows low-frequency domain components, which seem to
distinguish ReaListim from the isometric contraction protocol (ineffective in recruiting the CPG). Future work will
be necessary to explore whether low-frequency components are sufficient per se in activating FL or if they also
need the high-frequency background that characterizes all
noisy stimulating patterns from EMG recordings.

Phasic EMGs of frequency similar to
ReaListim equally activated the CPG
regardless of their task specificity
The first part of the study reported the optimal locomotor-like response evoked by stimulating waves, sampled
from limb muscles during the execution of rhythmic
tasks, such as walking and cycling, that both involve an
alternated pattern. On the other hand, EMGs obtained
during synchronous rhythmic activation of lower limbs
(e.g., hopping) appeared less effective. This difference
may be attributed to certain intrinsic characteristics of the
various EMGs. In fact, although the stimulating pattern
was always recorded from one single leg, the EMG of
even one muscle during alternated activation of lower
limbs (running or pedaling) may contain distinct information for the activation of the in vitro CPG. The same
does not seem to occur, though, with the EMG sampled
during the execution of tasks that require the synchronous activation of limbs, like hopping (Bizzi et al. 2008).
Examples of task specificity in network output have
already been reported and attributed to the modulation
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provided by the differential afferent feedback that characterizes different motor tasks (Brooke et al. 1992).
In the present experiments, comparing the stimulating
effectiveness of EMGs from hopping or walking is misleading, as their cycle period was clearly different. Despite
repeated attempts, volunteers failed to hop and to walk at
identical frequency. Hence, to compare ReaListim with
the one obtained with EMGs from two legged synchronous movements, we recorded EMGs from different muscles during jumping with both legs at the same main
frequency as gait. Stimulation with EMGs obtained from
one legged jumping was also tested to evaluate the influence of the proprioceptive information coming from the
rhythmic movement of the controlateral limb (Savin et al.
2010). In fact, it has been demonstrated the existence of a
movement-related afferent feedback originating from network interaction of inputs arising from the two limbs
(McIlroy et al. 1992; Peper and Carson 1999) and this
modulation seems to be accounted by presynaptic inhibitory mechanisms (Stein 1995). In particular, passive
movement of one limb can drive phase and frequency of
the controlateral one (Gunkel 1962; deGuzman and Kelso
1991).
In our experiments, stimulation with EMGs obtained
from both two legged and one legged jumping did not
appear to be statistically different from ReaListim in
inducing FL. Thus, most noisy patterns recorded during
limb movement, as long as they possess a main frequency
similar to the one of ReaListim, appeared to be equally
effective in activating the CPG, regardless of the motor
task under which they were taken.
Furthermore, to confirm the scarce task specificity of
EMG traces to induce a FL, we stimulated the isolated
spinal cord with noisy and phasic patterns of a main frequency equal to that of locomotor patterns, but recorded
during a nonpropulsive action of lower limbs, such as
rhythmic flexions of the ankle in weight-bearing conditions and observed little task specificity of the stimulating
patterns.

Future perspectives
Although stimulation of a dorsal or sacral afferent with a
noisy wave represents the most powerful tool to electrically generate the locomotor rhythm in the isolated neonatal rat spinal cord (Taccola 2011), to date there is no
clinical experience in the use of a similar protocol for epidural or peripheral stimulation.
Solving the complexity of the undulatory asynchronous
stimulus used in our experiments may facilitate the introduction of new parameters for clinical electrostimulators.
For this purpose, the isolated spinal cord, thanks to its
well defined dorsal input and ventral motor output, rep-
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resents a very useful model to assess the degree of recruitment of locomotor network through afferent electrical
inputs.
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Abstract
Synergizing the effect of afferent fibre stimulation with pharmacological interventions is a desirable goal to trigger spinal
locomotor activity, especially after injury. Thus, to better understand the mechanisms to optimize this process, we studied
the role of the neuropeptide oxytocin (previously shown to stimulate locomotor networks) on network and motoneuron
properties using the isolated neonatal rat spinal cord. On motoneurons oxytocin (1 nM–1 mM) generated sporadic bursts
with superimposed firing and dose-dependent depolarization. No desensitization was observed despite repeated
applications. Tetrodotoxin completely blocked the effects of oxytocin, demonstrating the network origin of the responses.
Recording motoneuron pool activity from lumbar ventral roots showed oxytocin mediated depolarization with synchronous
bursts, and depression of reflex responses in a stimulus and peptide-concentration dependent fashion. Disinhibited bursting
caused by strychnine and bicuculline was accelerated by oxytocin whose action was blocked by the oxytocin antagonist
atosiban. Fictive locomotion appeared when subthreshold concentrations of NMDA plus 5HT were coapplied with oxytocin,
an effect prevented after 24 h incubation with the inhibitor of 5HT synthesis, PCPA. When fictive locomotion was fully
manifested, oxytocin did not change periodicity, although cycle amplitude became smaller. A novel protocol of electrical
stimulation based on noisy waveforms and applied to one dorsal root evoked stereotypic fictive locomotion. Whenever the
stimulus intensity was subthreshold, low doses of oxytocin triggered fictive locomotion although oxytocin per se did not
affect primary afferent depolarization evoked by dorsal root pulses. Among the several functional targets for the action of
oxytocin at lumbar spinal cord level, the present results highlight how small concentrations of this peptide could bring
spinal networks to threshold for fictive locomotion in combination with other protocols, and delineate the use of oxytocin
to strengthen the efficiency of electrical stimulation to activate locomotor circuits.
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contrasting results, underpinning the need for more efficient
conjoint strategies, using both afferent and pharmacological
stimulations [13]. However, in vitro studies have shown that
neuromodulators can differently affect the chemically and
electrically evoked fictive locomotion (FL) [14,15,16], indicating
the complexity of network targets.
The neuropeptide oxytocin is a nona-peptide endogenously
synthesized in the central nervous system, at the level of
hypothalamic nuclei, medial amygdale, locus coeruleus and
olfactory bulb [17]. In the spinal cord, oxytocin is exclusively
localized within axons [18] and the majority of oxytocincontaining fibers originate from the hypothalamic paraventricular
nucleus (PVN) [19], as confirmed, in the rat, by the complete
disappearance of oxytocin after lesioning the PVN [20,21].
Moderate presence of oxytocin-containing fibers (but not cell
bodies) was confirmed in all laminae of the rat spinal cord, with
clear predominance in laminae I, II, VII and X [22,23] especially
at lumbar level [18].
Oxytocin, which during neonatal life plays a role as trophic or
differentiating factor during spinal cord maturation [23,24], serves

Introduction
It is well known that the thoraco-lumbar spinal cord of
mammals contains the neuronal hardware, indicated as central
pattern generator (CPG), required to express the basic program
that drives the alternated activation of flexor and extensor limb
muscles during gait [1,2]. The locomotor output is already present
at birth and depends on the biophysical properties of motoneurons
and interneurons composing the CPG, as well as on the
connectivity among the elements of the network [3].
Neuromodulatory substances sculpt the rhythmic CPG pattern
and confer the necessary flexibility to the network in response to
demands from the external environment and afferent inputs [4].
Among the wide family of neuromodulators, certain agents can
trigger locomotion, while others can speed it up or facilitate it in
concomitance with suitable stimuli [4]. Drugs in the latter category
are the most interesting, as they might be used to synergize
rehabilitation techniques that exploit the proprioceptive physiological feedback [5,6] to restore post-lesion locomotor patterns
[7,8,9,10,11,12]. Unfortunately, the drugs tested so far have shown
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filled with 3 M-KCl (30 – 40 MV resistance), in current-clamp
conditions. The input resistance of motoneurons was obtained by
delivering steps of current (amplitude from 20.8 to 0.8 nA,
duration = 80 ms). Current/voltage plots were linear within the
voltage range recorded and their slope indicates cell input
resistance. In control conditions, baseline input resistance and
membrane potential of motoneurons were, on average,
47.73619.50 MV (from 24.30 MV to 72.03 MV) and
265.7266.15 (n = 16), respectively.
Nerve recordings were performed in DC mode, using tightfitting suction electrodes, from the lumbar (L) ventral roots (VRs).
As a routine, recordings were obtained from the left (l) and right (r)
L2 VRs, which mainly convey flexor motor-pool signals to
hindlimb muscles, and from the l and r L5 VRs, principally
expressing extensor commands to the same hindlimbs [43].
Therefore, the characteristic alternation among the discharges
recorded from the flexor and extensor motor pools and between
the left and right sides of the cord proves activation of the
locomotor CPG. Signals were recorded, digitized and analyzed
adopting pClamp software (version 10.3; Molecular Devices, PA,
USA).
FL rhythm is elicited by the continuous bath application of
NMDA (1,5–5 mM; Tocris, Bristol, UK) plus 5HT (4–10 mM;
Sigma, Milan, Italy). Subthreshold pharmacological stimulation is
obtained by reducing the concentration of NMDA + 5HT to the
minimum required to induce a stable FL rhythm. To reduce the
synthesis of endogenous 5HT, several experiments were performed where spinal cords were maintained overnight in Krebs
solution containing the tryptophan hydroxylase inhibitor, pchlorophenylalanine (PCPA, 10 mM; Sigma, Milan, Italy) in
accordance with Branchereau et al. [44]. On the following day
we recorded, in the continuous presence of PCPA, FL evoked by
NMDA (5 mM) plus 5HT (10 mM). Afterwards, oxytocin (100 nM
or 1 mM) was added to subthreshold concentrations of neurochemicals as indicated earlier. Control sham preparations were
kept for the same period in Krebs solution, to confirm that
maintaining the spinal cord for 1 day in vitro does not change the
characteristics of chemically induced FL [45]. Longer in vitro
maintenance was not viable, since after 2 days in vitro, only 1 out
of 4 cords could express a brief episode of FL induced by NMDA
(5 mM) and 5HT (10 mM).
Out of a series of 19 experiments, we considered for analysis
only those which expressed stable FL after 10 min of continuous
superfusion with NMDA (5 mM) + 5HT (10 mM): that is, 6 cords
in Krebs solution and 9 in the group treated with PCPA (10 mM),
respectively.
A disinhibited bursting, that was synchronous among all VRs,
was produced by the pharmacological blockage of spinal
inhibition, mediated by GABAA and glycine receptors, with a
continuous bath-application of strychnine (1 mM; Tocris, Milano,
Italia) and bicuculline methiodide (20 mM; Abcam PLC, Cambridge, UK). To validate the specificity of OTR activation,
atosiban was used at the same concentration that showed a
selective antagonism on in vitro experimental preparations of
neonatal rat central nervous system (5 mM) [46]. To reduce
synaptic input on motoneurons, the broad sodium channels
blocker, TTX (Abcam PLC, Cambridge, UK), was applied at the
concentration of 1 mM until electrically evoked antidromic spikes
fully disappeared (5 min). Afterwards, TTX was continuously
perfused at lower concentration (250 nM) to maintain sodium
current block throughout the experiment [47].

as a neurotransmitter on receptors coupled to different G proteins
to mobilize intracellular Ca2+ and either open a non-specific
cationic channel or close a K+ channel [25]. The neuronal
distribution of oxytocin receptors (OTRs) parallels the distribution
of its fibers [26,27]. Oxytocin, on par with other neuropeptides,
does not seem to work directly on its target, but rather it appears to
have a neuromodulatory action in making it more responsive to
any incoming inputs [28]. Endogenous oxytocin concentrations in
the rodent cerebrospinal fluid (CSF) range from 15 to 80 pg/mL
[29], that is similar to values of the human neonatal CSF (20–
30 pg/mL) [30]. In the spinal cord, the overall content of oxytocin
is rather homogeneous (, 70 pg/mm of tissue), although three
times more oxytocin has been found in the first lumbar segments
[31], where the locomotor CPG is mainly localized [2].
Nonetheless, there are only few studies about oxytocin role in
the chemically-evoked locomotor network activity in vitro [32,33].
Thus, there are no data on the effects of oxytocin in integrating
afferent inputs into the CPG. The role of primary afferents in
modulating the locomotor pattern is linked to the existence of
sensory feedbacks evoked during gait to physiologically control, at
a pre-synaptic level, incoming inputs to the spinal cord [34], and
to convey facilitatory signals to the CPG via multisegmental
sacrocaudal afferents [35], even with nociceptive content [36].
An innovative protocol of electrical stimulation, characterized
by noisy waveforms and named FListim (Fictive Locomotioninduced stimulation) [37], has recently demonstrated to generate
locomotor-like oscillations when delivered to a dorsal root (DR) or
to sacrocaudal afferents of the isolated spinal cord.
Compared to classic protocols of electrical stimulation, which
use trains of standard rectangular impulses [38], FListim requires a
much lower stimulation strength and induces locomotor-like
oscillations of longer duration [37]. Furthermore, FListim, as
opposed to trains of pulses traditionally delivered to dorsal
afferents, synergizes with sub-threshold concentrations of Nmethyl-D-aspartate (NMDA) and serotonin (5-hydroxytryptamine,
5HT) to activate the CPG [39]. Using the in vitro rat spinal cord,
the present study aims at exploring whether the neuropeptide
could facilitate the effects of FListims, comparing it with
chemically-evoked FL, and relating to its actions of synaptic
transmission, network rhythmicity induced by pharmacological
disinhibition [40] and motoneuron properties.

Methods
Spinal cord preparation and electrophysiological
recordings
All experiments involving the use of rats and the procedures
followed therein were approved by the Scuola Internazionale
Superiore di Studi Avanzati (SISSA) ethics committee and are in
accordance with the European Union guidelines. Animals were
maintained in accordance with the guidelines of the Italian Animal
Welfare Act. Spinal cords of neonatal Wistar rats (0 – 5 days old)
were isolated from the mid-thoracic segments to the cauda equine, as
previously described [41]. All efforts were made to minimize
number and suffering of animals used for the experiments.
After surgical dissection, each spinal cord was mounted in a
small recording chamber maintained at a constant room
temperature of 22uC and continuously superfused (5 mL/min)
with oxygenated (95% O2 and 5% CO2) Krebs solution,
composed as follows (in mM): 113 NaCl, 4.5 KCl, 1 MgCl2
7H2O, 2 CaCl2, 1 NaH2PO4, 25 NaHCO3, and 11 glucose,
pH 7.4.
For intracellular recordings, antidromically identified lumbar
(L4 or L5) motoneurons [42] were impaled using microelectrodes
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Results

Single or repetitive electrical stimulation of dorsal or
ventral roots

Nanomolar concentrations of oxytocin excite spinal
motoneurons

Single electrical pulses were applied to either DRs or VRs via a
bipolar suction electrode, in order to evoke either DR-DR
potentials (DR-DRPs) [48], DR-VR potentials from the homologous VR (DR-VRPs) or antidromic action potentials from single
motoneuron, respectively. Stimulus intensity was then calculated
in terms of threshold (Th = 11.3765.63 mA), which is defined as
the minimum intensity required to elicit a detectable response
from the homologous VR.
The stimulating protocol FListim (Fictive Locomotion-induced
stimulation) used corresponds to a 60 s segment of a chemically
induced FL recorded in AC mode from a VR, that was randomly
selected (range 0.1 Hz – 10 000 Hz; sampling rate = 500 Hz).
Through off-line analysis with Origin 9.0 software (OriginLab,
North Hampton, MA), the maximum current amplitude was
adjusted to pre-selected values, then the trace was exported (as an
ASCII text file) to a programmable stimulator (STG 4002; Multi
Channel Systems, Reutlingen, Germany). At last, FListim was
delivered to one DR, using a bipolar suction electrode, at an
optimal amplitude comprised within the range of
0.14460.0776Th. On the other hand, adopted intensities for
electrical subthreshold stimulation were considered equal to
0.09560.0696Th.

The example of Fig. 1 A, recorded from a motoneuron under
current clamp conditions, shows that, after 5 min application,
oxytocin (100 nM) depolarized the cell (plateau amplitude =
8.85 mV), with superimposed firing activity (2.14 Hz). The effects
of oxytocin waned after 30 min washout when a second exposure
to oxytocin induced similar depolarization (8.76 mV) and firing
(2.9 Hz). A longer perfusion (40 min) at a lower concentration
(1 nM, Fig. 1B) induced, after 8 min, the appearance of sporadic
bursts with superimposed action potentials, associated with
minimal change in baseline at steady state (3 mV) that persisted
through the entire application.
Two consecutive applications of oxytocin (1 mM, duration =
10 min), alternated with 20 min washout phases, were repeated on
the same cell (Fig. 1 C) and induced comparable depolarizations
(DV first application = 13.34 mV; DV last application =
13.12 mV). Thus, in our experiments, even at higher concentrations, no desensitization appeared when applications of oxytocin
were spaced out by at least 20 min.
The average cumulative dose-response curve (Fig. 1 D),
obtained from different (3–10) motoneurons, had a shallow slope
extending over a 0.5–1000 nM range (EC50 of 72 nM). Fig. 1 D
also shows that, for each concentration of oxytocin, there was no
change in input resistance at rest (filled triangles; one way
ANOVA on raw data; P = 0.995; n = 3–4). Hence, these results
suggested that the depolarizing effect of oxytocin had a mainly
indirect origin. We corroborated this hypothesis by performing
experiments in the presence of tetrodotoxin (TTX; 250 nM) to
block network synaptic transmission, in analogy with our former
study [47]: the example in Fig. 1 E indicates absence of
motoneuron depolarization under this condition, without any
change in the frequency of miniature post synaptic potentials
(1.1760.24 Hz vs 1.0860.07 in control TTX solution). Thus, the
most likely explanation is that the depolarization mediated by
oxytocin was not evoked by the direct action on motoneuron
membrane, but it arose from the activation of a premotoneuron
network.

Analysis of rhythmic activity
Each FL rhythm was analyzed in terms of periodicity
(considered as the time between the onset of two consecutive
cycles) and amplitude (defined as the height of signals, expressed in
mV, calculated from the baseline at the beginning of each cycle to
its peak). Furthermore, regularity of rhythmic patterns was
expressed by the period coefficient of variation (CV; displayed as
standard deviation [SD] mean21). The strength of coupling
among pairs of VRs signals was defined by the cross-correlation
function (CCF) analysis. A CCF greater than + 0.5 indicates that
two roots are synchronous, while a CCF smaller than 2 0.5 shows
full alternation [49].
All parameters used for the definition of disinhibited bursting
and its measures (duration, cycle period, number and frequency of
intraburst oscillations) are in accordance with Bracci et al. [40].
Within each preparation and for each test conditions, at least 20
cycles of bursting were analyzed to average data.
All data are expressed as mean 6 S.D., where ‘‘n’’ indicates the
number of experiments. Before assessing statistical differences
among groups, a normality test was performed to select the use of
either parametric or non-parametric tests. Different statistical
approaches were used to compare sets of data. For parametric
values, the Student’s t-test (paired or unpaired) was used for
comparison between two groups of data and ANOVA (analysis of
variance), followed by post hoc analysis with Dunnett’s or Tukey
method for more than two groups. When referring to nonparametric values, the tests used were Mann-Whitney or Wilcoxon
for comparing two groups and Kruskal-Wallis ANOVA on ranks,
followed by post hoc analysis with Dunn’s method, for a number
of groups greater than two. As for parametric data, one way
repeated ANOVA measures were used when each one of the cords
analyzed was exposed to more than two treatments. To assess the
success rates in inducing an episode of alternating oscillations by
weak FListims, plus increasing concentrations of oxytocin, with
respect to weak FListim alone, we applied the chi-squared test.
Collected results were considered significant when P,0.05.
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Network effects of oxytocin
Extracellular recordings from several VRs expressing the
discharge of motoneuron pools and their premotoneuron circuitry
(as exemplified in Fig. 2 A) showed strong network activity induced
by oxytocin (100 nM) consisting in an initial VR depolarization on
both sides of the cord, reaching (after 2 min) a maximal peak of
0.5060.25 mV (average data from the four recorded VRs) versus
the control baseline. After 6 min of continuous application, VR
depolarization declined to a stable value (0.3160.19 mV) versus
the control baseline before oxytocin application. During the initial
depolarization, irregular VR activity emerged together with bursts
(synchronous among all VRs; Fig. 2 B), which eventually faded
away.
In a series of six preparations, for each spinal cord, the steady
state depolarization induced by 100 nM oxytocin on each VR was
recorded and averaged among the four roots to provide the
datapoints used to construct the histogram shown in Fig. 2C
(0.3360.20 mV).
We next explored whether the network effects induced by
oxytocin were associated to any change in reflex activity. One
representative experiment is shown in Fig. 3 A, B in which we
averaged five consecutive Dorsal Root-evoked Ventral Root
Potentials (DR-VRPs) elicited on one lumbar VR by weak (A) or
3

March 2014 | Volume 9 | Issue 3 | e92967

Neuropeptide Synergism

Figure 1. Oxytocin indirectly depolarizes single motoneurons. A, intracellular recording from a single motoneuron (lL4) shows that, after
5 min, oxytocin (100 nM; see gray bars) depolarises membrane potential and evokes high frequency spiking. Initial resting potential (Vm) is 270 mV.
B, lower concentration of oxytocin (1 nM; see bar) determines a slower (8 min) onset of bursts with intense firing activity despite minimal baseline
depolarization that persists throughout the long neuropeptide perfusion (40 min). Initial resting potential is 275 mV. Note that the 10 min trace
break corresponds to the time spent in generating tests for the cell I/V curve. Different cell from A. C, two consecutive applications of oxytocin (1 mM)
induce reproducible responses when timed 20 min apart. Initial resting potential is 269 mV. Different cell from A, B. D, dose response plots of
membrane potential depolarization (from baseline; fitted with sigmoidal curve; filled circles) and input resistance (as percentage value with respect to
control; gray triangles) for cumulative doses of oxytocin (log scale). Symbols *, 1 indicate significant difference versus the higher concentrations data
(Kruskal-Wallis one way ANOVA on ranks followed by all pairwise multiple comparison with Dunn’s method; P,0.001; the number of preparations
used to calculate the mean is shown in parentheses; the error bars indicate SD). E, sample trace from a single motoneuron (lL5) demonstrates that
oxytocin (100 nM) fails to depolarize the cell when applied (see arrow) in the presence of network block by TTX (250 nM; gray bar).
doi:10.1371/journal.pone.0092967.g001

strong (B) electrical pulses (gray arrows). When weak DR stimuli
(intensity = 10 mA, Th, 16Th) were used to activate low
threshold afferent fibers, 100 nM oxytocin induced a reversible
depression of DR-VRPs (Fig. 3 A), as confirmed by the mean
values pooled from five spinal cords (Fig. 3 C). On the other hand,
at a higher stimulating strength (36Th), the same oxytocin
concentration (100 nM) did not produce any significant change in
peak and area of polysynaptic responses (Fig. 3 B middle), while
only a 10-fold larger concentration (1 mM) did depress reflexes
(Fig. 3 B right). On average, at higher intensities of stimulation,
concentrations of oxytocin up to 100 nM did not change DRVRPs (Fig. 3 D), while a significant decrease (by 20 – 25% vs
control) in peak reflex amplitude was detected at 200 nM and
1 mM oxytocin.
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Augmenting concentrations of oxytocin speeded up the
disinhibited rhythm by acting selectively on oxytocin
receptors
The emergence of irregular bursts during oxytocin application
suggested that this neuropeptide could trigger, albeit for a short
time, the intrinsic rhythmicity manifested as synchronous
discharges from VRs. To further explore this issue, we examined
how oxytocin could affect the spontaneous bursting of spinal
networks, which appears when spinal inhibition mediated by
GABAA and glycine receptors is blocked by strychnine (1 mM) and
bicuculline (20 mM) and requires a minimal circuitry restricted to a
ventral quadrant of the spinal cord [40].
In the example of Fig. 4 A, a stable disinhibited rhythm (top
trace) was speeded up by 5 nM oxytocin, without changing burst
4
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Figure 2. Oxytocin induces VR rhythmic activity. The application
of 100 nM of oxytocin (gray bar) depolarizes bilateral VRs at L2 and L5
levels (A). The early phase of VR depolarization is associated with bursts
synchronous among all roots, followed by a partial repolarization. B, the
rhythmic activity evoked by oxytocin on the four VRs shown in A (gray
bar) is displayed, on a faster time scale, to depict synchronous bursts
composed of apparently unrelated, fast intraburst oscillations. Histogram (C) illustrates, for each spinal cord, the average depolarization
(recorded from 4 VRs) induced by oxytocin 100 nM, while the gray bar
shows the mean value of all experiments. All vertical bars are 200 mV.
doi:10.1371/journal.pone.0092967.g002

Figure 3. Oxytocin differentially affects DR-VRPs. A, the
monosynaptic response elicited by stimulating the homologous DR at
just threshold intensity (duration = 0.1 ms; intensity = 15 mA, 16Th) is
significantly depressed by the addition of 100 nM of oxytocin, an effect
that partially reversed after 20 min washout. B, DR-VRPs, extracellularly
recorded from VRlL5, are evoked by strong electrical stimulation of the
homologous DR (duration = 0.1 ms; intensity = 45 mA, 36Th; arrows)
in control (left), or after applying oxytocin 100 nM (middle) and 1 mM
(right). Note records in B are shown on a slower time base to display the
secondary component of polysynaptic DR-VRP and, therefore, hide the
stimulus artifact. Only the highest tested concentration of the
neuropeptide is able to reduce the peak of reflex response. Traces in
A and B are mean values from five events and are obtained from
different spinal cords. Histograms (C) show summary of responses to
low strength of stimulation (16Th) with significant reduction in the
percentage peak obtained from 5 experiments (*; Mann-Whitney rank
sum test; P = 0.016). D shows the average percentage variation in peak
amplitude of DR-VRPs (with respect to control) evoked by strong stimuli
(36Th), against cumulative increase in oxytocin concentrations. Only
the higher concentrations (0.2–1 mM) significantly depress responses (*;
Kruskal-Wallis one way ANOVA on ranks followed by multiple
comparison vs WASH with Dunn’s method; P = 0.004, the number of
preparations used to calculate the mean is shown in parentheses; the
error bars indicate SD).
doi:10.1371/journal.pone.0092967.g003

amplitude. On the same preparation, further increases in rhythm
frequency were obtained with 100 nM or 1 mM oxytocin. The
cumulative dose-response curve in Fig. 4 B reports a dosedependent reduction in the mean period (expressed as a percent of
control) for increasing concentrations of oxytocin (0.5 nM –
10 mM), with an IC50 of 55 nM (n = 3–6) with an effect saturation
amounting to circa 60% acceleration. Oxytocin did not significantly modify burst amplitude (gray triangles in Fig. 4 B; KruskalWallis one way ANOVA, P = 0.961, n = 3–6) and bursting
regularity (calculated as CV value; one way ANOVA, P = 0.300,
n = 3–6).
The structure of single disinhibited bursts was altered by the
addition of the neuropeptide. In particular, despite an unchanged
first phase of depolarizing plateau (one way ANOVA, P = 0.117,
n = 9), the total duration of the single burst was reduced (one way
ANOVA, P = 0.021, n = 3–6), along with faster intraburst
oscillations (one way ANOVA, P = 0.034, n = 3–6), while their
number remained unaffected (one way ANOVA, P = 0.765, n = 3–
6).
In the presence of strychnine and bicuculline, oxytocin
(100 nM) slowly depolarized VRs with a plateau (10 min) of
0.7760.10 mV (n = 3), which did not statistically differ from the
depolarization elicited by the neuropeptide in control conditions
(t-test, P = 0.355).
The effects of oxytocin were mediated by OTRs as demonstrated by applying the selective pharmacological antagonist,
atosiban (5 mM) that (as shown in Fig. 4 C), without modifying per
se rhythm features, fully prevented burst acceleration and VR
depolarization by 100 nM oxytocin. This observation suggests that
OTRs are not endogenously activated during disinhibited rhythm,
yet mediate the action of exogenously-applied oxytocin. The
histograms in Fig. 4 D summarize the average values of bursting
PLOS ONE | www.plosone.org

periodicity obtained from 4–6 experiments. While oxytocin
(100 nM) significantly reduced the period (black bar), there was
no significant variation with atosiban (5 mM) alone or of atosiban
plus oxytocin. These results are consistent with an action by
oxytocin on spinal networks accessory to the rhythmic ones and
capable of modulating intrinsic rhythmicity.

Neither oxytocin nor atosiban altered frequency and
regularity of oscillations of the chemically evoked fictive
locomotion
The discrete effects by oxytocin on spontaneous bursting
prompted further experiments to find out if the peptide could
5
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Figure 4. Disinhibited bursting is accelerated by oxytocin, an effect prevented by its selective antagonist. A, regular disinhibited
rhythm induced by 1 mM strychnine and 20 mM bicuculline (top trace in A) is stably sped up (with burst length reduction) by the cumulative addition
of oxytocin (5, 100 nM and 1 mM), without any further modifications in the characteristics of single bursts. The cumulative dose response curve in B
indicates significant reduction in the average period (expressed as a percentage of the mean variation), starting at concentration of 5 nM (*; one way
ANOVA followed by multiple comparison vs strychnine + bicuculline only with Dunnett’s method; P = ,0.001; the number of preparations used to
calculate the mean is shown in parentheses; the error bars indicate SD). C, on a different preparation, a stable disinhibited rhythm (top) remains
unchanged by the addition of the OTRs antagonist, atosiban (5 mM, middle), which prevents any acceleration during the following addition of
oxytocin (100 nM). The histograms in D, which report the average value of period of disinhibited rhythm in correspondence to the different
treatments, show significant rhythm acceleration in the presence of oxytocin (100 nM), an effect reverted to control values after washout (30 min),
and prevented by the addition of atosiban (5 nM), which does not per se vary rhythm periodicity (*; Kruskal-Wallis one way ANOVA on ranks followed
by multiple comparison vs strychnine + bicuculline only with Dunn’s method; P = 0,038; the number of preparations used to calculate the mean is
shown in parentheses; the error bars indicate SD).
doi:10.1371/journal.pone.0092967.g004

Additional experiments were performed in order to verify
whether higher doses of oxytocin could vary any of the rhythm
parameters unaffected by 100 nM oxytocin. In five spinal cords,
on which oxytocin was tested at 100 nM and 1 mM during a stable
FL, period or CV values were not statistically different for either
concentrations (one way repeated measures ANOVA, P = 0.808
and P = 0.927, respectively), while cycle amplitude was equally
reduced by either concentrations with respect to their control
(Fig. 5 E; one way repeated measures ANOVA followed by all
pairwise multiple comparison procedures with Tukey test,
P = 0.004). Finally, as demonstrated with the example of Fig. S1,
the oxytocin receptor antagonist atosiban (5 mM) applied together
with NMDA (5 mM) and 5HT (10 mM) did not change FL. On
average, on 6 spinal cords, the addition of atosiban (5 mM) to a
stable FL rhythm induced by NMDA and 5HT did not depolarize
VRs (0.2060.45 mV), nor did it modify period (3.5661.09 s in
ctrl vs. 3.8660.53 s plus atosiban; paired t-test, P = 0.606),
regularity of alternating oscillations (Wilcoxon signed rank test,
P = 0.563) or cycle amplitude (Wilcoxon signed rank test,
P = 0.688).

modulate locomotor-like oscillations that require a more complex
pattern of rhythmic activity including reciprocal inhibition [1].
Fig. 5 A shows (on a slow time base) a stable FL rhythm evoked by
5 mM of NMDA and 10 mM of 5HT (open horizontal bar). On a
faster time base, a sample of this record clearly demonstrates the
characteristic double alternation of FL cycles recorded from L2
and L5 VRs on both sides of the cord (Fig. 5 B). Addition of
100 nM oxytocin (gray bar in Fig. 5 A) depolarized VRs
(0.2760.06 mV average from four VRs) and reduced the
amplitude of locomotor cycles, without modifying frequency or
regularity of rhythm (Fig. 5 C). The same observation was
repeated with a random sample of 9 experiments, that gave an
average depolarization of 0.3560.22 mV, not statistically different
from the depolarization elicited by oxytocin (100 nM) in control
conditions (t-test, P = 0.284).
Oxytocin (100 nM) did not modify period (paired t-test,
P = 0.054, n = 13) or regularity (Wilcoxon signed rank test,
P = 0,094, n = 13) of FL rhythm, while the amplitude of FL
oscillations was significantly reduced in each preparation (Fig. 5
D).
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by this neuropeptide could be exploited to facilitate the activation
of locomotor circuits. For this reason a stable FL was first induced
using the lowest effective concentrations of NMDA and 5HT
(Fig. 6 A). Afterwards, the concentration of neurochemicals was
decreased to slow down rhythm period (Fig. 6 B), and eventually to
replace FL with a mere irregular activity (Fig. 6 C). Doses of
oxytocin as low as 1 nM were not able to re-establish alternating
discharges (Fig. 6 D). However, by combining the application of
oxytocin (100 nM) with low concentrations of neurochemicals,
stable locomotor oscillations reappeared (Fig. 6 E). A further
increase in oxytocin concentrations did not modify the features of
the reinstated FL (Fig. 6 F).
Similar experiments were repeated with 12 preparations, in
which 100 nM oxytocin in the presence of subthreshold concentrations of neurochemicals induced a FL similar to control for
mean period, period CV and cycle amplitude (Table S1
summarizes these data). To explore the possibility that an increase
in oxytocin might change any of the parameters related to the
rhythm rescued by 100 nM oxytocin, we cumulatively added
1 mM oxytocin to subthreshold concentrations of neurochemicals.
On average, neither periodicity (one way repeated measures
ANOVA, P = 0.313, n = 3), regularity (one way repeated measures
ANOVA, P = 0.232, n = 3) nor cycle amplitude (one way repeated
measures ANOVA, P = 0.296, n = 3) were further affected. Finally,
in five experiments, oxytocin applied within the concentration of
1–50 nM was unable to activate a subthreshold FL.

Oxytocin facilitation of fictive locomotor patterns
requires endogenous 5HT synthesis
Since OTRs are reported to modulate the release of 5HT
[50,51] that largely contributes to FL [52], it seemed likely that
oxytocin-mediated increase in endogenous 5HT release contributed to bring FL patterns to threshold. To explore this hypothesis,
we performed experiments in which the isolated spinal cord was
treated overnight with the inhibitor of the tryptophan hydroxylase,
p-chlorophenylalanine (PCPA, 10 mM), with the aim of reducing
the synthesis of endogenous 5HT. Fig. 7 shows two typical
experiments run in parallel, in which two different spinal cords
were kept overnight in a Krebs (A) or PCPA (10 mM; B) solution,
respectively. On the second day, in the presence of NMDA (5 mM)
and 5HT (10 mM), both preparations displayed a stable FL (Fig. 7
A,B, left panels). On average, all cords tested the day after, showed
a FL period of 2.9861.22 s (CV = 0.1260.04; n = 15), without any
significant difference between the sham group and the one treated
with PCPA (t-test, P = 0.843, n = 6–9).
After washout (20 min), preparations were first perfused with
subthreshold concentrations of neurochemicals (Fig. 7 A,B, second
panels) to which 100 nM oxytocin was subsequently added (Fig. 7
A,B) without emergence of any FL. In the example depicted in
Fig. 7 A (right), further increase in oxytocin concentration (1 mM)
triggered a stable FL similar to control for period (90% of control),
CV (0.12 vs 0.15 in control) and amplitude (90% of control)
values. This observation was replicated in three out of four sham
spinal cords, as 1 mM oxytocin re-established the FL rhythm with
regularity (CV period = 0.12), period (paired t-test, P = 0.266,
n = 3) and amplitude (paired t-test, P = 0.669, n = 3) comparable to
those induced on the same preparations by NMDA (5 mM) and
5HT (10 mM). On the contrary, in all preparations treated with
PCPA (10 mM), as exemplified in Fig. 7 B, oxytocin at 100 nM (9/
9) or 1 mM (7/7) concentration never triggered FL in the presence
of subthreshold NMDA and 5HT, even if these preparations
displayed control patterns with NMDA (5 mM) plus 5HT (10 mM).

Figure 5. Oxytocin decreases cycle amplitude of FL without
changing periodicity. A, a stable FL is induced by the application of
5 mM NMDA and 10 mM 5HT. A sample of traces, corresponding to the
gray bar in the bottom-left, shows, on a faster time base, the
characteristic double alternation among L2 and L5 homosegmental
and homolateral VRs (B). Addition of oxytocin (100 nM; see gray bar in
A, top) depolarizes all VRs. As depicted in the insert corresponding to
the gray bar in the bottom-right of A, in the presence of oxytocin
oscillations maintain their typical double alternation, although with
smaller amplitude. The scatter plot in D reports the single values of
cycle amplitude for different experiments (gray dots and lines), pointing
out the significant reduction in average amplitude of oscillations (open
bars) after the addition of oxytocin (0.2260.15 and 0.1860.13 mV,
respectively; *; paired t-test; P = 0,001; n = 13). Histograms in E depict
the reduction in amplitude of FL oscillations in correspondence to
cumulative increase in oxytocin concentrations (100 nM and 1 mM) that
are equally able to reduce cycle amplitude with respect to control (*,
one way repeated measures ANOVA followed by all pairwise multiple
comparison procedures with Tukey test, P = 0.004, n = 5).
doi:10.1371/journal.pone.0092967.g005

Synergy between oxytocin and NMDA plus 5HT in
eliciting FL
Although OTRs did not physiologically control chemicallyinduced FL, we explored whether the accelerating property shown
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Figure 6. Oxytocin reinstates fictive locomotor oscillations, despite subthreshold concentrations of neurochemicals. Alternating
oscillations of a stable FL, evoked by the addition of 3 mM NMDA and 10 mM 5HT (A), slow down once the concentration of neurochemicals is finely
titrated down to 1.7 mM NMDA and 5 mM 5HT (B). A further decrease in NMDA (1.5 mM) + 5HT (4 mM) suppresses locomotor-like discharges, which are
finally replaced by a tonic activity (C). By adding oxytocin (1 nM) to subthreshold concentrations of NMDA and 5HT, no FL oscillations reappear (D). By
augmenting the neuropeptide to 100 nM, locomotor-like oscillations are restored (E). Further increase in oxytocin (1 mM) does not affect periodicity
of the reinstated pattern nor its cycle amplitude (F).
doi:10.1371/journal.pone.0092967.g006

(to induce 0.96 mV cumulative depolarization per se) together with
FListim at 0.16Th failed to elicit a FL (Fig. 8 D).
The cross-correlograms on the pair of homosegmental VRs at
L2 level for the three protocols are superimposed in Fig. 8 E to
assess cycle alternation. Thus, the negative peak centred around
zero lag during the coapplication of 0.16Th FListim plus oxytocin
1 nM (red trace) confirms FL pattern comparable to the one
evoked by FListim at 0.26Th (blue trace), while the plot for
0.16Th FListim alone yielded a flat trace (black), indicating
uncorrelated activity.
In eight experiments, oxytocin (1 nM) in combination with a
weak FListim, always triggered the onset of FL as much as a
stronger FListim did. Conversely, the probability to induce FL fell
with stepwise increase in oxytocin concentrations, while keeping
the same weak FListim (Fig. 8 F) without variation in the
amplitude of cumulative depolarization (Kruskal Wallis one way
ANOVA on ranks followed by post hoc analysis with Dunn’s
method, P = 0.286; n = 8).
One component of the oxytocin complex action on FListim
might have comprised dose-dependent modulation of pre-synaptic
inhibition on afferent inputs investigated as reported by Hochman
et al. [53]. Thus, experiments were performed in which dorsal root
potentials were recorded in response to electrical stimulation of the
adjacent dorsal root (DR-DRPs), at both low and high pulse
strength (Fig. S2 A, B). In the presence of oxytocin (1 or 100 nM),
no differences were observed in the peak amplitude of DR-DRPs,
at either low (Fig. S2 C) or high (Fig. S2 D) intensity, or in the area
recorded with the high-strength stimulation (Fig. S2 E). These
results show that the enhancement in post-synaptic responses

Nanomolar concentrations of oxytocin synergize with the
delivery of innovative protocols of low intensity electrical
stimulation
The novel FListim protocol of DR electrical stimulation based
on capturing the FL cycles and applying them to one DR, has
been shown to optimally activate the in vitro CPG much more
effectively than standard trains of DR pulses: the resulting rhythm
shows, however, stereotypic periodicity [37].
The present study investigated whether oxytocin could synergize with a subthreshold FListim. Fig. 8 shows one example taken
from the same preparation tested with various protocols. Thus, the
FListim protocol (duration = 60 s, intensity = 0.26Th) [37,39]
was first applied to a sacral DR, inducing a cumulative
depolarization with superimposed an episode of alternating cycles
on L2 and L5 VRs (on both sides), lasting throughout the delivery
of the stimulating pattern (Fig. 8 A). At the same strength of
stimulation, alternating oscillations evoked by FListim were not
statistically modified by the conjoint application of oxytocin (1 –
100 nM; not shown).
By lowering the strength of FListim (0.16Th), the resulting
cumulative depolarization was smaller with sporadic oscillations,
synchronous among all VRs (Fig. 8 B). Nevertheless, applying the
lowest tested concentration of oxytocin (1 nM), the weak FListim
was now able to evoke a cumulative depolarization (0.97 mV) with
a superimposed episode of FL (Fig. 8 C), comparable to the one
recorded in control with FListim delivered at optimal amplitude
(0.26Th; Fig. 8 A). However, increasing oxytocin up to 100 nM
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Figure 7. Inhibitor of endogenous 5HT synthesis prevents facilitation by oxytocin of FL. Two different preparations are maintained
overnight in Krebs solution, upper traces (A), or in the presence of the inhibitor of 5HT synthesis (PCPA, 10 mM; lower traces, light gray field, B),
respectively. On the following day, in both preparations, a stable FL is recorded in the presence of NMDA (5 mM) plus 5HT (10 mM; A, B, left). By
decreasing the concentration of neurochemicals, alternating oscillations are replaced by a tonic activity with slow depolarizing events, apparently
unrelated among different VRs (A, B, second panels). The addition of oxytocin (100 nM) to subthreshold concentrations of NMDA and 5HT fails to
reinstate FL (A, B, third panels). However, further increase in oxytocin to 1 mM induces reappearance of a stable FL only in the preparation maintained
in Krebs solution (A, right), while, in the one incubated with PCPA, no alternating oscillations are observed (B, right). Note that PCPA (10 mM) is
continuously perfused during all different experimental phases conducted on the spinal cords treated in PCPA overnight (B).
doi:10.1371/journal.pone.0092967.g007

[23,56]. These results suggest that most (if not all) of these actions
were likely exerted at premotoneuron level. This notion is
consistent with the description of sparse oxytocin-containing fibers
contacting motoneurons [57] and lack of evidence supporting the
expression of OTRs by motoneurons [23,26,27,58]. Despite the
report of a subpopulation of glycinergic dorsal interneurons with
OTR [23], the present data obtained with strychnine and
bicuculline application suggest that the activation of such
interneurons is not mandatory to produce these stimulatory
effects. Future studies are necessary to identify the precise
premotoneuron elements responsible for the observed effects by
oxytocin in analogy with the approach used to dissect out the
mechanism of action of dopamine to stabilize FL and excite
motoneurons [59].

generated by the downstream motor networks after application of
oxytocin, was not accompanied by any detectable modulation of
pre-synaptic inhibition on primary afferent signals.

Discussion
The present study analyses the complex effects evoked by
oxytocin in modulating the basal characteristics of single
motoneurons, the synaptic responses induced by afferent stimulation, and two different types of locomotor network activity.
Although these data were collected from the in vitro mammal spinal
cord, they can help to interpret the functional impact of oxytocin
targets on spinal circuits and emphasize how even nanomolar
concentrations of this neuropeptide could synergize with innovative stimulation protocols to elicit locomotor network activation.

Oxytocin-mediated modulation of synaptic responses

Facilitatory effects by oxytocin

Unlike the facilitatory effects produced by oxytocin on the basal
activity of spinal circuits, oxytocin elicited more complex responses
when such spinal networks were electrically or chemically
stimulated. Although low nanomolar concentrations of the peptide
had no significant action on reflexes, at concentrations $ 100 nM
oxytocin significantly depressed DR-VRPs (see also [60]), especially those evoked by weak stimuli. Since OTRs are not expressed
by afferent fibers [61], the observed changes in synaptic
transmission were probably generated within spinal networks.
Assuming that one important factor determining the size of the
DR-VRP is the extent of the activated premotoneuron circuitry in
turn related to the electrical pulse strength, the present results
suggests that the depressant action of oxytocin was dependent on
the activation state of network elements. This suggestion was

While application of oxytocin per se never elicited FL in line with
previous observations [32,33], the peptide did evoke a number of
responses that ranged from dose-related motoneuron depolarization (lacking change in input resistance) with repetitive or burst
firing, VR depolarization associated with synchronous discharges,
and acceleration of disinhibited bursting (with burst length
reduction). All these effects were persistent and showed no
tachyphylaxis. When network activity was blocked by TTX to
minimize spike-dependent neurotransmission [54], inhibition of
oxytocin responses was observed in accordance with a previous
study [55]. In slices of neonatal rat spinal cords, no depolarization
of motoneurons is observed, indicating that a substantial multisegmental network is a prerequisite for observing these responses
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further explored by studying how a function-related network
rhythm of the CPG was modulated by the peptide.

Oxytocin facilitates the expression of the locomotor
pattern
Despite its inhibitory effects on reflex activity, oxytocin ($
100 nM) showed functional synergy with NMDA and 5HT in
triggering oscillations when the CPG activity was subthreshold
[32,33]. When locomotor networks were fully activated by NMDA
and 5HT to express strong neuronal discharges alternating among
distributed motor pools [62], 100 nM oxytocin unexpectedly failed
to up or downregulate FL, suggesting that either any reflex
depression was restricted to certain pathways not essential for FL
(albeit impinging on motoneurons), and/or that the degree of
neuronal activation by NMDA and 5HT was large enough to
overwhelm oxytocin-mediated decrease in synaptic transmission.
This view is consistent with the lack of effects by the OTR
antagonist atosiban on a stable FL pattern.
The precise mechanism responsible for these divergent effects
by oxytocin remains unclear. Nevertheless, similar effects were also
observed with extracellular recordings from rat dorsal horn
neurons in vivo with half of them being inhibited and the rest
being activated by focally applied oxytocin, suggesting activation
of inhibitory interneurons upstream of excitatory neurons [63].
While these in vivo results preclude the possibility of in vitro
artefacts, various hypotheses might be advanced to account for the
action of oxytocin on locomotor networks. In fact, although the
spinal locomotor networks include distributed neuronal elements
as indicated by functional labelling experiments [64], the
expression of OTRs by lamina X neurons [27], that comprise
commissural cells suitable to generate adaptable inputs to fine tune
locomotor outputs [65], appears to link the effects of oxytocin to
the pattern-generating networks.
A potential mechanism for the facilitatory role played by
oxytocin might reside in the reported enhancement of endogenous
5HT release [50,51] because this biogenic amine is well-known to
potently modulate locomotor-like activity [52]. To test this notion
in the present study, 5HT synthesis was inhibited by overnight
incubation with PCPA [44] and fully prevented any facilitatory
action by oxytocin on the locomotor CPG. Nevertheless, because
5HT receptors include a large family of subtypes [66] with
multiple effects and even functionally-distinct targets in the rat
spinal cord [67,68,69], it is proposed that the functional outcome
of the oxytocin action might be related to where and how
extensively endogenous 5HT was concurrently liberated. In
addition, as oxytocin positively modulates AMPA receptordependent transmission in a subpopulation of neurons only [70],
location and synaptic contact topography of such neurons may
determine the expression of oxytocin action.
A further possibility to account for the multifarious effects by
oxytocin relies on the peculiar characteristics of its G-protein
coupled receptors that can be coupled to different G-proteins
(activating divergent intracellular signalling pathways). These
receptors are often promiscuous, as a single receptor subtype
may couple to more than one G-protein, thus activating, in the
same cells, multiple responses at the same time [71,72]. Moreover,
OTR may cluster together to produce functional oligodimers
whose assembly and signalling strength depends on the agonist
concentration with differential results in terms of functional
responses [71,73]. Through a combination of these properties,
oxytocin may show different potency/efficacy via different
signalling pathways activated by the same receptor, in analogy
with a multistate model of receptor activation [72].

Figure 8. Low nanomolar concentrations of oxytocin synergize
with FListim in expressing fictive locomotor patterns. A, FListim
(0.26Th) generates cumulative depolarization with alternating oscillations among homolateral L2 and L5 VRs and among controlateral
homosegmental VRs. When stimulus intensity is halved (0.16Th), a
slight cumulative depolarization with synchronous discharges (time
locked with the stimulating pattern) appears among all VRs (B). Despite
the weak electrical stimulation (FListim 0.16Th), the addition of low
concentration of oxytocin (1 nM) re-establishes cumulative depolarization and FL cycles (C). Increased concentration of oxytocin (100 nM)
fails to synergize with the same FListim 0.16Th (D). Cross correlation
analysis for traces related to the pair of L2 VRs in A–C shows a negative
peak centered around zero lag for suprathreshold FListim (blue trace) or
subthreshold FListim plus 1 nM oxytocin (red trace). The weak FListim
alone (black trace) has a CCF value close to zero, corresponding to an
uncorrelated activity among the two VRs (E). F, histograms show that,
by increasing the concentration of oxytocin, the probability of bringing
FL to threshold with a weak FListim diminishes in a dose dependent
manner (*; Chi-square vs FListim 0.16Th alone; P = 0.005; n = 8).
doi:10.1371/journal.pone.0092967.g008
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[25]. The wide gap between these disorders points a broad role of
the neuropeptide in modulating central networks and its overall
safety in man. Thus, the present data may add a further hint to test
low doses of oxytocin in combination with direct electrical
stimulation of the spinal cord [5,76] in exploiting the residual
locomotor capacities after spinal damage. In conclusion, our
results appear interesting when considering ongoing clinical trials
targeting oxytocin for spinal cord dysfunction (http://clinicaltrials.
gov).

Oxytocin synergizes with stimulation by weak noisy
waveforms
There were several analogies in the effects by oxytocin on FL
evoked by chemical agents or by FListim. In the present
experiments, oxytocin facilitated the emergence of FL in the
presence of a train of weak FListim per se unable to elicit persistent
alternating patterns. The probability of triggering FL depended on
the oxytocin concentration, i.e. when it was low, a high probability
of success emerged, conversely with high concentrations it was
more difficult to induce FL. It is noteworthy that the most
favourable outcome therefore implied weak FListim and low
oxytocin, a paradigm that, at least in theory if applied in vivo,
should be the less prone to evoke unwanted side effects cause by
peripheral action of oxytocin or local dysfunction by application of
strong current pulses. The only apparent difference of this
paradigm against FL caused by NMDA and 5HT was the
effective concentration range of oxytocin that was optimal at small
doses found to be ineffective on chemically-induced FL. It should
be borne in mind that FListim requires repeated activation of
dorsal afferents and that any reflex-depressant action by larger
doses of oxytocin would probably have a negative impact on
efficient signalling to attain CPG activation. This problem would
be circumvented by chemical FL as afferent fibres are not
concomitantly stimulated because the locomotor CPG displays a
modular organization, whereby different inputs may activate
subpopulations of interneurons, that only partially overlap [62,74].
The synergy between weak FListim and low oxytocin indicated
an interesting protocol whereby FListim, due to the low
stimulation intensities used, might represent a signal to activate
only a network subpopulation crucial for the expression of FL,
unlike the more generalized activation obtained with neurochemicals, which inevitably recruits many other spinal interneurons,
some of which even unrelated to locomotion [62]. The most
parsimonious hypothesis of the observed synergy is that a discrete
distribution of OTRs with intrinsic properties (like affinity or
intracellular effector coupling) might be found on certain network
elements that selectively contribute to the expression of FL.

Supporting Information
Figure S1 Endogenous oxytocin does not modulate locomotor
patterns. A, a stable FL is recorded in response to the coapplication of NMDA (5 mM) and 5HT (10 mM). The addition of
the selective antagonist for OTRs (atosiban, 5 mM) does not alter
periodicity of FL rhythm or amplitude of oscillations.
(TIF)
Figure S2 DR-DRPs are unaffected by oxytocin. Depolarizing
potentials are recorded from DRlL5 following electric stimulation
of the controlateral DR by a series of single pulses (duration =
0.1 ms, 0.016 Hz). A, average DR-DRP evoked by low- strength
stimulation (16Th) is unchanged by increasing concentrations of
oxytocin (1 nM, middle; 100 nM, right). Note the artefact of
stimulation as indicated by arrows. On the same preparation, by
augmenting the pulse strength (delivered as indicated by the
arrows) to evoke larger and longer DRPs, no significant change is
induced by this neuropeptide (B). Traces in A and B are mean of
five responses. Histograms for the mean values obtained from four
experiments, demonstrate that the addition of oxytocin, at both
100 nM and 1 mM, does not alter peak of DR-DRPs evoked at
lower strength (C; one way repeated measures ANOVA,
P = 0.155, n = 4), or peak (D; one way repeated measures
ANOVA, P = 0.392, n = 4) and area (E; one way repeated
measures ANOVA, P = 0.306, n = 4) of responses at the higher
strength of stimulation.
(TIF)
Table S1 Characteristics of FL patterns induced by NMDA +
5HT or in the presence of subthreshold concentrations of
neurochemicals + oxytocin.
(DOC)

Conclusions
Due to the well defined sensory input through DRs and motor
output through VRs, the isolated neonatal rodent spinal cord
represents a suitable model to investigate innovative protocols of
afferent stimulation able to optimally activate the spinal interneuronal network [75]. The combination of intra and extracellular
recordings, associated with the direct application of selective
pharmacological protocols for inducing different types of rhythmic
activity, allowed us to postulate that OTRs are strategically located
on locomotor circuit nodes whose activation is necessary to
propagate and recruit the CPG operation.
Current interest in the central effects of oxytocin includes
clinical trials of this peptide for schizophrenia or learning disorders
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61. Moreno-López Y, Martı́nez-Lorenzana G, Condés-Lara M, Rojas-Piloni G
(2013) Identification of oxytocin receptor in the dorsal horn and nociceptive
dorsal root ganglion neurons. Neuropeptides 47: 117–123.
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Supplementary Information

Figure S1. Endogenous oxytocin does not modulate locomotor patterns. A, a stable FL is
recorded in response to the co-application of NMDA (5 μM) and 5HT (10 μM). The addition of the
selective antagonist for OTRs (atosiban, 5 μM) does not alter periodicity of FL rhythm or amplitude
of oscillations.

Figure S2. DR-DRPs are unaffected by oxytocin. Depolarizing potentials are recorded from
DRlL5 following electric stimulation of the controlateral DR by a series of single pulses (duration =
0.1 ms, 0.016 Hz). A, average DR-DRP evoked by low- strength stimulation (1×Th) is unchanged by
increasing concentrations of oxytocin (1 nM, middle; 100 nM, right). Note the artefact of stimulation
as indicated by arrows. On the same preparation, by augmenting the pulse strength (delivered as
indicated by the arrows) to evoke larger and longer DRPs, no significant change is induced by this
neuropeptide (B). Traces in A and B are mean of five responses. Histograms for the mean values
obtained from four experiments, demonstrate that the addition of oxytocin, at both 100 nM and 1
μM, does not alter peak of DR-DRPs evoked at lower strength (C; one way repeated measures
ANOVA, P = 0.155, n = 4), or peak (D; one way repeated measures ANOVA, P = 0.392, n = 4) and
area (E; one way repeated measures ANOVA, P = 0.306, n = 4) of responses at the higher strength
of stimulation.

NMDA
+ 5HT

Subthreshold NMDA and 5HT
+ oxytocin (100 nM)

Statistical test
(n = 12 cords)

Period (s)
± SD

4.26 ±
1.00

5.52 ±
2.23

paired t-test,
P = 0.085

CV of Period
± SD

0.13 ±
0.10

0.13 ±
0.08

Wilcoxon signed rank
test,
P = 0.733

Amplitude (mV)
± SD

0.24 ±
0.15

0.24 ±
0.21

paired t-test,
P = 0.339

Table S1. Characteristics of FL patterns induced by NMDA + 5HT or in the presence of
subthreshold concentrations of neurochemicals + oxytocin
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Staggered multi-site low-frequency electrostimulation
effectively induces locomotor patterns in the isolated
rat spinal cord
F Dose1,2,4, R Deumens3,4, P Forget3 and G Taccola1,2
Study design: Experimental animal study.
Objectives: Epidural stimulation has been used to activate locomotor patterns after spinal injury and typically employs synchronous
trains of high-frequency stimuli delivered directly to the dorsal cord, thereby recruiting multiple afferent nerve roots. Here we investigate
how spinal locomotor networks integrate multi-site afferent input and address whether frequency coding is more important than
amplitude to activate locomotor patterns.
Setting: Italy and Belgium.
Methods: To investigate the importance of input intensity and frequency in eliciting locomotor activity, we used isolated neonatal rat
spinal cords to record episodes of ﬁctive locomotion (FL) induced by electrical stimulation of single and multiple dorsal roots (DRs),
employing different stimulating protocols.
Results: FL was efﬁciently induced through staggered delivery (delays 0.5 to 2 s) of low-frequency pulse trains (0.33 and 0.67 Hz) to
three DRs at intensities sufﬁcient to activate ventral root reﬂexes. Delivery of the same trains to a single DR or synchronously to multiple
DRs remained ineffective. Multi-site staggered trains were more efﬁcient than randomized pulse delivery. Weak trains simultaneously
delivered to DRs failed to elicit FL. Locomotor rhythm resetting occurred with single pulses applied to various distant DRs.
Conclusion: Electrical stimulation recruited spinal networks that generate locomotor programs when pulses were delivered to multiple
sites at low frequency. This ﬁnding might help devising new protocols to optimize the increasingly more common use of epidural
implantable arrays to treat spinal dysfunctions.
Spinal Cord (2016) 54, 93–101; doi:10.1038/sc.2015.106; published online 23 June 2015

INTRODUCTION
A promising neurorehabilitative approach to provide functional
beneﬁts to persons with a chronic spinal injury is the direct
electrostimulation of the dorsal cord via epidural electrodes.1,2
However, this procedure is invasive, because it requires surgical
electrode implantation into the epidural space for the delivery of
electrical impulses that can elicit a brief bout of alternating leg
movements in paraplegic persons.3 The appearance of such
locomotor-like episodes has been attributed to the reactivation of
functionally impaired spinal neuronal circuits by inputs from dorsal
root (DR) afferents.4 Because of recent upgrades in hardware
technology, that is, grouping 16 electrodes into an epidural array,
such a paradigm together with rehabilitative training is reported to
facilitate voluntary motor control plus conferring other functional
beneﬁts in complete spinal cord-injured persons.2 It should be noted
that unlike single electrodes, these arrays excite a much wider area in
the dorsal cord and may, thus, recruit a greater number of DR ﬁbres
establishing synapses with dorsal horn neurons.4 In previous studies,
arrays have been used to activate spinal white matter tracts and to
induce locomotor patterns in the isolated neonatal rat spinal cord,5 as

well as to facilitate locomotion through a new ﬂexible implantable
electrical epidural array in animal models of spinal lesion.6
With the perspective of further improvement in spinal neurorehabilitation, more advanced electrical stimulation paradigms are
required to optimize the array construction, location and stimulation
protocols. In particular, considering the latter issue, it is noteworthy
that stimulation programs have remained unchanged in the past
15 years and still consists in stereotyped high-frequency trains of
rectangular electrical pulses (25–40 Hz) simultaneously delivered
through all electrodes in the array. Thus, future hardware developments should be associated with more performance-selective stimulating paradigms that are also expected to decrease the total amount of
current supplied with decreased occurrence of side effects. The aim of
the present work is to construct novel stimulation paradigms based on
low-threshold amplitude and/or frequency that selectively activate the
locomotor central pattern generator through a patterned stimulation
of multiple afferent sites. Thus, we explored how spinal interneuronal
circuits impinging on locomotor networks may integrate sensory
afferent inputs arising from distinct segments in a concerted or
staggered manner. Our data suggest that the delivery of staggered
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low-frequency stimuli to multiple sites of the isolated spinal cord
could represent a suitable protocol to efﬁciently activate ventral root
(VR) discharges, alternating among pairs of L2 and L5 on either side,
deﬁned as ﬁctive locomotion (FL).7
MATERIALS AND METHODS
Isolation of spinal cord and rhythm induction
We certify that all applicable institutional and governmental regulations
concerning the ethical use of animals were followed during the course of this
research. All procedures were approved by the Scuola Internazionale Superiore
di Studi Avanzati ethics committee and are in accordance with the European
Union directive for animal experiments (86/609/EEC). Every effort was made to
reduce the number of rats used for the isolation of spinal cord and to minimize
their suffering. All experiments were performed, in line with the guidelines
provided by the Italian Animal Welfare Act, on spinal cord preparations
isolated from neonatal rats (0–2 days old), as previously described.7 Spinal
cords were dissected from thoracic level 5–6 to the cauda equina and care was
taken to leave the DRs and VRs attached, which allows for the study of FL.8
FL is a locomotor-like rhythm originating in the spinal cord preparation and
consisting of an episode of electrical discharges that can be measured from VRs.
This FL is characterized by discharges alternating between pairs L2 and L5 VRs.
Therefore, FL is considered to provide important information about the
function of locomotor spinal circuits that can be observed in isolated neonatal
rat spinal cord preparations.9 In our setting, we induced FL by applying a train
of rectangular electrical pulses to a single DR or to sacrocaudal afferents (cauda
equina), as described previously.8,10

Electrostimulating paradigms
Thirty- or sixty-second trains of pulses (duration 0.1 ms) were delivered to
several segmental levels (from L5 to the cauda equina), in a different range of
frequencies (0.33–2 Hz) and with a variable strength (9–400 μA). Although
previous studies indicated that there was no signiﬁcant change in FL features
due to varying train frequency (1–50 Hz8), in this study we considered the 2 Hz
protocol as a benchmark for comparing efﬁcacy of the new multi-site
stimulation protocols.
Nevertheless, in a subset of experiments, we reduced stimulating frequency
to assess the lowest value able to induce an episode of FL, which was 1 Hz.
In this case, FL was rarely evoked, but the features of FL episodes were similar
to those evoked by the 2 Hz protocol.
Single pulses (duration = 0.1 ms) were delivered at a strong intensity to
induce phase resetting during FL.11 In these experiments, absolute strength of
stimulation spanned from 40 to 400 μA at the lumbar level and from 90 to
400 μA at the sacral level. We ascertained that the maximum strength of
stimulation applied to a DR did not cause a non-selective activation of nearby
DRs through leakage of current from the stimulating electrode. Therefore,
we stimulated DRL6 at the maximum intensity used in the study (400 μA),
which evoked a reﬂex response from both the homosegmental VR and the
adjacent VRS2. Similarly, stimulation of DRS2 at an intensity of 400 μA induced
a synchronous response from S2 and L6 VRs. After the complete horizontal
transection of the spinal cord at the level of S1 segment, the stimulation of the
same two DRs at the same intensity now only evoked a response from
homolateral VRs, without affecting the disconnected portion of the cord (data
not shown). This test proved that stimulation of a DR at maximal intensity did
not evoke any aspeciﬁc activation of the adjacent DR, caused by leakage of
current from miniature bipolar stimulating electrodes.

Electrophysiological recordings
Spinal cords were placed in a recording chamber, continuously superfused
(5 ml min − 1) at room temperature (22 °C–24 °C) with carbogenated (95% O2,
5% CO2) Krebs solution of the following composition (in mM): 113 NaCl,
4.5 KCl, 1 MgCl2 × 7H2O, 2 CaCl2, 1 NaH2PO4, 25 NaHCO3 and 11 glucose,
pH 7.4. Traces were obtained from lumbar (L) VRs, by using tight-ﬁtting
suction electrodes.7 DC-coupled recordings were acquired with a differential
ampliﬁer (DP-304, Warner Instruments, Hamden, CT, USA) at a sampling rate
of 10 KHz, low-pass-ﬁltered 10 Hz and high-pass 0.1 Hz, and digitalized
Spinal Cord

(Digidata 1440, Molecular Devices, Sunnyvale, CA, USA). The alternation of
discharges between L2 and L5 VRs and between the left (l) and right (r) L2 VRs
were considered distinct features of FL, as previously reported.12

Parameters of spinal network activities
Single or repetitive electrical pulses were delivered by a programmable
stimulator (STG4004, Multichannel System, Reutlingen, Germany). DR
electrical stimuli were adapted to evoke both single VR responses and
cumulative depolarization8 originating from the addition of individual pulses
delivered at each segments. Herein, the lowest stimuli able to elicit a detectable
short-latency response (usually as long as 10 ms and as high as 3 × the width of
baseline) from the corresponding VR were deﬁned as threshold stimuli.8 Out of
31 preparations, the average threshold value of short-latency reﬂex response
was 20.19 ± 22.05 μA. Oscillations of FL were analysed based on their
periodicity (time between the onset of two consecutive cycles of oscillatory
activity) and regularity, expressed as coefﬁcient of period variation (given
by s.d. per mean). The strength of coupling among pairs of signals of VRs was
measured using the cross-correlation function (CCF) analysis. When a CCF is
higher than +0.5, two roots are synchronous, whereas a CCF smaller than
− 0.5 corresponds to full alternation.12

Data representation and statistics
Data are reported as mean ± s.d. values. Number of samples is indicated as n in
the results. Normality testing showed a normal Gaussian distribution for all
data sets. Accordingly, parametric data were analysed with the Student’s t-test
or one-way analysis of variance (ANOVA), whereas Kruskal–Wallis one–way
ANOVA on ranks was used for non-parametric data. Differences were
considered statistically signiﬁcant when Po0.05. Multiple comparisons were
corrected for post-hoc analysis using pairwise multiple comparisons (Dunn’s or
Tukey’s method).

RESULTS
Speciﬁcity of VR responses induced by electrical stimulation of
multiple neighbouring DRs
As in this study we investigated the responses to electrical pulses
applied to multiple DRs, it was important to exclude that, in our set
up, electrical stimulation of a DR aspeciﬁcally activated closeby
DRs simply by leakage of current through the stimulating electrode.
Therefore, strong electrical pulses (intensity = 300 ± 100 μA) were
serially delivered to a pair of neighbouring DRs (L6 and S2).
Evoked reﬂex responses were recorded from homosegmental
VRs (peakVRlL6 = 0.32 ± 0.01 mV, peakVRlS2 = 0.27 ± 0.03 mV, n = 3;
Supplementary Figures 1a and b) and, with a delay of
11.6 ± 2.77 ms, from adjacent VRs (peakVRlS2 = 0.16 ± 0.01 mV,
peakVRlL6 = 0.14 ± 0.07 mV, n = 3; Supplementary Figures 1a and b).
Next, we performed a complete transection at S1 level to obtain two
separate portions of the spinal cord, which were left close to each
other. Although distance between DRs was negligible, no spinal cord
circuitry between the two tissue portions was preserved. Following
electrical stimulation of a DR elicited a homosegmental reﬂex
response (peakVRlL6 = 0.33 ± 0.03 mV, peakVRlS2 = 0.19 ± 0.04 μV, n = 3;
Supplementary Figures 1c and d), but failed to induce responses in
segments disconnected from the stimulating site (Supplementary
Figures 1c and d). This observation demonstrates that intersegmental
VR responses are driven by intact spinal circuitries rather than by a
generalized electrical activation of closeby afferents.
Low-intensity simultaneous multi-site DR trains fail to elicit FL
Our ﬁrst aim was to explore how spinal interneuronal circuits for
locomotion integrate convergent sensory afferent inputs originating
from different sites. The effect of stimulating a single DR, at low
lumbar or sacral level, with pulse trains of high intensity was therefore
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Figure 1 Multiple subthreshold amplitude DR trains do not reach threshold when delivered at once. (a, Left) A train of 60 stimuli at 2 Hz applied to DRlS4
(amplitude = 18 μA, 1.5 × threshold) generates a cumulative depolarization and an episode of FL (CCF = − 0.488). In the same preparation, an episode of FL
is also evoked when the train at 2 Hz is applied to the contralateral DR (amplitude = 18 μA, 2 × threshold; (a, middle) CCF = − 0.570) or to DRrL6
(amplitude = 28 μA, 2 × threshold; (a, right) CCF = − 0.569). (b) When the amplitude of stimulation of each train is lowered, no cumulative depolarization is
evoked and uncorrelated discharges replace locomotor oscillations (CCF = 0.109, 0.434 and 0.930, respectively). (c) Three trains of low intensity are now
delivered synchronously, each to one of the three afferents of the same spinal cord. Although the sum of amplitudes of single protocols is above the value to
trigger FL with individually applied trains, no locomotor response was observed (CCF = 0.647). CCF, cross-correlation function; DRlL, left lumbar dorsal root;
DRrL, right lumbar dorsal root; DRrS, right sacral dorsal root; VRlL, left lumbar ventral root; VRrL, right lumbar ventral root.

compared with the stimulation of three DRs at lower intensity (that is,
an intensity that was ineffective for inducing FL through a single DR).
Initially, an episode of FL was observed as a series of oscillatory cycles
recorded from L2 (ﬂexor-related) and L5 (extensor-related) VRs,
evoked by a train of 2 Hz stimuli delivered at optimal amplitude to just
one DR among the three selected (Figure 1a; 18, 18 and 28 μA,
respectively). Notably, these effects were not dependent on the DR
selected. Whenever canonical 2 Hz DR trains8 were applied to various

DRs, the main properties of FL episodes (such as periodicity or
number of oscillations superimposed on the cumulative depolarization
elicited by the stimulus train) remained similar (Table 1). Table 1 also
lists other parameters typical of FL such as the CCF, which according
to its positive or negative value shows phase synchrony or alternation
of cycles.12 Likewise, when the same protocol was applied for an
extended duration (60 s), the number of FL cycles did not increase
(data not shown).
Spinal Cord
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Table 1 Main features of FL episodes induced by a train of electrical pulses (2 Hz) delivered to a single DR at different spinal cord levels
Spinal level

Intensity of stimulation

Duration (s)

(× threshold)

Number of

Period of oscillations

oscillations

(s)

CV

Cumulative depolarization

CCF

n

peak (mV)

L6–S1

1.60 ±0.62

25.95 ± 2.58

11 ± 2

2.58 ± 0.41

0.16 ± 0.04

0.94 ± 0.46

− 0.576 ± 0.433 12

S2–S3
S4–S5

1.57 ± 0.38
1.65 ± 0.44

26.23 ± 3.12
25.54 ± 2.33

12 ± 1
11 ± 1

2.45 ± 0.32
2.45 ± 0.19

0.17 ± 0.05
0.15 ± 0.03

0.96 ± 0.50
0.58 ± 0.29

− 0.747 ± 0.100
− 0.632 ± 0.158

6
8

Cauda
Statistics

1.73 ± 0.25
P = 0.798

25.71 ± 3.66
P = 0.970

12 ± 3
P = 0.944

2.38 ± 0.34
P = 0.726

0.13 ± 0.02
P = 0.523

0.75 ± 0.14
P = 0.223

− 0.778 ± 0.127
P = 0.322

3

Abbreviations: CCF, cross-correlation function; CV, coefﬁcient of period variation; DR, dorsal root; FL, ﬁctive locomotion.

Next, we reduced the stimulus intensity down to a value that, per se,
no longer generated locomotor-like responses (Figure 1b; 11, 7 and
14 μA, respectively). The resulting low-intensity train was simultaneously
applied to three distinct DRs (overall stimulus amplitude = 32 μA).
Although the total intensity of the three stimuli was greater than
the value needed to activate FL with a single DR train at 2 Hz, it
proved ineffective in inducing FL when distributed through three DRs,
even though a slight cumulative depolarization with asynchronous
slow oscillations appeared (Figure 1c). The same results were
conﬁrmed in further three experiments (CCF = 0.446 ± 0.311, n = 4).
Even though the data were obtained on the basis of in vitro
preparations, they indicate that the spinal locomotor networks process
incoming stimuli in a complex manner, which is different from the
mere summation of multiple, simultaneous single inputs originating
from different afferent ﬁbres.
Phase resetting of electrically induced FL by delivering single pulses
to a distant DR
In order to test whether different afferent inputs converge onto
common spinal locomotor networks, we used the method of
locomotor phase resetting, whereby the regularity of a rhythmic
pattern induced by pulses delivered to a range of lumbosacral DRs
is perturbed by a single pulse delivered to another DR. This
phenomenon has been well-described for both in vitro chemically
induced13 and in vivo electrically induced FL,14 to demonstrate how
afferent signals of various origins affect the same network. As there are
no data on phase resetting of the DR-evoked FL in vitro, we ﬁrst
studied its presence in our preparation. FL was induced by a single DR
stimulation during which further stimuli were delivered through a
distinct DR. In the example of Figure 2a, a series of electrical pulses
(60 stimuli, 2 Hz, amplitude = 9 μA) was applied to a sacral DR and
induced an episode of locomotor-like oscillations recorded from L2
and L5 VRs. The regularity of FL was perturbed by two single stimuli
(amplitude = 130 μA; see vertical lines), delivered to a sacral DR of the
opposite side and temporally separated by a 10-s interval. Figure 2b
(note faster time base) clearly shows phase resetting: the single
impulses delivered to lS2 (occurred in correspondence to the peak
in the VRL2) lengthened the cycle ipsilateral to the stimulating site,
while prolonging the trough in the contralateral VRL2 and VRL5. In
ﬁve preparations, phase resetting of FL cycles was induced in 12 out of
24 impulses delivered as single sacral DR stimuli (mean stimulus
strength equal to 222.50 ± 116.39 μA). Furthermore, electrical stimulation of lumbar DRs (mean amplitude 187.89 ± 120.95 μA) produced a
comparable occurrence of phase resetting (19/34, n = 5 cords).
Interestingly, the phenomenon was observed more often when
single pulses were delivered in correspondence to peaks in FL cycles
recorded from ﬂexor-related VRs homolateral to the stimulating DR
(16/24), rather than from contralateral ﬂexor-related VRs (8/24).
These data show that in our preparations, activity at lumbar or sacral
Spinal Cord

DRs possesses analogous resetting ability and, therefore, is most likely
converging onto the spinal locomotor networks.
Multi-site delivery renders subthreshold frequency DR trains
effective in triggering FL
So far, our experiments demonstrated that despite convergence onto
the same spinal circuits, simultaneous weak stimulus delivery to
various DRs was not able to evoke comparable amplitudes. For our
next question, we then tested whether the spinal circuits could process
stimulating frequencies in a different manner.
Thus, electrical trains were ﬁrst delivered to one sacral DR as 60
rectangular pulses (2 Hz), to produce cumulative depolarization
(0.64 ± 0.26 mV peak; n = 18) with superimposed oscillations alternating among homosegmental VRs (CCF = − 0.667 ± 0.153, n = 18).
FL lasted for the whole duration of the 2-Hz stimulating protocol
(26.21 ± 2.36 s, n = 18; see examples in Figure 3a–c, left panels), with
optimal strength amplitude of 1 to 2.5 × threshold for inducing the
highest number of alternating oscillations (11 ± 2, n = 18). This
frequency of stimulation was then reduced by a third (0.67 Hz), while
maintaining the same stimulation intensity. None of the resulting lowfrequency trains was then able to activate the FL pattern when
delivered alone, as low cumulative depolarization (0.36 ± 0.17 mV,
n = 9) accompanied by reﬂex responses (CCF = 0.567 ± 0.280, n = 9)
in correspondence to each impulse was detected (Figures 3a–c, right
panels). Afterwards, the protocol of multi-site stimulation was applied
as illustrated in Figure 3d. Three trains of low-frequency stimulation
(0.67 Hz) were delivered together to three different sacral DRs of the
same preparation, with a phase delay of 0.5 and 1 s for the second and
third trains, respectively. By graphically superimposing the three single
trains, we obtained the resulting multi-site stimulation protocol
(Figure 3d, lower panel). This now showed an overall frequency of
2 Hz and was found to trigger FL with a number of cycles similar
to single-site higher-frequency stimulation (Figure 3e) of similar
amplitude.
We studied the effects of the multiple staggered low-frequency
protocols in more detail in three preparations, where trains were
applied to three different DRs (from L2 to the cauda equina) to
generate a cumulative depolarization of 0.79 ± 0.18 mV, accompanied
by 10 ± 1 locomotor-like cycles (CCF = − 0.722 ± 0.100). This
effect was not signiﬁcantly different from that evoked in the same
preparations by single 2 Hz trains in terms of total duration of
FL episodes (t-test, P = 0.297; n = 3, 9), mean cycle period (t-test,
P = 0.907; n = 3, 9) and regularity, expressed as period coefﬁcient of
period variation (t-test, P = 0.078; n = 3, 9). Responses were not
affected by the order in which various afferents were stimulated (data
not shown). Delivery of multiple staggered DR trains of low frequency
for 60 s did not prevent the spontaneous decay of locomotor response
(mean duration of FL episodes = 38.63 ± 7.23 s, n = 8; Figure 4a), as
noted when a single afferent was stimulated with a classical 2-Hz train.8
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preparation (Figure 4a), this protocol failed to generate FL (Figure 4b),
as conﬁrmed by cross-correlation analysis on pairs of VRL2 (mean
CCF for staggered DR trains = − 0.502 ± 0.138 vs mean CCF for
synchronous DR trains = − 0.162 ± 0.238; Mann–Whitney rank sum
test, P = 0.005; n = 8). This suggests that efﬁcacy of the staggered
protocol does not originate from the sole simultaneous stimulation at
optimal amplitude of multiple DRs, but also exploits the controlled
time interval for the delivery of the trains.

Figure 2 Single DR pulses evoke phase resetting of electrically induced FL
cycles. (a) A train of 60 stimuli at 2 Hz (amplitude = 9 μA, 1 × threshold)
applied to DRlS1 induces an episode of alternating oscillations among
right L2 and contralateral L2 and L5 VRs (CCF = − 0.821). During train
delivery, two other single impulses are added at a higher intensity
(amplitude = 130 μA, 8.7 × threshold) to DRlS2, which disturbed regularity of
FL oscillations. (b) In correspondence to the ﬁrst stimulus, delivered at the
peak on the VRL2 homolateral to the site of stimulation, an early peak on
VRrL2 appears, which is followed by an extra peak that prolongs the burst
on VRlL2 and by a protracted pause on VRlL5. Note that traces are a higher
magniﬁcation of VR recordings referring to the grey bars in a. On the other
hand, during the ﬁrst ascending phase of a cycle on the VRL2 homolateral
to the stimulation site, the second impulse is delivered and delays the
following peak on VRrL2, lengthens the burst of VRlL2 and slightly slows
down rhythm on VRlL5. The scattered representation below highlights phase
relation among peaks of oscillations in the three VRs. CCF, cross-correlation
function; DRstim, dorsal root electrical stimulation; DRrL, right lumbar
dorsal root; DRlS, left sacral dorsal root; VRlL, left lumbar ventral root; VRrL,
right lumbar ventral root.

The minimum frequency of DR trains to effectively elicit FL
was 1 Hz (Supplementary Figure 2a–c). Furthermore, the staggered
multiple stimulation of three DRs at 0.33 Hz was still capable to
evoke an episode of FL once applied with a phase delay of 1 s
(Supplementary Figure 2d).
To verify whether the synchronous delivery of three trains at
optimal intensity can evoke an FL notwithstanding low frequency of
stimulation, we then simultaneously applied three 0.67 Hz trains to
three DRs for 60 s (synchronous onset among three DRs; Figure 4b).
Compared with staggered stimulation of three DRs in the same

Multiple delivery of random low-frequency trains still induced FL
episodes, but with inferior coupling than canonical protocols
To clarify whether a staggered approach is absolutely necessary for the
expression of FL episodes using low-frequency stimulation, multiple
trains with the same number of pulses (mean frequency = 0.67 Hz)
were delivered randomly to three DRs.
As depicted in Figure 5a–c (left), single DR trains at classical
2 Hz evoked a cumulative depolarization with superimposed, fully
alternated locomotor-like cycles. Conversely, FL was not elicited by a
randomized delivery of stimuli with a mean frequency of 0.67 Hz
to the same DRs, despite the similar amplitude of single pulses
(Figure 5a–c, right).
On the other hand, the protocol resulting from the combined
delivery of three random trains (Figure 5d) elicited FL cycles similar to
the ones induced by staggered low-frequency trains, as exempliﬁed in
Figure 5e.
In four cords, 2 Hz DR trains (mean intensity = 1.56 ± 0.19 ×
threshold) induced a mean cumulative depolarization of
1.06 ± 0.53 mV, with an episode of 11 ± 1 locomotor-like oscillations
for a total mean duration of 25.18 ± 1.59 s. Moreover, multiple
random trains of identical amplitude evoked a comparable mean
cumulative depolarization (1.00 ± 0.53 mV) with an FL epoch of
similar duration (23.85 ± 0.93 s) and number of cycles (10 ± 1).
Locomotor-like response evoked by multiple random trains
was similar to the one elicited by the staggered protocol
(cumulative depolarization = 0.93 ± 0.48 mV; duration = 23.93 ± 4.90 s;
cycles = 11 ± 3).
In fact, the three different types of stimulation were not statistically
different as for cumulative depolarization (one-way ANOVA,
P = 0.898; n = 12, 4, 4), duration of FL episodes (one-way ANOVA,
P = 0.447; n = 12, 4, 4) and number of oscillations (Kruskall–Wallis
one-way ANOVA, P = 0.173; n = 12, 4, 4).
On the other hand, FL evoked by multiple random trains displayed
a mean phase coupling among L2 VRs that was statistically lower than
the one triggered by 2 Hz trains, which in turn was not statistically
different from staggered protocols (Kruskal–Wallis one-way ANOVA
followed by all pairwise multiple comparison with Dunn’s method,
P = 0.011; n = 12, 4, 4; Figure 5f).
DISCUSSION
The principal ﬁnding of the present study is the experimental
demonstration that optimal activation of the spinal locomotor
program was achieved by delivering low-frequency trains in a
staggered manner to multiple DRs of the rat spinal cord. Thus,
locomotor spinal networks could decode and process multiple stimuli
in a complex manner.
Indeed, locomotor spinal networks can sum frequency of stimuli
reaching the central pattern generator from multiple afferents (frequency-related summation), while each afferent input is individually
ﬁltered out if below a threshold value (intensity-related occlusion).
It should be mentioned that our in vitro model does not allow us to
fully analyse the ﬁne-tuning of motor control observed with kinematic
Spinal Cord
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Figure 3 Low-frequency trains of stimuli applied to multiple DRs with staggered onsets elicit an episode of FL oscillations. (a) A train of 60 stimuli to DRrS3
induces a locomotor response when applied at 2 Hz (left; CCF = − 0.654), but not when delivered with a lower frequency (0.67 Hz; right; CCF = 0.555),
although with equal intensity (18 μA, 2 × threshold). In the same preparation, a similar trend is observed when trains at 2 and 0.67 Hz are serially delivered
to DRlS1 (amplitude = 25 μA, 2 × threshold; (b) CCF = − 0.500 and CCF = 0.870, respectively) or DRlS5 (amplitude = 25 μA, 2.5 × threshold;
(c) CCF = − 0.629 and CCF = 0.600, respectively). (d) Sketches how the stimulating protocol is prepared, by superimposing three trains of low frequency
(0.67 Hz), each one applied to a distinct afferent of the same cord and with an onset staggered by 0.5 s from the previous train. In e, this protocol proves
(same preparation as in a–-c) to be able to activate an episode of FL (CCF = − 0.608) comparable, as for number and regularity of cycles, to the ones evoked
from single DR trains at 2 Hz when delivered separately. CCF, cross-correlation function; DRlL, left lumbar dorsal root; DRrS, right sacral dorsal root; DRlS,
left sacral dorsal root; VRlL, left lumbar ventral root; VRrL, right lumbar ventral root.

analysis in walking animals. Nevertheless, our method has the
important advantage of recording motor output of pure neuronal
origin without any inﬂuence of either compensatory muscle activation
or modulators of the peripheral circulatory stream.
Frequency of incoming inputs is more important than intensity
Although previous reports point out that also capsaicin-sensitive
pain-related ﬁbres are involved in the modulation of ongoing FL,15
modelling studies have shown that DR electrical stimulation activates
the locomotor pattern mainly due to a selective recruitment of
multiple ﬁbres carrying tactile and proprioceptive inputs. These ﬁbres
are characterized by a wide diameter and low excitation threshold,
Spinal Cord

thus being unable to discriminate small variations in stimulus
amplitude.4 This characteristic can account for the inability of
simultaneous stimuli of low amplitude to summate and generate a
locomotor pattern. We, therefore, propose the existence of a gating
system that ﬁlters the amplitude of afferent stimuli. Such a system is
reminiscent of the relay neurons in the sacrococcygeal spinal cord that
were previously suggested to drive lumbar rhythms.10 On the other
hand, previous studies have shown that stimulation frequency might
sculpt circuit synapses through different plasticity mechanisms:
modifying either the amount16 or type17 of released neurotransmitters,
reversing the balance between excitation and inhibition,18 or limiting
negative-feedback pre-synaptic processes.19 In addition, circuit
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Figure 4 Low-frequency multi-site synchronous stimulation fails to induce FL. (a) A sixty-second protocol of multiple staggered trains of pulses applied at low
frequency (0.67 Hz) to the cauda equina (amplitude = 30 μA, 1.5 × threshold), DRrS1 (amplitude = 15 μA, 1.5 × threshold) and DRrL6 induced an episode of
FL (CCF = − 0.539) that does not last beyond 38 s, whereas a depolarizing plateau with superimposed tonic activity replaces the locomotor-like cycles during
the rest of the stimulation. When trains at 0.67 Hz are delivered synchronously to the three afferents, alternating cycles of FL are replaced by tonic responses
time-locked with each of the train’s stimuli (b, CCF = +0.136). It is noteworthy that the amplitude of the pulses is kept unvaried for each afferent during
delivery of protocols in a and b. CCF, cross-correlation function; DRrL, right lumbar dorsal root; DRrS, right sacral dorsal root; VRlL, left lumbar ventral root;
VRrL, right lumbar ventral root.

architecture can be ﬂexibly reconﬁgured by distinct stimulation
frequencies. Indeed, they may either recruit distinct types of
interneurons20 or add previously ‘silent’ frequency-dependent spinal
pathways to the ongoing locomotor pattern.21 Our data here reported
may spur further studies on these ﬁndings also for the spinal
locomotor networks.
Afferent stimuli modulate locomotor circuits
Interneuronal circuits embedded in locomotor networks of the
mammalian spinal cord are known to span several lumbar
segments.9 Within these segments, many features of the rhythmic
pattern are affected by inputs from the periphery.14 One of our main
ﬁndings is that within the in vitro neonatal rat spinal cord, inputs
coming from multiple DRs converge onto the same locomotor
circuits. This consideration is based on the observed phase-shift in
the oscillatory rhythm of FL induced by stimulation of a distant DR,
with the implication that the locomotor network is accessible also via
inputs from anatomically different locations. To the best of our
knowledge, no phase resetting has ever been reported during
electrically induced FL in vitro.
Multiple-source inputs facilitate neuronal networks
Multiple-source stimulation is a concept with wide support in the ﬁeld
of neuromodulation, as it has been used to activate different types of

neurons and pathways,22 and to promote behaviours, viz. learning and
associative plasticity.23 Simultaneous electrical stimuli delivered to
numerous spinal segments facilitate involuntary stepping movements
and limb oscillation amplitude in non-injured human subjects, thus
proving synergy among inputs converging onto locomotor circuits.24
In our experiments, electrical stimulation with staggered trains of
low frequency was simultaneously applied to multiple DRs and
sacrocaudal afferents. Although each train on its own was ineffective,
their combination activated the locomotor program and the delay in
latency at which each DR was stimulated proved to be essential to this
effect. The responsiveness of locomotor networks to electrical stimuli
from multiple DRs supports the concept that spatial and temporal
addition of numerous afferent inputs is fundamental for activating
spinal locomotor networks. This phenomenon is closely related to the
role had by stochastic variability in the recruitment of neuronal
networks, as previously described.25
There is further evidence in support of the concept that multiple
types of afferent stimuli are required to activate the locomotor circuits
in the ventral spinal cord. FL can be induced by stimulating a single
DR or sacrocaudal afferent root, which contains several types of
afferent ﬁbres, each with their own conduction velocities.26 In
contrast, electrical stimulation of only a fraction of the ﬁbres that
reside in a nerve afferent failed to activate the locomotor pattern27.
Spinal Cord
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Figure 5 Low-frequency trains of pulses randomly delivered to three DRs induced FL. (a, Left) A 2-Hz train (intensity = 13 μA) applied to DRlS4 elicited a
stable FL (CCF = − 0.870). A new protocol (mean frequency of 0.67 Hz), designed by randomly selecting only one-third of pulses from the 2 Hz train, was
delivered to the same DR without evoking any locomotor patterns ((a, right) CCF = − 0.296)). (b, Left) The 2-Hz train delivered to DRrL6 (intensity = 7 μA)
also induced an FL episode (CCF = − 0.852), where the multiple random protocol failed to do so ((b, right) CCF = − 0.347). (c, Left) FL (CCF = − 0.761) was
elicited by the 2-Hz train (intensity = 20 μA) to DRrS3 contrary to the random protocol applied to the same root ((c, right) CCF = 0.088). The three multiple
random trains (mean frequency = 0.67 Hz) were now simultaneously applied to the three DRs, as graphically schematized in d (top), showing how the
superimposition of single trains recomposed the overall 2 Hz frequency. This stimulating pattern evoked an episode of alternating cycles (CCF = − 0.507),
similar to multiple staggered trains at low frequency ((e) 0.67 Hz; CCF = − 0.748). FL episodes evoked by the three protocols were compared in f as for phase
coupling between the pair of homosegmental L2 VRs. All three protocols induced locomotor-like cycles (CCFo − 0.5, see dotted line), although the
2-Hz train evoked a statistically stronger alternated coupling among oscillations than did multiple random trains (*Kruskal–Wallis one-way ANOVA followed by
all pairwise multiple comparison with Dunn’s method, P = 0.011, n = 12, 4, 4). CCF, cross-correlation function; DRrL, right lumbar dorsal root; DRrS, right
sacral dorsal root; VRlL, left lumbar ventral root; VRrL, right lumbar ventral root.

CONCLUSIONS
A multi-site stimulating protocol with low-frequency trains, delivered
with a controlled staggered onset, effectively activated the locomotor
central pattern generator in the neonatal rat spinal cord in vitro.
As the lumbosacral circuitry controlling locomotion in rats and
humans has been considered strikingly similar,28 our data cast light
on the intrinsic logic adopted by spinal networks to integrate
Spinal Cord

peripheral stimuli during locomotion and thereby propose new
protocols of low-energy multi-site stimulation to improve rehabilitation and/or chronic pain neuromodulation. Moreover, advantages of
the proposed stimulation protocol will extend to a reduced energetic
demand that increases the life span of batteries in implantable
stimulators, thereby increasing the interval between battery replacements. Finally, this protocol should reduce adverse effects, typically
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associated with high-energy stimulation, for example, muscle fatigue
and spasticity.29,30
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Figure S1. Intersegmental VR responses are not related to current leakage from closeby
electrodes. A, single pulses (intensity = 400 µA) delivered to DRrL6 evoke a reflex response
from contralateral VR (peak = 0.32 mV) and, after a delay of 17.8 ms, from the close VRlS2
(peak = 0.16 mV). B, single pulses (intensity = 400 µA) delivered to DRrS2 evoked a reflex
response from contralateral VR (peak = 0.30 mV) and, after a delay of 11.3 ms, from the close
VRlL6 (peak = 0.15 mV). C, after complete transection at S1 level, the two spinal portions were
kept close and DRlL6 was stimulated at the same intensity as in panel A and B, inducing a
response of 0.37 mV from VRlL6 while disconnected VRlS2 did not elicit any response. D,
similarly, after cutting at S1, stimulation of DRrS2 elicited a peak reflex response of 0.21 mV
from VRlS2 and none from VRlL6. Note that artefacts of stimulation (downwards deflections at
the beginning of each trace) are passively conducted through all recording electrodes, but they
do not influence active intersegmental responses. Traces in the figure are averaged from at
least 5 sweeps.

Figure S2. The slowest staggered protocol evoking FL is 0.33 Hz. A-C right; DR trains at 1
Hz, individually applied to three DRs at once (rL5, intensity = 100 µA; lL5 intensity = 30 µA, and
tail, intensity = 100 µA), evoked a cumulative depolarization (1.34 ± 0.06 mV) with

superimposed 8 ± 3 oscillations (2.99 ± 0.51 s periodicity and 0.21 ± 0.08 CV period) alternated
between homosegmental VRs (CCF= - 0.534 ± 0.100, n = 3). Contrariwise, when a 0.33 Hz train
was individually delivered to a single DRs, a lower cumulative depolarization (0.66 ± 0.09 mV)
was accompanied by reflex responses time-locked with each stimulus (A-C, left; CCF = 0.740 ±
0.282, n = 3). In D, multiple stimulation of the three DRs (as schematized above) at 0.33 Hz,
with a staggered onset of 1 s for each DRs, depolarized VRs (1.40 mV) and induced an epoch
of FL (11 FL cycles, CCF = -0.537).
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Two Distinct Stimulus Frequencies Delivered
Simultaneously at Low Intensity Generate
Robust Locomotor Patterns
Francesco Dose, MSc*† ; Giuliano Taccola, PhD*†
Objectives: Explore the primary characteristics of afferent noisy stimuli, which optimally activate locomotor patterns at low
intensity.
Materials and Methods: Intracellular and extracellular electrophysiological traces were derived from single motoneurons and
from ventral roots, respectively. From these recordings, we obtained noisy stimulating protocols, delivered to a dorsal root (DR) of
an isolated neonatal rat spinal cord, while recording ﬁctive locomotion (FL) from ventral roots.
Results: We decreased complexity of efﬁcient noisy stimulating protocols down to single cell spikes. Then, we identiﬁed four
main components within the power spectrum of these signals and used them to construct a basic multifrequency protocol of rectangular impulses, able to induce FL. Further disassembling generated the minimum stimulation paradigm that activated FL,
which consisted of a pair of 35 and 172 Hz frequency pulse trains, strongly effective at low intensity when delivered either jointly
to one lumbosacral DR or as single simultaneous trains to two distinct DRs. This simpliﬁed pulse schedule always activated a locomotor rhythm, even when delivered for a very short time (500 ms). One prerequisite for the two-frequency protocol to activate FL
at low intensity when applied to sacrocaudal afferents was the ability to induce ascending volleys of greater amplitude.
Conclusion: Multifrequency protocols can support future studies in deﬁning the most effective characteristics for electrical stimulation to reactivate stepping following motor injury.
Keywords: Spinal cord, central pattern generators, ﬁctive locomotion, train of pulses, frequency
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In healthy individuals, rhythmic movements of lower limbs can be
triggered by electrostimulation of the spinal cord (1–3). This phenomenon is thought to originate from the activation of interneuronal circuits, that constitute the locomotor central pattern generator
(CPG), driving the rhythmic and alternated output of thoraco-lumbar
motoneurons (4,5). Although, CPGs are believed to be an intrinsic
motor program operating without external commands, it is clear
that CPGs continuously receive and integrate afferent information
from the periphery to reﬁne the motor output according to demand.
Direct electrical stimulation of the dorsal cord through epidural electrodes is actually proposed to mimic the role of afferent inputs. Furthermore, electrical stimulation has been exploited to reactivate the
alternating movements of lower limbs in subjects with chronic, complete spinal lesion (6–8). The latter clinical results rely on protocols
previously devised and developed (9) with in vitro experimental
preparations that generate rhythmic patterns, alternating between
ﬂexor and extensor motor pools on either side of the spinal cord (ﬁctive locomotion, FL; 4). In particular, FL can be evoked by stimulating
dorsal root (DRs) with a train of stereotypic stimuli of a single frequency comprised within a small range (2–10 Hz; 10).
In the attempt to enhance the efﬁcacy of electrical stimulation and
to lower the side-effects potentially associated with the use of strong
current (11,12), new paradigms using stimuli reconstructed from
sampled motor outputs recorded from ventral roots (VRs) and

endowed with intrinsic variability have been observed to generate
longer locomotor episodes (noisy waves; 13–16). Nevertheless, translation of this approach to clinical use is limited by lack of suitable
technology, as existing apparatus only deliver stereotyped impulses
within a small frequency range (International Electrotechnical Commission directive 60601-2-10:2012). Conversely, the artiﬁcial addition
of the sole noise to a stereotyped stimulating protocol did not elicit
any locomotor pattern, as opposed to noisy biosignals (13). Thus, the
beneﬁts of noisy patterns must be ascribed to distinct characteristics
within the noisy VR motor output. As certain frequencies can better
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neuron as, at single cell level, the signal resolution is undoubtedly
higher while sharing the fundamental properties of the network FL
(19). Subsequently, we tested the efﬁcacy of such frequencies in a
train of square impulses applied to DRs to activate the CPG. The aims
of this study were to decode the complexity of noisy waves, and to
identify the most advantageous characteristics of frequency and site
stimulation to evoke FL episodes longer than hitherto available.

METHODS
To partially identify the mechanisms of electrostimulation able to
activate the locomotor pattern at low intensities, we ﬁrstly isolated
spinal cords from neonatal rats and recorded the motor output both
from a VR and a motoneuron. These traces were then imported in a
stimulator, as they were or after ofﬂine analysis, and either immediately delivered at varying settings to the same spinal cords or stored
for other experiments. Statistical analysis was then performed to
detect the most responsive protocols for inducing episodes of FL.
Ethical Approval
All procedures involving animals were accurately conducted
in line with the guidelines provided by the Italian Animal Welfare act, following the European Union directive for animal
experiments (86/609/EEC) and were approved by the Scuola
Internazionale Superiore di Studi Avanzati (SISSA) ethics committee. Every effort was made to reduce the number of animals
used and to minimize their suffering.
Isolation of Spinal Cords
Experiments were performed on 85 spinal cord preparations after
isolation from Rattus norvegicus neonatal pups (P0–P3), as previously reported (20). Spinal cords were dissected from the midthoracic level to the cauda equina to extract the whole spinal cord.
To keep the spinal cord viable for the duration of the experiments
(around 8 hours) in a physiological environment, preparations were
carefully mounted in a small recording chamber, continuously
superfused (5 mL/min) at constant room temperature (22–248C)
with oxygenated (95% O2; 5% CO2) Krebs solution of the following
composition (in mM): 113 NaCl, 4.5 KCl, 1 MgCl27H2O, 2 CaCl2, 1
NaH2PO4, 25 NaHCO3, and 11 glucose, pH 7.4.

Figure 1. FListim and FLintra evoke a similar FL in the continuous presence
of NMDA (5 lM) and serotonin (10 lM), an extracellular trace AC coupled from
motor pools (VRrL5; A, top) and an intracellular trace in current clamp mode
from single cell (MnrL3; A, bottom) are simultaneously recorded from the same
spinal cord to design the stimulating protocols FListim and FLintra, respectively. FListim (B, left) and FLintra (B, right) are delivered (3 lA) to the DRlS4 of
the same preparation. Both protocols evoke a similar FL episode, as for cumulative depolarization (0.98 mV FLintra vs. 1.15 mV FListim), duration (31.42 sec
FLintra vs. 31.08 sec FListim), period (1.95 sec FLintra vs. 1.81 sec FListim), regularity (0.17 FLintra vs. 0.15 FListim) and number of cycles (17 FLintra vs. 18 FListim), alternating among homosegmental VRs, as conﬁrmed by the negative
values of cross correlogram analysis (CCFhomosegmental 5 20.71 FLintra vs.
20.78 FListim). Graphs quantify the main features of FL episodes induced by
the two protocols as for number of oscillations (D), period, and cumulative
depolarization (E) CV period (F) and CCF values (G).
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activate neuronal circuits (17,18), we hypothesized that locomotor spinal circuits can be selectively recruited when delivering pulses at distinct frequencies among the principal components of the spectrum
discharge during FL. Such recordings were taken from a single motowww.neuromodulationjournal.com

Electrophysiological Recordings
Extracellular recordings were performed in DC mode (DP-304 differential ampliﬁer, Warner Instruments, CT, USA) via tightly ﬁtting
monopolar suction electrodes. Borosilicate glass electrodes (Harvard
Apparatus, MA, USA) contain an Ag–AgCl pellet and are ﬁlled with
physiological solution. In particular, recordings were taken from left
and right lumbar (L) 2 VRs, which mainly convey ﬂexor motor-pool
signals, and from left and right L5 VRs, principally expressing extensor commands (21). The alternation of discharges between ﬂexor
and extensor motor pools and between the left and right sides of
the cord proves activation of the locomotor CPG and represents the
distinctive characteristic of FL (22). In ﬁve experiments, to evaluate
cord potentials that correspond to conduction of ascending afferent
inputs induced by DR stimulation, a glass suction electrode was
carefully placed onto the ventrolateral surface of the lumbar spinal
cord at the level L6–S2. For intracellular recordings, antidromically
identiﬁed lumbar (from L3 to L5) motoneurons (23) were impaled
using borosilicate glass microelectrodes (Harvard Apparatus, MA,
USA) ﬁlled with 3 M-KCl (30–60 MX resistance), in current-clamp
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Figure 2. FLspikes, but not membrane oscillations, still induces locomotor-like cycles, albeit less numerous than FLintra. FLintra (A) and FLspikes (B) are delivered at
the same intensity of stimulation (18 lA) to the same preparation. The two protocols induce a comparable cumulative depolarization (0.74 mV FLintra and 0.68 mV
FLspikes) with superimposed a series of alternating oscillations (CCF VRs L2 20.74 FLintra and 20.68 FLspikes) of similar number (14, FLintra and 11, FLspikes), period
(2.59 s FLintra and 2.85 s FLspikes) and regularity (0.21 FLintra and 0.26 FLspikes). On the contrary, stimulation with membrane potential oscillations alone (C), at the
same amplitude as that of the background oscillation in FLintra, fails to generate any alternating oscillations (CCF 5 0.68). Averaged values in the graphs report the
higher number of oscillations (D) and greater cumulative depolarization induced by FLintra (E), while FL oscillations maintain the same period (E), CV (F) and phase
coupling in response to FLintra and FLspikes (G, * t 5 24815, df 5 8, p 5 0.001, paired t-test, n 5 9; E, * p 5 0.297, Wilcoxon signed rank test, n 5 9).
R

conditions (AxoclampV 900A ampliﬁer, Molecular Devices, LLC, CA,
USA).
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Electrical Stimulation
Single or repetitive square wave pulses were delivered in current mode to one or more DRs, using bipolar suction electrodes,
to evoke single VR responses and cumulative depolarization
(24). Stimulation required delivery at different current intensities
(minimum 5 0.6 lA, maximum 5 21 lA, mean 5 5.97 6 4.82 lA;
n 5 70) to compensate experimental changes. For delivered
noisy signals, intensity was reported as the difference between
the maximum positive and the maximum negative amplitudes
of waveforms (peak to peak). However, a comparable stimulation strength among different experiments was conﬁrmed by
precisely calculating stimulus amplitude in terms of threshold
(Th), deﬁned as the minimum intensity required to elicit a

detectable response from the homologous VR (11.29 6 4.47 lA;
n 5 70). On average, to optimally elicit FL, the lowest intensity of
stimulation used in this study was 0.52 6 0.32 times the Th
(n 5 70). To trace the most effective components of stimulation,
we repeatedly applied different stimulating protocols, either
noisy waveforms or trains of square pulses. First, Fictive Locomotion-induced stimulation (FListim) is a 30 sec or a 60 sec segment
of chemically induced FL (NMDA 4–5 lM 1 5HT 10 lM), extracellularly derived from a randomly selected VR. Traces were
acquired in AC mode with a differential ampliﬁer (DP-304,
Warner Instruments, CT, USA; gain 1000, range 0.1–10,000 Hz),
then digitalized at 10,000 Hz (DigidataV 1440, Molecular Devices,
LLC, CA, USA) and ﬁnally ofﬂine reduced to the sampling rate of
500 Hz, through ClampﬁtV 10.3 software (Molecular Devices,
LLC, CA, USA) (13,14,16). Segments of FL (30 sec) were also
derived from a single motoneuron, through intracellular recordings in current clamp mode (AxoclampV 900A ampliﬁer,
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Table 1. During FL at Different Speeds, Each Motoneuron Fires Around
Four Main Spectrum Components.
Motoneurons

Period FL (s)

8 Hz

11 Hz

35 Hz

172 Hz

#1
#2
#3
#4
#5
#6
#7
#8
#9
# 10
# 11
# 12
# 13
# 14
# 15
MEAN
SD 6

1.95
4.86
3.34
2.98
5.31
5.26
3.59
4.68
7.33
8.49
4.46
4.95
2.47
2.86
2.70
4.35
1.82

8.05
9.19
6.66
6.65
8.89
6.71
6.22
7.70
8.96
7.70
8.70
8.47
8.39
8.05
8.16
7.90
0.94

11.18
11.25
10.83
12.63
12.78
10.91
9.35
9.31
11.02
12.28
11.18
10.79
11.44
12.32
11.44
11.25
1.02

34.56
37.96
35.59
36.89
32.46
35.82
34.90
36.47
34.83
35.09
35.09
36.20
35.05
35.40
34.98
35.42
1.23

171.51
170.21
172.73
172.42
171.39
171.97
165.44
173.68
172.00
170.67
171.28
172.31
171.31
173.34
172.16
171.49
1.91

Molecular Devices, LLC, CA, USA), to deﬁne FLintra protocol.
Traces were originally digitalized at 50,000 Hz (DigidataV 1440,
Molecular Devices, LLC, CA) and then ofﬂine reduced to the ﬁnal
sampling rate of 5000 Hz, using ClampﬁtV 10.3 software (Molecular Devices, LLC, CA, USA). The trace consists of rhythmic membrane oscillations (around 25 mV) with an asynchronous
discharge of action potentials (around 60 mV) at the peak of
each cycle. Membrane potential oscillations were removed from
FLintra using ClampﬁtV 10.3 software (Molecular Devices, LLC,
CA, USA), the resulting FLspikes protocol maintained solely the
barrage of action potentials at the original amplitude. Conversely, stimulation with sole oscillations of membrane potential
was delivered at the same amplitude as that of the background
oscillation in the FLintra.
Finally, multiple frequency protocols of rectangular pulses
(duration 5 0.1 ms) were obtained by superimposing single stereotyped trains through ofﬂine analysis (ClampﬁtV 10.3 software, Molecular Devices, LLC, CA, USA; OriginV 9.0 software, OriginLab
Corporation, Northampton, MA, USA). The amplitude of multiple frequency protocols was maintained unvaried during protocol, by
removing ofﬂine sporadic events of pulse summation with OriginV
9.0 software (OriginLab Corporation, Northampton, MA, USA). All
protocols were exported (as an ASCII text ﬁle) to a programmable
stimulator (STG 4002V; Multi Channel Systems, Reutlingen, Germany)
and, then, applied to DRs.
In a subset of experiments, FListim protocol was modiﬁed
through a Matlab (MathWorksV, Natick, MA, USA) code that ﬁlters
selected frequencies values for varying bandwidths. The power
spectrums for all stimulating patterns were obtained through
ClampﬁtV 10.3 software (Molecular Devices, LLC, CA, USA).
R

R

R

R

R

R

R

R

R
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Parameters of Spinal Network Activity
Episodes of FL were thoroughly analyzed in terms of number of
oscillations, duration (calculated as the time interval between the
ﬁrst and the last cycle), periodicity (considered as the time between
the onset of two consecutive cycles) and regularity, expressed by
the period coefﬁcient of variation (CV displayed as standard deviation [SD] mean21). Cumulative depolarization of the FL episode was
always measured as the voltage difference between the onset of
www.neuromodulationjournal.com

Figure 3. Deleting the four main components from FListim deteriorates FL
episode. The four principal components found in motoneuron spectra are ﬁltered out of the power spectrum of FListim (A) to deﬁne FListim-notched,
whose spectrum is reported in B. Holes of different width centred around each
notched frequency correspond to the SD value obtained by averaging the ﬁring of the 15 motoneurons recorded. FListim (C) and FListim-notched (D) are
then applied to the same preparation at the same intensity (2 lA). FListim
induces a cumulative depolarization of 2.10 mV, with 23 alternating cycles
(CCF 5 20.72) of 2.60 sec period and 0.24 regularity. In parallel, FListimnotched evokes a cumulative depolarization of 1.96 mV, with a reduced number of oscillations (14) of the same period (2.56 sec) and regularity (0.25), and
with a phase relation among homosegmental VRs of 20.48. FListim and FListim-notched are serially delivered in four experiments at an average intensity
of 1.75 6 0.29 lA. Pooled values (mean values in gray lines) are summarized for
amplitude of cumulative depolarization (E) and duration of FL episodes (F),
showing a signiﬁcant reduction of FL after notching the FListim protocol (E, *
t 5 3959, df 5 3, p 5 0.029, paired t-test, n 5 4; F, * t 5 3,927, df 5 3, p 5 0.029,
paired t-test, n 5 4). In the whisker box in G is reported the CCF analysis for the
pair of homosegmental L2 during FL elicited by the two protocols.

electrical stimulation and the value at plateau. The strength of coupling among pairs of VRs signals was rigorously deﬁned by the
cross-correlation function (CCF) analysis performed by ClampﬁtV
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(paired or unpaired) to compare two groups of data, or ANOVA for
more than two groups.
For nonparametric values, Wilcoxon Signed-Rank test was used
for two groups, or Kruskal–Wallis ANOVA on Ranks for more than
two groups. As for multiple comparisons, posthoc tests were
applied: Tukey’s methods for parametric and Dunn’s methods for
nonparametric ANOVAs. Repeated measures within each sample of
nonparametric data were performed with Friedman test.
Results were considered signiﬁcant when p < 0.05.

RESULTS

Figure 4. Broader width notching of FListim progressively worsens FL up to
complete suppression. In A, left, FListim (duration 5 30 sec, intensity 5 0.3 3
Th) induces an episode of FL (13 cycles and CCF 5 20.45; B, left) that decays in
correspondence to progressive notching of FListim with wider amplitude
ranges (width 5 10, 30, and 50 Hz; A). The notch ﬁlter for 10 Hz intervals
decreases the number (10) and alternation of oscillations (CCF 5 20.36; B,
middle-left). FListim-notched for 30 Hz intervals further reduces number of
oscillations and their alternating pattern (7 cycles, CCF 5 0.03; B, middle-right).
Finally, 50 Hz wide ﬁltering completely suppresses FL, which is replaced by
synchronous discharges (CCF 5 0.18; B, right). Boxes in C show, for the same
cords, how FL cycles are progressively replaced by uncorrelated discharges as
the four principal components found in motoneuron spectra are ﬁltered out
of the power spectrum of FListim (C, * F 5 19.224, df 5 35, p 5 0.001, Kruskall–
Wallis ANOVA on ranks followed by multiple comparison vs. control with
Dunn’s method, n 5 4). Note that SD reported in the bar indicates a FListim in
which values of the four frequencies are notched in a bandpass interval corresponding to their standard deviation, as reported in Table 1.

10.3 software (Molecular Devices, LLC, CA, USA). A CCF greater than
10.5 indicates that two roots are synchronous, while a CCF smaller
than 20.5 shows full alternation (13).

R
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Stimulation Mimicking Action Potential Firing of Single
Motoneuron Elicits FL
Within an episode of FL sampled from a single motoneuron, we
observed two main components. The ﬁrst one was represented by
membrane potential oscillations underlying the rhythmic signal originated from the CPG (26,27); the second component was the barrage of action potentials during each cycle (28,29). To deﬁne efﬁcacy
of the latter component, membrane potential oscillations were
removed from FLintra through ClampﬁtV 10.3 software (Molecular
Devices, LLC, CA), obtaining the FLspikes protocol, which only contained the barrage of action potentials, at original amplitude. Hence,
FLspikes delivered to the same preparation and at the same intensity
of stimulation as FLintra (0.26 3 Th peak to peak) induced comparable cumulative depolarization with superimposed a series of alternating oscillations of analogous properties (Fig. 2A,B). Conversely,
stimulation with membrane potential oscillations alone, delivered at
the same amplitude as background oscillations in FLintra (Fig. 2C),
only generated sporadic, synchronous oscillations.
Interestingly, an episode of FL appeared when amplitude of the
sole membrane oscillations pattern was progressively increased,
suggesting that input to motoneurons is as effective as the output
of motoneurons (both FListim and FLspikes) in evoking locomotion
(Supporting Information Fig. 1). Analysis of nine preparations shows
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Statistical Analysis
Data were reported as mean 6 SD values and the number of spinal cord preparations was indicated as n.
Statistics were performed using SigmaStatV 3.5 software (Systat
Software, CA, USA). First, it was determined whether data approximated a normal curve, using a Kolmogorov-Smirnov normality test.
Then, all parametric values were analyzed with Student’s t-test

Fictive Locomotion Recorded From a Single Motoneuron Can
Be Used to Activate the Locomotor CPG
FL episodes extracellularly recorded from a VR and then delivered
to a DR as a stimulating protocol (FListim) elicit a rhythmic locomotor pattern (13).
The mechanisms for the efﬁcacy of this protocol remain elusive
because records obtained from a complex motor pool contain a
multitude of incompletely resolved signals (25). To simplify FListim
stimulation, we, therefore, simultaneously acquired noisy waveform
traces (30 sec) from an intracellularly recorded motoneuron in the
lumbar motor pool.
A sample experiment is shown in Figure 1, in which the rhythmic
patterns of FL evoked by NMDA and 5HT are simultaneously
recorded at VR level (top trace) and at single motoneuron level (bottom). A segment of these records (see shaded area in Fig. 1A) was
then used to reconstruct FListim, which elicited a very similar
response whether the extra (Fig. 1B) or intracellular (Fig. 1C; the latter termed FLintra) signals were used at the same intensity (peak to
peak). FL episodes evoked by either protocol were analogous for
cumulative depolarization, duration, period, regularity, and number
of alternating cycles. In four experiments FListim and FLintra were
delivered at the same intensity (8.00 6 3.91 lA; 0.60 6 0.27 3 Th) to
the same DR. The average values are shown in the histograms in
Figure 1D–F and indicate that FLintra activated locomotor patterns
as efﬁciently as FListim.
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Figure 5. A train composed of the four frequencies or of a selected pair evokes FL cycles, on par with FLspikes. In the same preparation, delivery of Four Frequency
train and FLspikes to DRrS3 at the same intensities of stimulation (3 lA; A, left and middle-left) induces a similar episode of FL, as for the mean number of oscillations
(15, FLspikes and 17, Four Frequency train), period (1.92 s FLspikes and 1.64 sec Four Frequency train), regularity (0.16 FLspikes and 0.17 Four Frequency train), cumulative depolarization (1.12 mV FLspikes and 0.69 mV Four Frequency train), and phase correlation among pairs of homosegmental VRs L2 (20.54 FLspikes and 20.64
Four Frequency train). A, middle-right, the pair 35 and 172 Hz evokes a FL similarly to the Four Frequency train, as for the mean number of oscillations (18), period
(1.75 sec), CV (0.23), cumulative depolarization (1.23 mV), and phase correlation among pairs of homosegmental L2 VRs (CCF 5 20.71). Conversely, another pair of
frequencies (namely 11 and 35 Hz; A, left) does not evoke any cumulative depolarization superimposed by alternating oscillations, but only a ﬁrst synchronous reﬂex
response. In the same cords (n 5 11), delivery at the same intensity (mean value 3.68 6 1.79 lA) of other two-frequency trains, resulting from all possible permutations, is compared to FLspikes and Four frequency train. Average values are reported in B and C, as for number of oscillations and peak of cumulative depolarization,
respectively, showing the supremacy of 35 and 172 Hz (B, Chi-square 5 71,298, df 5 7, p < 0.001, Friedman repeated measures ANOVA on Ranks followed by all pairwise multiple comparison with Dunn’s test, n 5 11; * 8 and 11 Hz, 8 and 35 Hz, 11 and 35 Hz vs. FLspikes; # 8 and 11 Hz, 8 and 35 Hz, 11 and 35 Hz vs. Four Frequency
train; § 8 and 11 Hz, 8 and 35 Hz, 11 and 35 Hz vs. 35 and 172 Hz); (C, F 5 6.319, df 5 87, p < 0.001, one way repeated measures ANOVA followed by all pairwise multiple comparison with Tukey test, n 5 11; * 8 and 11 Hz, 11 and 172 Hz, 8 and 172 Hz vs. FLspikes; # 8 and 11 Hz vs. Four Frequency train; § 8 and 11 Hz vs. 35 and
172 Hz).

that, compared with FLspikes, FLintra signiﬁcantly increased the
number of oscillations (p 5 0.008, Wilcoxon signed rank test; Fig. 2D)
and the size of cumulative depolarization (t 5 24815, df 5 8,
p 5 0.001, paired t-test; Fig. 2E right). FLs induced by the two protocols were not statistically different as for period or regularity of
cycles (t 5 0.852, df 5 8, p 5 0.419, paired t-test; p 5 0.426, Wilcoxon
signed rank test; Fig. 2E), or phase alternation (p 5 0.297, Wilcoxon
signed rank test; Fig. 2F). While the functional consequences of FLintra were only marginally stronger than FLspikes, the latter protocol
represented a simpler stimulating protocol to activate the CPG at
low intensity of stimulation.

568

Contribution of Frequency Domain to FLspike
We wondered whether activation of locomotor circuits arises
from a preferential range of motoneuronal ﬁring frequencies during
FL. To explore this issue, different concentrations of NMDA (2–5 lM
plus 5HT, 10 lM) were applied to induce FL which was intracellularly
recorded from 15 single motoneurons (L3–L5; see example in Supporting Information Fig. 2A). Then, FL records were used to extract
www.neuromodulationjournal.com

the action potentials (Supporting Information Fig. 2B) and to calculate their power spectrum (Supporting Information Fig. 2C). Despite
variation in the oscillation period (2–8 sec), it was interesting to note
that all motoneuron discharge proﬁles during FL contained four
main frequencies (8, 11, 35, and 172 Hz; Table 1). Conversely, the ﬁrst
four components of traces taken under resting conditions did not
correspond to any of the four main frequencies during FL. Indeed,
the ﬁrst four components at rest were 0.20 6 0.18 Hz; 0.87 6 0.70
Hz; 1.47 6 0.95 Hz; 2.71 6 1.51 Hz (n 5 15).
Four Distinct Frequencies Are Crucial for the Efﬁcacy of
Noisy Waves
To conﬁrm the hypothesis that the efﬁcacy of noisy waves in
inducing FL relied on four main frequencies of the ﬁring proﬁle of a
single motoneuron, we eliminated these frequencies (8, 11, 35, and
172 Hz) from the FListim trace through a Matlab (Mathworks Inc,
MA, USA) ad hoc code. This gave a protocol termed FListim-notched
that lacked the four main frequencies as demonstrated by comparing its power spectrum with the one of the original FListim
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summarized in terms of amplitude of cumulative depolarization (Fig.
3E) and duration of FL episode (Fig. 3F). Statistical analysis indicated
a signiﬁcant reduction in depolarization induced by FListim-notched
(t 5 3,959, df 5 3, p 5 0.029, paired t-test) with a locomotor episode
of lesser duration (t 5 3,927, df 5 3, p 5 0.029, paired t-test). Furthermore, we tried to deﬁne quality of FL induced by the two protocols,
using the CCF (Fig. 3G). Analysis reported that cycles evoked by
FListim-notched are as alternated as the ones evoked by FListim
(p 5 0.125, Wilcoxon signed rank test). Although FListim-notched
still evoked a FL when delivered at low intensity, the duration of
FL episodes was signiﬁcantly reduced, highlighting the importance of the four components identiﬁed.
Broadening the bandwidth of the notch ﬁlter around the frequencies of 8, 11, 35, and 172 Hz enabled us to ﬁnd out their role in FL
quality. In Figure 4A, FListim (duration 5 30 sec) was delivered to
the same preparation at constant intensity (0.3 3 Th, peak to peak)
but with progressively increasing the bandwidth (from 10 to 30 and
then 50 Hz) of notch ﬁlter centered around each of the four principal
frequencies identiﬁed.
The larger ﬁltering was conﬁrmed by gaps in the power spectrum
(Fig. 4A, bottom row), which made stimulating traces less intrinsically variable and gradually reduced number and alternation of FL
oscillations. Setting the notch ﬁlter for 10 Hz intervals only
decreased the number and alternation of oscillations (Fig. 4B). The
30 Hz notch ﬁltering (Fig. 4B middle-right) further reduced the number of oscillations, which became uncorrelated. Finally, FListimnotched for 50 Hz intervals abolished FL cycles and replaced them
with synchronous discharges (Fig. 4B).
The same experiment was performed in ﬁve preparations, in
which the different protocols were delivered at an average intensity
of 0.18 6 0.06 3 Th. The progressive worsening of FL, up to its disappearance, is expressed by CCF values that are grouped around
zero when stimulating with FListim using larger notching intervals
(Fig. 4C).

Figure 6. Induction of FL by 35 and 172 Hz train is not related to total number of pulses. The same number of pulses are delivered either as a twofrequency train (35 and 172 Hz, A) or as a stereotyped train (197 Hz, B). As
reported in the power spectrum, 35 and 172 Hz protocol contains more components than 197 Hz. In C and D, the two protocols were serially delivered to
the same preparation at the same intensity (14 lA). While 35 and 172 Hz
evokes a cumulative depolarization (2.25 mV) and an episode of FL (17 cycles
of 2.02 sec period and 0.25 regularity) with alternating oscillations (CCF
VRL2 5 20.58), the stereotyped train at 197 Hz elicits a much lower depolarization (0.48 mV) with only few synchronous discharges (CCF 5 0.78). Graphs
report a signiﬁcant reduction in cumulative depolarization (E) and loss of alternation (F) for 197 Hz (E, * t 5 3.328, df 5 6, p 5 0.016, paired t-test, n 5 7; F,
* p 5 0.031, Wilcoxon signed rank test, n 5 5).

www.neuromodulationjournal.com

C 2016 International Neuromodulation Society
V

Neuromodulation 2016; 19: 563–575

569

(Fig. 3A,B). Figure 3C,D illustrates how FListim and FListim-notched
applied to the same preparation at the same low intensity (0.22 3
Th, peak to peak) gave a similar cumulative depolarization with alternating cycles.
FListim and FListim-notched were serially delivered in four experiments at an average intensity of 0.19 6 0.04 3 Th. Pooled values are

Relative Role of the Four Main Frequencies in CPG Activation
Considering the four main discharge frequencies (8, 11, 35, and
172 Hz) during FL, we analysed their relative role in triggering the
locomotor pattern. Thus, each frequency was used to create a single
stereotyped train. The traces were then superimposed to design a
train of rectangular stimuli comprising either all four of them (Four
Frequency train; duration 5 0.1 ms; Supplementary Fig. 2D) or pairs.
In the same preparation, we could, therefore, compare the effects of
the Four Frequency train and FLspikes at the same stimulation intensity (0.3 3 Th, peak to peak; Fig. 5A, left and middle-left). The two
protocols induced a similar episode of FL. Using pairs of the main
frequencies demonstrated that 35 1 172 Hz evoked a FL similar to
the one observed with four frequency train (Fig. 5A, middle-right).
Conversely, 11 1 35 Hz frequencies (Fig. 5A right) induced just an
initial synchronous reﬂex without cumulative depolarization or alternating oscillations.
The different protocols were serially delivered to 11 preparations
at the same intensity of stimulation (mean value 0.35 6 0.13 3 Th).
Pooled values for number of oscillations and peak of cumulative
depolarization are reported in Figure 5B,C indicating the effectiveness of the various frequency combinations. In the four experiments
in which bilateral L2 and L5 roots were simultaneously recorded,
cross-correlation analysis showed an average for the homosegmental L2 CCF of 20.51 6 0. 03 for FLintra, 20.70 6 0.10 for Four Frequency train, 20.60 6 0.10 for the train at 35 1 172 Hz, and
0.21 6 0.66 for the train at 11 1 35 Hz, supporting the notion that
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Table 2. Power Spectrum Magnitude and Number of Pulses of All Stimulating Protocols used in the Study.
Protocols

Power spectrum magnitude (RMS)

Number of stimulating pulses

FListim intra
FListim membrane oscillation
FListim only spikes
DRtrain 4 frequencies
DRtrain 8 and 11 Hz
DRtrain 8 and 35 Hz
DRtrain 11 and 35 Hz
DRtrain 11 and 172 Hz
DRtrain 8 and 172 Hz
DRtrain 35 and 172 Hz
DRtrain 70 and 150 Hz
DRtrain 8 Hz
DRtrain 11 Hz
DRtrain 35 Hz
DRtrain 172 Hz
DRtrain 197 Hz

3.18621
0.07416
2.26191
0.66271
0.01646
0.05482
0.06064
0.49547
0.48359
0.59535
0.34155
0.00454
0.00732
0.04275
0.45287
0.60158

88
0
88
6379
567
1265
1281
5237
5149
5915
4285
240
330
1034
4918
5915

the combination of 35 1 172 Hz was equi-effective as the FLspikes
and Four Frequency train. Moreover, 35 1 172 Hz applied at low
intensity (5 lA, 0.5 3 Th) for a longer duration (>4 min) evoked a
prolonged episode of FL that persists up to 106.36 sec with 37 alternating cycles (Supporting Information Fig. 3).
Finally, single trains at 8, 11, 35, or 172 Hz did not evoke any
cumulative depolarization or any FL cycle (n 5 4, data not shown)
when delivered at the same intensity as FLspikes and Four Frequency
train. In summary, the minimum variability required to activate the
CPG was represented by two selected frequencies.
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Efﬁcacy of the 35 1 172 Hz Protocol Does Not Rely on
Number of Impulses or Their Power
The efﬁcacy of 35 and 172 Hz might arise from the greater
power of the protocol and/or the higher number of single stimuli, compared with trains with other frequencies. To explore this
issue, we delivered a 30-second train of stimuli at the single frequency of 197 Hz, containing the same number of impulses
(5915) as the 35 1 172 Hz protocol (see Fig. 6A,B). Table 2 reports
for all protocols used in the study the power spectrum magnitude, expressed as root mean square (RMS), and the number of
peaks.
In experiments as the one shown in Figure 6C,D, the two protocols at 35 1 172 Hz and at 197 Hz were serially delivered to the
same preparation at the same intensity of stimulation (0.56 3
Th). The train 35 1 172 Hz evoked a cumulative depolarization
and an episode of FL with alternating oscillations. On the contrary, the stereotyped train at 197 Hz only induced a weaker
depolarizing response superimposed by only two synchronous
discharges. The average values (Fig. 6E) show that the protocol
35 1 172 Hz evoked a signiﬁcantly larger cumulative depolarization than the train at 197 Hz (t 5 3.328, df 5 6, p 5 0.016, paired
t-test, n 5 7). Furthermore, CCF analysis for VRL2 conﬁrms the
presence of alternating FL oscillations only for the protocol at
35 1 172 Hz (p 5 0.031, Wilcoxon signed rank test, n 5 5; Fig. 6F).
Thus, CPG activation did not depend on the number of impulses
or power of the stimulating protocol, as it required a distinct frequency code.
www.neuromodulationjournal.com

Efﬁcacy of 35 1 172 Hz Is Not Shared by Other Pairs of
Frequencies
Provided the same number of pulses, 35 1 172 Hz protocol
always activates the locomotor rhythm, as opposed to a stereotyped
train. We wondered whether only the pair 35 and 172 Hz evoked FL
or if also other pairs of frequencies within a comparable range
(30–200 Hz) are equally effective. Thus, we randomly selected the
pair 70 1 150 Hz as a stimulating pattern. 70 1 150 Hz and 35 1 172
Hz trains were serially delivered at the same amplitude to the same
preparations and VRs responses were compared.
The protocol 35 1 172 Hz elicited a FL (Fig. 7A), while 70 1 150 Hz
did not (Fig. 7B), but only evoked a small cumulative depolarization.
Mean values from six experiments conﬁrmed that stimulation
with 70 1 150 Hz, in comparison to 35 1 172 Hz at the same intensity (0.42 6 0.16 3 Th), produces only few sporadic oscillations (Fig.
7C; p 5 0.031, Wilcoxon Signed Rank Test), a smaller cumulative
depolarization (Fig. 7D; t 5 4.810, df 5 5, p 5 0.005, paired t-test),
but never elicits alternated locomotor-like cycles (Fig. 7E; p 5 0.031,
Wilcoxon Signed Rank Test). These results demonstrate that
35 1 172 Hz is the only train that contains a distinct frequency code
able to selectively activate the CPG.
Multisite Stimulation to Trigger FL
A recent study has demonstrated robust afferent input convergence at the level of the CPG (30). Thus, we wondered whether stimulating one DR with the 35 Hz train and another one with the 172
Hz train could still efﬁciently trigger FL.
First, we delivered a train at 35 Hz to the lS4 root (intensity 0.5 3
Th), inducing cumulative depolarization superimposed by uncorrelated discharges (Fig. 8A). Afterwards, we applied a train at 172 Hz
to the contralateral DR (intensity 0.47 3 Th), evoking only few synchronous cycles superimposed by a comparable cumulative depolarization (Fig. 8B). Finally, the two stereotyped trains were
simultaneously delivered to the two DRs, inducing a locomotor
response characterized by a wider cumulative depolarization and
the presence of FL cycles (Fig. 8C). Even by swapping the DR for
these trains, FL episodes were similar (Fig. 8D), suggesting integration of afferent stimuli into synergic activation of the CPG.
In a total of three preparations, stereotyped trains at 35 and 172
Hz were simultaneously delivered to two DRs at the same intensity
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35 1 172 Hz (yielding FL), 8 1 11 Hz (unable to produce FL) and a
197 Hz train containing the same number of impulses as
35 1 172 Hz. As illustrated in the example of Figure 9A, only the
35 1 172 Hz (top, left) depolarized VRs and induced alternating oscillations, whereas the 8 1 11 Hz (middle) and the 197 Hz (left) paradigms elicited weaker VR depolarization with synchronous
discharges. At the same time we recorded (with AC coupling), from
the ventro-lateral surface of the spinal cord, a response that corresponds to conduction of ascending inputs induced by caudal stimulation. Interestingly, these stimulation protocols induced ascending
volleys, whose peak amplitude was larger for 35 1 172 Hz, compared to 8 1 11 Hz and 197 Hz (Fig. 9B, arrow) and was conﬁrmed
by pooled data from ﬁve experiments (F 5 8.931, df 5 14, p 5 0.009,
One way repeated measures ANOVA followed by all pairwise multiple comparison with Tukey test, n 5 5).
The histograms in Figure 9C summarize ﬁve experiments and indicate a signiﬁcant increase in the temporally integrated area during
the ﬁrst 500 ms for 35 1 172 Hz (F 5 9.788, df 5 14, p 5 0.007, one
way repeated measures ANOVA followed by all pairwise multiple
comparison with Tukey test). This result suggests that, at low intensities of stimulation, a distinctive frequency protocol was the most
efﬁcient to recruit ascending signals in the ﬁrst 500 ms to trigger FL.
To further test this hypothesis, the protocol at 35 1 172 Hz was
applied to DRrS4 for only 500 ms at the intensity of 0.5 3 Th and
generated an episode of alternating oscillations (Fig. 9D). In ﬁve
preparations, the 35 1 172 Hz paradigm delivered for just 500 ms
(amplitude of 1.10 6 0.65 3 Th) induced a short episode of FL with
an average of 5 6 2 alternating cycles (average CCF 5 20.67 6 0.15).

Figure 7. The efﬁcacy of 35 and 172 Hz is not shown by other pairs of frequencies in the same domain. Two trains, 35 and 172; 70 and 150 Hz, were serially delivered to the DRlS4 at the same amplitude of stimulation (3.75 lA;
0.37 3 Th). 35 and 172 Hz (A) elicited a cumulative depolarization (0.83 mV)
with superimposed 13 oscillations of FL (CCF 5 20.89), while 70 and 150 Hz
(Fig. 7B) did not evoked any alternated patterns (CCF 5 0.02) and only induced
a small cumulative depolarization (0.25 mV). Graphs highlight that the 35 and
172 Hz (white bars) statistically elicited a higher number of locomotor cycles
(C), a stronger cumulative depolarization (D) and fully alternating cycles (E)
with respect to the 70 and 150 Hz protocol (gray bars; C, * p 5 0.031 Wilcoxon
signed rank test, n 5 6; D, * t 5 4.810, df 5 5, p 5 0.005, paired t-test, n 5 6; E,
* p 5 0.031, Wilcoxon signed rank test, n 5 6).

(0.58 6 0.19 3 Th), always activating a FL episode (mean number of
oscillations 5 11 6 1; mean CCF 5 20.62 6 0.08), regardless of the
topography of DRs to which we applied single trains (mean number
of oscillations 5 10 6 2; mean CCF 5 20.58 6 0.03).

www.neuromodulationjournal.com

DISCUSSION
This data are the ﬁrst description of two principal stimulus frequencies that, when applied at very low intensity, even to distinct
sites, can generate robust locomotor patterns. For neurorehabilitation purposes, optimizing the protocols of functional electrical
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Effect of 35 1 172 Hz Stimulation on Ascending Inputs to the
Spinal Cord
Electrically stimulated sacrocaudal afferents activate the lumbar
CPG through ascending ﬁbers in the ventrolateral funiculus (31). We
wondered whether the 35 1 172 Hz protocol was the most effective
paradigm to activate these ﬁbers so that expression of FL had a
strong contribution from preferential activity of afferents in addition
to any intraspinal signal processing. Thus, we delivered to rS4 three
stimulating trains (same low intensity 5 0.6 3 Th; Fig. 9A), that is,

351 172 Hz Has Direct Access to the CPG
Even when delivered for a very short time, the protocol
35 1 172 Hz elicits a FL when applied to sacrocaudal afferents. Electrical stimulation of sacrocaudal afferents allows an easier surgical
access for neurorehabilitation purposes. However, stimulation of
caudal afferents encounters one more level of complexity, due to at
least one interneuron interposed between stimulus and CPG (31),
potentially resulting in further ﬁltering of the stimulus.
We wondered whether efﬁcacy of 35 1 172 Hz protocol is related
to afferent ﬁltering or if it is a mere frequency-dependent response
by the CPG. To address this issue, we directly stimulated the segments where the CPG is putatively located (4,5) and which are likely
to have a more direct access to the speciﬁc rhythm generating neurons. Thus, we tested if 35 1 172 Hz evoked a FL when delivered to
lumbar DRs, on par with noisy waveforms (13). As shown in Figure
10A,B, FL was equally evoked by the 35 1 172 Hz protocol when
serially delivered at the same intensity to either DRrS4 and DRrL3.
Mean value from four experiments conﬁrms that the stimulating
protocol (0.56 6 0.20 3 Th) applied to either sacral or lumbar DR
was equally effective in inducing comparable locomotor patterns, as
the number of oscillations (Fig. 10C, p 5 0.125, Wilcoxon Signed
Rank Test), period (Fig. 10D, t 5 21494, df 5 3, p 5 0.232, paired ttest), regularity (Fig. 10E, p 5 0.375, Wilcoxon Signed Rank Test), and
CCF (Fig. 10F, p 5 0.625, Wilcoxon Signed Rank Test) did not differ
between the two protocols.
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Figure 8. Multisite delivery of stereotyped trains at 35 and 172 Hz triggers FL. A train at 35 Hz (A), applied to lS4 with an intensity of 4 lA, induces a cumulative
depolarization (0.54 mV) superimposed by uncorrelated discharges (CCF 5 0.11). A train at 172 Hz (B) to the contralateral DR (intensity 2.8 lA; 0.47 3 Th) evokes
only few synchronous cycles (CCF 5 0.52) superimposed on a comparable cumulative depolarization of 0.48 mV. Two stereotyped trains are simultaneously delivered to the two DRs, inducing a locomotor response characterized by a larger cumulative depolarization (1.51 mV) and more FL cycles (CCF 5 20.64; C). Even by
swapping DRs individually stimulated by trains, FL episodes remained similar (1.68 mV of cumulative depolarization with 12 alternating cycles of CCF 5 20.60; D).

stimulation to regain standing and gait after SCI is a primary goal of
current research to improve efﬁcacy and decrease potential side
effects associated with strong electrical pulses (11,12). Our laboratory has recently discovered that noisy waveforms recorded from
VRs of animals or extracted from the EMG of walking humans
(13–16), and applied to a single DR at low intensity, most effectively
induce FL in the in vitro spinal cord. This study was, therefore,
focused on understanding what protocols are most effective in activating the CPG using relatively weak afferent stimuli.
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Locomotor CPG Activation Related to Low-Intensity
Stimulation With Selected Frequencies
One unexpected outcome of the present investigation was the
demonstration of four main components of the power spectrum
present in the VR noise during FL. Hence; the relative contribution of
a certain stimulus frequency was explored when applied in isolation
or combination with the others. We ﬁrst excluded that efﬁcacy of
multifrequency protocols depended on either the number of
impulses or the integrated stimulus strength. Two of the principal
frequencies, namely 35 and 172 Hz, fall into the domain that actiwww.neuromodulationjournal.com

vates Ab and Ac ﬁbers, which are mainly involved in conducting proprioceptive inputs (32), and may be expected to facilitate the
activity of the locomotor CPG (33), a goal that has not escaped the
attention of modern neurorehabilitation protocols (34). Nevertheless, stimulation with the high frequency train at 197 Hz, which
should have strongly activated Ab and Ac afferents (32), did not trigger FL. Thus, preferential recruitment of certain ﬁber classes could
not explain per se the present data.
We favor the hypothesis that selective activation of FL might
come from the frequency-dependent responsiveness of discrete CPG
elements. In the spinal cord, varying the frequency of epidural stimulation in man seamlessly induces different motor tasks (35), just like
in hippocampal networks, where different frequencies evoke diverse
motor behaviors (36). Recruitment of spinal network elements might
occur both at pre- and post-synaptic level. We may surmise that primary afferents synapses might act as a band-pass ﬁlter of inputs
from the periphery. Indeed, afferent stimulation within a discrete
range of frequencies increases glutamate release from presynaptic
terminals through either autoreceptors (37) or certain ionic conductances (38). These mechanisms contribute to trigger locomotor
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Figure 10. 35 and 172 Hz is equally effective on both sacral and lumbar afferents. The protocol 35 and 172 Hz is serially applied at the optimal intensity for
inducing FL to DRrS4 (7.5 lA, 0.5 3 Th) and DRrL2 (5 lA, 1 3 Th) of the same
spinal cord. Stimulation of a sacral (A) and a lumbar DR (B) evoke a similar FL
episode, as for cumulative depolarization (1.11 mV sacral vs. 0.99 mV lumbar),
duration (25.39 sec sacral vs. 28.31 sec lumbar), period (2.81 sec sacral vs. 3.13
sec lumbar), regularity (0.13 sacral vs. 0.18 lumbar), and number of cycles (10
sacral vs. 10 lumbar), which similarly alternate among homosegmental VRs, as
conﬁrmed by the negative values of cross-correlogram analysis
(CCFhomosegmental 5 20.72 sacral vs. 20.66 lumbar). Graphs quantify the main
features of FL episodes evoked by the two stimulations as for number of oscillations (C), period, cumulative depolarization (D), CV period (E), and CCF values (F).
Figure 9. 35 and 172 Hz evokes a ﬁrst ascending volley able to trigger FL

www.neuromodulationjournal.com

rhythmic patterns supported by persistent rise in network excitability
maintained by the lingering increase in extracellular potassium (39).
Conversely, at postsynaptic level, intrinsic membrane properties
might render some CPG interneurons responsive to distinct inputs
within a narrow range of frequencies (40–42). Furthermore, high frequency stimulation might modulate the balance between excitation
and inhibition, for instance by increasing adenosine release (43,44).
Finally, also the recruitment of previously silent synapses might be
involved in the efﬁcacy of stimulating patterns (45).
Future studies are needed to clarify the relative contribution by
pre- and post-synaptic effects to determine the particular frequency
range effective for FL onset.
Common Characteristics of Firing From Different
Motoneurons During FL
Spinal motoneurons show state-dependent changes in excitability
during locomotion (46–48). Rhythmically active motoneurons selectively respond to inputs at preferred frequencies (42) with both
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cycles. Three stimulating trains are serially delivered at the same low intensity (6 lA; A). Out of the three protocols, only the pair of 35 and 172 Hz (A,
left) induced an episode of 14 alternating oscillations (CCF 5 20.51), with a
cumulative depolarization of 2.06 mV. Both the 8 and 11 Hz pair (A, middle)
and the train at 197 Hz (A, right) induce a weaker depolarization (0.21 mV for
the train at 8 and 11 Hz and 0.55 mV for the train at 197 Hz), with only synchronous discharges (CCF 5 0.63 for the train at 8 and 11 Hz and CCF 5 0.76
for that at 197 Hz). In the same experiments, ascending volleys are induced
by stimulation (arrows) of the ventro lateral funiculus and are extracellularly
recorded through suction electrodes. In B, volleys in ventro lateral funiculus
are reported from beginning of stimulation (arrow) at a greater time base
scale, showing the highest response to 35 and 172 Hz, measured from peak
to antipeak (166% of 8 and 11 Hz and 151% of 197 Hz). In C, pooled data for
the ﬁrst 500 ms highlights that 35 and 172 Hz generates a signiﬁcantly
higher area of compound neural action potentials (CNAPs) than the protocol
at 8 and 11 Hz (* F 5 9.788, df 5 14, p 5 0.007, one way repeated measures
ANOVA followed by all pairwise multiple comparison with Tukey test, n 5 5).
In D, a short train at 35 and 172 Hz (duration 5 500 ms; intensity 5 2 lA)
applied to the DRrS4 of a different cord only generates an episode of six
alternating oscillations (CCF 5 20.88). Note that the same train, applied for a
longer time (30 sec) at the same intensity, elicits a longer FL episode (16
cycles, CCF 5 20.87).
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membrane oscillations consistent with a locomotor drive potential,
and stable ﬁring without frequency adaptation (mean rate 30 Hz;
maximum 170–200 Hz; 48). The distinctive range of frequencies that
characterizes motoneuron discharges during FL might be exploited
to stimulate CPG with train impulses of low intensity.
In our study, during a stable FL, intracellular motoneuronal traces
showed distinctive components unmodiﬁed by varying rhythmic frequencies. This result is in line with in vivo studies, in which motoneurons during locomotion generate coherent ﬁring independent
from walking speed (49). In this work, the same motoneuronal discharge frequencies were common among different preparations.
This observation is in accordance with the notion that the ﬁring frequency of motoneurons during FL represents a widespread taskspeciﬁc behavior (46) and that the relative role of various inputs is
kept constant regardless of individual variability (50).
FL records were consistently characterized by four main frequencies, which might be considered a remarkable state-dependent feature of locomotor activity. The same frequencies are contained in
noisy waves, which optimally activate FL. Nevertheless, electronic ﬁltering out of each one of these four frequencies did not strongly
decrease the efﬁcacy of noisy waves, unless wide band intervals
were used. Thus, the four main frequencies are not absolute values
as some scattering may be permissible.
Identifying Critical Stimulation Frequencies Was Useful to
Apply Short Stimulation Protocols
Traditionally, an epoch of 10–30 sec stimulation of nerve afferents
is used to induce an episode of ﬁctive motor pattern (10,51,52).
More efﬁcient stimulating protocols would require lower intensities
and a shorter application. Electrical stimulation with noisy waves
optimally evokes FL with a minimum application of at least ﬁve seconds (13). This study indicated that a low-intensity stimulating protocol, composed of the sole frequencies of 35 1 172 Hz, activated FL
even when applied for only 500 ms. To the best of our knowledge,
this is the shortest train of electrical impulses to elicit a FL.
The stimulation of sacrocaudal afferents at 35 1 172 Hz evoked
ascending inputs recorded from the ventro-lateral surface of the spinal cord. These signals were likely due to inputs travelling in the
ventrolateral funiculus ﬁrst reaching sacral relay neurons (51) and
then lumbar segments, where locomotor CPG neurons are putatively located (53). Conversely, the protocol was optimally able to
induce FL when applied to upper lumbar dorsal afferents with close
and direct access to the CPG (4,5), suggesting that efﬁcacy of
35 1 172 Hz is not related to the ﬁltering by afferents, but it is a
frequency-dependent response of the CPG.
Thus, the protocol at 35 and 172 Hz represents the simplest protocol that still preserves the advantages of noisy waves (13–16) and
maximizes the beneﬁts of afferent stimulation with variable inputs
of weak strength (54,55). The selective efﬁcacy of 35 1 172 Hz in
inducing FL is not shared neither with a stereotyped train containing
the same number of pulses nor with another train of two frequencies randomly selected in a comparable frequency domain. Interestingly, the stimulation protocol at low intensity remained effective
even when the single frequencies of 35 and 172 Hz were applied to
two different DRs converging onto the CPG (30).
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New Perspectives for Deciphering the Functional
Organization of the Locomotor CPG
The optimal induction of FL by the pair 35 1 172 Hz, when delivered to the spinal segments where speciﬁcally rhythm generating
neurons are located, could suggest this protocol as a valuable experimental tool to selectively decode the functional organization of spiwww.neuromodulationjournal.com

nal networks and their integration of afferent inputs. To this
purpose, experiments with the spinal cord from knock-out mice
ablating certain interneuronal subtypes (5,56) could help identify
the spinal neurons essential to trigger a FL in response to weak multifrequency stimulation. Although the study was performed on neonatal rats, preliminary tests showed that stimulating protocols at
low intensity were likewise effective on spinal cords of neonatal
mice. Optogenetic approaches (57,58) could adopt pulsing light
stimuli at different frequencies, to identify the location of neurons
selectively recruited by each protocol.

CONCLUSION
The results of this study might suggest a new strategy of electrical
stimulation to recover standing posture and locomotion after a
motor lesion. In view of statutory restrictions concerning the electromedical devices used for stimulation, the most feasible approach to
translate the present main ﬁnding is to conjointly use two electromedical devices, each one set at 35 or 172 Hz output. Each train
should be individually applied to one of two different afferents, to
reconstitute the pair of effective frequencies at CPG level.
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Supplementary information

Figure S1. By increasing stimulus strength, membrane potential oscillations also effectively
evoke locomotion. The same stimulating pattern consisting of sole membrane oscillations is
unable to generate FL when delivered at the amplitude of 2.6 µA (same trace of Fig. 2). When
stimulus amplitude (peak to peak) is progressively increased to 3.5 µA (B) and finally to 4.6 µA, a
burst of synchronous discharges was replaced by an episode of alternating cycles on VRs.

Figure S2. Power spectrum of FLspikes reveals four main frequency components. Through off
line analysis, membrane potential oscillations were removed from the original traces recorded from
a single motoneuron (MnlL4; A) in order to design FLspikes (B). In C, the Fourier analysis of
FLspikes identifies four main components in the low (8 and 11 Hz), intermediate (35 Hz) and high
frequency ranges (172 Hz). The four single trains of pulses centered around the main components
of the spectrum in C are superimposed to obtain the Four Frequency train protocol (D).

Figure S3. A longer stimulation with 35 and 172 Hz augments the number of FL cycles. A 35
and 172 Hz train of longer duration (280 s) was delivered to DRrS4 at 5 µA (0.5 x Th). In response
to stimulation, a long-lasting (106.36 s) episode of 37 FL cycles (period = 2.93 ± 0.59 s) appears at
the top of cumulative depolarization (0.39 mV).

Discussion
In the present thesis, I focus my attention on three main issues: 1) understanding
the features that make electrical stimulation with sub-threshold noisy waves
effective for activating locomotor patterns, 2) investigating how the noisy
stimulating protocol can be facilitated by innovative pharmacological agents, and 3)
exploring the effect of multi-site spinal cord stimulation.
As a first approach, I compared the appearance of locomotor-like patterns in
response to different noisy stimulating waveforms. Since FL bursts recorded from
VRs show a narrow range of the main periodicity (Juvin et al., 2007), I recorded the
electrical activity from multiple muscles of adult volunteers during real locomotion
and during the execution of several phasic and rhythmic motor tasks to obtain a
wide palette of noisy protocols. I compared the number of locomotor-like cycles
induced by intrinsically variable protocols and by the sinusoidal trajectories of the
kinematic analysis acquired during the same sessions of locomotion. This
demonstrates that only the noisy waveforms obtained from EMG recordings—not
the smooth kinematic profiles—are able to induce an epoch of locomotor-like
oscillations. This observation is reminiscent of the loss of the efficacy of fictive
locomotor waveforms when they are progressively acquired at lower sampling
frequency (Taccola, 2011).
Proprioceptive feedback from flexor and extensor muscles plays a crucial role
during the gait cycle. Indeed, while extensor-muscle feedback is mainly involved in
controlling the stance phase, avoiding swing initiation when the leg is loaded,
afferent inputs from flexor muscles are important in facilitating the initiation of the
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swing phase during walking (Lam and Pearson, 2002). Moreover, gait starts with
the activation of a flexor muscle: namely, the tibialis anterior (TA) of the swinging
limb (Crenna and Frigo 1991). However, in experiments performed for the current
thesis project, episodes of FL were equally triggered regardless of the origin of
stimulating EMG protocols. The same observation was obtained from noisy
waveforms sampled in vitro from L2 or L5 VRs (Taccola et al., 2011) mainly
convoying extensor and flexor commands (Kiehn and Kjerluff, 1996).
On the other hand, the noisy patterns acquired during standing or isometric muscle
contraction are unable to elicit FL, thus indicating the importance of a low
frequency phasic component in the noisy paradigms. Currently, the stimulation
protocols that are employed in vitro to evoke an episode of FL are based on trains
of square pulses delivered at 2Hz (Marchetti et al., 2001a; Juvin et al., 2007;
Dunbar et al., 2010). This value is comparable to the stepping frequency in adult
rats (1.3–4 Hz; Krizsan-Agbas et al., 2014; Bellardita and Kiehn, 2015), humans
(1.30-2 Hz; Snaterse et al., 1985) and to the frequency of a chemically-induced FL
in an in vitro spinal cord (1-5 Hz; Atsuta et al., 1990; Juvin et al., 2007).
EMG traces sampled from volunteers during the execution of different motor
behaviours show scarce task specificity in inducing FL episodes. In fact, all
stimulating patterns obtained from noisy and phasic EMGs that are characterized
by a periodicity near that of the locomotor trials (1 Hz) were able to activate the in
vitro CPGs.
From this first part of the study, it emerged that the sole noise is not per se
sufficient to induce FL: a low-frequency component is also crucial, as already
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considered

by

the

canonical,

stereotyped

stimulation.

To

interpret

the

improvements provided by the innovative protocols studied in this thesis, an
intriguing working hypothesis is formulated: that elements of the locomotor CPGs
are selectively recruited by a distinct frequency code contained in the noisy
waveforms among the many others frequencies that characterize their complex
spectrum. Indeed, in other networks, it has been demonstrated that different types
of neurons have distinct frequency preferences (Pike et al., 2000).
To verify whether a particular frequency content is involved, noisy waveforms were
progressively filtered by reducing the number of original frequency components.
Moreover, to further simplify the complex nature of noisy waveforms recorded from
motor pools, intracellular recordings were collected from a single motoneuron.
Indeed, at the level of a single motoneuron, the appearance of harmonics due to
desynchronized firing among motoneurons in the same motor pools is minimized
(Wever et al., 1937; Lambertz and Langhorst, 1998). In addition, by delivering the
sole electrical oscillations of the motoneuronal membrane during FL, it is also
possible to stimulate the locomotor CPG with its putative output.
All protocols of stimulation obtained from the electrical activity of a single
motoneuron during FL are able to induce a long-lasting episode of FL when
delivered at sub-threshold intensities. In other words, they are unable to induce a
reflex response when applied to a DR as a single square pulse. Nevertheless,
paradigms obtained from intracellular recordings are slightly less effective than
protocols extracellularly derived from VRs and delivered to the same peak-to-peak
amplitude. This indicates that the intrinsic variability of a single motoneuron firing is
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not able to faithfully reproduce the noise recorded from the entire motor pool. Then,
the small contribution of other sources of noise must be considered at the base of
the satisfactory activation of the locomotor CPGs by noisy waveforms sampled
from VRs or muscles.
Nonetheless, the power-spectrum analysis of the firing activity during FL from
single motoneurons is useful to reveal four main characteristic frequencies. These
frequencies are also identified a posteriori in the noisy waveforms recorded from
VRs, which in fact become less effective when the same frequencies are
selectively filtered out using an ad hoc, custom-made Matlab code. The four
components are good candidates for the optimal activation of the locomotor CPG.
Indeed, the four frequencies identified are able to activate an episode of FL when
applied simultaneously as a multifrequency paradigm.
Different permutations were delivered to further simplify the multifrequency protocol
and at the same time identify the most effective components among the four
identified frequencies. This analysis shows that the best protocol is a train of
square pulses that contain the following pair of frequencies: 35 and 172 Hz. This
efficacy depends neither on the number of pulses applied nor on the energy of the
protocol, as the random selection of a different pair of frequencies with an equal
number of pulses and spectrum magnitudes triggered lower episodes of locomotor
patterns.
Furthermore, the 35-172 Hz protocol is effective even when applied for only
500ms, making it the shortest stimulating protocol currently available to induce FL
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(Juranek and Currie, 2000; Marchetti et al., 2001a; Strauss and Lev-Tov, 2003;
Taccola, 2011).
Studies conducted in other districts of the CNS highlight the importance of 35 or
172 Hz when individually applied; so far, however, they have never been delivered
simultaneously. For instance, in the ponto-cerebellum, stimulation around 40 Hz
selectively activates the auditory region (Pastor et al., 2002; Pastor et al., 2008)
while, stimulation of the vagus nerve in the frequency range of 130-180 Hz is more
effective for inhibiting seizure episodes (Jiao et al., 2016).
Despite improvement in eliciting locomotor patterns of longer duration and with a
shorter and weaker protocol than the canonical electrical stimulation of DRs, the
effect of noisy stimulation remains transient as opposed to the stable FL induced
by neurochemicals. Also, the electrical stimulation with a stereotyped train of
pulses is able to induce only transient episodes of locomotor-like patterns (Lev-Tov
and Pinco, 1992; Marchetti et al., 2001a). Thus, to prolong the activation of
locomotor spinal circuits, specific pharmacological agents acting on spinal
networks were explored (Cote et al., 2003; Guertin, 2004b; Gerasimenko et al.,
2007). To this purpose, in the current project, the modulatory effects of oxytocin on
locomotor networks and its effect on motoneuronal membrane and synaptic spinal
transmission were investigated. Oxytocin has previously been demonstrated to
modulate spinal networks (Pearson et al., 2003; Barrière et al., 2005). This effect is
reminiscent of the neuromodulator role of other neuropeptides (Marchetti and
Nistri, 2001c). In the current thesis, the modulatory effects of oxytocin were
ascribed to pre-motoneuronal networks as pointed out by intracellular recordings
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performed from single motoneuron in the presence of blockers of the action
potential-mediated transmission (Marchetti et al., 2003). As for the mechanism of
action of oxytocin, the experimental part of this thesis, in which isolated spinal cord
was treated overnight with the inhibitor of the tryptophan hydroxylase, pchlorophenylalanine (PCPA, 10 mM; Branchereau et al., 2002), demonstrates that
oxytocin facilitates the endogenous release of 5HT. An original contribution of this
study is the discovery that a nanomolar concentration of oxytocin (1nM) improves
the electrical stimulation with noisy waveforms by facilitating FL even at weaker
intensity. Interestingly, the oxytocin did not have, at the same nanomolar
concentration, any significant action on reflexes, thus indicating that a more
complex spinal network is recruited by the neuropeptide.
As already stated, the fact that FL elicited by optimal noisy waveform protocols can
be further improved by neurochemicals suggests the importance of a combined
approach to activate locomotor patterns (Guertin and Hounsgaard, 1998;
Gerasimenko et al., 2007; Courtine et al., 2009; Gad et al., 2013).
However, even in the presence of the best neurochemicals explored so far, the
electrical stimulation of a DR evokes a number of FL cycles that remain
dramatically lower than the one elicited through the direct activation of spinal
circuits by the un-physiological bath-application of neurochemicals to the entire
cord. This indicates that further aspects have to be considered to improve the
effect of the current electrical paradigms. Among them, I considered the potential
existence of a spinal-gating mechanism responsible for filtering trains of
stereotyped input persistently delivered (Weinberg, 2013). In this context, sub-
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threshold paradigms as the noisy waves would prevent blockage of charge
conduction along dorsal fibres. Although recordings from isolated DR (unpublished
observation), do not show any block in conducting afferent volleys, a fatiguing
effect of continuous electrical stimulation on primary afferents cannot be excluded
(Lee and O’Donovan, 1991). Indeed, FL episodes can be elicited in the long term
only when an adequate pause (3-5 min) is interposed between two consecutive
protocols (Dose and Taccola, 2012; Dingu et al., 2016). Accounting for this
limitation, a potential way to increase the efficiency of electrical stimulation is to
swap among multiple DRs during the stimulation. Nevertheless, it must be
confirmed that multiple pulses applied to different DRs converge on the same
locomotor network. Indeed, while it has been shown that electrical stimulation of a
DR resets the locomotor-like patterns generated by neurochemicals (SqalliHoussaini et al., 1993; Iizuka et al., 1997; Dose and Taccola, 2012), it has not yet
been demonstrated that single pulses applied to a different DR perturb rhythmic
patterns elicited by the repetitive stimulation of another DR.
The experimental part of this thesis indicates that afferent inputs coming from
multiple DRs converge to generate locomotor rhythm, thus opening the possibility
to decompose the most effective stimulating protocol to multiple sites. Accordingly,
the optimal multifrequency protocol (35-172 Hz) was separately delivered with a
multi-site approach to two different DRs without losing efficacy.
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Comparison between noisy waveform protocols and stereotyped trains
of rectangular pulses.
Many parameters of the trains of stereotyped rectangular pulses (DRtrain) were
varied without significant impact on the duration of FL episodes (Lev-Tov et al.,
2000; Marchetti et al., 2001a; Whelan et al., 2000; Delvolvé et al., 2001; Strauss
and Lev-Tov., 2003). The intensity of stimulation was explored in the range of 1.5
to 3 times the threshold, while the pulse frequency ranged from 1 Hz to 10 Hz. The
duration of each pulse was changed from 0.1 ms to 4 ms (Lev-Tov et al., 2000;
Marchetti et al., 2001a; Whelan et al., 2000; Delvolvé et al., 2001; Strauss and LevTov., 2003), and single pulses were delivered monophasically (Marchetti et al.,
2001a) or biphasically (Joucla et al., 2016).
Although only a few studies have highlighted the benefits of variations in the
stimulus shape (McIntyre and Grill, 2002; Hofmann et al., 2011), the vast majority
of stimulation protocols used in research and in clinics deliver stereotyped trains of
pulses. However, some studies have developed stimulation techniques that are
based on the use of signals sampled from biological sources (Rolston et al., 2010;
Hebb et al., 2014; Wenger et al., 2016) to provide more natural information to finely
tune neuronal networks.
A unique protocol of stimulation that consists of noisy electrical oscillations
sampled from a motor nerve during the pharmacological activation of the locomotor
CPG in vitro (FListim) has been proposed to elicit longer episodes of locomotor-like
patterns (Taccola, 2011). Though the mechanism of an intrinsically variable
paradigms pattern has to be fully clarified, a hypothesis comes from the possibility
that some interneurons crucial for the expression of the locomotor program are
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selectively activated by discrete frequencies. For instance, Renshaw cells, which in
mice are responsible for the expression of FL episodes elicited by the electrical
stimulation of a VR (Wenner et al., 1998), activate different receptors on
postsynaptic targets according to the frequency of stimulation (Lamotte d'Incamps
and Ascher, 2008). From this point of view, a stimulus with very complex frequency
spectrum, such as FListim, can embrace all possible candidates.
An additional explanation might consider changes in transmitter release from
afferent terminals in response to distinct frequencies of stimulation (Tong and
MacDermott, 2014). Possibly, the ensemble of frequencies contained in FListim
would determine a profile of transmitter release on the elements constituting the
CPGs that differ from the one induced by stereotyped trains (Eliot et al., 1994;
Tawfik et al., 2010). To this reference, the amount of glutamate released from
primary afferent synapses is modulated by the frequency of inputs that travel along
axons (Sluka et al., 2004; Tong and MacDermott, 2014).
Furthermore, it must be considered that noisy and stereotyped stimulating
protocols may recruit different set of afferent fibres according to their strength of
stimulation (Koga et al., 2005).
According to a finalistic interpretation, it can be speculated that the best afferent
stimulation is one that mimics the phasic and noisy nature of the sensory feedback
that rhythmically reaches the spinal cord during locomotion. Although noisy waves
sampled from VRs do not represent the physiological feedback, it has been
demonstrated by recording from DRG in cats walking on a treadmill that the
afferent feedback during locomotion pairs with the pattern simultaneously derived
from VRs (Loeb et al., 1977).
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Moreover, during locomotion, afferent feedback generated from periphery as a
consequence of the continuous alternate movement of the lower limbs interacts
with the locomotor CPGs and helps to modulate both the timing and magnitude of
the locomotor pattern (Pearson et al., 1998; Pearson et al., 2003; Grillner and
Jessell, 2009). Indeed, in isolated spinal cords with hind limbs attached, the
pharmacologically-induced FL is abolished by complete dorsal rhizotomy (Acevedo
and Diaz, 2013). These observations suggest that the noisy nature of the afferent
feedback and other asynchronous patterns agree with the intrinsic logic of the
locomotor CPGs in processing peripheral input for the expression and control of
the locomotor program.

Noise makes stimulating patterns more effective to elicit FL.
An important property of the innovative stimulating protocols introduced in this
thesis is constituted by their "noisy" content. The noise is a key component of a
wide range of biological systems (Hubbard et al., 1967; Faisal et al., 2008). At the
level of a single neuron, it appears as random fluctuations of membrane potential
(Jacobson et al., 2005). The nervous system is permeated by noise from the
perception of sensory signals to the generation of motor responses. Neurons are
influenced by noise arising from both intrinsic and extrinsic sources.
For instance, ionic channels show variations in the conductance driven by thermal
fluctuations (Steinmetz et al., 2000). Furthermore, electrical noise, such as channel
noise, which refers to the probabilistic gating of voltage-dependent ion channels
(White et al., 2000; Steinmetz et al., 2000; van Rossum et al., 2003), induces
53

membrane-potential fluctuations even in the absence of synaptic inputs.
Nevertheless, synaptic activity also generates noise (Destexhe et al., 2001).
Spontaneous miniature postsynaptic currents (mPSCs) contribute to synaptic noise
(Faisal et al., 2008), as they derive from the quantal release of the
neurotransmitter, which in turn follows a probabilistic, Gaussian distribution (Katz
and Miledi, 1962). Another source of noise derives from a common property shared
by neurons that generates action potentials: spike-frequency adaptation (SFA). It
consists in a decline in the neuronal firing rate in response to a constant and
prolonged stimulus. At the base of SFA are variations in ionic intracellular
concentrations that activate hyperpolarizing conductances (Peron and Gabbiani,
2009).
In spinal motoneurons, SFA is a fundamental property that modulates repetitive
firing. It seems that the mechanism underlying SFA in motoneurons is mainly
mediated by the slow inactivation of Na+-channels (Miles et al., 2005). However, it
is more likely that SFA in spinal motoneurons is ensured by several channels that
act together. To this regard, the pharmacological blockade of a set of channels will
result in an enhanced contribution of the others (Powers et al., 1999).
In nonlinear systems such as several sensory systems, noisy basal fluctuations
provide substantial improvements in detecting weak periodic signals according to a
phenomenon called stochastic resonance (SR; Douglass et al., 1993; McDonnell
and Abbott, 2009). Already at the level of a single mechanoreceptor, external noise
is relevant for sensing small periodic signals in the environment (Ivey et al., 1998).
SR phenomenon has also been reported in sensory neurons (Douglass et al.,
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1993) and in the neuromotor system (Martínez et al., 2007). For instance, the
sensitivity of muscle spindle receptors to weak limb movement can be increased by
introducing noise through the tendon of the parent muscle (Cordo et al., 1996).
The concept of SR has been applied to the contribution of intrinsic variability in
increasing the performance of non-linear neuronal networks (Rabinovich and
Abarbanel, 1998). Here the addition of noise enhances synchronization among
different coupled oscillators (Lindner et al., 1996) that in turn increase the
coherence of the spiking response of neurons, improving in this way the ability to
respond to weak stimuli (Liu et al., 1999).
Moreover,

SR

has

been

hypothesized

as

a

mechanism

for

neuronal

synchronization of different brain areas (Kitajo et al., 2003) and hippocampal
neurons (Stacey and Durand, 2001).
SR has also found some interesting applications in clinical research. Transcranial
stimulation with random electrical oscillation is able to increase the excitability of
cortical neurons (Terney et al., 2008). Interestingly, the latter effect is reported only
when the full frequency spectrum is employed (from 0.1 to 640 Hz) (Terney et al.,
2008). This evidence strengthens the hypothesis that the effectiveness of noisy
stimulating waves resides in the inherent variability of the signal and that through
stochastic resonance recruits spinal neuronal networks.
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Conjoint pharmacological and electrical stimulation facilitates FL.
A promising approach in rehabilitation for the recovery of function after SCI is the
modulation towards the physiological state of the spinal cord circuitry (Lavrov et al.,
2006; Gerasimenko et al., 2007; Courtine et al., 2007; Lavrov et al., 2008;
Gerasimenko et al., 2009).
A SCI induces complex biochemical changes that result in both direct mechanical
injury and secondary pathophysiological mechanisms caused by the initial trauma
(Rowland et al., 2008). In particular, following a SCI, the descending transport of
neurotrasmitters synthetized in supraspinal centres is interrupted, causing a
significant reorganization of the sensorimotor pathways caudally to the lesion
(Nacimiento et al., 1995).
For this reason, input to the spinal cord is interpreted differently from the intact
condition. For instance, after a SCI, the excitability of CPGs is changed, leaving
some synapses hyperexcitable and others hypoexcitable (Calancie et al., 1993;
Edgerton et al., 2001).
The exogenous application of pharmacological agents can restore the physiological
biochemical environment of the injured spinal cord. In particular, the low dosage of
the 5HT receptor agonist, quipazine (Gerasimenko et al., 2007), the dopamine
precursor, L-DOPA (Guertin, 2004b), or the alpha-2 agonists, clonidine (Côté et al.,
2003), have been shown to facilitate locomotion in spinalized animals (Rossignol
and Barbeau, 1993). When administered during spinal stepping in cats, 5HT exerts
a facilitatory effect by increasing the step length and the EMG amplitude of hindlimb extensors and flexors muscles (Barbeau and Rossignol, 1990). However, on
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spinalized mice, the treatment with quipazine alone is not sufficient to enhance
stepping ability, highlighting the need of multiple strategies (Fong et al., 2005). It
has been suggested that 5HT binds to receptors located in the dorsal horn of the
lumbosacral spinal cord (Liu et al., 2002), thereby facilitating the primary afferentsynaptic responses onto dorsal horn neurons (Lopez-Garcia JA, 1998). Therefore,
5HT seems to favour interneuronal dorsal pathways related to proprioceptive and
cutaneous inputs (Fong et al., 2005). However, its action on the dorsal network is
far from exclusive, as 5HT cooperates with NMDA by inducing FL from the sole
ventral hemicord (Taccola and Nistri, 2006).
Pharmacological and electrical stimulation may conjointly facilitate the recruitment
of CPGs (Fong et al., 2009), thereby modulating the physiological state of the
spinal cord toward one that can more readily generate locomotion (Chau et al.,
1998b; Gerasimenko et al., 2007; Edgerton et al., 2008; Courtine et al., 2009; Van
den Brand et al., 2012).
As a good translation of this principle, the combined application of buspirone, a
partial agonist of 5HT1A receptors, with transcutaneous electrical stimulation
facilitates stepping in individuals with complete motor paralysis (Gerasimenko et
al., 2015). Analogously, weak FListim delivered in the presence of sub-threshold
concentrations of NMDA and 5HT cooperates in facilitating the appearance of FL
rhythm (Dose and Taccola, 2012). Nevertheless, the vast majority of the molecules
explored so far are not suitable for human systemic pharmacotherapy due to a
general excitation of the central nervous system and other peripheral targets.
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A new drug combination has been recently shown to produce robust hind-limb
stepping with weight-bearing capabilities in SCI persons (Guertin et al., 2010), and
it appears to be quite safe for human use (Guertin and Brochu, 2009; Guertin et al
2011). However, this drug combination has not been used conjointly with electrical
stimulation; thus, further investigations are warranted.
In this thesis, oxytocin is chosen as a neuropeptide of interest because it has been
previously shown to modulate chemically-induced locomotor patterns (Pearson et
al., 2003; Barrière et al., 2005) and because it has been safely employed in several
clinical trials for the treatment of multiple disorders of the CNS (Gimpl and
Fahrenholz, 2001).
I discovered that oxytocin facilitates neuronal rhythmic activity and the emergence
of FL episodes in response to weak noisy waveforms. This effect, however, occurs
in a very narrow range of concentrations. This is probably due to the selective
localization of its receptors on discrete neuronal elements (Liu et al., 2003; Chini
and Manning, 2007) and to the fact that, at higher doses, it might exert a reflex
depressant action (Wilson et al., 2009), thereby negatively affecting the
transmission of inputs to CPGs.
When I applied it at low concentrations during conjoint stimulation with weak
FListim, oxytocin induced the appearance of FL episodes; at high concentrations,
however, this result is not observed. Low-dose oxytocin and weak electrical
stimulation show to synergize, since the effect produced by their conjoint
application is greater than the sum of their single effects. Indeed, the synchronous
pattern evoked from VRs that stimulate weak noisy waveforms is converted into a
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locomotor-like pattern when the two treatments are co-applied. On the contrary,
neither increasing the strength of stimulation nor higher concentrations of oxytocin
are able to reinstate FL.
Since afferent fibres do not express oxytocin receptors (Moreno-Lo´pez et al.,
2013), the facilitation exerted by oxytocin on the sub-threshold electrical stimulation
probably depends on a discrete distribution of its receptors on specific neuronal
elements that are capable of selectively contributing to the expression of FL
(Schoenen et al., 1985; Liu et al., 2003; Chini and Manning, 2007). Oxytocin
receptors have been shown to modulate 5HT release (Eaton et al., 2012; Marazziti
et al., 2012), which in turn acts on different receptor subtypes (Barnes and Sharp,
1999), thereby producing different cellular responses (Garraway and Hochman,
2001). Thus, oxytocin action depends on where and how the endogenous 5HT is
liberated.

Relevance of stimulation frequency to the activation of the locomotor
CPG.
The cartoon below illustrates a wiring diagram that may explain the findings of the
multi-site stimulation collected in the present thesis. According to this model, two
levels of filter for afferent inputs exist: the first for amplitude and the second for
frequency. Moreover, DRs do not directly innervate locomotor spinal networks, but
rather use an afferent relay that consists of multiple functional units in parallel.
Through this relay, inputs from three distinct DRs along the lumbosacral spinal cord
require specific characteristics to ultimately activate the locomotor CPGs.
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Simultaneous sub-threshold amplitude pulses of the three DRs cannot be summed
to transmit an activating signal to CPGs. In contrast, multi-level pulses of subthreshold frequency and supra-threshold amplitude can be summed to reach the
threshold frequency and activate CPGs when they are given in a staggered way.
Note that here the threshold values are considered as those that can activate
CPGs without any direct relation with the threshold intensity for eliciting a reflex
response from motoneurons.
Such a model could represent the basic structure for the integration of afferent
inputs by the locomotor CPGs, as revealed by the data of the present thesis. The
afferent relay in our wiring diagram is reminiscent of the relay neurons in the
sacrococcygeal spinal cord, previously proposed to drive lumbar rhythms (Strauss
and Lev-Tov, 2003).
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Figure 8. A wiring diagram providing a rational, schematic explanation for the effect of multisite electrical stimulation. Three afferent synapses that correspond to capacitors in electronics
(indicated with electronic symbol) are depicted at the bottom. In this particular investigation, only
three inputs are used; but a convergence of many more peripheral afferents may be considered in
an in vivo situation. The synapses of these afferents process the amplitude of the inputs in a nonlinear manner (as indicated by the Zener diode symbol). These signals can only pass the synapse if
they reach a certain intensity threshold. According to this concept, multiple, simultaneous 2 Hz
trains, each of sub-threshold amplitude, will not lead to an activation of the locomotor pattern. This
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may, then, be interpreted as a first amplitude-dependent processing of signals prior to any
relevance for stimulation frequency. Next in our diagram is a downstream relay, which acts as a
frequency filter and is indicated as an electronic symbol for band-pass filter (inductance plus an inseries capacitor). This part of the circuit is responsible for selecting a discrete range of input
frequencies. At the level of the band-pass filter, multiple afferent trains may converge and, as long
as each of these is at suprathreshold amplitude, temporal summation may occur to recompose the
frequency threshold. According to this concept, a staggering of sub-threshold frequency stimuli
adds up to a frequency that can pass through the band-pass filter. Through the band-pass filter,
signals are passed on to a starter circuit that drives the ignition of the rhythmic locomotor pattern.
The existence of a starter circuit driven by afferent inputs can explain why, experimentally, only few
cycles of FL are induced by electrical stimulation of a DR while the direct activation of FL by
chemicals is characterized by a stable and prolonged locomotor pattern (maintained for as long as
chemicals remain present). It is important to note that, although this simple wiring diagram may be
considered for stereotyped trains (i.e., only one stimulation frequency at a time), inputs of a more
variable nature (e.g., noisy waveforms) may exploit the presence of the non-linear synapse
(capacitor) downstream of the inductance of the band-pass filter. Herein, multiple stimulation
frequencies passing the inductance of the band-pass filter add up at the non-linear synapse
(capacitor) of the band-pass filter.

Conclusion
From the results collected in this thesis, noisy waveforms result in a more efficient
protocol than the canonical, stereotyped trains for activating the locomotor centralpattern generators in the spinal cord. Unfortunately, with the technology currently
available, it is not feasible to use these variable signals for the stimulation of the
spinal cord in a clinical setting.
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Disassembling the complexity of the noisy waves makes it possible to apply them
in clinical electrostimulators.
An approach that may improve the neurorehabilitation for motor recovery after
spinal injury is the simultaneous delivery of two stereotyped trains of pulses, each
set at distinct values and applied to different sites. Due to the lower intensity
required, this method makes it possible to reduce the energetic demand of
implantable stimulator and reduce the adverse effects.
Finally, the conjoined application of innovative and safe neuromodulators seems to
be crucial for the yield of the electrical stimulation.
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APV
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ATP

Adenosine triphosphate
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Commissural interneurons

CNQX

6-cyano-7-nitroquinoxaline-2,3-dione
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Central nervous system

COM

Center of mass
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FL

Fictive locomotion
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Fictive locomotion induced stimulation
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γ-aminobutyric acid
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Glycine
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Golgi tendon organs

L

Lumbar
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L-3,4-dihydroxyphenylalanine
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