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Abstract

Objectives: Implantation of stimulating electrodes into the basement of the vertebral spinous
process allows the electrodes to be quickly and stably fixed relative to the spinal cord. Using this
approach, we have previously shown the selectivity of rat muscle activation during transvertebral
stimulation (TS). In this work, we investigated the TS to induce forward stepping of the cat’s
hindlimbs in comparison with epidural stimulation (ES).

Materials and Methods: TS was performed with an electrode placed in the VL3-VL6
vertebrae in five decerebrated cats. ES was performed on the same cats in L5-L7 segments.
Kinematic parameters of stepping were recorded in addition to electromyographic activity of
musculus (m.) iliopsoas (IP), m. tibialis anterior (TA), and m. gastrocnemius lateralis (GL) of both
hindlimbs.

Results: With VL3-VL4 TS, all five animals were capable of bipedal forward stepping, whereas
VL5 and VL6 TS led to the forward stepping in 3 of 5 and 1 of 5 animals, respectively. Well-
coordinated muscle activity led to a high level of intra- and interlimb coordination. Kinematic
parameters of TS-induced stepping were similar to those obtained with ES. The TS of the VL3
vertebra causes the frequency lock with the integer multiple of the stimulation frequency. Similarly
to the rat model, TS-evoked muscle responses were site specific. They were minimal during VL3
TS and were maximal during VL4-VL5 TS (IP) and VL5-VL6 TS (TA, GL).
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Conclusions: The obtained results support hypotheses about the location of the central pattern
generators in the upper lumbar spinal segments. The proposed approach of electrode placement
is surgically easier to perform than is ES. This approach is useful for studying site-specific
neuromodulation of the spinal sensorimotor networks and for investigating new strategies of
locomotor recovery in animal models.
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INTRODUCTION

Locomotion is a crucial ability of all animals and humans. The loss of this essential
function dramatically impairs the quality of life in patients with spinal cord injuries.1-2
Such injuries partly or totally isolate the spinal cord neuronal circuitries from supraspinal
control, resulting in complete or partial paralysis of the lower extremities® and multiple
dysfunctions of the pelvic organs.* A large body of work is dedicated to the different
techniques of exogenous modulation of the activity of these circuitries to find suitable
methods for locomotor recovery.®

In acute or chronic experiments, the locomotion may be elicited in different animal models
(intact, spinalized, or decerebrate) by many techniques such as forelimb facilitation,5
perineal stimulation,” and tail pinching,8 in addition to chemical,® magnetic,10 and electrical
stimulation.1-17 Electrical stimulation is a popular method to activate spinal locomotor
networks that is used in animal models and as a part of locomotor neurorehabilitation
training after injuries in humans. Such training is still in the experimental stage but gives
promising results to gait restoration.8:19 Electrical stimulation is delivered by an electrode
placed in different anatomic regions. In animals, the electrode may be placed in some
brainstem areas,! inside the spinal cord,” on the dorsal roots,’12 subdurally,3 epidurally,13-
16 or subcutaneously.1” In humans, for restoration after spinal cord injuries, stimulation may
be delivered epidurally® or transcutaneously.1® The latter approach is noninvasive; thus, it
can be used even in healthy subjects to study the peculiarities of locomotion.20

The hairy and easily movable skin surface of an animal makes the stable cutaneous electrode
fixation difficult.21.22 |n addition, animals possess cutaneous trunk muscles, which easily
move in response to skin stimulation or in normal animal behavior.23 Presumably, an
unstable electrode position decreases the quality of transcutaneously induced locomotion,
making it less coordinated and more unstable than locomotion induced by epidural
stimulation (ES).2! Therefore, transcutaneous stimulation is rarely used in animal models
in locomotor studies, though such stimulation can initiate locomotor activity in acute
decerebrate?! and chronic spinal cats.21:24 However, thus far, transcutaneous stimulation
has been used in experiments on animals conducted under general anesthesia (studies of
evoked potentials on leg muscles,?? studies of neuropathic pain,2® and studies of activation
of lower urinary tract28) in which the animals are unconscious and unable to displace or
remove the stimulation electrode.
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Previously, we proposed a compromise approach for electrode implantation in vertebral
spinous processes. Vertebral implantation is faster (Surgery and Stimulation Procedures
section provides the timeline) and less invasive than epidural implantation, and an electrode
may be placed more stably than for the transcutaneous stimulation. Using this technique,
we revealed the site specificity of the sensorimotor spinal network in decerebrate rats by the
muscle evoked potential method.2” The preliminary results have shown that transvertebral
stimulation (TS) may also initiate the forward walking (FW) of decerebrate rats.28 However,
the decerebrate rats possess a high level of spontaneous activity,2% and they often react
unpredictably to different external stimuli,3? making it difficult to receive stable locomotion
in response to electrical spinal cord stimulation. The recently developed decerebrate mouse
model3! to study locomotion has not been tested for the possibility of walking initiated by
electrical stimulation.

Since Sherrington’s work,32 cats have been widely used in locomotor studies.8:33 The
decerebrated model allows us to elicit stable and well-coordinated locomotion by electrical
stimulation of the lumbar spinal cord in acute experiments in comparison with the spinal
model.34 The same model, in contrast to the intact one, allows us to explore the locomotor
automatism depending primarily on the spinal networks. The importance of studying these
networks in animal models is that spinal circuits are the targets of different methods of
posttraumatic gait restoration in humans.3® The decerebrate model has been extensively used
to study the spinal neural circuits of backward and bidirectional locomotion on split-belt
treadmill and the supraspinal control of these rather unusual locomotor modes.14-16 This
study aims to investigate the FW of decerebrate cats elicited by TS and to compare its
quality with the FW elicited by ES. We hypothesize that TS site specifically activates the
locomotor neuronal circuitries located in the lumbar spinal cord in decerebrate cats.

MATERIALS AND METHODS

Animals

Five normally pigmented adult cats (all females), weighing 2.5 to 4 kg, were used for

the experiments. The animals were bred and housed at the animal facility of the Pavlov
Institute of Physiology. All experimental procedures were performed in accordance with a
protocol approved by the Animal Care Committee of the Pavlov Institute of Physiology, St
Petersburg, Russia, and followed the European Community Council Directive (2010/63EU)
and the guidelines of the National Institutes of Health Guide for the Use of Laboratory
Animals, Animal Welfare Assurance #A5952-0.

Surgery and Stimulation Procedures

The animals were anesthetized with isoflurane (4%-5% for induction, 2%-2.5% for
maintenance), mixed with oxygen (flow rate 0.8 L/min) and decerebrated at precollicular—
postmammilar level, as described earlier.1®> The anesthesia was discontinued after the
decerebration. Stainless steel bipolar wire electrodes (AS632, Cooner Wire, Chatsworth,
CA) were implanted bilaterally into the iliopsoas (IP), tibialis anterior (TA), and
gastrocnemius lateralis (GL) muscles to record the electromyographic activity (EMG) during
FW and evoked potential recording. The head, vertebral column, and pelvis of the animal
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were fixed in a rigid frame. The hindlimbs of the animal were placed on a treadmill

(Fig. 1a); the distance between the treadmill belt and animal pelvis was 21 to 25 cm
(depending on the animal’s size). Next, the skin and paravertebral muscles were opened,

and the spinous processes of the vertebrae VL2-VL6 were removed with a Luer bone
rongeur. The experiment started after 1.5 to 2 hours, when the animal was fully recovered
from anesthesia. A custom-made electrode prepared from a 23G needle covered by plastic
insulation with a 1.5 mm uninsulated tip was used for TS and placed alternately in the
basement of the spinous process of the vertebrae VL2-VL6 (Fig. 1b). Thus, the process

of inserting the transvertebral electrode took 2 to 3 minutes. The ground electrode was
placed under the abdomen skin in the midline area. To record the muscle evoked potentials,
the following parameters of electrical stimulation were used: single impulses with 1 Hz
frequency, 0.2- to 0.3-millisecond impulse duration, and 100- to 3500-pA current amplitude.
To elicit locomotion, we used biphasic impulses with 3- to 5-Hz frequency and 0.2- to
0.3-millisecond pulse duration; the current amplitude was gradually increased starting from
100 pA. This increase was stopped when the stable alternating locomotor limb movements
were clearly seen (100-3000 pA) or the amplitude of rhythmical synchronous twitching

of both hindlimbs became extremely large. Then, the laminectomy of the caudal part of
VL4 and the rostral part of VL5 was performed to provide access to the L5-L7 spinal cord
segments (timing approximately 15-20 minutes). Then we searched for the stimulation point
with the optimal stepping parameters by moving the electrode rostrally or caudally inside
the laminectomy (timing approximately 2-10 minutes). To elicit locomotion, a monopolar
silver ball electrode (diameter = 0.5 mm) was positioned on the dura mater of the spinal
cord dorsal surface, and the following parameters of ES were used: 5-Hz frequency, biphasic
mode, 0.2- to 0.3-millisecond pulse duration, and 20- to 130-pA current intensity. Similarly
to TS, current amplitude increased from 10 pA until stable locomotion was obtained. To
record the muscle evoked potentials, the following parameters of ES were used: single
impulses with 1-Hz frequency, 0.2-millisecond biphasic impulse duration, and 10- to 120-pA
current amplitude.

For each animal, one test of evoked potentials and one locomotor test were performed at
each stimulation point. Ten evoked responses were recorded at each stimulation current. At
least ten successive steps of each hindlimb were performed if alternating locomotor limb
movements were clearly seen.

At the end of the experiment, the animal was euthanized with an overdose of isoflurane
(5% mixed with oxygen, flow rate 1 L/min). A careful dissection was then performed to
determine the exact segment of stimulation based on dorsal roots emerging from the spinal
cord.36

Data Analysis

Locomotion

Most studied parameters have been previously introduced.14-16 Briefly, ground reaction
forces (GRFs) were recorded by strain gauges located under the treadmill belts; two
mechanical sensors were attached to the ankles to record rostrocaudal hindlimb movements.
The step length, period of stepping, and duration of stance and swing phases were
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derived from the trajectories of these movements. The Pearson correlation coefficient was
assessed for the trajectories of hindlimb movements. With coordinated forward stepping, the
trajectories of movement of the limbs were almost in the antiphase, resulting in a strongly
negative cross-correlation coefficient.16

The individual steps of more stable locomotion are more similar to each other than are the
steps of less stable and less coordinated locomotion. Thus, the trajectory of more stable
stepping (solid line) will be more similar to itself when shifted by a step period than to

the trajectory of less stable stepping (dotted line), resulting in a higher value of the second
peak of the autocorrelation function. The rostrocaudal stability was calculated as the value of
the second peak of the autocorrelation function of the hindlimb trajectory (because the first
peak of the autocorrelation function is always equal to 1, Fig. 1e).14-16 The asymmetry of
stepping periods was estimated as the ratio of the module difference between the period of
neighboring steps of the left (T'.,,) and right (T..,,) hindlimbs to their sum,1416 je,

[Tiess = Trigni
Tieri+ Trigni

The proximity of the stepping period to a multiple of the stimulation period3’ was
determined as

mln(Tsteppmg mod Ty Tyyim — T:reppmg mod T:n‘m)

where mod is the modulo operation, T..,... iS the animal stepping period, and T.,,,, is the
stimulation period (200 milliseconds or 333 milliseconds). If T..,,.. is almost equal to a
multiple of T, (Fig. 1d, solid line), the swing-stance transition points are located in the
same way in relation to TS pulses (to the left compared with the nearest stimulation pulse).
If T.ppe 1S €SS proximal to the multiple of T, (dotted line), the swing-stance transition
points are located differently in relation to TS pulses (to the left or right compared with the
nearest stimulation pulse). These three stepping characteristics are unit free.

The angle range in the hip, knee, and ankle joints (ie, the difference of the minimal

angle during the swing phase and the maximal angle during the stance phase in the

given joint [Fig. 1c]) was calculated based on the manual analysis of video records (50
frames/s) containing the positions of light-reflective markers placed on the iliac crest, greater
trochanter of the femur, lateral condyle of the femur, and lateral malleolus.

EMG signals were normalized to their integral value in a step cycle during ES on a per
animal basis. The signals of EMG, GRFs, and mechanical sensors were amplified and
digitized at 20 kHz with an A/D board (LTR-EU-16, LTR11, L-Card, Moscow, Russia), and
EMG signals were further filtered in 100- to 2000-Hz bandwidth.

Rostrocaudal stability was calculated for all steps (because the autocorrelation function
needs several periods of signal to be calculated), whereas other characteristics were
calculated for each step and then averaged over all steps.
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Evoked Potentials—The analysis of muscle evoked potentials was performed similarly to
Havton et al., 2019.26 The window to select the components of evoked potential was taken
as 1 to 20 milliseconds after the stimulation impulse. The sensory and motor components

of evoked potentials were separated manually by an expert on the basis of their latency

and their order of appearance at current increase (the sensory component emerges at lower
current) (Fig. 1f). For each muscle of each animal, the recruitment curves of peak-to-peak
amplitude (average of ten responses at each current) were plotted separately for motor

and sensory components of potentials evoked by stimulation of the VL3-VL6 vertebrae.
The slopes of the ascending part of these curves were assessed (Fig. 1g,h). For each

muscle, the slopes (Slope;i = VL3...VL6) were normalized to the maximal slope within

the given muscle of the given animal (Slope,,). Next, the averaged normalized slopes

were obtained. Presumably, such slope distributions qualitatively reflect the distribution of
motoneuronal pools in spinal segments.38 The latencies of early and medium responses and
their threshold currents (current at which peak-to-peak response amplitude exceeds 0.01
mV) were measured for vertebrae whose stimulation elicited the recruitment curves with the
maximal slope.

Statistical Analysis

RESULTS

A single hindlimb (either left or right) was used as an experimental unit for all tests of
intralimb coordination (/7= 10) because the significant differences between temporospatial
stepping characteristics of the left and right hindlimb of the intact cat are absent;3 a single
animal was used as an experimental unit for all tests of interlimb coordination (7=15). The
data are presented as the mean + SD. To compare the muscle activity, its integral EMG
value was taken in bins where the muscle was active. The Friedman test with post hoc
Dunn’s multiple comparison test was used to determine the significance of the differences
between individual pairs of means when comparing three groups. The Wilcoxon matched-
pairs signed-rank test was used to determine the significance of the differences between
individual pairs of means when comparing two groups. A pvalue of 0.05 was used as the
cutoff for significance. Statistical calculations were performed using Prism 7.0 (GraphPad
Software, La Jolla, CA).

Forward Walking

Different animals can FW during stimulation of different vertebrae and during ES; the
segment of ES and the current needed to initiate FW are listed in Table 1. Only one animal
was able to FW during VL6 stimulation; another animal was able to FW during VL2
stimulation; three animals were able to FW during VL5 stimulation, whereas all five animals
were able to FW during VL3, VL4 stimulation, and ES (Fig. 2a; Supplementary Data Video
S1). Thus, we will focus mainly on the comparison of features of locomotion elicited in the
last three modes.

The representative example of responses of IP, TA, and GL muscles of both hindlimbs and
their GRFs, in addition to hindlimb trajectories during FW elicited by VL3 stimulation, is
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shown in Figure 3 (left plate). The flexors (TA, IP) are active in the swing phase of hindlimb
stepping, whereas the extensors (GL) are active in the stance phase.

Similar muscle activation patterns result in the similar rostrocaudal stability of hindlimb
movement, which is the self-similarity of hindlimb trajectories (Fig. 2c, Table 2).
Independently of stimulation mode, FW shares similar angle range between maximal flexion
and maximal extension in the hip, knee, and ankle joints (Fig. 2 d—f, Table 2). In turn,
similar angle ranges in these joints lead to similar step length irrespective of stimulation
mode (Fig. 2b , Table 2).

The flexors and extensors of both hindlimbs act reciprocally during VL3 and VL4 TS,
which leads to a stable pattern of coordinated FW accompanied by substantial pressure on
treadmill belts (Fig. 3). The hindlimbs move in almost antiphase in coordinated FW (ie, one
hindlimb moves forward in its swing phase, whereas the other one moves backward in its
stance phase). Thus, the trajectory correlation of hindlimbs is strongly negative to all three
locomotor modes (Fig. 2g, Table 2). Such coordinated FW is also characterized by low time
asymmetry, which is the weighted difference between the stepping period of both hindlimbs
(Fig. 2h, Table 2).

However, the relative amplitude of EMG activity of the muscles of both hindlimbs
considered depends on the stimulation mode (Fig. 4). IP is more active during ES relative
to VL3 (p=0.02) and VL4 (p = 0.03) stimulation [FM(3) = 9.25, p=0.008]. TA and GL
are more active during ES relative to VL3 (both, p = 0.005) stimulation [FM(3) = 9.8, p=
0.0063 and FM(3) = 10.4, p=0.0034, respectively]. GRFs arising during ES in the stance
phase of FW are significantly higher than those in VL3 (p=0.0024) and VL4 (p = 0.0024)
stimulation [FM(3) = 15, p=0.0001] (Fig. 4).

Although the kinematic parameters of the FW elicited in different stimulation modes remain
similar, its temporal characteristics possess some peculiarities. The period of stepping differs
between three modes of stimulation; specifically, the period for VL4 stimulation is higher
than that for ES (p=0.01) (Fig. 2j, Table 2). The relative durations of swing and stance
phases are not significantly different (Fig. 2k,l, Table 2). At the same time, the stepping
periods have a different level of proximity to a multiple of the stimulation period, ie,

the proximity to 800 milliseconds (4 x 0.2 seconds in case of 5-Hz stimulation) or 660
milliseconds (2 x 0.33 seconds in case of 3-Hz stimulation). The period of FW during

VL3 stimulation is more proximal to a multiple of the stimulation period relative to VL4
stimulation (o =0.0024) and ES (p = 0.0024) (Fig. 2i, Table 2).

Evoked Potentials

In four of five animals, the stimulation of VL6 led only to the rhythmical synchronous
twitching of both hindlimbs (Fig. 3, right plate). To reveal the potential reasons for the
absence of locomotion during stimulation of the lower lumbar vertebrae, we performed
the mapping of the spinal sensorimotor network by the muscle evoked potential method.
The representative example of analysis of the evoked potentials of the right IP is shown

in Figure 5a—c. It is observed that the sensory (medium) component of responses appeared
at lower current amplitude during VL5 stimulation. Its peak-to-peak amplitude decreased
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with increasing current amplitude, whereas the amplitude of the motor (early) responses
increased. During the stimulation of VL4 with the same current, the amplitude of all
components of evoked potentials is much lower (Fig. 5a). During TS of VL3 and VLB, the
amplitude of all components of evoked potentials is very small relative to TS of VL5. Only
the sensory component of response appeared during the ES of L6 segment. The peak-to-peak
amplitude of early and medium responses was used separately to build the recruitment
curves (Fig. 5b,c).

The latencies and threshold currents were estimated for each muscle of both hindlimbs
during the stimulation of the vertebra in which the slope of the recruitment curve of early
responses was maximal (IP: VL4 [n= 3] and VL5 [n=7], TA: VL5 [n=5] and VL6
[n=5], GL: VL5 [n=4] and VL6 [n= 6]). The latencies of early responses during
stimulation in optimal for particular muscle vertebrae are significantly different; that is, the
latency of IP early response is lower than that of GL (p=0.02) and TA (p< 0.001). The
latencies of medium responses are also significantly different; ie, the latency of IP medium
response is lower than that of GL (p=0.028) (Fig. 5d, Table 3). Meanwhile, threshold
currents of early responses during stimulation in optimal for particular muscle vertebrae
are similar; the same results are obtained for threshold currents of medium responses

(Fig. 5e, Table 3). At this time, threshold currents of medium responses are lower than
those of early responses [tendencies for IP and GL currents: W(10) = 16, p= 0.16 and
W(10) = 19, p = 0.14, respectively; significant difference for TA currents: W(10) = 36,
p=0.0078]. The average distributions of the normalized slopes vs the mean skeletotopy
of the VL3-VL6 region for early and medium responses are shown in Figure 5f-h. All
average distributions of normalized slopes for early and medium components of evoked
potentials have minimal values during VL3 stimulation (Fig. 5g,h). Meanwhile, during VL6
stimulation, the slopes of recruitment curves are different for early [FM(3) = 15.66, p=
0.0004] and medium [FM(3) = 13.69, p=0.0011] components; that is, the slope of IP
response components is lower than that of GL (p=0.0005 and p = 0.0009 for early and
medium component, respectively) and TA (p=0.0048 and p = 0.018 for early and medium
component, respectively).

DISCUSSION

The use of a well-established animal model, that is, decerebrate cat, allowed us to compare
reliably different types of spinal cord electrical stimulation. All cats used in the study

were capable of coordinated bipedal FW with high intra- and interlimb coordination

and kinematic parameters induced by VL3-VL4 TS, similar to those obtained with ES.
High stability of locomotion was obtained owing to reciprocal burst activity of ipsilateral
antagonist muscles and bilateral alternation of burst activity of synergistic muscles. Thus,
the proposed approach significantly expands the possibilities of studying FW in animal
models. Surgical access with implantation of electrodes for electrical stimulation in the
spinous processes of the vertebrae is simple and inflicts minimal trauma because it misses
the laminectomy — a quite invasive, time-consuming, and high-risk procedure which
requires sufficient skill of the surgeon.*0:41 Using these electrode positions, the motor
activity is initiated minimally invasively without performing laminectomy and complicated
surgical implantation of electrodes and subsequent laborious medical care; in addition, there
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are no risks associated with an implanted electrode on the surface of the spinal cord. TS can
be used in movement physiology to study the neuronal control of posture and locomotion
at spinal level, in addition to, after further technologic improvement, in clinical medicine
for minimally invasive methods of neuromodulation and rehabilitation after vertebro-spinal
injury.42

The revealed difference between stepping periods can be explained by primary activation of
the different circuits of the rhythmogenic level of the central pattern generator (CPG).43:44
ES, in addition to brainstem stimulation, is performed at frequencies higher than the
frequency of typical FW (in decerebrate cat, these frequencies are 3-5 Hz for ES and 30-40
Hz for brainstem stimulation vs 0.6-1.6 Hz for FW). Thus, the frequency of the coordinated
FW is independent of the frequency of the ES that elicits locomotion.*® Our study shows
that the frequency of the FW is also independent of the integer multiple of the frequency

of L5-L7 spinal segments ES. Meanwhile, decerebrate cats often performed one step for
each impulse of dorsal root stimulation, or their stepping period had a complex association
with that of stimulation.12 The frequency of trains of intraspinal microstimulation (0.65-1
Hz) was matched with the frequency of locomotor cycles in seven of 11 cats.” Interestingly,
the frequency lock observed in the work of Barthélemy’ occurred during the intraspinal
microstimulation of middle L3 or rostral L4 segments. In our study, the TS of VL3 vertebra
causes the frequency lock not with the stimulation frequency but with its integer multiple.
The frequency lock with the integer multiple of stimulation frequency was also observed in
the stepping of children with paraplegia during ES.37

It is generally accepted that the essential parts of CPG are located in the rostral part of the
lumbar spinal cord, that is, in L3-L4 segments in acute® and chronic®® spinal cats and in L2
level in the spinal rat*” Meanwhile, the whole lumbar enlargement possesses rhythmogenic
ability.48 Even the caudal lumbar spinal cord is able to initiate locomotion; that is, the

ES of lumbar enlargement (L5-S1) evokes locomotor-like EMG activity in chronic spinal
cats;*9 the chronically isolated lumbar half spinal cord (below L4) generates activity in

the ipsilateral hindlimb of the cat.5% Our results are in line with the point of view that

the rhythmogenic networks of the multilevel CPG*4 are located in the L3-L4 spinal cord
region if we assume that TS is predominantly site specific; that is, the VL3-VL4 stimulation
leads to activation of L3-L4 spinal networks. Similarly to transcutaneous stimulation, this
specificity may be due to activation of the ventral and dorsal roots.?!

To check the site specificity, we used the evoked potentials from the same loci (ie, from

the same vertebra entrance/exit for the FW), which is the method that has previously shown
the site specificity of muscle activation by TS in decerebrate rats.2” The muscle responses
to TS consisting of sensory and motor components are similar to those to transcutaneous
stimulation of the spinal cord of decerebrate cats but not to those to ES when the motor
component is absent (Fig. 5a 21). The threshold current of sensory components of these
evoked potentials is lower than that of the motor one. An increase in the amplitude of

the motor component of the response leads to a decrease in the amplitude of the sensory
components. The latencies of early and medium responses of IP muscle, which is located
more proximally to the stimulation loci (and the nerve carrying the impulses from the spinal
cord to the muscle is shorter) than are GL and TA, are the lowest. The largest responses of
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TA and GL, whose motoneurons are distributed in the lower lumbar spinal cord,38 appear
during VL6 (inside which the sacral segments of spinal cord are located) stimulation but
not during VL5 (inside which the lower lumbar segments are located) stimulation (Fig. 5f
36). Thus, we confirmed that the targets of the TS are both the dorsal and ventral roots of
the segment eponymous to the stimulated vertebra in their entrance/exit from the vertebral
canal.2” As a result of this site specificity, the obtained distribution of average normalized
slopes is qualitatively similar to the distribution of the IP, GL, and TA motoneurons.38
The potentials evoked by VL3 and VL4 stimulation are weak relative to those of VL5
and VL6 stimulation. In contrast, the chances of eliciting locomotion are the highest for
VL3 and VL4 stimulation. Thus, similarly to ES, the transvertebrally elicited locomotion
is induced presumably not by stimulation of motoneuronal pools by themselves but by
transsynaptically activated CPG circuits.>2

Presumably, the higher GRFs and EMG amplitudes during ES can be explained by several
factors. First, TS single pulses evoke the motor component of muscle response at a
submaximal current contrary to ES.2! Thus, the direct activation of motor axons may also
appear during TS stepping initiation. This activation partly inhibits medium and late muscle
responses and weakens muscle activation. Second, the ES point is nearer to the dorsal
L5-L7 roots forming the sensory pathways to TA and GL motoneurons, and to the dorsal
L4-L5 roots forming the sensory pathways to IP motoneurons at their entrance to the spinal
canal.1? Third, during TS, the current spreads more widely, activating not only the spinal
roots but also directly activating the muscles surrounding the vertebra. This undesirable
muscle contraction does not let us increase current further to possibly reach better quality of
walking. However, despite a relatively narrow range of current intensities that we can use in
TS, we were still able to produce well-coordinated and stable locomotion, comparable with
ES-evoked locomotion in kinematic parameters.

Although the TS through the needle placed in the spinous process®3->* or through pedicle
screws®®:56 js used in clinical practice for assessment of the functional state of the spinal
cord during spinal surgery, the TS proposed in this study to initiate locomotion is still an
experimental technique. The method has been approved in acute decerebrate preparation to
induce well-coordinated locomotion, but it has not yet been tested in chronic animal models
of spinal cord injury.

For cats, the stimulation amplitude of TS is lower than the amplitude used for the
transcutaneous one (10-100 mAZ21) and is one order of magnitude higher than that for ES
(Table 1) because the vertebral electrode is much further from the spinal cord than is the
epidural one. Additional tissues, particularly the structures of the spine and muscles, appear
in the path of the stimulation current. This can be attributed to the limitations of the vertebral
stimulation method, and to those of the transcutaneous one, which results in less site-specific
stimulation effects than does the more invasive ES method.

In addition, one of the limitations of the TS application may be a congenital abnormality
of animal vertebral structure. For example, in cats with other than C7T13L7S3 vertebral
formula, we cannot predict the optimal vertebra for TS because there are no anatomical data
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on spinal segment positions inside the vertebral column in these animals. The application of
the TS in our study was also limited to the lumbar vertebrae VL2-VL6 and did not extend to
other parts of the spine, among which the cervical spine is of the greatest interest because ES
of the cervical enlargement has shown its efficacy at eliciting locomotion.13

All animals used in the study were females. Although we know that the main stepping
parameters (vertical force, gait cycle time, stance time, and swing time) are reported to not
significantly differ between male and female cats (except the step length, which is larger for
males3?), and the positions of the spinal cord segments also do not differ between males and
females,®’ the use of one sex should be regarded as a limitation of the study. However, if one
uses TS to modulate the functions of pelvic organs, sex may have a significant influence.

CONCLUSIONS

The presence of locomotion during the TS of vertebrae, whose eponymous segments do
not contain motoneuronal pools, supports hypotheses about the location of the CPGs in the
upper lumbar segments of the spinal cord. The developed model is useful for studying the
mechanisms of neuromodulation of the sensorimotor networks of the spinal cord and for
investigating new approaches of neurorehabilitation after spinal cord and brain injury and
diseases.
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Refer to Web version on PubMed Central for supplementary material.
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COMMENTS

In this article, Lyakhovetskii et al report interesting results on a novel methodological
approach to use transvertebral stimulation to induce locomotor function in the
decerebrated cat model. Recent work in the epidural and transcutaneous spinal
stimulation fields has shown exciting results demonstrating restoration of motor function
in individuals with chronic spinal cord injury. Based on the data presented here,
transvertebral stimulation may provide a unique platform to study neuromodulation and
motor system physiology that stands at the interface between epidural and transcutaneous
stimulation. There is substantial work remaining to evaluate how this technology
compares to approaches that have been used clinically. However, the data presented here
demonstrates an exciting first step in the development of transvertebral stimulation as a
technique to study locomotor function. Jonathan Calvert, PhD Providence, RI, USA
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Figure 1.
Experimental setup and methodologic peculiarities. a. Experimental setup. b. The

stimulating electrode and its position in the spinous process. c. Angles in the hip (HA),
knee (KA), and ankle (AA) joints during maximal extension and maximal flexion of the
leg. d. Proximity of hindlimb trajectory (HT) to the multiple of stimulation period. A,
anterior; P, posterior. Circles—swing-stance transition point, solid line—left HT of #97
during VL3 stimulation (5 Hz frequency, 0.2-ms pulse duration, 3000-pA current intensity),
dotted line—left HT of #97 during VL4 stimulation (5 Hz frequency, 0.2-ms pulse duration,
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3000-pA current intensity). e. Rostrocaudal (R-C) stability assessment. Left HTs of #98
during VL3 and VL5 stimulation and their autocorrelation functions (solid line, 3 Hz
frequency, 0.2-millisecond pulse duration, 1500-UA current intensity, and dotted line, 3

Hz frequency, 0.2-ms pulse duration, 1800 WA current intensity, respectively). The R-C
stability was calculated as the value of the second peak of the autocorrelation function. f.
Latencies and peak-to-peak amplitudes assessment (right iliopsoas, VL5 stimulation, #98,
mean evoked potential at 1300-pA current intensity). g, h. Slopes assessment at recruitment
curves of sensory (G) and motor (H) response (left gastrocnemius lateralis, #99). Slope,..,
maximal slope of the given component of evoked potential of given muscle; Slope;, some
other slope of the given component of evoked potential of this muscle.
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Figure 2.

Parameters for forward walking elicited by transvertebral and epidural stimulation. a.
Positions of hindlimbs (start and end of the stance phase, maximal flexion, start of the next
stance phase) when stimulation is applied to VL3, VL4, and epidurally. b. Step length (n
=10 hindlimbs). c. Rostrocaudal stability of hindlimb movements (7= 10 hindlimbs). d—f.
Angle range in the hip (D), knee (E), and ankle (F) joints (n7= 10 hindlimbs). g. Correlation
of hindlimb trajectories (=5 animals). h. Time asymmetry between hindlimb stepping
period (=5 animals). i. Proximity of stepping period to a multiple of stimulation period (n
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= 10 hindlimbs). j-I. Period of stepping (j), and relative duration of swing (k), and stance (I)
phases (/7= 10 hindlimbs). Mean + SD.
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Figure 3.
EMG of muscles, GRF, and trajectories (HT) of both hindlimbs during forward stepping

elicited during VL3 stimulation (5-Hz frequency, 0.2-ms pulse duration, 1500-pyA current
intensity) and VL6 stimulation (5-Hz frequency, 0.2-ms pulse duration, 1100-pA current
intensity) of #99. A, anterior; GL, IP, and TA, musculus gastrocnemius lateralis, iliopsoas,
and tibialis anterior of left (L) and right (R) hindlimb; P, posterior; st, stance; Step, the
phases of hindlimb stepping; Stim, stimulation channel; sw, swing.
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Mean rectified EMG activity and ground reaction force at the step cycle during the
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stimulation of VL3, VL4, and ES. EMG activity was normalized per animal basis relative
to total EMG activity in the step cycle during ES. /7= 10 hindlimbs. Mean = SD. *p< 0.05,

** < 0.01 relative to VL3 (blue stars) or VL4 (red stars) stimulation.
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Figure 5.
The evoked potentials in transvertebral stimulation. a—c. The representative example of

analysis of the evoked potentials of the right iliopsoas (IP) of #98. a. Evoked potential
dynamics with increasing current delivered at VL3-VL6 and during ES of L6 spinal

cord segment.Stim, stimulation pulse; ER, early responses; MR, medium responses. Five
individual responses are presented at each stimulation current. b, c. Recruitment curves of
ER (b) and MR (c) during stimulation of VL3-VL6 vertebrae (mean peak-to-peak amplitude
of ten evoked responses in each point). d. ER and MR latencies of musculus IP, GL, and TA
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during stimulation in theoptimal for particular muscle vertebra, 7= 10 hindlimbs, meanSD.
*p< 0.05, ***p< 0.001. e. Threshold current of ER and MR during stimulation in the
optimal for particular muscle vertebra, 7= 10 hindlimbs, mean £ SD, **p< 0.01 relative to
the threshold current of TA ER. f. The mean skeletotopy of spinal cord segments in relation
to the VL3-VL6 vertebrae (the L3-L6 segments, their roots, and DRGs are marked by
different colors corresponding to panels b and c). g, h. Averaged distributions of normalized
slopes of ER and MR recruitment curves for IP, GM, and TA during the stimulation of
VL3-VL6 vertebrae, 7= 10 hindlimbs. Mean £ SD. *p< 0.05, **p< 0.01, ***p< 0.001
relative to IP responses.
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