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Transcutaneous stimulation is a neuromodulation method that is efficiently used for
recovery after spinal cord injury and other disorders that are accompanied by motor
and sensory deficits. Multiple aspects of transcutaneous stimulation optimization still
require testing in animal experiments including the use of pharmacological agents,
spinal lesions, cell recording, etc. This need initially motivated us to develop a new
approach of transvertebral spinal cord stimulation (SCS) and to test its feasibility in
acute and chronic experiments on rats. The aims of the current work were to study
the selectivity of muscle activation over the lower thoracic and lumbosacral spinal
cord when the stimulating electrode was located intravertebrally and to compare its
effectiveness to that of the clinically used transcutaneous stimulation. In decerebrated
rats, electromyographic activity was recorded in the muscles of the back (m. longissimus
dorsi), tail (m. abductor caudae dorsalis), and hindlimb (mm. iliacus, adductor magnus,
vastus lateralis, semitendinosus, tibialis anterior, gastrocnemius medialis, soleus, and
flexor hallucis longus) during SCS with an electrode placed alternately in one of the
spinous processes of the VT12–VS1 vertebrae. The recruitment curves for motor
and sensory components of the evoked potentials (separated from each other
by means of double-pulse stimulation) were plotted for each muscle; their slopes
characterized the effectiveness of the muscle activation. The electrophysiological
mapping demonstrated that transvertebral SCS has specific effects to the rostrocaudally
distributed sensorimotor network of the lower thoracic and lumbosacral cord, mainly by
stimulation of the roots that carry the sensory and motor spinal pathways. These effects
were compared in the same animals when mapping was performed by transcutaneous
stimulation, and similar distribution of muscle activity and underlying neuroanatomical
mechanisms were found. The experiments on chronic rats validated the feasibility of the
proposed stimulation approach of transvertebral SCS for further studies.

Keywords: transvertebral spinal cord stimulation, transcutaneous stimulation, sensorimotor network, spinal cord,
decerebrated rat, neuromodulation
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NEW AND NOTEWORTHY

Neuromodulation of the sensorimotor network distributed
rostrocaudally over the lumbar and sacral spinal segments by
transvertebral electrical stimulation.

INTRODUCTION

Spinal cord stimulation (SCS) is an effective method of recovery
after spinal cord injury (SCI) and other disorders that are
accompanied by motor and sensory deficits (Shapkova, 2004;
Harkema et al., 2011; Zhong et al., 2019). Several approaches
can be taken for electrode setting near the spinal cord: subdural
(e.g., Minev et al., 2015; Capogrosso et al., 2018a), epidural (e.g.,
Musienko et al., 2005, 2009; Lavrov et al., 2006), transcutaneous
(e.g., Minassian et al., 2007; Roy et al., 2012; Sayenko et al.,
2015; Hofstoetter et al., 2018), or subcutaneous (Pavlova et al.,
2019). In chronic studies (Schmidt et al., 1978) and intraoperative
monitoring (e.g., Calancie et al., 1994), the target of stimulation
may not be the spinal cord itself but a selective group of dorsal
or ventral roots. Depending on the degree of invasiveness, the
stimulation through electrodes located above the spinal cord can
cause a certain selectivity of motor neuron pool activation, and
this changes the effectiveness of the technique.

The least invasive transcutaneous SCS is now frequently
used in studies on healthy humans aimed at central pattern
generator research and central and peripheral neuronal control of
locomotor activity (Gerasimenko et al., 2014, 2016; Gerasimenko
Y. et al., 2015). This method has been efficiently applied and
widely used in a clinical practice for neurorehabilitation of
patients with severe SCI (Gerasimenko Y.P. et al., 2015; Gad
et al., 2018a,b). However, further development of the method
of transcutaneous stimulation requires suitable animal models.
Unfortunately, in animals, the practical tasks of stable electrode
fixation on the hairy and easily movable skin surface during
longitudinal studies, as well as achieving identical electrode
placement in several animals, are complicated and require
considerable skill and patience (Peckham and Knutson, 2005).
The transcutaneously induced locomotion in cats is more
unstable and less coordinated than the epidurally induced
locomotion, presumably due to instability of the electrode
position (Musienko et al., 2013). Therefore, the method of non-
invasive SCS is rarely used in these experiments although its
effectiveness has been shown for recruiting spinal sensorimotor
pathways and for initiation of the locomotor activity in acute
decerebrate (Musienko et al., 2013) and chronic spinal cats
(Edgerton et al., 2013; Musienko et al., 2013). In the current work,
we have proposed a suitable approach for electrode implantation
into the vertebral spinous processes for transvertebral SCS. This
method has allowed us to quickly and stably fix the electrodes
relative to the vertebral column and spinal cord segments in
accordance with the skeletotopy relationships (Wenger et al.,
2016; Shkorbatova et al., 2019). However, chronic transvertebral
stimulation is still an experimental technique with significant
differences compared to clinical protocols.

The neuronal mechanisms of either strongly invasive or less
invasive SCS are not well defined, although some aspects have

been investigated and discussed in a number of experimental
papers (Gerasimenko et al., 2003; Musienko et al., 2005, 2012;
Lavrov et al., 2006; Capogrosso et al., 2013). The consensus
view is that the SCS effects are based on the recruiting of
sensory inputs of the dorsal cord and roots lying under the
stimulating electrodes, followed by polysynaptic activation of
the sensorimotor neuronal circuits (Musienko et al., 2012). This
underlying mechanism and anatomical spreading of the afferent
fibers carrying the sensory input to the spinal network allowed the
use of epidural SCS in a spatiotemporal neuromodulation mode
that significantly improved the positive effects of stimulation after
spinal sectioning (Musienko et al., 2009; Wenger et al., 2014,
2016). One of the important unanswered questions is whether it is
possible to effectively recruit by surface SCS the specific neuronal
pathways widely distributed rostrocaudal over the lumbar and
sacral spinal segments (Merkulyeva et al., 2018).

We performed electrophysiological mapping of the spinal
sensorimotor pathways by low thoracic and lumbosacral
transvertebral SCS and recording of the activity of the multiple
hindlimb and trunk muscles participating in normal locomotion
and postural tasks.

The data obtained have shown that the muscle responses to
stimulation are topical and reflect the rostrocaudal distribution of
the corresponding motor neuron pools in the lumbosacral spinal
cord. The received distribution of muscle activity was compared
with the mapping performed by transcutaneous stimulation. The
validity of the proposed stimulation approach was studied in a
chronic experiment.

MATERIALS AND METHODS

Subjects
The study was performed on adult male Wistar rats (300–350 g
body weight). All experimental procedures were approved by
the Ethics Commission of the Pavlov Institute of Physiology.
Experiments were performed in full accordance with the
requirements of Council Directive 2010/63EU of the European
Parliament on the protection of animals used for experimental
and other scientific purposes. Before the experiments, the rats
were housed with two to three animals per cage with free
access to food and water. Eight rats were used for transvertebral
mapping, and six rats were used for comparative study of
transvertebral vs. subcutaneous mapping. Six rats were used in
the chronic experiment to check the stability of muscle responses
to transvertebral stimulation.

All surgical procedures were conducted under isoflurane
anesthesia (4% for induction, 1–2% for maintenance, mixed with
oxygen, flow rate 0.8 L/min). During surgery, the animals were
placed on a heating pad at a temperature of 37◦C and received
injections of 2 ml of warm 0.9% NaCl subcutaneously every 2 h
to prevent dehydration.

EMG Implantation
To record the EMGs, stainless steel wire electrodes (AS632,
Cooner Wire, Chatsworth, CA, United States) were prepared
by removing a small notch of insulation (0.5 mm) on each
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wire to expose the conductor. The wires were inserted into the
muscle through a 23G needle and positioned in the middle of
the muscle in the most responsive part, which was identified
by electrical stimulation (“hot spot”), then the wires were fixed
together with Ethilon 4 suture at the entrance and exit from
the muscle (Capogrosso et al., 2018b). The EMG signals were
differentially amplified (A-M Systems United States, model 1700,
bandwidth of 10 Hz–5 kHz) and digitized at 20 kHz with a
National Instrument A/D board.

Muscle Set
In the acute experiment, the electrodes were implanted into
the muscles of the back [m. longissimus dorsi (LD) near the
VT13 vertebra], tail [m. abductor caudae dorsalis (ACD)], and
hindlimb [m. iliacus (IL), m. adductor magnus (ADD), m. vastus
lateralis (VL), m. semitendinosus (ST), m. tibialis anterior (TA),
m. gastrocnemius medialis (GM), m. soleus (SOL), and m. flexor
hallucis longus (FHL)]. The selected muscles had to meet at least
one of three criteria. The first was that the muscles are widely used
in studying locomotion (e.g., IL, VL, ST, GM, TA) or postural
control (e.g., LD, ACD, SOL, ADD) (Siegel, 1970; Karayannidou
et al., 2009; Musienko et al., 2014). The second was that they
are the hindlimb muscles having the most rostral (ADD, IL) or
the most caudal motoneuronal pools (FHL) in the spinal cord
(Mohan et al., 2015; Wenger et al., 2016). The third was that they
served as reference points with the most rostral (LD) or the most
caudal (ACD) motoneuronal pools in our zone of interest.

For chronic muscle implantation, the TA and GM of one
leg were chosen because they are most often used in chronic
experiments as antagonist muscles to analyze a gait pattern.

Transcutaneous Mapping
The transcutaneous stimulation was conducted using a 5 × 5-
mm electrode made of biocompatible self-adhesive conductive
hydrogel (FDA 510(k) Premarket Notification K092546;
CWN2505; GMDASZ Manufacturing Co., Ltd., Shenzhen,
China) placed between the spinous processes of the VT12/VT13,
VL1/VL2, and VS1/VS2 vertebrae. The vertebrae were carefully
palpated and the VL6/VS1 vertebral junction was determined
as the last movable joint before four sacral vertebrae, which
were immobile relative to each other. The skin under the
intervertebral spaces was then marked, but the exact position was
checked every time before electrode placement. The 30 × 50-mm
ground electrode (made of the same material) was fixed on the
animal’s abdomen.

Transvertebral Stimulation
Transvertebral mapping of the lower thoracic, lumbar, and sacral
spinal segments was conducted in acute experiments after cutting
the skin and the fascia on the back to expose the spinous
processes of the vertebrae VT11–VS2 and separate them from the
surrounding tissues. A hole (1 mm diameter) was drilled with a
hand drill horizontally (Figure 1B) into each spinous process of
vertebrae VT12–VS1 close to its basement.

For acute experiments, the wire electrode (2 mm of the Teflon
insulation was removed around the wire, 2 cm from the wire
tip) was placed alternately in one of the spinous processes of

the VT12–VS1 vertebrae and fixed in the entrance and exit of
the spinous process canal. For chronic experiments, the spinous
process of the L2 vertebra was exposed through a minimal
skin and muscle incision and drilled horizontally. The vertebral
stimulation electrode was fixed inside the hole by tying a knot
around the dorsal part of the spinous process. The skin was then
closed with Ethilon 4. Two common ground (indifferent EMG
and stimulation grounds) wires (with 1 cm of the Teflon removed
distally) were inserted into the muscles near the right and left
shoulders. The scheme of the stimulating electrode position in
the VL2 spinous process is presented in Figure 1B.

For acute experiments after bilateral carotid artery ligation, the
animal was decerebrated at the precollicular–postmammilar level
(Dobson and Harris, 2012) and placed into a custom stereotaxic
frame, where it was fixed with vertebral clamps for subsequent
recordings as shown in Figure 1A. The head and the tail were
supported with stripes of soft fabric. The hindlimbs were in
the unsupported state. The anesthesia was turned off just after
the decerebration.

For chronic animals, the recording electrodes were implanted
into the muscles of one leg as described above and the wound was
closed using Vicryl 5 for the fascia and Ethilon 4 for the skin. All
wires were coiled in the back region to form a stress release loop
and were combined into an Amphenol head connector, which
was fixed on the animal’s head. After surgery, the animal was let
to recover from anesthesia in a warm box. Analgesic (ketorolac,
1 mg/kg, s.c.) and antibiotic (enrofloxacin, 5 mg/kg, s.c.) were
administered during 3 and 5 days after surgery, respectively.

Electrical Stimulation and Recording
The recruiting was performed by stimulation with single pulses
of 1 Hz frequency at stimulation intensities ranging from 1,500
to 4,500 µA for transcutaneous stimulation and from 500 to
3,300 µA for transvertebral stimulation in increments of 100 µA,
with a pulse duration of 0.2 ms, interstimulus interval of 1 s,
and 10 impulses for each current (example of response is in
Figure 1C). Separation of the motor and sensory components of
the muscle response was achieved using stimulation by double
impulses with interpulse interval of 20 ms (Gerasimenko et al.,
2006; Roy et al., 2012). Preliminary experiments confirmed
that with submaximal currents the sensory components of the
muscle response to the second part of a double impulse were
suppressed (Figure 1D). However, in some cases, they reappeared
in further current increases as described previously (Minassian
et al., 2004). This is why the recruiting by itself was performed
with a single impulse stimulation. The values of the latencies
received by double-impulse stimulation were used to separate
the early response component from the others during the single
impulse stimulation.

Anatomical Verification of Spinal Pathways
Under the Stimulating Electrodes
At the end of the experiment, the animal was perfused with
100 ml of 0.9% NaCl followed by 350 ml of 4% paraformaldehyde
in 0.1 M phosphate buffered saline (PBS). A careful dissection
was then performed to explore the lengths and the positions
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FIGURE 1 | (A) Design of the experiment. The decerebrate rat is fixed in the custom stereotaxic frame and the holes were drilled in the spinous processes of the
VT12–VS1 (red dots) vertebrae. The stimulating vertebral electrode was placed alternately in the hole in each vertebra. The stimulating cutaneous electrode was
placed in the zones between adjacent vertebrae. The intramuscular electrodes were implanted to record EMG signals. (B) The representative scheme of the frontal
section of vertebra VL2 with the spinal cord, dorsal (red) and ventral (green) roots, and dorsal root ganglia (DRGs, pink) inside the vertebral canal. The position of the
stimulating cutaneous electrode and vertebral electrode in the spinous process is shown. The contact insulation-free area of the vertebral electrode indicated with a
red arrow. (C) An example of motor-evoked potential with the main characteristics measured. (D) An example of motor-evoked potential to first (blue) and second
(red) pulse of double-pulse stimulation. (E,F) The recruitment curves of motor (E) and sensory (F) responses at stimulation of different vertebrae and their slopes
(max, maximal slope; i, slope at stimulation of some other vertebra).

of the sT12–S1 spinal segments, the dorsal root ganglia (DRG)
and the dorsal and ventral roots in relation to the VT12–VS1
vertebrae. The mean skeletotopy of the spinal segments was
plotted based on these data.

Analysis and Statistics
Custom scripts written in MATLAB were used to measure the
evoked potentials from the selected muscles. We analyzed the
latency and peak-to-peak amplitude of the different response
components in the 0.5 to 15 ms range after the stimulation
impulse (Figure 1C). The “early” response (ER), which did not
deteriorate during the double stimulation test (Gerasimenko
et al., 2006) at submaximal current (Figure 1D), had the minimal
latency. We attributed this to the motor response due to the direct

activation of the motoneuronal axons. The “medium” response
(MR) was second in terms of latency, just after the ER. The “late”
response (LR) was third in terms of latency, just after the ER and
MR. Both the MR and LR were deteriorated during the double
stimulation test (Gerasimenko et al., 2006) as reflex (sensory)
responses required time for recovery for synaptic transmission.

The recruitment curves for motor and sensory responses were
constructed based on these values. For each muscle of each
animal, the distribution of the recruitment curves was received
over a range of stimulated vertebra. The slopes of the ascending
parts of these curves were calculated by the least squares method
(e.g., Figures 1E,F, Slopei and Slopemax), where the beginning
value had to be greater than a 0.1-mV threshold. All slopes of the
recruitment curve distributions were normalized to the maximal
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FIGURE 2 | The representative examples of evoked potential dynamics with increasing current for transvertebral double-pulse electrical stimulation (1,900–2,200 µA)
delivered at VL5 vertebrae for mm. flexor hallucis longus (FHL) and soleus (SOL). Stim, stimulation impulse; ER, early response; MR, medium response.

slope value (Figures 1E,F, Slopemax). For transvertebral mapping,
i = (VT12–VS1); for comparison of the transvertebral stimulation
with the transcutaneous one, i = VT12, VL2, VL6.

The distributions of the normalized slopes of the recruitment
curves of one muscle were averaged over all animals. The χ2

two-sample Bonferroni-adjusted test (Press et al., 1992) was used
when comparing these distributions for different muscles. The
paired Wilcoxon criteria was applied to compare the normalized
slopes of different muscles in one stimulation point when
comparing transvertebral and transcutaneous stimulation. For
each muscle, the latencies and threshold currents of the ERs for
the recruitment curve that had maximal slope were averaged over
animals. The Friedman test with post hoc Bonferroni adjustment
was used to compare these values for the different muscles.

All data are reported as mean ± SE. The criterion level for the
determination of statistical difference was set at p < 0.05.

RESULTS

Transvertebral Spinal Cord Stimulation
Transvertebral SCS over the VT12–VS1 vertebrae (Figure 1)
of non-anesthetized decerebrated rats evoked site-specific EMG
patterns of activity in the tested muscles. Examples of evoked
potential dynamics with increasing current are presented in
Figure 2. The sensory-evoked potentials (namely, MR on
Figure 2), similar to the motor ones (ER, on Figure 2),
appear at lower currents in response to the first impulse,
but the sensory-evoked potentials are absent after the second
impulse. The motor-evoked potentials increase similarly with

further current increases in response to the first and to the
second impulses, whereas the sensory-evoked potentials decay.
Thus, the motor and sensory responses illustrated classical
recruiting dynamics; the MR (H-wave) was suppressed by the
ER (M-wave) as the amplitude of the stimulation increased
(Hoffman, 1910; Gerasimenko et al., 2006). We also observed
the late reflex component in some muscles, but this was
not consistent (Figure 3A, ST). The latencies of ERs were
almost equal to each other in all individual responses at one
stimulation point, indicating reproducibility of the recorded
motor-evoked potentials and the stability of the experimental
model (Figures 2, 3).

The examples of recruitment curves for individual muscles
plotted for motor (early) and sensory responses of the same
animal when the electrical stimulation was delivered at the
VT12–VS1 vertebrae are presented in Figure 4. For motor
responses, the saturation of peak-to-peak amplitudes was
observed for some muscles (LD, VL, and ACD). For the different
muscles, the “optimal” vertebrae where the stimulation causes
a maximal recruitment curve slope were clearly different. For
example, the set of LD recruitment curves had a maximum slope
at the VT12 stimulation, the set of ACD recruitment curves had
a maximum slope at the VS1 stimulation, and so on. When
the vertebrae adjacent to the “optimal” one were stimulated, the
recruitment curves had slopes close to the maximal value.

For sensory responses, the recruitment curves frequently had
a typical inverted U-shape (e.g., FHL, SOL, GM, and VL) due
to depression of the sensory responses by motor ones. Their
threshold current was lower than the threshold current of the
motor responses, as the sensory responses appear to arise due
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FIGURE 3 | The examples of averaged evoked potentials (SE plotted by dotted line) (A) and the latencies (B) and threshold currents (C) of early responses of mm.
longissimus dorsi (LD), abductor caudae dorsalis (ACD), iliacus (IL), adductor magnus (ADD), vastus lateralis (VL), semitendinosus (ST), tibialis anterior (TA),
gastrocnemius medialis (GM), soleus (SOL), and flexor hallucis longus (FHL) at maximal or submaximal current at “optimal” stimulation. **p < 0.01, *p < 0.05.

to activation of more excitable dorsal roots that are more closely
situated to the stimulation electrode. The number of vertebrae
where the stimulation caused a suprathreshold sensory response
was greater than the number of vertebrae where the stimulation
caused a motor response, in good agreement with previous
findings (Roy et al., 2012).

The averaged distributions of the normalized slopes versus the
mean skeletotopy of the VT12–VS1 region for motor and sensory
responses are presented in Figure 5. The significance of the
difference between each pair of distributions of motor responses

is presented in Table 1. They are subdivided into five groups.
The distribution for LD has a maximum at the VT12 stimulation;
the distributions for IL, ADD, and VL have an inverted U-shape
with a flat maximum at the VL2–VL4 stimulation (IL) or at
VL4 (ADD and VL); the distributions for TA, FHL, and ST
have maxima at the VL5 stimulation and additional submaxima
at the VL2 stimulation; the distributions for SOL and GM
have maxima at the VL6 stimulation and additional submaxima
at the VL2 stimulation; and the distribution for ACD has
a maximum at the VS1 stimulation. Notably, the VL1 and
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FIGURE 4 | Examples of the recruitment curves for mm. longissimus dorsi (LD), abductor caudae dorsalis (ACD), iliacus (IL), adductor magnus (ADD), vastus lateralis
(VL), semitendinosus (ST), tibialis anterior (TA), gastrocnemius medialis (GM), soleus (SOL), and flexor hallucis longus (FHL) plotted for motor and sensory responses
in the same animal when the electrical stimulation was delivered at the VT12–VS1 vertebrae.
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FIGURE 5 | The mean skeletotopy of spinal cord segments in relation to the VT12–VS1 vertebrae (the T11–S1 segments, their roots, and DRGs are marked by
different colors corresponding to Figure 2) versus the averaged distributions of normalized slopes for mm. longissimus dorsi (LD), abductor caudae dorsalis (ACD),
iliacus (IL), adductor magnus (ADD), vastus lateralis (VL), semitendinosus (ST), tibialis anterior (TA), gastrocnemius medialis (GM), soleus (SOL), and flexor hallucis
longus (FHL) at the stimulation of these vertebrae. Motor responses (blue), sensory responses (red). The length of all vertebrae presented are equalized for simplicity.
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TABLE 1 | The significance of the difference between distributions of slopes of motor responses (χ2 two-sample Bonferroni-adjusted test, the significant differences on
the p < 0.05 level are in boldface).

IL ADD TA FHL VL ST GM SOL ACD

LD 126.9 132.5 158.5 155.9 155.3 160.3 169.1 164.3 151.3

IL 5.4 35.9 61.6 13.8 54.6 79.4 73.6 98.2

ADD 20.4 48.8 5.6 44.7 63.9 58.5 93.3

TA 19.8 15.2 19.1 34.2 24.2 88.9

FHL 45.8 3.9 8.7 3.4 58.1

VL 39.9 57.4 52.7 95.4

ST 10.6 4.2 64.0

GM 6.7 42.2

SOL 65.0

TABLE 2 | The significance of the difference between distributions of slopes of sensory responses (χ2 two-sample Bonferroni-adjusted test, the significant differences on
the p < 0.05 level are in boldface).

IL ADD TA FHL VL ST GM SOL ACD

LD 60.2 72.5 113.9 96.6 102.3 112.0 120.3 124.0 108.0

IL 9.7 31.9 23.2 23.8 31.6 42.5 51.7 45.3

ADD 20.3 12.6 9.9 26.7 34.3 37.4 44.0

TA 8.5 11.5 5.2 8.2 9.0 41.5

FHL 14.4 7.1 10.9 12.4 30.1

VL 22.6 26.7 29.7 47.2

ST 2.5 5.9 32.4

GM 3.0 31.3

SOL 34.1

VL3 vertebrae are not optimal for any of the 10 muscles
under consideration.

The distributions of sensory responses are wider than the
distributions of motor responses. The significance of the
difference between each pair of distributions is presented in
Table 2. They can be subdivided into four less pronounced
groups. The distribution for LD has a maximum at the VT12
stimulation; the distribution for IL has a maximum at VL2
stimulation; the distributions for ADD, VL, TA, FHL, ST, GM,
and SOL have a complex form; and the distribution for ACD has
maximum at the VS1 stimulation.

The distributions indirectly reflect the rostrocaudal
distribution of the motoneuron pools in the rat spinal cord
(Nicolopoulos-Stournaras and Iles, 1983; Mohan et al., 2015;
Wenger et al., 2016). The S1 spinal cord segment is located
in the VL2 vertebra due to spinal cord “ascension.” Thus,
the stimulation of the VL3–VS1 vertebrae does not affect the
spinal cord itself. By contrast, the stimulation of the VL2
vertebra supposedly also activates the spinal cord, leading to the
additional maxima in the distribution of the sensory and motor
responses mentioned above.

The examples of averaged evoked potentials of all considered
muscles at the maximal or submaximal current at the “optimal”
stimulation are presented in Figure 3A. Again, the “optimal”
stimulation of various muscles was carried out from different
vertebrae. Most of the presented evoked potentials contain the
high amplitude ER followed by MR of lower amplitude. The ER
latencies in all the considered muscles at the maximal current

applied to “optimal” stimulation sites are presented in Figure 3B.
The LD latency is significantly lower than the latencies of GM,
ST, FHL, TA, and SOL (p < 0.01); this corresponds to the LD
anatomical location and the shorter motor axon path to this
muscle. Following the same logic, the latencies are significantly
lower for the proximal limb muscles (IL, VL, and ACD) than
for the distal ones (FHL, TA, and SOL) (IL, p < 0.01; VL,
ACD, p < 0.05). The SOL is the slow muscle; the rate of rise
is lower for its action potential than for those of the extensor
muscles (Albuquerque and Thesleff, 1968); the spectrum of its
activity covers a region of lower frequencies than do the spectra
of the fast muscles (Hodson-Tole and Wakeling, 2010). This is
probably why the latency is higher for SOL responses than for GM
responses. The ER threshold currents increased rostrocaudally
(Figures 3C, 4). The threshold current was significantly lower
for LD that had optimal VT12 and VT13 stimulation vertebra
(p < 0.05) than for TA, GM, SOL, and ACD that had optimal
VL5, VL6, and VS1 stimulation vertebrae.

Chronic Experiments
The validity of the proposed approach of electrode implantation
and the possibility of causing muscle responses to vertebral
stimulation in chronic conditions were checked in a group
of awake animals that had survived 1 week after all the
implantation surgery. The typical pattern of the evoked response
of the TA muscle is presented in Figure 6A. Similar to the
acute experiments, the sensory responses were decaying and
the motor responses were increasing as the current increased.
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The recruitment curves plotted for the motor responses of the
TA and GM of individual animals to the VL2 single-pulse
stimulation are presented in Figure 6B. Presumably, the range
of stimulation currents depends on the implantation peculiarities
(e.g., variations in individual reactions to the electrodes as
a foreign object, expressed by surrounding the wire with
connective tissue, or a slightly different position of the wire inside
the vertebral hole), whereas the slopes of the recruitment curves
of different animals are rather similar.

Comparison of the Selectivity of
Transcutaneous and Transvertebral
Stimulation
The transcutaneous and transvertebral stimulation was
compared at three stimulation points located on the edges
and in the center of the zone of interest: the VT12, VL2, and VL6
vertebrae. The muscle responses to double-pulse transcutaneous
stimulation were qualitatively similar to those of transvertebral
stimulation (Figure 7). The motor-evoked potentials were
elicited in response to both stimulation pulses, whereas the
sensory-evoked potentials were elicited only in response to the
first one. The sensory-evoked potentials decayed with the current
increase. The motor responses were chosen for comparison of
the selectivity, since their distributions were narrower than those
of the sensory responses (Figure 5).

The pattern of the relative slopes for transvertebral stimulation
is presented in Figure 8A. The VT12 stimulation activated the LD
to a maximal degree and the VL, TA, SOL, FHL, GM, and ST to a
minimal degree. The relative slopes of IL, ADD, and ACD were
small but significantly higher than zero. The VL2 stimulation
activated the LD to a minimal degree, whereas the differences
between the relative slopes of other muscles were insignificant.
The VL6 stimulation revealed a significant difference between
the small relative slopes of LD, IL, ADD, and VL and the large
relative slopes of TA, SOL, FHL, GM, ST, and ACD. Thus, the
transvertebral stimulation of VT12 and VL6 allowed the selective
stimulation of different muscle groups.

The pattern of relative slopes for transcutaneous stimulation
(Figure 8B) had much in common with the transvertebral
stimulation, although it had some peculiarities. The selectivity
of stimulation of the cutaneous zones between VT12 and VT13
and between VL6 and VS1 was lower than the selectivity of
transvertebral VT12 and VL6 stimulation, respectively. On the
contrary, the stimulation of the cutaneous zone between VL2 and
VL3 allowed selective recruitment of the muscles having more
rostrally located motoneuronal pools.

DISCUSSION

In the present work, we performed detailed and thorough
testing of the transvertebral stimulation of thoracic (VT12–
VT13), lumbar (VL1–VL6), and sacral (VS1) vertebrae to recruit
the motor-evoked potentials in 10 different muscles of the
trunk and hindlimbs that participate in locomotion and postural
activity. This electrophysiological mapping demonstrated that
the transvertebral SCS, similar to the transcutaneous SCS, has

substantially specific effects on the rostrocaudally distributed
sensorimotor network of the lumbar and sacral spinal segments.
These effects are mainly driven by stimulation of the roots
carrying sensory and motor spinal pathways.

Site-Specific Recruitment of the
Sensorimotor Pathways by
Transvertebral Spinal Cord Stimulation
The spinal cord consists of rostrocaudally distributed neuronal
pathways and cell groups. In particular, the lumbosacral spinal
cord contains the motor pools of the trunk and hindlimb
muscles (Romanes, 1951; Nicolopoulos-Stournaras and Iles,
1983; Vanderhorst and Holstege, 1997; Takahashi et al., 2010;
Mohan et al., 2014, 2015), related interneuron populations (Carr
et al., 1995; Dai et al., 2005; Merkulyeva et al., 2018), sensory
inputs of different modalities from somatotopic regions (Rivero-
Melián and Grant, 1990; Takahashi et al., 2003, 2006, 2007), and
neuronal axons (Tani et al., 1994; Takahashi et al., 2010) that
conduct motor commands to the musculoskeletal system during
locomotor activity and postural tasks. Our aim in the present
study was to use the method of transvertebral SCS to recruit
specific neuronal pathways located under the thoracic, lumbar,
and sacral vertebrae.

We chose ACD and LD (implanted near the VT13 vertebra)
muscles as the reference points because they have the most caudal
and rostral motor neuron pool localizations of all implanted
muscles. In accordance, the ACD was found to be recruited at
the most caudal stimulation point, namely VS1. Its motoneurons
are distributed in the L5–Co1 segments with the maximum in the
S1 segment (Grossman et al., 1982), where motoneurons of the
hindlimb muscles are absent. The LD has multiple every-segment
innervation by lateral branches of the dorsal rami of the lumbar
spinal nerves (Brink and Pfaff, 1980). However, for the epaxial
and hypaxial muscles, each segment of the spinal cord innervates
a site located caudally; for example, a section of this muscle at
the level of the VL5 vertebra is innervated by motor neurons
located in the L2 and L3 segments (Takahashi et al., 2010) and the
same segments receive its sensory inputs (Takahashi et al., 2003).
Therefore, it makes sense that the LD implanted near the VT13
vertebra was recruited with a maximum slope during stimulation
of the rostral VT12 vertebra.

A number of studies of the hindlimb motor neuron pools
in various species, particularly in rats (Nicolopoulos-Stournaras
and Iles, 1983; Mohan et al., 2015; Wenger et al., 2016), mice
(Mohan et al., 2014), and cats (Romanes, 1951; Vanderhorst and
Holstege, 1997), have shown that motor neurons innervating
the proximal muscles are located more rostrally than are motor
neurons innervating the distal muscles. A similar distribution
pattern is well known and characteristic of the motor neurons
innervating the muscles of the forelimb (McKenna et al., 2000).
The proximodistal order of muscle activation has been shown
in epidural (Lavrov et al., 2015) and transcutaneous (Roy et al.,
2012; Gerasimenko Y. et al., 2015) stimulation experiments as the
stimulation electrode moves from a rostral to a caudal direction.

However, some exceptions to this rule exist; for example, the
neuronal pool for TA is rostral to the ones for GM and SOL
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FIGURE 6 | The motor-evoked potentials triggered by transvertebral stimulation in chronic animals. (A) Example of evoked potential recruitment dynamics with
increasing current (1,600–2,000 µA) for m. Tibialis anterior (TA). (B) The individual recruitment curves for mm. TA and gastrocnemius medialis (GM) of different
chronic rats. Stim, stimulation impulse; ER, early response; MR, medium response.

although all these muscles are located on the shin and act to the
ankle joint as a flexor and extensor, respectively (Nicolopoulos-
Stournaras and Iles, 1983; Mohan et al., 2015; Wenger et al.,
2016). A similar shift in motoneuron pools can be observed for
the vastus and hamstrings groups (Watson et al., 2009; Mohan
et al., 2015; Wenger et al., 2016) or for the forelimb biceps and
triceps motoneurons (McKenna et al., 2000; Greiner et al., 2020).
This may reflect the embryonic and phylogenetic origin of the
TA and quadriceps group from the dorsal muscle mass and the
origin of the SOL, GM, and hamstring group from the ventral
one (Diogo et al., 2016).

The different maps of rat motoneuronal pools diverged in
detail (Nicolopoulos-Stournaras and Iles, 1983 vs. Mohan et al.,
2015 vs. Wenger et al., 2016). Furthermore, the response of a
muscle to stimulation may depend indirectly on the location of
its motoneuronal pool (due to root anastomosis, the peculiarities
of current distribution over vertebrae, and so on). For example,
Borrell et al. (2017) found a significant but partial coincidence
of motoneuronal pools with intraspinal microstimulation-evoked
movement patterns. This is why the following computational
procedure was developed for each muscle. Initially, we calculated
the maximal peak-to-peak amplitudes for sensory and motor
responses at each stimulation point. We then constructed
the recruitment curves based on those values and chose the
recruitment curve with the maximal slope.

One of the outcomes of this study was the generation of
maps of muscle-evoked potentials calculated on the basis of
the averaged distributions of the normalized slopes of the
recruitment curves. Our results are generally in good agreement
with the data on the motoneuronal pool distribution, since
the pattern of normalized slopes for proximal muscles has
peaks in more rostral segments than for distal ones. The
method of mapping is sufficiently sensitive even to reveal the
abovementioned flexor–extensor shift of the motor neuron pool
distribution. The aggregated map of the hindlimb muscles
obtained is located more caudally than previously described
(Nicolopoulos-Stournaras and Iles, 1983; Mohan et al., 2015) and
is more similar to the data presented by Wenger et al. (2016); this
requires further evaluation.

Neuroanatomical Mechanisms of the
Transvertebral Spinal Cord Stimulation
The effects of epidural and transcutaneous stimulation on the
hindlimb muscles are similar to each other in that they depend on
the site of stimulation in a similar manner in the rat (Capogrosso
et al., 2013), cat (Musienko et al., 2013), and human (Zhu et al.,
1998; Minassian et al., 2007; Roy et al., 2012; Sayenko et al.,
2015; Hofstoetter et al., 2018). The H-wave appears primarily
upon stimulation of the upper lumbar segments of the spinal
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FIGURE 7 | Examples of evoked potential dynamics with increasing current for transcutaneous double-pulse electrical stimulation (3,400–3,700 µA) delivered at the
zone between VL2 and VL3 vertebra for mm. vastus longus (VL) and soleus (SOL). Stim, stimulation impulse; ER, early response; MR, medium response; LR, late
response.

cord or the vertebrae over them (Roy et al., 2012; Sayenko et al.,
2015; Hofstoetter et al., 2018), since the dorsal root input zones
into these segments are accessible for the electrical current first.
The excitability is higher in the Ia afferents in the dorsal roots
responsible for H-wave (Erlanger and Gasser, 1937; Lloyd and
Chang, 1948) than in the low-threshold efferents in the ventral
roots inducing the M-wave. The dorsal roots are anatomically
much closer to the electrode and separated from the ventral
roots due to the relatively large diameter of the spinal cord. The
M-wave, however, may emerge with a further significant current
increase. This sequence of wave appearance is also confirmed by
simulation (Danner et al., 2011).

In the lower lumbar spinal cord, the dorsal and ventral roots
are closer to each other (Figure 1B). In this case, the threshold
currents of the M- and H-waves could be closer. Both the M-
and H-waves can occur simultaneously with increasing current
(Capogrosso et al., 2013). Similarly, in the lumbar vertebrae, the
dorsal and ventral roots of the lower lumbar segments are located
close to each other, especially in the areas near the intervertebral
foramina that lead to the early appearance of the M-wave.
However, in these vertebrae, the spinal cord in rats (Gelderd and
Chopin, 1977; our data Figure 5), in cats (Shkorbatova et al.,
2019), and in humans (Barson, 1970) may actually be absent. The
M-wave may appear together with the H-wave (Zhu et al., 1998;
Roy et al., 2012; Musienko et al., 2013) or at a slightly higher
stimulation magnitude (Minassian et al., 2007).

The transvertebral SCS used in our work is similar to the
transcutaneous one by its effects on spinal sensorimotor

pathways. Firstly, the distributions are wider for the
sensory-evoked potentials than for the motor ones, as was
shown for transcutaneous stimulation of the human spinal
cord (Roy et al., 2012). Potentially, the sensory responses may
be elicited by stimulation of dorsal roots passing closer to
dorsally located stimulating electrodes over the spinal cord.
Therewith, the sensory pathways in the stimulating roots have
wide projections and collateralization (Redett et al., 2005) while
coming and switching at the spinal level. The motor responses
are elicited more specifically by stimulation of the ventral roots
of the segment, presumably, in their exit from the vertebral
canal below the corresponding vertebra (Danner et al., 2011).
Every segmental group of ventral root contains (with some
individual variations) the particular set of motor axons running
from motoneuron pools specific for the segment. Secondly,
the responses to both types of stimulation indirectly reflect the
rostrocaudal distributions of motoneuronal pools; that is, LD, IL,
and ADD are active to a greater degree during the stimulation
of the more rostral point (vertebrae VT12 or VT12–VT13
cutaneous zone), whereas SOL, FHL, and GM are active to a
greater degree during the stimulation of the more caudal point
(vertebrae VL6 or VL6–VS1 cutaneous zone). Therefore, taking
into account a more superficial and distant location from the
spinal canal and larger area of electrodes, the transcutaneous
stimulation would appear to capture a wider zone of spinal
pathways relative to the transvertebral stimulation.

Transvertebral intraoperative stimulation through the pedicle
screws is widely used to monitor possible root trauma and
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FIGURE 8 | The relative slopes of recruitment curves in (A) transvertebral stimulation of VT12, VL2, and VL6 and (B) transcutaneous stimulation of VT12–VT13,
VL2–VL3, and VL6–VS1 zones of mm. longissimus dorsi (LD), abductor caudae dorsalis (ACD), iliacus (IL), adductor magnus (ADD), vastus lateralis (VL),
semitendinosus (ST), tibialis anterior (TA), gastrocnemius medialis (GM), soleus (SOL), and flexor hallucis longus (FHL).

the quality of screw implantation (Calancie et al., 1992, 1994;
Toleikis et al., 2000; Danesh-Clough et al., 2001). This technique
is qualitatively similar to the one used in our work, except
that it is lateralized, whereas we placed the electrode at the
midline in the center of the spinous process. This stimulation
in sheep (Danesh-Clough et al., 2001), pig (Lenke et al., 1995),
and humans (Calancie et al., 1994) showed that the amplitude
and latency of the EMG response in different muscles depend
on the stimulated vertebra, again reflecting the rostrocaudal
distribution of motoneuronal pools in the spinal cord. The EMG
data presented previously (Calancie et al., 1994; Chansakul and
Nair, 2012) allow us to suppose that, with this type of stimulation,
the M-wave may appear already in the near threshold current.

The low values of all latencies obtained when the “optimal”
vertebra is stimulated (Figure 3B) indicate the involvement of
the ventral roots, resulting in the M-wave. The different latencies
of the M-waves in different muscles are associated with the

length of the motoneuron axons that innervate the particular
muscle: the more proximal the muscle is in relation to the
spinal cord, the shorter is its M-wave latency, and vice versa.
The M-waves predominantly appeared in the threshold current
in transvertebral stimulation. Interestingly, the early appearance
of the M-wave was also observed by Pavlova et al. (2019)
during deep subcutaneous stimulation of the intervertebral area.
Presumably, the threshold currents for excitation of motor axons
and Ia/Ib fibers are similar for stimulation of the caudal segments
of the spinal cord (Capogrosso et al., 2013). In the case of SCS
through pedicle screws, the threshold currents rise as the distance
between the screw and the neural structures increases (Montes
et al., 2012). The differences in threshold currents observed in our
work (Figure 3C) may be associated with anatomical differences
in the structure of the rat vertebrae. Supposedly, the rostrocaudal
increase of the rat’s spinous process height, calculated as Vd-VBd-
SCd following Jaumard et al. (2015), leads to an increase in the

Frontiers in Systems Neuroscience | www.frontiersin.org 13 October 2020 | Volume 14 | Article 555593

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


fnsys-14-555593 October 7, 2020 Time: 19:40 # 14

Shkorbatova et al. Mapping of the Spinal Network by Transvertebral Stimulation

distance from the stimulation point to the stimulated structures
of the spinal cord.

The Relevance of the Spinal Pathways
Neuromodulation by Transvertebral
Spinal Cord Stimulation
Although there are limitations in using a decerebrate preparation,
our results show that transvertebral SCS can be further used
in acute and chronic experiments on intact and injured animal
models to access spinal pathways, such as the locomotor or
visceral networks, and to investigate the neuronal control of
the sensorimotor and autonomic functions. The relationship
between spinal and vertebral levels are rather variable, especially
for the more caudal segments (Needles, 1935; Shkorbatova
et al., 2019). That is why the precise level for epidural SCS
can only be well determined after a thorough neuroanatomical
dissection and histology.

The important advantage of transvertebral stimulation is
that it mostly affects the roots emerging from/entering into
the spinal canal of the corresponding vertebra and containing
sensory and motor fibers to the homologous segment. This has
a special value when stimulating more caudal vertebrae where
the cauda equina is formed by roots from ascending lumbosacral
segments. The data obtained confirm that the transvertebral and
transcutaneous stimulation approaches are selective in acting on
the individual roots forming the cauda equina at the specific
level from which they depart. Simply counting the vertebrae
provides rather objective information about targeting the spinal
cord region during the in vivo stage of the experiment.

One problem of transcutaneous stimulation is the difficulty
in fixation of the stimulating electrode on the skin, as it is
easily movable in the rat and, especially, in unanesthetized,
freely behaving animals in chronic experiments. Moreover,
animals have cutaneous trunk muscles that cover the back and
sides of the animal body. Though the muscle is innervated
from C7–T1 spinal segments (Theriault and Diamond, 1988),
it responds to the stimulation of the dorsal aspects of the
trunk skin by flicking or puckering the skin (Petruska et al.,
2014). This causes movement of the cutaneously fixed sticky
electrode during the stimulation. We also cannot exclude the
direct influence of the electrical current, which may cause this
muscle to contract. Possibly, for these reasons, the cutaneous
stimulation was used in chronic rats in experiments where the
exact position of the stimulation does not make much sense. For
example, for management of neuropathic pain, relatively large
(45 mm × 5 mm) adhesive electrodes were used, and they were
repositioned on the dorsal rami of spinal nerves L1–L6 before
the stimulation session (Somers and Clemente, 2006). However,
this approach is not appropriate for more thorough examinations
of the influence of stimulation points on the peculiarities of the
muscle response or of locomotion.

The transcutaneous SCS may modulate corticospinal
excitability and improve functional outcomes of rehabilitation
(Powell et al., 2016). Possibly, the transvertebral SCS may
be more selective than the transcutaneous one. There are
clinical protocols using transvertebral stimulation intended

to assess the functional state of spinal tracts and nerve roots
after the operations that lead to potential risk of spinal cord
damage, for example a simulation with the needle placed in
the spinous process (Komanetsky et al., 1998; Wilson-Holden
et al., 2000) or through pedicle screws (Calancie et al., 1992,
1994; Toleikis et al., 2000; Danesh-Clough et al., 2001). The
latter allows an intraoperative monitoring of EMG activity of
different muscle groups of human legs. This activity topically
depends on the stimulation level (Chansakul and Nair, 2012).
Meanwhile, the screws may be used for neuromodulation
in further treatment procedures (Edidin, 2017). In addition
to neurophysiological testing, the transvertebral SCS can be
studied as a neurorehabilitation method in paralyzed animal
models (Courtine et al., 2009) and in patients with vertebro-
spinal pathology (Gill et al., 2018; Wagner et al., 2018), as it is
much simpler to apply, less invasive, and safer compared with
epidural SCS. The value of the proposed approach to trigger
rostrocaudally distributed spinal pathways is a crucial feature for
neuromodulation treatments (Wenger et al., 2014, 2016).

Further experiments on chronic rats with severe SCI and
daily stimulating sessions, independent of Ichiyama et al.
(2005), Lavrov et al. (2006) or in combination with modulating
pharmacological agents (Ichiyama et al., 2008; Musienko et al.,
2011; Moshonkina et al., 2016), will test the clinical relevance
of transvertebral SCS and the advisability of its translation to
practical medicine.
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