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Abstract: The objective of our research was to examine an effect of 20-minute electrical stimulation session of the spinal cord (tESCS) on
the manifestation of reciprocal and presynaptic inhibition in the system of shin antagonist muscles in healthy individuals in a state of a
relative muscle rest and weak muscle effort, along with possible physiological mechanisms of these manifestations.

Material and Methods — The study involved 10 healthy men 27 to 35 years of age. Reciprocal and presynaptic inhibition was evaluated by
suppressing the amplitude of testing H-reflex of m. soleus under conditions of conditioning stimulation of n. peroneus profundus and
testing stimulation of n. tibialis with interstimulus intervals of 3 ms and 100 ms, respectively. Reciprocal inhibition and presynaptic
inhibition were recorded during a 20-minute tESCS in the area of T11-T12 thoracic vertebrae at rest, in combination with voluntary
muscular effort (5% of the maximum voluntary contraction), and after the stimulation.

Results — During 20-minute electrical stimulation of the spinal cord at rest, the severity of reciprocal inhibition decreased, inverting to
reciprocal facilitation, while presynaptic inhibition weakened only at the twentieth minute of stimulation; and in the postactivation period,
the activity of spinal inhibition processes in the antagonist muscle system corresponded to background values. The most pronounced effect
of prolonged tESCS was observed when performing a weak isometric contraction, which was accompanied by an increase in reciprocal
inhibition activity during 10 minutes of exposure and 10 minutes after the end of stimulation. The severity of presynaptic inhibition during
and after the spinal cord stimulation remained unchanged and complied with background values. The presynaptic inhibition activity was
expressed to a greater extent during prolonged stimulation of the spinal cord at rest, and when performing a weak voluntary effort, as well
as during the postactivation period.

Conclusion — Changes in the spinal inhibitory interactions in the system of antagonist muscles on the basis of tESCS effects during arbitrary
muscle tension could probably be explained by the fact that in this case, the inhibitory interneuron circuits of spinal cord were exposed to a
wider range supraspinally descending and ascending peripheral effects, compared with spinal cord stimulation in a state of a relative
muscle rest.

Keywords: transcutaneous electrical spinal cord stimulation (tESCS), reciprocal inhibition, presynaptic inhibition, afferents, muscles,
motoneurons, interneurons.
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Introduction coordinate reciprocal inhibitory connections with motoneurons of
antagonist muscles, implemented via la inhibitory interneuron.
The functional significance of reciprocal inhibition lies in timely
coordinated work of flexor and extensor muscles in the course of
performing various movements [2, 3].

Main neuronal mechanisms of coordination and integrative
activity are inhibition processes in the spinal cord that have an
important functional significance in the regulation of motor
activity and locomotion [1-3]. Reflex mechanisms in the system of

antagonist muscles are carried out with direct participation of The spinal system of presynaptic inhibition restricts the
reciprocal and presynaptic inhibition, and in the system of excessive flow of afferent signals to nerve centers and has
synergistic muscles, with nonreciprocal inhibition, also known as Ib principal biological significance in the processing of these signals in
inhibition, and recurrent inhibition via Renshaw cells [1]. the central nervous system. Presynaptic inhibition is associated

with primary afferent depolarization (PAD), mediated in axo-
axonic synapses, and involves modification of a transmitter release
in the synapse of la afferents to a-motoneuron using GABAa
receptors, which sequentially increases the output of Cl- ions and
generates polarization of afferent terminals [4]. Presynaptic
inhibition regulates excess skeletal muscle tone, which prevents

An ultimate spinal nerve pathway in motion control is the
disynaptic reciprocal inhibition of agonist and antagonist muscles
[2, 3]. The afferents of la reciprocal inhibition not only form
excitatory monosynaptic connections with homonymous a-
motoneurons in the combination of stretch reflex arcs, but also
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voluntary movements [5] and posture maintenance [6], and also
actively regulates excess afferent inflow to the motor centers of
the agonist and antagonist muscles of the lower leg, disinhibiting
nonreciprocal and reciprocal inhibitory effects on them, thereby
providing normal motor activity of a person [7].

In the last decade, a large number of experimental studies
were published on the use of noninvasive transcutaneous
electrical stimulation of the spinal cord (tESCS) [8-12]. This type of
exposure is the application of electrical stimulation by means of
electrodes attached to the lower thoracic and/or lumbosacral
vertebrae. A distinctive feature of this technique is the use of
painless stimulation modes on the spinal cord [8, 9]. Previously, we
have demonstrated postactivation effects of 20-minute electrical
stimulation of the spinal cord on the manifestation of
nonreciprocal and recurrent inhibitory interaction in the system of
agonist muscles in healthy individuals [12]. Previously unknown
patterns have been established of the effect of a long-term
electrical stimulation of the spinal cord on increasing muscle
strength capabilities, along with a modulation of Ib interneurons of
nonreciprocal inhibition, which ensures optimal maintenance of

A
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“Neuro-MVP-8"

vertebrae

lliac crests

Characteristics of long-term tESCS

20-minute stimulation

Indicators

Conditioning stimulus
n. peroneus profundus

skeletal muscle tension [11, 13]. However, the reflex mechanisms
of the tESCS action on the functional activity of reciprocal and
presynaptic inhibition in the system of antagonist muscles in
healthy subjects have not been studied.

An innovative feature of tESCS is its practical application in
rehabilitation of patients with movement disorders due to
diseases and injuries of the spinal cord [14-17]. Impairment of
supraspinal and suprasegmental control of inhibitory systems is
directly related to inability of performing a normal voluntary
movement, which implies high functional significance of inhibitory
interneuron circuits of the spinal cord in motion control [1, 18].

Consequently, the objective of our research was to examine an
effect of a 20-minute electrical stimulation session of the spinal
cord on manifestation of reciprocal and presynaptic inhibition in
the system of shin antagonist muscles of healthy subjects in a state
of relative muscle rest and weak muscle effort, along with possible
physiological mechanisms of these manifestations.

Testing stimulus
n. tibialis

Stimulation intensity

First 10 minutes

30 mA

After 10 minutes

40 mA

Duration of a single
stimulus

0.5ms

L<] - la afferents n. peroneus profundus

- la afferents n. tibialis

- excitatory la interneurons

la - inhibitory la interneurons

Stimulus frequency

10 Hz

Mn Sol - motoneuronsm. soleus; Mn TA - motorneuronsm.tibialis.arterior
PI - presynaptic inhibition; RI - reciprocal inhibition

Figure 1. Schematic description of the techniques. A. The tESCS technique; B. The technique of recording reciprocal and presynaptic inhibition mediated by
la interneurons on homonymous a-motoneurons of the spinal cord of the lower leg antagonist muscles.
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Figure 2. Experimental conditions for recording the amplitudes of testing H-reflexes of m. soleus under conditions of short-delay and long-delay
conditioning stimulation of n. peroneus profundus and testing stimulation of n. tibialis (disynaptic reciprocal and presynaptic inhibition): A — before
(background), during, and after tESCS in a state of a relative muscle rest; B —before (background), during tESCS with force retention of 5% of MVC, and after

an exposure to tESCS at rest.

Material and Methods

The study was conducted on the basis of Research Institute of
Sports Problems and Health-Improving Physical Culture of Velikiye
Luki State Academy of Physical Culture and Sports. The study
involved 10 healthy men 27 to 35 years of age. All study
participants were informed about the course of the experiment
and gave written informed consent to participate in the study.

tESCS methodology

We performed the tESCS (Neuro-MVP-8 stimulator, Neurosoft
LLC, lvanovo, Russia) using an active electrode — specifically, a
cathode of circular shape with a diameter of 2.5-3 cm and an
adhesive conductive layer, which was attached along the midline
of the vertebral column between the spinous processes of the
thoracic vertebrae T11-T12 (Figure 1A) [9]. Subjects were placed
on a couch in a supine position. Transcutaneous electrical
stimulation of the spinal cord was performed for 20 minutes.
Indifferent electrodes were anodes of a rectangular shape, 5x10.2
cm?, with an adhesive conductive layer; they were located
bilaterally, symmetrically, above the iliac crests. The stimulus
intensity during the first 10 minutes of the stimulation effect was
within 30 mA, and later achieved 40 mA. The duration of a single
stimulus was 0.5 ms, and the frequency of repeating the stimuli
was 10 Hz [13].

Method of recording disynaptic reciprocal inhibition of
homonymous a-motoneurons of the spinal cord and presynaptic
inhibition (D; inhibition) of homonymous la fibers

Conditioning (n. peroneus profundus) and testing stimuli (n.
tibialis) were applied to each study subject with an interstimulus
interval of 3 ms and 100 ms (Figure 1B). A short-delay conditioning
stimulus of 3 ms before the testing stimulus activates the afferents
of M. tibialis anterior and excites la inhibitory interneurons to the
a-motoneurons of soleus, thereby suppressing the testing H-
response of soleus and causing functional changes in the activity of
reciprocal inhibition at the spinal level [19, 20]. A long-delay
conditioning stimulus activates la inhibitory interneurons through

excitatory la interneurons to soleus a-motoneurons 100 ms before
the testing stimulus, which, in turn, reduces the excitability of a-
motoneurons of the corresponding muscle [2, 20]. The control H-
reflex was employed to determine the manifestation of reciprocal
and presynaptic inhibition, which was calculated by the formula:
Amplitude of testing H-response (mV) / Amplitude of control H-
response (mV) x 100. Manifestation of reciprocal and presynaptic
inhibition was evaluated by the most pronounced suppression of
testing H-reflex (%). The strength of the control and testing stimuli
on n. tibialis was 15-25% of the intensity generating maximum
amplitude of the soleus H-reflex, and of the conditioning stimulus
on n. peroneus profundus was 5-15% of the stimulus magnitude
generating maximum amplitude of the tibialis anterior M-
response. The amplitudes of H-reflexes and M-responses were
recorded on a miniature electromyograph, using the MYO
software developed by the Autonomous Nonprofit Organization,
Institute of Medical Rehabilitation Vozvrashcheniye  (St.
Petersburg, Russia, 2003). Conditioning and testing stimulation of
la afferents was carried out. EMG activity of antagonist muscles
(m. soleus, m. tibialis anterior) was recorded by surface cutaneous
electrodes with a diameter of 9 mm: the active electrode was
attached to the projection of the muscle motor point, the
reference electrode was placed at 2 cm of the tendon [3].

The method for recording voluntary muscle contraction

Plantar flexion of the foot (isometric contraction type) was
used as a motor model. The retention value of the isometric
reduction was 5% of the maximum voluntary contraction (MVC).
When performing a weak muscle effort, the subjects were
positioned in a supine position, the foot of the right leg was rigidly
fixed using adjustable straps on a dynamometer platform (Biodex
Multi-Joint System Pro-3, USA, 2006). At the beginning of each
experiment, the subjects performed MVC of the lower leg muscles.
After that, they were proposed to execute a static force of 5% of
the MVC and hold it for 20 minutes. Weak muscle contraction was
controlled by the subjects visually on a computer monitor. The
choice of a weak MVC was due to the fact that the subjects could
maintain such muscle tension during a 20-minute tESCS session.
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Figure 3. The amplitude of testing H-reflexes of m. soleus as a proportion of the control reflex before, during, and after tESCS at rest (%), M+SE, n=10.

* The reliability of differences relative to background values at P<0.05.
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Figure 4. The amplitude of testing H-reflexes of m. soleus as a proportion of the control reflex before tESCS at rest (background), with force retention of

5% of MVC, during tESCS in combination with retention of 5% of MVC, and after an exposure to tESCS at rest (%), M1SE, n=10.
* The reliability of differences relative to background values at P<0.05.
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Experimental design

Recordings of the amplitudes of the testing H-reflexes of m.
soleus (reciprocal and presynaptic inhibition) were carried out
under two experimental conditions. The first experiment involved
recordings performed at rest prior to the exposure to prolonged
tESCS; then at 5, 10, and 20 minutes of stimulation; and at 5, 10,
and 20 minutes of electrical aftereffect (Figure 2A). The second
experiment was conducted while holding a weak isometric
contraction (5% of MVC) of a muscle to tESCS: during its exposure,
at 5, 10, and 20 minutes, while maintaining the force of 5% of
MVC; and after stimulation, for 5, 10, and 20 minutes without
effort retention of 5% of MVC (Figure 2B). The control H-reflexes
of m. soleus were recorded in a state of a relative muscle rest.

Statistical data processing

Statistical data processing was carried out using Statistica
v.12.5.192.7 (StatSoft, USA, 2014). Statistically significant
differences in the studied parameters were revealed using the
nonparametric Kruskal-Wallis ANOVA method. The normality of
the sample distribution was determined using Shapiro-Wilk W test.
Multiple comparisons of the testing H-reflex amplitude of m.
soleus with the control reflex (%) were conducted during and after
tESCS for 5, 10, and 20 minutes, compared with the background
values (i.e., at FESt) (PS min tESCS x background; P10 min tESCS x background; P20
min tESCS x background; Ps min after tescs x background, P10 min after tESCS x
background; P20 min after tescs x background); and also between 5 and 10 (PS
minx10 min tEsCS; PS5 minx10 min after tescs), 5 @Nd 20 (Ps minx20 min tescs; Ps minx20
min after tescs), and 10 and 20 minutes (P10 minx20 min tescs; P10 minx20 min
after tescs) during and after stimulation effects. Similar multivariate
analysis was conducted with introducing force retention of 5% of
MVC. Then the differences in the manifestation of reciprocal
inhibition and presynaptic inhibition were determined under
different experimental conditions (Kruskal-Wallis ANOVA). The
critical value of statistical significance level, when testing null
hypotheses, was assumed at P=0.05.

Results

The data in Figure 3 indicate that before, during, and after
stimulation of the spinal cord at rest, the manifestation of
presynaptic inhibition was greater vs. the manifestation of
reciprocal inhibition (P-value ranging from 0.000 to 0.006).
Twenty-minute session of tESCS yielded a statistically significant
reduction in the activity of reciprocal inhibition, compared with
the background rate (Ps min tescs x background=0.007; P10 min tescs x
background=0.005; PZO min tESCS x background:0.0ol) and With presynaptic
inhibition — given only 20 minutes of stimulation (P20 min tescs x
background=0.037), While reciprocal inhibition was inverted to reflex
reciprocal facilitation. Within twenty minutes of stimulating
impact on the spinal cord, the manifestation of reciprocal
facilitation (Ps minx10 min tescs=1.000; P5 minx20 min tescs=1.000; P10 minx20 min
tescs=1.000) and presynaptic inhibition (Ps minx10 min tescs=1.000; P5 minx20
min tESCs=1.000; P10 minx20 min tescs=1.000) remained constant. After the end
of electrostimulation of the spinal cord, reciprocal facilitation was
recorded at 5 (PS min after tESCS x backgroundzO.GlZ) and 10 (Plo min after tESCS x
background=1.000) Minutes of aftereffect, and did not differ from the
background values. At the twentieth minute of the tESCS
aftereffect, reciprocal inhibition was recorded, and it matched the
background values (P20 min after the tescs x background=1.000). It is worth
noting that the severity of presynaptic inhibition within 20 minutes
after the end of stimulation did not change and was similar to the

baCkground values (ngUfé’ 3; Ps min after tscs x background=0.612; P10 min after
tESCS x background=1.000; PZO min after tESCS x background=1.000)-

Multivariate analysis of amplitude values of the testing H-
reflexes showed that electrical stimulation of the spinal cord in
combination with the retention of a weak muscular tension of 5%
of MVC yielded an increased reciprocal inhibition at 5 (Ps min tescs+5%
of MVCx5% of MVC (background)=0.010) @Nd 10 (P10 min tEscs+5% of MVCx5% of MVC
(background)=0.037) Minutes of exposure, compared with the value prior
to stimulation via maintaining a weak isometric contraction (Figure
4). Similar effect in manifestation of reciprocal inhibition was
observed at the end of stimulation (Ps min after tEscSxs% of MvC
(background)=0.002; P10 min after tESCSx5% of MVC (background)=0.005)- By the
twentieth minute after applying tESCS, the reciprocal inhibition
was restored to the background values (P20 minutes after the tESCSx5% of the
MVC (background)=1.000). Within twenty minutes of the spinal cord
stimulation in combination with isometric force of 5% of MVC,
reciprocal inhibition remained constant (Ps min tescs+5% of MVCx10 min
tESCS+5% of MVC=1.000; PS min tESCS+5% of MVCx20 min tESCS+5% of MVC=1.000; PlO min
tESCS+5% of MVCx20 min tESCS+5% of MVC:LOOO) .

Multivariate analysis of amplitude values of the testing H-
reflexes showed that electrical stimulation of the spinal cord in
combination with the retention of a weak muscular tension of 5%
of MVC yielded an increased reciprocal inhibition at 5 (Ps min tescs+5%
of MVCx5% of MVC (background)=0.010) @Nd 10 (P1g min tEsCS+5% of MVCx5% of MVC
(background)=0.037) Minutes of exposure, compared with the value prior
to stimulation via maintaining a weak isometric contraction (Figure
4). Similar effect in manifestation of reciprocal inhibition was
observed at the end of stimulation (Ps min after tEsCSxS% of MVC
(background)=0.002; P10 min after tESCSx5% of MVC (background):0.00S)- By the
twentieth minute after applying tESCS, the reciprocal inhibition
was restored to the background values (P20 minutes after the tESCSx5% of the
MVC (background)=1.000). Within twenty minutes of the spinal cord
stimulation in combination with isometric force of 5% of MVC,
reciprocal inhibition remained constant (Ps min tescs+5% of MVCx10 min
tESCS+5% of MVC=1.000; PS min tESCS+5% of MVCx20 min tESCS+5% of MVC=1.000; PlO min
tESCS+5% of MVCx20 min tESCS+5% of MVC=1.000) .

The analysis of presynaptic inhibition manifestation implied
that this inhibitory mechanism did not change as during spinal
cord stimulation with an isometric force of 5% of MVC (Ps min
tESCS+5% of MVCx5% of MVC (background)=1.000; PlO min tESCS+5% of MVCx5% of
MVC(background)=1.000; P20 min tESCS+5% of MVCx5% of Mvc(background)=1.ooo), and in
the postactivation period (Ps min after tescsx5% of MVC (background)=1.000; P10
min after tESCSx5% of MVC (background)=1.000; PZO min after tESCSx5% of MVC
(background)=1.000)-

The data presented in Figure 4 suggest that activity of
presynaptic inhibition was expressed to a greater extent during
spinal cord stimulation when performing a weak voluntary effort,
as well as during the postactivation period (P-values ranging from
0.000 to 0.006).

Discussion

The presented results reflect the contribution of long-term
tESCS to neuromodulation of the functional activity of reciprocal
and presynaptic inhibition in the system of lower leg antagonist
muscles in healthy subjects. The study of inhibitory interneuron
circuits at the spinal level, such as disynaptic reciprocal, recurrent,
nonreciprocal, and presynaptic inhibition, is crucial for
understanding the reflex mechanisms providing sensorimotor
functions of human motor control in normal and pathological
conditions.
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m. tibialis anterior m. soleus

5% of MVC 12

- n. tibialis Ib afferents; - g < - n. tibialisl Ib afferents;
2 - n. peroneus profundus la afferents; a - inhibitory la interneurons;
.—(- m. soleus and m. tibialis arterior y-motoneurons; @—4 - inhibitory Renshaw cells

- m. soleus and m. tibialis anterior a-motoneurons;

- excitatory la interneurons; - inhibitory Ib interneurons;

-.—-<- descending excitatory and ——--4 inhibitory flows along the corticospinal tract
to a-motoneurons and interneurons;

-- =4 - descending excitatory flows along the reticulospinal tract to m. soleus
a-motoneurons and y-motoneurons;

— -~ 4 - descending inhibitory flows along the reticulospinal tract to m. tibialis anterior
a-motoneurons and y-motoneurons;

- descending excitatory flows along the vestibulospinal tract to m. soleus

a-motoneurons and y-motoneurons; . . o .
- descending inhibitory flows along the vestibulospinal tract to m. tibialis anterior

a-motoneurons and y-motoneurons.

Figure 5. The proposed model of inhibitory interneuron circuit of lower leg antagonist muscles mediated by ascending and descending influences on
spinal motoneurons during and after 20-minute transcutaneous electrical spinal cord stimulation (tESCS) in combination with weak muscle tension.

1 - transcutaneous electrical spinal cord stimulation (tESCS); 2, 3, 4 — ascending influences from peripheral afferents and afferents of y-motoneurons; 5, 6, 7

— supraspinal descending influences from the reticulospinal, corticospinal, and vestibulospinal tracts; 8 — reciprocal inhibition via la inhibitory interneuron; 9
— presynaptic inhibition via primary excitatory la interneuron to the secondary la inhibitory interneuron; 10 — recurrent inhibition via Renshaw cell; 11 —
nonreciprocal (Ib) inhibition via inhibitory Ib interneuron; 12 — 5% of MVC (maximum voluntary contraction); RST, reticulospinal tract; CST, corticospinal
tract; VST, vestibulospinal tract; PI, presynaptic inhibition. RI, reciprocal inhibition; Rel, recurrent inhibition; NI, nonreciprocal inhibition.
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The results of a study of tESCS effect on the functional activity
of spinal inhibition in the system of antagonist muscles of the
lower leg in humans demonstrated that during 20-minute spinal
cord stimulation at rest, the manifestation of reciprocal inhibition
decreased, inverting to reciprocal facilitation; while presynaptic
inhibition (D2 inhibition) weakened only on the twentieth minute
of stimulation. In postactivation period, the activity of spinal
inhibition processes in a system of antagonist muscles was
consistent with background levels (Figure 2). During and after the
end of the spinal cord stimulation at rest, the most pronounced
manifestation of presynaptic inhibition was revealed, compared
with reciprocal inhibition. Contradictory results were obtained in
the study by T. Yamaguchi et al. [21], who examined the
postactivation effects of a 15-minute continuous current
(stimulation strength of 2 mA) at rest on the manifestation of
short-delay presynaptic (D1-inhibition) and reciprocal inhibitory
interaction in the antagonist muscle system of healthy individuals.
The authors discovered that after electrical stimulation of the
spinal cord, presynaptic inhibition weakened within 15 minutes of
aftereffect, whereas reciprocal inhibition did not differ from the
initial level (background). Nevertheless, the results of the same
authors from their use of long-term tESCS with a pulse repetition
frequency of 100 Hz showed that after 20 minutes of the spinal
cord electrical stimulation, reciprocal inhibition increased within
15 minutes of aftereffect, and presynaptic inhibition was more
pronounced than reciprocal inhibition and did not differ from the
baseline level for 30 minutes of the aftereffect [22]. Scientists
suggested that long-term electrical stimulation of the spinal cord
may have induced short-term plastic changes in the Ila
interneurons of reciprocal inhibition.

It is known that applying tESCS involves afferents of groups la
and Ib, afferents of group I, excitatory and inhibitory spinal
interneurons that implement poly- and oligosynaptic reflexes, as
well as pyramidal and extrapyramidal tracts [8, 9]. Based on the
opinion of these authors, we believe that during 20-minute
exposure to tESCS (1) at rest, ascending peripheral influences from
la (2) and b (3) afferents and efferent effects of y-motoneurons on
a-motoneurons (4), as well as descending excitatory and inhibitory
supraspinal influences of reticulospinal (5) and vestibulospinal (7)
tracts on corresponding motoneurons are consistently involved,
which leads to an increase in reciprocal facilitation and decrease in
the effect of presynaptic inhibition on the motoneuron pool of the
foot flexor muscle (m. soleus) (Figure 5).

The most pronounced effect of a long-term tESCS was
observed when performing a weak isometric contraction, which
was accompanied by an increase in reciprocal inhibition activity
during 10 minutes of exposure and 10 minutes after the end of
stimulation. The severity of presynaptic inhibition during and after
the spinal cord stimulation remained unchanged and was similar
to the background values. The presynaptic inhibition activity was
expressed to a greater extent during the long-term stimulation of
the spinal cord at rest and when performing a weak voluntary
effort, as well as during the postactivation period (Figure 4). It is
believed that when maintaining a moderate static effort,
presynaptic inhibition regulates excessive afferent influx to the a-
motoneurons of the agonist and antagonist muscles of the lower
leg, disinhibiting nonreciprocal and reciprocal inhibitory effects on
them, thereby ensuring normal human motor activity [7]. It is
likely that the same reflex mechanism can be mediated by the
effects of tESCS.

In a series of studies by several authors, it was shown
experimentally that the corticospinal tract forms poly- and
oligosynaptic connections with inhibitory interneurons of groups la
and |b, and Renshaw cells; and performs coordinated downward
effects of motor input parameters on the motor centers of both
homonymous and heteronymous a-motoneurons through
inhibitory interneuronal mechanisms (presynaptic, reciprocal,
nonreciprocal, and recurrent inhibition) [3, 2, 23]. The descending
lateral and ventral corticospinal pathways are glutamatergic,
exercising mono- and polysynaptically excitatory effects on a-
motoneurons, along with polysynaptically excitatory effects on y-
motoneurons [24]. However, lateral vestibulospinal pathways
exert polysynaptic facilitating effects on a- and y-motoneurons of
extensor muscles, and inhibitory effects on a- and y-motoneurons
of flexor muscles of the lower and upper limbs. At the same time,
the lateral reticulospinal pathways have polysynaptic effects that
are opposite to the vestibulospinal tract, exerting an inhibitory
effect on a- and y-motoneurons of extensor muscles and
excitatory effects on motoneurons of flexor muscles. There is also
an opinion that the rubrospinal tract exerts excitatory effects on
the motor centers of skeletal muscles [25].

Recent data using transcranial magnetic stimulation (TMS) of
cortical structures of the brain imply that la interneurons of
reciprocal and presynaptic inhibition act as a common end
pathway and can be modulated via corticospinal, reticulospinal
and vestibulospinal connections of the spinal cord [23, 26, 27].
Activation of the corticospinal pathways by TMS revealed
weakening of reciprocal and presynaptic inhibition of the la
afferents of the lower limb muscles in a subject at rest [28, 23];
while activation of reticulospinal and vestibulospinal pathways in
humans increased the severity of presynaptic inhibition, and
reciprocal inhibition, on the contrary, decreases the severity [26].
As we pointed out earlier, supraspinal (reticulospinal and
vestibulospinal pathways) descending influences caused by
nonspecific activation of brainstem structures (Jendrassik
maneuver) also modulate the activity of presynaptic inhibition of
la afferents of the foot flexor muscle, depending on the type
(concentric, eccentric, isometric) and strength (50% and 100%
MVC) of muscle contraction [29].

Using our data, we developed a scheme of putative reflex
mechanisms mediated by descending supraspinal and ascending
peripheral influences on inhibitory interneuron circuits of the
spinal cord in the system of antagonist muscles of the lower leg in
humans based on tESCS effects (Figure 5). The use of a 20-minute
tESCS (1) in combination with a weak isometric contraction (12)
and its postactivation effect, apparently, manifests itself in
additional activation of excitatory corticospinal (6) and peripheral
influences from la afferents (2) on la inhibitory interneurons of
reciprocal inhibition (8) and la interneurons of presynaptic
inhibition (9), thereby increasing their functional activity.
Presumably, the descending vestibulospinal (7) and reticulospinal
(5) pathways, in addition to the corticospinal (6), exert excitatory
and inhibitory effects on the motoneuron pool of antagonist
muscles (m. soleus and m. tibialis anterior), providing coordinated
work of all spinal inhibitory systems. It should also be taken into
account that the mechanisms of reciprocal inhibition (10),
mediated by Renshaw cells, which have an inhibitory effect on Ila
interneurons of reciprocal inhibition (8) and Ib interneurons of
nonreciprocal inhibition (9), are also involved in the regulation of
reciprocal inhibition [2, 3]. Our data indicate that the activity of
Renshaw cells in recurrent inhibition is more pronounced upon
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stimulation of the spinal cord in combination with a weak
voluntary effort, compared with nonreciprocal inhibition [12]. Yet,
the postactivation effect was manifested by similar changes in the
severity of recurrent and nonreciprocal inhibition: an increase
within 10 minutes, followed by a decrease to background values
20 minutes after the end of stimulation.

In recent decades, robotic mechanotherapy and tESCS have
become widespread in rehabilitation of patients with movement
disorders caused by diseases and injuries of the spinal cord [14, 16,
17, 30-32]. Several studies demonstrated an effective influence of
locomotor training on improving the functional activity of pre- and
postsynaptic inhibitory systems of the spinal cord [30-32]. The
restoration of the processes of presynaptic and postsynaptic
inhibition in patients with spinal cord injuries after locomotor
training and course exposure to tESCS is based on the mechanism
of neuroplasticity, i.e.,, on capability of the nervous tissue to
structural and functional reorganization that occurs after its
damage, while modulation (excitation, or inhibition, or
harmonization) occurs in the neural circuits of the spinal cord [18,
33]. At the same time, these data imply an importance of spinal
inhibitory interneuron circuits in the partial or complete
restoration of motor function in movement disorders and spinal
cord injuries. Hence, tESCS could be one of the ways to restore the
functional activity of inhibitory interneuron circuits of the spinal
cord in rehabilitation of patients with movement disorders caused
by spinal cord diseases and injuries.

Conclusion

Our data filled the gap in scientific knowledge on the
mechanisms of functioning of spinal inhibitory systems of lower
leg antagonist muscles in healthy subjects under the influence of
transcutaneous electrical stimulation of the spinal cord. Long-term
electrical stimulation of the spinal cord neuromodulates reciprocal
and presynaptic inhibition of spinal a-motoneurons in the state of
a relative muscle rest and with retention of weak muscle tension.
The effect of tESCS at rest leads to diminished functional activity of
the inhibitory spinal neural structures of antagonist muscles; but
when maintaining a weak muscle tension, on the contrary, to their
strengthening; moreover, presynaptic inhibition is the most
pronounced. It is possible that revealed multidirectional changes
in the activity of spinal inhibitory mechanisms in the antagonist
muscle system, based on the effects of prolonged electrical
stimulation of the spinal cord, are associated with the fact that
when voluntary muscle tension is performed, inhibitory
interneuronal circuits of the spinal cord are affected by a wider
range of descending supraspinal and ascending peripheral
influences, compared with spinal cord stimulation in the state of a
relative muscle rest. The fundamental data obtained as a result of
such research could find practical application in rehabilitation of
patients with movement disorders caused by spinal cord diseases
and injuries.
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