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Introduction
The attempt was made to establish the reliable 

discrimination of corresponding motor neurons 
(MNs) of lumbar division of spinal cord (SC) for 
subsequent comparative study on degree and 
velocity of hind limb flexor and extensor nerves 
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Abstract
Mechanisms of development of the hind limb nerve crush are intensively studied. 

However, the peculiarity of their restoraton has not been revealed en masse yet. As the 
appropriate experimental data are lacking,  the comparative analysis of degree and velocity 
of flexor and extensor nerves regeneration and their selective central and peripheral control  
is of interest. For this purpose criteria of differentiation of spinal cord (SC) extensor and flexor 
motor neurons (MN) were studied by means of stimulation of corresponding nerves and 
brain special centers of their regulation. For differentiation of the latter, joint stimulation 
of central and peripheral structures, which control the flexor and extensor muscles activity 
(pyramidal tract, nucleus ruber-RMC – suprasegmental flexor center, nucleus Deiters’ 
– supraspinal extensor center, flexor n. gastrocnemius and extensor n. peroneus commu-
nis), in different correlations were tested. The high frequency stimulation was used  to 
cause tetanic (ТP, ТD) and posttetanic (PTP, PТD) potentiation and depression manifesta-
tions of different intensity and duration. In ideal cases the adequate activation of structures 
took place providing the excitation of some MN with reciprocal inhibition of antagonists. 
More frequently the clear-cut differentiation  succeeded owing to reciprocal involvement 
of central and peripheral structures separately. The cases of uni- and differently directed 
effects of central and peripheral structures were often revealed. However, cases of unid-
irectional action of both central and peripheral structures, providing the synergism instead 
the antagonism remain to be “casual”.  It is proposed to use for MNs differentiation only 
cases of reciprocal correlation of antagonists and synergists, engaged in realization of 
unidirectional motor act (flexor or extensor), with corresponding inhibition of the anta-
gonistic one. It appears optimal for MNs differentiation to use stimulation of structures 
mainly of central origin, in particular of the RMC and nucleus Deiters’ with their reciprocal 
activation. 
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recovery after their compression (crush). Recording 
their activity to stimulation of pyramidal tract 
(Py), magnocellular part of ruber nucleus (RMC) 
and lateral vestibular nucleus (LVN) as substrates 
of super-segmented control on reciprocal activity 
of MNs flexor (n. gastrocnemius) and extensor 
(n. peroneus communis) collateral branches of 
hind limb sciatic nerve was realized. 

Corticospinal (CST) or pyramidal (Py) tract 
present the most direct pathways of movements 
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control, which in rodents and marsupials termi-
nate predominantly on interneurons (INs) in 
dorsal horn of SC. In carnivorous and primates 
the number of CS axons grows and their endings 
shift progressively toward the INs of the interme-
diate zone and ventral horn ultimately forming 
great number of synaptic terminations directly on 
the MNs. Hence, the deficits resulting from CS 
lesions caused by insults, tumor, multiple sclerosis, 
trauma or amyotrophic lateral sclerosis are more 
expressed in humans than in animals, moreover 
that animals make greater use of additional descen-
ding pathways to control movement [Schieber 
M., 2007]. The examined pattern of termination 
of efferents from the primary motor cortex (M1) 
to cervical segments of the SC in monkeys (Cebus 
apella and Saimiri sciureus) revealed that CS 
terminations in cervical segments of cebus 
monkeys are located in a dorsolateral and dorso-
medial regions of the intermediate zone and in 
ventral horn of SC. In turn, the CS terminations 
in the squirrel monkeys are located mainly within 
two first regions. These observations provide 
further support for the concept that the monosyn-
aptic projections from the M1 to MNs in the 
ventral horn provide part of the neural substrate 
for dexterous movements of the fingers [Bortoff 
G., Strick P., 1993]. Cortico–MN fibers produce 
monosynaptic excitation of spinal MNs, which is 
more powerful for those acting distally, innervat-
ing extensor muscles of fingers and intrinsic hand 
muscles. Disynaptic inhibitory actions are 
produced by CS volleys via the common Ia 
inhibitory IN–possibly reciprocal actions 
produced over collaterals of cortico-MN fibers 
[Porter R., 1987]. The CS synaptic contacts were 
morphologically found mainly on small, medium 
and large proximal dendrites, as well as on cell 
bodies of MNs in dorsal and ventral horns of SC 
[Ralston D., Ralston H., 1985]. Moreover, the 
important evidence of direct cortico-MN connec-
tions for voluntary control of the hand (from CS 
neurons in M1 hand area) is presented below. 
Intracellular investigations show that 75% of 
upper limbs MNs in macaque monkey receive a 
monosynaptic projection from cortico–MN cells; 

each contributes a particular pattern of discharge 
during a skilled task. In addition to direct effects 
on targets muscles there might be potentially 
important effects derived from the synchronous 
binding of assemblies of output neurons. There-
with during grasp between these neurons the 
synchronous oscillations prevail, but disappear 
during finger movement [Lemon R. et  al . , 
1998]. Finally, cortico-rubro-MN projections are 
principally involved in control of hand and foot 
movements with insignificant effect on more 
proximal musculature. Moreover, the mentioned 
massive projection is the part of a large cerebro-
cerebellar communication system with motor 
and/or movement programming functions 
[Humphrey D. et al., 1984]. Of interest is data 
obtained in mammals that are at lower phyletic 
stage. Rats are lacking ultrastructural features of 
direct cortico–MN synaptic connections (within 
lamina IX by Rexed) between CS axon boutons 
and the proximal dendrites of forelimb MNs 
[Yang H., Lemon R., 2003]. The modulatory 
role of ventral uncrossed component of rats CST 
projection down to low spinal levels was found 
with large extension of the terminal arborizations 
in intermediate laminae of the SC [Brösamle C., 
Schwab M., 1997]. Finally, along with monosyn-
aptic rubro-MN connections in a substantial 
portion of forelimb MNs (C8-T1 segments) in 
cats, there was no evidence suggesting immediate 
connections between cerebral cortex and forelimb 
MNs [Fujito Y. et al., 1991]. 

As known, the RMC stimulation evokes the 
limbs flexure [Eccles J. et al., 1975a; b; Ghez C., 1975], 
mediated mainly by spinal INs [Jankowska E., 
1988]. RMC exerts the most expressed action to 
INs exciting the flexor and inhibiting  extensors 
[Burke R. et al., 1970; Hongo T. et al., 1972] by 
means of different systems of fibers, including 
the peripheral afferents [Lundberg A., 1979]. 
Finally, RMC participates in formation of central 
organization of movement by selective action on 
different components of executed movement 
circuit [Fanardjian V., Sarkissian J., 1992]. It is 
of interest that fields of SM cortex, acting as a 
source of CS system also originate the cortico-
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rubro-spinal projection [Rinvik E., Walberg E., 
1963; Kuypers H., Lawrence D., 1967; Martin G., 
1968]. Along with the different role in movement 
initiation [Martin J., Ghez C., 1988], the interac-
tion of indicated systems in rats is hindered by 
their divergence [Brown L., 1974]. 

In its turn, vestibule-spinal projection mainly 
originating from ipsilateral LVN of Deiters’ 
[Brodal A. et al., 1966; Mugnaini E. et al., 1967] also 
essentially participates in polysynaptic activation 
of hind limb MNs, realizing the vestibular control 
of muscle tonus and posture by excitation of ipsi-
lateral extensor MNs of limbs and body and inhi-
bition of reciprocal flexor MNs [Markham C., 1987]. 

Materials and Method 
In acute electrophysiological experiment in 

male albino rats (n=12, 250±30 g) after fixation 
of the skull in stereotaxic apparatus under 
Nembutal anesthesia (40 mg/kg i/p) the craniotomy, 
dorsal laminectomy of lumbo-sacral part of SM 
and separation of dura mater were carried out. 
Further, the animals were immobilized by 1% 
Dithylinum (25 mg/kg i/p) and transferred to 
artificial breathing. Glass microelectrodes 
(tip Ø=1-2 µМ) filled with 2 М saline solution 
were inserted in anterior horn of gray matter of 
lumbar segments (L4-L5) of SC in region of MNs 
(VIII-IX laminae by Rexed) for extracellular 
recording of spike activity. High frequency 
stimulation (HFS) (50 Hz during 1 s) of extensor 
(n. Peroneus communis – P) and flexor (n. Gastro-
cnemius – G) nerves of hind limb was performed 
by bipolar silver electrodes (by rectangle pulses 
0.05 ms, 0.10-0.16 mА, corresponding to 2 thresh-
olds). By stereotaxically oriented cylindric bipolar 
electrodes, in coordinates of atlas [Paxinos G., 
Watson C., 2005] the stimulation (current 
parameters: 0.05 ms, 0.08 mA, frequency 50 Hz 
for 1 s) of Py (AP-10, L±0.7, DV+11 mm), LVN 
(AP-11, L±2.2, DV+7.0 mm ) and RMC (AP-6, 
L±0.8, DV+7.7 mm). Poststimulus activity was 
revealed expres sed as tetanic potentiation (TP) 
and depression (TD) with subsequent postteta nic 
manifestations in the form of posttetanic poten-
tiation (PTP) and depression (PTD) of different 
expression, duration and latency. Owing to 

programmed analysis the possibility was created 
to extract artifacts during HFS thus allowing to 
mainly consider tetanic effects as strongly constant 
activation parameters in contrast to less stable 
PTP and PTD effects (even in norm). The recording 
was carried out with special soft ware (developer: 
V.S. Kamenetski) sup porting the “on-line” selection 
of spikes by means of amplitude discrimination. 
The impulse flow after selection was processed 
using  programmed mathematical analysis with 
the subsequent obtaining for single neurons 
rasters of pre- and poststimule spikes flow distrib-
uted in real time, diagrams of summarized aver-
aged frequency of spikes, presented in raster and 
constructed on their bases detailed analysis of 
selected trials with recording in separate neuron 
of spike timing, construction of summarized 
РЕТН (peri-event time histogram), cumulative 
histogram and histogram of frequency. For 
experimenter-selected compared groups of spik-
ings neuronal activity averaged PETH (РЕТН 
Average), cumulative (Cumulative Average) 
histograms and histogram of frequency (Frequen cy 
Average) were constructed. The statistical analysis 
of obtained data was performed according to the 
specially developed algorithm.

 Results
By technique of extracellular recording of 

background and evoked spike activity of single 
MNs to HFS of Py, LVN, RMC and nerves (G, P) 
jointly or in pairs and due to programmed analysis 
of separate units pulse flow, as well as all data 
massif of studied MNs (n = 148) we revealed that 
formation of responses and stationarization of 
pulse flow in single neurons were manifested as 
TP and TD, PTP and PTD of different expression, 
duration and time of origin. 

Figure 1 illustrates the peristimulus histo-
grams of sum spikes (above) of unidirectional 
excitatory effects in single SC MNs (А-C) 
constructed on the bases of their spike activity 
raster, pre- and poststimule manifestations at 
HFS of nerves G (А), P (B) and Py (C) in real 
time (10 s  before and after HFS). From below 
– the diagrams of summarized average frequency 
of spikes, represented in raster with indication of 
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middle numerical meaning in real time (10 s 
before and after stimulation and during 1 s of 
tetanic stimulation). Here and in the following 
Figures: on the left side n – number of tests; BE 
(before event) – the time interval prior to stimula-
tion, PE (post event) – after stimulation, TT –teta-
nization time, ordinate – sum spike in temporal 
succession, mentioned on abscissa. D – here and 
in subsequent Figures: average complex PETH 
(Average РЕТН), cumulative histogram (Cumu-
lative Average) and histogram of frequency 
(Frequen cy Average) of MNs acitivity spiking at 
HFS of G (Group А), P (Group B) and Py (Group C) 
for TP. Near each group the number of tests is 
indicated; in the first two histograms bin=400 ms. 
E–G – the detailed analysis of selected examples 
of tests (marked by asterisks on raster) in MNs, 
responded at HFS of G (E), P (F) and Py (G). 
Here and in remaining Figures: Spike timing is 
activity in real time, Cumulative histogram – with 
differential curve (Df), Frequency histogram.

Figure 2 demonstrates the unidirectional 
inhibitory effects in single SC MNs under HFS 
of the same structures by examples of analogous 
rasters of their spike activity flow and diagrams of 
summarized average frequency of spikes (А-C), 
average complex histograms (D) and detailed 
analysis at one neuron with stimulation of all the 
mentioned structures (E-G). 

In Figure 3 by examples of tests with construc-
tion of analogous histograms in the same MNs 
the inhibitory effects to HFS of both nerves 
(extensor and flexor) (А, B) were shown, in 
reciprocal correlation of the excitatory one in 
Py (C). This is obvious both in rasters and histo-
grams of summarized frequency (А-C, respec-
tively) and in average complex histograms (D) 
and detailed analysis in MNs (marked by asterisk 
in raster) at HFS of studied structures (E-G), 
testifying to absence of selective relation of Py 
to effects of tested nerves.

In other words, activating control of Py does not 
provide for different relation to this or that  modal-
ity of innervations of the corresponding muscles 
for ensuring antagonistic effect, which is essential 

for isolated extensor and flexor manifestations. 
Figure 4 presents the excitatory and inhibitory 

effects of given MNs in reciprocal correlation by 
combination of HFS of flexor and extensor nerves 
in raster of sum spikes and histograms of summa-
rized frequency (А, C and B, D, respectively), 
as well as in averaged complex histograms (F) 
with corresponding designations. Finally, in some 
MNs we revealed the ideal reciprocal correlation 
conditioned by the excitatory and inhibitory 
effects of G and P nerves correspondingly or 
inversel correlation, but under invariable excit-
atory effect of Py as shown in raster and histo-
grams of summarized frequency (G, H), as well 
as in summarized complex histograms conjoined 
with corresponding poststimule manifestations of 
mentioned nerves G and P (G, H). To this signify 
corresponding examples of detailed analysis at 
the level of the individual neuron in the following 
Figures 5а and 5b. 

However, more reliable and frequently 
revealed phenomena are effects presented in 
Figure 6a: those of clear reciprocal relationship 
of the studied nerves and nuclei RMC and LVN 
shown by the example of two flexor (А-G) and 
two extensor (H-N) МNs. The given Figure illus-
trates the complex average PETHs (А, H), cumu-
lative histograms (B, I) and histograms of 
frequency (C, J) of corresponding single MN 
activity to HFS of RMC, G, LVN and P (А-D, 
respectively), with distinctive reciprocal mani-
festations of excitatory and inhibitory effects. The 
same was shown in rasters and histograms of sum 
spikes, as well as in diagrams of summarized 
average frequency by the example of flexor and 
extensor MNs (D-G and K-N, respectively). 
Figure 6b illustrates the detailed analysis of 
effects of the separate neurons (marked with 
asterisk in previous Figure). The clear excitatory 
(O, P, S, T) and inhibitory (Q, R, U, V) activation 
of flexor (O-R) and extensor (S-V) MNs was 
observed from structures selectively controlling 
the involvement of corresponding muscles 
accordingly along with inhibition of antagonists, 
for execution of the given motor act. 
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Figure 1. A-C – the sum spikes peristimulus histogram (from above) constructed on the basis of raster of pre- and post-
stimulus excitatory – TP (A-C) manifestations of spike activity of single MNs under HFS (50 Hz) of the flexor G (A), extensor  
P(B) nerves and pyramidal tract – Py (C) in real time; from below – diagrams of summarized frequency of spikes, represented 
in raster with indication of numerical meaning in real time. D – complex PETH Average, Cumulative Average and Frequen cy 
Average histograms of MNs acitivity spiking at HFS of G (Group À), P (Group B) and Py (Group C) for TP. E-G – detailed 
analysis of intentionally selected single neurons (marked with asterisks in rasters reacting at HFS G (E), P(F) and Py (G).
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Figure 2. A-C – peristimulus histograms of sum spikes (from above) constructed on the basis of raster of pre- and post-
stimulus depressor – TP (A-C) manifestations of the single MNs spike activity at HFS (50 Hz) G (A), P (D) nerves and Py 
(B); from below – diagrams of spikes summarized frequency presented in raster of neurons, with indication of average 
numerical meaning. D – complex Average PETH, Average Cumulative and Frequency histograms of MNs spike activity at 
HFS G (Group A), P (Group B) and Py (Group C) for TD. E-G – detailed analysis of intentionally selected single neurons 
(marked with asterisk), reacting at HFS (50 Hz) G (E), P (F) and Py (G). 
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Figure 3. A-C – peristimulus sum spikes histograms (from above) constructed on the basis of raster of pre- and poststimu-
lus depressor – TD (A, B) and excitatory – TP (C) manifestations of single MNs spike activity under HFS (50 Hz) G (A), P (B) 
nerves and Py (C); from below – diagrams of spikes summarized frequency, presented in raster of neurons, with indication 
of average numerical meanings. D – complex PETH Average, Cumulative Average and Frequency Average histograms of 
ÌNs spike activity at HFS (50 Hz) G (Group A), P (Group B) for TD and Py (Group C) for TP. E-G – detailed analysis of 
intentionally selected single neurons (marked with asterisk), reacting at HFS (50 Hz) G (E), P (F) and Py (G). 
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Figure 4. A-C – peristimulus histograms of sum spikes (from above) constructed on the basis of raster of pre- and post-
stimulus excitatory – TP (A, C, E) and depressor – TD (B, D) manifestations of single MNs spike activity under HFS (50 Hz) 
G (A, B), P (C, D) nerves and Py (E); from below – diagrams summarized spikes frequency presented in raster of neurons, 
with indication of average numerical meanings. F-H – complex PETH Average, Cumulative Average and Frequency Average 
histograms of MNs spike activity at HFS (50 Hz) G and P nerves (F) for TD (Group A and D) and TP (Group B and C), at 
HFS of G, P nerves and Py (G) for TP (Group A and C) and TD (Group B), at HFS of the same nerves in reverse correlation 
and Py (H) for TD (Group A) and TP (Group B and C). 
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Figure 5a. A-D – detailed analysis of intentionally selected single MNs (marked with asterisk in raster on preliminary 
Figure. 4), responsive at HFS (50 Hz) G (A, C), P (B, D) in reciprocal correlation for TP (B, D) and TD (A, C).



A.L. MINASYAN et al.  /   THE NEW ARMENIAN MEDICAL JOURNAL

53

Figure 5b. E-J – continuation of detailed analysis of intentionally selected single MNs (marked with asterisk in raster 
on preliminary Figure 4), reacting at HFS (50 Hz) G (E, H), P (F, I) nerves and Py (G, J) in reciprocal correlation for 
TP (E, G, I, J) and TD (F, H).
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Figure 6a. A-G and H-N for 2 flexor and 2 extensor MNs, correspondingly – complex PETH Average (A, H), Cumulative 
Average (B, I) Frequency Average (C, J) of MNs spiking activity at HFS of RMC (Group A), LVN (Group C) and G (Group B), 
P (Group D) nerves for TP (Group A, B and C, D) and TD (Group C, D and A, B) effects (on A-C and H-J, accordingly). On 
D-G and K-N – peristimulus histograms of sum spikes (from above) constructed on the bases of raster of the characteristic 
examples of tests of pre- and poststimulus excitatory (D, E and K, L) and inhibitory (F, G and M, N) manifestations of single 
MNs spike activity at HFS (50 Hz) RMC, G nerve and LVN, P nerve, accordingly; from below – diagrams of summarized 
spike frequency of neurons, represented in raster with indication of average numerical meaning.
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Figure 6b. O-V – continuation of detailed analysis of intentionally selected single flexor (O-R) and extensor (S-V) MNs 
(marked with asterisk in raster on preliminary Figure 6a reacted at HFS of G (P, V), P (R, T) nerves, RMC (O, U) and LVN 
(Q, S) by TP (O, P, S, T) and TD (Q, R, U, V) in reciprocal correlation. 



². È. ØÆÜ²êÚ²Ü ¨ ³ÛÉáù  /  Üàð Ð²ÚÎ²Î²Ü ´ÄÞÎ²Î²Ü Ð²Ü¸ºê

56

Discussion
The technique of extracellular recording of 

background and evoked impulse activity flow of 
single MNs of SC at HFS in different correlations 
of Py, nuclei RMC, LVN, flexor (G) and extensor 
(P) nerves together with on-line programmed 
analysis of separate units and all the massif of 
MNs (n=148) allowed to reveal early and late 
excitatory and inhibitory poststimulus manifesta-
tions in type of ТP, ТD, PТP and PTD of different 
expression, duration and time of origin. The large 
variety of uni- and differently directed effects at 
HFS of mentioned structures in corresponding 
MNs of SC were registered. In case of HFS of 
suprasegmentar structures conjointly with periph-
eral nerves the reciprocal effects were more 
frequently revealed to be of the central (TP to 
RMC stimulation, TD to LVN stimulation and 
vice versa, -  in flexor and extensor MNs, respec-
tively) or peripheral (ТP to G stimulation, TD to Р 
stimulation and, inversely for flexor and extensor 
MNs, respectively) origin. In addition, the combi-
nation of reciprocal and unidirectional central and 
peripheral effects was also often recorded, in 
dependence on the type of MN. In other words, 
for identification of MNs there might be enough 
to achieve the pair reciprocity of both the central 
structures (managed by facilitation of flexion and 
inhibition of extension) and inversely, or periph-
eral structures of certain known orientation as 
well as their pair combination with those central 
uni- and differently directed. However,  as an ideal 
was accepted the variant of conjoint reciprocal 
central suprasegmentar and corresponding 
peripheral neural activation and depression of 
flexor and extensor MNs. Notably, when flexor 
MNs responded by excitatory effects to HFS of 
RMC and nerve G, alongside with reciprocal 
inhibitory manifestations to LVN and nerve P HFS, 
the extensor MNs responded inversely  (see 
Figures 6а and 6b). Therewith there is created an 
impression on the most reliability and clearness 

of stimulation in corresponding central structures 
rather than peripheral. As to casual cases of 
differentiation, not managing in mentioned 
scheme hereto indicates recent literature data. 
The same commissural INs that projected to 
contralateral MNs may be used by reticulo- and 
vestibulospinal neurons to coordinate the activity 
of the contralateral hind limb muscles. At INs 
level that mediates disynaptic excitation of 
commissural neurons by reticulo- and vestibulo-
spinal neurons there might occur a separate modu-
lation of commands from these two descending 
neuronal systems, thereby increasing their flex-
ibility [Krutki P. et al., 2003]. The crossed inhibi-
tion of hind limb lumbar alpha-MNs is evoked via 
Ia INs that mediate reciprocal inhibition between 
flexors and extensors. The coordination of left 
and right hind limb movements based on crossed 
inhibition from reticulo- and vestibulospinal 
neurones depends on the degree of activation of 
Ia inhibitory INs by muscle spindle afferents and 
on their inhibition by Renshaw cells. These 
results also indicate that Ia inhibitory INs do not 
operate as last-order inhibitory INs in crossed 
trisynaptic pathways from group II afferents, 
even though they mediate inhibition evoked by 
INs in shared polysynaptic pathways of crossed 
flexor and extensor reflexes co-activated by 
group II and other high-threshold muscle, skin 
and joint ones [Jankowska E. et al., 2005]. More-
over, certain modeling is predicted and directions 
for future studies on organization of spinal loco-
motor central pattern generators, as in the SC the 
coordinated activation of flexor and extensor 
MNs during locomotion was produced [McCrea D., 
Rybak I., 2008].

Nevertheless, obtainment of reliable results 
ensuring the clear classification of peripheral or 
better on the central level activation and/or 
depression is sufficient for corresponding MNs 
differentiation.
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