










































328 V. J. l4ilson

Granit, R. (1962). Quantitative aspects of control of the discharge frequency of nerve
cells. Proceedings XXII Intenational Physiological Congress, vol- 1, p1.1, pp.22 27.
Amsterdam: Excerpta Medica Foundation.

Granit, R. (1963). Recuffent iflhibition as a mechanism of control. In Progress in
Brqin Research, ed. Moruzzi, G., Fessard, A. & Jasper, H. H., vo1, 1, pp. 23-35.
Amsterdam: Elsevier.

cranit, R., Haase, J. & Rutledge, L. T. (1960). Recurent inhibition in relation to
frequency of firing and limitation of discharge rate of extensor motoneurones. "/,
Physiol -, 1 54, 3O8-328.

Granit, R. & Renkio, B. (1961). Net depolarization and discharge rate of moto-
neurones, as measured by recurent inhibition. J. Physiol., 158,461415.

Haase, J. & Van Der Meulen, J, P. (1961), Effects of supraspinal stimulation on
Renshaw cells belonging to extensor motoneurons, J. Neurophysiol., 24, 510-520.

Hartline, H. K. & Ratliff, F. (1957). Inhibitory interaction of receptor units in the
eye ol Limulus. J. ger. Physiol.,40,357 3'76.

Ito, M. & Yoshida, M. (1964). The cerebellar-evoked monosynaptic inhibition of
Deiters' neurones. Experientia, 20, 515-516.

Ito, M., Yoshida, M. & Obata, K. (1964). Monosynaptic inhibition of the intra-
cerebellar nuclei induced from the cerebellar cortex. Experientia,20,575-5'76.

Koizumi, K., Ushiyama, J. & Brooks, C. McC. (1959). A study of reticular formation
action on spinal interneurons and motoneurons. ./ap. J. Physiol.,9,282-303.

Lloyd, D. P. C. (1951). After-currents, after-potentials, excitability and ventral root
electrotonus in spinal motoneurons, t. gen- Physiol.,35,289 321.

Lundberg, A, (1964). Supraspiflal control of transmission in reflex paths to moto-
neurones and primary afferents. In Prcgress in Brain Research, ed. Eccles, J. C. &
Schadd, J. P., vol. 12, pp. 197-221. Amsterdam: Elsevier.

Ratlitr, F. (1961). Inhibitory interaction and the detection and enhaDcement of
contours. In Sensory Commuticalior, ed. Rosenblith, W. A., pp. 183-203. Cam-
bridge: M.I.T. Press and Ne\ry York: J. wiley and Sons.

Ratliff, F., Hartline, H. K. & Miller, W. H. (1963). Spatial and temporal aspects of
retinal inhibitory interaction. J. opt. Soc. Amer., 53, l1O-120.

Renshaw, B. (i941). Influence of discharge of motoneurons upon excitation oi neigh-
boring motoneurons. J. Neurophysiol., 4, 167-183.

Renshaw, B. (1946). Central effects of centripetal impulses in axons of spinal ventral
roots. l. N europhysiol., 9, l9l-204.

Rexed, B. (1954). A cytoarchitectonic atlas of the spinal cord in the cat. J. comp.
Neurol., 100,297-379.

Romanes, G. J, (1964). The motor pools of the spinal cord. I1 Progrcs$ in Btain
Research, ed. Eccles, J. C. & Schad6, J. P., vol. 11, pp.93 ll9. Amsterdam: Elsevier.

Sprague, J. M. & Ha, Hongchien (1964). The terminal fields of dorsal root fibers in
the lumbosacral spinal cord of the cat, and the dendritic organization of the motor
nuclei. In Progress in Brcin Research, ed. Eccles, J. C. & Schad6, J. P., vol. ll,
pp. 120-154. Amsterdam: Elsevier.

SzentAgothai, J. (1958). The anatomical basis of synaptic transmission oi excitation
and inhibition in motoneurons. Acta Morphol. Acad. Sci. Eung., 8,287-309-

Szentagothai, J. (1962),In Basic Research in Paraplegia, ed. French, J. D. and Porter,
R. W., pp. 143-150. Springfield, Ill.:Thomas.

Thomas, R. C. and Wilson, V. J. (1965). Precise localization of Renshaw cells with a

new marking techniqu,e. Nature, Lond-, 206,211-213.



'6tol-€9ot 'lz "lolsttldo aN 7 sllec 
^reqs -ueU uodn ecue8reauo, drolrqrqul (t961) 'f,l 'olBX 4, 'H 'A loqpJ, '-t 'A 'uosll,4[

'Egl-ttl'€z ''lolsKqdol aN 7 'proc I"ulds t"3 ur uorlrqrqur pu" uoll"llllc"J
luerrnrer Jo uollnqlrlq(I (096I) 'f d 'g 'e)lcar( ry 'H 

"^A. 
loqlEJ, '1 'n 'uoqr16

'LZtl-92€,1 '002 'puol 'arrlr2N 'sllec 
^\"qsue{ 

Jo uoJtlqlqur
:euoJneuJalur ,{rollqrqul uE t? uorlerAe}ul '(€96I) 'H '^d 1oqI"I T, 'I 'A 'uoslllA

'999-699 'tZ " lolstttdotnaN I 'suoJneuolotu Pulds Jo 8uluolllpuoc
uo urxol snuElot Jo uopcv '(096I) 'H ,^4.'loqlel T, 'f d',{'e{cal( "I'A 'uoslllA

' 
rot-z6E' I z'' lo! s lktd

-ornaN 'I' ptoc levrds ter.r{l ur uoltlqrqulslo (2961) 'lI d 'sse8m{ ? 'f '  'uoslrlA
'JeqeoH:)uo^ 

^\aN'Zt-I 
'dd "S'lI ileplus rS, 'I I'N'ueqoC

'p. 'ttltltcv lD aN lo savplro) lwluaqxolg paD lDrlSoloqdrow uI ',(11^!1c"

lue.unceJ,{q suorneuotoru Ieulds Jo esseleJ pu" uortlqlqul '(t96I) 'f 'A 'uoslrlA
'etL eol

'Zh "lolstr.ld 'ra8 T sexeger purds Jo uollsllllc"J luarrnc.l{ (6S6t) 'f 'A 'sosulA
'slzl-ttzt

'r0Z'puoT'at tDN sllef,,\\BtIsueX Jo uonEro'I '(1961) 'J 'f 'slmiA pue (I'.U'sIItiA
'urclpel/{

s.JaqcsrJ :urFe{ 's'.,a$tsuol'jtrN sap kDg aDula! rao (S681) 'l,1l '{essoqu?'I uo^

6ZE aS,Qtqrstp lpr Dqsuat



'lBurdsocrlroc pue l"uJdsorqnr'purdsolnqRsaa
:sruols,{s eJgu Surpuassep luslJodurl lsour eql BrA secuenuul 8uIpu$seP eql

eJ"druoc 01 se,tr esodJnd umur aql 'palqnuqs era,{\ sarnlcnls lstuauBas€rdns

JO Jeqrunu elq€Japrsuoc 
" 

q8noqllY 'seJluec ureJg lueJe.urp Jo uo4Blnur4s

Iecrtllql,{r{J Suunp seuorneuolorrl regrunl uI pecnpo]d EceJo cndeu,(s ,ftollqqul
pue .ftolElrcxe Jo selllJ€lnood oql el?pl'nle o1 sr ,{p$s trueserd erl} Jo r[]e eqJ,

'(rS6J 'selccg) s,{",rq}Ed luares? snorJ€A q8norqt seuoJneuoloru purds uodn

suorlcE .(Jollqlqul sl.otq Snrp slql eouls '(956I 'lp.rrr."g T' olonzreJ :rS6I

'olonzraJ:SS6I 'olonzreJ T' lpuBuraC :€g6l 'JeuraJfl) uon?Inlurts putds"rdns
,(q pesserddns ,(la^paoJa aq u"c snu?leJ. euruqcdrls lBql u^\oqs eAEq suorl

-?3ltso^ul I?Je^eS '(E961 'rue€Saurred ? "3lpeC 
'ezzetoJ'.0961 'otourerqs?H

ry B,!\?)IrureN 'r{Eses :6S61 'olonzJel) uo4epurlls puldserdns Euunp sesuodser

leuolneuolou 8ururelqo JoJ elenbop? oJe rln{xns 8ur}s"l-3uol.Io elp4ode:
,tluo l?ql punoJ s?,4( lr ses?c ,(uBru ur snrIJ 'seuoJneu leurds uo.secuengur

Sulpuoosep pu? luereg" uoealoq sa.ueJaJlp I"JrSoloc?uueqd pu" l?cl3olors. r{d

urelJec 3u!"rlsuouep ocueprle I?trueu-uedxe eruos sr eJorll aurrl erues eql ly
'(296I 'srsos ry solrrg 'uesrapuy) uolllQl{

-ur crldeudsord 01 anp sllec Jolorrr Jo sesuodser xege: sse:dns ,(eru seslndurr

Aulpuersop tEr{tr 'os1z puno; srt 11 '(99 6l'1961'olonz$Ld, sgull-l :t961 'ou?rad
-urod {, SJeqpun'I 'punT '?{sr[o)u"I :q 'o Eg6l 'uE,(uEqsnJY r5r ,top,todeqg

:€96I 'ru"rtEeuuB4 29 earpeg 'ezzeto) il96l'IcopHlI\ {, uolserd :9961

'?)leu"I T, DI"sEs :096I 'otoltrBrnlsBH T, "^\BIrIrr"N 
'r1zsz5) dle,r4cedser

sdsdl pu" sdsda ol enp souorneuolou ul dolo^ap slceJo ,{rolJqrqul pu?,ftol
-e111ceg leurdse:dns l?ql u^{oqs sB^t lI 'seuorneu leurds ur slue,re c4deu,(s;o uorl
-aE4ser,ur ruln11acerlur ,{q lno pe J?c sls,{l€uE qanoJql pe^ordurr .(lFlluassa uooq

s?q lorluoc leurdse:dns Jo rusruuqceu eql;o Eulpuelsrepun eg1 ,(11uece11

'.{11^11c" Jolou uo

s1coge ,&olElJIrcBJ pue -ftolrqrqur purdserdns turlerlsuoruep peurelgo ueeq eleq
?1?p,{uBnr (€98I) 

^oueqcos 
,{q uopelnurls cru?l?ql SulJnp soxaual pJoc I?ulds

Jo uo4rqrqur orll Jo ,{Jelocsrp eqtr ecurs IoJ}uoc Joloru puz ,{1r.t1pe puyds 3o
uoR"lnSal ur elor luegodrur us,{?[d se.uuec Jaddn lxoU socuonuul Surpuecsoq

USSn 'per8uluo'I
',{.usrueqJorg pue ,{3olors.{rld ,fuuuollnlo^A Jo alnlasul  ouoqJos

tolDtodDqs 'I 'v ts

uo.rlElnruJlsluu.rdssralns

8u,unp seuorneu lBulds Jo uoltlql{q puu uo.rlullcxg



332 A. I. Shapovalov

Material and methods

The experiments were carried out on cats. Surgery was performed under nembutal
(30-40 mg/kg) or ether anaesthesia. The animal was left untouched for 4 6 hours
without any additional administration of anaesthetics, All cats were immobilised by
muscle relaxants (Flaxedil, Tubocurarine) and artificially respirated.

Unilateml Ld Sr dorsal roots were severed for interruption of the doop, and their
central parts were placed on bipolar stimulating electrodes. The corresponding
ventral roots were severed or left intact. ]n the latter case the muscle nerves were
used for antidromic stimulation,

Unipolar (tip diameter 50-80 p) and bipolar (90-100 p, with their bared tips
0.5-1.5 mm pad) electrodes were used for stimulation of the following brai[ centres:
different parts of the brain stem, anterior lobe of cerebellum, pontine reticular forma-
tion, red nucleus, hypothalamus and sensorimotor and motor cortex. For vestibular
activation the stimulating electrodes were introduced into Deiters' nucleus or were
placed on the round window after the bulla was opened. The electrodes were intro-'
duced jnto the brain stereotactically and their location was examined histologically
by making serial sections. Through these electrodes single and repetitive rectangular
current pulses of 0.5 msec duration and 2-10 V strength were given to each focus.

For recording intracellular potentials from spinal neurones glass micropipettes
(resistance 5-15 MQ fitled with 3M-KCI, 2M potassium citrate or 0.6 M K,SOI)
and a DC amplifier with cathode follower input were employed. A bridge arangement
was used to stimulate the cell or change its membrane potential through the recording
electrode.

Results

Supraspinal excitatory action. EPSP evoked in motor cells by supraspinal stimuli
are chiefly polysynaptic in nature. The amount of depolarization evoked in a
motoneurone by descending volleys varies a great deal even in the case of
stimulating the same brain focus by impulses of constant strength and fre-
quency. When the shift in depolarizing direction due to summation of EPSPs

exeeds the firing level of the motoneuronal membrane, the cell may give long-
lasting high lrequency discharges. Sustained postsynaptic depolarization is

removed only partly if at all, by action potentials (Fig. l); therefore the interval
between discharges may be much shorter than by monosynaptic or antidromic
activation. The maximal frequency induced by supraspinal stimuli was found
to reach 80-90 action potentials per sec, which closely corresponds to the data

obtained by Adrian & Bronk (1929) by afferent rhythmic stimulation, and the
interyal between some spikes may be as short as 3-3.5 msec. The amount of
postsynaptic depolarization is enhanced with the shortening of the interval
between stimuli and a linear relationship between frequency of stimulation and

frequency of motoneurone firing may result (Fig. 2). This agrees with the

finding of a linear relationship between the intensity of depolarizing current
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334 A. I. Slnpovalov

in flexor and extensor motoneurones, although the latter could maintain more
persistent firing.

It should be noted that in most cases descending influences from all brain
centres did not reach the firing level of motoneurone or could evoke only a
few spikes. Nethertheless such a subthreshold plateau of depolarization is
quite effective in augmenting the frequency of spontaneous firing and may also
considerably increase the frequency of discharges evoked by artificial depolar!
zation of the cell membrane by injected current (Shapovaloy & Arushanyan,
1965; Shapovalov & Shapovalova, 1965).

Clearly distinguishable postsynaptic depolarization in response to single
supraspinal stimuli was recorded only in the case of vestibular and red nucleus
stimulation, and also in a few cases of hypothalamic and cerebellar activation.
When a single shock is applied homolaterally to the round window or Deiters'
nucleus the postsynaptic response recorded from lumbar motoneurones con-
sists of two or three waves. Rather rarely (17 units from 57 cells giving excitatory
reactions) it was possible to distinguish a fast postsynaptic potential arising
with a very short latency (about 3 msec). The amplitude ofthe fast component
varied from I to 4 mV, its time course was similar to that of the monosynaptic
EPSP evoked by Group Ia afferent volley. The short latency and shape of this
potential makes it probable that connections between the pathway of the first
descending vestibular volley and some lumbar motoneurones are monosynaptic
as judged also by Gernandt, Katsuki & Livingston (1957) lrom ventral root
recordings. The second wave closely follows the first. It has a gradual rising
phase and duration of several tens of msec.

During repetitive vestibular stimulation by short trains of impulses the long-
lasting long latency response may be augmented to some extent. The short-
latency fast EPSPs arise on the front olthe slow wave and marked potentiation
of the second and subsequent last components may be observed (Fig. 3).
The potentiation depends upon the interval between vestibular stimuli.

Artiflcial changes of membrane potential by injected currents did not signi-
ficantly alter either the rapid monosynapticlike component ol the EpSp, or
the slow wave of postsynaptic depolarization. In some cases it can be seen
that the EPSPS were even increased in amplitude during depolarization and
decreased during hyperpolarization (Fig. 4). Control recordings obtained from
the same cells by dorsal root stimulation haye shown that polysynaptic EpSps
evoked by aflerent volleys increased during hyperpolarization and decreased
during the action of depolarizing current. When a vestibular response was
evoked in a motoneurone subjected to background artifical depolarization, the
EPSP could reach the flring level and initiate an action potential (Fig. 4).
In most cases so far investigated o ly the more retarded part of EpSp but not
its fast component was connected with the generation of the spike.
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336 A. I. Shapovalov

Fig. 6. EPSPS evoked by
rubrospinal volleys belore
(I) and du ng injection of
hyperpola zing (2, 3) and
depola zing (4-O curlents,

the interval between stimuli, the slope of this slow depolarization, on which

monosynaptic-like EPSPs incline. increases.

Depoladzation by injected current did not alter or augment, and hyper-

polarization reduced, the amplitude of the fast EPSP evoked by rubrospinal

stimuli. It may be seen in Fig. 6 that this effect depends chiefly upon the change

in size of the component which may be considered as a local response. With

increase of the intensity of depolarizing current, sho -latency fast EPSP can

initiate an action potential followed by a pronounced after-hyperpolarization.

Using double shock stimulation it is possible to demonstrate that the amplitude

of the second EPSP depends characteristically upon the interyals between

stimuli (Fig. 7). Usually the second EPSP was depressed at intervals longer

that 10-15 msec and there was a phase of considerable potentiation at volley

intervals from 10 msec to 3 4 msec. Because of the potentiation of the

second EPSP and summation between first and the second response, double

shock stimulation can easily initiate the generation of an action potential.

Fig. 7. Plotting of relative
size of EPSPS evoked by a
second rubrcspinal volley
against volley interyal.
Open and filled circles cor-
iespond to two difierent
cells.
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WE@
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Fig. 10. Depolarizing response of motoneurone to brief rubrospinal trains before (l) and
during injection of depolarizing (2, 3) and hyperpolarizing (+6) curent,

Fig. 11. Response of motoneurone to brief corticospinal trains belore (1) during injection of
depolarizing (2) and hyperpolarizing current (3).

depolarization very rapidly mounts. Increase in frequency of stimulation
without change in the number of shocks also very strongly aflects the intensity
and the slope of the rising phase of the postsynaptic depolarizalion (Fig.9 A-E).
The duration ofthe latter becomes longer when the number of shocks increases.

Yet depolarization persists for a considerable time after cessation ofstimulation.
In the post-stimulating period a marked rise of synaptic noise frequency can

also be noted (Fig. 9, F-H).
The polysynaptic EPSP induced by rubrospinal impulses can be augmented

by artificial membrane hyperpolarization and depressed by injection of de-

polarizing current (Fig. l0) in the same way as polysynaptic EPSPs evoked

by afferent synaptic activation.
The results obtained in the course of stimulation of sensorimotor and motor

cortex and bulbar pyramids are essentially similar to those obtained by Corazza,

Fadiga & Parmeggiani (1963) who recorded reactions of cervical motoneurones

during pyramidal activation. Only repetitive stimulation was efficient in evoking
EPSPs of lumbar motoneurones, frequencies above 200-300 c/s being most
effective (Shapovalov & Arushanyan; 1965). The rate of rise and amplitude
of postsynaptic depolarization increased with the shortening of the interval
between stimuli. Postsynaptic depolarization evoked by pyramidal volleys

only rarely initiated spike discharges, being in most cases subthreshold for
action potential generation. Artificial poladzation changed the amplitude of
the EPSP in the same direction as in the case of polysynaptic afferent EPSPs:

tl -----]1
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Fig. 12.

Fig. 12. Responses of motoneurone in a strychninized animal to dorsalroot (I), rcticular small
cellular nucleus (2), reticular magtrocellular nucleus (3), motor nucleus of vagus (4) and motor
cortex (5). Frequency of stimulation 100 per sec in allcases

Fig. 13. Examples of suppression of strychnine convulsive discharges by rhythmic cerebellar
stimulation.

was observed by stimulation of the anterior lobe of the cerebellum (Shapo-

valov & Arushanyan, 1963b), brain stem (Kawai & Sasaki, 1964; Shapovalov &
Arushanyan, 1965), motor cortex (Shapovalov & Arushanyan, 1965), hypo-

thalamus (Shapovalov & Arutynyan, 1964) and red nucleus (Shapovalov &
Shapovalova, 1965) and was also obtained during vestibular stimulation.

It was found that the mechanism of supraspinal block of strychnine tetanus

is the same for the stimulation of all brain foci. A typical record of suppression

of convulsive discharges is shown in Fig. 13. It may be seen that the blocking

action is caused by sustained postsynaptic depolarization due to summation

of EPSPs. The amplitude of the plateau can reach 25-30 and even 40 mV.

Such large and long-lasting depolarization can undoubtedly inactivate the

spike-generating mechanism of the motoneuronal membrane. The shunting

effect of strychnine depolarization (Fuortes & Nelson, 1963) may also be of
some importance. The effectiveness of the above-mentioned mode of blocking
of strychnine com,ulsions clearly depends upon the frequency of supraspinal

stimulation, increasing with the shortening of the interval between stimuli.

It must be emphasized that in addition to sustained postsynaptic depolariza-

tion, another important mechanism may be involved. During stimulation of
different brain foci it may be observed that the interval between spontaneous

strychnine waves, which usually have a rather constant frequency, becomes

shorter and this effect persists after cessation of stimulation. In some cases the

Fig. 13.
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Fig, 15. Effects of polariza-
tion by injected currents on
IPSPS evoked by vestibular
(A), rubrospinal (B) and
corticospinal (C) activations.

Regardless of results obtained with the action of polarization on some

descending EPSPs, IPSPs elicited by vestibulospinal, rubrospinal and pyramidal
volleys always changed in the same way as IPSPs evoked by afferent stimulation,
i.e. they were augmented during depolarization and diminished or even re-
versed by hyperpolarizing current. Examples of the effect of polarization on
IPSPs evoked by different descending systems are presented in Fig.15. Strychnin-
ization can diminish IPSPs evoked by cerebellar (Curtis, 1959; Shapovalov &
Arushanyan, 1963), brain stem (Kawai & Sasaki, 1964; Llinas, 1964; Shapo-
valov & Arushanyan, 1965) and red nucleus (Shapovalov & Shapovalova,
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the rate ofsupraspinal stimulation, increasing with the shortening ofthe interval
between stimuli. It may be occasionally seen that the inhibitory effect is preceded

by postsynaptic depolarization produced by supraspinal tetanus (Fig. l7).
It may be supposed therefore, that this type of inhibition develops in the
pathways to the motoneurones and is caused by convergense of descending and

afferent volleys on the common internuncial cells. Alternatively a mechanism

of presynaptic inhibition may be supposed.

Discussion

The data presented here demonstrate that EPSPs evoked by vestibular and

rubral volleys can arise with very short latency. These data and also the marked
potentiation ol the potentials during repetitive activation suggest, that the

EPSPs are evoked by direct monosynaptic connexions of vestibulospinal and

rubrospinal flbres with lumbar motoneurones. Although there is some morpho-
logical evidence that in the cat flbres ol the vestibulospinal and rubrospinal
pathways terminate in the ventral horn and their endings can be found among

the lumbar motoneurones (Schimert, 1938; Collier & Buzzard, 1901), in most
recent observations with silver impregnation methods no terminations were

found on motoneurones, except for some lew on the cells of the ventromedial
group of motoneurones in the thoracic cord (Nyberg-Hansen & Mascitti,
1964; Nyberg-Hansen & Brodal, 1964). Yet it must be noted that the findings
of the latter authors cannot exclude the possibility that vestibulospinal and

rubrospinal flbres form axo-dendritic contacts with lumbar motoneurones.

Although the monosynaptic-like fast EPSPs have small amplitudes and are

usually subthreshold, the background depolarization of the motoneurone
membrane, by decreasing the firing level, may contribute to the generation

of spike potentials and allow their initiation. This mechanism may act during

the interaction of afferent and supraspinal stimuli on the motor cell.

Our observations of the effects of injected currents on fast, short-latency

vestibulospinal and rubrospinal EPSPS allows the supposition that the absence

of effect or anomalous influence of de-and hyperpolarization on these po-

tentials can be attributed to dendritic location of the synaptic contacts which
take part in the generation of these EPSPs. A comparatively prolonged rising
phase ol these EPSPS and the existence of local responses, which contribute
to the postsynaptic depolarization also confirm such a possibility. In this con-

nexion it must be noted that artiflcial changes of membrane potential also have

Iittle influence on monosynaptic EPSPs of motoneurones evoked by muscle

neNe volleys (Coombs, Eccles & Fatt, 1955; Shapovalov, 1962a). At the same

time injected current has a very strong and definite influence on polysynaptic

EPSPS (Kostyuk & Seurenjutin, 1961; Shapovalov, 1962a). This corresponds
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fibres give direct monosynaptic projections. The monosynaptic cortico-spinal
contacts appear only in primates (Preston & Whitlock, 1961) and it may be
supposed that they have an important role in the supraspinal control of spinal
movements.
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