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In the s tudy of the m e c h s n i s m  of co r t i ca l  mo to r  function and the m e c h a n i s m  of voluntary  m o v e m e n t s ,  
one of the m o r e  impor tan t  a spec t s  is de te rmina t ion  of the na ture  of in terac t ion  between the p y r a m i d a l  
s y s t e m  and the spinal  neurons .  Mic roe lec t rode  invest igat ions so  f a r  undertaken have shown that  a spec ia l  
s y s t e m  of in ternuncial  neurons is p r e sen t  in the spinal  cord,  connected spec i f ica l ly  with the p y r a m i d a l  
f i be r s  [2, 6]. These  neurons  pos s e s s  spec ia l  functional  p rope r t i e s  which differ  f r o m  the p rope r t i e s  of 
other  spinal  internuncial  neurons ,  and the i r  p r e sence  on the pathway of pyramida l  impulses  to the m o t o -  
neurons  is e ssen t i a l  f o r  in teract ion between descending py ramida l  act iv i ty  and the act ivi ty  of segmenta l  
r e f l ex  a r c s  [4]. Obviously a detai led study of synaptic  p r o c e s s e s  in such neurons ,  which can only be done 
by  in t r ace l lu l a r  r eco rd ing  of the i r  potent ia ls ,  mus t  provide  pa r t i cu l a r ly  valuable  informat ion  concerning 
the nature  of cor t i cosp ina l  in teract ion.  Data re la t ing  to synaptic  p r o c e s s e s  in in ternuncial  neurons a r e  
s t i l l  v e r y  l imited because  of the difficulty of making success fu l  i n t r ace l lu l a r  record ings  f r o m  them; no 
invest igat ions whatever  have been made of the neurons connected monosynapt ica l ly  with the py ramida l  t r ac t  
by means  of this method.  The p r e s en t  invest igat ion was t he re fo re  c a r r i e d  out with the spec ia l  a im  of 
studying this group of spinal  internuncial  neurons .  

EXPERIMENTAL METHOD 

Intracellular recordings of the activity of internuncial neurons in the lumbar division of the cat's 
spinal cord were made with glass microelectrodes filled with 2.5 M KCI solution by the usual method [5]. 
The animals were anesthetized with Nembutal. A descending wave was evoked in the pyramidal tract by 
means of a coaxial electrode [2]. The number of stimuli varied from 1 to 30-50, and their frequency in the 
series was up to 600 per second. The internuncial neurons activated monosynaptically by the pyramidal 
tract were identified from their localization in a transverse section of the spinal cord, the nature of their 
responses to stimulation of the cortex, as described below, and the absence of activation during stimulation 

of the peripheral nerves. 

EXPERIMENTAL RESULTS 

Focal recordings of the potentials arising in the spinal cord after stimulation of the motor cortex 
[2], together with morphological and electrophysiological data indicating the distribution of nerve endings 
of the pyramidal tract in the spinal cord [9, 14], show that the internuncial neurons activated monosynapti- 
cally by the rapidly conducting fibers of the pyramidal tract should be sought mainly in the most lateral 
part of Rexed's 5th layer-in the external basilar region of Cajal (EBR). The neurons of this region had no 
endings of peripheral afferent fibers [II, 12], but they have many racemose synaptic endings of pyramidal 
fibers [13]. 

The search for these neurons with the microelectrode was therefore carried out deliberately in the 
EBR. Both in the lower (L6-L7) and middle (L3-L4) lumbar segments in this region, activity of many 
neurons activated by the pyramidal wave only and not responding to afferent influences of any form from 
the peripheral nerves was recorded. In both these segments successful intracellular recordings were made 
of the potentials of these neurons, but a significant difference was that in the lower lumbar segments all 
the recordings were purely intraaxonal, whereas in the L3-L4 segments some recordings were intrasomatic 
(intraaxonal and intrasomatic recordings were differentiated by the absence or presence of postsynaptic 
potentials). Responses of the neurons in the EBR (which all the evidence showed to be intraaxonal) could 
also be recorded in the white matter of the lateral column throughout the extent of the lumbar segments. 
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Fig.  1. In t rasomat ic  recording  f r o m  neurons of the EBR. A - N e u r o n  in EBR situated in s eg -  
ment  L3, EPSP and generation of AP during st imulation of the cor tex  by an increas ing  number  
of st imuli;  B - n e u r o n  in EBR situated in segment  L4: I -  EPSP and generation of AP during 
st imulat ion of cor tex  with an increas ing number of st imuli ;  I I - a n t i d r o m i c  activation of neuron 
during st imulat ion of la tera l  column in segment  L7 (distance between points of st imulation and 
record ing  5.5 era); H I - a b s e n c e  of activation of neuron during st imulation of per iphera l  nerves :  
1) pos te r ior  b i ceps - semi t end inosus  + anter ior  b i c e p s - s e m i m e m b r a n o s u s  musc les ;  2) gas t roc -  
nemious muscle;  3) tibial nerve;  4) common peroneal  nerve;  5) sura l  nerve .  Strength of s t imula-  
tion 5 t imes above threshold level. All osc i l lograms obtained by super imposing severa l  sweeps 
of the beam. In ose i l lograms II and HI (1-5) the potential of the dorsa l  sur face  of the spinal cord  
recorded  in segment  L7 is shown by the top beam. 

Altogether ,11 neurons in the EBR were  investigated by intrasomatic  record ing ,  and 35 neurons by 
intraaxonal  recording .  In addition, recordings  were  taken f r o m  33 f ibers  of the pyramidal  t rac t  in the 
la tera l  column, identified f r o m  the general ly  accepted signs [2, 10]. 

In the case  of both intraaxonal and int rasomat ic  record ing  f r o m  the neurons of the EBR at level 
L3-L4,  these neurons could be excited by st imulation of the la tera l  column with needle electrodes in s eg -  
ment  L7 (Fig. 1, B, II and Fig. 2, C). The latent period of this response  var ied for  different cel ls  f rom 
0.7 to 1.2 msec ,  and was exceptionally stable fo r  each neuron. The in t rasomat ic  recordings  showed that the 
action potential (AP) evoked by such st imulation was not preceded by slow waves of potential (Fig. 1, B, II). 
This suggests  that these responses  of the EBR neurons may be regarded  as the resu l t  of ant idromic ac t iva-  
tion. It follows, therefore ,  that the bodies of the EBR neurons a re  located mainly in the middle lumbar seg-  
ments  and their  axons descend in the la tera l  columns,  passing through severa l  segments ,  to terminate  on 
other  spinal  neurons.  The conduction veloci ty in these axons, taking into considerat ion the distance covered 
(about 5-6 cm), is 50-70 m / s e c .  

Single st imulation of the cor tex  evoked an exci ta tory postsynaptic potential (EPSP) in the soma of the 
EBR neuron. The latent period of the EPSP in the group of neurons investigated ranged f r o m  6-12 msec ,  
with a mean value of 8 msec .  For  compar ison,  the conduction t ime of pyramidal  impulses in segment  L3 
may be calculated on the basis  of measurements  of the conduction veloci ty  in the pyramidal  f ibers  of the 
investigated group (the investigated group consis ted mainly of rapidly conducting pyramidal  f ibers  with a 

1154 



. 
" - , ' 0  msec .~ mse, c ~ 

._._.__k Lm" 
- lOrnsec 

, ,  L I  
5m.*ec 

_A 
5 msec ? msec 

Fig.  2. Intraaxonal recording  f r o m  f iber  of the pyramidal  t r ac t  and neurons 
of the EBR. A - p y r a m i d a l  f iber .  La te ra l  column of segment  L1. Velocity 
of conduction about 65 m / s e c .  Apparent  increase  in f requency of responses  
due to the somewhat  nonlinear sweep. B - n e u r o n  in the EBR. Latera l  
column of segment  L2. Responses  to st imulation of the cor tex  with d i f fe r -  
ent numbers  of stimuli;  C - n e u r o n  in the EBR. Latera l  column of segment  
IA. Left o s c i l l o g r a m s - r e s p o n s e s  to st imulation of cor tex  by different num- 
bers  of st imuli .  Right o s c i l l o g r a m - r e s p o n s e  to st imulation of la tera l  column 
in segment  L7. The top beam records  the potential of the dorsa l  sur face  in 
segment  L7. Distance between points of st imulation and record ing  6 cm.  All 
osc i l lograms obtained by super imposing severa l  sweeps of the beam. 
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Fig. 3. Inhibition of response  of EBR neuron evoked by the second of 2 success ive  
s t imuli  applied to the cor tex.  In t rasomat ic  recording,  I - r e s p o n s e  to p re l imin-  
a ry  st imulation (series of 2 stimuli):  I I - r e s p o n s e  to tes t  s t imulat ion (series of 
5 stimuli);  I + I I - r e s p o n s e s  to combination of p re l iminary  and tes t  st imuli  s e p a r -  
ated by different intervals;  1) change in amplitude of EPSP evoked by test  s t imula -  
tion, depending on interval  between tes t  and pre l iminary  st imulation (amplitude 
of EPSP adequate to cause generat ion of AP taken as 100%); 2) change in p ro -  
bability of AP generation after  test  st imulation; probabili ty (P) in the absence of 
p re l iminary  stimulation taken as 1~ All points on the graph are  the mean values 
of resul ts  of 10 measurements .  

conduction velocity of between 65 and 24 m / s e c ) .  The minimal t ime was 4.9 msec  and the mean value 
7.5 msee .  These resul ts  thus agree  fully with the hypothesis that activation of EBR neurons by f a s t - c o n -  
ducting f ibers  of the pyramidal  t r ac t  is monosynaptic in cha rac te r .  

With re la t ively  weak stimulation, when only a single descending impulse appeared in the pyramidal  
f ibers ,  the EPSP had a shape s imi la r  to that of the monosynaptic EPSP evoked in segmental  neurons by 
activity of the per iphera l  nerve f ibers  (Fig. 1, A), but its build-up time was longer (about 2.0-2.5 msec).  
The total duration of the EPSP was about 15 msec .  With s t ronger  single st imulation of the motor  cortex,  
when severa l  descending impulses appeared in some pyramidal  f ibers  [4], the EPSP was more  complex in 
cha rac t e r  and consis ted of seve ra l  success ive  waves (Fig. 1, B, I), evidently ref lect ing the a r r iva l  of 
success ive  presynaptic  impulses at the cell.  The amplitude of the f i r s t  2 or 3 synaptic waves success ive ly  in- 
c reased .  

1155 



With an inc rease  in the number  of s t imuli  the amplitude of the EPSP rose  by summation of the 
success ive  waves (Fig. 1, A and B, I). On reaching the cr i t ica l  level the EPSP were  t r ans fo rmed  into a 
spreading AP.  The lat ter  was accompanied by well marked af te r -hyperpolar iza t ion ,  although this did not 
completely  abolish the synaptic depolarization,  so that in some cases  2 success ive  AP were  fo rmed f r o m  
the EPSP,  separa ted  by an interval  of 5-10 msec .  

The latent period of generation of the AP was noticeably dependent on the number  of summated 
presynapt ie  waves.  Since the build up t ime of the single EPSP,  as shown above, was about 2 msec ,  if the 
f requency of descending waves was 600 / sec  the success ive  EPSP were  super imposed on the ascending 
phase of their  p r e d e c e s s o r s ,  thus great ly  increas ing the s teepness of build-up of synaptic depolarization.  
The latent period of generation of the AP was correspondingly  shortened (Fig. 1, A, I), as was e l ea r ly seen  
with intraaxonal record ing  (Fig. 2, B and C), amounting to 2.4 msee .  The minimal  latent period of genera -  
tion of the AP measured  during a se r i e s  of st imuli  of adequate duration, when record ings  were  made in the 
middle lumbar segments ,  var ied  f r o m  6.3 to 20.4 msec  (mean value 10.76 msec) .  On the other hand, the 
mean latency of the AP measured  by the authors previously [4] in a lower lumbar segment  (L6) had a m e a n  
value of 11.54 msec .  This delay in appearance of the AP in the lower lumbar segments  can be fully 
explained by the duration of in tersegmenta l  conduction of the impulse along the axons of the EBR neurons.  

A charac te r i s t i c  fea ture  of the activity of the EBR neurons,  previously observed when intraaxonal 
record ings  were  made [4], was the long period of suppress ion of the d ischarge  ar is ing in response  to a 
repeated  descending wave in the pyramidal  t rac t .  This aspect  of functioning of the EBR neurons led to 
sharp  differences between their  impulse activity and the activi ty of the pyramidal  f ibers .  Fast -conduct ing 
pyramidal  f ibers  reproduce  a f requency of st imulation of up to 600 per  second (Fig. 2, A). Meanwhile, 
the EBR neurons respond by only 1 or  2 AP even to a prolonged se r ies  of st imuli  applied to the motor  
cor tex  (compare Fig. 1, B, I and Fig. 2, B and C). 

In t rasomat ic  recordings  f r o m  the EBR neurons showed that the EPSP developing in these neurons in 
r e sponse  to the second of two success ive  descending waves is reduced in amplitude if the intervals  between 
them are  f rom 10 to 100-150 msec (Fig. 3, 1). This also leads to a dec rease  in probabil i ty of a d ischarge 
f r o m  the EBR neuron evoked by the second descending wave (Fig. 3, 2). 

The resul ts  obtained c lea r ly  show that the pyramidal  t r ac t  is connected monosynaptieal ly in the 
spinal cord  with a special  sys t em of propr iospinal  neurons cover ing severa l  segments .  The axons of these 
neurons ,  possess ing  re la t ive ly  high conduction velocity,  evidently run mainly in a descending direct ion and 
cover  a distance equal to at  least  2-3 segments  before  reenter ing  the gray mat ter  and terminat ing in 
synapses  on other spinal neurons.  This conclusion agrees  fully with the morphological  data of Szenta-  
gothai [13]. 

A par t icu lar ly  interest ing question is whether these propriospinal  neurons can t ransmi t  pyramidal  
influences direct ly  to motoneurons.  The minimal  duration of the latent period of the EPSP evoked by 
cor t ica l  st imulation in the motoneurons of segment  L7, according to the resul ts  of measurements  made 
ea r l i e r  in the au thors '  labora tory  [1], was 8 msec  while the mean latent period for  a group of 72 recto-  
neurons was 12.63 msec .  If these resul ts  are  compared  with the minimal  and mean latencies of d i s -  
charge  of the EBR neurons measured  in the present  investigation, with recordings  taken in segments  
L3-L4 (6.3 and 1 0.76 msec)  and the same values measured  previously for  segment  L6 (6.7 and 11.54 msec 
respec t ive ly  [4]), and if the conduction veloci ty along the axons of EBR neurons is taken into account,  
the monosynaptic cha rac t e r  of activation of the motoneurons by the EBR neurons becomes ve ry  probable. 

It thus follows that the pyramidal  t r ac t  may evidently evoke excitation of motoneurons through a 
sy s t em of propriospinal  neurons,  with a ve ry  simple,  disyaaptic pathway. This pathway is adapted for  
t r ansmiss ion  only of fas t  influences f r o m  the motor  cor tex,  a r r iv ing  as a shor t  se r i e s  of high-frequency 
impulses .  These fas t  influences are  t ransmit ted by fas t -conduct ing f ibers  of the pyramidal  t rac t - -  the fibers 
which f o r m  synaptic connections with the EBR neurons.  Transmiss ion  through the EBR neurons of tonic 
impulse activity is suppressed  by the subsequent depress ion  of their  synaptic excitability. The reason  for  
this depress ion  is probably complex.  On the one hand, the EPSP and the AP evoked in the EBR neuron by 
the pyramidal  wave is followed by development of hyperpolar izat ion of smal l  amplitude but considerable  
duration (over 100 msec) .  This is par t icu lar ly  c lea r ly  seen if the cor tex  is s t imulated by a re la t ive ly  long 
se r i e s  of st imuli .  Its initial phase is evidently one of t rue a f te r -hyperpolar iza t ion  after  the AP. Its sub-  
sequent development is possibly attributable to synaptic influences. This hyperpolar izat ion may lead to a 
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d e c r e a s e  in ampli tude of the EPSP (on account  of an i nc rea se  in the ionic conductivi ty of the membrane )  and 
an i n c r e a s e  in the c r i t i ca l  level  for  AP generat ion.  On the other  hand, the d e c r e a s e  in ampli tude of the 
EPSP may  be a s soc ia t ed  with p resynapt ie  changes in the endings of the pyramida l  f i be r s  on the EBR neurons .  

I t  mus t  not,  however ,  be  supposed that  the s y s t e m  desc r ibed  above is the only s y s t e m  connect ing 
the py ramida l  t r a c t  with the motoneurons .  The poss ib i l i ty  of act ivat ion of in ternuncial  neurons  of s e g -  
menta l  a r e s  by the py ramida l  f i be r s  has been  demons t ra t ed  by s e v e r a l  authors  [6-8]; however ,  the mo to r  
py ramida l  effects  evoked through these  neurons  mus t  have longer latent  per iods  than the effects  a r i s ing  
through the s y s t e m  of p ropr iosp ina l  neurons .  The connection between s low-conduct ing  p y r a m i d a l  f i be r s ,  
exci ta t ion of which evokes prolonged synapt ic  changes of tonic c h a r a c t e r  in motoneurons  [3], and the m o t o -  
neurons  mus t  be  of a spec ia l  c h a r a c t e r .  
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