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The r e c o v e r y  cyc le  of the s u r f ace -nega t i ve  rec ru i t ing  potential  in the c e r e b r a l  cor tex  of the pond t o r -  
to i se ,  when inves t iga ted  by pai red  s t imulat ion o~ the nt 'clcus rotundus o[ the dorsa l  tha lamus,  cons is t s  of a 
phase  of d e p r e s s i o n ,  both absolute  and re la t ive  (up to 5-8 mscc ) ,  and a phase  of facil i tat ion (10-1000 msec ) .  
The fac i l i ta t ion  r e a c h e s  a n m x i m u m  at  in terva ls  of 30-100 r e s e t ,  and the rea f t e r  p r o g r e s s i v e l y  d imin ishes ,  
becoming  l e s s  s tab le  and d i sappea r ing  af ter  500-1000 r e s e t .  In the c h a r a c t e r  of the r e c o v e r y  cycle  and with 
r e s p e c t  to o ther  p rev ious ly  studied c h a r a c t e r i s t i c s ,  the cor t i ca l  r ec ru i t ing  potentials  of to r to i ses  have much 
in common  with the dendr i t ic  co r t i ca l  potent ia ls  of m a m m a l s  a r i s ing  during s t imulat ion of the nonspecif ic 
nuclei  of the tha l amus .  

$ * * 

The r e c r u i t i n g  r e s p o n s e  e x p r e s s e s  the p redominant  type of functional connection between the dorsa l  
t ha l amus  and c e r e b r a l  c o r t e x  of r e p t i l e s ,  it is v e r y  s i m i l a r  to the analogous r e sponse  in mamina l s  [1, 31. 

In the p r e s e n t  invest igat ion the r e c o v e r y  cycle  of the cor t ica l  r ec ru i t ing  potential  was studied in r e -  
sponse  to s t imula t ion  of the p r inc ipa l  nucleus of the rept i l ian  dorsa l  tha lamus  - the nucleus rotundus.  

E X P E R I M E N T A L  M E T H O D  

Fif teen  acu te  e x p e r i m e n t s  we re  c a r r i e d  out under super f ic ia l  and m o d e r a t e l y  deep Nembutal  anes thes ia  
(10-20 m g / k g ,  In t ravenous ly) .  The tha lamus was stimule.ted by pa i red  square  pulses  (2-25 V, 0.1-1 m s e e ,  
in te rva l s  between s t imul i  2-1000 r e s e t ) .  Pai red  s t imul i  were  applied 15-20 sec l a t e r ,  at  a f requency  of 
l - 3 / s e c .  The dFaamics  o[ the r e c o v e r y  cycle  was de te rmined  f r o m  the ampli tude c h a r a c t e r i s t i c s  of the r e -  
sponses  to pa i red  s t imula t ion  [2, 9]. Steel b ipolar  e l ec t rodes  with t ips 20-60 ,~ in d i ame te r ,  100-500 u 
a p a r t ,  we re  used  for  s t imula t ion .  The posit ion of the tips of the e l ec t rodes  was ver i f ied  a f te r  eve ry  expe r t -  
men~ h i s to log ica l ly .  Monopolar  r eco rd ings  were  made of the su r face  potent ials  of the ips i l a te ra l  hemisphe re  
by  m e a n s  of a s i l v e r  bail  e l ec t rode  0.5 m m  in d i a m e t e r .  The r e f e r e n c e  e lec t rode  was inser ted  into the neck 
m u s c l e s .  

E X P E R I M E N T A L  R E S U L T S  A N D  D I S C U S S i O N  

The r e c o v e r y  cyc le  of the long- la tency ,  s u r f a c e - n e g a t i v e  cor t ica t  r ec ru i t ing  potential of the tor to ise  
(Emys o rb i cu l a r i s )  was  found to cons i s t  of phases  of dep res s ion  and faci l i tat ion,  followed by r e c o v e r y  500- 
1000 m s e c  a f t e r  s t imula t ion .  I m m e d i a t e l y  a f t e r  appl icat ion of the conditioning s t imulus ,  for  a shor t  t ime 
in te rva l  ( f rom 2 to 5-8 m s e c )  the t es t  s t imulus  p roduced  no r e sponse  or a po ten t ia l  of lower ampli tude than 
in r e s p o n s e  to c o n h o l ,  uncondit ioned s t imula t ion  Wigs.  1, 2A). [n the f i r s t  case  (period of absolute  de- 
p ress ion)  the ampl i tude  of the r e s p o n s e  to pai red  s t imula t ion  did not exceed the ampli tude of dm response  
to a s ingle  s t imulus  (3 msec ;  F ig .  1 ) .  In the second case  (period of r e l a t ive  depress ion)  it was greate," than 
the ampl i tude  of the r e s p o n s e  to each  s t imulus  s epa ra t e ly ,  but l ess  than their  sum,  because  of summat ion  of 
the r e s p o n s e  to the f i r s t  s t imulus  with the stil l  d iminished r e sponse  appear ing  to the test  s t imulus .  The 
per iod  of d e p r e s s i o n  was fol lowed by a phase of faci l i tat ion during which the tes t  s t imulus evoked a r e sponse  
of g r e a t e r  ampl i tude  than the r e s p o n s e  to the unconditioned s t imulus .  The faci[i tatiun gradual ly  weakened 
and d i s a p p e a r e d  a f t e r  500-1000 m s c c .  With shor t  in te rva ls  (10-30 msec ) ,  in r e sponse  to paired s t imulat ion 
one potent ial  appea red ,  its ampl i tude g r e a t e r  than tim sum of the ampl i tudes  of the r e sponses  to cac!l s t imu-  
lus s e p a r a t e l y .  The fac t  that  the ampli tude was hlghcr  was in te rpre ted  as the r e su l t  of faci l i ta t ion of the 
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Fig. 1. Cortical evoked potentials in response to paired stimuli. Numbers 
denote intervals between stimuli (msec). At zero interval: top potential in 
response to conditioning stimulus, bottom in response to testing. Starting 
from interval Of 70 msec amplitude of responses to conditioning stimuli in- 
c reased ,  and starting from interval of 200 msec responses  to second stimu- 
lus only. Here and in Fig. 2, negativity is show~ by upward deviation of 
beam; calibration 20 msec,  100 ~V. 
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Fig. 2. Effect of intensity of conditioning stimulus and repetitive 
application of paired stimuli on recovery  cycle of recruit ing po- 
tential.  A) Graph showing recovery  cycles.  Abscissa: intervals 
between stimuli (in msec); ordinate: ratio be~veen amplitude of 
response to test  stimulus and amplitude of response to condition- 
ing stimulus (in percent).  Each curve plotted from data of one 
experiment: 1) threshold stimulation (4 V, 0.5 msec); 2) supra- 
maximal  stimulation (25 V, 0.5 msec) in the same experiment; 
B) change from facilitation into relative depression follov:ing ap- 
plication of paired sthnuli (interval 50 msec) at (requencies of 
l ~ e c  and (C) 3 / s ee ;  D) change in absolute (2)and relative (3) 
facilitation with increase in amplitudes of responses (1) to condi- 
tioning stimuli at 1 / s e e  (oscillograph B). Abscissa: serial  num- 
ber  of stimulus; ordinate: rat io between amplitude of response 
to test  stimulus and amplitude of response to conditioning stimu- 
lus  (in percent); E) responses to paired stimulus at interval of 
120 msec; 1) before teta~[c stimulation (100/see, 5 see); 2) 5 and 
15 sec after tetanization. All oscit lograms should be read from 
bottom to top; time marker  20 msec.  

response to the second stimulus. With intervals greater  than 30 msec,  during paired stimulation responses 
to each stimulus could be distinguished. Facilitation reached its maximum, sometimes amounting to five 
t imes the original amplitude, at intervals of 20-100 msec.  The facilitation was more marked in magnitude 
and duration when thre'shold and above-threshold stimuli were applied, being determined largely by the mag- 
nitude of the response to the conditioning stimulus. This was seen part icularly clearly h~ the recovery  
period, starting at 200-300 msec .  When the conditioning stimulus was of considerabie intensity (5-10 times 
above threshold) the degree of facili tation fell sharply,  and occasionally facilitation was replaced by 
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d e p r e s s i o n  in the r e c o v e r y  per iod (Fig. 2A). The degree  and dtu'ftthm or' faci l i ta t ion a!s~ dir~i~ist~.~d with 
deepening of the a n e s t h e s i a .  

t lence,  the r e c o v e r y  cycle  of the cor t i ca l  r ec ru i t i ng  potentiMs t~[ pond t o r t o i s e s ,  iike tbv~ <'or'tirol r e -  
cru i t ing  potent ia ls  of m a m n m l s ,  Ixtve a dominant  phase  o[ faci l i ta t ion.  [n t o r to i se s  this do:nimm~'e is e.vcn 
m o r e  dis t inct ,  for in the r e c o v e r y  cycle  the phase  of faci l i ta t ion,  unlike that in m a m m a l s ,  is not subdivided 
by  a per iod ol7 r e l a t ive  r e f r a c t o r i n e s s  [51. On the other  hand, the dep re s s iou  a f te r  fae;ditatio,_~ was fouud ex-  
t r e m e l y  r a r e l y  in the t o r t o i s e s .  

According  t o d a t a  h~ the l i t e r a t u r e ,  fac i l i t a t ion  a t  shor t  in te rva l s ,  when the second s t imulus  is applied 
dur ing the r e s p o n s e  to the f i r s t ,  is a t t r ibu tab le  to t e m p o r a l  summat ion  of the e f fec t s  of two succes s ive  
s t imul i  on account  of the s ta te  of local  sub threshold  exci ta t ion in some of the neura l  uni ts .  Faci l i ta t ion at 
longer  in te rva l s  is r e g a r d e d  as a s u p e r n o r m a l  phase  of r e c o v e r y  of exc i tab i l i ty  a f t e r  re la t ive  r e f r a c t o r i -  
n e s s  [,5, 6]. However ,  in the l as t  c a s e ,  because  of spa t ia l  summat ion ,  m a n y  loca l ly  exc i ted  units become  in- 
volved in the r e s p o n s e  [*]. Taking this into cons ide ra t ion ,  it was nat-ural to a s s u m e  that  faci l i ta t ion in the 
r e c o v e r y  cycle  of the cor t i ca l  r e c r u i t i n g  potent ia l  in the to r to i se  is a lso ,  at  l ea s t  pa r t i a l ly ,  connected with 
an inc rease  in the number  of units  r e spond ing  to the second s t imu lus .  To t e s t  this h2~othesis ,  pa i red  s t i m -  
uli we re  applied i n n  f requency  of 1 - a / s e e  at  in te rva l s  at  which faci l i ta t ion of the r e s p o n s e  to the tes t  
s t imulus  took place .  Augmentat ion of the r e s p o n s e s  to t h e  conditioning s t imul i ,  c h a r a c t e r i s t i c  c~f the r e -  
c ru i t ing  r e s p o n s e ,  developed.  As this  augmenta t ion  p roceeded ,  the fac i l i ta t ion of the respo, , .ses to the tes t  
s t imul i  d iminished p r o g r e s s i v e l y  r e l a t i ve  to the p reced ing  r e s p o n s e  in the pa i r  ( re la t ive  faeilikation). In 
the c o u r s e  of repe t i t ive  s t imula t ion  it disappeared and was  followed by d e p r e s s i o n .  Absolute  faei t i tat ion 
(relat ive to the r e s p o n s e  to the f i r s t  condit ioning s t imulus)  e i ther  i nc rea sed  or  d iminished ,  but to a far  
l e s s e r  deg ree  than re la t ive  faci l i ta t ion (Fig. 2B-D) .  S imi la r  changes  in the r e c o v e r y  cycle  were  obse rved  
when pa i r ed . s t imu l i  were  appl ied a f t e r  p r e l i m i n a r y  te tanic  s t imula t ion  (100 / see ) .  Af ter  t h e e n d  of te taniza-  
tlon the r e s p o n s e  to the condit ioning s t imulus  i nc rea sed  cons ide rab ly ,  while the potential  produced in r e -  
sponse  to the t es t  s t imulus  not only was not fac i l i ta ted  c o m p a r e d  with the f i r s t  r e s p o n s e ,  but was ac tua l ly  
d e p r e s s e d ,  even though faci l i ta t ion had been p r e s e n t  be fo re  te taniza t ion  (Fig. 2E).  In r a r e  c a s e s  whgn, dur -  
ing repe t i t ive  s t imula t ion  a t  1 - 3 / s e e ,  the ampl i tude  of the r e s p o n s e s  to conditioning s t imul i  p r o g r e s s i v e l y  
d iminished,  a pa ra l l e l  d e c r e a s e  took pIaee  in the ab'solute fac i l i ta t ion.  The r e l a t i ve  faci l i ta t ion was t e s s  
s t rong ly  affected and showed a tendency to i n c r e a s e .  Tlfis phenomenon,  known as  r e c r u i t m e n t  aga ins t  a 
back~-ound of subnormal i ty ,  has  been  found in the v i sua l  s y s t e m  of m a m m a l s  [6, 81. This  type of r e s p o n s e  
is not c h a r a c t e r i s t i c  of r ec ru i t i ng  r e s p o n s e s  in t o r t o i s e s .  It  is well  m a r k e d  in them in the behavior  of co r t i -  
ca l  r e s p o n s e s  to s t inmla t ion  of the optic n e r v e .  

The p r o g r e s s i v e  d e c r e a s e  in the d e g r e e  of r e l a t ive  fac i l i ta t ion  dur ing r epe t i t i ve  applicat ion of paired 
s t imul i  is p robab ly  a s soc ia t ed  with. p r o g r e s s i v e  invo lvement  of new units in a s ta te  of subthreshold  exc i t a -  
tion and const i tu t ing a potent ial  fac i l i ta t ion  r e s e r v e .  If this r e s e r v e  was compIe t e ly  e "xhausted, faci l i ta t ion 
d i sappea red  and the d e p r e s s o r  phase  of the r e c o v e r y  cycle  appea red .  This  is a c h a r a c t e r i s t i c  p rope r ty  of 
e v e r y  d i s c h a r g i n g n e u r o n i n  the cen t ra l  ne rvous  s y s t e m  [51, but it is m a s k e d  when s u m m a t e d  r ec ru i t i ng  r e -  
sponses  of new neura l  units  a r e  s tudied.  P robab ly  changes  in the r e c o v e r y  cycle  of r ec ru i t i ng  potent ials  
when pa i red  s t imul i  a r e  app l i ed  a f t e r  te tanic  s t imula t ion  and when s u p r a m a x i m a l  s t imul i  a r e  used m a y  have 
the s a m e  m e c h a n i s m .  

Although faci l i ta t ion occupies  a cons ide rab l e  pa r t  of the r e c o v e r y  cycle  of the r ec ru i t i ng  potential  and 
is max ima l  a t  s h o r t e r  ln t e rva l s  (20-t00 m s e c ) ,  the op t ima l  f r equency  for  development  of the r ec ru i t i ng  r e -  
sponse  in the rep t i l i an  co r t ex  is 3 - 7 / s e e ,  c o r r e s p o n d i n g  to a longer  in terval  between s t imul i .  The r e sp o n se  
r e a c h e s  i ts  m a x i m u m  usual ly  not at the second,  but at l a t e r  s t imul i ,  developing gradua l ly .  At a f requency  
above opt imal ,  the r e sponse  to the second s t imul i  is a lways  m a x i m a l ,  followed by a rapid  decl ine of the r e -  
sponse .  In m a m m a l s  the r e c r u i t i n g  r e s p o n s e  a lso  develops  on account  of the phase of late faci l i ta t ion in the 
r e c o v e r y c y c l e .  Bishop and c o - w o r k e r s  [61 cons ide r  that both the phase  of late faci l i ta t ion and deve lopment  
of the  r e c r u i t i n g  r e s p o n s e  a r e  connected not only with an i nc r ea se  in the number  of r eac t i ng  units ,  but a l so  
with an i n c r e a s e  in exc i tab i l i ty  of units a l r e a d y  taking p a r t  in the r e s p o n s e .  To unders tand  the m e c h a n i s m s  
of fac i l i ta t ion dur ing pai red  and r epe t i t i ve  s t imula t ion  of the tes t  s y s t e m ,  the summated  r e s p o n s e  m u s t  be 
c o m p a r e d  with the behavior  of s ingle  uni t s .  

All the changes  desc r ibed  above in the r e c o v e r y  cyc le  of the cor t i ca l  r e c ru i t i ng  potent ials  of the t o r -  
to i se  a r e  p robab ly  a s soc ia t ed  with units in the s u r f a c e  l aye r  of the co r t ex ,  r ece iv ing  impu l ses  dur ing s t imu-  
lat ion of the nucleus  r o t u n d u s .  This  h3~)othesis is suppor ted  by the fact  that the r e c o v e r y  cyc le  of r e s p o n s e s  
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of the cortical surface in the tortoise to its direct stimulation ts completely analogous to the recovery cycle 
of the recruiting potential we have investigated [8]. 

L I T E R A T U R E  C I T E D  

11, 
2. 

3o 
4. 
5. 
6. 
7. 
8. 
9. 

M. G. Bclckhova, Fiziol.  Zh. SSSR, No. 11, 1318 (1963). 
J .  Bures, M. Pctran, and J .  Zachar, Electrophysiological Methods of Investigation [Russian transla- 
tion], Moscow (1962). 
G. H. Bishop, M. N. Clare, and W. M. Landau, Elcctroenccph. Clin. Ncurophysiol., 13, 34 (1961). 
L. Ciganck, Ann. N. Y. Acad. Sci., 112,241 (1964). 
M. N. Clare and G. It. Bishop, Electrocnccph. Clin. Ncurophysiol., 4, 311 (1952). 
M. N. Clare and G. tI. Bishop, Elcctrocnccph. Clin. Neurophysiol., 8, 5S3 (1956). 
W. H. Marshall, J. Ncurophysiol., 12,277 (1949). 
F.  Orrego and D. Lisenby, Arch. Ital .  Biol:, 10__00, 17 (1962). 
D. P. Purpura, M. W. Carmichael, and E. M. Housepian, Exp. Neuro[., 2, 324 (1960). 

484 


