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Intracellularly Recorded Responses  of Red 
Nucleus Neurones  During Antidromic  and 

Orthodromic Activation 

The  red  nuc leus  (RN) of t he  cat ,  in  i t s  so-cal led m a g n o -  
cel lular  por t ion ,  inc ludes  a n u m b e r  of g ian t - s i zed  n e u r o n e s  
w h i c h  s e n d  t h e i r  a x o n s  in to  t h e  sp ina l  co rd  as t h e  r u b r o -  
sp ina l  f ibres 2-3. The  m a i n  source  of i ts  a f f e r en t  connec-  
t ions  ha s  been  s h o w n  h is to log ica l ly  to  be  t h e  c o n t r a -  
l a t e ra l  ce rebe t la r  nuc le i ;  JANSEN a n d  JANSEN 4 a s s u m e d  
i t  to  be  in t h e  nuc leus  in te rpos i tus ,  whi le  BRODAL a n d  
GOaSTAD ~ m a i n t a i n s  t h a t  i t  is in  t h e  d e n t a t e  nucleus .  
Very  r ecen t l y  R m W K  a n d  WALBERG 6 p roposed  a n o t h e r  
a f f e r en t  c o n n e c t i o n  f rom t h e  ips i l a t e ra t  ce reb ra l  c o r t e x  
to RN.  E lec t r i ca l  ac t iv i t i e s  in  R N  h a v e  r e c e n t l y  b e e n  in-  
v e s t i g a t e d  b y  APPELBERG 7 a n d  MASSION a n d  ALBE- 
FESSARD 8 w i t h  mic roe lec t rode  t echn ique .  I n  v iew of t h e  
large  gaps  s t i l l  r e m a i n i n g  in  o u r  knowledge  of t he  per -  
f o rmance  of RN,  t h e  p r e s e n t  work  is an  a t t e m p t  to  record  
f rom R N  neu rones  w i t h  t he  i n t r a c e l l u l a r  t echn ique .  The  
region of R N  was  exp lo red  s y s t e m a t i c a l l y  w i t h  glass 
microe lec t rodes ,  a n d  n e u r o n e s  i m p a l e d  t h e r e i n  were  
iden t i f i ed  b y  a n t i d r o m i c  a c t i v a t i o n  f rom t h e  sp ina l  cord  
t h r o u g h  t he  r u b r o s p i n a l  f ibres.  I t  was  f u r t h e r  r evea led  
t h a t ,  in  these  ceils, s t i m u l a t i o n  a t  t h e  t h r e e  loci, i.e. t h e  
c o n t r a l a t e r a l  nuc leus  i n t e r pos i t u s  ( IP) ,  t he  v e n t r o l a t e r a l  
nuc leus  of t he  ips i l a te ra l  t h a l a m u s  (VL) a n d  t h e  ips i l a te ra l  
s e n s o r i m o t o r  co r t ex  (SM), i nduced  e x c i t a t o r y  pos t -  
s y n a p t i c  p o t e n t i a l s  ( E P S P s )  m o n o s y n a p t i c a l l y .  

Ca ts  were a n a e s t h e t i z e d  w i t h  p e n t o b a r b i t o n e  s o d i u m  
or chloralose.  T h e  h e a d  was f ixed on  a s t e r eo t ax i c  f r ame  
a n d  t h e  sp inous  process  of t he  C a v e r t e b r a  was also 
r ig id ly  c l amped .  Af te r  c r a n i o t o m y  t he  ce reb ra l  co r t ex  
was  p a r t l y  s u c k e d  o u t  so as to  expose  t he  lef t  super io r  
coll iculus t h r o u g h  w h i c h  a 3 M  KC1- or 2 M  NaCl-f i l led 
mic roe lec t rode  (electr ical  r e s i s t ance  of 15-25 Mr2) was  
i n se r t ed  ver t i ca l ly .  I n  o rde r  to  s t i m u l a t e  t h e  r u b r o s p i n a l  
t r ac t ,  t h e  C, v e r t e b r a  was l a m i n e c t o m i z e d  a n d  a n  
e n a m e l - c o a t e d  s i lver  wire  was p laced  on  t he  dorso- la te ra l  
sur face  of t he  C2 s e g m e n t  on  t he  r i g h t  side. A pa i r  of 
e n a m e l - c o a t e d  m e t a l  e lec t rodes  he ld  in para l le l  a t  a n  in-  
t e r v a l  of 2 m m  was  in se r t ed  s t e r eo t ax i ca l l y  in to  t h e  re- 
g ions  of t he  r i g h t  I P  a n d  of t h e  lef t  VL,  respect ive ly .  The  
lef t  SM a n d  some t imes  t he  i n t e r m e d i a t e  p a r t  of the  r i g h t  
a n t e r i o r  lobe of t he  c e r e b e l l u m  (AC) were  also exposed  b y  
c r a n i o t o m y  a n d  four  s i lver  wire  e lec t rodes  were laid a t  
i n t e rva l s  of 2 m m  on  each  of t h e i r  surfaces.  

F igu re  A shows e x a m p l e s  of t he  p o t e n t i a l  changes  re-  
co rded  ex t race l lu l a r ly  w i t h  a mic roe lec t rode  which ,  a f t e r  
be ing  in se r t ed  ve r t i ca l ly  to  a d e p t h  of 10 m m  f rom t h e  
surface  of t he  super io r  eolliculus, was  w i t h d r a w n  in 100-  
250 ~ steps.  I n  response  to s t i m u l a t i o n  of t he  C 2 segmen t ,  
t h e r e  a p p e a r e d  a sma l l  pos i t ive  def lec t ion  t h a t  was  fol- 
lowed b y  a large nega t i v i t y .  T h e  n e g a t i v i t y  was localized 
w i t h i n  a d e p t h  of 8 to  10 m m  w i t h  t he  m a x i m u m  a t  a 
d e p t h  of 9.05 ram.  B y  r e p e a t i n g  s imi la r  t r a e k i n g s  on  t he  
s ame  t r a n s v e r s e  p l a n e  a t  l a t e r a l  i n t e r v a l s  of 250 #, i t  was  
a sce r t a ined  t h a t  t h e  p r o m i n e n t  nega t i ve  p o t e n t i a l  
changes ,  such  as those  of more  t h a n  250 ~V in a m p l i t u d e ,  
were g e n e r a t e d  on ly  w i t h i n  a l imi ted  a rea  a b o u t  2 m m  
across.  B y  l a t e r  h is to logica l  e x a m i n a t i o n ,  t h i s  a rea  was  
p r o v e d  to  con fo rm w i t h  t he  magnoce l lu l a r  p a r t  of RN.  
Therefore ,  these  p o t e n t i a l  changes  would  be  a t t r i b u t a b l e  
to  t h e  e lectr ic  field g e n e r a t e d  in  RN.  

W h e n  a cell was  im pa l ed  w i t h i n  t he  R N  region,  t h e r e  
a p p e a r e d  s u d d e n l y  a r e s t ing  p o t e n t i a l  of - 5 0  to - 6 0  m V  
a n d  spike p o t e n t i a l s  of 60 to 70 m V  in r e sponse  to s t imu-  
l a t ion  of t h e  C, s egmen t .  The i r  r i s ing  p h a s e  s h o w e d  a n  
in f lec t ion  a t  23 to  33 m V  a b o v e  t he  ba se  l ine (Figure  13). 

W h e n  two  success ive  s t imu l i  were  app l i ed  to  t he  C, seg- 
m e n t  a t  s h o r t  i n t e rva l s ,  t he  second  sp ike  was  usual ly  
b locked ,  l e av ing  o n l y  a sma l l  c o m p o n e n t  sp ike  (Figure 
C). I n  some  cases, t he  b lockage  occur red  also a t  t h e  in- 
f lect ion.  On  t he  ana logy  of t h e  spike  p o t e n t i a l s  evoked 
in  ca t ' s  m o t o n e u r o n e  b y  s t i m u l a t i n g  t he  v e n t r a l  root% 
these  sp ike  p o t e n t i a l s  o b t a i n e d  in  t h e  R N  n e u r o n e s  m a y  
be  a s s u m e d  to  be  i nduced  a n t i d r o m i c a t l y  t h r o u g h  the  
r u b r o s p i n a l  t r ac t .  The  fal l ing phase  of t h e  spike  po ten t ia ! s  
was  fol lowed,  e i t he r  w i t h  or  w i t h o u t  a n  i n t e r p o s e d  pore- 
t i r e  d ip  (F igure  D), b y  a n  a f t e r - h y p e r p o l a r i z a t i o n  of 5 to 
10 m V  in  a m p l i t u d e  a n d  l a s t ing  for  50 to 70 msec. In 
F i g u r e  E t h e  s t r e n g t h  of shock  s t imu l i  was  j u s t  a t  
t h r e s h o l d  for t he  a x o n  of t h e  i m p a l e d  cell, t h e  spike  fail ing 
a t  a b o u t  ha l f  t r ia ls .  V¢i th  th i s  p r o c e d u r e  of t h e  ' t h resho ld -  
s t r a d d l i n g ' ,  i t  h a s  no t  been  poss ible  to  d e t e c t  a n y  post-  
s y n a p t i c  p o t e n t i a l  changes  w h i c h  m i g h t  occur  t h r o u g h  
t h e  r e c u r r e n t  a x o n  col la tera ls .  
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Fig, A. An electric field recorded along a track passing through RN 
under stimulation at the dorsolateral surface of the C a spinal segment. 
Each record was formed by superposition of about 60 faint traces. 
B to L, potential changes recorded intracellularly from RN neuroneS. 
B, Spike potentials elicited antidromically from the C~ segment. 
C, Response to double shocks given to the C 2 segment. D, Falling 
phase of the antidromic spike potential. E, After-hyperpolarizatiozl 
following an antidromic spike potential. F and G, EPSPs induced 
by stimulation of IP  and VL, respectively (the uppermost traceS); 
the middle traces indicate extracellular records taken just outside 
the cell and the lowermost traces represent differences between the 
middle and uppermost records. H and I, the control EPSPs evoked 
by stimulation of IP and VL, respectively. J and K, EPSPs caused 
by combined stimulation of both nuclei. L, EPSP induced by stimu- 
lating SM. A and F to L, by A.C. amplification, time constant of 
the amplifier being 0.002 and 2 scc, respectively. B to E, by D.C 

recording. Voltage scale of 20 mV applies to C to E. 
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I n  F igu re  F, in  r e sponse  to t he  shock  s t imu l i  app l ied  to 
IP,  t h e r e  occu r r ed  a n  e x c i t a t o r y  p o s t s y n a p t i c  p o t e n t i a l  
( E P S P )  w i t h  n o t c h e s  on  i t s  s u m m i t  ( the  u p p e r m o s t  
t r aces  of  F igu re  F). W i t h  a mic roe lec t rode  j u s t  ou t s ide  
t h e  cell  soma,  t he se  n o t c h e s  were  found  to  be  due  to  field 
p o t e n t i a l s  occu r r i ng  a r o u n d  t h e  i m p a l e d  cell ( the  midd le  
t races) .  As d i f fe rence  b e t w e e n  t h e  i n t r a c e l l u l a r  a n d  
ex t r ace l lu l a r  records  t h e  n e t  E P S P  was  r e p r o d u c e d  in  t h e  
l owermos t  t r aces  of F a n d  f o u n d  to  be  of s imple  shape ,  as  
those  seen in  c a t ' s  m o t o n e u r o n e s  ~0. As m e a s u r e d  b y  t h e  
t i m e  i n t e r v a l s  b e t w e e n  t h e  shock  a r t i f a c t  a n d  t h e  foo t  of 
t he  E P S P s ,  t h e  l a t e n c y  of t h e  E P S P s  was as s h o r t  as  0.7 
to  1.0 msec.  H e n c e  t he se  E P S P s  s h o u l d  h a v e  been  in-  
duced  m o n o s y n a p t i c a l l y .  As s h o w n  in F i g u r e  G s imi la r  
E P S P s  were  g e n e r a t e d  b y  s t i m u l a t i n g  V L  w i t h  a l a t e n c y  
of 1.0 to  1.2 msec.  Conce rn ing  t h e  f ibre  c o n n e c t i o n  
respons ib le  for these  V L - i n d u c e d  E P S P s ,  t h e  fol lowing 
o b s e r v a t i o n  revea led  a m a r k e d  occlusion p h e n o m e n o n  be- 
t w e e n  t he  V L  a n d  I P  s t i m u l a t i o n ,  As s h o w n  in F igu re  J,  
w h e n  t he  t i m e  i n t e r v a l  for s t i m u l a t i n g  these  two loci 
success ive ly  was r e l a t i ve ly  long, t he  r e spec t ive  E P S P s  
s u m m a t e d  on  each  o t h e r  w i t h o u t  s ign i f i can t  c h a n g e  in  
t h e i r  size (controls  in  F igures  H a n d  I). However ,  w h e n  t he  
i n t e r v a l  was  s h o r t e n e d  to less t h a n  1.0 msec, t he  r e sponse  
to  t h e  second  s t imu lus  decreased  m a r k e d l y ,  d o w n  to  one  
t h i r d  in t he  case of F igu re  K. Such  a r e d u c t i o n  of t he  
succeed ing  E P S P  as t h i s  was  seen w i t h  e i t he r  sequence  
of V L - I P  or  I P - V L  s t i m u l a t i o n .  Th i s  occlusion p h e n o m e -  
n o n  could  be  exp Ia ined  b y  a s s u m i n g  t h a t  t h e  a x o n s  f rom 
I P  i n n e r v a t e  R N  a n d  V L  c o m m o n l y ,  a n d  t h a t  s t i m u l a t i o n  
a t  V L  causes  i m p u l s e s ' t o  f ire b a c k  to  RN.  I n  some  cases 
s h o c k  s t imu l i  were app l ied  to  AC. W i t h  r e l a t i v e l y  w e a k  
i n t e n s i t y ,  t h e  AC s t i m u l a t i o n  d id  n o t  i nduce  p o s t s y n a p t i c  
p o t e n t i a l s  in  t h e  R N  neurones ,  b u t  i t  supp re s sed  b y  a b o u t  
2 0 %  t h e  E P S P  i n d u c e d  b y  e x c i t a t i o n  of IP ,  T h e  sup-  
p ress ion  fol lowed the  AC s t i m u l a t i o n  i m m e d i a t e l y  a n d  
l a s t ed  for  seve ra l  t en-miUiseconds .  T h e  AC s t i m u l a t i o n  

p roduces  i n h i b i t o r y  p o s t s y n a p t i c  p o t e n t i a l s  m o n o s y n a p -  
t i ca l ly  in  I P  n e u r o n e s  11, a n d  h e n c e  decreases  t h e  ex-  
c i t a b i l i t y  of I P  neu rones .  W i t h  r e l a t i v e l y  s t r o n g  AC 
s t i m u l a t i o n  E P S P s  were  p r o d u c e d  in  t h e  R N  neu rones .  
H o w e v e r ,  t he se  E P S P s  occu r red  w i t h  a l a t e n c y  com-  
p a r a b l e  to  t hose  p r o d u c e d  b y  t h e  d i r e c t  I P  s t i m u l a t i o n ,  
a n d  h e n c e  a p p e a r e d  to  b e  caused  b y  c u r r e n t  s p r e a d i n g  to  
I P  f rom AC. 

I n  F igu re  L E P S P s  were  g e n e r a t e d  in  r e sponse  to  t h e  
shock  s t imu l i  app l i ed  to  SM w i t h  a l a t e n c y  of a b o u t  1.2 
msec.  W i t h  a d i s t a n c e  of 40 m m  f rom SM to  RN,  i t  is  
l ike ly  t h a t  these  E P S P s  also a re  i n d u c e d  m o n o s y n a p -  
t ical ly.  

I n  conclus ion,  t h e  R N  n e u r o n e s  rece ive  two  m o n o -  
s y n a p t i c  e x c i t a t o r y  connec t ions ,  t he  one  f rom I P  a n d  t h e  
o t h e r  f rom SM. The  f o r m e r  i nvo lves  V L  as t he  c o m m o n  
t a r g e t  a n d  is u n d e r  i n h i b i t o r y  con t ro l  b y  AC. 

Rdsumd. Chez le c h a t  anes thds i6  au N e m b u t a l  ou au  
chlora lose ,  les rdponses  dvoqudes  duns  les n e u r o n e s  du  
n o y a n  rouge  p a r  les s t i m u l a t i o n s  a n t i d r o m i q u e s  e t  o r t h o -  
d r o m i q u e s  on t  6t6 6tudi6es au m o y e n  de  micro61ectrodes  
in t race l lu la i res .  
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Inulin Clearance and Renal Lymph 

I n  c a l c u l a t i n g  the  c lea rance  of a n y  s u b s t a n c e  exc re ted  
in the  u r ine  f rom the  c u s t o m a r y  formula ,  r e l a t i ve ly  large  
e r rors  occur  w h e n e v e r  n o t  all of t he  s u b s t a n c e  is ca r r i ed  
a w a y  in  t h e  u r ine  a n d  via t h e  r ena l  vein.  T h e  e r ro r  is t h e  
g rea t e r  t h e  more  of t he  s u b s t a n c e  ha s  u n d e r g o n e  decom-  
pos i t ion ,  b e e n  s to red  u p  b y  t h e  k idney ,  a n d  ca r r i ed  off 
in  t he  r ena l  l y m p h .  Some  worker s  1-a see t h e  poss ib i l i t y  
t h a t  c lea rances  ca lcu la ted  f rom t h e  usua l  f o r m u l a  do  n o t  
y ie ld  t r u e  va lues  of t h e  q u a n t i t y  of p l a s m a  cleared,  be-  
cause  t h e y  fai l  t o  t a k e  i n to  a c c o u n t  t h e  a m o u n t  of sub-  
s t ance  t r a n s p o r t e d  in  t h e  l y m p h .  E v i d e n c e  h a s  r e c e n t l y  
been  p r o d u c e d  t h a t  t h e  a m o u n t s  of para-amino-hippuric 
acid  a n d  inu l in  t r a n s p o r t e d  b y  t h e  r ena l  l y m p h a t i c s  a re  
n o t  la rge  e n o u g h  to  i n v a l i d a t e  t h e  c l ea rance  va lues  cor-  
r e s p o n d i n g  to  t h e  r e n a l  p l a s m a  flow a n d  the  g lomeru l a r  
f i l t r a t i o n  r a t e  r e spec t ive ly  4-5. 

As i n t r a v e n o u s  inu l in  is k n o w n  to  a p p e a r  in  r ead i ly  
m e a s u r a b l e  c o n c e n t r a t i o n s  in  t he  r ena l  l y m p h  *,6-8 ex- 
p e r i m e n t s  were car r ied  ou t  to  e x a m i n e  i t s  in f luence  on  
i n t e r p r e t a t i o n  of c lea rance  d a t a  o b t a i n e d  f rom t h e  
genera l  fo rmula .  

Methods. F r o m  dogs ur ine  was  co l l ec t ed ,  a f t e r  l a p a r o t -  
omy,  f r o m  t h e  le t t  u r e t e r  a n d  l y m p h  f rom one  of t h e  

h i l a r  l y m p h  vessels in  t h e  lef t  k idney .  The  c lea rance  
per iods  a n d  t h e  l y m p h  col lec t ion  per iods  were  of t h e  s a m e  
d u r a t i o n .  I n u l i n  was d e t e r m i n e d  b y  t h e  p rocedu re  of 
LITTLE 9. I n u l i n  c l ea rance  was ca l cu l a t ed  f rom the  well-  
k n o w n  q u o t i e n t  

a m o u n t  of inu l in  exc re ted  in  t h e  u r ine  pe r  m i n  (mg/min)  

c o n c e n t r a t i o n  of i nu l in  in  t he  p l a s m a  (mg/ml)  
a n d  

a m o u n t  of inu l in  in  t he  r ena l  l y m p h  pe r  ra in  (mg /min )  

c o n c e n t r a t i o n  of i n u l i n  in  t h e  p l a s m a  (mg/ml)  
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