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a n d  s h a r p e r  w i t h  t h e  I R  l igh t  (figure l c ) .  T he  re l a t ive  
i m p r o v e m e n t  w i t h  I R  i l l u m i n a t i o n  was more  p r o n o u n c e d  
w i t h  t h i c k e r  muscles .  
I R  d i f f rac t ion  spec t r a  were  o f t en  o b t a i n e d  f rom t h i c k e r  
muscles  w h i c h  showed  no v is ib le  d i f f r ac t ion  spect ra .  
F igure  2 a  i l lu s t r a t e s  t he  I R  d i f f r ac t ion  spec t r a  f rom such  
a case, a r a b b i t  p a p i l l a r y  muscle  whose  t h i cknes s  (750 ~m) 
was 3 t imes  t h a t  of spec imens  g iv ing  c o m p a r a b l e  spec t r a l  
c l a r i ty  w i t h  h e l i u m  n e o n  laser  i l l u m i n a t i o n L  T he  use of 
I R  l igh t  t h e r e b y  p e r m i t s  d i rec t  c o m p a r i s o n  of t he  effects  
of sa rcomere  m o t i o n  u p o n  con t r ac t i l e  b e h a v i o r  in  m a m -  
m a l i a n  h e a r t  musc les  w h i c h  h a v e  d i f fe ren t  i n t r ace l lu l a r  
p a t h w a y s  of con t r ac t i l e  a c t i v a t i o n  a n d  control .  Fo r  
example ,  t h e  m a x i m u m  sa rcomere  s h o r t e n i n g  in a n o t h e r  
r a b b i t  p a p i l l a r y  muscle  (2.30-1.65 [zm, f igure 2b) is com- 
pa r ab l e  to  t h a t  seen in r a t s  11, a l t h o u g h  t he  onse t  a f t e r  
s t i m u l a t i o n  is a p p r e c i a b l y  de layed  (i.e., 40 msec  vs  
15 msec).  No de le te r ious  effect  of I R  i l l u m i n a t i o n  u p o n  
con t rac t i l e  force was no t i ced  over  t he  3 h of obse rva t ion .  
I m p r o v e d  spec t ra l  c l a r i ty  w i t h  I R  i l l u m i n a t i o n  suggests  
t h a t  t h e  d ispers ion  of f i rs t  o rder  l igh t  is a f fec ted  more  b y  
low angle  s c a t t e r i n g  t h a n  b y  the  a c t u a l  sa rcomere  l e n g t h  
d i s t r i b u t i o n  w i t h i n  t he  muscle.  W h e n  a u n i f o r m  g r a t i n g  
was  i l l u m i n a t e d  b y  l igh t  pass ing  f i rs t  t h r o u g h  t h e  muscle ,  
t h e  d ispers ion  of f i rs t  o rder  s pec t r a  was  e q u i v a l e n t  to  t he  
i n t e n s i t y  d i s t r i b u t i o n  of f igure  i c. D i rec t  i l l u m i n a t i o n  of 
t he  g r a t i ng  p r o d u c e d  equ iva len t ,  n a r r o w  d ispers ion  for  
b o t h  l igh t  sources.  Thus ,  t he  zero o rde r  l igh t  co l l ima t ion  
is c o m p r o m i s e d  a t  each  d i f f rac t ing  layer  of t he  muscle  
t issue,  a n d  t he  a c t u a l  d i s t r i b u t i o n  of sa rcomere  l eng ths  

m u s t  be  n a r r o w e r  t h a n  t h e  l igh t  i n t e n s i t y  d ispers ion  
shown  in f igure  l c .  This  specu la t ion  is s u p p o r t e d  b y  
d i rec t  m e a s u r e m e n t s  b y  o the r s  wh ich  show l i t t l e  sarco-  
mere  l e n g t h  d ispers ion  in l iv ing  p a p i l l a r y  muscles  a t  
r e s t  12. 
Desp i te  u n c e r t a i n t i e s  a b o u t  inference  of sa rcomere  l eng th  
d i s t r i b u t i o n  b y  d i f f r ac tome t ry ,  i t  is o f ten  possible  to  de t ec t  
d iscre te  sa rcomere  l eng ths  in  these  p r epa ra t i ons .  Since 
t h e  l igh t  e m i t t e d  b y  t i le  ga l l ium arsen ide  laser  d iode  ha s  
a f in i te  spec t ra l  b a n d w i d t h  (3.5 nm),  t he  I R  d i f f rac t ion  
p a t t e r n s  are no t  as speckled  la as those  o b t a i n e d  f rom 
the  h e l i u m  neon  laser  (refer to  lack of sma l l  i n t e n s i t y  
f l uc tua t i ons  on  f igure  l a  as c o m p a r e d  to  l b ) .  I n  t he  ab-  
sence of speckle  noise i t  is o f ten  possible  to  resolve smal l  
peaks  wh ich  occur  on ly  on  t h a t  p a r t  of t he  d i f f rac t ion  
p a t t e r n  where  a c o m p o n e n t  due to sa rcomere  d i f f rac t ion  
would  be  p red ic t ed  (figure 3). The  pos i t ion  of these  peaks  
is n o t  s t a t i o n a r y  a n d  m a y  be  r e l a t ed  to t he  p resence  of 
small ,  n o n p r o p a g a t e d  loci of s p o n t a n e o u s  con t r ac t i l e  
a c t i v i t y  seen la te  d u r i n g  t he  i n t e r v a l  be tween  c o n t r a c t i o n s  
in  i n t a c t  7,14 a n d  sk inned  1~ muscle  p r epa ra t i ons .  
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Summary. Micro ion tophore t i c  app l i c a t i on  of GAI3A and  i ts  an t agon i s t ,  p ic ro tox in ,  a l t e red  focal  p o t e n t i a l s  evoked  in 
t he  c a u d a t e  nuc leus  b y  s t i m u l a t i o n  nea r  t he  record ing  s i te  to  a m u c h  g rea t e r  e x t e n t  t h a n  p o t e n t i a l s  el ici ted b y  s t im-  
u l a t i on  of a f fe ren t  p a t h w a y s ,  sugges t ing  t h a t  G A B A  is a t r a n s m i t t e r  of i n t e r n e u r o n s  in th i s  nucleus .  

The  poss ib i l i ty  t h a t  g a m m a - a m i n o b u t y r i c  acid (GABA) 
acts  as a n e u r o t r a n s m i t t e r  in  t h e  c a u d a t e  nuc leus  (CN) is 
sugges ted  b y  t h e  fa i r ly  h igh  c o n c e n t r a t i o n  of G A B A  a n d  
i ts  s y n t h e t i z i n g  enzyme,  g l u t a m i c  acid deca rboxy la se  
(GAD) in th i s  nuc leus  3-5. G A B A  a n d  G A D  are r educed  
in t h e  CN in H u n t i n g t o n ' s  cho rea  e, ~, w h i c h  is c h a r a c t e r -  
ized b y  a loss of i n t e r n e u r o n s  in  t h e  CN, a n d  in P a r k i n s o n ' s  
disease s, 9, sugges t ing  t h a t  s t r i a t a l  G A B A  plays  a role 
in  t h e  p a t h o p h y s i o l o g y  of h u m a n  m o v e m e n t  disorders .  
W h e n  appl ied  m i c r o i o n t o p h o r e t i c a l l y  to  c a u d a t e  neurons ,  
G A B A  reduces  t h e i r  f i r ing  rate10, n a n d  mimics  t he  
effect  of s y n a p t i c a l l y  i nduced  i n h i b i t i o n  1~. Poss ib ly ,  some 
G A B A - c o n t a i n i n g  t e r m i n a l s  in  t h e  CN are  r e c u r r e n t  
co l la te ra l  f ibers  f rom s t r i a to -n ig ra l  connec t i ons ;  these  
connec t ions  were f i rs t  cons idered  GAl3Aergic  because  t he  
G A B A  an tagon i s t ,  p ic ro tox in ,  b locks  focal  evoked  
p o t e n t i a l s  and  t h e  depress ion  of n e u r o n a l  f i r ing  p r o d u c e d  
in  t he  s u b s t a n t i a  n ig ra  b y  s t i m u l a t i o n  of t h e  CN18,1~. 
However ,  i t  is un l ike ly  t h a t  r e c u r r e n t  co l la tera ls  a c c o u n t  
for t h e  h igh  c o n c e n t r a t i o n  a n d  widesp read  effects  of 
G A B A  in t he  CN, s ince less t h a n  5% of t h e  c a u d a t e  
neu rons  give r ise to  e f fe ren t  f ibers  15. ,Moreover, because  
lesions of m a j o r  connec t ions  to  a n d  f rom t h e  CN do n o t  
reduce  c a u d a t e  G A B A  or G A D  levels,  i t  h a s  been  sug- 
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Fig. 1. The effects of GABA and picrotoxin on focal potentials evoked 
in the eaudate nucleus by weak and strong stimulation near the 
recording site. 

gested t h a t  most  of the  GABA-con ta in ing  endings in the  
CN arise f rom in terneurons  1~. We  therefore  compared  the  
effects of G A B A  and p icro toxin  on responses of the  CN 
to s t imula t ion  wi th in  this  nucleus and to s t imula t ion  of 
its major  afferent  connect ions and offer electrophysiologi-  
caI evidence suppor t ing  the  role of G A B A  as a t r ansmi t t e r  
of caudate  interneurons.  
Cats were prepared  under  general  anesthesia  and the  
spinal cord was t ransec ted  at  C-1. Thereaf ter ,  animals  were 
main ta ined  on local anesthesia  to wound  margins  and 
pressure points  in order  to avoid  the  effects of general  
anesthesia  on neuronal  responses. Blood pressure, hear t  
rate,  t empera tu re  and CO S level  were moni tored .  8-bar- 
reled micropipe t tes  wi th  to t a l  t ip  d iameters  of 3-6 micra  
were used as in previous  s tudies lL The centra l  recording 
barre l  con ta ined  K c i t ra te  (1.5 M, p H  7), the  surrounding 
drug barrels, G A B A  (4 M, p H  4), p ic ro toxin  (5 mM in 
165 mM NaC1, p H  5.2), Na  L -g lu t ama te  (2 M, p H  8) and 
NaC1 (3 M, p H  7). Drug  ions were l ibera ted  f rom the  

micropipe t te  by  currents  of appropr ia te  po la r i ty  and 
intensi t ies  up to 2 • 10-~ A. ]Between appl icat ions  drug 
ions were re ta ined wi th  weak currents  of opposi te  polar i ty .  
All currents  were re turned  th rough  the  NaC1 barrel  to 
avoid possible electr ical  effects of the  ion tophore t ic  
currents .  The  microp ipe t te  was inser ted s te reo tax ica l ly  
into the  head  of the  CN (A 14.5-18.5; L 2-5;  D 5-1) and 
advanced  paral le l  to, and 2-5 m m  from, a s t imulus elec- 
t rode  hav ing  4 electr ical  contac ts  a t  d i f ferent  levels in the  
nucleus. Bipolar  s t imulus  electrodes were placed into  
n igros t r ia ta l  connect ions (A 7.5; L 5; D - 3 . 5 )  and the  
nucleus vent ra l i s  anter ior  tha lami  (A 11; L 5; D 3.5); a 
p l a t inum bal l  e lectrode was placed on the  per icruciate  
cortex.  
S t imula t ion  of the  CN c o m m o n l y  produced  a posi t ive  
focal evoked po ten t ia l  a t  the  micropipe t te  tip, a few m m  
from the  s t imulus  electrode. Microiontophoret ic  appli-  
cat ion of G A B A  at  the  recording site consis tent ly  affected 
these potent ia ls  when the  micropipe t te  t ip was located 
near  the  soma of a cauda te  neuron,  as demons t ra t ed  by  
recording spontaneous  or g lu tamate - induced  firing of 
ex t race l lu lar  act ion potent ia ls .  
W e a k  s t imula t ion  of the  CN (figure 1A) produced a 
po ten t ia l  hav ing  an ear ly  peak  a t  5-10 msec. G A B A  
augmen ted  this  potent ia l ,  especial ly its la te  par t .  Whi le  
p ic ro toxin  alone had  l i t t le  effect on the  evoked  potent ial ,  
i t  an tagonized the  act ion of GABA.  This  an tagonism 
could be overcome by  increasing doses of GABA.  St rong 
s t imula t ion  of the  CN (figures 1B and 2A) added late 
components  to the  ear ly  peak  of the  evoked po ten t ia l ;  
these la te  components  were also grea t ly  enhanced by  
GABA.  Whi le  p icrotoxin  alone had l i t t le  effect on the  
e a r l y  peak, i t  abolished late components  a t  10-25 msec 
(figure 2A) and, a t  h igh doses (figure 1 B), inver ted  them.  
G A B A  antagonized these effects. 
S t imula t ion  of the  major  afferent  pa thways  also elicited 
posi t ive  focal potent ia ls  in the  CN (figure 2) wi th  sl ightly 
longer latencies t han  the  responses to s t imula t ion  of the  
CN. G A B A  and picrotoxin  al tered the  components  at  
10-25 msec of these potent ia ls  in the  same fashion, bu t  
to a lesser degree, t h a n  they  al tered responses to c a u d a t e  
s t imula t ion  recorded in the  same electrode position. 

16 P. L. McGeer and E. G. McGeer, Brain Res. 91, 331 (1975). 
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Stimulation of A. caudate B. VA thal C. cortex D. nigra 
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Fig. 2. The effects of GABA and pierotoxin on focal potentials evoked in the caudate nucleus by stimulation of the eaudate nucleus, 
nucleus Velltralis anterior thalami, perierueiate cortex and substantia Iligra. 
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Responses to tha lamic  st imuli  were more susceptible than  
those to s t imula t ion  of the  per icruciate  cortex,  and re- 
sponses to nigral  s t imula t ion  were usual ly  least  affected. 
The  observa t ion  tha t  responses to s t imula t ion  of the  CN 
are more sensit ive to G A B A  and picrotoxin  than  a r e  
responses to s t imula t ion  of major  afferent  pa thways  
suggests t h a t  these agents  act  preferent ia l ly  on the  o u t p u t  
of caudate  in terneurons  and no t  on the  inpu t  to these 
neurons f rom majo r  afferents.  This act ion was clear in 
spite of factors which could bias results in the opposite  
direction,  namely :  a) while direct  s t imula t ion  of the CN 
pr incipal ly  excites interneurons,  i t  also excites some 
afferent  fibers t ravers ing  the  CN, and b) s t imula t ion  of 
afferent  pa thways  secondari ly  ac t iva tes  some inter-  
neurons and m a y  account  for the  weaker  effects of G A B A  
and picrotoxin  seen in potent ia ls  evoked by  s t imula t ion  
of the  afferent  pa thways .  
The effects of p icrotoxin  fur ther  suppor t  the concept  t h a t  
intrinsic G A B A  is involved  in the  product ion  of the re- 
sponse to s t imula t ion  of caudate  interneurons.  P ic ro tox in  
antagonized the  effect of extr insic GA]3A on the  evoked 
potent ial ,  as would be expected  of an an tagonis t  of any  
agent  affect ing the evoked potent ia l .  More impor tan t ly ,  
p icrotoxin  alone antagonized and inver ted  those com- 
ponents  of the  evoked po ten t ia l  which were faci l i ta ted 
by  extr insic  G A B A ;  the  inversion is p robab ly  due to 

components  of opposi te  polar i ty  normal ly  masked by  the  
GABA-sens i t ive  components .  The  block of GA/3A- 
sensit ive components  by  p icrotoxin  makes  i t  l ikely t h a t  
p icrotoxin  interacts  wi th  an intrinsic G A B A  receptor  
which is responsible for the  product ion  of the  late 
components .  Because t h e s e  components  were elicited 
only by  s t rong s t imuli  and had a longer  la tency  than  the  
ear ly  peak  produced by  weak stimuli ,  they  are presumed 
to be due to the exci ta t ion  ei ther  of in terneurons  of 
re la t ive ly  high threshold and slow conduct ion ve loc i ty  
or of po lysynapt ic  in terneuronal  connections.  Whi le  
G A B A  m a y  thus  be the  synapt ic  t r ansmi t t e r  of inter-  
neurons of this description,  ano ther  t r ansmi t t e r  is prob-  
ably l iberated by  a set of in terneurons  wi th  a low thres- 
hold producing the ear ly  peak  in the evoked po ten t i a l .  
The G A B A  receptor  is p robab ly  at  or near  the soma of 
interneurons,  because picrotoxin  al tered evoked potent ia ls  
only  when applied at  a site where neuronal  act ion poten-  
t ials could also be recorded. This  is consis tent  wi th  
electronmicroscopic evidence showing t h a t  afferent  
fibers t e rmina te  on dendri tes  and somata  of in terneurons  
while te rminals  of in ternenrons  have  synapses on the  
ini t ial  segment  as well is. 

18 J.M. Kemp and T. P. S. Powell, Phil. Trans. R. Soc. Loud. 262, 
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Summary. The relat ionship be tween the  collateral  and control  nu t r i t ive  blood flow (~6 Rb) of the  tr iceps muscle was 
not  influenced by  vasoac t ive  agents  (phenylephrine,  angiotensin II ,  vasopressin) in the  rat.  Isolevine caused vaso- 
di la t ion only  in the  control  muscle. 

I m m e d i a t e l y  following l igat ion of an ar tery,  the  oxygen  
and metabol ic  supply of the area fed by  t h a t  a r t e ry  is 
de te rmined  by  vessels called p r imary  nu t r i t i ve  collaterals.  
Bo th  f rom physiological  and clinical points  of view, i t  is 
i m p o r t a n t  to know tile sens i t iv i ty  and r eac t iv i ty  of the  
nu t r i t ive  collaterals.  In  our exper iments ,  the  effect  of 
vasoac t ive  agents  on the  accumula t ion  of S6Rb by  m. tri-  
ceps surae, fol lowing closure of the  femoral  ar tery ,  has  
been studied. 
Methods. Male rats  af ter  12-16 h of fast ing were anesthe-  
t ized wi th  50 mg/kg  b .wt  pen tobarb i t a l  i.p. Ar ter ia l  blood 
pressure was cont inuously  recorded f rom the  carot id  
a r t e ry  wi th  a mercu ry  manometer .  Cardiac o u t p u t  was 
de termined  wi th  the  Evans  blue di lut ion method,  and the  
m. tr iceps surae f ract ion of the  cardiac ou tpu t  was mea- 
sured using the  isotope f rac t ionat ion  me thod  of Sapir- 
stein I. Circula tory  resistance was calculated.  Nu t r i t i ve  
eoIlateraI resistance refers to resistance of the  whole area 
accumula t ing  Rb  and supplied by  the  collaterals. Since 
we do no t  know the  pressure drop inside individual  vessel 
segments,  par t ia l  resistances cannot  be calculated f rom 
our  data.  Detai ls  of these me thods  are found in our 
previous  papers  2, 3 
The  left  femoral  a r t e ry  was l ighted under  the  inguinal  
l igament .  In  previous  exper iments  2, 3, i t  was found t h a t  
the  resistance of the  collaterals of the  m. t r iceps surae 
does no t  change dur ing  the  first  10-120 rain following 
ligation. Therefore,  we s tar ted  the infusion of drugs into 

the  jugular  vein  10 min  after  l igation. The infusion lasted 
5 min, a t  a ra te  of 0.02 ml/min,  af ter  which the cardiac 
ou tpu t  was de termined  by  sampling blood f rom the  
carot id a r te ry ;  then  about  10 ~xCi of 86Rb was in jec ted  
into the  jugular  vein. At  60-80 see af ter  Rb  injection,  the  
animals  were killed by  i.v. adminis t ra t ion  of KC1 solution. 
The cumula t ive  doses of the  vasoac t ive  agents  for 100 g 
b .wt  were as follows: vasopressin:  16 and 32 m U ;  angio- 
tensin I I :  0.10 and 0.20 ~zg; phenylephr ine :  9.2 and 
19.4 ~zg; isolevine: 0.11 and 0.19 ~zg. Cardiac ou tpu t  and 
T P R  were calculated for 100 g b.wt, blood flow and 
resistance of the  tr iceps muscle for 100 g muscle weight.  
Changes in the  exper imenta l  animals  were compared  to 
those in the  non- t rea ted  control  group. D a t a  are shown 
in the  table wi th  common  s tandard  deviat ions.  
Results and comments. As i l lustrated in the  table, the  
nu t r i t ive  blood flow to the  left  t r iceps muscle decreased 
to 55% and its resistance increased to 206% of the  contra-  
la tera l  side following l igat ion of the  le f t  femoral  ar tery.  
Bo th  concentra t ions  of vasopressin,  angiotensin I I  and 
phenylephr ine  increased the  blood pressure and increased 
the  resistance of the  t r iceps muscle on both the  l ighted 
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