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is 0.2-0.6 msec. The value is in good ag reemen t  w i th  t h a t  
ob ta ined  in o the r  m o n o s y n a p t i c  p a t h w a y s  11. I t  is, there-  
fore, concluded t h a t  the  SN-evoked I P S P  in t he  tha lamic  
cells were p roduced  monosynapt ica l ly .  
The th resho ld  s t imulus  in tensi t ies  for p roduc ing  I P S P s  
in the  cells s tudies  were measured  at  var ious  s t imula t ing  
sites in and a round  SN. The posi t ions w i th  the  lowest  
threshold ,  which  ranged  f rom 0.05 to  0.3 mA, were 
d i s t r ibu ted  in a localized area f rom the  middle  to  the  
la teral  p a r t  of SN; th is  cor responded  a p p r o x i m a t e l y  to 
t he  pars  re t icu la ta  of the  subs tan t i a  nigra.  
The his tological  locat ions of the  impaled  neurons  were 
de t e rmined  on serial f ronta l  sect ions of the  t h a l a m u s  and 
summar ized  on the  r ep resen ta t ive  p lane  i l lus t ra ted  in 
figure 2. 10 cells which  received monosynap t i c  E P S P s  
f rom BC, b u t  w i t h o u t  SN-evoked I P S P s ,  were located  
dorsa l ly  wi th in  the  t h a l a m u s  a location cor responding  to  
VL. On the  o the r  hand ,  18 cells which received mono-  
synap t i c  I P S P s  f rom SN and were no t  ac t iva t ed  by  BC 

s t imula t ion ,  were located in an area ven t ra l  to  VL, cor- 
r e s p o n d i n g  to the  ven t romed ia l  (VM) nucleus of the  
tha lamus .  
I t  is agreed by  m a n y  au thors  t h a t  the  n igro tha lamic  
p a t h w a y  or iginates  in the  pars  re t icu la ta  of SN4,5, 7. 
T h a t  VM is an area in which  the  n igro tha lamic  projec t ion  
t e r m i n a t e s  has  been suggested wi th  reserva t ion  by  
1Rinvik 7 and  more  f i rmly  by  Mehler  (personal communi -  
cation).  Our results  show t h a t  t he  n ig ro -VM-pa thway  is 
inh ib i to ry  in na tu re  and  t h a t  VM-neurons  which  receive 
the  inhib i t ion  f rom SN do no t  receive converging inputs  
f rom the  cerebellum, indica t ing  t h a t  cerebellar  and nigral  
influences do no t  converge  d i rec t ly  on single tha lamic  
neurons  12. 

11 M. Ito and M. Yoshida, Exp. Brain Res. 2, 330 (1966). 
12 Supported by grant 212009 from Ministry of Education of 
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Summary. Neurones  of Helix aspersa were exc i ted  and s t r e n g t h / d u r a t i o n  curves p lo t t ed  for an act ive and a si lent cell. 
E x p e r i m e n t a l  response  latencies  were longer t h a n  p red ic ted  by  the  theore t ica l  re la t ionship  a t  low currents .  The t ime 
c o n s t a n t  of exc i ta t ion  was longer in tile s i lent  t h a n  the  act ive  cell. 

The  t ime  c o n s t a n t  of the  mol luscan neurona l  soma, as 
ca lcula ted  b y  measur ing  the  electrotonic  response  of t he  
cell to the  app l ica t ion  of a square cu r ren t  pulse 2-5, 
varies be tween  20 and  250 msec.  This is 3-50 t imes  longer 
t h a n  the  t ime  cons t an t s  of m a m m a l i a n  neurones  of 
d i f fe rent  k inds  measured  in the  same way.  The t ime 
c o n s t a n t  value,  v, ca lcula ted  f rom s t r e n g t h / d u r a t i o n  
curves,  ob t a ined  when  m o t o r  neurones  are depolar ized 
and  exci ted,  is smaller  t h a n  expec ted  because  of t he  
effect  of a subl iminal  local responsee-L W h e n  plots  of 
s t r eng th / r e sponse  t ime  were made  in snail  neurones ,  we 
found t h a t  m u c h  longer, r a the r  t h a n  shorter ,  response  
t ime  cons t an t s  were obta ined .  Fu r the rmore ,  there  was 
a dev ia t ion  of the  expe r imen ta l  values f rom the  p red ic ted  
curve.  
I so la ted  bra ins  f rom Helix aspersa, the  c o m m o n  snail, 
were per fused  wi th  a physiological  saline conta in ing  
80 mM NaC1, 4 mM KC1, 5 mlV[ MgC12, 7 mM CaCI~, 
5 mM Tris-C1 correc ted  to  p H  7.8, 10% glucose, 50 units/1 
each penicil l in and s t r ep tomyc in  (Gibco), 0.4 ml/1 10 • 
conc. amino  acids for MEM Eagle  and 0.2 ml/1 100 X 
conc. v i t amins  for MEM Eagle  (Gibco). 2 cells were 
chosen,  one of which  was act ive and the  o the r  silent.  
These were p e n e t r a t e d  wi th  glass microelec t rodes  con- 
ta in ing  1 M po t a s s ium ace ta te  a t  p H  6.8 w i th  t ip  res is tance  
of 5-30 M~.  Signals were recorded via  a conven t iona l  
ca thode  follower and  W h e a t s t o n e  br idge circui t  t h ro u g h  
which  graded  square -wave  cur ren t  pulses could be 
passed.  Cur ren t  ampl i tudes  of 0-4 nA were in jec ted  into 
t he  cell soma,  and  the  response  t ime of act ion po ten t i a l s  
was recorded.  The m e m b r a n e  po ten t i a l  of each cell was 
ad jus ted  to  5 • 0.3 m V  below the  th resho ld  of firing. 
The capac i t a t ive  proper t ies  of the  recording sy s t em gave 
i t  an inhe ren t  t ime  c o n s t a n t  of abou t  0.5 msec. 

At  low cur ren ts  the  response t ime  of the  cell t ends  
towards  inf in i ty  9. The min imal  cu r ren t  requi red  for a 
response,  ob ta ined  by  ex t rapo la t ing  the  lower l imits  of a 
s t r en g t h / d u ra t i o n  curve,  is the  Rheobase  (I0). Values, as 
measured  f rom curves  for the  act ive  and  si lent cells, are 
given in the  table.  The cur ren t  appl ied,  I, is ob ta ined  
f rom the  equa t ion  

1 
I = Io. 1 -- exp(t]k) (1) 

where  t is the  dura t ion  of depolar iza t ion  and k is a factor  
of d imens ion  IT] The value of k canno t  be der ived 
d i rec t ly  f rom the  resul ts  of th is  exper iment ,  since i t  
depends  on a n u m b e r  of p roper t ies  of the  cell membrane ,  
including its capac i tance  and space cons t an t  9. However ,  
k can be ob ta ined  f rom equa t ion  1. I f  I becomes 210, the  
equa t ion  simplifies to  

t 
k = in.---~" (2) 
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Comparison of numerical values measured from strength/duration 
curves in the active and silent cell 

Neurone Io (nA) Time constant for 
excitation (msec) 

A (active) 0.965 580 
B (silent) 0.92 800 
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Strength/duration curves for active and silent neurones in Helix 
brain. Results A from a cell which displays spontaneous APs at 
resting potential (average firing rate 0.7 see-l). B Results from a 
cell which displays no potentials. O--O, experimental values of 
action potential latency from the start of the stimulus at different 
currents. Curve drawn to project the trend tooinfinity on the time 
axis. Asymptosis of this curve is the Rheobase (Io), marked by 
horizontal broken line. �9 -- O, the calculated values of I for durations 
up to 2 see from equation 1. Chronaxie, or duration of stimulus 
required to give response to a current of 2Io, is marked by the 
vertical broken line. C Calculation of T from a plot of equation 3 
for the 2 cells. Log I[I- I0 is plotted against stimulus duration for 
the active cell (A) and the silent celt ( ,) .  Computed straight lines 
of best fit are drawal in. Gradient = T. 
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The exper imen ta l  curves  (figure, a and b) show a marked  
dev ia t ion  f rom equa t ion  1 p lo t t ed  for each cell. Fo r  jus t  
supra th resho ld  cur ren t s  (i.e. those  giving response  t imes 
longer t h a n  chronaxie) ,  the  act ion po ten t i a l  appears  later  
t h a n  predic ted .  The effect  becomes  ins ignif icant  for 
cu r ren t  values g rea te r  t h a n  twice threshold .  E q u a t i o n  3 8 
m a y  be used to ob ta in  a t ime  cons tan t ,  T, for the  cell soma.  

I__.~o = 1 -- exp (--t/J) (3) 
I 

W h e n  d a t a  is p lo t t ed  as the  func t ion  log I / I  -- I 0 agains t  t 
(figure, c), a s t ra igh t  line of g rad ien t  z is ob ta ined  
(table). 
Values of T ob ta ined  by  the  s t r e n g t h / d u r a t i o n  m e t h o d  are 
of the  order  of 5 t imes  larger t h a n  those  ca lcula ted  f rom 
electrotonic  responses  in mol luscan neurones~, 4 (un- 
publ i shed  observat ions) .  This would  suggest  t h a t  some 
p r o p e r t y  o ther  t h a n  the  t rue  t ime  co n s t an t  of the  soma 
m e m b r a n e  is d e t ec t ed  by  th is  t y p e  of expe r imen t .  A 
modif ied  H o d g k i n - H u x l e y  model  excluding a capaci tance  
t e r m  reproduces  mol luscan exc i ta t ion  p h e n o m e n a  fai th-  
fully as if the  slow t ime co n s t an t  effect  is mimicked  by  
some o ther  process  1~ Prev ious  s t r e n g t h / d u r a t i o n  exper-  
imen t s  in squid g iant  axon 11 have  p rov ided  evidence for 
long- te rm anomal ies  where  t he  effect  of a slow inward  
cu r ren t  m a y  lead to  t he  delayed responsiveness  for long 
durat ions .  A cand ida te  for such a cu r ren t  in snail neurones  
migh t  be the  slow calc ium current ,  r epor ted  for cer ta in  
neurones  1~, whose slow rise and  decay  t ime  become mos t  
p r o m i n e n t  for small  depolar isa t ions .  The exper imenta l  
values  suggest  a cumula t ive  process  which  s ignif icant ly  
affects  the  l a tency  for exci ta t ion  at  t imes  longer  t h a n  
abou t  200 msec. W h e n  a s t rong cur ren t  is applied,  the  
response  l a tency  is too shor t  to be inf luenced by  it. In  
the  act ive and si lent cells, Rheobase  values  were compa t -  
ible. This  suggests  t ha t ,  in the  na r row range of s t imulus  
in tensi t ies  used, the  cu r ren t /vo l t age  relat ions are similar. 
However ,  f rom the  curves,  a longer  t ime  c o n s t a n t  for 
exc i ta t ion  (z) is expressed  by  the  si lent  t h a n  by  the  act ive 
cell, imply ing  a more  p r o m i n e n t  effect  of the  factor  
prolonging g rowth  of the  m e m b r a n e  po ten t i a l  towards  
the  firing threshold .  B o t h  values  are longer t h a n  can be 
expla ined by  the  e lec t ro tonic  spread  of current .  This 
p h e n o m e n o n  p robab ly  accounts  for the  delayed respon-  
siveness of cells a t  low inpu t  currents ,  such as migh t  be 
expec ted  under  physiological  condi t ions  when  cur ren t  
inc remen t s  resul t  f rom the  synap t ie  input .  
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