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Adv i se r :  Dr.  Joseph S. Eisenman

The purpose  o f  t h i s  p r o j e c t  was t o  de t e r mi ne  whether  t h e r e  i s  

ev i dence  f o r  s e r o t o n e r g i c  modul a t i on  o f  somatosensory a c t i v i t y  a t  the 

l e ve l  o f  t h e  tha lamus  o f  t h e  r a t ,  and ,  i f  s o ,  i f  t h e r e  i s  a d i f f e r e n c e  

in  modu l a t o ry  e f f e c t s  e x e r t e d  on n on n o c i ce p t i ve  and n o c i c e p t i v e  a c t i v ­

i t y .

Se r o t on i n  immunocytoehemist ry,  and e x t r a c e l l u l a r  r e c o rd i n g  t e c h ­

n i q u e s ,  were used t o  map t h e  d i s t r i b u t i o n  o f  s e r o t o n i n  immunoreact ive 

f i b e r s ,  i n  somatosensory r eg i ons  o f  t h e  t ha l a mus ,  and p h y s i o l o g i c a l l y  

c h a r a c t e r i z e  r e g i o n s ,  wi th  d i f f e r e n t  d e n s i t i e s  o f  i n n e r v a t i o n .  The 

v e n t ro b a sa l  (VB) complex,  t h e  pr imary r e l a y  f o r  s o m a t o t o p i c a l l y  organ­

ized  n o n n o c i ce p t i ve  i n f o r m a t i o n ,  c o n t a i n e d  few immunoreac t ive  f i b e r s .  

P o s t e r i o r  r eg i ons  o f  t h e  t h a l a mu s ,  where nonso ma t o t o p i c a l l y  organ ized  

r e sponses  t o  n o c i c e p t i v e  s t i m u l a t i o n  were more commonly recorded than 

r e s ponses  t o  n on n o c i ce p t i ve  s t i m u l a t i o n ,  con t a i ned  a modera te  number 

o f  immunoreact ive  f i b e r s .



M i c r o i o n t o p h o r e t i c  t e c h n i q u e s  were a l s o  used t o  apply  s e r o t o n i n  

t o  u n i t s  responding  t o  n o c i c e p t i v e  and n o nn o c i c e p t i ve  s t i m u l a t i o n ,  in 

t h e  VB complex,  and in  p o s t e r i o r  r e g i o ns  o f  t h e  t ha l a mus .  Cont inuous  

r a t e m e t e r  p l o t s  o f  u n i t  a c t i v i t y ,  averaged over  1 sec  i n t e r v a l s ,  were 

used t o  mo n i to r  s e r o t o n e r g i c  e f f e c t s  on neuronal  f i r i n g  f r equency .  

The spontaneous  a c t i v i t y  o f  10/10 n o n n o c i c e p t i v e ,  and 13/13 noc i cep­

t i v e ,  and t h e  evoked a c t i v i t y  of  16/16 n o c i c e p t i v e ,  and 6 / 7  nonnoci ­

c e p t i v e  u n i t s  was i n h i b i t e d .  Also us ing m i c r o i o n t o p h o r e t i c  t e c h ­

n i q u e s ,  t h e  t i me  cou r s e  o f  r es pons es  t o  n o n n o c i c e p t i ve  s t i m u l a t i o n  was 

examined,  and t he  e f f e c t s  o f  s e r o t o n i n  on d i f f e r e n t  r esponse  compo­

nen t s  d e t e r m i n e d .  I o n t o p h o r e t i c  a p p l i c a t i o n  o f  s e r o t o n i n  i n h i b i t e d  

t h e  phas i c  response  components o f  10/11 u n i t s  t e s t e d ,  and t he  t o n i c  

r esponse  component  o f  5/b u n i t s  t e s t e d .  P e r c e n t  d e c r e a s e s  i n  phas i c  

r e sponse  components  were l e s s  t ha n  p e r c e n t  d e c r e a s e s  i n  t o n i c  compo­

n e n t s ,  when t he  e f f e c t  o f  i o n t o p h o r e t i c  a p p l i c a t i o n  o f  s e r o t o n i n  on 

components o f  t h e  same r esponse  were d e t e r m i n e d .

These expe r i men t s  i n d i c a t e  t h a t  t h e r e  a r e  s e r o t o n e r g i c  f i b e r s  in 

t ha l a mi c  n u c l e i ,  p a r t i c u l a r l y  in  p o s t e r i o r  t h a l a mi c  r eg i ons  a s s o c i a t e d  

wi th  t r a n s m i s s i o n  o f  n o c i c e p t i v e  a c t i v i t y ,  and t h a t  s e r o t o n i n  can 

e x e r t  an i n h i b i t o r y  e f f e c t  on somatosensory t r a n s m i s s i o n .
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I .  INTRODUCTION

There  i s  ev i dence  s ug g e s t i n g  t h a t  somatosensory  t r a n s m i s s i o n  i s  

modulated by s e r o t o n e r g i c  i n p u t ,  from raphe and r e t i c u l a r  nuc l e i  o f  

t h e  b r a i n s t e m ,  as  i t  i s  r e l a yed  th rough  t h e  d o r s a l  horn o f  t h e  sp ina l  

cord and t h rough  t he  t r i g e m i n a l  n u c l e a r  complex.  I t  has a l s o  been 

sugges t ed  t h a t  t h e r e  may be a d i f f e r e n c e  in modul a tory  e f f e c t s  on 

n o c i c e p t i v e  and n on n o c i ce p t i ve  t r a n s m i s s i o n .  S p e c i f i c a l l y ,  noc i cep­

t i v e  t r a n s m i s s i o n  may be s u b j e c t  t o  more modul a to ry  i np u t  t han  nonno­

c i c e p t i v e .  The pupose o f  t h i s  p r o j e c t  was t o  i n v e s t i g a t e  whether  or  

no t  t h e r e  i s  ev i dence  f o r  s e r o t o n e r g i c  modu l a t i on  o f  somatosensory 

a c t i v i t y  a t  t h e  next  somatosensory  r e l a y ,  t h e  t ha l a mus .  Another  ques­

t i o n  o f  i n t e r e s t  was whe ther  t h e r e  i s  any d i f f e r e n c e  in s e r o t o n e r g i c  

modul a t i on  o f  n o c i c e p t i v e  and nonnoc i ce p t i ve  a c t i v i t y  a t  t h e  t ha l ami c  

l e v e l .

A. Somatosensory t r a n s m i s s i o n  t o  t h a l a m i c  l eve l

Somatosensory i n f o r m a t i o n  from t h e  f a c e  and head pas s e s  t o  t he  

t r i g e m i n a l  n u c l e a r  complex.  Fran t h e  t r i g e m i n a l  complex i t  i s  then  

r e l ayed  t h rough  t h e  t ha lamus  t o  t h e  c e r e b r a l  c o r t e x .  Somatosensory 

i n f o r ma t i o n  from t h e  r e s t  o f  t h e  body i s  r e l a yed  th rough  t h e  spina l  

cord and t h e n  s i m i l a r l y  t h r ough  t h e  tha lamus  and c e r e b r a l  c o r t e x .

1.  SOMATOSENSORY TRANSMISSION THROUGH THE SPINAL CORD

The most  s a t i s f a c t o r y  d e s c r i p t i o n  o f  t h e  n u c l e a r  groups  o f  t he  

s p i na l  cord i s  based upon t h e  c y t o a r c h i t e c t u r a l  l a m i n a t i o n  o f  t h e  s p i ­
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nal gray e v i d e n t  in  t h i c k  s e c t i o n s  (80-100 um) s t a i n e d  wi th  c r e s y l  

v i o l e t  (Rexed,  ' 5 4 ) .  There  a r e  n ine  d i s t i n c t  c e l l u l a r  l a mi nae ,  p lus  

an a r e a  X, i n  most  r e g i o ns  o f  t h e  s p i na l  g r ay  m a t t e r .  Laminae I-IV 

make up t h e  d o r sa l  horn o f  t h e  sp i na l  c o r d ,  and laminae  VII I  and IX 

c o n s t i t u t e  t he  v e n t r a l  horn .  Lamina I i s  a l s o  known as t h e  p o s t e r o -  

marginal  n u c l e u s ,  lamina I I  a s  t h e  s u b s t a n t i a  g e l a t i n o s a ,  l aminae  I I I  

and IV t o g e t h e r  as t h e  nuc l eus  p r o p r i u s ,  and lamina VII as t h e  i n t e r ­

media t e  g ray  zone.

Cent ra l  p r o c e s s e s  o f  c e l l s  in t h e  s p i na l  g a n g l i a  e n t e r  t h e  d o r s o ­

l a t e r a l  a s p e c t  o f  t h e  s p i n a l  c o r d .  La rge r  d i a me t e r  f i b e r s ,  conveying 

impulses  from l a r g e  e n ca p s u l a t ed  somat ic  r e c e p t o r s ,  a r e  l o c a t e d  medi­

a l l y  in e n t e r i n g  r o o t l e t s  (medial  b u n d l e ) ,  and s m a l l e r ,  t h i n l y  my e l i ­

n a t e d ,  o r  unmyel inated f i b e r s ,  which r e p r e s e n t  t h e  c e n t r a l  p r oces s e s  

of  s ma l l e r  gan g l i o n  c e l l s  r e l a t e d  t o  f r e e  ne rve  e n d i ng s ,  t a c t i l e ,  

t h e r m a l ,  and o t h e r  somat ic  and v i s c e r a l  r e c e p t o r s  e n t e r  more l a t e r a l l y  

( l a t e r a l  bundle)  ( C a j a l ,  10 9 - ' 1 1 ) .  Upon e n t e r i n g  t h e  s p ina l  cord 

t h e s e  c e n t r a l  p r oc e s s e s  d i v i d e  i n t o  a scendi ng  and descending  branches  

(Ranson,  ’ 1 3 ) .

Some o f  t h e  p r oc e s s e s  o f  t h e  medial  bund le  ascend in  t he  i p s i l a ­

t e r a l  dor sa l  columns and t e r m i n a t e  s o m a t o t o p i c a l l y  on t h e  d o r sa l  c o l ­

umn me dul l a ry  r e l a y  n u c l e i ,  i . e . ,  t h e  nuc l eus  g r a c i l i s  and the  nucl eus  

cunea tus  ( Ca r pe n t e r  e t  a l . ,  ' 6 8 ;  S h r i v e r  e t  a l . ,  *68) .  In t h e  r a t  

most  o f  t h e  p r o ce s s e s  p r o j e c t i n g  from t h e s e  r e l a y  nuc l e i  c r o s s  t h e  

m i d l i n e ,  and t u r n  upward as a d i s c r e t e  b u n d le ,  t h e  medial  l e mn i s cu s ,  

which ascends  t h rough  t h e  m e d u l l a ,  pons ,  and midbra in  and t e r m i n a t e s  

s o ma t o t o p i c a l l y  on t he  v e n t r o l a t e r a l  v e n t r o ba sa l  (VB) complex of  t h e  

tha lamus (Lund and Webs te r ,  ' 6 7 a ;  Feldman and Kruger ,  ' 8 0 ) .  There



-  3

appear  t o  be a few neurons  in t h e  d o r sa l  column n u c l e i  which p r o j e c t  

i p s i l a t e r a l l y  t o  t h e  VB complex o f  t h e  r a t  (Feldman and Kruger ,  ’8 0 ) .

The s m a l l e r  l a t e r a l  bund le  o f  t h e  d o r sa l  r o o t l e t s  e n t e r s  t h e  s p i ­

nal cord and d i v i d e s  i n t o  a scendi ng  and descendi ng  branches  which 

e v e n t u a l l y  t e r m i n a t e  in t h e  d o r sa l  horn.  Axons o f  s p i na l  cord neurons 

t he n  ascend in t he  v e n t r a l  and v e n t r o l a t e r a l  f u n i c u l i ,  o r  t h e  zone o f  

L i s s a u e r  and t e r m i n a t e  i n  t h e  sp i na l  cord ( p r o p r i o s p i n a l , s p i n o c e r v i -  

cal  , o r  do r sa l  column p o s t s y n a p t i c  t r a c t s ) ,  i n  t h e  r e t i c u l a r  f o rmat ion  

( s p i n o r e t i c u l a r  t r a c t ) ,  and in t h e  tha lamus ( s p i n o t h a l a m i c  t r a c t )  

( K e v e t t e r  and W i l l i s ,  ’8 4 ) .

Axons of  t h e  v e n t r a l  and v e n t r o l a t e r a l  s p i n o t h a l a mi c  t r a c t s ,  

c r o s s  t h e  m i d l i n e  a t  s p i n a l  l e v e l s  and ascend t o  t h e  tha lamus  in two 

bund l e s ;  a medial  b u n d l e ,  t h e  medial  s p i n o t h a l a m i c  t r a c t  (M-STT), 

which t e r m i n a t e s  in t h e  medial  t h a l a mu s ,  e . g . ,  i n  t h e  i n t r a l a m i n a r  

n u c l e i ,  and a l a t e r a l  b u n d l e ,  t h e  l a t e r a l  s p i n o t h a l a m i c  t r a c t  (L-STT),  

which t e r m i n a t e s  in  l a t e r a l  t h a l a m i c  r e g i o n s ,  e . g . ,  VB complex (Gies -  

l e r  e t  a l . ,  ' 79a ;  G i e s l e r  e t  a l . ,  ' 81a ;  ' 81b;  K e v e t t e r  and W i l l i s ,

*84) .  HRP i n j e c t i o n s  i n t o  medial  t ha l ami c  s t r u c t u r e s  produces  l a b e l ­

ing in t he  v e n t r a l  a r ea s  o f  t h e  do r sa l  h o r ns ,  i n  t h e  i n t e r m e d i a t e  gray 

zone,  and in t he  v e n t r a l  h o r ns ,  wh i l e  i n j e c t i o n s  i n t o  l a t e r a l  t ha l ami c  

s t r u c t u r e s  produces  dense  l a b e l i n g  w i t h i n  t h e  caudal  e x t e n t  o f  t h e  

do r s a l  column n u c l e i ;  i n  t h e  marginal  l aminae ( I  and I I ) ,  and nucl eus  

p r o p r i u s  ( G i e s l e r  e t  a l . ,  ’ 7 9 a ) .  There a r e  d i f f e r e n c e s ,  t h e r e f o r e ,  in 

t h e  c e l l s  o f  o r ig n  o f  t h e  M-STT and L-STT t r a c t s  s u g ge s t i n g  t h a t  t he y  

may d i f f e r  f u n c t i o n a l l y .  In f a c t ,  t h e  m a j o r i t y  of  L-STT c e l l s  respond 

t o  wide dynamic range (WDR) s t i m u l a t i o n  ( a s  t h e  s t r e n g t h  o f  s t i m u l a ­
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t i o n  i n c r e a s e s  from n o n no c i ce p t i ve  t o  n o c i c e p t i v e  i n t e n s i t i e s  t h e r e  i s  

a p r o p o r t i o n a l  i n c r e a s e  i n  u n i t  f i r i n g  f r equency)  and have i p s i l a t e r a l  

e x c i t a t o r y  r e c e p t i v e  f i e l d s  ( G i e s l e r  e t  a l . ,  ' 8 1 b ) .  The m a j o r i t y  o f  

M-STT c e l l s ,  however ,  can be c l a s s i f i e d  as h igh t h r e s h o l d  ( t h e y  

respond only  t o  noxious  o r  near  noxious  s t i m u l i ) ,  and have e x c i t a t o r y  

r e c e p t i v e  f i e l d s  which i n c l u d e  s eve r a l  l imbs  o r  even t h e  e n t i r e  s u r ­

f a c e  o f  t h e  body and f a c e  ( G i e s l e r  e t  a l . ,  ’8 1 b ) .

Bes ides  t h e  s p i no t h a l a m i c  and t h e  medial  l emni sca l  pathways 

t h e r e  a r e  o t h e r  r o u t e s  by which somatosensory  i n f o r ma t i o n  r eaches  t h e  

t h a l a m i c  l e v e l .  Most n o t a b l y  t h e s e  i n c l u de  t h e  s p i n o r e t i c u l a r ,  s p i - 

n o c e r v i c a l ,  and d o r s a l  column p o s t s y n a p t i c  pathways .  In t h e  r a t  s p i ­

n o r e t i c u l a r  f i b e r s  ascend in t h e  l a t e r a l  columns of  t h e  sp ina l  cord 

and t e r m i n a t e  in r e t i c u l a r  n uc l e i  o f  t h e  medul l a  and pons i n c l u d i n g  

t h e  nuc l eus  r e t i c u l a r i s  p o n t i s ,  nuc l eus  r e t i c u l a r i s  g i g a n t o c e l l u l a r i s ,  

nuc l eus  r e t i c u l a r i s  v e n t r a l  i s ,  nuc l eus  r e t i c u l a r i s  d o r s a l i s ,  and 

nuc l eus  r e t i c u l a r i s  l a t e r a l i s  (Zemlan e t  a l . ,  ' 7 8 ) .  There a r e  two 

components o f  t h e s e  s p i n o r e t i c u l a r  p r o j e c t i o n s ;  a medial  and a l a t e r a l  

t r a c t  (Chaouch e t  a l . ,  ' 83 ;  Menet rey e t  a l . ,  ' 8 3 ) .  In t h e  r a t  t h e

medial  s p i n o r e t i c u l a r  t r a c t  o r i g i n a t e s  p r i m a r i l y  from laminae V, VI I ,  

and VII I  and t e r m i n a t e s  c o n t r a l a t e r a l l y  i n  medial  r e t i c u l a r  nuc l e i  o f  

t h e  medul l a  and pons ,  p a r t i c u l a r l y  i n  t h e  nucl eus  r e t i c u l a r i s  g i ya n t o -  

c e l l u l a r i s  and nuc l eus  r e t i c u l a r i s  p o n t i s  (Chaouch e t  a l . ,  ' 8 3 ) .  The 

l a t e r a l  s p i n o r e t i c u l a r  t r a c t  o r i g i n a t e s  p r i m a r i l y  from t h e  nucl eus  of  

t h e  d o r s o l a t e r a l  f u n i c u l u s  ( t h e  r eg i on  o f  t h e  d o r s o l a t e r a l  f u n i c u l u s  

c o n t a i n i n g  c e l l  bod ies  i n t e r c a l a t e d  between f i b e r  t r a c t s  (Gwyn and 

Waldron,  ‘ 6 8 ) ) ,  l aminae  VI I ,  V I I I ,  and X, and t he  s u p e r f i c i a l  l aminae
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of  t h e  d o r s a l  horn (Menet rey e t  a l . ,  ’8 3 ) .  This  t r a c t  t e r m i n a t e s  con­

t r a l a t e r a l  l y  i n  t h e  l a t e r a l  r e t i c u l a r  nuc l eus  (Menet rey e t  a l . ,  *83) .  

R e t i c u l a r  p r o j e c t i o n s  t o  t h e  tha lamus  a r e  not  a s  wel l  d e s c r i b e d  as 

s p i n a l  a f f e r e n t s  t o  r e t i c u l a r  n u c l e i  in t h e  r a t .  I t  has been demon­

s t r a t e d ,  however ,  t h a t  t h e  nuc l eus  r e t i c u l a r i s  g i g a n t o c e l 1u l a r i s  

p r o j e c t s  i p s i l a t e r a l l y  t o  t he  i n t r a l a m i n a r  n uc l e i  o f  t h e  tha lamus  

(Zemlan e t  a l . ,  ' 84 ;  Peschanski  and Besson,  *84a) ,  and t o  p o s t e r i o r  

p o r t i o n s  o f  t h e  medial  VB complex (Zemlan e t  a l . ,  ' 8 4 ) .  Menetrey e t  

a l . ( ' 8 0 )  have found 40% of  t h e  s p i n o r e t i c u l a r  u n i t s  t e s t e d  t o  be WDR, 

26% t o  respond only t o  l i g h t  t ouch  and 20% t o  n o c i c e p t i v e  s t i m u l a t i o n  

o n l y .

In t h e  r a t  t h e  s p i n o c e r v i c a l  t r a c t  o r i g i n a t e s  p r i m a r i l y  in  t h e  

nuc l eus  p r o p r i u s ,  i p s i l a t e r a l  t o  t h e  l a t e r a l  c e r v i c a l  n u c l eu s .  Axons 

ascend in t h e  d o r s a l - m o s t  p o r t i o n  of  t h e  l a t e r a l  f u n i c u l u s  and t e r m i ­

na t e  in t h e  l a t e r a l  c e r v i c a l  n u c l e u s ,  i . e . ,  i n  t h e  d o r s a l - m o s t  p o r t i o n  

of  t h e  l a t e r a l  f un i c u l u s  w i t h i n  s p i na l  segment  C2 (Baker  and G e i s l e r ,  

’8 4 ) .  The l a t e r a l  c e r v i c a l  nucl eus  t h e n  p r o j e c t s  c o n t r a l a t e r a l l y  t o  

t ha l a mi c  n uc l e i  (Baker  and G i e s l e r ,  ' 8 4 ) .  G i e s l e r  e t  a l . ( ' 79b )

found a l l  u n i t s  t e s t e d  i n  t he  l a t e r a l  c e r v i c a l  nucl eus  o f  t h e  r a t  

responded t o  innocuous mechanical  s t i m u l i ;  27% of  t h e s e  being WDR and 

t h e  o t h e r  73% l i g h t  touch o n l y .  They did n o t ,  however ,  f i nd  t h e  l a t ­

e r a l  c e r v i c a l  nuc l eus  t o  be s o m a t o t o p i c a l l y  o rg a n i z e d ;  r e c e p t i v e  

f i e l d s  f o r  u n i t s  were o f t e n  l a r g e  and inc luded  two o r  more body quad­

r a n t s .

In a d d i t i o n  t o  t h e  as cend i ng  b r anches  o f  pr imary a f f e r e n t  f i b e r s  

t h e  do r s a l  columns c o n t a i n  long ascending  axons which o r i g i n a t e  from



neurons  i n  t h e  do r s a l  horn and t r a v e l  u n i n t e r r u p t e d  t o  t h e  medul l a

(Uddenberg,  ' 66 ;  ' 68 a ;  ' 6 8 b ) .  These f i b e r s  have been c a l l e d  dor sa l

column pos t  s y n a t p i c  (DCPS) a f f e r e n t  f i b e r s .  In t h e  r a t ,  DCPS f i b e r s  

o r i g i n a t e  from a r eg i o n  s ub a d j a c e n t  t o  t h e  s u b s t a n t i a  g e l a t i n o s a  o f  

t h e  d o r s a l  horn (which ap p e a r s  t o  cor respond  t o  l aminae  I I I  and IV) 

ascend p r i m a r i l y  in t h e  i p s i l a t e r a l  do r s a l  columns and synapse in t he  

do r s a l  column nuc l e i  ( G i e s l e r  e t  a l , ’8 4 ) .  DCPS neurons  c o n s t i t u t e

about  38% of  t h e  neurons  t h a t  p r o j e c t  t o  t h e  c unea t e  nucl eus  and about  

30% of  t h e  c e l l s  t h a t  p r o j e c t  t o  t h e  g r a c i l e  nuc l eus  ( G i e s l e r  e t  a l . ,  

*84) .  The r esponse  p r o p e r t i e s  o f  DCPS neurons  have not  been as well  

c h a r a c t e r i z e d  in t h e  r a t  as  t h e y  have in t h e  c a t .  In t h e  c a t ,  DCPS 

c e l l s  respond t o  n on n o c i ce p t i ve  s t i m u l i  on ly  (25-50%),  o r  t o  wide 

dynamic range s t i m u l a t i o n  (50-75%) (Lu e t  a l . ,  ' 83 ;  Bennet t  e t  a l . ,  

' 8 4 ) .

2.  SOMATOSENSORY TRANSMISSION THROUGH THE TRIGEMINAL NUCLEAR COMPLEX

Some pr imary a f f e r e n t  f i b e r s ,  which o r i g i n a t e  from c e l l s  o f  t h e  

t r i g e m i n a l  g a n g l i o n ,  e n t e r  t h e  b r a i n  stem a t  upper  pon t i ne  l e v e l s  and 

e i t h e r  ascend and t e r m i n a t e  s o m a t o t o p i c a l l y  in t h e  t r i g em i n a l  main 

s ens o r y  n u c l e u s ,  o r  descend in t h e  d o r s o l a t e r a l  b r a i ns t em as t h e  s p i ­

nal t r i g e m i n a l  t r a c t ,  t o  t e r m i n a t e  in t h e  sp ina l  t r i g e mi na l  nucleus

(Cajal  , 10 9 - ’1 1 ) .  Other  a f f e r e n t  f i b e r s  e n t e r  t h e  b r a i ns t em and

b i f u r c a t e  t o  e n t e r  both a scendi ng  and descend i ng  t r a c t s  (Windle ,  ' 26 ;  

H a y as h i , ' 8 0 ) .  C y t o a r c h i t e c t u r a l l y , t h e  sp i na l  nucl eus  has  been

d i v i d e d  i n t o  t h r e e  r o s t r o - c a u d a l  s u b n u c l e i ;  an ora l  p a r t  e x t end i ng  

from t h e  main s e n s o r y  nuc l eus  t o  t h e  r o s t r a l  pole  o f  t h e  hypoglossa l



nucleus  ( s ubnuc l e us  o r a l i s ) ,  an i n t e r p o l a r  p a r t  e x t end i ng  c a u d a l l y  

from subnuc leus  o r a l i s  t o  t h e  l e ve l  of  obex ( s ubnuc l eus  i n t e r p o l a r i s ) , 

and a caudal  p a r t  which beg i ns  a t  t h e  l eve l  o f  obex and ex t ends  cau­

d a l l y  t o  t he  c e r v i c a l  s p i n a l  cord ( subnuc l eus  caudal  i s ) (01s z e w s k i , 

’5 0 ) .  The s p i na l  subnucleus  caudal  i s  can f u r t h e r  be d i v i de d  i n t o  two 

s u p e r f i c i a l  l a mi n a e ,  I and I I  ( a l s o  known as  marginal  and g e l a t i n o s a )  

which cap a more m e d i a l l y  l o c a t e d  magnocel 1u l a r  r egion ( t h e  nuc l eus  

p r o p r i u s )  (Gobel e t  a l . ’7 7 ) .  The laminat ed p a t t e r n  o f  o r g a n i z a t i o n

of  t h e  subnuc l eus  caudal  i s  appea r s  very  much l i k e  t h a t  o f  t h e  sp ina l  

cord do r s a l  horn and i t  has been sugges t ed  t h a t  t h e  two s t r u c t u r e s  a r e  

anal  agous ( Gobe l ,  e t  a l . ,  ' 77 ;  Gobel ,  ' 7 8 a ;  ' 78b;  Hockf i e l d  and Gobel ,  

' 7 8 ) .

Severa l  l i n e s  o f  ev i dence  sugges t  t h a t  t h e  main sensory  nucl eus  

and t h e  subnuc leus  i n t e r p o l a r i s  f u n c t i o n  as  t h e  " l e mn i s c a l "  component 

of  t h e  t r i g e m i n a l  n u c l ea r  complex.  Anatomical  s t u d i e s  have demon­

s t r a t e d  t h a t  bo th  o f  t h e s e  r eg i o n s  p r i m a r i l y  p r o j e c t  s o m a t o t o p i c a l l y  

t o  t he  c o n t r a l a t e r a l  medial  two t h i r d s  of  t h e  ve n t ro b a sa l  (VB) complex 

o f  t h e  t ha l a mu s .  For  example ,  l e s i o n s  o f  e i t h e r  t h e  main sensory  

nuc l eus  ( Smi t h ,  ’ 73) o r  t h e  subnucleus  i n t e r p o l a r i s  (Erzurumlu and 

K i l l a c k e y ,  *80) produce c o n s i d e r a b l e  d e g e n e r a t i o n  in t h e  VB complex.  

Fu r t he r more ,  1 a r ge  v e n t r o ba s a l  HRP i n j e c t i o n s  r e s u l t  in l a b e l e d  c e l l s  

in t h e  c o n t r a l a t e r a l  main s ens o r y  nuc l eus  (Fukushima and K e r r ,  ' 79)  

and in t h e  subnuc leus  i n t e r p o l a r i s  (Erzurumlu e t  a l . ,  ' 8 0 ) .  F u r t h e r ­

more,  e l e c t r o p h y s i o l o g i c a l  s t u d i e s  have demons t r a t ed  t h a t  r e s pons es  t o  

no n n oc i c e p t i ve  s t i m u l i  a r e  more commonly r ecorded in t h e  main s ensory  

nuc l eus  (Azerad e t  a l . ,  *82; K i r k p a t r i c k  and Kruger ,  ' 75)  and subnu­
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c l e u s  i n t e r p o l a r i s  (Hayashi  e t  a l . ,  ' 84 )  than  r e sponses  t o  n o c i c e p t i v e  

s t i m u l i .  Moreover ,  i t  has  been observed t h a t  l e s i o n s  o f  t h e  main sen­

so r y  nuc l eus  and r o s t r a l  s p i na l  subnuc l e i  produce s e v e r e  t a c t i l e  d e f i ­

c i t s  ( S p i l l e r ,  115 ) .

The s e n s o r y  r e l a y  f u n c t i o n  o f  t h e  s p ina l  subnucleus  o r a l i s  i s  

l e s s  c l e a r .  E l e c t r o p h y s i o l o g i c a l  s t u d i e s  have shown t h a t  r e s pons es  t o  

n o n n o c i ce p t i ve  s t i m u l a t i o n  a r e  more common than n o c i c e p t i v e  in subnu­

c l e u s  o r a l i s  ( K i r k p a t r i c k  and Kruger ,  ' 75 ;  Azerad e t  a l . ' 8 2 ) .  I t

a p pe a r s ,  however ,  t h a t  t h i s  subnuc leus  does  not  p r o j e c t  t o  t h e  t h a l a ­

mus; i t  i s  not  l a b e l e d  by l a r g e  t h a l a mi c  HRP i n j e c t i o n s  (Fukushima and 

K e r r ,  ' 7 9 ) .  C y t o a r c h i t e c t o n i c  a n a l y s e s ,  i n  t h e  r a t ,  have i n d i c a t e d  

t h a t  subnuc leus  o r a l i s  can be d i v i d ed  i n t o  dorsomedial  , i n t e r m e d i a t e ,  

and v e n t r o l a t e r a l  s u b d i v i s i o n s  ( F a l l s ,  ’8 3 ) .  Each of  t h e s e  s u b d i v i ­

s i o n s  c o n t a i n s  l a r g e  numbers o f  smal l  (8-15 urn) neurons ( F a l l s ,  ' 8 3 ) .  

Re t rograde  HRP s t u d i e s  have shown t h a t  a number o f  t h e s e  small  neurons 

send descend i ng  i n t r a t r i g e m i n a l  p r o j e c t i o n s  t o  t h e  subnucleus  c a u d a l i s  

( F a l l s ,  ' 8 3 ) .  Ante rograde  HRP s t u d i e s  have i n d i c a t e d  t h a t  neurons  in 

t h e  subnucleus  c a u d a l i s  a l s o  send axons which t e r m i n a t e  i p s i l a t e r a l l y  

in t h e  subnuc leus  o r a l i s .  Some of  t h e s e  axons a r e  c o l l a t e r a l s  o f  

ascending  p a r e n t  f i b e r s ,  o t h e r s  t e r m i n a t e  i n  subnucleus  o r a l i s  

d i r e c t l y  ( F a l l s ,  ' 8 4 ) .  Bes ides  t h e s e  i n t r a t r i g e m i n a l  e f f e r e n t s  subnu­

c l e u s  o r a l i s  a l s o  p r o j e c t s  t o  t h e  s p i na l  cord and ce r ebe l lum (Matsush­

i t a  e t  a l . ' 8 2 ) .

Les ions  o f  t h e  subnuc leus  c a u d a l i s  produce l o s s  o f  pa i n  and temp­

e r a t u r e  s e n s a t i o n  and only a modera te  t a c t i l e  d e f i c i t  (Weinberger  and 

G r a n t ,  *42; Hamby e t  a l . ,  ' 4 8 ) .  I t  has been h yp o t h e s i z e d ,  t h e r e f o r e ,
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t h a t  subnuc l eus  caudal  i s  i s  e q u i v a l e n t  t o  t h e  " s p i no t h a l ami c"  p o r t i o n  

o f  t h e  t r i g e m i n a l  sys t em.  There  i s  e v i d e n c e ,  however ,  t h a t  t h e r e  a r e  

f u nc t i o n a l  d i f f e r e n c e s  between t h e  s u p e r f i c i a l  l aminae  o f  subnuc leus  

c a u d a l i s  and t h e  magnocel1u l a r  p o r t i o n .  E l e c t r o p h y s i o l o g i c a l  s t u d i e s  

have shown t h a t  u n i t s  r esponding  t o  n o c i c e p t i v e  mechanical  and thermal  

s t i m u l a t i o n  appear  t o  predominate  on ly  i n  t h e  s u p e r f i c i a l  l aminae o f  

subnuc leus  c a u d a l i s  (Mosso and Kruger ,  *73; P r i c e  e t  a l . ,  ’ 7 6 ) .  

Responses  t o  n o n n oc i c e p t i v e  s t i m u l a t i o n  a r e  more commonly r ecorded 

tha n  r e s ponses  t o  n o c i c e p t i v e  s t i m u l a t i o n  in  t h e  magnocel1u l a r  r eg ion  

(Mosso and Kruger ,  ' 7 3 ;  P r i c e  e t  a l . *76) .  I n j e c t i o n s  o f  HRP i n t o

t h e  tha lamus  a l s o  produce d i f f e r e n t  amounts o f  l a b e l i n g  in t h e  two 

r eg i ons  (Fuki shima and K e r r ,  ' 79 ;  Shigenaga e t  a l . ,  ' 7 9 ) .  The main 

s o u r c e  o f  p r o j e c t i o n s  from subnuc leus  c a u d a l i s  t o  t h e  tha lamus  seems 

t o  be t h e  s u p e r f i c i a l  l aminae  (Fuki shima and K e r r ,  ' 7 9 ;  Shigenaga e t  

a l . ,  ' 79)  which p r o j e c t  s o m a t o t o p i c a l l y  t o  t h e  medial  VB complex and 

n o n s o ma t o t o p i c a l l y  t o  t h e  PO complex (Shigenaga  e t  a l . ,  ' 7 9 .  There  

a r e  fewer  p r o j e c t i o n s  from t h e  magnocel1u l a r  r eg ion  t o  t he  tha lamus  

(Fukushima and K e r r ,  ' 7 9 ;  Shigenaga e t  a l . ,  ' 7 9 ) .

In c o n c l u s i o n  t h e  main s enso ry  n u c l e u s ,  and t h e  s p ina l  subnucleus  

i n t e r p o l a r i s  o f  t h e  t r i g e m i n a l  n u c l e a r  complex f u n c t i o n  p r i m a r i l y  as  

r e l a y s  of  n o nn oc i c e p t i v e  i n f o r ma t i o n  from t h e  p e r i p he r y  t o  t h e  t h a l a ­

mus.  The s u p e r f i c i a l  l aminae o f  t h e  s p i na l  subnucleus  c a u d a l i s  seem 

t o  f u n c t i o n  as t h e  r e l a y  f o r  n o c i c e p t i v e  i n f o r m a t i o n .  The f u nc t i o n a l  

r o l e s  o f  t h e  sp i na l  subnuc leus  o r a l i s  and t he  ma gnoc e l I u l a r  p o r t i o n  o f  

t h e  subnucleus  c a u d a l i s  as  somat osensensory  r e l a y  n u c l e i  however a r e  

l e s s  c l e a r .
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3.  SOMATOSENSORY NUCLEI OF THE THALAMUS

The somat osensory  n u c l e i  o f  t h e  tha lamus  have been d i v i d ed  i n t o  

t h e  v e n t r a l  p o s t e r o l a t e r a l  (VPL) n u c l e u s ,  and t h e  v e n t r a l  pos teromed­

i a l  nuc l eus  (VPM) (which t o g e t h e r  c o n s t i t u t e  t h e  VB complex) and d i s ­

t i n g u i s h e d  from t h e  p o s t e r i o r  (PO) complex on t h e  b a s i s  o f  c y t o a r c h i -  

t e c t u r a l  d i f f e r e n c e s .  In t h e  monkey and c a t  i t  has long been 

recognized  t h a t  t h e s e  ana tomica l  d i v i s i o n s  r e p r e s e n t  f u n c t i o n a l l y  d i s ­

t i n c t  n uc l e i  as  well  ( Mo u n t c a s t l e  and Henneman, ' 52 ;  Rose and Mount- 

c a s t l e ,  ' 52 ;  Poggio and M o u n t c a s t l e ,  ' 59 ;  Per l  and Whi t lock ,  ' 61 ;  

Whi t lock and P e r l ,  ' 6 1 ) .  S p e c i f i c a l l y ,  w i t h i n  t h e  a r e a  d e s i g n a t e d  as 

VPM, u n i t s  respond p r i m a r i l y  t o  c o n t r a l a t e r a l  l i g h t  t ouch  (LT) of  t h e  

head ,  w i t h i n  VPL t h e y  respond p r i m a r i l y  t o  c o n t r a l a t e r a l  LT o f  t h e  

body,  and w i t h i n  t h e  PO complex t he y  respond p r i m a r i l y  t o  n o c i c e p t i v e  

s t i m u l a t i o n  a p p l i e d  b i l a t e r a l l y .  In t h e  r a t ,  however ,  whe ther  t h i s  

c o r r e l a t i o n  between u n i t  r esponse  c h a r a c t e r i s t i c s  and anatomical  

l o c a l i z a t i o n  e x i s t s  i s  l e s s  c l e a r .  P r ev i ous  e l e c t r o p h y s i o l o g i c a l  

s t u d i e s  have shown t h a t  r e s po n s e s  t o  somatosensory s t i m u l a t i o n  o f  t he  

head a r e  recorded  m e d i a l l y  t o  t h o s e  o f  t h e  body (Davidson,  ‘65;  

Emmers, ' 6 5 ) ,  bu t  have not  a t t emp t ed  t o  c o r r e l a t e  t h e  l o c a l i z a t i o n  of  

t h e s e  r e sponses  wi th t h e  c y t o a r c h i t e c t u r a l l y  d i s t i n c t  VPM and VPL. 

F ur t he rmore ,  one r e c e n t  e l e c t r o p h y s i o l o g i c a l  s tudy  has sugges ted  t h a t  

t h e r e  may not  be a d i f f e r e n c e  in u n i t  r esponse  c h a r a c t e r i s t i c s  between 

t h e  VB and PO complexes ;  t h e  p e r c e n t a g e s  o f  n o c i c e p t i v e  and nonnoci ­

c e p t i v e  r e s p o n s e s  recorded  from t h e s e  two a r e a s  was r e p o r t e d  t o  be t h e  

same (Gui lbaud e t  a l . ,  *80) .
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Anatomical  s t u d i e s  i n  t h e  r a t  have i n d i c a t e d  t h a t  VPM r ec e i v e s  

c o n t r a l a t e r a l  somato topic  p r o j e c t i o n s  from t h e  t r i g e m i n a l  main s ensory  

nuc l eus  (Lund and Webs te r ,  ' 67b ;  Erzurumlu e t  a l . ,  ' 70 ;  Smi th ,  ' 73 ;  

Fukushima and Ker r ,  ' 79 )  and spina l  subnucleus  i n t e r p o l a r i s  (Fukushima 

and Ker r ,  ' 7 9 ;  Euzurumlu e t  a l . ,  ' 80 ;  Erzurumlu and K i l l a c k e y ,  ' 8 0 ) ,  

wh i l e  VPL r e c e i v e s  c o n t r a l a t e r a l  p r o j e c t i o n s  from t h e  dor s a l  column 

n uc l e i  (Lund and Webs ter ,  ‘67a;  Feldman and Kruger ,  ' 80)  and t he  d o r ­

sal  horn o f  t h e  s p ina l  cord (Peschanski  e t  a l . ,  ' 8 3 ) .  The VB complex 

a l s o  r e c e i v e s  p r o j e c t i o n s  from o t h e r  s o u r c e s .  Large VB HRP i n j e c t i o n s  

produce l a b e l i n g  in t h e  s u p e r f i c i a l  l aminae o f  t h e  t r i g e m i n a l  subnu­

c l eu s  c a u d a l i s  and t o  a l e s s e r  deg r ee  in t h e  magnocel1u l a r  p o r t i o n  o f  

c a u d a l i s  (Fukushima and K e r r ,  ' 79 ;  Shigenaga e t  a l . ,  ' 7 9 ) .  Zemlan e t  

a l . ( ‘84) have a l s o  found l a b e l i n g  in p o s t e r i o r  r eg i o n s  o f  t h e  medial

VB complex fo l l owi ng  i n j e c t i o n s  o f  r a d i o l a b e l e d  amino ac i ds  i n t o  t he  

nucl eus  r e t i c u l a r i s  g i g a n t o c e l 1u l a r i s .

The PO complex of  t h e  r a t  r e c e i v e s  p r o j e c t i o n s  from a v a r i e t y  of  

s o u r c e s .  HRP i n j e c t i o n s  i n t o  p o s t e r i o r  t ha l a mi c  r eg i ons  produce

l a b e l i n g  in t h e  marginal  l amina o f  t h e  t r i g e m i n a l  subnucleus  c a u d a l i s  

(Shigenaga  e t  a l . ,  ' 7 9 ) .  Les i ons  o f  t h e  t r i g e m i n a l  subnucleus  i n t e r ­

p o l a r i s  (Erzurumlu and K i l l a c k e y ,  ‘8 0 ) ,  t r i g e m i n a l  main sensory  

nucl eus  (Smi th ,  *73) ,  d o r s a l  columns of  t h e  sp ina l  cord (Zemlan e t  

a l . ,  ' 7 8 ) ,  and dor s a l  column nuc l e i  (Lund and Webs te r ,  ' 67a)  produce 

a n t e r o g r a d e  d e g e n e r a t i o n  in p o s t e r i o r  p o r t i o n s  o f  t h e  r a t  t ha l amus .  

Labe l ing  can a l s o  be seen in p o s t e r i o r  t h a l a mi c  r e g i o n s  fo l l owi ng  

i n j e c t i o n s  o f  r a d i o l a b e l e d  amino a c i d s  i n t o  t h e  d o r s a l  column nuc l e i  

(Feldman and Kruger ,  ' 8 0 ) .
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B. Role o f  s e r o t o n i n  in modula t ing n o c i c e p t i v e  t r a n s m i s s i o n

The p h y s i o l o g i c a l  mechanisms by which s e r o t o n i n  modul a t es  n oc i ­

c e p t i v e  t r a n s m i s s i o n  a r e  no t  c ompl e t e l y  u n de r s to o d ,  a l t hough  a l o t  has 

been l e a r n e d  about  how i t  may occur  under  exper i ment a l  c o n d i t i o n s .  

This  i n fo rm a t i o n  has come from s t u d i e s  o r i g i n a l l y  i n s p i r e d  by Rey­

n o l d ' s  ( ’69) d e m o n s t r a t i o n  t h a t  a n a l g e s i a  can be produced by s t i m u l a ­

t i o n  o f  t h e  p e r i a q u e d u c t a l  gray (PAG) r eg i o n .  L a t e r ,  i t  was r ep o r t e d  

t h a t  l e s i o n s  o f  t h e  d o r s a l  l a t e r a l  f u n i c u l u s  (DLF) o f  t h e  s p ina l  cord 

a b o l i s h e d  t h e  a n a l g e s i a  produced by PAG s t i m u l a t i o n  (Basbaum e t  a l . ,  

*77) .  Since  t h e r e  were no known p r o j e c t i o n s  from t h e  PAG descendi ng  

d i r e c t l y  t o  t h e  s p i na l  cord in t h e  DLF, i t  was hypothes i zed  t h a t

an o t he r  b r a i n s t e m nuc leus  namely,  t h e  nucleus  raphe magnus (NRM), was

s e r v i n g  as a r e l a y  between t h e  PAG and s p ina l  cord (Basbaum e t  a l . ,  

*77) .  A t t e n t i o n  was focused on NRM s i n c e  Ruda ( ’ 76) had demons t ra t ed  

t h a t  t h e r e  were p r o j e c t i o n s  from t h e  PAG t o  t h e  nucleus  raphe magnus 

in t h e  c a t .  The nuc l eus  raphe magnus had a l s o  been shown t o  be an 

e f f e c t i v e  s i t e  f o r  s t i m u l a t i o n  produced a n a l g e s i a  (Oleson and Li ebes -  

k i n d ,  ' 7 5 ) .  S ince  i t  was known t h a t  t h e  nucl eus  raphe magnus con­

t a i n ed  s e r o t o n e r g i c  c e l l  bod i e s  (Dahls t rom and Fuxe,  ' 64 )  and t h a t

pharmacologica l  m a n i p u l a t i o n s  which d ec r e a se d  5-HT l e v e l s  produced 

h y p e r a l g e s i a  and t h o s e  which i n c r e a s e d  5-HT l e v e l s  produced hypoalge-  

s i a  ( s e e  Messing and L y t l e ,  ' 77  f o r  review) i t  was a l s o  hypothes i zed  

t h a t  s e r o t o n e r g i c  p r o j e c t i o n s  from NRM were involved in me d i a t i ng  

a n a l g e s i c  e f f e c t s  o f  PAG s t i m u l a t i o n .  In summary, i t  was concluded 

t h a t  t h e r e  was a des cend i ng  i n h i b i t o r y  pathway o r i g i n a t i n g  in t h e  NRM, 

t a k i n g  t h e  r o u t e  o f  t h e  DLF o f  t h e  sp i na l  c o r d ,  which media ted  t he
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a n a l g e s i c  e f f e c t s  o f  PAG s t i m u l a t i o n  and t h a t  t h i s  pathway was prob­

ably  s e r o t o n e r g i c  in n a t u r e  (Basbaum, ‘ 7 7) .

Since  then anatomical  s t u d i e s  have demons t ra t ed  t h a t  t h e r e  a r e  

descendi ng  s e r o t o n e r g i c  p r o j e c t i o n s  from o t h e r  n uc l e i  o f  t h e  v e n t r a l  

b r a i n s t e m ,  b e s i d es  NRM, t o  t h e  s p ina l  c o r d ,  i . e . ,  nuc l eus  raphe obscu-  

r u s ,  nuc l eus  raphe p a l l i d u s ,  and nucl eus  r e t i c u l a r i s  g i g a n t o c e l 1u l a r i s  

(Bowker e t  a l . ,  ' 82 ;  *83) .  I t  has a l s o  been shown t h a t  s e r o t o n e r g i c

p r o j e c t i o n s  from t he  v e n t r a l  medul l a  do not  t r a v e l  e x c l u s i v e l y  in  t h e  

DLF ( Johanes s en  e t  a l . ,  *84) .  Moreover ,  e l e c t r o p h y s i o l o g i c a l  s t u d i e s  

have demons t r a t ed  t h a t  e l e c t r i c a l  s t i m u l a t i o n  o f  o t h e r  nuc l e i  o f  t h e  

b r a i n s t e m ,  e . g . ,  nuc l eus  r e t i c u l a r i s  g i g a n t o c e l 1u l a r i s , nuc l eus  r e t i ­

c u l a r i s  magnocel1u l a r i s , and nucl eus  c u n e i f o r m i s ,  i s  e f f e c t i v e  in 

i n h i b i t i n g  s p ina l  r esponses  t o  n o c i c e p t i v e  s t i m u l a t i o n  (Gray and Dos- 

t r o v s k y ,  ' 8 3 ) .  These s t u d i e s  s u g g e s t ,  t h e r e f o r e ,  t h a t  o t h e r  n u c l e i  o f  

t h e  v e n t r a l  me du l l a ,  b e s i d e s  t h e  NRM, may be p a r t  o f  t h e  s e r o t o n e r g i c -  

p a i n - i n h i b i t o r y  system and t h a t  descending  p r o j e c t i o n s  o t h e r  than  

t h o s e  t r a v e l i n g  in t h e  DLF media t e  s e r o t o n e r g i c  e f f e c t s .  In f a c t ,

Sandkuhle r  and Gebhar t  ( ' 8 4 a ;  *84b) have examined t h e  r e l a t i v e  c o n t r i ­

b u t i on s  o f  t h e  NRM and a d j a c e n t  r e t i c u l a r  fo rmat i on  t o  t h e  i n h i b i t i o n  

of  a sp i na l  n o c i c e p t i v e  r e f l e x  produced by s t i m u l a t i o n  o f  t h e  PAG, and 

concluded t h a t  descendi ng  i n h i b i t o r y  pathways from t h e  PAG c o u r s e  l a t ­

e r a l l y  as  well  as m e d i a l l y  t h r ough  t h e  NRM. S p e c i f i c a l l y ,  t h e y  found 

t h a t  t h e  s t i m u l a t i o n  t h r e s h o l d  f o r  i n h i b i t i o n  o f  t h e  t a i l  f l i c k  r e f l e x  

was not  i n c r e a s ed  s i g n i f i c a n t l y  by i n j e c t i o n  o f  l i d o c a i n e  i n t o  t he  

NRM. Thres ho l ds  were not  s i g n i f i c a n t l y  i n c re a s ed  un l e s s  l i d o c a i n e  was 

i n j e c t e d  i n t o  t h e  i p s i l a t e r a l  r e t i c u l a r  fo rmat i on  as  well  as i n t o  NRM.
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As a r e s u l t  o f  t h e s e  r e c e n t  s t u d i e s ,  t h e r e f o r e ,  emphasi s  i s  no l o n g e r  

p laced on a s p e c i f i c  PAG-NRM-DLF p a i n - i n h i b i t o r y  sys t em.

In any c a s e ,  t h e r e  i s  s u b s t a n t i a l  ev i dence  i n d i c a t i n g  t h a t  s e r o ­

t o n e r g i c  modu l a t i on  o f  n o c i c e p t i v e  t r a n s m i s s i o n  does  occur  a t  t he  s p i ­

nal l e v e l .  There  i s  a dense  i n n e r v a t i o n  of  t h e  s u p e r f i c i a l  l aminae of  

t he  d o r sa l  horn wi th 5-HT immunoreact ive  f i b e r s  ( S t e i n b u s c h ,  ' 8 1 ) .  

The s u p e r f i c i a l  l aminae  r ec e i v e  n o c i c e p t i v e  i npu t  ( Ch r i s t e n s e n  and 

P e r l ,  ’ 7 0 ) .  These 5-HT immunoreac t ive  f i b e r s  most  l i k e l y  o r i g i n a t e  

from t h e  v e n t r a l  me du l l a .  I n j e c t i o n  o f  HRP i n t o  t he  caudal  sp ina l  

cord l a b e l s  c e l l s  in t h e  medu l l a  a l s o  c h a r a c t e r i z e d  by s e r o t o n i n  immu- 

n o r e a c t i v i t y  (Bowker e t  a l . ,  ' 82 ;  ' 8 3 ) .  Fur t he rmore ,  Ruda e t  a l .

( ' 8 1 a ;  ' 81b)  have observed t h a t  t h e  two most  common t y p e s  o f  axonal

endings  in  d o r s a l  horn l aminae  I and I I  l a b e l e d  a f t e r  exposure  t o  

exogenous [ H]5-HT a r e  s i m i l a r  t o  t hos e  l a b e l e d  in t h e  t r i g e m i n a l  sub­

nucleus  c a u d a l i s  f o l l owi ng  i n j e c t i o n  o f  t r i t i a t e d  amino a c i d s  i n t o  t he  

s e r o t o n i n - c o n t a i n i n g  raphe and r e t i c u l a r  n u c l e i .  There do ,  t h e r e f o r e ,  

appear  t o  be s e r o t o n e r g i c  p r o j e c t i o n s  from t h e  v e n t r a l  medul l a  t o  

a r e a s  o f  t h e  s p i n a l  cord r e c e i v i n g  n o c i c e p t i v e  i n f o r m a t i o n .

E l e c t r o p h y s i o l o g i c a l  s t u d i e s  have provided ev i dence  i n d i c a t i n g  

t h a t  t h e s e  s e r o t o n e r g i c  m e d u l l a r y - s p i n a l  p r o j e c t i o n s  a r e  involved  in 

i n h i b i t i n g  n o c i c e p t i v e  t r a n s m i s s i o n .  S t i m u l a t i o n  s t u d i e s  have shown 

t h a t  a c o n d i t i o n i n g  s t i m u l u s  d e l i v e r e d  t o  NRM 30 msec p r i o r  t o  admin­

i s t r a t i o n  o f  a p e r i p h e r a l  t e s t  s t i mu l u s  i n h i b i t s  t h e  r esponses  o f  88% 

of  t he  wide dynamic range (WDR), and 94% of t h e  n o c i c e p t i v e  s p e c i f i c  

(NS) u n i t s  r ecorded  from in t h e  d o r s a l  horn (Gray and Dos t rovsky ,  

' 8 3 ) .  That  a t  l e a s t  some of  t h e  me du l l a r y  s p i na l  p r o j e c t i o n s  which 

produce t h i s  i n h i b i t i o n  a c t  t h rough  r e l e a s e  o f  5-HT i s  impl i ed  by t h e
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f a c t  t h a t  c e l l s  in  l a mi nae  I and I I ,  whose n o c i e p t i v e  evoked a c t i v i t y  

i s  i n h i b i t e d  by NRM s t i m u l a t i o n ,  a r e  c h a r a c t e r i z e d  by a x o - d e n d r i t i c  

s e r o t o n e r g i c  synapses  ( M i l e t i c  e t  a l . ,  ' 8 4 ) .  A number o f  i n v e s t i g a ­

t o r s  have a l s o  shown t h a t  i o n t o p h o r e s i s  o f  5-HT i n h i b i t s  n o c i c e p t i v e  

r e s ponses  (Randic and Yu, ' 76 ;  Headley e t  a l . ,  ' 76 ;  Be l che r  e t  a l . ,  

' 78 ;  Wi l l cockson e t  a l . ,  ' 8 4 ) ,  g l u t ama t e  evoked a c t i v i t y  (Wi l l cockson  

e t  a l . ,  ' 8 4 ) ,  and spontaneous  a c t i v i t y  ( Randic and Yu, ' 76 ;  Jo rdan  e t  

a l . ,  ' 79 ;  Wi l l cockson e t  a l . ,  ' 84)  in t h e  do r s a l  horn o f  t h e  sp ina l  

c o r d .

S e r o t o n e r g i c  modu l a t i on  o f  n o c i c e p t i v e  t r a n s m i s s i o n  appea r s  t o  

occur  in t h e  t r i g e m i n a l  n u c l e a r  complex as  well  as i n  t h e  sp ina l  c o r d .  

The s u p e r f i c i a l  l aminae o f  t h e  subnuc leus  c a u d a l i s  which r e c e i v e  n o c i ­

c e p t i v e  i np u t  (Mosso and Kruger ,  ' 73 ;  P r i c e  e t  a l . ,  ' 76 )  a r e  d e n s e l y  

i n n e r v a t e d  wi th  5-HT immunoreac t ive  f i b e r s  (Cropper  e t  a l . ,  ' 8 4 ) .

These f i b e r s  p r obaba l y  o r i g i n a t e  from t h e  v e n t r a l  m e d u l l a .  Termina l s
3

in t h e s e  l aminae which t a k e  up [ H]-5-HT and d e g e n e r a t e  fo l l owi ng  

a p p l i c a t i o n  o f  5,6-DHT a r e  m o r ph o l o g i c a l l y  s i m i l a r  t o  t h o s e  l a b e l e d  

fo l l owi ng  i n j e c t i o n  o f  t r i t i a t e d  amino a c i d s  i n t o  t h e  medial  b r a i n  

stem (Ruda and Gobe l , ' 8 0 ;  Ruda e t  a l . ,  ' 8 1 a ; ' 8 1 b ) .  F u r t he r more ,

i n j e c t i o n  o f  HRP i n t o  t h e  s p i na l  subnuc leus  c a u d a l i s  r e s u l t s  i n  l a b e l ­

ing o f  m e du l l a r y  c e l l s  in t h e  nuc l eus  raphe magnus,  raphe o b s c u r i s ,  

nuc l eus  r e t i c u l a r i s  g i g a n t o c e l l u l a r i s , and t h e  nuc l eus  r e t i c u l a r  pa r a -  

g i ga n t o c e l  1u l a r i s  c h a r a c t e r i z e d  by 5-HT i mmunor eac t i v i t y  ( B e i t z ,  *82) .  

There  a r e  a l s o ,  t h e r e f o r e ,  s e r o t o n e r g i c  p r o j e c t i o n s  from t h e  v e n t r a l  

medul l a  t o  a r e a s  of  t h e  t r i g e m i n a l  n u c l e a r  complex r e c e i v i n g  noc i cep­

t i v e  i n p u t .
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As in t h e  s p i na l  c o r d ,  e l e c t r o p h y s i o l o g i c a l  s t u d i e s  have i n d i ­

c a t ed  t h a t  t h e s e  s e r o t o n e r g i c  p r o j e c t i o n s  probably  i n h i b i t  n o c i c e p t i v e  

t r a n s m i s s i o n .  Lovick and Wo l s t en c r o f t  ( ' 7 9 )  and S e s s l e  e t  al ( ’81)  

have demons t r a t ed  t h a t  a c o n d i t i o n i n g  s t i mu l u s  a pp l i e d  t o  NRM 10-50 

msec p r i o r  t o  d e l i v e r y  o f  a t e s t  s t i m u l u s  produces  i n h i b i t i o n  o f  t r i ­

geminal  subnuc leus  c a u d a l i s  WDR and NS u n i t s  which l a s t s  from 250 t o  

750 msec.  S e s s l e  e t  a l . ( ' 8 1 )  have a l s o  demons t r a t ed  t h a t  s t i m u l a t i o n  

o f  nuc l eus  raphe magnus produces  an i n h i b i t i o n ,  l a s t i n g  about  500 

msec,  o f  t h e  d i g a s t r i c  r e f l e x  evoked by t o o t h  pulp o r  i n f r a o r b i t a l  

nerve  s t i m u l a t i o n .  Fu r t he r more ,  i o n t o p h o r e s i s  o f  5-HT b locks  noc i ce p ­

t i v e  a c t i v i t y  o f  t r i g e m i n a l  u n i t s  (Burns and H a i g l e r ,  ' 8 3 ) .

In summary,  i t  has  been shown t h a t  t h e r e  a r e  s e r o t o n e r g i c  pro­

j e c t i o n s  from raphe and r e t i c u l a r  n uc l e i  o f  t h e  v e n t r a l  medul l a  t o  

n o c i c e p t i v e  a r e a s  o f  t h e  t r i g e m i n a l  n uc l ea r  complex and sp ina l  co r d .  

These p r o j e c t i o n s  most  l i k e l y  i n h i b i t  n o c i c e p t i v e  t r a n s m i s s i o n  s i n c e  

e l e c t r i c a l  s t i m u l a t i o n  o f  s e r o t o n i n - c o n t a i n i n g  n uc l e i  o f  t h e  v e n t r a l  

medul l a  and i o n t o p h o r e s i s  o f  5-HT i n h i b i t s  n o c i c e p t i v e  r e sponses  o f  

s p i n a l  and t r i g e m i n a l  u n i t s .

I t  i s  l e s s  c l e a r ,  however ,  whe ther  t h e r e  i s  an ascend i ng  s e r o t o n ­

e r g i c  modul a to ry  sys t em,  and whether  modul a t i on  occur s  i n  t h e  next  

somatosensory  r e l a y ,  t h e  t h a l a mu s .  The medial  f o r e b r a i n  bundle  (MFB) 

has been d e s c r i b e d  as t h e  ma jor  s ource  o f  t h e  s e r o t o n e r g i c  i n n e r v a t i o n  

o f  t h e  f o r e b r a i n  ( U n g e r s t e d t ,  *71) .  Harvey and co-worker s  have found 

t h a t  b i l a t e r a l  MFB l e s i o n s  produced e i t h e r  e l e c t r o l y t i c a l l y  (Harvey 

and L i n t s ,  ' 65 )  or  us ing  5 , 7 - d i h y d r o x y t r y p t a mi n e  (5,7-DHT)(Harvey and 

Simansky,  *81) d e c r e a s e  t e l e n c e p a l i c , but  no t  b r a i n  stem s e r o t o n i n  

c o n t e n t ,  and produce h y p e r a l g e s i a .  They a l s o  found t h a t  t h e  e l e c t r o -
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l y t i c a l l y  induced h y p e r a l g e s i a  could  be r eve r sed  by sys t emi c  admini s ­

t r a t i o n  o f  D,L-5-HTP, wh i l e  i n j e c t i o n s  o f  e i t h e r  L-DOPA o r  D-5-HTP 

were wi t hou t  e f f e c t  ( L i n t s  and Harvey,  ' 6 9 ) .  On t h e  o t h e r  hand,  e l e c ­

t r o l y t i c  and 5,7-DHT l e s i o n s  o f  e i t h e r  t he  d o r s a l  or  median raphe nuc­

l e i ,  which t o g e t h e r  account  f o r  about  80% of  f o r e b r a i n  s e r o t o n i n  

( Az mi t i a ,  ' 78)  produce no s i g n i f i c a n t  change in n o c i c e p t i v e  t h r e s h o l d  

(Hole and Lorens ,  ' 7 5 ) .  Harvey and Simansky ( ' 8 1 )  sugges ted  t h a t  

l e s i o n s  of  t h e  mesencepa l i c  raphe nuc l e i  damaged n o c i c e p t i v e  a f f e -  

r e n t s ,  a scendi ng  in t h e  c e n t r a l  gray  r e g i o n ,  which produced a p a r t i a l  

a n a l g e s i a  t h a t  masked t he  h y p e r a l g e s i a  induced by t h e  s e r o t o n i n  d e p l e ­

t i o n .  Another  p o s s i b i l i t y  i s  t h a t  l e s i o n s  o f  t h e  median and dor sa l  

raphe n uc l e i  d id  not  produce  complete  d e s t r u c t i o n  o f  a scendi ng  s e r o ­

t o n e r g i c  f i b e r s .

There i s  e l e c t r o p h y s i o l o g i c a l  e v i de n c e ,  however ,  which i n d i c a t e s  

t h a t  t he  d o r sa l  raphe nuc l eus  (DRN) may be involved in modul a t i ng

n o c i c e p t i v e  t r a n s m i s s i o n ,  and a t  t h e  t h a l a mi c  l e v e l .  Besson e t  a l .

( ’81)  have found t h a t  t he  DRN i s  t h e  most  e f f e c t i v e  a r e a  i n  t h e  f e l i n e  

p e r i a q u ed uc t a l  gray f o r  s t i m u l a t i o n  produced a n a l a g e s i a .  Andersen and 

Dafny ( ' 8 2 ;  ’83)  have shown t h a t  s t i m u l a t i o n  o f  t h e  DRN i n h i b i t s  t h a ­

l a mi c ,  i . e . ,  p a r a f a s c i c u l a r ,  r e sponses  t o  n o c i c e p t i v e  s t i m u l a t i o n  and 

t h a t  i n t r a v e n t r i c u l a r  a d m i n i s t r a t i o n  o f  5,7-DHT d e c r e a se s  t h e  p e r c e n t ­

age o f  u n i t s  i n h h i b i t e d .  Moreover ,  Andersen and Dafny ( ' 8 2 )  have

r e p o r t e d  t h a t  i o n t o p h o r e s i s  o f  5-HT in t h e  p a r a f a s c i c u l a r  nuc l eus  a l s o

i n h i b i t s  n o c i c e p t i v e  a c t i v i t y .

I t  i s  a l s o  p o s s i b l e  t h a t  t h e  h y p e r a l g e s i a  produced by MFB l e s i o n s  

i s  not  a r e s u l t  of  damage t o  d o r sa l  or  median raphe e f f e r e n t s .  I t  may
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be due t o  damage t o  e f f e r e n t s  from me dul l a ry  o r  pon t i ne  raphe n u c l e i .  

Al though t h e  m a j o r i t y  o f  s e r o t o n e r g i c  f i b e r s  i n n e r v a t i n g  t h e  f o r e b r a i n  

o r i g i n a t e  from t h e  mesencepha l i c  raphe n u c l e i ,  raphe d o r s a l i s  and 

medianus ( Az mi t i a ,  ' 7 8 ) ,  Takagi  e t  a l . ( ' 8 0 )  have i d e n t i f i e d  a raphe

magnus component o f  t h e  MFB a t  t h e  l e ve l  of  t h e  p r e o p t i c  a rea  o f  t h e  

hypotha lamus .  Fu r t he r more ,  B o b i l l i e r  e t  a l . ( ' 7 6 )  and Peschanski  and 

Besson ( ' 84b )  have d e s c r i b e d  ascendi ng  p r o j e c t i o n s  from t h e  me du l l a r y  

and p o n t i ne  raphe n u c l e i ,  i n c l u d i n g  raphe magnus and raphe p o n t i s ,  

which t e r m i n a t e  in t he  i n t r a l a m i n a r  nuc l e i  o f  t h e  t ha l amus .

In c o n c l u s i o n ,  t h e r e  i s  some d i r e c t  ev i dence  i n d i c a t i n g  t h a t  an 

a scendi ng  s e r o t o n e r g i c  system f o r  modul a t i on  o f  n o c i c e p t i v e  t r a n s m i s ­

s i on  e x i s t s ;  5,7-DHT l e s i o n s  o f  t h e  MFB a f f e c t  n o c i c e p t i v e  t h r e s h o l d  

and s t i m u l a t i o n  o f  t h e  DRN i n h i b i t s  n o c i c e p t i v e  r e s pons es  in t h e  pa r a -  

f a s c i c u l a r  nuc l eus  o f  t h e  t h a l a mu s .  At tempts  t o  a l t e r  n o c i c e p t i v e  

t h r e s h o l d  by l e s i o n s  o f  t h e  do r sa l  and median raphe nuc l e i  have been 

l e s s  s u c c e s s f u l ,  however .  There a r e  s eve r a l  p o s s i b i l e  e x p l a n a t i o n s  

f o r  t h i s  d i s c r e p a n c y ;  e . g . ,  mesencepha l i c  l e s i o n s  may damage ascending  

n o c i c e p t i v e  a f f e r e n t s ,  o r  p r o j e c t i o n s  from t h e  medu l l a ry  o r  pon t i ne  

raphe nuc l e i  may be involved  in modula t ing  n o c i c e p t i v e  t r a n s m i s s i o n .

C. Role o f  s e r o t o n i n  in modul a t i ng  nonno c i ce p t i ve  t r a n s m i s s i o n

While t h e r e  i s  c o n s i d e r a b l e  ev i dence  i n d i c a t i n g  t h a t  s e r o t o n i n  i s  

i nvo l ved  in modul a t i ng  n o c i c e p t i v e  t r a n s m i s s i o n ,  i t  i s  l e s s  c l e a r  

whether  modul a t i on  o f  n o n no c i c e p t i v e  t r a n s m i s s i o n  occur s  as w e l l .
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Anatomical  s t u d i e s  mapping t h e  d i s t r i b u t i o n  o f  5-HT-IR f i b e r s  in 

n o c i c e p t i v e  and n o n n oc i c e p t i v e  a r e a s  o f  t h e  t r i g e m i n a l  n uc l e a r  complex 

and t h e  s p i na l  cord have found n o c i c e p t i v e  r e g i o ns  t o  be more d e n s e l y  

i n n e r v a t e d  than  n o nn o c i c e p t i v e  ( S t e i n b u s c h ,  ' 81 ;  Cropper ,  e t  a l . ,  

' 8 4 ) .  For  example,  t h e  s u p e r f i c i a l  l aminae o f  t h e  t r i g e m i n a l  sp i na l  

subnuc leus  c a u d a l i s  a r e  d e n s e l y  i n n e r v a t e d  wi th  5-HT-IR f i b e r s  (Crop­

p e r  e t  a l . ,  ' 8 4 ) .  Thi s  r eg i o n  has been p a r t i c u l a r l y  a s s o c i a t e d  wi th  

n o c i c e p t i v e  t r a n s m i s s i o n  (Mosso and Kruger ,  ' 7 3 ;  P r i c e  e t  a l . ,  ' 76 ;  

Shigenaga e t  a l . ,  ’ 7 9 ) .  In c o n t r a s t ,  t h e r e  a r e  fewer  5-HT-IR f i b e r s  

in t h e  magnoce l1u l a r  p o r t i o n  o f  subnuc leus  c a u d a l i s  (Cropper  e t  a l . ,  

*84) ,  where t h e r e  i s  more n o n n o c i c e p t i ve  t ha n  n o c i c e p t i v e  a c t i v i t y  

(Mosso and Kruger ,  ' 73 ;  P r i c e  e t  a l . ,  ' 7 6 ) .  In a d d i t i o n ,  t h e r e  i s  

l i t t l e  l a b e l i n g  in t h e  p r i n c i p a l  s ensory  nuc l eus  (Cropper  e t  a l . ,  

' 8 4 ) ,  an a r e a  p a r t i c u l a r y  a s s o c i a t e d  wi th  t r a n s m i s s i o n  o f  nonnocicep­

t i v e  a c t i v i t y  (Smi t h ,  ' 73 ;  K i r k p a t r i c k  and Kruger ,  ' 7 5 ;  Fukushima and 

K e r r ,  ' 79 ;  Erzurumlu e t  al . ,  ' 80 ;  Azerad e t  a l . ,  ' 8 2 ) .  The s u p e r f i ­

c i a l  l aminae  a r e  t h e  most  d e n s e l y  i n n e r v a t e d  p a r t  o f  t h e  d o r s a l  horn 

o f  t h e  s p i na l  cord ( S t e i n b u s c h ,  ‘8 1 ) .  They r e c e i v e  n o c i c e p t i v e  i npu t  

( C h r i s t e n s e n  and P e r l ,  ' 7 0 ) .  The d o r s a l  column nuc l e i  a r e  only 

s p a r s e l y  i n n e r v a t e d  ( S t e i n b u s c h ,  ' 8 1 ) .  Anatomical  d a t a ,  t h e r e f o r e ,  

seems t o  sugges t  t h a t  s e r o t o n e r g i c  e f f e c t s  on somatosensory t r a n s m i s ­

s i o n  a r e  e x e r t e d  p r i m a r i l y  on n o c i c e p t i v e  r a t h e r  t ha n  n o n n o c i c e p t i ve  

a c t i v i t y .

An e a r l y  e l e c t r o p h y s i o l o g i c a l  s t udy  comparing t h e  e f f e c t s  o f  

e l e c t r i c a l  s t i m u l a t i o n  o f  t h e  NRM on n o c i c e p t i v e  and nonn o c i ce p t i ve  

r es pons es  of  u n i t s  in  t h e  t r i g e m i n a l  s p i na l  subnuc leus  c a u d a l i s  pro­
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vided r e s u l t s  s u p p o r t i n g  t h i s  h y p o t h e s i s .  S t i m u l a t i on  o f  nuc l eus  

raphe magnus had a weaker  e f f e c t  on r e sponses  t o  nonnoxious i n p u t s ,  

e . g . ,  h a i r  movement,  t ha n  on r e sponses  t o  n o c i c e p t i v e  s t i m u l i ,  e . g .  

a p p l i ed  t o  t o o t h  pulp (Lovick and W o l s t e n c r o f t ,  *79) .

The m a j o r i t y  o f  el e c t r o p h y s i o l o g i c a l  s t u d i e s  comparing the

e f f e c t s  o f  e l e c t r i c a l  s t i m u l a t i o n  o f  t h e  b r a i n  stem on u n i t s  r espond­

ing t o  p e r i p h e r a l l y  a p p l i e d  n o c i c e p t i v e  and nonnoc i ce p t i ve  s t i m u l i ,  

however ,  have produced d i f f e r e n t  r e s u l t s .  Dost rovsky e t  a l . ( ’83)

found t h a t  in t h e  t r i g e m i n a l  subnucleus  c a u d a l i s  t h e r e  was no s t a t i s ­

t i c a l  d i f f e r e n c e  in t h e  i n c i d e n c e  o f  i n h i b i t i o n  o f  n o c i c e p t i v e  

( i n c l u d i n g  n o c i c e p t i v e  s p e c i f i c  (NS) and wide dynamic range (WDR)) and 

n o n n o c i ce p t i ve  r e sponses  produced by s t i m u l a t i o n  o f  nuc l e i  o f  t h e

b r a i n  s t em.  They a l s o  found no s i g n i f i c a n t  d i f f e r e n c e  in  t h e  c u r r e n t  

t h r e s h o l d s  n e c e s s a r y  t o  produce t h i s  i n h i b i t i o n  f o r  NS and LT u n i t s .  

Co nd i t i on i ng  s t i mu l i  a p p l i e d  t o  t h e  PAG, CU, NRM, NGC, and NMC, con­

s i s t i n g  o f  500 Hz, 100 ms t r a i n s  o f  .1 ms p u l s e s ,  d e l i v e r e d  130 msec 

p r i o r  t o  a t e s t  s t i m u l u s  a p p l i e d  t o  t h e  r e c e p t i v e  f i e l d  under  s tudy 

i n h i b i t e d  96% of  t h e  n o n n o c i c e p t i ve  u n i t s  t e s t e d ,  and 97% of  t h e  n o c i ­

c e p t i v e  u n i t s .  Mean s t i mu l u s  i n t e n s i t i e s  nece s s a r y  t o  produce t h i s  

i n h i b i t i o n  were a l s o  comparable ,  e . g . ,  i n  NRM 88 _+ 8 uA f o r  noc i cep ­

t i v e  u n i t s ,  and 101 +_ 7 uA f o r  n on n o c i c e p t i ve  u n i t s .  S e s s l e  e t  a l .

( ' 8 1 )  have r e p o r t e d  s i m i l a r  r e s u l t s .  Also in  t h e  t r i g e m i n a l  subnu­

c l e u s  c a u d a l i s ,  Shah and Dost rovsky ( ‘82)  have demons t r a t ed  t h a t  s t i m­

u l a t i o n  o f  NRM, NGC, PAG, and CU produces  an i n c r e a s ed  l a t e n c y ,  o r  

b l o c k s ,  a n t i d r omi c  r e sponses  t o  t h a l a mi c  s t i m u l a t i o n  f o r  a l l  u n i t s  

r esponding  t o  n o c i c e p t i v e  s t i m u l a t i o n  and t h e  m a j o r i t y  o f  u n i t s  

r esponding  t o  LT.
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In t h e  d o r s a l  horn o f  t h e  s p i na l  cord s i m i l a r  e l e c t r o -  

p h y s i o l o g i c a l  s t u d i e s  have been done .  Gray and Dost rovsky ( ' 8 3 )  have 

demons t ra t ed  t h a t  t h e r e  i s  no s t a t i s t i c a l  d i f f e r e n c e  in t h e  i n c i d en ce  

of  b r a i n  stem i n h i b i t i o n  o f  n o c i c e p t i v e  and n onnoc i cep t i ve  r e s p o n s e s ;  

74% of  n on n o c i c e p t i ve  u n i t s  a r e  i n h i b i t e d  by b r a i n  stem s t i m u l a t i o n ,  

85% n o c i c e p t i v e .  Cur r en t  t h r e s h o l d s  f o r  i n h i b i t i o n  f o r  t h e  d i f f e r e n t  

b r a i n  stem nuc l e i  were a l s o  comparable  f o r  n o c i c e p t i v e  and nonnoci cep­

t i v e  u n i t s ,  e . g . ,  f o r  NRM 130 _+ 12 uA f o r  nonn o c i ce p t i ve  u n i t s ,  119 +_ 

9 uA f o r  n o c i c e p t i v e  u n i t s .  Fu r t he r more ,  Dost rovsky ( ’80) found t h a t  

t h e  i n c i d en c e  of  i n h i b i t i o n  wi th  e i t h e r  PAG or  NRM s t i m u l a t i o n  o f  non­

n o c i c e p t i v e  u n i t s  in t h e  d o r s a l  column n uc l e i  was s i m i l a r  t o  t h e  i n c i ­

dence o f  i n h i b i t i o n  o f  n o c i c e p t i v e  u n i t s  i n  t he  t r i g e m i n a l  subnuc leus  

c a u d a l i s .  Also working in t h e  sp ina l  cord Kajander  e t  a l . ( ‘84)

found t h a t  s t i m u l a t i o n  o f  PAG and NRM i n h i b i t s  t h e  m a j o r i t y  o f  sp ino-  

c e r v i c a l  c e l l s  r esponding  to  nonnoxious p e r ip h e r a l  s t i m u l a t i o n .

In a d d i t i o n  t o  t he  d a t a  from s t i m u l a t i o n  s t u d i e s ,  comparing modu­

l a t o r y  e f f e c t s  on d i f f e r e n t  somatosensory  r e s p o n s e s ,  t h e r e  a r e  some 

d a t a  comparing i o n t o p h o r e s i s  o f  5-HT on n o c i c e p t i v e  and LT u n i t s .  

Be l che r  e t  a l . ( ’ 78) r ep o r t e d  t h a t  18 out  o f  20 n o c i c e p t i v e  u n i t s  in

t h e  d o r sa l  horn o f  t h e  s p i na l  cord were i n h i b i t e d  by i o n t o p h o r e s i s  o f  

s e r o t o n i n ,  wh i l e  only 5 out  o f  16 LT r esponses  were a f f e c t e d  by 5-HT; 

3 of  t h e s e  be ing  i n h i b i t e d .  Todd and M i l l a r  ( ' 8 3 ) ,  however,  found no 

d i f f e r e n c e  in s e r o t o n e r g i c  e f f e c t s  on LT, NS, o r  WDR u n i t s  in l aminae  

I-111 o f  t h e  d o r s a l  horn o f  t h e  s p i na l  c o rd .  L i kewi se ,  Wi l l cockson e t  

a l . ( ’84)  found 5-HT i n h i b i t e d  2 out  o f  2 s p i no t h a l a m i c  c e l l s  which

responded t o  LT o f  t h e  i p s i l a t e r a l  h ind l imb ,  and 9 out  o f  13 s p i n o t h ­

a l amic  c e l l s  which responded t o  p inch .
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In c o n c l u s i o n ,  ana tomical  d a t a  sugges t  t h a t  t h e  modula tory  

e f f e c t s  o f  s e r o t o n i n  on somatosensory  t r a n s m i s s i o n  may be e x e r t e d  p r i ­

m a r i l y  in n o c i c e p t i v e  r a t h e r  t han  n o n n oc i e p t i v e  a r e a s ;  t h e  d e n s i t y  o f  

5-HT-IR f i b e r s  i s  g r e a t e r  in  r eg i ons  where r e s pons es  t o  p e r i p h e r a l l y  

app l i ed  n o c i c e p t i v e  s t i m u l i  a r e  more f r e q u e n t l y  recorded than  a r e  

r e sponses  t o  n on no c i ce p t i ve  s t i m u l i .  The m a j o r i t y  o f  e l e c t r o -  

p h y s i o l o g i c a l  s t u d i e s ,  however ,  have f a i l e d  t o  see a s t a t i s t i c a l  d i f -  

f e r en nc e  in  modul a tory  e f f e c t s  on n o c i c e p t i v e  and nonn o c i ce p t i ve  

u n i t s ,  e . g . ,  t h e  i n c i d e n c e  o f  i n h i b i t i o n  by e l e c t r i c a l  b r a i n  stem 

s t i m u l a t i o n  i s  s i m i l a r  f o r  LT and n o c i c e p t i v e  u n i t s  and c u r r e n t  i n t e n ­

s i t i e s  n e c e s s a r y  t o  produce t h i s  i n h i b i t i o n  appear  t o  be t h e  same f o r  

both k inds  of  u n i t s .  I o n t o p h o r e s i s  o f  s e r o t o n i n  a l s o  i n h i b i t s  r espon­

ses  t o  both n o c i c e p t i v e  and nonn o c i ce p t i ve  s t i m u l i .

One e x p l a n a t i o n  f o r  t h i s  a p p a r e n t  d i s c r e p a n c y  may be t h a t ,  except  

f o r  D o s t r o v s k y ' s  s t u d y ,  t h e  m a j o r i t y  o f  el e c t r o p h y s i o l  ogi ca l  s t u d i e s  

comparing modul a to ry  e f f e c t s  o f  5-HT on somatosensory a c t i v i t y  have 

been conducted in  p r i m a r i l y  n o c i c e p t i v e  a r e a s ,  e . g . ,  i n  t h e  t r i ge mi na l  

sp ina l  subnucleus  c a u d a l i s .  In t h e s e  r e g i o n s ,  d en s e l y  i n n e r v a t ed  wi th 

5-HT-IR f i b e r s ,  modu l a t i on  o f  both  n o c i c e p t i v e  and n onnoc i cep t i ve  

a c t i v i t y  may be o c c u r r i n g .  More e l e c t r o p h y s i o l  og i ca l  s t u d i e s  compar­

ing e f f e c t s  o f  5-HT on n o n n o c i c e p t i ve  a c t i v i t y  in  p r i m a r i l y  nonnoci -  

c e p t v i e  r e g i o n s ,  e . g . ,  t h e  t r i g e m i n a l  main sensory  n u c l e u s ,  wi th  

e f f e c t s  o f  5-HT on n o c i c e p t i v e  a c t i v i t y  i n  p r i m a r i l y  n o c i c e p t i v e  

a r e a s ,  e . g . ,  s p i n a l  subnuc leus  c a u d a l i s ,  might  f i nd  a d i f f e r e n c e  in 

modula tory  e f f e c t s .
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D. Exper imental  de s i gn

This  t h e s i s  p r o j e c t  examines  t h e  q u e s t i o n  o f  whether  s e r o t o n e r g i c  

modul a t i on  o f  somatosensory  t r a n s m i s s i o n  occu r s  a t  t h e  l eve l  o f  t h e  

tha lamus  o f  t h e  r a t .  Another  q u e s t i o n  o f  i n t e r e s t  was whether  t h e r e  

i s  a d i f f e r e n c e  in s e r o t o n e r g i c  e f f e c t s  on n o c i c e p t i v e  a c t i v i t y  in  

p r i m a r i l y  n o c i c e p t i v e  r eg i o n s  of  t h e  t h a l a mu s ,  and e f f e c t s  on nonnoci ­

c e p t i v e  a c t i v i t y  in p r i m a r i l y  n o n no c i c e p t i v e  r e g i o n s .  In t h e  f i r s t  

p a r t  o f  t h e  p r o j e c t ,  s e r o t o n i n  immunocytochemist ry was used t o  map t he  

d i s t r i b u t i o n  of  5-HT-IR f i b e r s  in t h e  tha lamus  o f  t h e  r a t .  The pur­

pose o f  t h e s e  exper i men t s  was t o  d e t e r mi ne  whether  t h e r e  a r e  5-HT-IR 

f i b e r s  in t h e  tha lamus  and t o  compare t h e  d e n s i t y  o f  i n n e r v a t i o n  of  

d i f f e r e n t  a n a t o m i c a l l y  d i s t i n c t  r e g i o n s .  In t h e  second s e t  o f  e x p e r i ­

ments  e x t r a c e l l u l a r  s i n g l e  u n i t  r e c o r d i n g  t e c h n i q u e s  were used t o  

l o c a l i z e  r e s pons es  t o  p e r i p h e r a l l y  a p p l i e d  somatosensory  s t i m u l i  and 

t o  c o r r e l a t e  u n i t  r e sponse  c h a r a c t e r i s t i c s  wi th  t h e  c y t o a r c h i t e c t u r a l  

d i v i s i o n s  o f  t h e  t h a l a mu s .  The purpose o f  t h e s e  exper i ment s  was t o  

p h y s i o l o g i c a l l y  c h a r a c t e r i z e  ( i . e . ,  as  p r i m a r i l y  n o c i c e p t i v e  or  pr ima­

r i l y  nonnoc i c e p t i ve )  d i f f e r e n t  ana tomical  d i v i s i o n s  o f  t h e  tha lamus 

p a r t i c u l a r l y  t h o s e  c o n t a i n i n g  d i f f e r e n t  d e n s i t i e s  o f  s e r o t o n e r i g c  

i n n e r v a t i o n .  In t h e  l a s t  p a r t  o f  t h e  p r o j e c t  m i c r o i o n t o p h o r e t i c  t e c h ­

niques  were used t o  apply  s e r o t o n i n  t o  u n i t s  r esponding  t o  p e r i p h e r ­

a l l y  app l i e d  somatosensory  s t i m u l i  in o r de r  t o  de t e rmi ne  t h e  e f f e c t s  

o f  5-HT on somatosensory  u n i t s  and t o  compare e f f e c t s  in p h y s i o l o g i ­

c a l l y  d i s t i n c t  r e g i o n s ,  e . g . ,  i n  n o c i c e p t i v e  and nonnoc i ce p t i ve  a r e a s .
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1.  SEROTONERGIC FIBERS IN THALAMIC NUCLEI

I n v e s t i g a t o r s  us ing  formal  dehyde- induced f l u o r e s e n c e  (FIF)  (Fuxe,  

' 65 ;  Anden e t  a l . ,  *66) and a u t o r a d i o g r a p h y ,  i . e . ,  i n t r a v e n t r i c u l  a r  

i n f u s i o n  o f  ^H-5-HT (Chan-Pa lay ,  ' 7 8 ;  P a r e n t  e t  a l . ,  ’81) have 

r epor t e d  t he  e x i s t e n c e  o f  s e r o t o n e r g i c  f i b e r s  in t he  t ha l a mus .  Di s -  

c r e p e n c i e s  amongst  t h e s e  r e p o r t s  e x i s t ,  however .  For example,  in  t h e  

m i d l i n e  n u c l e a r  g roup ,  Fuxe ( ' 6 5 )  only  found dens e  i n n e r v a t i o n  in 

nuc l eus  p e r i v e n t r i c u l a r i s .  P a r e n t  ( ' 8 1 )  a l s o  d e s c r i b e d  nucl eus  rhom- 

boideus  as well  l a b e l e d .  Chan-Palay ( ' 7 8 )  l i s t e d  m i d l i n e  i n n e r v a t i o n  

as s p a r s e  wi th  t h e  e x c e p t i o n  o f  nuc l eus  p a r a t e n i a l i s  which was 

r epor t e d  t o  be well  l a b e l e d .  In t h e  l a t e r a l  g e n i c u l a t e  nuc l eus  Fuxe 

( ’65) found d o r sa l  i n n e r v a t i o n  t o  be g r e a t e r  than  v e n t r a l ,  wh i l e  

Pa r e n t  e t  a l . ( ' 8 1 )  found v e n t r a l  s t a i n i n g  t o  be more i n t e n s e  than

dor s a l  in t h i s  n u c l e u s .

The d i s c r e p a n c i e s  in  f l u o r e s c e n t  and a u t o r a d i o g r a p h i c  r e p o r t s  o f  

t ha l ami c  s e r o t o n i n e r g i c  i n n e r v a t i o n  may be r e l a t e d  t o  d i f f i c u l t i e s  

involved wi th  t h e s e  t e c h n i q u e s .  The FIF method i s  s u b j e c t  t o  rapid  

pho todecompos i t i on  and has proven t o  be l e s s  s e n s i t i v e  in d e t e c t i n g  

indol eami nes  t h a n  c a t e c h o l ami n e s  ( c f .  Bjorklund e t  a l . ,  ' 7 5 ) .  In 

uptake s t u d i e s  i n  which r a d i o a c t i v e  m a t e r i a l  i s  i n f us ed  i n t r a v e n t r i c u -  

l a r l y  more s i l v e r  g r a i n s  a r e  seen in t h e  v i c i n i t y  o f  t h e  v e n t r i c l e  

than  in de e pe r  s t r u c t u r e s  which a r e  p e n e t r a t e d  by l e s s e r  amounts of  

t he  l a b e l e d  s ub s t an c e  (Agha jani an  e t  a l . ,  ' 6 6 ;  Chan-Pa l ay ,  ' 76 ;  P a r e n t  

e t  a l . ,  ' 8 1 ) .

In an a t t empt  t o  avoid some o f  t h e s e  d i f f i c u l t i e s  S t e i nbus c h  e t  

a l . r a i s e d  an a n t i body  t o  a s e r o t o n i n - b o v i n e  serum albumin (BSA) con­
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j u g a t e  ( ' 7 8 ) ,  and used i t  t o  map t h e  d i s t r i b u t i o n  o f  s e r o t o n i n  immuno- 

r e a c t i v i t y  i n  t h e  c e n t r a l  nervous system of  t h e  r a t  ( S t e i nb u sc h  ' 8 1 ) .  

This  immunocytochemical  p r ocedu r e  proved t o  be both s e n s i t i v e  and spe­

c i f i c .

R e c e n t l y ,  Wal lace  e t  a l . ( ‘82) modi f i ed  S t e i n b u s c h ' s  o r i g i n a l

t e c h n i q u e  by s u b s t i t u t i n g  an a n t i s e r um r a i s e d  a g a i n s t  a s e r o t o n i n - h e -  

mocyanin (HC) c o n j ug a t e  f o r  t h e  5-HT-BSA c o n j u g a t e  o r i g i n a l l y  used .  

The HC a n t i s e r u n  appea r s  t o  c o n t a i n  a h i g h e r  t i t e r  of  a n t i b o d i e s  t han  

t he  BSA a n t i s e r um (Wal lace  e t  a l . ,  ' 8 2 ) .  In t h e  p r e s e n t  s t u d y ,  t h e r e ­

f o r e ,  a 5-HT-HC c o n j u g a t e  an t i s e rum was used t o  map t h e  d i s t r i b u t i o n  

of  s e r o t o n i n  i mmunor eac t i v i t y  in t h e  t ha lamus  t o  c l a r i f y  e x i s t i n g  d i s ­

c r e p a n c i e s .

2.  PHYSIOLOGICAL CHARACTERIZATION OF THALAMIC NUCLEI

The somatosensory  tha lamus  o f  t h e  r a t  has  been d i v i de d  i n t o  t h e  

VB and PO complexes  and t h e  VB complex has been subdiv ided  i n t o  t he  

VPL nucleus  and t h e  VPM nuc l eus  on t h e  b a s i s  o f  c y t o a r c h i t e c t u r a l  d i f ­

f e r e n c e s  as  has  been done in o t h e r  mammals,  e . g . ,  t h e  monkey and c a t  

( M c A l l i s t e r  and Wel l s ,  *81) .  In t h e  r a t ,  however ,  i t  i s  l e s s  c l e a r  

t h a t  t h e s e  c y t o a r c h i t e c t u r a l  d i v i s i o n s  a l s o  r e p r e s e n t  f u nc t i o n a l  d i v i ­

s i o n s  t ha n  i t  i s  i n  t h e  monkey and c a t .

The purpose o f  t h i s  p a r t  o f  t h e  s t u d y ,  t h e r e f o r e ,  was t o  compare 

u n i t  r e sponse  c h a r a c t e r i s t i c s  o f  t h e  d i f f e r e n t  d i v i s i o n s  o f  t h e  soma­

t o s e n s o r y  t ha lamus  o f  t h e  r a t  and t o  de t e r mi ne  whether  t h e r e  i s  indeed 

a c o r r e l a t i o n  between anatomical  l o c a l i z a t i o n  and response  c h a r a c t e r ­

i s t i c s .  Thi s  i n f o r m a t i o n  in  c o n j u n c t i o n  wi th  t h e  r e s u l t s  o f  t h e  f i r s t
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p a r t  o f  t h e  s t udy  would t he n  p r ov i de  i n f o r m a t i o n  on the  d e n s i t y  o f  

5-HT immunoreac t ive  f i b e r s  in  f u n c t i o n a l l y  d i s t i n c t  r eg i o n s  o f  t h e  

t h a l a mu s .

3.  EFFECTS OF SEROTONIN ON SOMATOSENSORY ACTIVITY AT THALAMIC LEVEL

There i s  c o n s i d e r a b l e  ev i dence  i n d i c a t i n g  t h a t  5-HT seems t o  

e x e r t  an i n h i b i t o r y  e f f e c t  on somat osensory ,  p a r t i c u l a r l y  n o c i c e p t i v e  

t r a n s m i s s i o n .  Pharmacologi ca l  s t u d i e s  have shown t h a t  ma n i p u l a t i on s  

which d e c r e a s e  s e r o t o n i n  l e v e l s  produce h y p e r a l g e s i a ,  and t h o s e  which 

i n c r e a s e  5-HT l e v e l s  produce hyp o a l ge s i a  ( s e e  Messing and L y t l e ,  ' 77 

f o r  r e v i e w) .  El e c t r o p h y s i o l o g i c a l  s t u d i e s  have shown t h a t  e l e c t r i c a l  

s t i m u l a t i o n  o f  s e r o t o n i n - c o n t a i n i n g  n uc l e i  o f  t h e  v en t r a l  b r a i ns t em 

i n h i b i t s  e x t r a c e l 1u l a r y  r ecorded  s i n g l e  u n i t  r e s pons es  t o  p e r i p h e r a l l y  

app l i e d  somatosensory  s t i m u l a t i o n  (Hu and S e s s l e ,  ' 79 ;  Dos t rovsky ,  

' 80 ;  Shah and Dos t r ovsky ,  ' 82 ;  Gray and Dos t rovsky ,  ' 83 ;  Dost rovsky e t

a l . ,  ' 83 ;  Dos t rovsky ,  ' 84 ;  Hayashi  e t  a l . ,  ' 8 4 ) .  I t  might  be

e x p e c t e d ,  t h e r e f o r e ,  t h a t  i o n t o p h o r e t i c  a p p l i c a t i o n  o f  5-HT onto u n i t s  

r esponding  t o  p e r i p h e r a l  l y  appl i ed  somatosensory  s t i m u l a t i o n  would 

a l s o  produce an i n h i b i t o r y  e f f e c t .  In f a c t ,  t h e  m a j o r i t y  o f  i n v e s t i ­

g a t o r s  working in t he  t r i g e m i n a l  n u c l e a r  complex and in t h e  d o r sa l  

horn o f  t h e  s p i na l  cord have shown t h i s  t o  be t r u e .  For  example,  in 

t he  do r s a l  horn o f  t h e  s p i n a l  c o r d ,  Randic and Yu ( ' 7 6 ) ,  Be l che r  e t

a l . ( ' 7 8 ) ,  and Headley e t  a l .  ( ' 7 8 )  found t h a t  5-HT i n h i b i t e d  most  o f

t h e  somatosensory  u n i t s  t e s t e d .  Fur the rmore  W i l l i s  and co-worker s  

r epo r t e d  t h a t  s e r o t o n i n  i n h i b i t e d  t h e  m a j o r i t y  o f  s p i no t h a l a m i c  t r a c t  

c e l l s  t e s t e d  ( Jo r da n  e t  a l . ,  ' 7 9 ;  Wi l l cockson e t  a l . ,  ' 8 4 ) .  In t h e
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t r i g e m i n a l  s p i na l  subnuc leus  c a u d a l i s ,  Burns and H a i g l e r  ( ’83) 

r e p o r t e d  t h a t  t h e r e  was a p r edomi nan t l y  i n h i b i t o r y  e f f e c t  o f  5-HT on 

u n i t s  which responded t o  noxious  s t i m u l a t i o n  wi th an i n c r e a s e  in f i r ­

ing f r e q u e n c y .

There  have been some r e p o r t s  o f  p r edomi nan t l y  e x c i t a t o r y  e f f e c t s  

o f  5-HT on somat osensory  u n i t s  in  t he  do r s a l  horn and in t h e  t r i g e m i ­

nal n u c l e a r  complex,  however .  Burns and H a i g l e r  ( ’83) found t h a t  s e r ­

o t o n i n  produced an e x c i t a t o r y  e f f e c t  on u n i t s  which responded t o  soma­

t o s e n s o r y  s t i m u l i  wi th  a d e c r e a s e  in f i r i n g  f r e q u e n c y .  Todd and 

M i l l a r  ( 183 ; 84 )  r e p o r t e d  t h a t  5-HT e x c i t e d  somatosensory u n i t s  in t he  

s u p e r f i c i a l  l aminae  o f  t h e  do r sa l  horn o f  t h e  s p i n a l  c o rd .  Be l che r  e t  

a l . ( ’ 78) a l s o  noted e x c i t a t o r y  e f f e c t s  i n  t h e  d o r s a l  horn o f  t h e  s p i ­

nal cord when t h e y  i o n t o p h o r e t i c a l l y  a p p l i e d  5-HT t o  spon t aneous l y  

a c t i v e  u n i t s  and t o  u n i t s  a c t i v a t e d  by D,L homocyste ic  a c i d .

Al though t h e r e  have been a number of  s t u d i e s  o f  t h e  i o n t o p h o r e t i c  

e f f e c t s  o f  5-HT on somatosensory u n i t s  o f  t h e  s p i na l  cord and t r i g e m i ­

nal n u c l e a r  complex t h e r e  have been fewer  such i n v e s t i g a t i o n s  a t  t he  

t h a l a m i c  l e ve l  p a r t i c u l a r l y  in t h e  VB and PO complexes .  In one s tudy 

Andersen and Dafny ( ' 8 2 )  demons t ra t ed  t h a t  i o n t o p h o r e t i c  a p p l i c a t i o n  

of  5-HT i n h i b i t e d  n o c i c e p t i v e  r e spons es  o f  t h e  m a j o r i t y  of  c e l l s  in 

t he  p a r a f a s c i c u l a r  nuc l eus  but  t h e y  d i d  no t  i n v e s t i g a t e  o t h e r  t ha l ami c  

n u c l e i .  In a n o t h e r  s t u d y ,  Andersen and C u r t i s  ( ' 6 4 )  found t h a t  s e r o ­

t o n i n  i n h i b i t e d  s pontaneous  a c t i v i t y  and C f i b e r  r e sponses  t o  e l e c t r i ­

cal  s t i m u l a t i o n  o f  t h e  c o n t r a l a t e r a l  u l n a r  nerve  b u t  found no e f f e c t  

o f  5-HT on s h o r t  l a t e n c y  r es pons es  in t he  VB complex.  They did  n o t ,  

however ,  look a t  i o n t o p h o r e t i c  e f f e c t s  of  5-HT on VB r es pons es  t o
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p h y s i o l o g i c a l  s t i m u l a t i o n .  One o f  t h e  purposes  o f  t h i s  p a r t  o f  t h e  

s t u d y ,  t h e r e f o r e ,  was t o  i n v e s t i g a t e  i o n t o p h o r e t i c  e f f e c t s  o f  5-HT on 

u n i t s  responding t o  m e c h a n i c a l l y  a p p l i ed  somatosensory s t i m u l a t i o n  in 

t h e  VB and PO complexes .

Another  q u e s t i o n  o f  i n t e r e s t  was whether  t h e r e  i s  a d i f f e r e n c e  in 

s e r o t o n e r g i c  e f f e c t s  on r e sponses  t o  n o c i c e p t i v e  and n o nn o c i c e p t i ve  

s t i m u l a t i o n .  Some i o n t o p h o r e t i c  s t u d i e s  a t  t he  s p i na l  l eve l  have 

addressed  t h i s  q u e s t i o n  bu t  t h e s e  s t u d i e s  have produced c o n f l i c t i n g  

r e s u l t s .  Be l che r  e t  a l . ( ’ 78) have r e p o r t e d  d i f f e r e n c e s  in 5-HT

e f f e c t s  on n o c i c e p t i v e  and n onnoc i cep t i ve  a c t i v i t y .  Todd and M i l l a r  

( * 8 3 ; 184) and Wi l lcockson e t  a l . ( ’8 4 ) ,  however ,  have not  seen much of  

a d i f f e r e n c e  between i o n t o p h o r e t i c  e f f e c t s  on n o c i c e p t i v e  and nonnoci ­

c e p t i v e  u n i t s .
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I I .  MATERIALS AND METHODS

A. Immunocytochemical  l o c a l i z a t i o n  o f  s e r o t o n e r g i c  f i b e r s  

1.  MATERIALS

a .  Animals ,  d r u g s ,  chemi ca l s

The an i ma l s  used f o r  immunocytochemical  exper i ment s  were male 

a l b i n o  r a t s  (150-390 gm; Cha r l e s  R i v e r ,  Wi lmington,  MA, o r  Zi v i c  

M i l l e r ,  A l l i s o n  Pa rk ,  PA).  They were housed 1-7 pe r  cage in a t a n p e r -  

a t u r e  c o n t r o l l e d  room wi th  a 12 hour  l i y h t  and dark  c y c l e .  P u r i na  r a t  

chow and Ĥ O were a v a i l a b l e  ad l i b i t u m .  The fo l l owi ng  drugs  and chem­

i c a l s  were ob t a i ned  from t h e  Sigma Chemical Co. ( S t .  L o u i s ,  MO): 

p a r g y l i n e  h y d r o c h l o r i d e ,  L - t r y p t o p ha n ,  5 -hydroxy t ryp t ami ne  c r e a t i n i n e  

s u l f a t e ,  and 3 - 3 '  d i ami nobenz i d i ne  t e t r a h y d r o c h l o r i d e ,  g rade  2.

b.  A n t i s e r a

The sheep a n t i  r a b b i t  (SAR) an t i s e rum and t he  normal sheep serum 

(NSS) were purchased from t h e  Pocono Rabbi t  Farm and Lab ( Canade ns i s ,  

PA),  and t he  pe r ox i da s e  a n t i  pe r ox i da se  (PAP) an t i s e rum from Miles  Lab 

( E k h a r t , IN) .

The s e r o t o n i n  (5-HT) an t i s e rum was a g i f t  from t h e  l a b o r a t o r y  o f  

Dr.  J .  Lauder  where i t  was r a i s e d  accord ing  t o  t h e  method o f  Wal lace 

e t  a l . ( ' 8 2 ) .  B r i e f l y ,  5 - H T - c r e a t i n i n e  s u l f a t e  (5-HT-CS) was coupled 

t o  l i mul us  hemocyanin (an i n v e r t e b r a t e  r e s p i r a t o r y  p r o t e i n )  wi th  f o r ­

maldehyde.  The s e ro t on i n -hemocyan i n  (5-HT-HC) con j uga t e  was t hen
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i n j e c t e d  s ubc u t a ne ous l y  on t h e  back o f  a r a b b i t .  Blood was c o l l e c t e d  

from an e a r  v e i n ,  t h e  serum s e p a r a t e d  by f i l t r a t i o n  and s t o r e d  f r o z e n ,  

or  l y o p h i l i z e d ,  wi t h  sodium a z i de  added as a p r e s e r v a t i v e .

The a n t i  serum was c h a r a c t e r i z e d  by Lauder and co-workers  us ing  

t h e  immunoabsorpt ion method (Lauder  e t  al . ' 82 ;  Wal lace e t  a l . ' 8 2 ) ,

i . e . ,  a n t i  serum was preabsorbed  wi th  d i f f e r e n t  c o n c e n t r a t i o n s  o f  t h e  

s ub s t an c e  t o  be t e s t e d  f o r  c r o s s - r e a c t i v i t y , and t i s s u e  s t a i n e d  wi th 

t h i s  preabsorbed  an t i  serum.  S e c t i o n s  were examined,  and a semi -quan­

t i t a t i v e  s c a l e  (0-+4)  used t o  r e p r e s e n t  t h e  r e l a t i v e  amount o f  immu- 

n o s t a i n i n g  p r e s e n t .  To reduce  d e t e c t a b l e  s t a i n i n g  in s e c t i o n s  p r eab­

sorbed wi th  dopamine,  n o r e p i n e p h r i n e ,  and e p i n ep h r i n e  t o  l e v e l s  of  

t h o s e  seen in s e c t i o n s  p r eabsorbed  wi th  5-HT, 10-50 t i mes  as much

dopamine,  20-100 t i me s  as  much n o r e p i n e p h r i n e ,  and 200 t i me s  as  much 

e p i n e p h r i n e  as 5-HT was n e c e s s a r y .  A complete  l i s t  o f  t h e  d i f f e r e n t  

compounds and t h e  c o n c e n t r a t i o n s  a t  which t h e y  were used i s  inc luded  

in Table  I .

Wal lace e t  a l . ( ’82)  a l s o  de t e rmined  t h e  s p e c i f i c i t y  o f  t h e  

an t i s e r um us ing pharmacologica l  t r e a t m e n t s .  P a r ach l o r opheny l a l  anine

(pCPA),  an i n h i b i t o r  o f  t r y p t o p ha n  hydroxylase  in ne rve  t e r m i n a l s ,  was 

i n j e c t e d ,  300 mg/kg,  IP ,  on t h e  f i r s t  day of  t r e a t m e n t  fol lowed by 6 

d a i l y  i n j e c t i o n s ,  100 mg/kg,  IP.  Thi s  t r e a t m e n t  r e s u l t e d  in a lmos t  a 

complete  l o s s  of  t e r mi n a l  s t a i n i n g  in most  b r a i n  r e g i o n s .  Other  subs ­

t a n c e s  were used t o  t e s t  f o r  p o t e n t i a t i n g  e f f e c t s  on 5-HT immunoreac- 

t i v i t y .  Nia l amide ,  a monoamine o x i d a se  i n h i b i t o r ,  and t he  s e r o t o n i n  

p r e c u r s o r ,  t r y p t op h a n  were g i v e n ,  300 mg/kg,  2 . 5  and 2 hours  p r i o r  t o  

s a c r i f i c e  r e s p e c t i v e l y .  Thi s  dual  p r e t r e a t m e n t  i n c re a s ed  immunoreac-
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Tab l e  I .  R e s u l t s  o f  immunoabsorpt ion ex p e r i me n t s  w i t h  5-HT-HC a n t i ­
serum.

F i n a l  C o n c e n t r a t i o n s (uM) o f  Compound Added t o  Ant i serum

Compound _0 10 100 500 1000 2000 4000

5-HT +++ ++ + 0 0 0 0
5-MT +++ +++ + 0 0 0 0
Trypt amine +++ ++ + 0 0 0 0
Dopamine +++ +++ +++ ++ + + +
N o r ep i n e p h r i n e  +++ +++ - +++ ++ + +
Ep i n ep h r i n e +++ +++ +++ +++ +++ ++ ++
Hi s t ami ne +++ - +++ ++ ++ + +
L - t r y p t o p h a n +++ - - +++ +++ +++ +++
5-HTP +++ - - +++ +++ +++ +++
Mel a t on i n +++ - - +++ +++ +++ ++
5-HIAA +++ - - +++ +++ +++ +++
Indo l e +++ - +++ +++ +++ +++ ++

Sc or i ng  o f  i n t e n s i t y  o f  i m m u n or e a c t i v i t y  i n  5-HT c e l l s  o f  t h e  B4-B9 
complex o f  embryonic  day 15 r a t  b r a i n  employs s e m i - q u a n t i t a t i v e  s c a l e ;  
++++ ( o v e r s t a i n e d )  t o  0 (no d e t e c t a b l e  s t a i n i n g ) ,  ( - )  n o t  t e s t e d  a t  
t h i s  d i l u t i o n .  A b b r e v i a t i o n s  5-MT, 5 -me t ho x y t r yp t a mi n e ,  5-HTP, 
5 - h y d r o x y t r y p t o p h a n ,  5-HIAA, 5 - h y d ro xy i n do l e  a c e t i c  a c i d .

(From Wal l ace  e t  a l . ,  ’82)
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t i v e  l a b e l i n g  but  a l s o  produced a s t a i n i n g  p a t t e r n  not  seen in c on t ro l  

an i ma l s  ( i . e . ,  n o n p r e t r e a t e d  o r  a f t e r  e i t h e r  p r e t r e a t m e n t  a l o n e ) .  

Li gh t  s t a i n i n g  was seen in  a r e a s  known t o  be p r i m a r i l y  dopaminerg i c ;  

s p e c i f i c a l l y ,  in t h e  zona compacta o f  t h e  s u b s t a n t i a  n i g r a ,  and in t he  

v en t r a l  t eymanta l  nuc l eus  (SN-VTN). To d e t e r mi ne  whether  t h i s  l a b e l ­

ing was due t o  dopaminerg ic  c r o s s - r e a c t i v i t y  o r  t o  small  amounts o f  

5-HT in t h e s e  c e l l s ,  a s e r i e s  o f  exper i ment s  were done .  T i s s u e  from 

animals  p r e t r e a t e d  wi th L-DOPA, t h e  immediate p r e c u r s o r  o f  dopamine,  

L-DOPA and n i a l a m i d e ,  o r  t y r o s i n e ,  t h e  p r e c u r s o r  of  L-DOPA, was exam­

ined f o r  immunoreac t i v i t y  in t h e  SN-VTN. (All  d rugs  were a d mi n i s t e r e d  

a t  300 mg/kg.  L-DOPA and t y r o s i n e  were g iven  a t  2 hours  p r i o r  t o  s ac­

r i f i c e ,  n i a l a mi de  2 . 5 . )  No l a b e l i n g  in t he  SN-VTN was found,  t h e r e ­

f o r e ,  Wal lace  e t  a l . ( ' 8 2  ) concluded t he  immunoreac t i v i t y  seen in

n i a l ami de  and t ryp t opha n  p r e t r e a t e d  animals  was not  due t o  c r o s s - r e a c ­

t i v i t y  o f  t h e  an t i s e r u m wi th  dopamine.  I t  has been hypothes i zed  t h a t  

t h e s e  c e l l s  s y n t h e s i z e  both 5-HT and dopamine but  normal ly  5-HT l e v e l s  

a r e  t o o  low t o  be d e t e c t e d  h i s t o c h e m i c a l l y  (Wal lace  e t  a l . ' 82 ;  S t e i n ­

busch and V e r h o f s t a d ,  ' 8 2 ) .

In c o n c l u s i o n ,  t h e  5-HT a n t i  serum used t h i s  s tudy  has been well  

c h a r a c t e r i z e d  and i t  has been de t e rmined  t h a t  t h e r e  i s  l i t t l e  c r o s s -  

r e a c t i v e  b i nd i ng  wi th o t h e r  n e u r o t r a n s m i t t e r s  found in  t h e  t ha l amus .

2.  METHODS

a .  P r e t r e a t m e n t  o f  an i mal s

Ten an i mal s  were used f o r  immunocytochemical  s t u d i e s .  To
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i n c r e a s e  i n t r a n e u r o n a l  5-HT l e v e l s  9 of  t he  10 an imal s  were p r e t r e a t e d  

wi th  a monoamine o x i da se  i n h i b i t o r ,  p a r g y l i n e  (200 mg/kg,  I P ) ,  and t h e  

s e r o t o n i n  p r e c u r s o r ,  t r y p t o p h a n  (200 mg/kg,  IP)  1 . 5  and 1 hour  p r i o r  

t o  p e r f u s i o n  r e s p e c t i v e l y .  One animal was not  p r e t r e a t e d .

All an imal s  were a n e s t h e t i z e d  wi th e t h e r ,  t h e n  per fused  wi th  an 

i c e - c o l d  0 . 1  M phosphate  b u f f e r  s o l u t i o n  (pH 7 . 4 )  c o n t a i n i n g  4% p a r a ­

formal dehyde ,  3% s u c r o s e ,  and 0.05% magnesium s u l f a t e  us ing a p e r f u ­

s i on  pump. Animals were d e c a p i t a t e d  and whole heads p o s t f i x e d  o ve r ­

n i g h t  in t h e  same f i x a t i v e .

Bra i ns  were c u t  i n t o  50 urn s e c t i o n s  on a v ib r a t ome  (Oxf ord ) .  The 

s e c t i o n s  were r i n s ed  3 t i m e s  i n  0 . 1  M phosphate  b u f f e r ed  s a l i n e  (PBS),  

and then  3 t i me s  i n  0 . 1  M TRIS b uf f e r ed  s a l i n e  (TBS) a t  room tempera­

t u r e .  Each r i n s e  l a s t e d  10 mi n u t e s .

b.  Immunocytochemical  s t a i n i n g

A m o d i f i c a t i o n  o f  S t e r n b e r g e r ' s  p e r o x i d a s e - a n t i p e r o x i d a s e  (PAP) 

t e c h n iq ue  was used t o  p r oc e s s  t i s s u e  f o r  immunocytochemical  s t a i n i n g  

( S t e r n b e r g e r  ’7 9 ) .  S e c t i o n s  were i nc uba t ed  s e q u e n t i a l l y  in  t h e  f o l ­

lowing a n t i s e r a :  (1)  r a b b i t  a n t i s e r o t o n i n  ( 1 : 2 , 00 0  d i l u t i o n ,  o v e r n i g h t  

a t  4°C) ,  (2)  sheep a n t i r a b b i t  (1 :100 d i l u t i o n ,  h a l f  an hour a t  room

t e m p e r a t u r e ) ,  and f i n a l l y ,  (3)  r a b b i t  pe r ox i da se  a n t i  pe rox i dase  (1 :100 

d i l u t i o n ,  one hour a t  room t e m p e r a t u r e ) .  Between each i n c u b a t i o n  the  

t i s s u e  was r i n s ed  3 t i me s  a t  room t e m p e r a t u r e ,  i n  TBS. Each r i n s e  was 

10 m i n u t e s .  All a n t i s e r a  were d i l u t e d  wi th a s o l u t i o n  c o n t a i n i n g  1% 

NSS and 0 . 1-0 . 2% T r i t o n  X-100 in TBS.
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Fol lowing i n c u b a t i o n  in t h e  a n t i  s e r a  t h e  PAP complex was v i s u a l ­

i zed  by p l a c i n g  t h e  t i s s u e  in a 3 -3 '  d i ami nobenz i d i ne  (DAB)-TBS s o l u ­

t i o n  c o n t a i n i n g  0.05% DAB and 0.003% HgOg f o r  10 mi n u te s .

A f t e r  be i ng  r i n s e d  f o r  10 min in TBS t h e  s e c t i o n s  were mounted 

and c o u n t e r s t a i n e d  wi th methyl  g r e e n .

c .  Photography

S e c t i o ns  were examined and photographed wi th a L e i t z  o r t h op l a n  

mi croscope  equipped wi t h  both  a l i g h t -  and d a r k f i e l d  condens e r .  

Nuclear  d e l i n e a t i o n s  were more a p p a r e n t  under  l i g h t f i e l d  i l l u m i n a t i o n  

but  immunoreact ive  f i b e r s  were more e a s i l y  v i s u a l i z e d  wi th t he  a i d  o f  

a d a r k f i e l d  c o n d e n s e r .  P h o t o g r ap h s ,  t h e r e f o r e ,  were a l l  t aken  under  

d a r k f i e l d  i l l u m i n a t i o n  wi th  a 35 mm a t t achment  and Panatomic-X f i l m 

(32 ASA, f i n e  g r a i n  p a n a c h r o m a t i c ) . They were p r i n t e d  on I l f os p e e d  

paper  ( g r a d e  4 o r  5 ) .
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B. E x t r a c e l l u l a r  r e c o r d i ng s  o f  neuronal  a c t i v i t y

1.  ELECTRODES

a .  S i n g l e  b a r r e l

C a p i l l a r y  t u b i ng  (A.M. Sys tems ,  I n c . ,  E v e r e t t ,  WA, omega d o t ,  1.5 

mm OD) was pu l l ed  i n t o  e l e c t r o d e s  on a h o r i z o n t a l  e l e c t r o d e  p u l l e r ,

and e l e c t r o d e  t i p s  were broken back t o  a f i n a l  d i a me t e r  of  about  2 . 5

urn under  mi c ros cop i c  o b s e r v a t i o n .  E l ec t r o de s  were f i l l e d  wi th 2% 

Niagara  Sky Blue dye ( A l l i e d  Chemical ,  Morr i s town,  NJ) in 0 . 5  M sodium 

a c e t a t e  ( He l lon  ' 7 1 ) .  In most  c a s e s  t he y  were p u l l e d ,  f i l l e d ,  and 

used on t h e  same day .

b.  Mu l t i ba r r e l

In m i c r o i o n t o p h o r e s i s  e xp e r i me n t s ,  e l e c t r o d e s  were made from com­

m e r c i a l l y  prepa red  5 b a r r e l  b l anks  wi th g l a s s  f i l a m e n t s  in each b a r r e l  

(R & D S c i e n t i f i c  G l a s s ,  S p e n c e r v i l l e ,  MD), o r  from 7 ba r r e l  b lanks  

made by f u s i n g  s i n g l e  p i e c e s  of  c a p i l l a r y  t u b i n g  (W.P. I n s t r umen t s  

I n c . ,  omega d o t ,  1 .0  mm OD). The l a t t e r  were made by f i x i n g  6 p i e c e s  

o f  c a p i l l a r y  t ub i ng  wi th f l a r e d  ends around a c e n t r a l  p i ece  o f  t u b i ng

us ing  s h r in k  t u b i n g  and c y a n o a c r y l i c  g l u e .  All b l anks  were pu l l ed  on

a v e r t i c a l  e l e c t r o d e  p u l l e r .  Homemade blanks  were heated and t w i s t e d  

( about  180°) b e f o r e  p u l l i n g  t o  fuse  t h e  b a r r e l s .  Tips  of  a l l  e l e c ­

t r o d e s  were broken under  mi c r os c op i c  o b s e r v a t i o n  t o  f i n a l  t i p  diame­

t e r s  o f  2 . 5 - 5 . 0  urn; most  t i p s  were about  2 . 5  urn.

The o u t e r  b a r r e l s  o f  a l l  b l anks  were f i l l e d  wi th  5-HT c r e a t i n i n e  

s u l f a t e  ( 0 . 05  M, pH 4 . 0  ) ,  o r  wi th  NaCl ( 4 . 0  M). 5-HT was made up in  

d i s t i l l e d  wa te r  j u s t  b e f o r e  u s e .  The c e n t r a l  b a r r e l  was f i l l e d  wi th
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Niagara  Sky Blue dye (2% in  0 . 5  M sodium a c e t a t e )  ( He l l on ,  ’ 7 1 ) ,  and 

se rved  as t h e  r ec o r d i ng  b a r r e l .  All  e l e c t r o d e s  were f i l l e d  wi th  t h e  

a i d  o f  c e n t r i f u g a t i o n .  The f l a r e d  ends o f  a l l  drug b a r r e l s  were 

coa t ed  wi th v a s e l i n e  a f t e r  t h e  e l e c t r o d e s  were f i l l e d  t o  p r e v e n t  f o r ­

mat ion o f  f l u i d  c u r r e n t  pa t h s  between b a r r e l s .

2.  PREPARATION OF ANIMALS

The ani mal s  used in e x t r a c e l l u l a r  s i n g l e  u n i t  s t u d i e s  were male 

a l b i n o  r a t s  (199-522 gm, Z i v i c  M i l l e r ,  A l l i s o n  Pa r k ,  PA o r  P e r f e c t i o n  

Breeders  ) .  They were housed and fed in t he  same manner as d e s c r i b e d  

f o r  immunocytochemical  s t u d i e s .  All  an imal s  were a n e s t h e t i z e d  wi th 

u r e t h a n e  (Sigma Chemical Co. ,  S t .  L o u i s ,  MO, 1 . 2 - 1 . 3  g / k g , I P ) .  Tra­

cheal  c a n n u l a t i o n s  were performed and t he  an imal s  mounted,  head l e v e l ,  

in a Kopf s t e r e o t a x i c  i n s t r u m e n t .  A ho l e  was d r i l l e d  in t h e  s k u l l ,  

t h e  u nde r l y i ng  dura  removed under  a d i s s e c t i n g  mi c r os c ope ,  and a drop 

of  o i l  p l aced  over  t h e  c o r t e x .

3.  RECORDING PROCEDURE

a.  M a t e r i a l s

The s i gna l  from t h e  r ec o r d i ng  e l e c t r o d e  was passed t o  a high 

impedance Grass  P16-DC a m p l i f i e r  and d i s p l a y e d  on an o s c i l l o s c o p e  

s c r e e n .  Uni t  f i r i n g  f r e q u e n c i e s  were moni tored wi th t h e  a id  o f  an 

audio m o n i t o r .  For  some u n i t s  r e c o r d s  o f  spontaneous  f i r i n g  f r equency  

o r  a c t i v i t y  evoked by mechanical  s t i m u l a t i o n  were a l s o  made by c o u n t ­

ing (HP 5304 A Ti mer /Counter )  t h e  ou t pu t  o f  a t ime-window d i s c r i m i n a ­

t o r  (BAK E l e c t r o n i c s ,  DI S- 1 ) ,  and p l o t t i n g  i t  in 1 sec i n t e r v a l s  on an
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T-Y p l o t t e r .  In o t h e r  c a s e s  somatosensory s t i m u l i  were a pp l i e d  wi th 

an e l e c t r o m a g n e t i c  d e v i c e ,  d r i v e n  by a Grass  s t i m u l a t o r ,  and p e r i s t i m -  

u l us  t i me  h i s t og r a ms  were ge n e r a t e d  us ing  a N i c o l e t  Signal  Averager  

and a T-Y p l o t t e r .  The s i z e  and shapes  o f  a l l  sp i kes  counted were

moni tored us ing a second o s c i l l o s c o p e  which provided a del ayed (Bak

E l e c t r o n i c s ,  AD-3) d i s p l a y  of  t h e  s p i k e s  passed by t h e  window d i s c r i m ­

i n a t o r  t o  i n s u r e  t h a t  only a s i n g l e  u n i t  was c oun t e d .

b.  Methods

Recording s i t e s  l a y  4 . 0 - 7 . 0  mm a n t e r i o r  t o  i n t e r a u r a l  z e r o ,  

2 . 0 - 4 . 0  mm l a t e r a l  t o  m i d l i n e ,  and from 4 . 0 - 8 . 0  below c o r t i c a l  s u r ­

f a c e .  S i n g l e  u n i t s  were i s o l a t e d  and t h e i r  s i z e  and shape no t e d .  They 

were t hen  t e s t e d  f o r  changes  in f i r i n g  f r equency  wi th t h e  a p p l i c a t i o n  

of  p e r i p h e r a l l y  a pp l i e d  mechanical  s t i m u l i .  Uni t s  were t e s t e d  f o r  

r e s p o n s i v e n e s s  t o  l i g h t  t ouch  (LT) ,  wh i ske r  movement and t o  noc i cep­

t i v e  p i nc h .  Rece p t i ve  f i e l d s  o f  each u n i t  were mapped.  In mi c r o i on ­

t o p h o r e s i s  e x pe r i m e n t s ,  t h e  evoked and spontaneous  a c t i v i t y  o f  u n i t s  

were a l s o  t e s t e d  f o r  s e n s i t i v i t y  t o  5-HT and t o  c u r r e n t .

In each animal a s e r i e s  o f  e l e c t r o d e  p e n e t r a t i o n s  were made in 

t h e  m e d i o l a t e r a l  and r o s t r oc a u d a l  p l a n e s .  At t h e  c o n c l u s i o n  of  expe r ­

iments  r e f e r e n c e  marks were made by p a s s i n g  2 . 5 - 5 . 0  uA o f  ca thodal  

c u r r e n t  t h rough  t he  dye f i l l e d  r eco rd i ng  e l e c t r o d e  f o r  5-10 min a t

s e l e c t e d  p o i n t s  in t h e s e  t r a c k s .
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4.  SOMATOSENSORY STIMULATION

For  some u n i t s  n o nn oc i c e p t i v e  s t i m u l i ,  e . g . ,  l i g h t  t o u c h ,  s t r o k ­

i n g ,  t a p p i n g ,  o r  whisker  movement were a p p l i e d  wi th f o r c e p s  whi l e  con­

t i n u o u s  r a t e me t e r  p l o t s  were made o f  c o r r e s pond i ng  changes  in f i r i n g  

f r e q u e n c y .  For o t h e r s  an e l e c t r o m a g ne t  was used t o  appl y  LT s t i m u l i ,  

and per i  s t i mu l us  t i me  h i s t og rams  were ge ne r a t e d  by a N i c o l e t  Signal  

Averager .

Noc i ce p t i ve  s t i m u l i ,  e . g . ,  s t r on g  p i nc h ,  were app l i ed  wi th f o r ­

c e p s ,  o r  wi th an a l l i g a t o r  c l i p  and con t i nuous  r a t e m e t e r  p l o t s  o f  f i r ­

ing f r equency  made.

5.  MICROIONTOPHORESIS OF SEROTONIN

The s e r o t o n i n  c r e a t i n i n e  s u l f a t e  complex was used in mi c r o i o n t o -  

p h o r e t i c  e xp e r i me n t s ,  and s e r o t o n i n  was a pp l i e d  t o  neurons wi th 

c a t i o n i c  c u r r e n t .  I t  has been demons t r a t ed  t h a t  i o n t o p h o r e t i c  a p p l i ­

c a t i o n  o f  c r e a t i n i n e ,  t h e  o t h e r  c a t i o n  in t h i s  complex,  has no e f f e c t  

on tha l ami c  u n i t s  when a pp l i e d  wi th  r e l a t i v e l y  l a r g e  c u r r e n t s ,  i . e .  

100-200 nA ( C u r t i s  and Dav i s ,  ' 6 2 ) .

Se r o t on i n  was i o n t o p h o r e t i c a l l y  a p p l i e d  wi th c u r r e n t s  r anging  

from 20-70 nA. I t  i s  known t h a t  f o r  a p a r t i c u l a r  i o n t o p h o r e t i c  c u r ­

r e n t  t h e  amount o f  drug a c t u a l l y  a pp l i e d  can vary  from e l e c t r o d e  t o  

e l e c t r o d e  ( Kr n j e v i c  e t  a l . ,  ' 6 3 ) .  Based on K r n j ev i c  e t  a l . ' s  ( ' 6 3 )  

e s t i m a t i o n  o f  t h e  t r a n s p o r t  number f o r  s e r o t o n i n ,  which i s  about  . 15 ,  

and t h e  assumpt ion  t h a t :
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m=ni t / zF

(where m i s  t h e  amount o f  5-HT a p p l i e d ,  n i s  t h e  t r a n s p o r t  number f o r  

s e r o t o n i n ,  i i s  c u r r e n t ,  t  i s  t i m e ,  z i s  v a l en c e  (assumed t o  be 1 ) ,  

and F i s  F a r r a d a y ' s  c o n s t a n t )

however ,  a rough approx imat i on  o f  t h e  q u a n t i t i y  o f  5-HT app l i ed  wi th  

c u r r e n t s  used in t h e s e  expe r i men t s  can be made.  I t  i s  l i k e l y  t h a t  

about  1010- 1 0 n  m o l e c u l e s / s e c  o f  5-HT were a pp l i e d  wi th 20-70 nA o f  

c u r r e n t .  In a l l  c a s e s  d u r in g  p e r i ods  o f  drug e j e c t i o n  an o p p o s i t e  

b a l a n c i n g  c u r r e n t  was a p p l i ed  t h rough  t h e  NaCl b a r r e l .  In a d d i t i o n ,  

most  u n i t s  were a l s o  t e s t e d  f o r  s e n s i t i v i t y  t o  unbalanced c u r r e n t  

passed t h rough t h e  NaCl o r  dye b a r r e l .  Uni t s  were d i s ca r de d  i f  t h e r e  

was not  a c l e a r  d i f f e r e n c e  between unbalanced c u r r e n t  and unbalanced 

drug e f f e c t s .  In some c a s e s  a r e t a i n i n g  c u r r e n t  o f  10 nA was a pp l i e d  

t o  drug b a r r e l  s .

In some m i c r o i o n t o p h o r e s i s  exper i ment s  con t inuous  r a t e m e t e r  p l o t s  

of  f i r i n g  f r equency  were made by c o u n t i n g ,  and then  p l o t t i n g ,  ve r sus  

t i m e ,  t h e  number o f  s p i k e s  per  second.  5-HT was ion t ophoresed  onto 

u n i t s  du r i ng  p e r io d s  o f  spontaneous  a c t i v i t y ,  and du r i ng  a p p l i c a t i o n  

of  p e r i p h e r a l  somatosensory  s t i m u l i .  E i t h e r  c o n t i n u o u s ,  n o c i c e p t i v e  

mechanical  s t i m u l t i o n ,  e . g . ,  c on t i nuous  p i nc h ,  o r  r a p i d l y  r e pe a t e d  

nonn o c i ce p t i ve  mechanical  s t i m u l t i o n ,  e . g . ,  s t r o k i n g  or  whi sker  move­

ment was used .

For  5-HT t r i a l s  on spontaneous  a c t i v i t y ,  r a t e me t e r  p l o t s  o f  u n i t  

a c t i v i t y  were made b e f o r e ,  du r i ng  and a f t e r  drug a p p l i c a t i o n .  F i r i n g  

f r eq ue n cy ,  in s p i k e s / s e c o n d ,  f o r  15 second i n t e r v a l s  in each o f  t h e s e  

p e r i o d s  were t e s t e d  f o r  n o r ma l i t y  (Wil k-Shapi  ro t e s t ,  c r i t i c a l  va lue
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alpha = . 0 5 ) .  In most  c a s e s ,  u n l e s s  a c t i v i t y  l e v e l s  were very  low so 

t h a t  f i r i n g  f r equency  a l t e r n a t e d  between 0 and 1 s p i ke  per  second,  t h e  

number of  coun t s  in  t h e s e  i n t e r v a l s  was normal ly  d i s t r i b u t e d  about  a 

mean.  Mean f i r i n g  f r e q u e n c i e s  were c a l c u l a t e d  f o r  i n t e r v a l s  and t he  

p e r c e n t  changes  induced by t h e  drug de t e rmined  f o r  each neuron s t u d ­

i e d .  T - t e s t s  were used t o  e v a l u a t e  whether  mean f i r i n g  f r e q u e n c i e s  

b e f o r e  and dur ing  i o n t o p h o r e s i s ,  and mean f i r i n g  f r e q u e n c i e s  b e f o r e  

and a f t e r  drug were s i g n i f i c a n t l y  d i f f e r e n t .

In some m i c r o i o n t o p h o r e s i s  expe r i men t s  c on t i nuous  r a t e m e t e r  p l o t s  

of  u n i t  a c t i v i t y  evoked by p e r i p h e r a l l y  a p p l i e d  somatosensory s t i m u l a ­

t i o n  were a l s o  made b e f o r e ,  d u r i n g ,  and a f t e r  i o n t o p h o r e s i s  o f  5-HT, 

as  s c h e m a t i c a l l y  i l l u s t r a t e d  in Fig 1.  A record  o f  spontaneous  a c t i v ­

i t y  was ob t a i ned  and t h e  somatosensory s t i mu l us  a p p l i e d .  A record  of  

evoked a c t i v i t y  was made b e f o r e  drug a p p l i c a t i o n .  S e r o t on i n  was i on-  

t o p h o r e t i c a l l y  a p p l i e d ,  and a r ecord  of  evoked a c t i v i t y  du r in g  drug 

i o n t o p h o r e s i s  made.  F i n a l l y ,  t h e  i o n t o p h o r e t i c  c u r r e n t  was t u rned  

o f f ,  and a r ecord  of  evoked a c t i v i t y  was made a f t e r  drug a p p l i c a t i o n .  

Mean f i r i n g  f r e q u e n c i e s  f o r  evoked a c t i v i t y  were t hen  compared f o r  

b e f o r e ,  d u r i n g ,  and a f t e r  drug i n t e r v a l s  and t - t e s t s  used t o  e v a l u a t e  

t h e  s i g n i f i c a n c e  o f  changes  in f i r i n g  f r equency  as  p r ev i o us l y  

d e s c r i b e d .  For t h e s e  u n i t s ,  r a t e m e t e r  p l o t s  of  u n i t  r e s pons es  t o  

somatosensory s t i m u l a t i o n  a l o n e ,  w i t h o u t  i o n t o p h o r e s i s  o f  5-HT, were 

al so made.

In o r d e r  t o  s t u d y  t h e  t i me  c o u r s e  o f  t h e  somatosensory r e s po n s e ,  

and t h e  e f f e c t  o f  5-HT on e a r l y  and l a t e  r esponse  components ,  nonnoc i ­

c e p t i v e  mechanical  s t i m u l i  were a p p l i e d  t o  t h e  r e c e p t i v e  f i e l d s  o f
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F i g u r e  1 .  Schemat ic  drawing o f  a c o n t i n u ou s  r a t e m e t e r  p l o t  o f  t h e  

e f f e c t  o f  s e r o t o n i n  on a c t i v i t y  evoked by somat osensory  s t i m u l a t i o n .  

The x - a x i s  i s  t i m e ,  t h e  y - a x i s  f i r i n g  f r e q u e n c y  i n  H e r t z .  B,D,  and A 

r e p r e s e n t  i n t e r v a l s  o f  t i m e  b e f o r e ,  d u r i n g ,  and a f t e r  d rug  a p p l i c a t i o n  

r e s p e c t i v e l y .

H—

r T

t ime
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some u n i t s  us ing an e l e c t r o m e c h a n i c a l  d e v i c e  and p e r i s t i m u l u s  t i me  

h i s t og rams  were g e n e r a t e d .  His tograms o f  u n i t  r e s ponses  t o  r epea t ed  

a p p l i c a t i o n  (10-15 t i mes )  of  t h i s  t ype  o f  s t i m u l t i o n  were made du r i ng  

p e r io d s  o f  5-HT i o n t o p h o r e s i s  and du r i ng  p e r i o d s  wi th no i on t opho r e ­

s i s .  Hi s tograms o f  r e s pons es  b e f o r e  i o n t o p h o r e s i s  were compared t o  

h i s t og r a ms  d u r i n g  i o n t o p h o r e t i c  a p p l i c a t i o n  o f  5-HT and t o  h i s tograms  

made a f t e r  i o n t o p h o r e s i s  wi th r egard  t o  magni tude and l a t e n c i e s  o f  

r e s po n s e s .

6 .  HISTOLOGICAL VERIFICATION OF RECORDING SITES

At t h e  c o n c l u s i o n  o f  an exper iment  an i mal s  were per fused  wi th 

p h y s i o l o g i c a l  s a l i n e  fol lowed by 10% f o r m a l i n .  The f i xed  b r a i n s  were 

s l i c e d  in 80 urn coronal  s e c t i o n s  on a f r e e z i n g  microtome.  S e c t i o n s  

were mounted and c o u n t e r s t a i n e d  wi th  n eu t r a l  r ed .  Using v i s i b l e  

t r a c e s  o f  e l e c t r o d e  t r a c k s  and t he  Niagara  Sky Blue s po t s  f o r  r e f e r ­

ence ,  u n i t s  were l o c a l i z e d  on p r o j e c t i o n  o u t l i n e  drawings  o f  t h e  

s l i d e s .  L o c a l i z a t i o n s  from a l l  exper i ment s  were t hen  p l o t t e d  on a 

s e r i e s  o f  r e p r e s e n t a t i v e  o u t l i n e s  spaced a t  0 . 5  mm i n t e r v a l s  t h rough 

t h e  somatosensory t h a l a m u s ,  f o l l owi ng  t h e  a t l a s  o f  Paxinos  and Watson 

C 8 2 ) .
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I I I .  RESULTS AND DISCUSSION

A. L o c a l i z a t i o n  o f  s e r o t o n i n  immunoreact ive  f i b e r s  in t he  tha lamus

1.  RESULTS

In an imal s  p r e t r e a t e d  wi th L - t ryp t ophan  and a MAO i n h i b i t o r ,  pa r -

g y l i n e ,  t h e  number of  l a b e l e d  f i b e r s  in t h e  t ha l a mi c  r eg i on  was

g r e a t e r  than in n on p r e t r e a t e d  a n i ma l s .  The fo l l owi ng  d a t a  a r e  t he

r e s u l t  o f  work done on p r e t r e a t e d  an i ma l s .  P r e a b s o r p t i o n  o f  t h e  p r i -

-2mary a n t i s e r um wi th 5 - H T - c r e a t i n i n e  s u l f a t e  (10 M) a l s o  v i r t u a l l y  

abo l i shed  tha l ami c  l a b e l i n g .

S t e i nbusch  ( ' 8 1 )  has d i v i ded  5-HT-immunoreact ive f i b e r s  i n t o  

t h r e e  c a t e g o r i e s :  f i b e r s  wi th  no or  few v a r i c o s i t i e s  (found in f i b e r

b u n d l e s ) ;  t h i n n e r  f i b e r s  wi th  v a r i c o s i t i e s ,  and; f i b e r s  wi t hou t  c l e a r  

i n t e r v a r i c o s e  conne c t i ons  (found in d en s e l y  i n n e r v a t e d  a r e a s ) .  The 

m a j o r i t y  of  t h e  5-HT f i b e r s  seen in t h e  tha lamus  were c h a r a c t e r i z e d  by 

both v a r i c o s i t i e s  and i n t e r v a r i c o s e  segment s .  However,  a s  observed by 

S t e i nbusch  ( ' 8 1 )  some f i b e r s  wi thou t  i n t e r v a r i c o s e  segments were p r e s ­

e n t  in very  d e n s e l y  i n n e r v a t e d  a r e a s  such as  in  t he  mi d l i n e  nucl e i  

( F i g .  2 a ) ,  and in f i b e r  b u n d l e s ,  such as  in  t h e  s t r i a  t e r m i n a l i s ,  a 

few f i b e r s  wi thou t  v a r i c o s i t i e s  were v i s u a l i z e d  ( F i g .  2 b ) .  In most  

nuc l e i  f i b e r  d i s t r i b u t i o n  was homogeneous; f i b e r s  were not  organized  

in d i s c r e t e  c l u s t e r s  ( F i g s .  5 , 6 , 8 ) .  Any one p a r t i c l a r  f i b e r  a l s o  

appeared t o  c o n t a c t  more t han  one c e l l .  Thi s  was sugges t ed  by t h e  

o b s e r v a t i o n  t h a t ,  excep t  in f i b e r  b u n d l e s ,  l a b e l e d  f i b e r s  were o f t e n  

t o r t u o u s ;  in  a p a r t i c u l a r  p l ane  o f  s e c t i o n  they  could be seen pas s i ng  

in c l o s e  p rox imi ty  t o  a number of  c e l l s  p a r t i a l l y  e n c i r c l i n g  each as
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i t  was bypassed ( F i g .  2 c ) .  There did  not  appear  to  be d i f f e r e n c e s  in 

t he  i n n e r v a t i o n  of  d i f f e r e n t  c e l l  t y p e s ;  f i b e r s  e n c i r c l e d  both l a r g e  

and smal l  c e l l s  a l i k e .  F i b e r s  a l s o  seemed t o  make m u l t i p l e  c o n t a c t s  

wi th  c e l l s ,  i . e .  t h e  l e n g t h  o f  l a b e l e d  f i b e r s  which e n c i r c l e d  c e l l s  

was o f t e n  composed of  a number o f  v a r i c o s i t i e s .  C e l l s  may have been 

p a r t i a l l y  e n c i r c l e d  by more than  one f i b e r  a l t hough  i t  was i mp o s s ib l e  

t o  d i s t i n g u i s h  d i f f e r e n t  f i b e r s  from branches  o f  t h e  same f i b e r .

a .  Midl ine  nuc l e i  and nucl eus  m e d i a l i s  d o r s a l i s

The m i d l i n e  n u c l e a r  group c o n s i s t s  o f  nuc l eus  p e r i v e n t r i c u l  a r i s ,  

nuc l eus  rhomboideus ,  nuc l eus  r e u n i e n s ,  nuc l eus  p a r a t e n i a l i s ,  and 

nucl eus  g e l a t i n o s u s  ( F i g s .  3 , 4 ) .  Labe l ing  was un i fo rml y  dense in 

nucl eus  p e r i v e n t r i c u l a r i s  ( F i g s .  5 a , b ;  6 a , c ) ,  nucl eus  r eun i e ns  ( F i g .  

5 a , b ) ,  and nucl eus  rhomboideus ( F i g .  6 a , c ) .  I nd i v i du a l  f i b e r s  were 

d i f f i c u l t  t o  v i s u a l i z e  in t h e s e  n u c l e i ;  t h e y  d id  not  extend f a r  in t he  

p lane  o f  s e c t i o n .  Many of  them seemed t o  have v a r i c o s i t i e s  wi thout  

i n t e r v a r i c o s e  segments  ( F i g .  2 a ) .  A d i f f u s e  l a b e l i n g ,  p o s s i b l y  due t o  

r e l e a s e  of  s e r o t o n i n  from t h e  f i b e r s  was a l s o  p r e s e n t  in t h e s e  

r e g i o n s .  Immunoreac t iv i t y  was observed in t h e  supraependymal plexus  

dor s a l  t o  t h e  nucl eus  p e r i v e n t r i c u l a r i s  and t h e  do r s a l  tha lamus ( F i g s .  

2 a , d ;  6 a , c ) .  These f i b e r s  c o n s i s t e d  of  ve ry  de n s e l y  s t a i n e d  l a r g e  

v a r i c o s i t i e s  s ep a r a t e d  by t h i n  i n t e r v a r i c o s e  segments  ( F i g .  2 a , d ) .

The nuc l eus  p a r a t e n i a l i s  ( F i g .  5 a , b ) , nuc l eus  m e d i a l i s  d o r s a l i s  

( F i g .  6 a , c ) ,  and nucl eus  g e l a t i n o s u s  ( F i g .  6 a , c )  con t a i ned  few immuno- 

r e a c t i v e  f i b e r s .



-  45

Table  I I .  A b b r e v i a t i on s  f o r  F i g u r es  2-8

ad:  nuc l eus  a n t e r i o r  d o r s a l i s
em: nuc l eus  a n t e r i o r  m e d i a l i s
av:  nuc l eus  a n t e r i o r  v e n t r a l  i s
CC: c r u s  c e r e b r i
CFV: commissura f o r n i c u s  v e n t r a l  i s
C l : c a p s u l a  i n t e r n a
CP: commissura p o s t e r i o r
cp:  nuc l eus  c auda t u s  putamen
d g l : nuc l eus  d o r s a l i s  c o r p o r i s  g e n i c u l a t i  l a t e r a l i s
F: columna f o r n i c i s
FMP: f a s c i c u l u s  m e d i a l i s  p r o s e nc e pha l i  (medial  f o r e b r a i n

bundle)
FMT: f a s c i c u l u s  mammil1o t ha l ami cus
FR: f a s c i c u l u s  r e t r o f l e x u s
g: nuc l eus  g e l a t i n o s u s
gm: nuc l eus  c o r p o r i s  g e n i c u l a t i  m e d i a l i s
GP: g lobus  pal 1 idus
HI: hippocampus
LAMI: l amina m e d u l l a r i s  i n t e r n a
Id :  nuc l eus  l a t e r a l i s  d o r s a l i s
Ih:  nuc l eus  l a t e r a l i s  habenul ae
LM: l emniscus  medial  i s
Ip :  nuc l eus  l a t e r a l i s  pa r s  p o s t e r i o r
md: nuc l eus  m e d i a l i s  d o r s a l i s
mh: nucl eus  m e d i a l i s  habenul ae
p:  nucl eus  p r e t e c t a l  i s
pf :  nuc l eus  p a r a f a s c i c u l a r i s
pm: nuc l eus  pos t e romedianus
po: nucl eus  p o s t e r i o r  ( p o s t e r i o r  complex)
p t :  nuc l eus  p a r a t e n i a l i s
pv: nuc l eus  p e r i v e n t r i c u l a r i s
r :  nuc l eus  r e t i c u l a r i s
r e :  nucl eus  r e u n i e n s
rh :  nuc l eus  rhomboideus
SM: s t r i a  medul1a r i s
ST: s t r i a  t e r m i n a l  i s
s t :  nuc l eus  i n t e r s t i t i a l i s  s t r i a e  t e r mi na l  i s
v: nucl eus  v e n t r a l i s
vd: nucl eus  v e n t r a l i s  pa r s  d o r s o m e d i a l i s
v g l : nucl eus  v e n t r a l i s  c o r p o r i s  g e n i c u l a t i  l a t e r a l i s
vm: nuc l eus  v e n t r a l i s  m e d i a l i s
ZI: zona i n c e r t a
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Fi gu r e  2 .  Dark f i e l d  h igh  power photomicrographs  o f  coronal  t h a l a mi c  

s e c t i o n s ;  s c a l e  ba r s  100 urn. a .  Photomicrograph o f  t h e  nuc l eus  p e r i ­

v e n t r i c u l  a r i s  i l l u s t r a t i n g  t h e  c h a r a c t e r i s t i c s  o f  immunoreac t ive  

f i b e r s  found in t h e  m i d l i n e  n u c l e i .  Arrow p o i n t s  t o  a l a b e l e d  f i b e r  

wi th v a r i c o s i t i e s  and no i n t e r v a r i c o s e  segment s ,  b .  Photomicrograph 

o f  t h e  s t r i a  t e r mi na l  i s  and d o r s a l  t ha l a mus .  F i b e r s  appea r  t o  run 

v e n t r o m e d i a l l y  from t h e  s t r i a  t e r m i n a l  i s  where t h e y  have fewer  v a r i ­

c o s i t i e s  t o  t h e  d o r s a l  tha l amus  where t h e  number o f  v a r i c o s i t i e s  

i n c r e a s e s .  Arrow p o i n t s  t o  a l a b e l e d  f i b e r  w i t hou t  v a r i c o s i t i e s .  c .  

Photomicrograph o f  nuc l eus  a n t e r i o r  v e n t r a l i s  i l l u s t r a t i n g  t h e  c h a r a c ­

t e r i s t i c s  o f  immunoreac t ive  f i b e r s  found in t h e  a n t e r i o r  n u c l e i .  

Arrow p o i n t s  t o  a l a b e l e d  f i b e r  wi th v a r i c o s i t i e s  and i n t e r v a r i c o s e  

segment s ,  d .  Photomicrograph  o f  t h e  s t r i a  m e d u l l a r i s  which c o n t a i n s  

a s p a r s e  t o  modera te  number o f  l a b e l e d  f i b e r s .
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Fi g u r e s  3 and 4 .  Schemat i c  d i a g ra ms  based on t h e  a t l a s  of  Konig and 

K l i ppe l  ( ‘ 70) i l l u s t r a t i n g  t h e  d i s t r i b u t i o n  o f  s e r o t o n e r g i c  f i b e r s  in 

t h e  t h a l a m u s .  I n c r e a s i n g  i n t e n s i t y  o f  l a b e l i n g  i s  i n d i c a t e d  by 

i n c r e a s i n g  d e n s i t y  o f  s t i p p l i n g  u s ed .

STy

G P

A6360

CFV ad

cp

[ G P

FMT

FMP

A 5660

md

cp

^  o

A4890



Id
lh.! Vi-AM I

A 4110

A3430

A2790
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Fi gu r e  5 .  Dark f i e l d  pho tomicrographs  o f  a coronal  t h a l a mi c  s e c t i o n ;  

A 5780 in Konig and Kl ippe l  ( ’ 7 0 ) ,  s c a l e  b a r s  400 urn. a .  Low power

photomicrograph i l l u s t r a t i n g  r e l a t i v e  f i b e r  d i s t r i b u t i o n .  The medi­

a l l y  l o c a t e d  nuc l e i  a r e  more d e n s e l y  i n n e r v a t e d  than  t h o s e  d o r s a l l y  

l o c a t e d .  Few f i b e r s  a r e  p r e s e n t  in  t h e  v e n t r a l  t ha l a mus .  b .  The

a n t e r i o r  m i d i i n e  nuc l e i  showing dense  i n n e r v a t i o n  o f  t h e  nucl eus  p e r i ­

v e n t r i c u l  a r i s  and nucl eus  r e u n i e n s  and s p a r s e  i n n e r v a t i o n  o f  t h e  

nuc l eus  p a r a t e n i a l i s .  c .  The nucl eus  a n t e r i o r  v e n t r a l  i s ,  wel l  

1a b e l e d .
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Fi gu r e  6 .  Dark f i e l d  photomicrographs  o f  a corona l  t ha l a mi c  s e c t i o n ;  

A 5150 in  Konig and Kl ippe l  ( ’ 7 0 ) ,  s c a l e  b a r s  400 urn. a .  Low power 

pho tomic rograph .  The m i d l i n e  n u c l e i  a r e  t h e  most  d e n s e l y  i n n e r v a t e d .  

Also wel l  l a b e l e d  i s  t h e  t h e  d o r s a l  t h a l a m u s ,  i . e . ,  nuc l eus  l a t e r a l i s  

d o r s a l i s .  Few immunoreac t ive  f i b e r s  a r e  found in t h e  v en t r a l  t h a l a ­

mus.  b .  Nucleus l a t e r a l i s  d o r s a l i s  and nucleus  a n t e r i o r  d o r sa l  i s .

L a t e r a l i s  d o r s a l i s  i s  well  i nn e r v a t e d  a l t hough  not  as  un i formly  as  t h e  

m i d l i n e  n u c l e i .  Nucleus a n t e r i o r  d o r s a l i s  c o n t a i n s  a modera te  amount 

o f  l a b e l .  c .  Uniformly dense  i n n e r v a t i o n  o f  t h e  m i d l i n e  n u c l e i ,  

nuc l eus  p e r i v e n t r i c u l a r i s ,  and nucl eus  rhomboideus ,  s p a r s e  i n n e r v a t i o n  

of  nuc l eus  m e d i a l i s  d o r s a l i s .
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b.  I n t r a l a m i n a r  nuc l e i

At a n t e r i o r  l e v e l s  t h e  i n t e r n a l  medu l l a ry  l ami na ,  i n c l u d i n g  

nuc l eus  c e n t r a l i s  l a t e r a l i s ,  nuc l eus  p a r a c e n t r a l  i s , and nucl eus  cen-  

t r om e d ia n u s ,  was well  l a b e l e d ,  a l t hough  no t  q u i t e  as  d e n s e l y  as  was 

t h e  m i d l i n e  nuc l e i  ( F i g s .  3 , 4 , 5 a , b ;  6 a , c ) .  At more p o s t e r i o r  l e v e l s ,  

however,  i . e .  a t  t h e  l e ve l  o f  t h e  nuc l eus  c o r p o r i s  g e n i c u l a t i  l a t e r ­

a l i s ,  i n t e r n a l  me d u l l a r y  lamina  l a b e l i n g  was l e s s  de ns e .  The nucl eus  

p a r a f a s c i c u l a r i s  was f a i r l y  well  i n n e r v a t e d ,  a l t hough  t h e  d i s t r i b u t i o n  

of  immunoreac t ive  f i b e r s  i n  t h i s  nucl eus  was not  as  homogeneous as  in  

t h e  mi d l i n e  nuc l e i  ( F i g .  7 c ) .  P a r a f a s c i c u l a r  f i b e r s  were s i m i l a r  t o  

t h o s e  found in t h e  a n t e r i o r  m i d l i n e  n u c l e i ,  t h e y  appeared t o  be f i n e  

and not  t o  extend f a r  in t h e  d o r s o v e n t r a l  p l a ne .

c .  A n t e r i o r  nuc l e i

The a n t e r i o r  nuc l e i  c o n s i s t  o f  nuc l eus  a n t e r i o r  v e n t r a l i s ,  

nuc l eus  a n t e r i o r  d o r s a l i s ,  and nucl eus  a n t e r i o r  m e d i a l i s  ( F i g .  3 ) .  

Nucleus a n t e r i o r  v e n t r a l i s  was well  i n n e r v a t e d ,  and l a b e l i n g  was un i ­

form ( F i g .  5 a , c ) .  Fewer immunoreact ive  f i b e r s  were found in nucl eus  

a n t e r i o r  m e d i a l i s ,  o r  i n  nuc l eus  a n t e r i o r  d o r s a l i s  ( F i g .  6 a , b ) .  

F i b e r s  in t h e  a n t e r i o r  n uc l e i  cour sed  f o r  f a i r l y  long d i s t a n c e s  in t he  

d o r s o v e n t r a l  p l a n e .  They were u s u a l l y  c h a r a c t e r i z e d  by both v a r i c o s i ­

t i e s  and i n t e r v a r i c o s e  segments  ( F i g .  2 c ) .

d .  L a t e r a l  nuc l e i

The l a t e r a l  nuc l e i  i n c l u de  nuc l eus  l a t e r a l i s  d o r s a l i s ,  and 

nuc l eus  l a t e r a l i s  par s  p o s t e r i o r  ( F i g s .  3 , 4 ) .  Nucleus l a t e r a l i s  do r -
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Fi g u r e  7.  Dark f i e l d  photomicrographs  o f  corona l  t h a l a mi c  s e c t i o n s ;  

s c a l e  b a r s  400 urn. a .  The nuc l eus  c o r p o r i s  g e n i c u l a t i  m e d i a l i s  and 

nuc l eus  c o r p o r i s  g e n i c u l a t i  l a t e r a l i s .  The nuc l eus  c o r p o r i s  gen i cu ­

l a t i  l a t e r a l i s  i s  well  i n n e r v a t e d ,  t h e  v e n t r a l  h a l f  more so than  t h e  

do r sa l  h a l f .  The nuc l eus  c o r p o r i s  g e n i c u l a t i  m e d i a l i s  c o n t a i n s  few 

l a b e l e d  f i b e r s ,  b .  The nuc l eus  l a t e r a l i s  pa r s  p o s t e r i o r ,  mode ra t e l y  

well  l a b e l e d ,  a l t hough  f i b e r  d i s t r i b u t i o n  i s  not  uni form.  c .  The 

nuc l eus  p a r a f a s c i c u l a r i s  and f a s c i c u l u s  r e t r o f l e x u s .  The nuc l eus  

p a r a f a s c i c u l  a r i s  i s  well  l a b e l e d .  Again f i b e r  d i s t r i b u t i o n  i s  not  

un i fo rm.  Immunoreact ive f i b e r s  running d o r s o v e n t r a l l y  can a l s o  be 

seen in t h e  f a s c i c u l u s  r e t r o f l e x u s .
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sal  i s  was well  i n n e r v a t e d  ( F i g .  6 a , b ) , w h i l e  i n n e r v a t a t i o n  in t he  

nuc l eus  l a t e r a l i s  pa r s  p o s t e r i o r  was only  modera te  ( F i g .  7b ) .  I nn e r ­

v a t i o n  in t h e  l a t e r a l  n u c l e i  was not  as  homogeneous as  t h a t  found in 

t h e  m i d l i n e  o r  a n t e r i o r  n u c l e i .  Vent ra l  p a r t s  o f  nucl eus  l a t e r a l i s  

d o r s a l i s  appea red  to  be more d e n s e l y  i n n e rv a t e d  than do r s a l  p a r t s  

( F i g .  6 b ) .  In t he  nuc l eus  l a t e r a l i s  p a r s  p o s t e r i o r  t he  d o r s a l  p a r t s  

of  t h e  nucl eus  c o n t a i n e d  more immunoreact ive  f i b e r s  t han  t h e  v e n t r a l  

p a r t s  ( F i g .  7 b ) .  F i b e r s  i n  l a t e r a l i s  d o r s a l i s  appeared t o  be s i m i l a r  

t o  t h o s e  found in t h e  a n t e r i o r  n u c l e i .  In l a t e r a l i s  pa r s  p o s t e r i o r ,  

however ,  f i b e r s  were s m a l l e r  and coursed  f o r  s h o r t e r  d i s t a n c e s  d o r s o ­

v e n t r a l  l y .

e .  Nucleus r e t i c u l a r i s ,  v e n t r a l  n u c l e i ,  and p o s t e r i o r  complex

At t h e  a n t e r i o r  po l e  o f  t h e  tha lamus  t h e  nucl eus  r e t i c u l a r i s  was 

mode ra t e l y  wel l  i n n e r v a t e d  ( F i g .  8 a ) .  Except  f o r  one a r e a ,  which 

appeared t o  cor respond  t o  G u r d j i a n ' s  ( ' 27  ) v e n t r a l i s  m e d i a l i s  and

was m o d e r a t e l y  i n n e r v a t e d ,  t h e  v e n t r a l  t ha l a mus ,  i n c l u d i n g  t h e  VB com­

plex and t h e  p a r t  o f  t h e  PO complex dorsomedia l  t o  t he  VB complex con­

t a i n e d  few immunoreac t ive  f i b e r s .  Areas  p o s t e r i o r  t o  t h e  VB complex 

were m o d e r a t e l y  well  l a b e l e d .  F i b e r s  in t h e s e  nuc l e i  appeared t o  be 

s i m i l a r  t o  t h o s e  found in t h e  a n t e r i o r  n u c l e i .

f .  Metathalamus

The meta tha lamus  c o n s i s t s  o f  nucl eus  v e n t r a l i s  c o r p o r i s  g e n i cu ­

l a t i  l a t e r a l i s ,  nuc l eus  d o r s a l  i s  c o r p o r i s  g e n i c u l a t i  l a t e r a l i s ,  and 

nuc l eus  c o r p o r i s  g e n i c u l a t i  m e d i a l i s .  The v e n t r a l  p a r t  o f  nuc l eus
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Fi g u r e  8 .  Dark f i e l d  photomicroghraphs  of  coronal  t ha l a mi c  s e c t i o n s ;  

s c a l e  b a r s  400 urn. a .  The nucl eus  r e t i c u l a r i s ;  A 5910 in Konig and 

Kl ippe l  ( ’ 7 0 ) ,  mode ra t e l y  wel l  l a b e l e d .  b .  The VB complex;  A 4110,  

s p a r s e l y  i n n e r v a t e d .  c .  The p o s t e r i o r  complex p o s t e r i o r  t o  t h e  VB 

complex (A 2790) ,  a l s o  mode ra t e l y  wel l  l a b e l e d .
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c o r p o r i s  g e n i c u l a t i  l a t e r a l i s  was d e n s e l y  i n n e r v a t e d  wh i l e  t he  do r s a l  

p a r t  was on ly  mode ra t e l y  s o .  P a r t i c u l a r l y  s t r i k i n g  was a band of 

dense  i n n e r v a t i o n  which occured a t  t h e  d i v i s i o n  between t h e  d o r sa l  and 

v en t r a l  p a r t s  o f  t h i s  nuc l eus  ( F i g .  7 a ) .  The nucl eus  c o r p o r i s  ge n i cu ­

l a t i  m e d i a l i s  con t a i ned  few l a b e l e d  f i b e r s  ( F i g .  7 a ) .

g .  F i b e r  bundles  in t ha l a mi c  r eg ion

F ib e r  bundles  t h a t  have p r e v i o u s l y  been d e s c r i b e d  as p r ov id i ng  

e i t h e r  s e r o t o n e r g i c  o r  raphe inpu t  t o  t h a l a mi c  nuc l e i  were examined 

f o r  5-HT i mmu n or eac t i v i t y .  These i n c l u d e  t h e  f a s c i c u l u s  r e t r o f l e x u s ,  

t h e  f a s c i c u l u s  mamil1o t h a l a m i c u s , t h e  s t r i a  t e rmi na l  i s ,  and t h e  s t r i a  

medul l a r i s .

The f a s c i c u l u s  r e t r o f l e x u s  c o n t a i n e d  a few immunoreac t ive  f i b e r s  

which,  f o r  t h e  most  p a r t ,  ran f o r  s h o r t  d i s t a n c e s  in t h e  d o r s o v e n t r a l  

p l ane  ( F i g .  7 c ) .  These f i b e r s  had both v a r i c o s i t i e s  and i n t e r v a r i c o s e  

segment s .  The f a s c i c u l u s  mamil1o t ha l ami cus  a l s o  con t a i ned  5-HT immu­

n o r e a c t i v e  f i b e r s  wi th v a r i c o s i t i e s  and i n t e r v a r i c o s e  segments  which 

could be seen cou r s i ng  f o r  f a i r l y  long d i s t a n c e s  in t h e  p lane  o f  s ec­

t i o n  p a r t i c u l a r l y  a t  a n t e r i o r  l e v e l s .  A s p a r s e - t o - m o d e r a t e  number of

immunoreact ive  f i b e r s  could  be seen in t he  s t r i a  m e d u l l a r i s  ( F i g .  

2 d , 4 d , 6 b ) .  The s t r i a  t e r mi na l  i s  c o n t a i n e d  a g r e a t e r  number of  l a b e l e d  

f i b e r s .  Most o f  t h e s e  f i b e r s  ran p a r a l l e l  t o  each o t h e r .  They 

appeared t o  run v e n t r o m e d i a l l y  from t he  s t r i a  t e rmi na l  i s ,  where t he y  

tended t o  be n o n - va r i c o s e  o r  have few v a r i c o s i t i e s ,  t o  t h e  d o r sa l  t h a ­

lamus,  where t he  number o f  v a r i c o s i t i e s  i n c r e a s e d  ( F i g .  2 b ) .
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2.  DISCUSSION

In t h e  p r e s e n t  s t u d y  a r e c e n t l y  developed immunocytochemical  

t e c h n i q u e  f o r  t h e  v i s u a l i z a t i o n  o f  s e r o t o n i n - c o n t a i n i n g  neurons  was 

used t o  map t h e  f i b e r  d i s t r i b u t i o n  in  t h e  tha lamus  o f  t h e  r a t .

P r e v i o u s  i n v e s t i g a t o r s  us ing  h i s t oc hemi ca l  f l u o r e s c e n c e  (Fuxe ,
q

' 6 6 ) ,  a u t o r a d i o g r a p h y , i . e .  i n t r a v e n t r i c u l a r  i n f u s i o n  o f  H-5-HT 

(Chan-Pa l ay ,  ' 78 ;  P a r e n t ,  ' 8 1 ) ,  and immunocytochemist ry ( S t e i n b u s c h ,  

' 81 )  have d e s c r i b e d  s e r o t o n e r g i c  f i b e r s  in n u c l e i  o f  t h e  r a t  t ha l a mus .  

In most  c a s e s  nu c l e i  p r e v i o u s l y  d e s c r i b e d  as c o n t a i n i n g  l a be l ed  f i b e r s  

were a l s o  c h a r a c t e r i z e d  by s e r o t o n i n  i mmunoreac t i v i t y  i n  t h e  p r e s e n t  

s t u d y .  There  were d i f f e r e n c e s  i n  t h e  d e n s i t y  o f  i n n e r v a t i o n  o bs e r ve d ,  

however .  In t h e  m i d l i n e  n u c l e i  Fuxe ( ' 6 5 ) ,  Chan-Palay ( ' 7 8 ) ,  P a r en t  

( ' 8 1 ) ,  and S t e i nbus c h  ( ’81)  a l l  found dense  i n n e r v a t i o n  in nuc l eus  

p e r i v e n t r i c u l a r i s ,  which i s  i n  agreement  wi th  t h e s e  r e s u l t s .  In t h e  

p r e s e n t  s t u d y ,  however ,  nuc l eus  rhomboideus and nucl eus  r eu n i e n s  were 

a l s o  wel l  l a b e l e d .  P a r en t  ( ’81)  and S t e i nb u s c h  ( ' 8 1 )  r ep o r t e d  i n n e r ­

v a t i o n  in t h e s e  n uc l e i  bu t  no t  as  dense  as t h a t  d e s c r ib e d  in t h i s  

s t u d y .  In t h e  p r e s e n t  s tudy  t h e  more d en s e l y  l a b e l e d  nuc l e i  o f  t h e  

a n t e r i o r  and l a t e r a l  n u c l e a r  g r ou p s ,  nuc l eus  a n t e r i o r  v e n t r a l i s  and 

nuc l eus  l a t e r a l i s  d o r s a l i s ,  were a l s o  found t o  c o n t a i n  a g r e a t e r  num­

b e r  of  l a b e l e d  f i b e r s  t han  p r e v i o u s l y  i n d i c a t e d  ( c f .  Fuxe ( * 6 5 ) ,  Chan- 

Pa l a y  ( ' 7 8 ) ,  S t e i nbus c h  ( ' 8 1 ) ) .  At more caudal  l e v e l s  o f  t h e  t h a l a ­

mus,  S t e i n b u sc h  ( ' 8 1 )  and Fuxe ( ' 6 5 )  observed s pa r s e  i n n e r v a t i o n  in 

t h e  p o s t e r i o r  complex.  The p r e s e n t  s t u d y ,  on t h e  o t h e r  hand,  found 

t h i s  a r e a  t o  be mod e r a t e l y  wel l  l a b e l e d .
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The d i s a g re e me n t s  between t h e  r e s u l t s  o f  t h e  p r e s e n t  s tudy  and 

t h o s e  o f  p r e v i o u s  i n v e s t i g a t o r s  who used f l u o r e s c e n t  and a u t o r a d i o ­

g r a ph i c  t e c h n i q u e s  a r e  p r oba b l y  due t o  t he  d i f f e r e n c e s  in t h e se  t e c h ­

n i q u e s .  Fuxe ( ‘65) used a formaldehyde  induced f l u o r e s c e n c e  method t o  

v i s u a l i z e  s e r o t o n e r g i c  n e u r on s .  Thi s  t e c h n i q u e  i s  not  as  s e n s i t i v e  

f o r  s e r o t o n i n  as i t  i s  f o r  c a t e c h o l a m i n e s ;  t h e  t r a n s f o r m a t i o n  o f  5-HT 

i n t o  f l u o r e s c e n t  mo l ecu l e s  i s  low under  s t a nda r d  c o n d i t i o n s ,  and s e r o ­

t o n i n  f l u o r o ph or e s  have a high photodecornposi t ion r a t e  ( c f . ,  Bjorklund 

e t  a l . ,  ' 7 5 ) .  Chan-Palay  ( ' 7 8 )  and P a r e n t  ( ’81)  i n fused  ^H-5-HT 

i n t r a v e n t r i c u l a l y  and mapped t h e  r e s u l t i n g  d i s t r i b u t i o n  o f  r a d i o l a ­

be l ed  f i b e r s .  With t h i s  method l a b e l i n g  i s  found t o  be more dense  in 

p e r i v e n t r i c u l a r  r e g i o ns  t h a n  in  d e e p e r  s t r u c t u r e s ,  s ug g e s t i n g  t h a t  

p e n e t r a t i o n  o f  t h e  r a d i o a c t i v e  s u b s t r a t e  i n t o  t h e  t i s s u e  may be a 

problem (Aghajani an e t  a ! . ,  ' 66 ;  Chan-Pa l ay ,  ' 76 ;  P a r en t  e t  a l . ,  ’8 1 ) .

The r e s u l t s  o f  t h e  p r e s e n t  s tudy  a r e  a l s o  somewhat a t  v a r i a n c e  

wi th  t hos e  o f  S t e i nb u s c h  ( ’8 1 ) .  As p r e v i o u s l y  ment ioned ,  t h e r e  a r e  

d i f f e r e n c e s  in t h e  d e n s i t y  o f  i n n e r v a t i o n  r ep o r t e d  in some n u c l e i .  

Fu r t he r more ,  maximal i n n e r v a t i o n  in t h i s  s t u d y ,  found in t h e  nucleus  

p e r i v e n t r i c u l a r i s  f o r  example ,  appea r s  t o  be g r e a t e r  than  S t e i n b u s c h ' s  

maximal i n n e r v a t i o n  (compare nuc l eus  p e r i v e n t r i c u l a r i s  in  F i g .  5a , b ;  

6 a , c  t o  S t e i n b u s c h ' s  F i g .  1 9 a , b ) .  Thi s  d i f f e r e n c e  i s  p robab ly  due in 

p a r t  t o  t he  d i f f e r e n c e  in  t h e  immunocytochemical  method used.  S t e i n ­

busch used t h e  i n d i r e c t  f l u o r e s c e n t  method f o r  l a b e l i n g  t he  pr imary 

a n t i s e r u m .  In t he  p r e s e n t  s t udy  t h e  PAP method,  which has been 

d es c r i b e d  as be i ng  more s e n s i t i v e ,  was used ( c f . ,  S t e r n b e r g e r ,  ‘ 7 9 ) .  

In a d d i t i o n ,  S t e i nbusc h  only  p r e t r e a t e d  some a n i ma l s ,  and in t hos e
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c a s es  used c o l c h i c i n e  t o  a i d  in t h e  v i s u a l i z a t i o n  o f  c e l l  b o d i e s .  In 

t h i s  s tudy  5-HT l e v e l s  were e l e v a t e d  by p r e t r e a t m e n t  wi th both  t r y p t o ­

phan and a MAO i n h i b i t o r .  This  t y p e  o f  p r e t r e a t m e n t  i n c r e a s e s  immuno- 

r e a c t i v i t y  in both t e r m i n a l s  and c e l l  bod ies  ( F r a n k f u r t  e t  a l . ,  ' 81 ;  

Wal1 ace e t  a l . ,  ' 8 2 ) .

a .  O r i g i n s  of  s e r o t o n e r g i c  p r o j e c t i o n s  t o  t h e  thalamus

The r e s u l t s  o f  t h i s  s tudy do not  p r ov i de  any i n f o r m a t i o n  as t o  

t h e  o r i g i n  o f  s e r o t o n e r g i c  i np u t  t o  nuc l e i  o f  t h e  t ha l a mus ,  bu t  t h i s  

s u b j e c t  has been d e a l t  wi t h  by p r ev i ous  i n v e s t i g a t o r s .  The nucl eus  

raphe d o r s a l i s  i s  most  l i k e l y  t o  be one s ource  o f  t ha l a mi c  a f f e r e n t s .  

HRP i n j e c t e d  i n t o  t h e  p o s t e r i o r  tha lamus  l a b e l s  c e l l s  in  t he  i p s i l a ­

t e r a l  l a t e r a l  wing o f  t h e  nuc l eus  raphe d o r s a l i s  i n  t h e  r a t  ( K e v e t t e r  

e t  a l . ,  ' 8 2 ) ,  and in medial  p a r t s  of  t h e  nucl eus  raphe d o r s a l i s  in  t h e  

c a t  (Comans and Snow, ' 8 1 ) .  HRP-labeled c e l l s  can a l s o  be seen in 

t h i s  nuc l eus  fo l l owi ng  l o c a l i z e d  HRP i n j e c t i o n  i n t o  t h e  nucl eus  c o r ­

p o r i s  g e n i c u l a t i  l a t e r a l i s  (Mackay-Sim e t  a l . ,  ’8 3 ) .  Fur t he r more ,  

do r sa l  raphe i n j e c t i o n s  o f  r a d i o a c t i v e  amino a c i d s  o r  wheat -germ 

agglu t in in-HRP r e s u l t  in l a b e l e d  t e r m i n a l s  in  t h e  m i d l i n e ,  m e d i a l ,  

a n t e r i o r ,  l a t e r a l ,  and i n t r a l a m i n a r  n u c l e a r  g r o u p s , i n  t h e  nucleus  c o r ­

p o r i s  g e n i c u l a t i  l a t e r a l i s  and in t he  p r e t e c t a l  a r ea  ( B o b i l l i e r  e t  

a l . ,  ' 76 ;  Taber  P i e r c e  e t  a l . ,  ' 76 ;  Azmi t i a  and S e g a l ,  ' 7 8 ;  Peschanski  

and Besson,  *84b) .  Moreover ,  e l e c t r o l y t i c  l e s i o n s  o f  nucl eus  raphe 

d o r s a l i s  and nucl eus  r aphe  medianus produce d e g e n e r a t i o n  in t h e  t h a ­

lamic nuc l e i  medial  i s  d o r s a l i s  and p e r i v e n t r i c u l  a r i s  (Conrad e t  a l . ,  

' 7 4 ) .
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Raphe nu c l e i  o t h e r  t h a n  nucl eus  raphe d o r s a l i s  undoubtedly  a l s o  

p r o j e c t  t o  t h e  t ha l a mus .  I n j e c t i o n s  o f  r a d i o a c t i v e  amino ac i ds  i n t o  

nuc l eus  raphe medianus (Azmi t i a  and S e g a l ,  ' 7 8 ) ,  nuc l eus  raphe cen­

t r a l i s  s u p e r i o r  ( B o b i l l i e r  e t  a l . ,  ' 7 6 ) ,  nuc l eus  raphe p o n t i s  ( Bo b i l -  

l i e r  e t  a l . ,  ’ 7 6 ) ,  and nucl eus  raphe maynus ( B o b i l l i e r  e t  a l . ,  ' 76)  

r e s u l t  in l a b e l i n g  o f  t h a l a m i c  n u c l e i .  Peschanski  and Besson ( ' 84b )  

used t h e  a n t e r o g r a d e  t r a n s p o r t  o f  wheat-germ agglut in in-HRP t o  denon-  

s t r a t e  t h a t  t h e  nuc l eus  raphe magnus p r o j e c t s  t o  a n t e r i o r  i n t r a l a m i n a r  

nuc l e i  ( nuc l e us  p a r a c e n t r a l  i s  and nucl eus  c e n t r a l i s  l a t e r a l i s ) ,  and to  

m i d l i n e  n uc l e i  ( nuc l e us  p a r a v e n t r i c u l a r i s ) , and t h a t  t h e  nucleus  raphe 

medianus p r o j e c t s  t o  t h e  nucl eus  r e t i c u l a r i s ,  nuc l eus  m e d i a l i s  d o r ­

s a l i s ,  and t he  VB complex.

b .  Ascending f i b e r  pathways

Most o f  t h e  f o r e b r a i n  5-HT i s  s u p p l i e d  v i a  t h e  medial  f o r e b r a i n  

bundle  (MFB) (Azmi t i a  and S e g a l ,  ’ 7 8 ) .  P r ev i ous  i n v e s t i g a t o r s  have 

observed t h a t  s e r o t o n e r g i c  f i b e r s  appea r  t o  l e a v e  t h e  MFB and t a ke  

s eve r a l  r ou t e s  t o  i n n e r v a t e  nuc l e i  o f  t h e  t h a l a mu s .  At caudal  l e v e l s  

o f  t h e  tha lamus  s e r o t o n e r g i c  f i b e r s  have been d e s c r ib e d  as pass ing  

from t h e  MFB i n t o  t h e  f a s c i c u l u s  r e t r o f l e x u s  ( P a r e n t  e t  a l . ,  ' 8 1 ) .  

R e s u l t s  o f  t h e  p r e s e n t  s t udy  a r e  in agreement  wi th t h i s  o b s e r v a t i o n .  

F a s i c u l u s  r e t r o f l e x u s  immunoreac t ive  f i b e r s  cou l d  be seen c ou r s i ng  in 

t h e  d o r s o v e n t r a l  p l a n e .  Raphe p r o j e c t i o n s  have been i d e n t i f i e d  which 

t a k e  t h i s  r o u t e  and t e r m i n a t e  in t h e  nuc l eus  p a r a f a s c i c u l a r i s  and mid­

l i n e  n u c l e i  ( B o b i l l i e r  e t  a l . ,  ’ 7 6 ) .  Other s  appea r  t o  ascend wi th  t he  

i n t e r n a l  me du l l a r y  lamina  and extend t o  t h e  r o s t r a l  po le  o f  t h e  t h a l a ­
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mus t o  i n n e r v a t e  t h e  d o r sa l  tha lamus  (Moore e t  a l . ,  ’ 7 8 ) .  Azmi t i a  and

Segal ( ‘ 78) have found l a b e l i n g  in t h e  f a s c i c u l u s  r e t r o f l e x u s  fo l l ow-

3ing i n j e c t i o n  o f  H - p r o l i n e  in e i t h e r  t h e  nuc l eus  raphe d o r s a l i s  or  

nucl eus  raphe medianus .  F i b e r s  o r i g i n a t i n g  from nucleus  raphe  d o r ­

s a l i s  and t a k i ng  t h i s  r o u t e  appeared t o  be p a r t i c u l a r l y  i m p or t a n t  in 

i n n e r v a t i n g  nucl eus  l a t e r a l i s  d o r s a l i s  (Azmi t i a  and S e g a l ,  ' 7 8 ) .  

Other  f i b e r s  t a k i n g  t h i s  co u r se  may o r i g i n a t e  from nucleus  raphe cen­

t r a l i s  s u p e r i o r  and i n n e r v a t e  t h e  m i d l i n e  nuc l e i  and t h e  nucl eus  para-  

f a s c i c u l a r i s  ( B o b i l l i e r  e t  a l . ,  *76) .

At a somewhat more r o s t r a l  l e v e l ,  r aphe p r o j e c t i o n s  l e a v e  t h e  MFB 

and fo l l ow t h e  path o f  t h e  f a s c i c u l u s  mami11ot ha l ami cus  (FMT) (Conrad 

e t  a l . ' 74 ;  Azmi t i a  and S e g a l ,  ' 78 ;  Moore e t  a l . ,  ' 78 ;  ) .  R e s u l t s  o f  

t h e  p r e s e n t  s tudy i n d i c a t e  t h a t  a t  l e a s t  some o f  t h e s e  raphe p r o j e c t ­

ions  a r e  l i k e l y  t o  be s e r o t o n e r g i c .  P a r t i c u l a r l y  a t  a n t e r i o r  l e v e l s ,  

where t he  FMT t r a v e l s  f o r  l o n g e r  d i s t a n c e s  in t h e  d o r s o v e n t r a l  p l a n e ,  

5-HT immunoreact ive  f i b e r s  could  be seen in t h i s  f i b e r  bund l e .  Azmi­

t i a  and Segal ( ’ 78) have found t h a t  r aphe  p r o j e c t i o n s  t a k i n g  t h i s  

cour se  may o r i g i n a t e  from e i t h e r  t h e  nucleus  raphe d o r s a l i s  or  the  

nuc l eus  raphe medianus and may i n n e r v a t e  t h e  a n t e r i o r  n u c l e i .  Bob i l ­

l i e r  e t  a l . ( ' 7 6 )  have a l s o  d e s c r i b e d  nuc l eus  raphe c e n t r a l i s  s u p e r i o r  

p r o j e c t i o n s  a scendi ng  wi th  t h e  f a s c i c u l u s  mamil1o t h a l a mi c u s .  Other  

raphe p r o j e c t i o n s  ascend i ng  in t h e  MFB have been observed t o  t u r n  l a t ­

e r a l l y ,  j o i n  t h e  ansa p e d u n c u l a r i s - v e n t r a l  amygdaloid bundle  and t e r ­

minate  in t h e  v e n t r a l  tha l amus  (Moore e t  a l . ,  ‘ 7 8 ) .

At r o s t r a l  l e v e l s  o f  t h e  t ha lamus  s e r o t o n e r g i c  f i b e r s  have been 

d e s c r i b e d  t r a v e l i n g  do r s a l  l y  from t h e  MFB and d i v i d i n g  i n t o  medial  and
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l a t e r a l  components which feed i n t o  t h e  s t r i a  m e d u l l a r i s  and s t r i a  t e r ­

m i n a l s ,  r e s p e c t i v e l y  (Conrad e t  a l . ,  ' 7 4 ;  P a r e n t  e t  a l . ,  ’8 1 ) .  Moore 

e t  a l . ( ’ 78) have observed t h a t  as  t h e  s t r i a  m e d u l l a r i s  runs from t he

r o s t r a l  t o  t h e  caudal  p o l e  o f  t h e  tha lamus  t h e  number of  f i b e r s  

l a b e l e d  a f t e r  raphe i n j e c t i o n s  o f  H p r o l i n e  p r o g r e s s i v e l y  d e c r e a s e s .  

Thi s  s u g g es t s  t h a t  raphe p r o j e c t i o n s  may be t a k i n g  t h i s  co u r se  and 

i n n e r v a t i n g  t h e  do r sa l  t h a l a mu s ,  i . e .  t h e  a n t e r i o r  and l a t e r a l  n u c l e i .  

This  h y p o t h e s i s  i s  suppor t ed  by our  r e s u l t s .  Immunoreact ive f i b e r s  

running p a r a l l e l  t o  t h e  corona l  p l ane  o f  s e c t i o n ,  i . e .  i n  t h e  do r s o -  

v en t r a l  p l a n e ,  a r e  seen i n  t h e  s t r i a  m e d u l l a r i s .  The p r e s e n t  s tudy  

a l s o  s u g ge s t s  t h a t  t h e  do r sa l  n uc l e i  o f  t h e  tha lamus  may be r e c e i v i n g  

i n n e r v a t i o n  from MFB s e r o t o n e r g i c  f i b e r s  which t a ke  t h e  rou t e  o f  t h e  

s t r i a  t e r mi n a l  i s .  F i b e r s  can be seen which appear  t o  be running ven- 

t r o m e d i a l l y  from t h e  s t r i a  t e r m i n a l i s  t o  t h e  d o r s a l  t ha l amus .

Not a l l  of  t h e  s e r o t o n e r g i c  f i b e r s  i n n e r v a t i n g  nuc l e i  o f  t h e  t h a ­

lamus t a ke  t h e  r o u t e  o f  t h e  MFB. In an a u t o r a d i o g r a p h i c  t r a c i n g  

s t u d y ,  Azmi t ia  and Segal ( ' 7 8 )  i d e n t i f i e d  s i x  ascending  f i b e r  t r a c t s  

from the  nucl eus  raphe d o r s a l i s  and t h e  nuc l eus  raphe medianus ,  f ou r  

o f  t h e s e  l y i ng  o u t s i d e  t h e  MFB. Two non-MFB t r a c t s  were found t o  

i n n e r v a t e  t h a l a mi c  n u c l e i :  t h e  raphe d o r s a l i s  p e r i v e n t r i c u l a r  t r a c t ,

i n n e r v a t i n g  nucl eus  p e r i v e n t r i c u l a r i s  o f  t h e  t ha l amus ;  and ,  t h e  

nucl eus  raphe d o r s a l i s  a r c u a t e  t r a c t ,  i n n e r v a t i n g  t h e  nucl eus  ven-  

t r a l i s  c o r p o r i s  g e n i c u l a t a  l a t e r a l i s .  In a n o t h e r  a u t o r a d i o g r a p h i c  

t r a c i n g  s t u d y ,  B o b i l l i e r  e t  a l . ( ’ 76) found t h a t  t ha l a mi c  n uc l e i

r e c e i v e  p r o j e c t i o n s  from nuc l eus  raphe p o n t i s  and nucleus  raphe mag- 

nus .  F i b e r s  from t h e s e  n u c l e i  were found t o  ascend v e n t r o l a t e r a l l y  

and t he  nucl eus  raphe p o n t i s  was found t o  i n n e r v a t e  t h e  i n t r a l a m i n a r
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n u c l e i ,  nuc l eus  r e t i c u l a r i s ,  and nucl eus  a n t e r i o r  d o r s a l i s ,  wh i l e  

nuc l eus  raphe magnus i n n e r v a t e d  t h e  i n t r a l a m i n a r  n u c l e i .

c .  Func t i ona l  i m p l i c a t i o n s

S e r o t o n i n  has been d e s c r i b e d  as a modul a to ry  n e u r o t r a n s m i t t e r ,  

not  s p e c i f i c a l l y  n ec e s s a r y  f o r  t h e  e x e c u t i o n  o f  any one p a r t i c u l a r  

n e u ro ph ys io l o g ic a l  f u n c t i o n .  R a t h e r ,  i t  i s  i nvol ved  in i n f l u e n c i n g  

a c t i v i t y  l e v e l s  in a number o f  sys t ems .  The s e r o t o n e r g i c  i n n e r v a t i o n  

p a t t e r n  found in t h e  tha lamus  seems t o  f i t  wel l  wi th  what would be 

expec ted of  such a modu l a t o ry  r o l e .  S e r o t o n e r g i c  i npu t  i s  found in 

f u n c t i o n a l l y  d i v e r s e  n uc l e i  o f  t h e  t ha l a mus .  Within a p a r t i c u l a r  

nucl eus  t h e r e  a l s o  does  not  appea r  t o  be any d i s t i n c t  o r g a n i z a t i o n  o f

immunoreact ive  f i b e r s .  In most  n u c l e i  f i b e r  d i s t r i b u t i o n  i s  homogene­

ous .  D i f f e r e n t  c e l l  t y p e s  appea r  t o  be e q u a l l y  l i k e l y  t o  r e c e i v e  

s e r o t o n e r g i c  i n p u t .

D i s cu s s i on s  o f  t h e  f u n c t i o n a l  i m p l i c a t i o n s  o f  t he  s e r o t o n e r g i c  

i n n e r v a t i o n  o f  t h e  tha lamus  have p r e v i o u s l y  been conf ined  t o  t h e  non­

s p e c i f i c  n u c l e i ,  i . e .  t o  t h e  m i d l i n e  n uc l e i  and nucl eus  p a r a f a s c i c u -

l a r i s  ( Azmi t i a ,  ' 7 8 ) .  I t  i s  now a p p a r e n t ,  however ,  t h a t  o t h e r  t h a ­

lamic n uc l e a r  groups  r e c e i v e  s e r o t o n e r g i c  i n p u t .  The a n t e r i o r  n u c l e a r  

group c o n t a i n s  5-HT i m m u n o r e a c t i v i t y . These nuc l e i  a r e  a s s o c i a t e d  

wi th l i mbi c  f u n c t i o n s ,  r e c e i v i n g  a f f e r e n t s  from t h e  mammil lary bod ies

and l i mb i c  c o r t e x  ( Ka i t z  and R o b e r t s o n ,  ’81) and sending  e f f e r e n t s  

back t o  t h e  l i mb i c  c o r t e x  ( Robe r t son  and K a i t z ,  ’8 1 ) .  5-HT immuno­

r e a c t i v e  f i b e r s  were a l s o  seen in t h e  l a t e r a l  n u c l e i ,  which r e l a y  v i s ­

ual i n f o r m a t i o n  from t h e  s u p e r f i c i a l  l aminae  o f  t h e  s u p e r i o r  c o l l i c u -
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1 us and t h e  nuc l e i  o f  t h e  pr e t ec tum t o  t h e  c o r t i c a l  a r e a s  a d j a c e n t  t o  

t h e  s t r i a t e  a r e a  (Ta k a h a s h i ,  *82) .  The s e r o t o n e r g i c  sys t em,  t h e r e ­

f o r e ,  seems t o  be involved  in modul a t i ng  a c t i v i t y  in a number of  sys ­

tems a t  t he  t ha l a mi c  l e v e l .
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B. L o c a l i z a t i o n  o f  r es pons es  i n  somatosensory nu c l e i  in t he  tha lamus

1.  RESULTS

Nuclear  d e l i n e a t i o n s  w i t h i n  t h e  t h a l a mi c  somatosensory r e l a y  s y s ­

tem were based on d e s c r i p t i o n s  o f  t h e  c y t o a r c h i t e c t u r e  o f  t h e  d i f f e r ­

e n t  t h a l a m i c  r eg i ons  r e c e i v i n g  somatosensory i np u t  ( C a j a l ,  ' 27 ;  Gurd- 

j i a n ,  *27; Jones  and L e a v i t t ,  ' 74 ;  Feldman and Kruger ,  ' 80 ;  Mc A l l i s t e r  

and Wel l s ,  ' 81 ;  Bold e t  a l . ,  ' 8 4 ) .  S p e c i f i c a l l y ,  t he  v e n t r o l a t e r a l  

a r e a ,  c h a r a c t e r i z e d  by l o o s e l y  packed,  d i s c o i d  somata (Feldman and 

Kruger ,  ' 80)  ar r anged  in c o n c e n t r i c  l aminae  which run p a r a l l e l  t o  t h e  

e x t e r n a l  me d u l l a r y  lamina ( M c A l l i s t e r  and Wel l s ,  ' 8 1 ) ,  and which a r e  

p i e r c e d  by c o a r s e  t ha l  amo-c o r t i c a l  bund l e s  (Feldman and Kruger ,  ' 8 0 ) ,  

was d e s i g n a t e d  as VPL ( M c A l l i s t e r  and Wel l s ,  ' 8 1 ) ( F i g - 9A-B).  The

dorsomedia l  a r e a ,  c h a r a c t e r i z e d  by l a r g e  (12-13 urn), round,  d e n s e l y  

packed somata (Feldman and Kruger ,  ' 80 ;  Bold e t  a l . ,  ' 84)  which appea r  

t o  be a lmos t  l i n e a r l y  a r r an g e d  ( G u r d j i a n ,  ' 2 7 ) ,  was d e s i g n a t ed  as VPM 

( M c A l l i s t e r  and Wel l s ,  ' 81 )  ( F i g .  8A-B).  The vent romedia l  nucleus  was 

not  i nc luded  as p a r t  o f  VPM s i n c e  i t  appea r s  t o  be f u n c t i o n a l l y  

i nvol ved  wi th o t h e r  systems e . g . ,  t h e  e x t r a  pyramidal  motor  system 

(Herkenham,  ' 7 9 ) .  Toge t he r  VPM and VPL c o n s t i t u t e  t he  VB complex.  

The P0 complex,  which does  not  seem t o  be a d i s c r e t e  nucleus  (Feldman 

and Kruger ,  ' 80 )  was cons i de r e d  t o  i n c l u d e  t h e  a r ea  v en t r a l  t o  t h e  

l a t e r a l  nuc l e i  and dorsomedia l  t o  VPM. This  i s  e q u i v a l e n t  t o  G u rd j i ­

an '  s nuc l eus  v e n t r a l  i s  p a r s  d o r s o m e d i a l i s  ( G u r d j i a n ,  ' 27)  or  Lund and 

We b s t e r ' s  p o s t e r o l a t e r a l  complex pa r s  l a t e r a l i s  (Lund and Webster ,  

' 67 a ;  ' 67b)  ( F i g .  9A-B).  This  r eg i o n  was e a s i l y  d i s t i n g u i s h e d  from
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VPM. C e l l s  were l e s s  d e n s e l y  packed (Bold e t  a l . ,  ' 8 4 ) ,  had no spe­

c i a l  a r r angement ,  and smal l  c e l l s  (5-6  urn) were more common. Also 

inc l uded  in t h e  PO complex were r eg i o n s  p o s t e r i o r  to  t he  VB complex 

and medial  t o  t h e  medial  g e n i c u l a t e  nucl eus  (Bold e t  a l . ,  ' 84 )  ( e . g . ,

Lund and We bs t e r ' s  medial  g e n i c u l a t e  pa r s  medial  i s  (Lund and Webs ter ,  

' 67a ;  ' 6 7 b ) ,  o r  Scheibe l  and S c h e i b e l ' s  ( ' 6 6 )  magnocel 1 ul a r  a r ea

medial  t o  t h e  medial  g e n i c u l a t e )  ( F i g .  9C) .  The more d o r s a l l y  l o c a t e d  

r e g i on  medial  t o  t h e  medial  g e n i c u l a t e  was cons i de r e d  s e p a r a t e l y  

s i n c e ,  a l t hough  some a u t h o r s  have r e f e r e d  t o  t h i s  r e g i on  as t h e  p o s t e ­

r i o r  complex ( C a j a l ,  ' 2 7 ;  G ur d j i a n ,  ' 2 7 ) ,  o t h e r s  have cons i de r e d  i t  t o  

be d i s t i n c t  from t h e  PO complex,  d e s i g n a t i n g  i t  t h e  a n t e r i o r  p r e t e c t a l  

a r e a  (Lund and Webs te r ,  ' 6 7a ;  '67b) or  p r e t e c t a l  r egion (Bold e t  a l . ,

' 84 )  ( F i g .  9C) .

Record ings  were made from 413 u n i t s .  Most t h a l a m i c  s p i k e s  were 

b i p h a s i c  ( p o s i t i v e - n e g a t i v e ) ,  had ampl i t udes  between 100-400 uV, and 

d u r a t i o n s  between 1.3  and 2 . 5  msec.  The m a j o r i t y  o f  t h a l a m i c  u n i t s  

were spon t aneous l y  a c t i v e ;  spontaneous  f i r i n g  f r e q u e n c i e s  f l u c t u a t e d  

from 0-5 Hz f o r  some u n i t s  and up t o  10-40 Hz f o r  o t h e r s .  There was 

g e n e r a l l y  more spontaneous  a c t i v i t y  i n  t he  VB complex and t h e  p a r t  of  

t h e  P0 complex dorsomedial  t o  VPM t h a n  in  p o s t e r i o r  r e g i o n s ,  i n c l u d i n g  

t h e  medial  g e n i c u l a t e  n u c l e u s ,  a n t e r i o r  p r e t e c t a l  a r e a ,  and t h e  P0 

complex p o s t e r i o r  t o  t h e  VB complex.

Some u n i t s  responded t o  LT s t i m u l a t i o n  a p p l i e d  in small  ( e . g . ,  

s i n g l e  w h i s k e r ,  s i n g l e  d i g i t ,  o r  3 X 2 cm t r u n k ) ,  c o n t r a l a t e r a l  r ecep ­

t i v e  f i e l d s ,  wi th  an i n c r e a s e  o r ,  i n  a few c a s e s ,  a d e c r ea s e  in  f i r i n g  

f r e q u e n c y .  Ot he r  u n i t s  responded on ly  t o  n o c i c e p t i v e  p inch in l a r g e ,
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Table  I I I .  A b br ev i a t i o n s  f o r  F i g u r e s  9-12

3 V t h i r d  v e n t r i c l e
APT a n t e r i o r  p r e t e c t a l  a r ea
Aq c e r e b r a l  aqueduc t
CG c e n t r a l  g r ay
CL c e n t r a l  l a t e r a l  t h a l a mi c  nucl eus
CM cent romedi an  t ha l a mi c  nuc l eus
DLG d o r s a l  l a t e r a l  g e n i c u l a t e  nucl eus
eml e x t e r n a l  me d u l l a r y  lamina
f f o r n i x
f r f a s c i c u l u s  r e t r o f l e x u s
G g e l a t i n o s u s  t h a l a m i c  nucl eus
hbc h a b e n u l a r  commissure
i c i n t e r n a l  c a p s u l e
LD l a t e r a l  d o r sa l  t h a l a m i c  nucl eus
LH l a t e r a l  habenu l a r  nucl eus
LP l a t e r a l  p o s t e r i o r  t ha l a mi c  nucl eus
MD mediodorsa l  t h a l a mi c  nucl eus
MG medial  g e n i c u l a t e  nuc l eus
MH medial  hab e n u l a r  nuc l eus
ml medial  l emniscus
mt mammil1o t ha l ami c  t r a c t
opt o p t i c  t r a c t
0T nuc l eus  o p t i c  t r a c t
PC p a r a c e n t r a l  t h a l a m i c  nucl eus
pc p o s t e r i o r  commissure
PF p a r a f a s c i c u l a r  t ha l a mi c  nucl eus
PO p o s t e r i o r  complex
PV p a r a v e n t r i c u l a r  t h a l a mi c  nucl eus
PVP p a r a v e n t r i c u l a r  t h a l a mi c  n u c l e u s ,  p o s t e r i o r
Re r e u n i e n s  t h a l a m i c  nuc l eus
Rh rhomboid t h a l a mi c  nuc l eus
Rt r e t i c u l a r  t h a l a m i c  nuc l eus
SC s u p e r i o r  col  1i c u l u s
sm s t r i a  m e d u l l a r i s  tha lamus
SNR s u b s t a n t i a  n i g r a ,  r e t i c u l a r
St s t r i a  t e rmi na l  i s
s t r s u p e r i o r  t h a l a m i c  r a d i a t i o n
VL v e n t r a l  l a t e r a l  t ha l a mi c  nucl eus
VLG v e n t r a l  l a t e r a l  g e n i c u l a t e  nucl eus
VPL v e n t r a l  p o s t e r o l a t e r a l  t h a l a mi c  nuc l eus
VPM v e n t r a l  pos t e romed i a l  t h a l a mi c  nucl eus
ZI zona i n c e r t a
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F i g u r e  9A-C. Low power photomicrographs  o f  80 um coronal  t h a l a mi c  

s e c t i o n s ,  s t a i n e d  wi th  n e u t r a l  r ed ,  i l l u s t r a t i n g  t h e  ana tomical  d i v i ­

s i o n s  o f  t h e  somatosensory  tha l amus  o f  t h e  r a t .  Spot s  made by i o n t o ­

p h o r e s i s  o f  Niagara  Sky Blue dye a r e  c i r c l e d .  A. i l l u s t r a t e s  VPM and 

VPL and i s  a l i t t l e  a n t e r i o r  t o  5 . 2  mm from i n t e r a u r a l  ze r o  in t he  

Paxinos  and Watson ( ' 8 2 )  s t e r e o t a x i c  sys t em.  B. i s  a l i t t l e  a n t e r i o r  

t o  4 . 7  mm from i n t e r a u r a l  z e r o .  I t  i l l u s t r a t e s  p o s t e r i o r  VPM and VPL. 

C. i l l u s t r a t e s  t h e  r e g i o n s  p o s t e r i o r  t o  t h e  VB complex and i s  about  

4 . 2  mm a n t e r i o r  t o  i n t e r a u r a l  z e r o .
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b i l a t e r a l  r e c e p t i v e  f i e l d s ,  o f t e n  i n c l u d i n g  t he  whole body,  wi th  

e i t h e r  an i n c r e a s e  o r  d e c r e a s e  in  f i r i n g  f r eq u e n c y .  S t i l l  o t h e r s  

responded t o  LT in  smal l  c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s  and noc i cep ­

t i v e  pinch in l a r g e  b i l a t e r a l  r e c e p t i v e  f i e l d s .

a .  VPM

VPM was d e s i g n a t e d  as  t h e  d e n s e l y  c e l l u l a r  dorsomedial  p o r t i o n  o f  

t h e  VB complex ( F i g .  9A-B; F i g .  10B-E) .  Recordings  were made from 112 

u n i t s  i n  t h i s  a r e a  ( Tab l e  IV);  46 (41%) responded t o  n o c i c e p t i v e  s t im­

u l a t i o n  in l a r g e  b i l a t e r a l  r e c e p t i v e  f i e l d s ,  a l l  w i t h  an i n c r e a s e  in 

f i r i n g  f r equency ;  41 (37%) responded t o  c o n t r a l a t e r a l  LT, o r  LT and 

n o c i c e p t i v e  s t i m u l a t i o n ,  w i t h i n  a smal l  r e c e p t i v e  f i e l d ,  40 wi th  an 

i n c r e a s e  in f i r i n g  f r e q u en cy ,  1 wi t h  a d e c r e a s e ;  6 (5%) responded to  

both c o n t r a l a t e r a l  LT and b i l a t e r a l  n o c i c e p t i v e  s t i m u l a t i o n  wi th an 

i n c r e a s e  in f i r i n g  f r equency ;  and 19 (17%) d id  not  respond t o  any

mechanical  somatosensory s t i m u l a t i o n  a p p l i e d .  Of t h e  VPM u n i t s

r esponding  t o  LT o r  t o  bo th  LT and n o c i c e p t i v e  s t i m u l a t i o n ,  43 (91%) 

had whi sker  r e c e p t i v e  f i e l d s ,  4 (9%) had r e c e p t i v e  f i e l d s  l o c a t e d

e l sewher e  on t h e  head ( T a b l e  V) .  Most v i b r i s s a l  u n i t s  had s i n g l e  

whi sker  r e c e p t i v e  f i e l d s  a l t h o u g h  some responded t o  s t i m u l a t i o n  in 

l a r g e r  r e c e p t i v e  f i e l d s  e . g . ,  whole rows o f  w h i s k e r s .  A somat o top ic  

o r g a n i z a t i o n  o f  wh i s ke r  r e s p o n s e s  was obs e rved ;  wh i s ke r s  i n  t h e  most  

v e n t r a l  h o r i z o n t a l  rows were r e p r e s e n t e d  in t h e  tha lamus  a t  l e v e l s  

r o s t r a l  t o  wh i s ke r s  i n  d o r s a l  rows and ,  a t  a p a r t i c u l a r  l e ve l  in t h e  

r o s t r o c a u da l  p l a n e ,  caudal  wh i s ke r s  were d o r s a l  t o  r o s t r a l  wh i s ke r s .  

In o t h e r  words ,  t h e  head was r e p r e s e n t e d  in t he  t ha l a mu s ,  wi th  t h e  jaw
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r o s t r a l l y  p laced and t h e  nose down. There d id  not  appear  t o  be any 

somat o top ic  o r g a n i z a t i o n  o f  n o c i c e p t i v e  r e s p o n s e s .  LT o r  LT/nocicep-  

t i v e  u n i t s  wi th  r e c e p t i v e  f i e l d s  l o c a t e d  on t h e  f o r e f e e t ,  h i n d f e e t ,  o r  

t r u n k  were not  found in VPM ( Tab l e  V).

The r a t i o s  o f  LT t o  n o c i c e p t i v e  and LT t o  non r e spons i ve  u n i t s  

were g r e a t e r  a t  a n t e r i o r  l e v e l s  o f  VPM t h a n  a t  more p o s t e r i o r  l e v e l s  

( F i g .  10B,C vs 10D,E) .  Un i t s  wi th s i n g l e  wh i ske r  r e c e p t i v e  f i e l d s  

a l s o  appeared t o  be more common r o s t r a l l y .  This  d e c r ea s e  in t he  pro­

p o r t i o n  o f  LT r esponses  was c o r r e l a t e d  wi th  a change in c y t o a r c h i t e c -

t u r e .  At p o s t e r i o r  l e v e l s  o f  VPM, c e l l s  became l e s s  d e n s e l y  packed,

more l o o s e l y  a r r anged  and s m a l l e r  (5-6  urn) c e l l s  were more common 

( F i g .  9B) .

b.  VPL

VPL was d e s i g n a t e d  as  t h e  v e n t r o l a t e r a l  r eg ion  o f  t h e  VB complex 

c h a r a c t e r i z e d  by l o o s e l y  packed ,  d i s c o i d ,  somata a r r anged  in l aminae  

p a r a l l e l  t o  t he  e x t e r n a l  me du l l a r y  lamina ( F i g .  9A-B; F i g .  10B-E).  

Recordings  were made from 81 u n i t s  i n  t h i s  a r ea  (Table  IV).  Of t h e s e  

u n i t s ,  28 (35%) responded t o  n o c i c e p t i v e  s t i m u l a t i o n  in l a r g e  b i l a t ­

e r a l  r e c e p t i v e  f i e l d s ,  27 wi th  an i n c r e a s e  in f i r i n g  f r equency ,  1 wi th  

a d e c r e a s e ;  45 (56%) responded t o  LT or  LT and n o c i c e p t i v e  s t i m u l a t i o n  

w i t h i n  smal l  c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s ,  44 wi th  an i n c r e a s e  in 

f i r i n g  f r eq u en cy ,  1 wi t h  a d e c r e a s e ;  6 (7%) responded t o  both  c o n t r a ­

l a t e r a l  LT and b i l a t e r a l  n o c i c e p t i v e  s t i m u l a t i o n ;  and 2 (2%) did  not

respond t o  a p p l i e d  s t i m u l i .  Of t h e  51 u n i t s  r esponding t o  LT and LT/

n o c i c e p t i v e  s t i m u l a t i o n ,  8 (16%) responded t o  s t i m u l a t i o n  on t h e  head,
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F i g u r e  10.  A-H. Line drawings  a f t e r  Paxinos  and Watson ( ' 8 2 )  i l l u s ­

t r a t i n g  t h e  ana t omica l  l o c a l i z a t i o n  of  u n i t s  r esponding  t o  somatosen­

sory  s t i m u l a t i o n .  Numbers in  lower  r i g h t  r e p r e s e n t  d i s t a n c e  from 

i n t e r a u r a l  z e r o .  •  ; u n i t s  r esponding  t o  LT o r  LT / n o c i c e p t i v e  s t imu­

l a t i o n  in  smal l  c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s  on t h e  head.  o ;  

u n i t s  responding  t o  LT o r  LT / n o c i c e p t i v e  s t i m u l a t i o n  in smal l  c o n t r a ­

l a t e r a l  r e c e p t i v e  f i e l d s  on t h e  forepaw.  A ; u n i t s  responding t o  LT or  

L T / n o c i c e p t i v e  s t i m u l a t i o n  in smal l  c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s  on 

t h e  hindpaw.  □ ;  u n i t s  responding  t o  LT o r  LT / n o c i c e p t i v e  s t i m u l a ­

t i o n  in smal l  c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s  on t h e  t r u n k .  * ;  u n i t s  

r esponding  t o  n o c i c e p t i v e  s t i m u l a t i o n  in  l a r g e  b i l a t e r a l  r e c e p t i v e  

f i e l d s .
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Tabl e  IV. Un i t  r e s p o n s e  c h a r a c t e r i s t i c s  i n  VPL, VPM, and PO Comp­
l e x e s

Nonre-  
LT/ spon-  To-

L i g h t  Touch N o c i c e p t i v e  Noci s i v e  t a l

i nc  dec  t o -  i n c  dec t o -  inc
m  f f #  t a l  f f  f f  t a l  f f

VPM 40 1 41 46 0 46 6 19 112
VPL 44 1 45 27 1 28 6 2 81

VB 86(45%)** 74(38%) 12(6%) 21(11%) 193
Complex

PO 8 1 _9(9%) 50 4 54(55%) 3(3%) 32(33%) 98
Complex

Tot a l  95 128 15 53 291

* i n c r e a s e  i n  f i r i n g  f r e q u e n c y
# d e c r e a s e  i n  f i r i n g  f r e q u e n c y  
** p e r c e n t a g e  o f  t o t a l  u n i t s
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22 (43%) t o  forepaw s t i m u l a t i o n ,  7 (14%) hindpaw s t i m u l a t i o n ,  and 14 

(27%) t o  s t i m u l a t i o n  on t h e  t r u n k  ( Tab l e  V).

Wi thin VPL, u n i t s  wi th  forepaw r e c e p t i v e  f i e l d s  tended t o  be 

l o c a t ed  medial  t o  t hos e  wi th hindpaw and t r u n k  r e c e p t i v e  f i e l d s  ( F i g .  

10A-D).  In l a t e r a l  p a r t s  o f  VPL a v e r t i c a l  somatotopic  o r g a n i z a t i o n  

o f  r e sponses  t o  t r un k  and hindpaw s t i m u l a t i o n  was observed;  r e c e p t i v e  

f i e l d  on t h e  t r u n k  s h i f t e d  from r o s t r a l  t o  caudal  as t h e  e l e c t r o d e  was 

lowered from do r s a l  t o  v e n t r a l  in VPL ( F i g .  1 1 ) .  Uni t s  wi th r e c e p t i v e  

f i e l d s  on t h e  head tended t o  be l o c a t e d  e i t h e r  a long t h e  dorsomedial  

edge o f  VPL, j u s t  v e n t r a l  t o  VPM, o r  d o r s o l a t e r a l l y ;  i . e . ,  v e n t r a l  t o  

t h e  r e t i c u l a r  nucl eus  ( F i g .  10B,D).  There  d id  not  appear  t o  be a 

somato topic  o r g a n i z a t i o n  o f  u n i t s  responding  t o  n o c i c e p t i v e  s t i m u l a ­

t i o n  in VPL.

In summary, 193 u n i t s  were recorded  from in t h e  VB complex;  86 

(45%) responded t o  LT, 74 (38%) responded t o  n o c i c e p t i v e  s t i m u l a t i o n ,  

and 12 (6%) t o  both LT and n o c i c e p t i v e  s t i m u l a t i o n .  Twenty one (11%) 

did not  respond t o  any kind o f  mechanical  somatosensory s t i m u l a t i o n  

(Tab l e  IV) .  For  t he  most  p a r t  u n i t s  r esponding  t o  d i f f e r e n t  t y p e s  o f  

s t i m u l a t i o n  were i n t e r s p e r s e d  t h r oughou t  t h e  VB complex.

c .  PO Complex

The a r ea  i nc l uded  in t h e  PO complex c o n s i s t s  o f  t h e  r eg ion  d o r ­

somedial  t o  VPM and t h e  r eg ion  medial  t o  t he  medial  g e n i c u l a t e  

n u c l e u s ,  e x c l ud i ng  t h e  a n t e r i o r  p r e t e c t a l  a rea  ( F i g .  9A-C; F i g .  

10B-H).  Record ings  were made from 98 u n i t s  in  t h i s  a r ea  (Table  IV);  9 

(9%) responded t o  LT s t i m u l a t i o n ,  8 wi t h  an i n c r e a s e  in f i r i n g  f r e -
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F i g u r e  11.  Li ne  d r awing  a f t e r  Pax inos  and Watson ( ' 8 2 )  i l l u s t r a t i n g  

t h e  v e r t i c a l  o r i e n t a t i o n  o f  s o ma t o t o p i c  l o c a l i z a t i o n  found i n  l a t e r a l  

VPL. □ ;  u n i t s  r e s pond i ng  t o  LT s t i m u l a t i o n  o f  t h e  t r u n k  e nc oun t e r e d  

i n  a s i n g l e  t r a c k .  As t h e  e l e c t r o d e  was lowered t h e  r e c e p t i v e  f i e l d  

of  u n i t s  e n c o u n t e r e d  s h i f t e d  from t h e  r o s t r a l  t o  t h e  caudal  t r u n k .

LD
/  _  - ^ %

VPM

VPL
 7

6.2 mm
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Tab l e  V. R e c e p t i v e  f i e l d s  o f  LT and LT/ No c i c e p t i v e  u n i t s

whi - r e s t t o t a l f o r e - h i n d - t o t a l t o t a l
s k e r head head paw Paw t r u n k body u n i t s

VPM 43 4 47 0 0 0 0 47
VPL 6 2 8 22 7 14 43 51

PO 2 3 _5 _4 0 _3 _7 12
Complex

To t a l 51 9 60 26 7 17 50 110
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quency,  1 wi t h  a d e c r e a s e ;  54 (55%) responded t o  n o c i c e p t i v e  s t i m u l a ­

t i o n ,  50 wi th  an i n c r e a s e  in f i r i n g  f r eq u e n c y ,  4 wi t h  a d e c r e a s e ;  3 

(3%) u n i t s  responded t o  LT and n o c i c e p t i v e  s t i m u a t i o n  wi th  an i n c r e a s e  

i n  f i r i n g  f r equency ;  and 32 (33%) of  t h e  u n i t s  d i d  no t  r e spond .

Within t h e  P0 complex no somat o top ic  o r g a n i z a t i o n  o f  e i t h e r  LT or  

n o c i c e p t i v e  u n i t s  was o bs e r v e d .  Some u n i t s  r esponding  t o  LT had 

r e c e p t i v e  f i e l d s  on t h e  head ,  o t h e r s  on t h e  body (Tab l e  V).

In a l l ,  r e c o rd i n gs  were made from 291 u n i t s  i n  t h e  VB and P0 com­

p l e x e s ;  238 (82%) responded t o  t h e  a p p l i e d  mechanical  somatosensory 

s t i m u l i .  Of t h e  110 u n i t s  r esponding  t o  LT o r  LT/noci  s t i m u l a t i o n  in 

t h e s e  two a r e a s ,  51 (46%) had v i b r i s s a l  r e c e p t i v e  f i e l d s ,  9 (8%) had 

r e c e p t i v e  f i e l d s  l o c a t e d  e l se whe r e  on t h e  head ,  26 (24%) had forepaw 

r e c e p t i v e  f i e l d s ,  7 (6%) had hindpaw r e c e p t i v e  f i e l d s ,  and 17 (15%) 

had r e c e p t i v e  f i e l d s  on t h e  t r u n k  (Tab l e  V).

d .  Othe r  Nuclei

Other  nuc l e i  and r eg i ons  from which r e s pons es  t o  somatosensory 

s t i m u l a t i o n  were observed i n c l u d e  t h e  medial  l e mn i s cu s ,  t h e  l a t e r a l  

do r s a l  t ha l ami c  n u c l e u s ,  t h e  l a t e r a l  p o s t e r i o r  t h a l a m i c  n u c l e u s ,  t h e  

zona i n c e r t a ,  t h e  r e t i c u l a r  t h a l a m i c  n u c l e u s ,  t h e  a n t e r i o r  p r e t e c t a l  

a r e a ,  t h e  s u p e r i o r  col  1 i c u l u s , and t h e  medial  g e n i c u l a t e  n u c l e u s .  

Recordings  were made from 122 u n i t s  in  t h e s e  a r e a s ;  57 (47%) responded 

t o  somatosensory  s t i m u l a t i o n ,  8 responded t o  LT, 47 t o  n o c i c e p t i v e  

s t i m u l a t i o n ,  and 2 t o  LT and n o c i c e p t i v e  s t i m u l a t i o n  (Tab l e  V I ) .  53% 

of  t h e  u n i t s  t e s t e d  did  not  respond t o  any kind o f  somat osensory  s t i m­

u l a t i o n  t e s t e d .
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In t h e s e  o t h e r  n u c l e i ,  t h e r e f o r e ,  t h e  p e r c e n t a g e  o f  nonrespons ive  

u n i t s  was g r e a t e r  t h a n  in e i t h e r  t he  VB o r  PO complexes (11% and 33% 

r e s p e c t i v e l y ) .  Most (82%) of  t h e  u n i t s  t h a t  d id  respond t o  somatosen­

s o ry  s t i m u l a t i o n  in t h e s e  o t h e r  r e g i o n s  were n o c i c e p t i v e ,  and were 

l o c a t e d  in t h e  l a t e r a l  p o s t e r i o r  n u c l e u s .
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Tabl e  VI.  Response c h a r a c t e r i s t i c s  o f  u n i t s  o u t s i d e  t h e  VB and PO
Complexes

Tot a l
LT/ somato-  Nonres -

LT Noci noci s e n s o r y p o ns i v e To t a l

APT 2 6 0 8 4 12
LD 0 3 0 3 3 6
LP 0 25 0 25 27 52
MG 0 4 1 5 2 7
ml 0 4 0 4 1 5
ONT 2 0 0 2 5 7
Rt 2 3 1 6 4 10
SC 1 1 0 2 12 14
ZI 1 _1 0 _2 J _ _9

Tota l 8 47 2 57(47%) * 65(53%) 122

* p e r c e n t a g e  o f  t o t a l  u n i t s
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2.  DISCUSSION

Anatomical  s t u d i e s  have s ubd i v i de d  t he  VB complex i n t o  two nuc­

l e i ,  VPM and VPL, on t h e  b a s i s  o f  c y t o a r c h i t e c t u r a l  d i f f e r e n c e s  (McAl­

l i s t e r  and Wel l s ,  ’ 8 1 ) .  In t h e  p r e s e n t  s tudy  a d e f i n i t e  c o r r e l a t i o n  

between t h e  r e c e p t i v e  f i e l d  l o c a t i o n s  o f  LT u n i t s  and t h e i r  anatomical

l o c a l i z a t i o n  in  t h e s e  two n uc l e i  was s ee n .  In t h e  dorsomedia l  p o r t i o n

of  t h e  VB complex (VPM), c h a r a c t e r i z e d  by l a r g e ,  round,  d e n s e l y  packed 

somata ,  a l l  LT u n i t s  had r e c e p t i v e  f i e l d s  on t h e  head ( F i g .  10B-E) .

In t h e  v e n t r o l a t e r a l  VB complex (VPL),  c h a r a c t e r i z e d  by l o o s e l y

packed ,  d i s c o i d  somata a r r anged  in l a mi na e ,  most  (84%) u n i t s  had 

r e c e p t i v e  f i e l d s  on t h e  body ( F i g .  10A-E).  Some o f  t h e  VPL u n i t s  t h a t  

responded t o  LT of  t h e  head were l o c a t e d  on t h e  dorsomedial  edge o f  

VPL, j u s t  v e n t r a l  t o  VPM ( F i g .  10D).  These r e c o r d i n g s  may a c t u a l l y

have been made from VPM r a t h e r  t h a n  VPL u n i t s .  The r e s u l t s  i n d i c a t e  

t h a t  t h e  anatomical  s u b d i v i s i o n s  o f  t h e  VB complex,  VPM and VPL, d o ,  

in f a c t ,  r e p r e s e n t  f u n c t i o n a l ,  s o m a t o t o p i c a l l y  o rgan i zed  n u c l e i .

These r e s u l t s  a r e  i n  genera l  agreement  wi th  t h o s e  o f  Emmers'  

( ’65) who mapped m u l t i u n i t  r es pons es  t o  p e r i p h e r a l l y  a p p l i ed  mechani ­

cal  s t i m u l a t i o n  in t h e  r a t .  Al though Emmers d i d  not  i n c l u de  c y t o a r ­

c h i t e c t u r a l  d e s c r i p t i o n s  o f  r e g i o n s  from which r e c o r d i n gs  were made,  

r e c o r d i ng  s i t e s  were i n d i c a t e d  in h i s  pho t omi c rographs .  From h i s  

F i g s .  2-7 i t  ap p e a r s  t h a t  a r e a s  from which r es pons es  t o  s t i m u l a t i o n  of  

t h e  c o n t r a l a t e r a l  head were ob t a i ned  l a y  w i t h i n  VPM, wh i l e  r es pons es  

t o  c o n t r a l a t e r a l  s t i m u l a t i o n  o f  t h e  f o r e  o r  hindpaw l a y  w i t h i n  VPL. 

The r e s u l t s  o f  t h e  p r e s e n t  s t udy  d i f f e r  from Emmers ' , most  n o t a b l y ,  in  

t h a t  r e s p o n s e s  t o  s t i m u l i  a pp l i e d  in l a r g e  b i l a t e r a l  r e c e p t i v e  f i e l d s
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were i n t e r s p e r s e d  with  r e s p o n s e s  t o  s t i m u l a t i o n  a p p l i e d  w i t h i n  small 

c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s  th ro u g h o u t  t h e  VB complex.  Emmers 

found b i l a t e r a l  r e s p o n s es  on ly  in  a r e s t r i c t e d  l a t e r a l  a rea  o f  t h e  VB 

complex,  which he c a l l e d  S I I , from which no re sponses  t o  s t i m u l i  

a p p l i e d  in small c o n t r a l a t e r a l  r e c e p t i v e  f i e l d s  were r e c o rd e d .  In t h e  

p r e s e n t  s tudy  a t r u n k  r e p r e s e n t a t i o n  was in c lu d ed  in t h e  somato top ic  

map o f  VPL; i n  t h e  Emmers' s tu d y  no t r u n k  r e p r e s e n t a t i o n  was i n c l u d e d .  

I t  appea rs  t h a t ,  a n a t o m i c a l l y ,  t h e  Emmers' SI I  and th e  t r u n k  r e p r e s e n ­

t a t i o n  a rea  i n  t h e  p r e s e n t  s tudy  a r e  th e  same; compare F i g .  10B-E t o  

Emmers' F ig .  3 -5 .  F u r th e rm o re ,  Emmers d e s c r ib e d  h i s  SII  as  hav ing a 

v e r t i c a l  som ato top ic  o r i e n t a t i o n ;  i . e . ,  r e sponses  t o  s t i m u l i  a p p l i e d  

r o s t r a l l y  were d o r s a l  t o  th o s e  a p p l i e d  c a u d a l l y ,  as  opposed t o  t h e  

m e d i o l a t e r a l  som ato top ic  o r i e n t a t i o n  found in t h e  r e s t  o f  t h e  VB com­

p le x ;  e . g . ,  t h e  forepaw was medial  t o  t h e  hindpaw. In th e  p r e s e n t  

s tudy  t h e  same v e r t i c a l  som ato top ic  o r i e n t a t i o n  was observed  in  t h e  

t r u n k  r e p r e s e n t a t i o n  a r e a .

S ince  most o t h e r  e l e c t r o p h y s i o l o g i c a l  s t u d i e s  do not  p rov ide  

i n f o r m a t io n  on th e  c y t o a r c h i t e c t u r e  o f  t h e  r e g io n s  from which r e c o r d ­

in g s  were made, i t  i s  d i f f i c u l t  t o  compare t h e  r e s u l t s  o f  t h i s  s tu d y  

w i th  t h e i r s ,  exce p t  t o  make a few genera l  comments. One c o n s i s t e n t  

f i n d i n g ,  which a g r e e s  w i th  t h e s e  r e s u l t s ,  i s  t h a t  the  r e p r e s e n t a t i o n  

o f  t h e  body i s  p laced  v e n t r o l a t e r a l  t o  t h e  r e p r e s e n t a t i o n  o f  t h e  head 

(D av idson ,  ' 6 5 ;  Emmers, ' 6 5 ;  Wai te ,  ' 7 3 )  In t h e  p r e s e n t  s t u d y ,  o f  t h e  

u n i t s  responding  t o  LT s t i m u l a t i o n ,  th o s e  w i th  v i b r i s s a l  r e c e p t i v e  

f i e l d s  were t h e  most common (46%),  t h o s e  with  forepaw r e c e p t i v e  f i e l d s  

t h e  second most  numerous (24%), and more u n i t s  had forepaw r e c e p t i v e
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f i e l d s  t h a n  hindpaw (6%).  This  a g re e s  w i th  Davidson ( ' 6 5 ) ,  who noted 

t h a t  v i b r i s s a l  r e s p o n s es  were more common than  th o s e  from both t h e  

f o r e  and h ind l im bs  combined ,  and Angel and Cla rk  ( ‘ 75) who noted t h a t  

t h e  forepaw r e p r e s e n t a t i o n  i s  l a r g e r  th a n  t h e  hindpaw. The r e s u l t s  o f  

t h e  p r e s e n t  s tudy  d i s a g r e e  w i th  Angel and C l a r k ,  however,  in  i n d i c a t ­

ing t h a t  t h e  t r u n k  r e p r e s e n t a t i o n  i s  l a r g e r  than  th e  hindpaw. They 

a l s o  d i s a g r e e  w i th  o t h e r s  in  t h a t  in  t h e  p r e s e n t  s tudy  re s p o n s es  t o  LT 

o f  t h e  body ex tended  f u r t h e r  r o s t r a l l y  than  re sponses  t o  LT of  t h e  

head ,  w h i l e  Davidson ( ’65) and Waite ( ’ 73) re p o r te d  r e sponses  t o  

w h iske r  s t i m u l a t i o n  th ro u g h o u t  t h e  e n t i r e  e x t e n t  o f  t h e  VB complex.

Some o f  t h e  c l a s s e s  o f  u n i t s  r e p o r t e d  in t h i s  s t u d y ,  i . e .  t h o s e  

respond ing  to  LT o r  n o c i c e p t i v e  s t i m u l a t i o n  with  a d e c r e a s e  in f i r i n g  

f r e q u e n c y ,  were not  e n co u n te red  v e ry  f r e q u e n t l y .  They have a l s o  not 

been d e s c r i b e d  a t  any l e n g th  by o t h e r  i n v e s t i g a t o r s .  U n i t s  responding  

t o  p e r i p h e r a l  s t i m u l a t i o n  with  a d e c r e a s e  in  f i r i n g  f requency  a r e  

h a r d e r  to  d e t e c t  than  th o s e  u n i t s  re spond ing  with  an i n c r e a s e  in f i r ­

ing f r e q u e n c y ,  p a r t i c u l a r l y  f o r  u n i t s  w ith  very  low spontaneous  f i r i n g  

f r e q u e n c i e s .  In f a c t ,  most  r e q u i r e d  a n a l y s i s  o f  r a t e m e t e r  p l o t s  f o r  

t h e i r  p o s i t i v e  i d e n t i f i c a t i o n .

The som ato top ic  o r g a n i z a t i o n  o f  t h e  VB complex i n t o  two f u n c t i o n ­

a l l y  d i s c r e t e  n u c l e i  i s  s u p p o r ted  by anatomica l  s t u d i e s  which i n d i c a t e  

t h a t  p r o j e c t i o n s  from t h e  t r i g e m i n a l  n u c l e a r  complex t e rm i n a t e  in  th e  

d o r s o m e d i a l ,  d e n s e ly  c e l l u l a r ,  VB complex,  and p r o j e c t i o n s  from th e  

d o r s a l  column n u c l e i  t e r m i n a t e  in  th e  v e n t r o l a t e r a l ,  lam ina ted  VB com­

p lex  (Feldman and K ruger ,  ’8 0 ) .
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Responses t o  LT and n o c i c e p t i v e  p inch  were recorded  in  bo th  th e  

VB and PO complexes but  t h e r e  was a d i f f e r e n c e  in t h e  f requency  o f  

t h e i r  o c c u re n c e .  In t h e  VB complex u n i t s  responding  t o  LT were more 

common th a n  in t h e  PO complex (45% vs 9%). Responses t o  n o c i c e p t i v e  

s t i m u l a t i o n  were more f r e q u e n t l y  recorded  in t h e  PO than  in  t h e  VB

complex (55% vs 38%). Another  d i f f e r e n c e  between th e  VB and PO com­

p le x e s  was t h e  f i n d i n g  o f  a som ato top ic  o r g a n i z a t i o n  o f  LT u n i t s  in 

t h e  VB complex and t h e  l a c k  o f  such o r g a n i z a t i o n  in the  PO complex.  

These r e s u l t s ,  t h e r e f o r e ,  i n d i c a t e  t h a t  t h e  VB and PO complexes a r e  

a l s o  f u n c t i o n a l l y  d i s t i n c t  r e g i o n s .  The VB complex i s  invo lved  in 

r e l a y i n g  s o m a t o t o p i c a l l y  o rg an iz ed  LT i n p u t s  w h i le  t h e  PO complex i s  

n o t .  In t h e  p r e s e n t  s tudy  u n i t s  t h a t  d id  not  respond to  t h e  somato­

s e n s o ry  s t i m u l i  were a l s o  more numerous in  th e  PO th a n  in t h e  VB com­

plex  (33% vs 11%).

These f i n d i n g s  a r e  in  d i r e c t  c o n t r a s t  t o  t h a t  o f  Guilbaud e t  a l . 

( ’80) who found no d i f f e r e n c e  in  t h e  p e r c e n ta g e  o f  LT o r  n o c i c e p t i v e  

u n i t s  in  t h e  VB vs t h e  PO complex,  and concluded t h a t  t h e  two r eg io n s  

were no t  f u n c t i o n a l l y  d i s t i n c t .  One reason  f o r  t h i s  d i s c r e p a n c y  may 

be t h e  d i f f e r e n c e  in t h e  r e g io n s  in c lu d e d  in t h e  d e s i g n a t i o n  PO com­

p l e x .  Guilbaud e t  a l . recorded  from a few u n i t s  in the  a rea  dorsomed­

i a l  t o  th e  VB complex,  bu t  d id  not  s y s t e m a t i c a l l y  e x p l o re  t h i s  reg ion  

because  t h e y  d id  not o b s e rv e  i t  t o  be an a r e a  c o n t a i n i n g  a c l e a r  popu­

l a t i o n  o f  u n i t s  a f f e c t e d  by somatosensory  s t i m u l a t i o n .  In t h e  p r e s e n t  

s t u d y ,  however,  t h e  m a j o r i t y  (77%) o f  t h e s e  u n i t s  d id  respond t o  soma­

t o s e n s o r y  s t i m u l a t i o n ,  most o f  them being  n o c i c e p t i v e ,  and t h e r e f o r e ,  

i t  was in c lu d ed  as p a r t  o f  t h e  PO complex.
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In c o n c l u s i o n ,  t h e  r e s u l t s  o f  t h i s  s tu d y  i n d i c a t e  t h a t  t h e r e  i s  a 

d e f i n i t e  c o r r e l a t i o n  between u n i t  re sponse  c h a r a c t e r i s t i c s  and anatom­

i c a l  l o c a l i z a t i o n  in  t h e  somatosensory  tha lamus  o f  t h e  r a t ,  and imply 

t h a t  t h e  a n a t o m i c a l l y  d i s t i n c t  r e g io n s  a r e ,  in  f a c t ,  f u n c t i o n a l l y  d i s ­

t i n c t .
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C. I o n t o p h o r e t i c  a p p l i c a t i o n  o f  s e r o t o n i n  on somatosensory  u n i t s  in

t h e  tha lamus

1.  RESULTS

a .  S e r o to n e r g i c  e f f e c t s  on n o c i c e p t i v e  v e r s u s  n o n n o c i c e p t i v e  u n i t s  in 

VB and PO complexes

S e ro to n in  was i o n t o p h o r e t i c a l l y  a p p l i e d  t o  sp o n tan eo u s ly  a c t i v e  

u n i t s ,  and t o  evoked a c t i v i t y  o f  u n i t s  r esponding  t o  n o c i c e p t i v e  and 

n o n n o c i c e p t i v e  s t i m u l a t i o n  in  t h e  VB and PO complexes o f  t h e  r a t .  

Nuc lea r  d i v i s i o n s  were made as  p r e v i o u s l y  d e s c r ib e d  ( F i g .  1 2 ) .

The spontaneous  f i r i n g  f requency  o f  a l l  u n i t s  (n=23) t e s t e d  was 

i n h i b i t e d  by 5-HT; t h e  f i r i n g  f requency  d u r in g  5-HT a p p l i c a t i o n  was 

s i g n i f i c a n t l y  lower (P<.05)  than  t h e  f i r i n g  f requency  b e f o r e  5-HT 

(Table  V II ;  F i g .  1 3 ) .  For most u n i t s  i n h i b i t e d  by 5-HT, t h e  f i r i n g  

f requency  a f t e r  drug a p p l i c a t i o n  re tu rn e d  t o  predrug  leve l  w i th i n  a 

few seconds (n=15) ( F i g .  13A). For 4 u n i t s ,  however,  t h e  f i r i n g  f r e ­

quency a f t e r  5-HT a p p l i c a t i o n  was s i g n i f i c a n t l y  lower than  b e f o r e  drug 

f o r  a pe r io d  of  t i m e ,  e . g . ,  f o r  30 s e c ,  b e f o r e  r e t u r n i n g  t o  predrug  

l e v e l s  ( F i g .  13B).  Four u n i t s  had f i r i n g  f r e q u e n c i e s  s i g n i f i c a n t l y  

h i g h e r  a f t e r  5-HT th a n  b e f o r e ;  f o r  1 of  t h e s e  u n i t s  t h e  f i r i n g  f r e ­

quency r e tu r n e d  t o  b e f o r e  drug  l e v e l s  in  about  30 s e c ,  f o r  t h e  o t h e r  3 

f i r i n g  f r equency  remained e l e v a t e d  f o r  t h e  d u r a t i o n  o f  t h e  r e c o rd in g  

( i . e . ,  60-130 sec)  ( F i g .  13C).

The on ly  u n i t s  e x c i t e d  by 5-HT (n=10) were c h a r a c t e r i z e d  by a 

p a r t i c u l a r  ty p e  o f  re sponse  s u g g e s t in g  a n o n s p e c i f i c  e f f e c t  ( F i g .  1 4 ) .  

Upon a p p l i c a t i o n  o f  5-HT f i r i n g  f requency  in c re a s e d  d r a m a t i c a l l y  

( e . g . ,  a s  much as an o r d e r  o f  magnitude)  and th e  u n i t ' s  shape changed .
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F ig u re  12 .  A-E. Line  d r a w in g s  a f t e r  Pax inos  and Watson ( ' 8 2 )  i l l u s ­

t r a t i n g  t h e  an a to m ic a l  l o c a l i z a t i o n  o f  u n i t s  t e s t e d  f o r  i o n t o p h o r e t i c  

e f f e c t s  o f  s e r o t o n i n .
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F ig u re  13.  A-C a r e  c o n t in u o u s  r a t e m e t e r  p l o t s ,  which i l l u s t r a t e  i n h i ­

b i t o r y  e f f e c t s  o f  5-HT on spon taneous  a c t i v i t y .  On t h e  x - a x i s  i s  t im e  

(1 mm = 1 s e c ) ;  on t h e  y - a x i s  i s  f i r i n g  f r equency  in  H e r t z .  S e r o to n i n  

was i o n t o p h o r e t i c a l l y  a p p l i e d  w i th  t h e  c u r r e n t s  i n d i c a t e d .  A. For 

t h i s  u n i t  t h e  b e f o r e  s e r o t o n i n  f i r i n g  f r eq u en cy  was equal  t o  t h e  f i r ­

ing  f r equency  a f t e r  i o n t o p h o r e s i s  o f  5-HT. This  response  p a t t e r n  was 

observed  f o r  15 out  o f  23 u n i t s  t e s t e d .  B. For  t h i s  u n i t  t h e  a f t e r  

drug  f i r i n g  f r e q u e n c y  was l e s s  th a n  th a n  t h e  f i r i n g  f r equency  b e f o r e  

d r u g .  Th is  r e s p o n s e  p a t t e r n  was observed  f o r  4 ou t  o f  23 u n i t s  

t e s t e d .  C. For t h i s  u n i t  t h e  f i r i n g  f requency  a f t e r  s e r o t o n i n  was 

g r e a t e r  th a n  t h e  f i r i n g  f r e q u e n c y  b e f o r e  i o n t o p h o r e s i s .  Th is  response  

p a t t e r n  was a l s o  obse rved  f o r  4 ou t  o f  23 u n i t s  t e s t e d .

5-

30nA

B 35nA

50 n A15-

30 sec
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I t  a l s o  appeared t h a t  t h e r e  was no r e l a t i o n s h i p  between dose o f  i o n t o -  

p h o r e t i c  c u r r e n t  and magnitude  o f  r e s p o n s e .  Large i n c r e a s e s  in  f i r i n g  

f r eq u en cy  were observed  even with  r e d u c t i o n s  o f  i o n t o p h o r e t i c  c u r r e n t  

t o  v e ry  low l e v e l s .  I f  t e s t e d  f o r  c u r r e n t  s e n s i t i v i t y  t h e s e  u n i t s

t e s t e d  p o s t i v e l y ;  i . e . ,  unbalanced c u r r e n t  passed th rough  t h e  NaCl or  

dye b a r r e l  produced s i m i l a r  d ram a t ic  i n c r e a s e s  in  f i r i n g  f r e q u e n c y .  

Of ten  t h i s  kind of  u n i t  was l o s t  a f t e r  one i o n t o p h o r e t i c  drug t r i a l ,  

and cou ld  not  be t e s t e d  f o r  c u r r e n t  e f f e c t s  (n  = 4 ) .  I t  was co n c lu d ed ,  

t h e r e f o r e ,  t h a t  th e s e  e x c i t a t o r y  re s p o n s es  were n o n s p e c i f i c  and t h a t  

no e x c i t a t o r y  e f f e c t  o f  s e r o t o n i n  i o n t o p h o r e s i s  was o bse rved .

No d i f f e r e n c e  was observed  in th e  i n c i d e n c e  o f  s e r o t o n e r g i c

i n h i b i t i o n  o f  t h e  spontaneous  a c t i v i t y  o f  u n i t s  responding  t o  noc icep ­

t i v e  o r  n o n n o c ic e p t iv e  s t i m u l i  (Table  V I I ) .  The spontaneous  a c t i v i t y  

o f  a l l  n o n n o c i e p t iv e  u n i t s  (n=10) and n o c i e p t i v e  u n i t s  (n=13) t e s t e d

was i n h i b i t e d  by s e r o t o n i n .  There was a l s o  no d i f f e r e n c e  in t h e  i n c i ­

dence  o f  i n h i b i t i o n  o f  spon taneous  a c t i v i t y  in  d i f f e r e n t  anatomical  

r eg io n s  o f  t h e  t h a la m u s .  The spontaneous  a c t i v i t y  o f  a l l  u n i t s  t e s t e d  

in  t h e  VB complex (n=16) was i n h i b i t e d  by 5-HT, as was t h a t  o f  a l l

u n i t s  t e s t e d  in t h e  PO complex (n=7) (Tab le  V I I ) .

In t h e  f i r s t  s e r i e s  o f  exper im en t s  t h e  i o n t o p h o r e t i c  e f f e c t s  o f  

5-HT on evoked a c t i v i t y  were de te rmined  by making con t inuous  r a t e m e t e r  

p l o t s  o f  u n i t  a c t i v i t y  ( F i g .  15 ) .  Mean f i r i n g  f r e q u e n c i e s  o f  evoked 

a c t i v i t y  b e f o r e ,  d u r i n g ,  and a f t e r  drug were compared.  Both n o c ic e p ­

t i v e  (n=16) or  n o n n o c i c e p t i v e  (n=6) u n i t s  were t e s t e d .  The evoked

a c t i v i t y  o f  a l l  n o c i c e p t i v e  u n i t s  t e s t e d  was i n h i b i t e d  by 5-HT; u n i t

f i r i n g  f r e q u e n c i e s  d u r in g  5-HT a p p l i c a t i o n  were s i g n i f i c a n t l y  lower 

t h a n  u n i t  f i r i n g  f r e q u e n c i e s  b e f o r e  5-HT ( F i g .  15D). In most c a s e s



F ig u re  14.  A-B a r e  c o n t in u o u s  r a t e m e t e r  p l o t s ;  t im e  i s  on t h e  x - a x i s  

(1 mm = 1 s e c ) ,  f i r i n g  f r e q u e n c y ,  in  H e r t z ,  on t h e  y - a x i s .  A. i l l u s ­

t r a t e s  an e x c i t a t o r y  r e sponse  o f  a u n i t  t o  50 nA o f  c u r r e n t  passed  

th ro u g h  th e  s e r o t o n i n  b a r r e l .  When t h i s  u n i t  was t e s t e d  f o r  c u r r e n t  

s e n s i t i v i t y  i t  t e s t e d  p o s i t i v e l y .  50 nA o f  c u r r e n t  passed th rough  t h e  

NaCl b a r r e l  a l s o  produced an e x c i t a t o r y  e f f e c t  (B) .
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Table  V I I .  E f f e c t s  o f  5-HT i o n t o p h o r e s i s  on sp o n tan eo u s  o r  evoked a c ­
t i v i t y  o f  VB and PO u n i t s .

N onnoc ice p t ive  
VB Complex

N o c ic e p t iv e  
VB Complex 
PO Complex

T o ta l  Noci­
c e p t i v e

Spontaneous  

I n h i b  NA*

Evoked

10

6
7

13

0

0
0

I n h i b

7
9

16

NA

0
0

Spont and Evoked 

In h i b  NA

5
4

0
0

* n o t  a f f e c t e d
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t h e r e  was a l s o  a s t e a d y  d e c r e a s e  in t h e  u n i t ' s  re sponse  t o  somatosen­

so ry  s t i m u l a t i o n  a lone  ( i . e . ,  w i th o u t  5-HT) ( F i g .  15C) A comparison o f  

f i r i n g  f r equency  b e f o r e ,  d u r i n g ,  and a f t e r  5-HT i o n t o p h o r e s i s  was n o t  

adequa te  t o  d e s c r i b e  drug e f f e c t s  on t h e s e  u n i t s ;  i . e . ,  t h e  d e c r e a s e  

in  f i r i n g  f requency  d u r in g  i o n t o p h o r e s i s  was p a r t i a l l y  due t o  a 

d e c l i n e  in  t h e  somatosensory  r e s p o n s e .  Comparisons were made,  t h e r e ­

f o r e ,  between b e f o r e ,  d u r i n g ,  and a f t e r  drug i n t e r v a l s  and comparable 

t im e  i n t e r v a l s  d u r in g  c o n t ro l  r e s p o n s es  t o  somatosensory  s t i m u l a t i o n  

w i th o u t  drug a p p l i c a t i o n .  In a l l  c a s e s  t h e r e  was a g r e a t e r  d e c r e a s e  

in  f i r i n g  f r equency  d u r in g  drug a p p l i c a t i o n  th a n  d u r in g  t h e  comparable  

t ime i n t e r v a l  of  t h e  somatosensory  response  a l o n e .  Three u n i t s  had 

p o s t  5-HT f i r i n g  f r e q u e n c i e s  t h a t  were s i g n i f i c a n t l y  lower  than  p re ­

drug  b u t ,  w i t h i n  25 s e c ,  f i r i n g  f requency  had r e tu r n e d  t o  b e f o r e  5-HT 

l e v e l s  ( F i g .  15B).  For two u n i t s ,  t h e  f i r i n g  f requency  a f t e r  5-HT was 

n o n s i g n i f i c a n t l y  d i f f e r e n t  than  b e f o r e  5-HT ( F i g .  15A). For 1 u n i t ,  

f i r i n g  f r equency  im media te ly  a f t e r  drug was s i g n i f i c a n l y  h ig h e r  than  

b e f o r e  5-HT, bu t  r e tu rn e d  t o  predrug  l e v e l s  w i th i n  13 s e c .

Most ( 6 / 7 )  n o n n o c ic e p t iv e  u n i t s  f o r  which con t inuous  r a t e m e t e r  

p l o t s  were used t o  compare mean f i r i n g  f r e q u e n c i e s  b e f o r e ,  d u r i n g ,  and 

a f t e r  5-HT i o n t o p h o r e s i s  were a l s o  i n h i b i t e d  by 5-HT ( F i g .  15A; Table

V I I ) .  Three o f  t h e s e  u n i t s  showed no s i g n i f i c a n t  d i f f e r e n c e  between 

mean f i r i n g  f r equency  b e f o r e  and a f t e r  drug  ( F i g .  15A), 1 u n i t  showed 

a temporary  (15 sec)  e x c i t a t i o n  fo l l o w in g  which f i r i n g  f requency  

re tu rn e d  t o  p redrug  a c t i v i t y  l e v e l s .  Two n o n n o c ic e p t iv e  u n i t s  i n h i b ­

i t e d  by s e r o t o n i n ,  were c h a r a c t e r i z e d  by a lower f i r i n g  f requency  

a f t e r  drug a p p l i c a t i o n  th a n  b e f o r e .  One o f  t h e s e  u n i t s  a l s o  had a
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d e c r e a s i n g  somatosensory  r e s p o n s e .  The evoked a c t i v i t y  o f  one nonno­

c i c e p t i v e  u n i t  was no t  e f f e c t e d  by s e r o t o n i n ;  t h e  mean f i r i n g  f r e ­

quency b e f o r e  5-HT was not '  s i g n i f i c a n t l y  d i f f e r e n t  from t h e  mean f i r ­

ing  f r equency  d u r in g  drug a p p l i c a t i o n  f o r  t h e  range  o f  drug doses  

t e s t e d  (20-70 nA).

Doses o f  s e r o t o n i n ,  measured as t h e  magnitude  o f  i o n t o p h o r e t i c  

c u r r e n t  u sed ,  ranged from 20-70 nA. L arge r  doses  o f  drug g e n e r a l l y  

produced g r e a t e r  p e r c e n t  d e c r e a s e s  in  f i r i n g  f requency  ( F i g .  15E).  

20-25 nA o f  c u r r e n t  produced an ave rage  d e c r e a s e  o f  39% in  f i r i n g  f r e ­

quency (number o f  t r i a l s = 4 ) ,  30-35 nA an average  d e c r e a s e  o f  56% (num­

b e r  o f  t r i a l s = 3 ) ,  40-45 nA an ave rage  d e c r e a s e  o f  56% (number o f  t r i ­

al s= 2 ) ,  and 50-55 nA an av e rage  d e c r e a s e  o f  71% (number o f  t r i a l s = 9 ) .

In 13 c a s e s  t h e  e f f e c t  o f  5-HT i o n t o p h o r e s i s  was t e s t e d  on both  

t h e  spontaneous  and evoked a c t i v i t y  o f  t h e  same u n i t ;  9 o f  t h e s e  u n i t s  

responded t o  p e r i p h e r a l l y  a p p l i e d  n o c i c e p t i v e  s t i m u l a t i o n ,  4 t o  nonno- 

c i e p t i v e  (T ab le  V I I ) .  Both t h e  spon taneous  and evoked a c t i v i t y  o f  a l l  

o f  th e  n o c i c e p t i v e  and 3 out  o f  4 o f  t h e  n o n n o c i c e p t i v e  u n i t s  were 

i n h i b i t e d  by 5-HT. The evoked a c t i v i t y  o f  1 n o n n o c i c e p t i v e  u n i t  was 

no t  e f f e c t e d  by 5-HT but  spon taneous  a c t i v i t y  was i n h i b i t e d .

b .  E f f e c t s  o f  s e r o t o n i n  on components o f  n o n n o c i c e p t i v e  r e s p o n s e s

In o r d e r  t o  s tudy  t h e  t im e  cou rse  o f  t h e  somatosensory  response  

and t o  d e te rm in e  t h e  e f f e c t s  o f  5-HT on e a r l y  and l a t e  components o f  

re sponses  a n o t h e r  s e r i e s  o f  expe r im en t s  was d one .  The e f f e c t s  o f  5-HT 

on evoked a c t i v i t y  were i n v e s t i g a t e d  by us ing  an e l e c t r o m e c h a n i c a l  

d e v i c e  t o  d e l i v e r  a n o n n o c i c e p t i v e  l i g h t  touc h  s t i m u l u s .  Unit  respon-
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F ig u re  15.  A-E a r e  co n t in u o u s  r a t e m e t e r  p l o t s  which i l l u s t r a t e  inhibi­

t o r y  e f f e c t s  o f  5-HT on n o c i c e p t i v e  (B,D) and n o n n o c i c e p t i v e  a c t i v i t y  

(A ) .  S e ro to n in  was i o n t o p h o r e t i c a l l y  a p p l i e d  with  t h e  c u r r e n t s  i n d i ­

c a t e d .  The d o t t e d  l i n e s  i n d i c a t e  p e r io d s  o f  t im e  in which somatosen­

so ry  s t i m u l a t i o n  was a p p l i e d .  On th e  x - a x i s  i s  t im e  (1 mm = 1 s e c ) ,

on th e  y - a x i s  i s  f i r i n g  f r eq u en cy  in  H e r t z .  A. For t h i s  u n i t  a f t e r

5-HT f i r i n g  f r equency  was t h e  same as  b e f o r e .  This  type  o f  re sponse  

was observed f o r  2 out  o f  16 n o c i c e p t i v e  u n i t s  t e s t e d  and 3 out  o f  6 

n o n n o c ic e p t iv e  u n i t s  t e s t e d .  B. For  t h i s  u n i t  t h e  a f t e r  5-HT f i r i n g  

f r equency  was l e s s  than  t h e  b p fo re  drug f i r i n g  f r equency  immedia te ly  

fo l l o w in g  i o n t o p h o r e s i s  bu t  f i r i n g  f requency  r e t u r n e d  t o  predrug l e v ­

e l s  with  t i m e .  This  re sponse  p a t t e r n  was observed f o r  3 out  o f  16 

u n i t s  t e s t e d .  C and D. a r e  r e c o r d s  made from t h e  same u n i t .  C. This

u n i t  was c h a r a c t e r i z e d  by a d e c r e a s i n g  response  t o  somatosensory  s t im ­

u l a t i o n  a l o n e .  D. The a f t e r  5-HT f i r i n g  f r e q u e n c y ,  t h e r e f o r e ,  was 

lower  than  t h e  b e f o r e  drug f o r  t h e  d u r a t i o n  o f  t h e  r e s p o n s e .  Th is  was 

t h e  re sponse  p a t t e r n  observed  f o r  most n o c i c e p t i v e  u n i t s  t e s t e d  

( 1 0 / 1 6 ) ,  and f o r  1 out of  6 n o n n o c ic e p t iv e  u n i t .  E. i l l u s t r a t e s  t h e  

e f f e c t s  o f  d i f f e r e n t  d o s e s  o f  5-HT on evoked a c t i v i t y .  For  t h i s  u n i t  

t h e  e f f e c t s  o f  two d o s e s  o f  s e r o t o n i n  were t e s t e d  on i t s  response  t o  

n o c i c e p t i v e  s t i m u l a t i o n .  50 nA o f  5-HT produced a g r e a t e r  d e c r e a s e  in  

f i r i n g  f r eq u en cy  than  25 nA.
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s e s  t o  t h i s  s t i m u l a t i o n  were recorded  as p e r i  s t im u lu s  t im e  h i s to g ra m s  

a v e ra g in g  10 o r  15 sweeps .  In o t h e r  words,  p l o t s  o f  number o f  s p ik e s  

pe r  b i n ,  v e r s u s  t im e  b e f o r e  and a f t e r  a p p l i c a t i o n  o f  t h e  s t i m u l u s ,  

were made f o r  10-15 r e p e t i t i o n s  o f  s t im u lu s  a p p l i c a t i o n .  In some 

c a s e s  h i s tog ra m s  were made with  b in  w id ths  o f  10 msec t o  examine 

e f f e c t s  o f  5-HT on both  p h a s ic  and t o n i c  components o f  t h e  same u n i t  

( F i g .  1 6 ) .  In o t h e r s ,  h i s to g ra m s  were made with  b in  w id ths  o f  1 msec 

t o  examine t h e  e f f e c t s  o f  5-HT on th e  l a t e n c y  o f  t h e  phas ic  response  

t o  n o n n o c i c e p t i v e  s t i m u l a t i o n  (n=8) ( F i g .  1 7 ) .  N onnocicep t ive  s t im u­

l a t i o n  produced r e s p o n s e s  which could  be d iv i d e d  i n t o  p h as ic  and t o n i c  

components ( F i g .  16B-C).  P has ic  components t y p i c a l l y  had s h o r t  l a t e n ­

c i e s  ( e . g . ,  20 msec) and d u r a t i o n s  ( e . g . ,  10-20 m s e c ) ,  and were f o l ­

lowed by p e r i o d s  o f  i n h i b i t i o n  or  dec re ase d  a c t i v i t y ,  and then  by 

lo n g e r  d u r a t i o n ,  lower  am p l i t u d e  t o n i c  r e s p o n s e s .  Repeated a p p l i c a ­

t i o n  o f  som atosensory  s t i m u l i  w i th o u t  i o n t o p h o r e s i s  in most c a s e s  pro­

duced c o n s t a n t  p h a s ic  r e s p o n s e s  and more v a r i a b l e  t o n i c  r e s p o n s e s .  

The magnitude  o f  t h e  p h a s ic  component o f  n o n n o c i c e p t i v e  re s p o n s es  was,  

however,  v e ry  s e n s i t i v e  t o  p o s i t i o n  o f  t h e  probe o f  t h e  e l e c t ro m ech an ­

ic a l  s t i m u l a t o r  w i th i n  t h e  u n i t ' s  r e c e p t i v e  f i e l d .

The e f f e c t s  o f  5-HT i o n t o p h o r e s i s  were de te rm ined  on both  p h as ic  

and t o n i c  components o f  n o n n o c i c e p t i v e  r e s p o n s e s  by comparing h i s t o ­

grams o f  u n i t  r e s p o n s e s  o b ta in e d  with  and w i th o u t  5-HT i o n t o p h o r e s i s .  

His tograms o f  u n i t  r e s p o n s e s  t o  somatosensory  s t i m u l a t i o n  w i thou t  5-HT 

were made f i r s t ,  t h e n  h i s to g ra m s  of  u n i t  r e s p o n s e s  w ith  5-HT, and ,  

f i n a l l y ,  h i s to g ra m s  o f  u n i t  r e s p o n s e s  w i th o u t  5-HT a g a i n .  Some u n i t s  

t e s t e d  in t h i s  manner cou ld  be c l a s s i f i e d  as WDR, o t h e r s  a s  LT. All 

o f  t h e s e  r e c o r d i n g s  were made in  t h e  VB complex.
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F ig u re  16.  A-C a r e  p e r i s t i m u l u s  t im e  h i s tog ram s  o f  one u n i t ' s  respon ­

ses  t o  n o n n o c ic e p t iv e  s t i m u l a t i o n .  On th e  x - a x i s  i s  t im e  (b in  width = 

10 m sec) ,  on t h e  y - a x i s  i s  number o f  c o u n t s / b i n .  A. i s  a r eco rd  o f  

t h e  s t im u lu s  a r t i f a c t ;  s t i m u l a t i o n  was a p p l i e d  o u t s i d e  t h e  u n i t ' s  

r e c e p t i v e  f i e l d  ( S - s t im u l u s  a r t i f a c t ) .  B. i s  a r eco rd  o f  s t i m u l a t i o n  

(10 t im e s )  w i th i n  t h e  u n i t ' s  r e c e p t i v e  f i e l d  (hindpaw) w i th o u t  i o n t o ­

p h o r e s i s  o f  5-HT. I t  i l l u s t r a t e s  t h e  p h as ic  and t o n i c  components of  

t h e  r e s p o n s e .  C. i s  a r ecord  o f  s t i m u l a t i o n  (10 t im e s )  w i t h i n  th e  

u n i t ' s  r e c e p t i v e  f i e l d  w i th  i o n t o p o r e s i s  o f  50 nA o f  5-HT. There has 

been a d e c r e a s e  in bo th  t h e  p h as ic  (16%) and t o n i c  (50%) components o f  

t h e  r e s p o n s e ,w i t h  t h e  g r e a t e s t  d e c r e a s e  be ing  in  t h e  t o n i c  component .
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The e f f e c t  o f  s e r o t o n i n  i o n t o p h o r e s i s  on p h a s ic  responses  was 

s t u d i e d  f o r  11 u n i t s .  In 10 c a s e s  t h e  magni tude  o f  t h e  phas ic  compo­

nent  o f  t h e  somatosensory  re sponse  d u r in g  i o n t o p h o r e s i s  was l e s s  th a n  

w i th o u t  (T ab le  V I I I ) .  D ecreases  in  p h as ic  responses  ranged from 6-100% 

depending on dose  o f  b-HT (Table  V I I I ) .  In most c a s e s ,  l a r g e r  d oses  

of  drug  produced g r e a t e r  p e r c e n t  d e c r e a s e s  in t h e  magnitude o f  t h e  

re sponse  ( F i g .  1 7 ) .  I o n t o p h o r e s i s  o f  25 nA o f  5-HT produced a 6% 

d e c r e a s e  in  r e s p o n s e ,  30-35 nA produced an ave rage  re sponse  d e c r e a s e  

o f  15% (number o f  t r i a l s = 2 ) ,  40-45 nA produced an average  d e c r e a s e  o f

40% (number o f  t r i a l s = 2 ) ,  50-55 nA an av e rage  d e c r e a s e  o f  41% (number

o f  t r i a l  s = 6 ) ,  and 70-75 nA an ave rage  d e c r e a s e  o f  59% (number o f  t r i ­

al s= 2 ) .  One u n i t  showed a s l i g h t  (20%) i n c r e a s e  in t h e  phas ic  

re sponse  w i th  i o n t o p h o r e s i s  o f  5-HT a t  50 nA. This  u n i t ,  however,  

a l s o  showed an i n c r e a s e  o f  10% in  i t s  p h as ic  response  with  ion to p h o ­

r e t i c  a p p l i c a t i o n  o f  50 nA o f  c u r r e n t  th rough  t h e  NaCl b a r r e l .

Comparisons cou ld  be made between b e f o r e  and a f t e r  drug h i s t o ­

grams f o r  seven u n i t s  f o r  which th e  e f f e c t s  of  5-HT on p h as ic  respon­

ses  were d e t e rm in e d .  For 4 o f  t h e s e  u n i t s  t h e  magnitude o f  t h e  

re sponse  a f t e r  5-HT was t h e  same as b e f o r e ;  f o r  2 u n i t s  t h e  magnitude  

a f t e r  5-HT was l e s s  t h a n  b e f o r e ,  and f o r  1 u n i t  t h e  magnitude  a f t e r  

5-HT was g r e a t e r  than  b e f o r e .  In 2 c a s e s ,  u n i t s  were l o s t  b e f o r e  com­

p l e t i o n  o f  t h e  t r i a l s ,  but  2 c o n s e c u t i v e  r e c o r d s  o f  somatosensory  

s t i m u l a t i o n  w i th o u t  5-HT i o n t o p h o r e s i s  were o b t a i n e d .  In t h e s e  c a s e s  

t h e r e  was l e s s  of  a d i f f e r e n c e  between th e  two r e s p o n s e s  t o  somatosen­

so ry  s t i m u l a t i o n  b e f o r e  i o n t o p h o r e s i s  t h a n  between u n i t  r e s p o n s e s  t o  

somatosensory  s t i m u l a t i o n  w i th  and w i thou t  5-HT.
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F ig u re  17.  A-E. a r e  p e r i s t i m u l u s  t im e  h i s tog ram s  o f  one u n i t ' s  

r e sponses  t o  n o n n o c i c e p t i v e  s t i m u l a t i o n .  On t h e  x - a x i s  i s  t im e  (b in  

wid th  = 1 m s e c ) ,  on t h e  y - a x i s  i s  c o u n t s / b i n .  A. i s  a reco rd  o f  

spon taneous  a c t i v i t y  and th e  s t im u l u s  a r t i f a c t ;  s t i m u l a t i o n  was 

a p p l i e d  o u t s i d e  t h e  u n i t ' s  r e c e p t i v e  f i e l d  ( S - s t i m u l u s  a r t i f a c t ) .  B. 

i s  a r eco rd  of  s t i m u l a t i o n  (10 t im es )  w i th i n  t h e  u n i t ' s  r e c e p t i v e  

f i e l d  w i thou t  i o n t o p h o r e s i s  o f  5-HT. C. i s  a r eco rd  of  s t i m u l a t i o n  

(10 t im es )  w i th in  t h e  u n i t ' s  r e c e p t i v e  f i e l d  with  i o n t o p h o r e s i s  o f  70 

nA o f  5-HT. D. i s  a reco rd  o f  s t i m u l a t i o n  (10 t im e s )  w i th i n  th e  

u n i t ' s  r e c e p t i v e  f i e l d  with  no i o n t o p h o r e s i s  o f  5-HT made a f t e r  C. E. 

i s  a r eco rd  o f  s t i m u l a t i o n  (10 t im e s )  w i th in  t h e  u n i t ' s  r e c e p t i v e  

f i e l d  and i o n t o p h o r e s i s  o f  50 nA o f  5-HT.
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The e f f e c t s  o f  5-HT on th e  t o n i c  components o f  n o n n o c ic e p t iv e  

u n i t s  were de te rm ined  f o r  5 u n i t s .  All t o n i c  re sponses  were i n h i b i t e d  

by 5-HT; t h e  t o t a l  count  p e r  t o n i c  response  was lower  with  io n t o p h o r e ­

s i s  o f  5-HT th a n  w i th o u t  (F ig  16B vs 16C) (Tab le  V I I I ) .  For  a l l  u n i t s  

t e s t e d ,  s e r o t o n i n  a p p l i c a t i o n  a l s o  i n c r e a s e d  t h e  l e n g th  o f  t h e  i n h i b i ­

t o r y  pe r io d  between phas ic  and t o n i c  components o f  t h e  r e s p o n s e s  ( F i g .  

16B vs 16C).  Doses o f  s e r o t o n i n  t e s t e d  on t o n i c  responses  were:  25

nA, which produced a 45% d e c r e a s e  in  r e sponse ;  40 nA which produced an 

a v e rage  d e c r e a s e  o f  76% (number o f  t r i a l s = 2 ) ,  50 nA which produced an

average  d e c r e a s e  o f  74% (number o f  t r i a l s = 2 ) ;  and ,  70 nA which pro­

duced an ave rage  d e c r e a s e  o f  63% (number o f  t r i a l s = 2 ) .

Tonic re sponses  t o  somatosensory  s t i m u l a t i o n  a f t e r  i o n t o p h o r e s i s  

were l e s s  th a n  b e f o r e  f o r  2 u n i t s .  In both  c a s e s  t h e  d i f f e r e n c e  

between re s p o n s es  b e f o r e  drug a p p l i c a t i o n  and responses  d u r in g  drug 

a p p l i c a t i o n  were g r e a t e r  th a n  d i f f e r e n c e s  between b e f o r e  drug and 

a f t e r  drug  r e s p o n s e s  ( i . e . ,  t h e r e  was a 45% d e c re a se  in  t h e  t o n i c  

re sponse  d u r in g  i o n t o p h o r e s i s  and only  a 17% d i f f e r e n c e  in p re  and 

p os t  drug  r e s p o n s e s  f o r  one u n i t  and an 88% d e c r e a s e  in response  with  

5-HT and a a 15% d i f f e r e n c e  in  p re  and p o s t  drug  r e s p o n s e s e ) . For 

one u n i t  t h e  t o n i c  response  was t h e  same a f t e r  i o n t o p h o r e s i s  as  

b e f o r e .  For a n o t h e r  u n i t  t h e  p os td rug  response  a f t e r  5-HT was l e s s  

th a n  b e f o r e  w i th  i o n t o p h o r e s i s  o f  40 nA o f  5-HT, and g r e a t e r  than  

b e f o r e  with  i o n t o p h o r e s i s  o f  70 nA o f  5-HT. In t h i s  c a s e  t h e  p e rc e n t  

d e c r e a s e  d u r in g  i o n t o p h o r e s i s  was a l s o  g r e a t e r  than  th e  p e r c e n t  

d e c r e a s e  a f t e r  i o n t o p h o r e s i s  (88% vs 11%).
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In 8 c a s e s  h i s to g ra m s  w i th  s h o r t  b in  w id ths  were used t o  examine 

e f f e c t s  o f  5-HT on changes  in  l a t e n c y  o f  p h a s ic  r e s p o n s e s  (Tab le

V I I I ) .  In 3 of  t h e s e  c a s e s  t h e r e  was an i n c r e a s e  o f  1-2 msec in  t h e  

l a t e n c y  o f  t h e  p h a s ic  re sponse  with  d o s e s  o f  5-HT o f  35 ,  50 ,  and 50

nA. For one u n i t  t h e r e  was no e f f e c t  o f  5-HT on response  l a t e n c y  a t  

doses  o f  40 and 50 nA but  t h e r e  was an i n c r e a s e  in l a t e n c y  o f  1 msec 

w i th  70 nA o f  5-HT ( F i g .  1 7 ) .  The 3 u n i t s  where l a t e n c y  was n o t  

e f f e c t e d  by 5-HT were t e s t e d  a t  35 ,  50 ,  and 50 nA r e s p e c t i v e l y  bu t

were no t  t e s t e d  a t  h ig h e r  d o s e s .  One u n i t  showed 100% i n h i b i t i o n  of

t h e  p h as ic  response  with  50 nA o f  5-HT and was not  t e s t e d  a t  o t h e r

d o s e s ,  t h e r e f o r e ,  changes in  l a t e n c y  cou ld  not  be o b s e rv e d .

In 4 c a s e s  l a r g e  b in  w id ths  were used and i o n t o p h o r e t i c  e f f e c t s  

o f  5-HT on p h a s ic  and t o n i c  components o f  t h e  same u n i t  de te rmined  

( T ab le  V I I I ) .  In 3 o f  t h e s e  c a s e s  t h e r e  was a d e c r e a s e  in t h e  magni­

tu d e  o f  both  re sponse  t y p e s ,  bu t  t h e  d e c r e a s e  in t h e  t o n i c  component 

o f  t h e  response  was g r e a t e r  than  t h e  d e c r e a s e  in  t h e  p h a s ic  response  

component with  comparab le  i o n t o p h o r e t i c  c u r r e n t s ,  i . e . ,  6% vs 45%, 36%

vs 88%, 16% vs 50% ( F i g .  16C).  In one c a s e  t h e  d e c r e a s e  in  response

was t h e  same f o r  t h e  two components.
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Tab le  V I I I .  E f f e c t s  o f  5-HT on p h a s i c  and t o n i c  components o f  nonno­
c i c e p t i v e  neurons  in  t h e  VB complex.  Doses o f  5-HT a r e  e x p r e s s e d  as 
th e  m agni tude  o f  t h e  i o n t o p h o r e t i c  c u r r e n t  u s e d ;  changes  in  r e s p o n s e s  
a r e  e x p r e s s e d  as f r a c t i o n a l  d e c r e a s e s  o r  i n c r e a s e s  in  t o t a l  number o f  
s p i k e s  r e l a t i v e  t o  c o n t r o l  r e s p o n s e s .  P e r c e n t  changes  a r e  i n d i c a t e d  
in  p a r e n t h e s i s .

P h a s ic  Response  Tonic Response

# o f Dose Dose
U n i t - s t i m ­ 5-HT Change Latency 5-HT Change
T r i a l  # u l i (nA) Response Change(msec) (nA) Response

1-1 15 25 3 / 3 1 ( - 6 ) 25 4 2 /9 3 ( - 4 5 )
2-1 15 70 7 /1 5 ( - 4 7 ) - 40 2 6 /4 1 ( - 6 3 )
2-2 15 70 3 5 /7 4 ( - 4 7 )
3-1 15 70 2 1 /2 7 ( - 7 8 )
3-2 15 40 5 / 1 4 ( -36) - 40 2 8 /3 2 ( - 8 8 )
4-1 10 40 8 / 1 8 ( - 4 4 ) 0
4-2 10 70 7 / 1 0 ( - 7 0 ) 1
4-3 10 50 5 / 1 2 ( -42) 0
5-1 10 50 2 9 /3 0 ( - 9 7 )
6-1 10 35 4 / 2 1 ( - 1 9 ) 2
6-2 10 50 3 / 1 9 ( -16) - 50 ' 6 4 /1 2 7 ( -5 0 )
7-1 10 35 1 /1 0 ( - 1 0 ) 0 •
8-1 10 50 5 / 1 0 ( -50) 1
9-1 10 50 4 /2 0 (+ 2 0 )* 0

10-1 10 50 9 / 9 ( —100) -

11-1 10 50 1 / 1 0 ( - 1 0 ) 0
12-1 10 50 5 / 2 0 ( —25) 1

* r e p r e s e n t s  an i n c r e a s e  i n  r e s p o n s e
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2.  DISCUSSION

In th e  f i r s t  s e r i e s  o f  ex p e r im e n t s  o f  t h i s  p a r t  o f  t h e  s t u d y ,  

5-HT was i o n t o p h o r e t i c a l l y  a p p l i e d  t o  s p o n ta n e o u s ly  a c t i v e  u n i t s ,  and 

t o  u n i t s  responding  t o  n o c i c e p t i v e  and n o n n o c ic e p t iv e  s t i m u l a t i o n  in 

t h e  VB and PO complexes o f  t h e  r a t .  Changes in a c t i v i t y  l e v e l s  were 

recorded  by making c o n t in u o u s  r a t e m e t e r  p l o t s  o f  f i r i n g  f r equency  w i th  

r e l a t i v e l y  long b in  w i d t h s ,  i . e .  1 s e c .  I o n t o p h o r e s i s  o f  5-HT p r o ­

duced an i n h i b i t o r y  e f f e c t  on spontaneous  a c t i v i t y  of  both  n o c i c e p t i v e  

and n o n n o c ic e p t iv e  u n i t s  in  t h e  VB and PO complexes .  An i n h i b i t o r y  

e f f e c t  o f  5-HT on t h e  evoked a c t i v i t y  o f  a l l  t h a l a m i c  u n i t s  respond ing  

t o  p e r i p h e r a l l y  a p p l i e d  n o c i c e p t i v e  s t i m u l a t i o n  and on most ( 6 / 7 )  

u n i t s  responding  t o  n o n n o c i c e p t i v e  s t i m u l a t i o n  was a l s o  o b s e rv e d .

This  i n h i b i t o r y  e f f e c t  o f  5-HT appeared  t o  be s p e c i f i c a l l y  

r e l a t e d  t o  drug a p p l i c a t i o n .  In a l l  c a s e s ,  u n i t s  were t e s t e d  f o r  sen­

s i t i v i t y  t o  equal m agn i tudes  o f  unbalanced  c u r r e n t  passed th ro u g h  t h e  

NaCl o r  dye b a r r e l s  and t h e r e  was a c l e a r  d i f f e r e n c e  between th e  

e f f e c t  o f  unbalanced  c u r r e n t  on th e  u n i t  and th e  e f f e c t  o f  unbalanced 

d r u g .  In most c a s e s  where 5-HT was t e s t e d  on spontaneous  a c t i v i t y ,  

p o s t  drug f i r i n g  f r e q u e n c i e s  were n o n s i g n i f i c a n t l y  d i f f e r e n t  than  p r e ­

drug w i th i n  a few seconds  a f t e r  drug a p p l i c a t i o n .  F u r th e rm o re ,  in  

most c a s e s  t h e r e  was a r e l a t i o n s h i p  between dose  o f  d r u g ,  measured as 

t h e  magnitude o f  t h e  i o n t o p h o r e t i c  c u r r e n t ,  and th e  p e r c e n t  d e c r e a s e  

in  f i r i n g  f r e q u e n c y .  As t h e  dose in c r e a s e d  t h e  i n h i b i t o r y  e f f e c t  

i n c r e a s e d .

The d e m o n s t r a t i o n  t h a t  5-HT p roduces  a p redom inan t ly  i n h i b i t o r y  

e f f e c t  on somatosensory  u n i t s  in  t h e  tha lamus  i s  in  agreement w ith  t h e
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m a j o r i t y  o f  o t h e r  s t u d i e s  done in  somatosensory  n u c l e i .  For example ,  

Andersen and Dafney ( ' 8 2  ) i n v e s t i g a t e d  s e r o t o n e r g i c  e f f e c t s  o f  5-HT 

on re s p o n s es  t o  m e c h a n ic a l ly  a p p l i e d  n o c i c e p t i v e  s t i m u l a t i o n  in t h e  

p a r a f a s c i c u l a r  nuc leus  o f  t h e  tha lamus  and observed a p redom inan t ly  

i n h i b i t o r y  e f f e c t .  In t h e  d o r s a l  horn o f  t h e  sp in a l  c o r d ,  Randic and 

Yu (*76) found t h a t  5-HT i n h i b i t e d  noxious  a c t i v i t y  o f  70% of  t h e  

c e l l s  t e s t e d  and Headley e t  a l . ( ‘ 78) found t h a t  78% of t h e  c e l l s

t e s t e d  in laminae  IV and V were i n h i b i t e d  with  i o n t o p h o r e t i c  a p p l i c a ­

t i o n  o f  s e r o t o n i n .  Also working in  t h e  d o r s a l  ho rn ,  B e lcher  e t  a l .  

( ’ 78) re p o r te d  t h a t  5-HT i n h i b i t e d  90% o f  t h e  a c t i v i t y  evoked by n o c i ­

c e p t i v e  s t i m u l a t i o n .  Moreover,  Jo rdon  e t  a l . (*79) repo r te d  t h a t  86%

o f  t h e  WDR s p in o th a l a m ic  t r a c t  (STT) c e l l s  and 64% o f  t h e  high t h r e s h ­

old STT c e l l s  t e s t e d  were i n h i b i t e d  by 5-HT. W illcockson  e t  a l .  (*84) 

found t h a t  5-HT i n h i b i t e d  53 out  o f  58 STT c e l l s  e x c i t e d  by g lu tam a te  

p u l s e s ,  5 out  o f  5 s p o n ta n e o u s l y  a c t i v e  STT c e l l s  and th e  evoked 

a c t i v i t y  o f  11 out  of  15 STT c e l l s .  In t h e  t r i g e m i n a l  subnuc leus  cau ­

dal i s ,  Burns and H a ig l e r  ( ' 8 3 )  r e p o r t e d  t h a t  t h e r e  was a p redom inan t ly  

i n h i b i t o r y  e f f e c t  o f  5-HT on u n i t s  which responded t o  f a c e  pinch  and 

noxious hea t  w ith  an i n c r e a s e  in  f i r i n g  f r e q u e n c y .  55% o f  t h e  f a c e  

pinch and 78% of  t h e  noxious  h e a t  u n i t s  t e s t e d  were i n h i b i t e d .

In some c a s e s  p r e d o m in an t ly  e x c i t a t o r y  e f f e c t s  o f  5-HT on somato­

sen s o ry  u n i t s  have been r e p o r t e d ,  however.  Be lcher  e t  a l . ( ‘ 78) found 

t h a t  5-HT produced e x c i t a t i o n  o f  t h e  spon taneous  a c t i v i t y  o f  51% of  

th e  n o c i c e p t i v e  and 60% of  t h e  n o n n o c i c e p t i v e  u n i t s  t e s t e d  and pro­

duced f a c i l i t a t i o n  o f  D,L-homocyste ic  evoked a c t i v i t y  o f  57% of  t h e  

n o c i c e p t i v e  and 63% o f  t h e  n o n n o c i c e p t i v e  u n i t s  t e s t e d .  This  e x c i t a ­
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t i o n  was d e s c r i b e d  as a l a r g e  i n c r e a s e  in f i r i n g  f requency  a s s o c i a t e d  

with  a change in sp ik e  s i z e .  Todd and M i l l a r  ( ’83) a l s o  r e p o r t e d  exc­

i t a t o r y  e f f e c t s  o f  5-HT on 68% of  t h e  d o r s a l  horn u n i t s  t e s t e d .  I t  i s  

somewhat d i f f i c u l t  t o  compare Todd and M i l l a r ' s  r e s u l t s  w ith  t h o s e  o f  

o t h e r  i o n t o p h o r e t i c  s t u d i e s  s i n c e  Todd and M i l l a r  d e s c r ib e d  drug  

e f f e c t s  in  te rm s  o f  changes  in  f i r i n g  f requency  a f t e r  drug a p p l i c a ­

t i o n ,  i n s t e a d  of  in  te rms o f  changes  in  f i r i n g  fr equency  d u r in g  io n t o ­

p h o r e s i s ,  as  i s  u s u a l l y  done .  They provided  no in f o r m a t io n  on f i r i n g  

f r e q u e n c i e s  d u r in g  drug a p p l i c a t i o n .  S p e c i f i c a l l y ,  in  t h e i r  s tu d y  

f i r i n g  f requency  i n c r e a s e d  a f t e r  a per iod  o f  5-HT i o n t o p h o r e s i s ,  

t h e r e f o r e ,  t h e  u n i t  was c l a s s i f i e d  as e x c i t e d  by s e r o t o n i n .  In some 

c a s e s  we saw an i n h i b i t o r y  e f f e c t  o f  5-HT d u r in g  i o n t o p h o r e s i s ,  and a 

p o s t  drug i n c r e a s e  in f i r i n g  f r e q u e n c y .  In t h i s  s tudy  th e s e  u n i t s  

were c l a s s i f i e d  as i n h i b i t e d  by 5-HT. I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  

u n i t s  c l a s s i f i e d  as e x c i t e d  by Todd and M i l l a r  might  have been c l a s ­

s i f i e d  as i n h i b i t e d  by o t h e r  i n v e s t i g a t o r s .  I t  can be n o te d ,  however,  

t h a t  Todd and M i l l a r  a l s o  d e s c r ib e d  t h e  e x c i t a t o r y  re sponse  to  drug 

a p p l i c a t i o n  as a d r a m a t ic  i n c r e a s e  in f i r i n g  f r e q u e n c y .

In t h i s  s tudy  e x c i t a t o r y  r e s p o n s e s  t o  i o n t o p h o r e s i s ,  c o n s i s t i n g  

o f  d r a m a t i c  i n c r e a s e s  in f i r i n g  f r e q u e n c y ,  d i s p l a y e d  a number o f  o t h e r  

c h a r a c t e r i s t i c s  s u g g e s t in g  t h a t  t h e y  might  be n o n s p e c i f i c  e f f e c t s .  

I n c r e a s e s  in  f i r i n g  f requency  were l a r g e ,  and t h e r e  d id  not  appea r  t o  

be a r e l a t i o n s h i p  between dose o f  drug  and magnitude o f  r e s p o n s e ;  

l a r g e  i n c r e a s e s  in  f i r i n g  f r equency  were seen  even when i o n t o p h o r e t i c  

c u r r e n t s  were reduced t o  very  low l e v e l s .  F u r th e rm o re ,  t h e r e  were 

o f t e n  changes  in  u n i t  shape a s s o c i a t e d  with  e x c i t a t i o n ,  and when 

t e s t e d  fo r  c u r r e n t  s e n s i t i v i t y  t h e s e  u n i t s  t e s t e d  p o s i t i v e l y ,  i . e . ,
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unbalanced  current ,  produced th e  same d ra m a t ic  i n c r e a s e s  in  f i r i n g  f r e ­

quency as drug  i o n t o p h o r e s i s .  I t  i s  p o s s i b l e ,  t h e r e f o r e ,  t h a t  s i m i l a r  

e x c i t a t o r y  r e s p o n s e s  t o  5-HT i o n t o p h o r e s i s  d e s c r i b e d  by B e lche r  e t  a l . 

( ' 7 8 )  and Todd and M i l l a r  ( ' 8 3 )  were n o n s p e c i f i c  as  well . Be lche r  e t  

a l . ( ' 7 8 ) ,  however,  found t h a t  e x c i t a t o r y  r e s p o n s e s  could  be an tagon­

ized  by m e t h y s e r g i d e ,  and in a l a t e r  s tu d y  Todd and M i l l a r  ( ' 8 4 )  again  

r e p o r t e d  e x c i t a t o r y  e f f e c t s  o f  5-HT in  th e  d o r s a l  ho rn ,  and a l s o  found 

t h a t  e x c i t a t i o n  c ou ld  be a n t ag o n ize d  by m e th y s e rg id e .

E x c i t a t o r y  e f f e c t s  o f  5-HT have been d e s c r i b e d  in o t h e r  r e g io n s  

o f  t h e  b r a i n  but  t h e  n a t u r e  of  t h e s e  e f f e c t s  i s  very  d i f f e r e n t  than  

t h a t  d e s c r i b e d  by Todd and M i l l a r  ( ' 8 3 )  and Belcher  e t  a l . ( ' 7 8 ) .

A ghajanian  and co -w orkers  found t h a t  in t h e  f a c i a l  motor nuc leus  5-HT 

e x e r t e d  a f a c i l i t o r y  e f f e c t .  S p e c i f i c a l l y ,  McCall and Aghajanian 

( ' 7 9 )  showed t h a t  a p p l i c a t i o n  o f  10-200 nA p u l s e s  o f  5-HT l a s t i n g  from 

1-10 min f a i l e d  t o  e x c i t e  s i l e n t  f a c i a l  m o to rneu rons .  However, small 

amounts o f  5-HT (20 nA), a p p l i e d  t o  f a c i a l  motorneurons  e x c i t e d  by 

g lu t a m a te  p u l s e s ,  e l e c t r i c a l  s t i m u l a t i o n  o f  t h e  motor c o r t e x  or  e l e c ­

t r i c a l  s t i m u l a t i o n  o f  t h e  red nuc leus  enhanced both  t h r e s h o l d  and 

s u b t h r e s h o l d  e x c i t a t i o n s .  Th is  f a c i l a t o r y  e f f e c t  o f  5-HT was a s s o c i ­

a ted  w i th  a s low s u b t h r e s h o l d  d e p o l a r i z a t i o n  accompanied by an 

i n c r e a s e  in e x c i t a b i l i t y  and in p u t  r e s i s t a n c e  (VanderMael en and Agha­

j a n i a n ,  *80 ) .  O ther  i n v e s t i g a t o r s  ( P a r r y  and R o b e r t s ,  ' 8 0 ;  White and 

Neuman, '80 )  have obse rved  th e  same f a c i l a t o r y  e f f e c t  o f  5-HT on s p i ­

nal m o to rn e u ro n s .  These f a c i l a t o r y  e f f e c t s  o f  5-HT a r e  c l e a r l y  d i f ­

f e r e n t  than  t h e  l a r g e  i n c r e a s e s  in  f i r i n g  f requency  d e s c r ib e d  by Todd 

and M i l l a r  ( ' 8 3 )  and B e lch e r  e t  a l . ( ' 7 8 ) .
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In any c a s e ,  t h e  d e m o n s t r a t i o n  t h a t  5-HT produced a p redom inan t ly  

i n h i b i t o r y  e f f e c t  on somatosensory  u n i t s  i s  in  agreement with  th e  

m a j o r i t y  o f  s t u d i e s  done in  o t h e r  somatosensory  n u c l e i .  In t h i s  s tudy  

t h e r e  was a l s o  not  much o f  a d i f f e r e n c e  in t h e  in c id e n c e  o f  s e r o t o n e r ­

g i c  i n h i b i t i o n  o f  n o c i c e p t i v e  and n o n n o c i c e p t i v e  u n i t s .  O ther  s t u d i e s  

comparing i o n t o p h o r e t i c  e f f e c t s  o f  s e r o t o n i n  on d i f f e r e n t  ty p e s  o f  

somatosensory  a c t i v i t y  have produced c o n f l i c t i n g  r e s u l t s .  For exam­

p l e ,  W illcockson e t  a l . ( ’84) found 2 out  o f  2 STT c e l l s  a c t i v a t e d  by

b rush ing  th e  i p s i l a t e r a l  h indl imb were i n h i b i t e d  by 5-HT and 9 out  o f  

13 c e l l s  a c t i v a t e d  by p inch  were i n h i b i t e d .  When B e lcher  e t  a l . ( ’ 78) 

t e s t e d  t h e  e f f e c t  o f  5-HT on evoked a c t i v i t y  o f  n o n n o c ic e p t iv e  u n i t s ,  

however,  t h e y  found t h a t  5-HT produced a d e c r e a s e  in  a c t i v i t y  o f  only  

19% (n=16) of  t h e  u n i t s  t e s t e d ,  a s  opposed t o  t h e  90% (n=20) i n h i b i t e d  

when 5-HT was i o n t o p h o r e t i c a l l y  a p p l i e d  t o  n o c i c e p t i v e  evoked a c t i v ­

i t y .  Todd and M i l l a r  ( ' 8 3 )  found no d i f f e r e n c e  in  s e r o t o n e r g i c  

e f f e c t s  on LT, NS, o r  WDR u n i t s  in  s p ina l  l am inae  I - 111. I t  i s  d i f f i ­

c u l t  t o  know what t o  c onc lude  from t h e s e  r e s u l t s .  That  s e r o t o n i n  

would i n h i b i t  a l l  c l a s s e s  o f  u n i t s  t e s t e d  in d e n s e ly  in n e rv a te d  

r eg ions  might  be e x p e c t e d .  T h e r e f o r e ,  t h a t  Todd and M i l l a r ,  who were 

working e x c l u s i v e l y  in  t h e  s u p e r f i c i a l  laminae  o f  t h e  d o r s a l  ho rn ,  an 

a r e a  d e n s e ly  i n n e rv a t e d  with  5-HT im munoreac tive f i b e r s ,  saw no d i f ­

f e r e n c e  in s e r o t o n e r g i c  e f f e c t s  on d i f f e r e n t  c l a s s e s  o f  u n i t s  might  be 

ex p e c te d .  When comparing e f f e c t s  o f  i o n t o p h o r e s i s  o f  5-HT in  r eg io n s  

with  d i f f e r e n t  d e n s i t i e s  o f  i n n e r v a t i o n ,  however,  i t  seems l i k e l y  t h a t  

d i f f e r e n c e s  would be s e e n .  W illcockson  e t  a l . ,  however,  ( ' 8 4 )  s p e c i f ­

i c a l l y  noted t h a t  no t  o n ly  d id  th e y  no t  see  a d i f f e r e n c e  in i n h i b i t i o n
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of  d i f f e r e n t  c l a s s e s  o f  u n i t s ,  bu t  t h e y  d id  not  see  a d i f f e r e n c e  in 

5-HT e f f e c t  on neurons  t e s t e d  in  d i f f e r e n t  laminae  o f  t h e  s p in a l  c o r d .  

Some o f  t h e  u n i t s  t h e y  reco rded  from were in t h e  s u p e r f i c i a l  l a m in a e ,  

which a r e  more d e n s e l y  i n n e rv a t e d  with  s e r o t o n e r g i c  f i b e r s  t h a n  th e  

d e e p e r  l a m in a e ,  where o t h e r  u n i t  r e c o r d i n g s  were made.  In t h e  p r e s e n t  

s tu d y  t h e r e  was a l s o  not  much o f  a d i f f e r e n c e  between i n h i b i t i o n  o f  

n o n n o c i c e p t i v e  u n i t s  in  t h e  s p a r s e l y  i n n e rv a t e d  VB complex ,  and i n h i b ­

i t i o n  of  n o c i c e p t i v e  u n i t s  in more d e n s e ly  i n n e r v a t e d  p o s t e r i o r  

r e g io n s  o f  t h e  t h a la m u s .  I t  has been noted t h a t  d e n s i t y  o f  endogenous 

s e r o t o n i n  and d e n s i t i y  o f  s e r o t o n i n  r e c e p t o r s  does  n o t  always c o r r e ­

spond (Nelson e t  a l . ,  ' 7 8 ) .  Th is  may be t h e  e x p l a n a t i o n  f o r  why d i f ­

f e r e n c e s  in  i o n t o p h o r e t i c  e f f e c t s  o f  s e r o t o n i n  e x e r t e d  in  r e g io n s  with  

d i f f e r e n t  d e n s i t i e s  o f  i n n e r v a t i o n  were not  seen .

To examine s e r o t o n e r g i c  e f f e c t s  on n o n n o c i e p t iv e  re s p o n s es  more 

c l o s e l y ,  a n o t h e r  ty p e  o f  expe r im en t  was done .  As i s  common in re spon ­

s e s  o f  low t h r e s h o l d  m e c h a n o - s e n s i t i v e  u n i t s ,  two response  components 

t o  n o n n o c i e p t iv e  s t i m u l a t i o n  were d i s t i n g u i s h a b l e ;  a p h as ic  and a 

t o n i c .  Both o f  t h e s e  t y p e s  o f  re s p o n s es  were t e s t e d  f o r  5-HT s e n s i ­

t i v i t y .  There  was an i n h i b i t o r y  e f f e c t  o f  5-HT on a l l  bu t  one o f  t h e  

p h a s ic  r e s p o n s e s ,  and on a l l  o f  t h e  t o n i c  responses  t e s t e d .  However, 

when 5-HT was i o n t o p h o r e t i c a l  l y  a p p l i e d  t o  phas ic  and t o n i c  components 

o f  t h e  same r e s p o n s e ,  in  most c a s e s  t h e r e  was a g r e a t e r  d e c r e a s e  in 

t h e  magnitude  o f  t h e  t o n i c  re sponse  th a n  in t h e  magnitude  o f  t h e  pha­

s i c  r e s p o n s e .

These i n h i b i t o r y  e f f e c t s  o f  5-HT on th e  d i f f e r e n t  components o f  

n o n n o c i c e p t i v e  r e s p o n s e s  a l s o  appeared  t o  be s p e c i f i c a l l y  r e l a t e d  to
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drug a p p l i c a t i o n .  In most c a s e s  t h e r e  was a r e l a t i o n s h i p  between dose  

o f  drug and t h e  p e r c e n t  d e c r e a s e  in  r e s p o n s e .  As t h e  dose  o f  drug  

i n c r e a s e d  so d id  t h e  d e c r e a s e  in  t h e  magnitude  o f  t h e  re sponse  compo­

n e n t .  For most p h as ic  r e s p o n s e s ,  pos t  drug  h i s to g ra m s  were t h e  same 

as p r e d r u g ,  i n d i c a t i n g  t h a t  t h e r e  was no d e c r e a s e  in t h e  magnitude  o f  

t h e  somatosensory  re sponse  w i th  re p e a te d  a p p l i c a t i o n .  In 2 c a s e s  how­

e v e r ,  pos t  drug responses  were l e s s  th a n  p re d ru g .  The d e c r e a s e  in th e  

somatosensory  re sponse  d u r in g  s e r o t o n i n  i o n t o p h o r e s i s  in  t h e s e  c a s e s  

may have been due t o  t h e  e f f e c t  o f  r e p e a te d  s t i m u l a t i o n  and not  t o  a 

s p e c i f i c  drug e f f e c t .  I t  i s  a l s o  p o s s i b l e ,  however,  t h a t  t h e r e  was a 

long term e f f e c t  o f  t h e  5-HT i o n t o p h o r e s i s .  In t h e  p ro c e s s  o f  making 

h i s to g r a m s ,  5-HT was i o n t o p h o r e t i c a l l y  a p p l i e d  f o r  r e l a t i v e l y  long 

p e r io d s  o f  t i m e  ( i . e . ,  50 s e c ) .  Tonic re sponses  were more v a r i a b l e

th a n  p h a s ic  when a p p l i e d  r e p e a t e d l y  w i th o u t  i o n t o p h o r e s i s ,  so i t  i s  

more d i f f i c u l t  t o  d e t e rm in e  t h e  s i g n i f i c a n c e  o f  t h e  d i f f e r e n c e s  

between pre  and p os t  d rug  h i s to g ra m s .  In a l l  c a se s  where t h e  magni­

tu d e  o f  t h e  t o n i c  re sponse  a f t e r  drug a p p l i c a t i o n  was l e s s  t h a n  th e  

response  b e f o r e  d ru g ,  however,  t h e  p e r c e n t  d e c r e a s e  in response  d u r in g  

i o n t o p h o r e s i s  was g r e a t e r  th a n  t h e  d i f f e r e n c e  between pre and pos t  

drug r e s p o n s e s .

Bes ides  t h e  i n h i b i t o r y  e f f e c t  o f  5-HT on t h e  magnitude  o f  p h as ic  

and t o n i c  components o f  n o n n o c i c e p t i v e  r e s p o n s e s ,  4 out  o f  7 u n i t s  

were c h a r a c t e r i z e d  by an i n c r e a s e  in t h e  l a t e n c y  o f  t h e  p h a s ic  

r e s p o n s e .  In a d d i t i o n ,  a l l  u n i t s  t e s t e d  were c h a r a c t e r i z e d  by an 

i n c r e a s e  in t h e  d u r a t i o n  o f  t h e  i n h i b i t o r y  pe r io d  between p h a s i c  and 

t o n i c  response  components.
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To our knowledge no o t h e r  s t u d i e s  o f  t h e  i o n t o p h o r e t i c  e f f e c t s  o f  

5-HT on d i f f e r e n t  components o f  re s p o n s es  t o  p h y s i o l g i c a l  s t i m u l a t i o n  

have been done in somatosensory  n u c l e i .  Andersen and C u r t i s  ( ' 6 4 ) ,  

however have looked a t  i o n t o p h o r e t i c  e f f e c t s  o f  5-HT on d i f f e r e n t  com­

ponents  o f  r e sponses  t o  c o n t r a l a t e r a l  u l n a r  ne rv e  s t i m u l a t i o n  in the  

VB complex.  They found t h a t  5-HT produced no e f f e c t  on s h o r t  l a t e n c y  

re sponses  t o  neural  s t i m u l a t i o n  bu t  t h a t  spon taneous  a c t i v i t y  and 

l a t e r  b u r s t  r e s p o n s e s  were d e p r e s s e d .  They a l s o  found t h a t  i n t e r v e n ­

ing p o s i t i v e  p o t e n t i a l s  were i n h i b i t e d  by 5-HT. These f i n d i n g s ,  u s ing  

e l e c t r i c a l  s t i m u l a t i o n  o f  a p e r i p h e r a l  n e r v e ,  a r e  s i m i l a r  t o  o u r s ,  

us ing  mechanical  s t i m u l a t i o n  t o  examine 5-HT e f f e c t s  on response  com­

p o n e n t s .

In c o n c l u s i o n ,  i t  appea rs  t h a t  s e r o t o n i n  can e x e r t  an i n h i b i t o r y  

e f f e c t  on somatosensory  t r a n s m i s s i o n  a t  th e  l e v e l  of  t h e  th a lam u s .  

Whether or  n o t  t h e r e  i s  a d i f f e r e n c e  in modula to ry  e f f e c t s  o f  s e r o t o ­

nin  on n o c i c e p t i v e  and n o n n o c i c e p t i v e  t r a n s m i s s i o n  i s  l e s s  c l e a r .  I t  

does seem, however,  t h a t  a t  t h e  t h a la m ic  le v e l  t h e r e  may be some 

s e l e c t i v i t y  in  m odu la to ry  e f f e c t s  on d i f f e r e n t  components o f  nonnoci­

c e p t i v e  a c t i v i t y ;  p h a s i c  components a r e  l e s s  s e n s i t i v e  t o  s e r o t o n i n  

th a n  t o n i c .



-  121

IV. GENERAL DISCUSSION

The purpose  o f  t h i s  t h e s i s  p r o j e c t  was t o  de te rm ine  whether  t h e r e  

i s  e v id e n c e  f o r  s e r o t o n e r g i c  m odu la t ion  of  somatosensory a c t i v i t y  a t  

t h e  l e v e l  of  t h e  tha lam us  o f  t h e  r a t ,  and ,  i f  s o ,  whether  t h e r e  i s  any 

d i f f e r e n c e  in m o d u la t io n  o f  n o c i c e p t i v e  and n o n n o c icep t iv e  a c t i v i t y .  

The d e n s i t y  o f  5-HT im munoreac tive f i b e r s  was mapped in p r i m a r i l y  

n o c i c e p t i v e  and in  p r i m a r i l y  n o n n o c ic e p t iv e  r e g i o n s .  The g r e a t e s t  

d e n s i t y  o f  s e r o t o n i n  immunoreac tive f i b e r s  was seen in p o s t e r i o r ,  t h a ­

lamic r e g io n s  where r e s p o n s e s  t o  n o c i c e p t i v e  s t i m u l a t i o n  were more 

common than  r e s p o n s e s  t o  n o n n o c i c e p t i v e  s t i m u l a t i o n .  This  might  sug­

g e s t  t h a t  s e r o t o n e r g i c  m o d u la t io n  o f  somatosensory  t r a n s m i s s i o n  a t  t h e  

th a l a m i c  le ve l  i s  e x e r t e d  p r i m a r i l y  on n o c i c e p t i v e  a c t i v i t y .  In pos­

t e r i o r  r e g i o n s ,  w i th  g r e a t e r  numbers o f  immunoreactive f i b e r s ,  t h e r e  

may be more s e r o t o n e r g i c  synapses  and more 5-HT r e c e p t o r s ,  and t h e r e ­

f o r e ,  neurons  would r e c e i v e  more s e r o t o n e r g i c  i n p u t .  I t  has been

n o te d ,  however,  t h a t  t h e  d e n s i t y  o f  endogenous 5-HT and th e  d e n s i t y  of

s e r o t o n i n  r e c e p t o r s  does  n o t  always co r respond  (Nelson e t  a l . ,  ' 7 8 ) .  

For example ,  t h e  hippocampus seems t o  have a r e l a t i v e l y  low 5-HT con­

t e n t ,  and a high r e c e p t o r  d e n s i t y  (Biegon e t  a l .  ' 8 2 ) .  I t  i s  p o s s i ­

b l e ,  t h e r e f o r e ,  t h a t  d e n s i t y  o f  s e r o t o n e r g i c  i n n e r v a t i o n  does  not

always c o r r e l a t e  w i th  r e s p o n s iv e n e s s  t o  s e r o t o n i n .

Indeed ,  t h e  r e s u l t s  o f  t h e  f i r s t  m i c r o i o n t o p h o r e s i s  exper im en ts  

might  seem t o  i n d i c a t e  t h a t  t h i s  i s  s o .  S e ro to n in  was i o n t o p h o r e t i -  

c a l l y  a p p l i e d  t o  n o c i c e p t i v e  and n o n n o c ic e p t iv e  u n i t s  in  t h e  VB com­

plex  and in  p o s t e r i o r  r e g io n s  o f  t h e  th a lam u s .  A p r i m a r i l y  i n h i b i t o r y  

e f f e c t  o f  5-HT was seen in both  a r e a s ,  and on both n o c i c e p t i v e  and
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n o n n o c i c e p t i v e  u n i t s .  There d id  not appear  t o  be much d i f f e r e n c e  

between t h e  e f f e c t  o f  5-HT on u n i t s  in t h e  more d e n s e ly  in n e rv a t e d  

p o s t e r i o r  r e g io n s  o f  t h e  th a l a m u s ,  and t h e  e f f e c t  o f  5-HT on u n i t s  in  

t h e  l e s s  d e n s e ly  i n n e r v a t e d  VB complex.  This  might  su g g es t  t h a t ,  in  

somatosensory  r e g io n s  o f  t h e  th a la m u s ,  d e n s i t y  o f  immunoreact ive  

f i b e r s  does  no t  c o r r e l a t e  w i th  number o f  5-HT r e c e p t o r s ,  and ,  t h e r e ­

f o r e ,  w i th  r e s p o n s iv e n e s s  t o  s e r o t o n i n .

I t  should  be p o s s i b l e  t o  compare d e n s i t i e s  o f  s e r o t o n i n  r e c e p t o r s  

in  t h e  two r e g io n s  by examining r e s u l t s  o f  l ig an d  b ind ing  s t u d i e s .  

These s t u d i e s  have i n d i c a t e d  t h a t  t h e r e  a r e  a t  l e a s t  2 d i s t i n c t  s e r o ­

t o n i n  b ind ing  s i t e s  i n  t h e  mammalian b r a i n  (P e ro u tk a  and Snyder ,  ' 7 9 ;  

*81; *82).  One s i t e ,  d e s i g n a t e d  as 5-HT^, may be s e l e c t i v e l y  l a b e l e d
3

by H - s e r o t o n i n ,  t h e  o t h e r  s i t e ,  d e s i g n a t e d  as 5 -HT2 , may be s e l e c -
3

t i v e l y  l a b e l e d  by H -sp ip e ro n e  (P e ro u tk a  and Snyder ,  ' 7 9 ;  P e r o u tk a ,  

*84) .  5 -HT2  r e c e p t o r s  d i s p l a y  a g r e a t e r  a f f i n i t y  f o r  c l a s s i c a l  5-HT

a n t a g o n i s t s  than  do 5-HT^ r e c e p t o r s  ( P e r o u t k a ,  ' 8 4 ) .  Perou tka  and 

Snyder ( ' 8 2 )  have p o s t u l a t e d  t h a t  5-HT^ r e c e p t o r s  r e p r e s e n t  t h e  s i t e s  

which m e d ia te  i n h i b i t o r y  e f f e c t s  o f  s e r o t o n i n ,  and 5 -HT2 r e c e p t o r s  

m ed ia te  e x c i t a t o r y  e f f e c t s .

Th is  h y p o th e s i s  i s  m a in ly  sup p o r ted  by th e  f a c t  t h a t ,  in  r eg ions  

o f  t h e  b r a i n  where i o n t o p h o r e t i c  a p p l i c a t i o n  o f  5-HT p roduces  an exc­

i t a t o r y  e f f e c t ,  c l a s s i c a l  s e r o t o n i n  a n t a g o n i s t s  a r e  e f f e c t i v e  in 

b lock ing  5-HT e f f e c t s ,  and ,  in r eg io n s  where 5-HT-induced i n h i b i t i o n  

can be s e e n ,  c l a s s i c a l  s e r o t o n i n  a n t a g o n i s t s  a r e  l e s s  e f f e c t i v e .  For 

example ,  Aghajanian  and co -w orkers  have found t h a t  5-HT produces  a 

f a c i l a t o r y  e f f e c t  in  t h e  f a c i a l  motor  n u c l e u s ,  which i s  an tagon ize d  by
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m e th y s e rg id e  (McCall and A gh a jan ian ,  ' 7 9 ;  ' 8 0 ;  VanderMaelen and Agha­

j a n i a n ,  ' 8 0 ) ,  c y p ro h e p t a d in e  (McCall and A gha jan ian ,  ' 8 0 ) ,  c i n a n s e r i n  

(McCall and A gha jan ian ,  ’8 0 ) ,  and m e t e r g o l i n e  (McCall and A g h a ja n ia n ,  

*80).  A f a c i l i t o r y  e f f e c t  o f  5-HT has a l s o  been observed  in  t h e  ven­

t r a l  horn o f  t h e  s p ina l  cord  ( P e r r y  and R o b e r t s ,  ' 8 0 ;  White and Neu­

man, ' 8 0 ) ,  and White and Neuman ( ' 8 0 )  have shown t h a t ,  i t  t o o ,  can be 

an tagon ized  by m e th y s e r g id e .  In r eg ions  of  t h e  b r a i n  where 5-HT p ro ­

duces an i n h i b i t o r y  e f f e c t ,  however,  t h e  c l a s s i c a l  s e r o t o n i n  a n t a g o ­

n i s t s  seem t o  be i n e f f e c t i v e .  H a i g l e r  and Aghajan ian ( ' 7 4 )  found t h a t  

c i n a n s e r i n ,  m e th y s e r g id e ,  m e t h i o t h e p i n ,  m e t e r g o l i n e ,  and c y p ro h e p ta ­

d in e  were i n e f f e c t i v e  in  a n t a g o n iz i n g  5-HT-induced i n h i b i t i o n ,  in  t h e  

v e n t r a l  l a t e r a l  g e n i c u l a t e ,  amygdala,  o p t i c  t e c tu m ,  and r e t i c u l a r  f o r ­

m a t ion .  Wang and A ghajanian  ( ‘77) a l s o  r e p o r t e d  t h a t  c y p ro h e p t a d in e  

and m e th y s e rg id e  were i n e f f e c t i v e  in  b loc k ing  i n h i b i t o r y  r e s p o n s e s  t o  

s e r o t o n i n  in t h e  amygdala,  and Rogawski and Aghajan ian ( ' 8 0 )  found 

t h a t  m e th y s e rg id e  was i n e f f e c t i v e  as  a s e r o t o n i n  a n t a g o n i s t  in  t h e  

v e n t r a l  l a t e r a l  g e n i c u l a t e .

I f  t h e  h y p o th e s i s  t h a t  5-HT^ r e c e p t o r s  m e d ia te  i n h i b i t o r y  e f f e c t s  

o f  s e r o t o n i n  and 5-HTg r e c e p t o r s  m ed ia te  e x c i t a t o r y  e f f e c t s  i s  t r u e ,  

th e n  i t  would be d e s i r a b l e  t o  compare d e n s i t y  o f  5-HT^ r e c e p t o r s  in 

t h e  P0 complex with  t h e  d e n s i t y  of  5-HT^ r e c p t o r s  in  t h e  VB complex,  

s i n c e  i t  i s  an i n h i b i t o r y  e f f e c t  o f  5-HT t h a t  was s e e n .  At t h e  p r e s ­

e n t  t im e ,  us ing  a v a i l a b l e  p ub l i she d  d a t a ,  however,  i t  d i f f i c u l t  t o  

make t h a t  kind o f  com par i son .  The f i r s t  r a d i o l a b e l e d  l i g a n d  b in d in g  

s t u d i e s  were done b io c h e m ic a l l y ;  b r a in  r e g io n s  were d i s s e c t e d ,  homog­

e n i z e d ,  in c u b a te d  with  r a d i o l a b e l e d  l i g a n d ,  and samples counted  f o r  

r a d i o a c t i v i t y .  The anatomica l  r e s o l u t i o n  o f  t h i s  ty p e  o f  t e c h n i q u e  i s
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not very  h ig h .  More r e c e n t l y ,  l i g a n d  b in d in g  s t u d i e s  have been done 

w i th  a u t o r a d i o g r a p h i c  t e c h n i q u e s ;  i n t a c t  t i s s u e  s l i c e s  a r e  f r o z e n ,  

incuba ted  with  r a d i o l a b e l e d  l i g a n d s ,  t h e n  exposed t o  f i l m .  Severa l  o f  

t h e s e  s t u d i e s  have been done mapping t h e  d i s t r i b u t i o n  o f  5-HTj r ece p ­

t o r s  in  t h e  r a t  b r a i n  (Biegon  e t  a l . ,  ' 8 2 ;  Deshmukh e t  a l . ,  ' 8 3 ;  Mar- 

ank iew isz  e t  a l . ,  ’8 4 ) .  I t  i s  s t i l l  d i f f i c u l t  t o  compare d e n s t i e s  of  

s e r o t o n i n  r e c e p t o r s  in  d i f f e r e n t  r e g io n s  of  t h e  th a la m u s ,  however.  

I l l u s t r a t e d  b r a i n  s e c t i o n s  a r e  v e ry  f a r  a p a r t ,  i . e .  2-4 mm a p a r t ,  and
3

t a b l e s  o f  r e l a t i v e  b in d in g  of  H5-HT in  d i f f e r e n t  n u c l e i  do not  d i f ­

f e r e n t i a t e  between n u c l e i  o f  t h e  VB complex,  o r  between th e  VB and PO 

complex.

In c o n c l u s i o n ,  t h i s  s tu d y  has produced e v id e n c e  i n d i c a t i n g  t h a t  

t h e r e  a r e  s e r o t o n e r g i c  f i b e r s  in  r e g io n s  o f  t h e  th a l a m u s ,  p a r t i c u l a r l y  

in  p o s t e r i o r  a r e a s  r e l a t e d  t o  t r a n s m i s s i o n  o f  n o c i c e p t i v e  a c t i v i t y .  

These f i b e r s  may e x e r t  an i n h i b i t o r y  e f f e c t  on somatosensory  t r a n s m i s ­

s io n ;  loca l  a p p l i c a t i o n  o f  s e r o t o n i n  t o  somatosensory  u n i t s  in  t h e  VB 

and PO complexes i n h i b i t e d  re s p o n s es  t o  n o c i c e p t i v e  and n o n n o c ic e p t iv e  

s t i m u l a t i o n .  There may be some s e l e c t i v i t y  in  t h e s e  modula to ry  

e f f e c t s ,  a t  l e a s t  on d i f f e r e n t  components o f  n o n n o c i c e p t i v e  respon­

s e s .  P has ic  r e sponses  t o  somatosensory  s t i m u l a t i o n  were l e s s  s e n s i ­

t i v e  to  i o n t o p h o r e t i c  a p p l i c a t i o n  o f  s e r o t o n i n  than  t o n i c .

I t  i s  p o s s i b l e  t h a t  s e r o t o n i n  p roduces  t h e s e  i n h i b i t o r y  e f f e c t s  

th rough  a mechanism s i m i l a r  to  t h a t  which has been d e s c r ib e d  f o r  s e r o ­

t o n e r g i c  i n h i b i t i o n  o f  hippocampal n e u ro n s .  S p e c i f i c a l l y ,  Segal ( ’80) 

has shown t h a t  s e r o t o n i n  a p p l i e d  to  hippocampal neurons  in  s l i c e  p rep ­

a r a t i o n s  produces  a h y p e r p o l a r i z a t i o n  and a d e c r e a s e  in i n p u t  r e s i s ­

t a n c e .  Segal ( ' 8 0 )  has h y p o th e s ized  t h a t  t h i s  e f f e c t  i s  produced by
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changes  in  po ta ss ium c o n d u c ta n c e .  I t  i s  p o s s i b l e  t h a t  i o n t o p h o r e t i c  

a p p l i c a t i o n  o f  s e r o t o n i n  t o  th a la m i c  u n i t s  a l s o  produces  h y p e r p o l a r i ­

z a t i o n ,  and c o n s e q u e n t ly  a d e c r e a s e  in  f i r i n g  f r e q u e n c y .
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