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SENSORY TRANSMISSION THROUGH THE LEMNISCAL PATHWAY 

DURING MOVEMENTS AND AROUSAL IN THE CAT

CHAPTER I 

INTRODUCTION

A s ig n i f ic a n t  ro le  in  percep tual-m oto r co o rd in a tio n  has been 

a t t r ib u te d  to  sensory  changes produced in  a s s o c ia tio n  w ith  v o lu n ta ry  

movement (36-39, 78, 81 ). P a r t ic u la r ly ,  experim ents in  the  v is u a l  

m odality , suggest th a t  th e  c e n tra l nervous system may be ab le  to  d i f f ­

e r e n t ia te  between n eu ra l in p u t a r is in g  from pu re ly  e x te ro c e p tiv e  o r ig in  

and sensory  in p u t caused by self-p roduced  a c tio n s  of th e  organism .

For example, th e re  i s  the  o ld  question  as to  why the motion of the 

r e t i n a l  image over the r e t in a  caused by th e  ra p id  v o lu n ta ry  movement 

of the  eye from one f ix a t io n  to ano ther does n o t g ive r i s e  to  any sen­

s a t io n  o f movement. Obviously o th er d isp lacem ents of th e  image r e la t iv e  

to  the  r e t in a  do. One exp lana tion  o f th is  phenomenon p o s tu la te s  a 

c e n tr a l  mechanism, tim e locked w ith d is c re te  v o lu n ta ry  movements and 

p o s tu ra l changes which would in  some way modulate or p rep a re  th e  sensory  

system fo r  changes th a t  occur as a  r e s u l t  of in tended  movements (45, 46, 

77). Thus th e  i n i t i a t i o n  o f movements i s  assumed to  be a sso c ia te d  not 

only w ith  an e f f e r e n t  d isch arg e  to  th e  m usculatu re, b u t a lso  w ith  a 

concurren t c e n tr a l  d isch arg e  (c o ro lla ry  d isch arg e  [77]) in to  th e
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a p p ro p ria te  sensory  system which serves to  cancel out th e  se lf-p roduced  

s e n sa tio n s . A ccordingly, a ffe ren cy  produced by changes In the environ­

ment I s  p recelved  d i r e c t ly  whereas the  a f f e r e n t  Input caused by v o lun tary  

motor a c t i v i ty  I s  n o t. Im p lic it  In  the  model I s  the  suggestion  th a t  the  

c e n tr a l  p rocesses Involved w ith  th e  I n i t i a t i o n  of v o lu n ta ry  motor a c t i ­

v i ty  a re  fu r th e r  accompanied by In f lu en c e s  which modify th e  transm ission  

of sensory  Inform ation  along ascending c e n tr a l  nervous pathways.

The re g u la tio n  of sensory  Input by h igher nervous c en te rs  has 

a lso  been Im plicated  In  the  n e u ra l mechanisms underly ing  s e le c t iv e  

a t te n t io n ,  o r ie n tin g  behavior and h a b itu a tio n  to  r e p e t i t iv e  s tim u li 

(see 4 1 ). Following the  d iscovery  (35) th a t  e l e c t r i c a l  s tim u la tio n  of 

v a rio u s  p a r ts  of the b ra in , through c e n tr ifu g a l  pathways to  sensory 

n u c le i ,  could modify the  tran sm issio n  o f sensory  Impulses a t  a l l  le v e ls  

of th e  s p e c i f ic  a f fe re n t  system s. I t  was suggested th a t  such processes 

could se rv e  to  f i l t e r  out o r  enhance c e r ta in  types of Inform ation  (40). 

For example, record ings from u n an esth e tized  anim als w ith  Im planted 

e le c tro d e s  have shown th a t  evoked p o te n t ia ls  from th e  low est sensory 

re la y s  a re  reduced when th e  animal seems In a tte n tiv e  to  a t e s t  s tim u lu s . 

Thus, th e  t a c t i l e  evoked p o te n t ia l  recorded  from th e  l a t e r a l  column of 

the  s p in a l cord dim inishes when the  anim al I s  a t te n t iv e ly  s n if f in g  a 

s tro n g  odor (4 3 ). L ikew ise, evoked p o te n t ia ls  In  a f fe re n t  pathways 

a re  reduced w ith  monotonous r e p e t i t io n  o f the  same stim ulus (40). I t  

has been suggested  th a t  bo th  types o f senso ry  suppression  a re  th e  r e s u l t  

o f a c t iv e  In h ib ito ry  In flu en ces  a r is in g  from h ig h er s tru c tu re s  whose 

fu n c tio n  Is  the  f i l t e r i n g  and s e le c t io n  o f sensory  Input which may 

accompany such phenomena as th e  o r ie n tin g  response , h a b itu a tio n  and 

a t te n t io n  (41, 42, 44 ).



3

The c e n tr a l  m odulation o f a f fe re n t  systems has been fu r th e r  

im plicated  in  the  mechanisms underly ing  p o stu ra l-m o to r co o rd in a tio n  and 

the in te g ra t io n  o f sensory  feedback generated  in  a s s o c ia tio n  w ith move­

ments. Of p a r t i c u la r  in te r e s t  a re  re c e n t n eu ro p h y sio lo g ica l in v e s t ig a ­

tio n s  o f the  sensory  and motor ev en ts  c h a ra c te r iz in g  d i f f e r e n t  s tag e s  of 

p h y sio lo g ica l s le e p  in  th e  c a t  (See 69 ,7 0 ). Evidence has accumulated in ­

d ica tin g  th a t  during  the  b u rs ts  o f ra p id  eye movements (REM) of desyn­

chronized e lec tro en cep h a lo g rap h ic  s le e p  th e re  occurs a  ph asic  in h ib i t io n  

of a ffe re n t tran sm iss io n  a t  th e  f i r s t  re la y  s ta t io n s  of the  ascending sen­

sory pathways (see  70). At th e  same tim e, however, th e re  i s  a lso  a p o s t-  

synaptic  f a c i l i t a t i o n  of the senso ry  v o lle y s  a t  th e  le v e l  of the s p e c if ic  

thalam ic re la y  n u c le i (3 , 18, 2 7 ). Furtherm ore, w h ile  th e  s tag e  of desyn­

chronized s leep  i s  c h a rac te riz ed  by a to n ic  in h ib i t io n  of th e  s p in a l moto­

neurons, th e re  sim ultaneously  occurs w ith  th e  REM, a  ph asic  enhancement 

of motor a c t i v i ty  in  both  the pyram idal and ex trapyram idal pathways which 

gives r i s e  to  b r ie f  m uscular c o n tra c tio n s  and movements (25 , 26, 61 ).

These ob serv atio n s  have led  to  the  hypo thesis  th a t  the  changes 

which occur in  th e  sensory  system s during  th e  motor a c t i v i t i e s  of REM 

sleep  may a lso  be m anifested during  v o lu n ta ry  movements in  waking anim als 

(27, 70). The c e n tr a l  c o n tro l of sensory  in p u t i s  assumed to  be of impor­

tance fo r  m odulating th e  a f fe re n t  feedback produced in  con junction  w ith 

movements. S p e c if ic a l ly ,  i t  i s  suggested  th a t  th e  in h ib i t io n  of sensory  

impulses a t  the  f i r s t  sy n ap tic  re la y  which i s  subsequen tly  follow ed by 

f a c i l i t a t i o n  a t  the  thalam ic le v e l  r e s u l t s  in  a  p a r t i a l  s u b s t i tu t io n  of 

in te rn a l ly  generated  s tim u la tio n  fo r  the  e x te rn a l sensory  feedback a r i s ­

ing from movements (27 ,70 ).
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In  summary, Che a c t iv e  c o n tro l of sensory  p ro cesses  i s  c le a r ly  

im p lica ted  a s  an im portan t f a c to r  in  c e r ta in  p e rc ep tu a l c o n s ta n c ie s , 

s e le c t iv e  a t t e n t io n ,  and the in te g ra t io n  of sensory  feedback produced 

in  a s s o c ia t io n  w ith  v o lu n ta ry  movements. These c o n s id e ra tio n s  re p re se n t 

a d ivergence  from the more t r a d i t i o n a l  concept which assumes th a t  

im pulses generated  in  re c e p to rs  a re  sim ply re lay ed  to  h ig h e r c e n te rs ,  

such as the  c e re b ra l c o rte x  f o r  t h e i r  in te g ra t io n .  At th e  h e a r t  o f many 

o f the  newer fo rm ulations i s  th e  re c o g n itio n  th a t  th e  r e la t io n  of the  

c e n tr a l  nervous system  to  th e  p e r ip h e ra l sensory  and motor mechanisms 

i s  no t th a t  o f a  p ass iv e  c h a in - re f le x  p ro cess . As Teuber (81) has 

poin ted  o u t, th e re  may be l i t t l e  hope of understand ing  th e  c e n tr a l  

c o r re la te s  o f  s e n sa tio n  and p e rc e p tio n  w hile  conceiv ing  th e  nervous 

system a s  a  p ass iv e  re c e iv e r  o f  sensory  in p u t. N e ith e r th e  view th a t  

se n sa tio n s  a re  converted  to  p e rc e p tio n  by p a s t experience  o r memory, 

nor f i e ld  th e o r ie s  which o f te n  igno re  th e  o rd e r l in e s s  of th e  underly ing  

n eu ra l s u b s t r a te  a re  s a t i s f a c to r y  in  t h i s  r e s p e c t .  Both f a i l  to  appre­

c ia te  th a t  th e  senses may not merely convey s tim u lu s  energy , bu t th a t  

they a re  a ls o  systems fo r  a c t iv e ly  o b ta in in g  in fo rm ation  about th e  

environment and the  r e la t io n  o f  th e  organism to  i t .  A f u r th e r  weakness 

of th e se  o ld e r  p o s it io n s  l i e s  in  t h e i r  dependence upon th e  c l a s s i c a l  

sensory pathways as th e  ex c lu s iv e  o r ig in  of p e rc e p tu a l b eh av io r. As 

Gibson (29) recommends, th e  b a s ic  elem ents o f p e rc ep tio n  a r i s e  from th e  

c l a s s i c a l  senso ry  organs only when they a re  o r ie n te d  to  sou rces of 

s tim u la tio n  by way of the  body and when they a re  a c t iv e ;  th a t  i s ,  when 

they  a d ju s t and ex p lo re  so as to  o b ta in  in fo rm atio n . Thus th e  nervous 

system o p e ra te s  upon i t s  In p u ts ,  no t only  in  s e le c t in g  them, bu t by
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provid ing  an e s s e n t ia l  o rg an iza tio n  of th e se  in p u ts  r e la t iv e  to  vo lun tary  

movement and motor fu n c tio n .

T his newer approach may allow  th e  fu n c tio n  of the p e r ip h e ra l 

senses in  r e l a t io n  to  p e rcep tu a l a c t i v i ty  and motor co o rd in a tio n  to  be 

regarded from a new v iew poin t. I t  can now be asked, fo r  example, what 

e f f e c t  i s  produced on th e  sensory pathways by the m otor in flu en ces  

a sso c ia te d  w ith  the  i n i t i a t i o n  o f v o lu n ta ry  movements, and, fu rtherm ore , 

to  what e x te n t  do th e  mechanisms re sp o n s ib le  fo r  th e  c o n tro l and coordi­

n a tio n  of movements a lso  p a r t ic ip a te  in  such p ro cesses  as s e le c t iv e  

a t te n t io n ,  o r ie n tin g  and h a b itu a tio n  phenomena, and p e rcep tu a l behavior 

in  g e n e ra l.

The D orsal Column-Medial Lem niscal Pathwav as a Model System 
f o r  th e  Study of Motor In f lu en c e s  on Sensory Process

The d o rs a l  column-medial lem niscus system  i s  a  major a f fe re n t

pathway f o r  cutaneous t a c t i l e  in p u t, llie  d o rsa l columns occupy the

extreme d o rs a l  m edial quadrant of th e  s p in a l  cord and a re  composed

m ainly of f i r s t  o rd er sensory  neurons. I t  i s  an uncrossed  system

throughout th e  le n g th  of the co rd . The f i r s t  o rd er neurons synapse

onto second o rd e r c e l l s  in  th e  d o rsa l  column n u c le i in  the  m edulla, and

from here th e  second o rd er neurons form th e  m edial lem niscus which

decu ssa tes  a t  t h i s  le v e l and con tinues upward to te rm in a te  in  the

p o s te r o la te r a l - v e n t r a l  nucleus of th e  thalam us.

Sensory Functions of th e  Lem niscal Pathway 

The senso ry  fu n c tio n s  of th e  d o rsa l  column-medial lem niscal 

system have been determ ined using  a number o f methods in c lu d in g  the 

record ing  o f s in g le  c e l l  a c t iv i ty  in  response  to n a tu ra l  s tim u la tio n  

in  an im a ls , th e  e v a lu a tio n  o f sensory  d e fe c ts  produced in  n eu ro lo g ica l
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p a t ie n ts  by pathology of th is  system , and the  a n a ly s is  of th e  e f fe c ts  

produced by le s io n s  in  experim ental an im als. A number of s tu d ie s  

have shown th a t  s in g le  u n its  reco rded  in  th e  d o rsa l column n u c le i a re  

resp onsive  to  h a i r  movement and l i g h t  touch o r p re ssu re  ap p lied  to the 

sk in , w h ile  o th e r u n i ts  a re  ab le  to  fo llow  high frequency v ib ra tio n  

(32, 53, 67 ). S t i l l  o th e r c e l l s  respond to  th e  p o s it io n  o r  movement 

o f  the  lim bs (51, 52, 88 ). These th re e  c la s s e s  of responses thus 

r e f l e c t  th e  g e n e ra lly  recognized sensory  fu n c tio n s  o f th e  d o rsa l column 

system , namely th e  t a c t i l e ,  p o s i t io n  and v ib ra to ry  sen se s . S im ilar 

conclusions have been drawn from th e  impairment of sensory  capacity  

fo llow ing  e i th e r  experim ental o r  p a th o lo g ic a l damage to th i s  system. 

However, th e  degree  o f impairment r e s u l t in g  from such le s io n s  i s  h ighly  

v a r ia b le  and may depend upon such f a c to r s  as the  type and e x te n t of 

damage (see  6 6 ). I t  has re c e n tly  been emphasized by Wall (87) th a t the 

d o rsa l columns may be o f v i t a l  Im portance fo r  p rocessing  the  sensory 

in fo rm ation  produced during ex p lo ra to ry  movements.

S ynap tic  Mechanisms in  D orsal Column N uclei 

S ince the  d o rs a l  column n u c le i  (nucleus g r a c i l i s  and nucleus 

cuneatus) re p re se n t alm ost e x c lu s iv e ly  th e  s in g le  sy n ap tic  re la y  in  the  

transm ission  pathway fo r  the senso ry  in form ation  c a r r ie d  over th e  m edial 

lem niscus to  the  thalam us, c o n s id e rab le  in t e r e s t  has cen te red  on th e ir  

a c t iv i ty  and fu n c tio n . The o rg a n iz a tio n  of th ese  n u c le i  has turned out 

to  be f a r  more complex than was g e n e ra lly  assumed only a  few years ago 

when i t  was b e lie v ed  th a t  they were sim ple re la y  n u c le i .  A w ealth  of 

s tu d ie s  have shown both  e x c ita to ry  and in h ib ito ry  in flu en c es  to be imposed 

upon the  second o rd e r c e l l s  of th e  d o rs a l  column-medial lem niscal pathway
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and in d ic a te  fu r th e r  th a t  th ese  e f fe c ts  may a r is e  both from th e  p e r i­

phery and from h igher c e n te rs .

A fferen t or "surround" in h ib i t io n  is  the  most commonly noted 

e f f e c t  and i s  found in  u n i ts  of the  d o rsa l column n u c le i when an area 

o u ts id e  a c e l l 's  re c e p tiv e  f i e ld  i s  s tim u la ted  (30, 32, 67). This 

dep ress io n  i s  due to  the mechanisms of both p re -  and p o s t-sy n ap tic  

in h ib i t io n  (5, 7 ) . The p resy n ap tic  in flu en ce  i s  suggested  by the fa c t 

th a t a f fe re n t  v o lle y s  a re  a sso c ia te d  w ith  d e p o la r iz a tio n  of th e  term i­

n a ls  o f prim ary a f fe re n ts  w ith in  the  d o rsa l column n u c le i (5, 7) and 

by th e  fin d in g  th a t  th e re  a re  in te rn eu ro n s w ith p ro p e rtie s  s im ila r  to  

those in  th e  s p in a l  cord th a t  a re  considered  to  be in te rp o la te d  as the 

p re sy n ap tic  in h ib ito ry  pathway (6 ) . The ex is ten ce  of a p o s tsy n ap tic  

in h ib ito ry  mechanism has been suggested under s im ila r  cond itions by the 

appearance of in h ib i to ry  p o s tsy n ap tic  p o te n t ia ls  (IPSPs) recorded in t r a ­

c e l lu la r  ly  from cuneothalam ic (lem n iscal) neurons and a decrease  in  the 

e x c i t a b i l i t y  o f th ese  c e l l s  to  d i r e c t  e l e c t r i c a l  s tim u la tio n  (7 ) .  The 

s ig n if ic a n c e  of the  a f f e re n t  in h ib it io n  process is  the  c re a tio n  of an 

e x c ita to ry  re c ep tiv e  f i e ld  w ith  an in h ib ito ry  surround in  a manner s im i­

la r  to  the  r e la t io n s  seen in  the v e r te b ra te  eye. On th is  b a s is  p e r ip h e ra l 

s tim u la tio n  of a f fe re n t  f ib e r s  which end in  the  d o rsa l column n u c le i 

may in h ib i t  the ongoing a c t iv i ty  of c e r ta in  u n its  o r when p resen ted  as 

a co n d itio n in g  stim ulus in h ib i t  normal evoked a c t iv i ty  in  second order 

neurons. Such a  mechanism along w ith  th e  phenomenon of a f fe re n t  

f a c i l i t a t i o n  (30, 32) has been considered an im portan t process fo r  the 

enhancement of s p a t i a l  c o n tra s t in  the incoming impulse p a t te rn  c a r r ie d  

by th e  d o rsa l column-medial lem niscal pathway (65 ).
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C en tra l In flu en ces  on Synaptic Transm ission 
Through th e  D orsal Column N uclei

In  a d d itio n  to  p e rp h e ra l In f lu en c e s , c e n tr a l ly  Induced modula­

t io n  of a c t iv i ty  In  the  d o rs a l  column system has a ls o  been d e sc r ib e d .

Both anatom ical (1 6 , S3, 54, 85) and p h y s io lo g ic a l (5 , 7 , 19, 31, 33,

34, 55, 60, 82) evidence In d ic a te s  th a t  the  sensorim oto r c o rtex  In flu en ces  

the  transm ission  of Impulses through the  d o rsa l column v ia  c o l la te r a l s  

from the  pyram idal t r a c t  which end mainly upon In te rn eu ro n s (6) w ith in  

these  n u c le i and e x e r t  p re sy n ap tic  and p o s tsy n ap tic  In h ib i t io n  (5 -7 ) .

O ther In v e s t ig a t io n s  have a lso  In d ica ted  th a t  s tim u la tio n  of the  s e n s o r i­

motor co rtex  may have e x c ita to ry  e f f e c ts  which could be ex e rted  v ia  th e  

pyram idal t r a c t  (31 , 50, 60 ). However, th e re  I s  no evidence to  In d ic a te  

th a t  cuneothalam ic neurons forming th e  m edial lem niscus a re  a c tu a lly  

a c tiv a te d  by v o lle y s  descending from th e  c e re b ra l c o rtex  (7 , 10). In 

th is  regard  I t  would be expected th a t  pyram idal t r a c t  In flu en ces  a r is in g  

from c o r t i c a l  s tim u la tio n  would In c rease  the  f i r i n g  r a te s  o f In h ib i to ry  

In te rneu rons lo ca ted  In the d o rs a l  column n u c le i  (7 , 10).

I t  has a ls o  been suggested  th a t  an a l te r n a t iv e  In h ib ito ry  

pathway Is  by way of the  r e t i c u la r  form ation In  the b rainstem  (14 , 15,

34, 41, 43, 75).

In  acu te  experim ents, Hernandez-Peôn and h is  co lleagues found 

In the c a t  th a t  b r i e f  e l e c t r i c a l  s tim u la tio n  of th e  m esencephalic o r 

pontine r e t i c u l a r  form ation In h ib ite d  the  p o s tsy n ap tic  a c t i v i ty  o f the 

g ra c ile  nucleus evoked by s in g le  shocks app lied  d i r e c t ly  to  the  d o rsa l 

columns of the  s p in a l  cord (4 3 ). S ince , In ch ro n ic  an im a ls , e l e c t r i c a l  

s tim u la tio n  o f th e  r e t i c u l a r  form ation as w ell as b eh av io ra l s ta t e s
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a sso c ia te d  w ith  r e t i c u l a r  a ro u sa l can be shown to  produce I n h ib i t io n  of 

sensory In p u t over o th e r  ascending s p in a l pathways (see 4 1 ), I t  was 

suggested th a t  In h ib i t io n  In  the  d o rsa l column pathway Is m ediated under 

s im ila r  c ircum stances. However, these au th o rs  never v a lid a te d  th i s  

hypo thesis  by d i r e c t  experim entation  In f r e e ly  moving, u n an esth e tized  

anim als.

Following th e se  e a r ly  o b se rv a tio n s , the  m odulation of sensory  

tran sm issio n  through th e  lem n isca l pathway was In v e s tig a te d  during  

d i f f e r e n t  s ta g e s  o f s leep  and a ro u sa l by Pompeiano and h is  c o lle a g u e s .

In a s e r ie s  o f experim ents I t  was shown th a t  during  th e  b u rs ts  of 

rap id  eye movements (REM) of desynchronized s leep  In  th e  c a t  th e re  

was a re d u c tio n  of th e  orthodrom ic lem n isca l response to  s in g le  shock 

s tim u la tio n  o f  th e  s u p e r f ic ia l  ra d ia l  nerve  (9 ) . I t  was a ls o  found 

th a t  a t  th e  same time th e re  was a phasic  enhancement o f pyram idal t r a c t  

a c t iv i ty  which was a sso c ia te d  w ith  b r ie f  m uscular je rk s  and movements 

th a t  o fte n  accompany th e  b u rs ts  of REM (2 5 , 61 ). Furtherm ore, the  

red u c tio n  o f the  lem nisca l response and th e  In c rease  In  pyram idal t r a c t  

a c t iv i ty  were a lso  observed during  the " a ro u sa l re a c tio n "  produced by 

a  b r ie f  a c o u s tic  s tim u lu s  (9 ) . Subsequent In v e s tig a tio n s  showed th a t  the 

dep ression  o f the  lem n isca l response during  b u rs ts  of REM could be 

a t t r ib u te d  to  the  mechanisms of p re - and p o s t-sy n a p tlc  In h ib i t io n  (10) 

and th a t  le s io n s  o f th e  sensory  motor c o r te x  which p reven ted  the  ap pear­

ance of th e  phasic  In c rease  In pyramidal t r a c t  a c t iv i ty  a lso  p reven ted  

the In h ib i t io n  of the  evoked lem niscal response  a t  t h i s  tim e (11 ). In  

ad d itio n  to  le s io n s  of the sensory  motor c o r te x . I t  was shown th a t  

d e s tru c tio n  o f the  m edial and descending v e s t ib u la r  n u c le i a lso  p reven ted
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the pyram idal d isch a rg es  as w e ll as the in h ib i t io n  o f the  lem niscal 

response . However, th is  l a t t e r  co n d itio n  was a sso c ia te d  w ith a complete 

absence of any of the  ph asic  m a n ife s ta tio n s  of desynchronized s leep  

in c lu d in g  the b u rs ts  of REM (11 , see  70). On th e  b a s is  of these  

o b se rv a tio n s , i t  was concluded th a t  th e  v e s t ib u la r  n u c le i depress 

sy n ap tic  tran sm iss io n  through th e  d o rsa l column n u c le i v ia  th e  round­

about way of th e  sensory  motor co rte x  and th e  pyram idal t r a c t  (11).

Since i t  has a lso  been shown th a t  th e  v e s t ib u la r  n u c le i a re  in d ir e c t ly  

re sp o n sib le  fo r  th e  blockade of a f fe re n t  a c t i v i ty  d ire c te d  toward 

v e n tra l  motoneurons (64, 69, 72, 73) during  th e  b u rs ts  o f REM of 

desynchronized s lee p  in  th e  c a t ,  a f u r th e r  su g g estio n  was made. When 

motoneurons a re  ex c ited  by s u p ra sp in a l v o lle y s  o r ig in a tin g  from or 

tr ig g e re d  by th e  v e s t ib u la r  n u c le i ,  i t  may be fu n c tio n a lly  im portant 

to  uncouple both  the  motoneurons from th e i r  segm ental r e f le x  a f fe re n ts  

as w ell as the su p ra sp in a l motor c o n tro l c en te rs  from p e rip h e ra l 

feedback (17, 70).

This l a s t  s e r ie s  of experim ents rem ains v i r t u a l ly  th e  only 

sy stem atic  study  of th e  m odulation o f sensory  in p u t over the  lem niscal 

pathway during  d i f f e r e n t  b eh av io ra l s t a t e s  in  u n re s tra in e d , unanesthe­

tiz e d  anim als. Furtherm ore, i t  i s  the  s o le  study  dem onstrating the 

o r ig in  o f the c e n tr a l  in flu en c es  on sensory  tran sm issio n  a t  the  sy n ap tic  

le v e l under such co n d itio n s . Although th e re  has been one o th e r re p o rt 

by Favale , Loeb, M anfredi and Sacco (2 3 ) , th a t  evoked p o te n t ia ls  in  the  

m edial lem niscus show no change d u ring  d i f f e r e n t  s tag es  of s le e p , these  

au thors  d id  not record  eye movement a c t i v i ty  during  s le e p . On the o th e r 

hand, they  d id  confirm  th e  f in d in g  th a t  d u ring  th e  "a ro u sa l re a c tio n "
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there  may be a  red u c tio n  in  th e  lem niscal evoked responses which they  

suggested might be a t t r ib u ta b le  to  r e t i c u la r  form ation In flu en ces .

No fu r th e r  experim ents were perform ed, however, to  t e s t  th is  h y p o th e s is .

A b r ie f  te c h n ic a l no te  on s in g le  u n i t  a c t iv i ty  In  the d o rsa l 

column n u c le i o f the r a t  ex h austs  the  sm all l i t e r a t u r e  concerning 

changes In  sensory  tran sm issio n  through the  d o rsa l column-medial lem nis­

c a l pathway In  u n an es th e tized  anim als during  n a tu ra l ly  occurring 

behav ior. A insworth, G affen, O 'Keefe and Sampson (2) reported  th a t  one 

u n it responded to  a th re sh o ld  cutaneous stim u lus w ith  two spikes when 

the anim al was s i t t i n g  q u ie t ly ,  b u t w ith  only  one sp ike  when I t  was 

engaged In some o th e r a c t i v i ty  such as walking about o r grooming.

Sensorim otor In te g ra t io n  In  th e  Lemniscal Pathway: P ossib le
R ela tio n s  to  Mechanisms of A tten tio n  and Perception

E a r l ie r  I t  was mentioned th a t  a s ig n if ic a n t  ro le  In p e rc e p tu a l-  

motor co o rd in a tio n  has been a t t r ib u te d  to  sensory  changes assoc ia ted  

w ith v o lu n ta ry  movement (36-39, 78, 81 ). In th i s  con tex t a mechanism 

has been suggested  which may account fo r  how anim als and man can d i s t i n ­

guish the  sensory  consequences o f t h e i r  own movements a p a rt from th e  

re s u l ts  of stim u lus even ts In  th e  e x te rn a l environment (45 , 46, 77 ). In  

the proposed model, the  d i s t in c t io n  between two types of a ffe re n t Input 

Is  made by r e fe r r in g  to  sensory  changes of ex te ro ce p tiv e  o r ig in  as 

"ex -affe ren ce"  and se lf-p ro d u ced  sen sa tio n s  r e s u l t in g  from movements 

as " re -a ffe re n c e "  (45). According to  th is  scheme ex -afference  Is 

perceived  d i r e c t ly  by the organism  w h ile  re -a ffe re n c e  I s  no t because 

the organism when I n i t i a t i n g  any v o lu n ta ry  movement forms an "e ffe ren ce  

copy" which fu n c tio n s  to  can ce l out the  se lf-p ro d u ced  a ffe re n t Input
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( r e -a f f e r e n c e ) .  In  o th e r w ords, th e  i n i t i a t i o n  of any v o lu n ta ry  move­

ment i s  a s so c ia te d  not only w ith  a motor d ischarge  to  th e  ap p ro p ria te  

e f fe c to r  o rgan , bu t a lso  w ith  a concurren t c e n tr a l  d isch a rg e  (c o ro lla ry  

d ischarge  [77]) back in to  th e  ap p ro p ria te  sensory  system which norm ally 

matches o r cance ls  out the sen sa tio n s  produced by the  a c tiv e  movement. 

The concept of c o ro lla ry  d isch a rg e  has proven u se fu l in  th e  a n a ly s is  

of the c e n tr a l  c o n tro l of eye movements and c e r ta in  p e rcep tu a l constan ­

c ie s  in  th e  v is u a l  system (see  81). I t  may a lso  provide an in te re s t in g  

p o in t of re fe re n c e  fo r  an a ly z in g  the  m odulation of sensory  in p u t over 

the lem n isca l pathway by a c t i v i ty  o r ig in a tin g  in  n eu ra l s tru c tu re s  

c la s s ic a l ly  regarded  as being  s o le ly  involved in  motor fu n c tio n .

In  view o f the anatom ical and p h y s io lo g ica l r e la t io n  of the  

pyram idal t r a c t  to  the sy n a p tic  re la y s  of the d o rsa l column-medial 

lem niscal system  i t  would seem a l ik e ly  p o s s ib i l i ty  th a t  downstream 

in flu en ces  c a r r ie d  by th e  pyram idal t r a c t  in  a s s o c ia tio n  w ith  v o lu n ta ry  

movement may s im u ltaneously  m odulate sensory tran sm issio n  over the  

lem niscal pathway. The r e s u l t s  from numerous in v e s t ig a tio n s  of co r­

t i c a l  in f lu e n c e s  on sensory  tran sm issio n  through the d o rsa l column 

n u c le i perform ed in  acu te  p re p a ra tio n s  could se rv e  as a b a s is  fo r  

d i r e c t ly  te s t in g  w hether o r n o t v o lu n ta ry  movements in  the  u n re s tra in e d , 

u n an esth e tized  anim al a re  accompanied by a red u c tio n  of cutaneous sensory 

in p u t over the  d o rs a l  column-medial lem niscal pathway. Confirm ation 

o f such a f in d in g  would be th e  f i r s t  s tep  in  dem onstrating  the v a l id i ty  

o f the  c o ro lla ry  d ischarge  theo ry  in  re fe ren ce  to  i t s  a c tu a l o p era tio n  

a t  the  n e u ra l le v e l .



13
O ther re sea rch es  in to  th e  n eu ra l mechanisms o f th e  o r ie n tin g  

response , h a b itu a tio n  and s e le c t iv e  a t te n t io n ,  p rov ide  a d i f f e r e n t  

approach fo r  the  in te rp re ta t io n  of the  c e n tra l  m odulation of sensory  

in p u t over th e  lem nisca l pathway. Hernandez-Pedn and o th e rs  (see 48) 

have suggested  th a t  c e r ta in  behav ioral s ta t e s  a sso c ia te d  w ith  a c t iv a t io n  

of the r e t i c u l a r  form ation  may be accompanied by su p p ress io n  or enhance­

ment of sensory  inpu t a t  th e  low est le v e ls  of the  s p e c i f ic  a f fe re n t  

pathways. During the  o rien tin g  response to  a novel s tim u lu s  i t  i s  

thought th a t  i r r e le v a n t  sensory in form ation  i s  suppressed  by the r e t i ­

c u la r  system  w hile  the  re c e p tiv i ty  of th e  organism to  a new stim ulus 

may be enhanced (42) . Such a conclusion  may be supported  by the  fin d in g s  

o f C a r l i ,  D ie te -S p iff  and Pompeiano (9) and F avale , e t  a l  (23) th a t  in  

c a ts  the evoked lem n isca l response to b r ie f  cutaneous shocks i s  reduced 

during th e  a ro u sa l re a c tio n  produced by a novel au d ito ry  s tim u lu s . On 

the o th e r hand, n e i th e r  o f these s tu d ie s  In v e s tig a te d  w hether o r n o t 

the r e t i c u l a r  form ation was d ire c t ly  p a r t ic ip a t in g  in  th i s  phenomenon. 

A d d itio n a lly , the  p o s s ib i l i ty  th a t  the  in h ib i t io n  of th e  lem n isca l r e s ­

ponse was a t t r ib u ta b le  to  a  mechanism invo lv ing  movement, s im ila r  to  

th a t ju s t  proposed cannot be ru led  o u t. F in a lly , s in c e  th e  anim als in  

both cases were f r e e  to  move, th e  c o n tr ib u tio n  of a f f e r e n t  in h ib i t io n  

(caused by movement s tim u la tio n  of sensory re c ep to rs  in  the  sk in  and 

muscles) to  th e  red u c tio n  of the lem niscal response cannot be p ro p e rly  

ev a lu a ted . N ev erth e le ss , the  hypothesis  th a t  a c t iv a t io n  o f the  r e t i c u ­

l a r  fo rm ation , which accompanies c e r ta in  b eh av io ra l s t a t e s ,  can d i r e c t ly  

modulate sensory  in p u t over the lem niscal pathway in  th e  absence o f 

movements remains to  be in v e s tig a te d  in  un an esth esized , free-m oving 

anim als.
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S t i l l  a th ird  in te r p r e ta t io n  o f the  fin d in g  th a t  sensory 

changes can be produced by su p rasp in a l In flu en ces  has been suggested 

by Pompeiano (17, 27, 7 0 ). Although bearing  a s im i la r i ty  to  the 

c o ro lla ry  d ischarge  mechanism o p e ra tin g  a t  the n e u ra l le v e l  which i s  

proposed h e re , th is  approach has a lso  emphasized th e  ro le  of sensory  

m odulation as Im portant fo r  co o rd in a tin g  the a f f e r e n t  feedback produced 

during phasic  movements w ith  the to n ic  mechanisms re sp o n s ib le  fo r  p o s tu ra l  

m aintenance. Evidence th a t  e l e c t r i c a l  s tim u la tio n  of h ig h er cen te rs  

which evokes d isch a rg es  in  v e n tra l  motoneurons, a lso  produces in h ib i t io n  

of sensory in p u ts  in  s p in a l  r e f le x  a rc s  (4 , 12, 13, 63) has recommended 

the  follow ing h y p o th es is . I t  may be fu n c tio n a lly  im portan t to  reduce 

a f fe re n t  in p u t both  a t  th e  segm ental as w e ll as more c e n tr a l  le v e ls  a t 

the  tim e th a t  s p in a l motoneurons a re  d ischarged  by h ig h er motor c e n te rs . 

Such a p rocess would conceivab ly  p reven t i n s t a b i l i t i e s  in  th e  motor 

system which would o therw ise  occur when the  som atosensory v o lley s  

produced during  movement were fed back along c e n tr a l  nervous pathways 

to  in te r a c t  w ith  the d isch a rg in g  motoneurons or th e  su p ra sp in a l motor 

co n tro l c en te rs  them selves (17, 70). Applying th i s  in te rp re ta t io n  to  

th e  m odulation o f  sensory inpu t through the  lem n isca l system  i t  would 

be hypothesized th a t  in  a sso c ia tio n  w ith  v o lu n ta ry  movements in  the  

u n re s tra in e d , u n an es th e tized  animal th e re  would be a  sim ultaneous 

depression  of sy n ap tic  tran sm issio n  through the  d o rs a l  column n u c le i . 

Furtherm ore, th e  d ep re ss io n  of sensory  in p u t a t  lower le v e ls  may be 

accompanied by a f a c i l i t a t i o n  a t  subsequent sy n ap tic  re la y s  which would 

c o n tr ib u te  a lso  to  th e  m aintenance o f "proper p e rc ep tio n "  during move­

ments (27, 70). I t  should  be added th a t  th i s  h y p o th esis  p re d ic ts  the
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same phenomenon w ith  re sp ec t to  th e  tran sm iss io n  through the lem n isca l 

pathway as does the  adapted v e rs io n  of th e  c o ro lla ry  d isch a rg e  mechanism 

proposed h e re . However, the l a t t e r  theo ry  o r ig in a l ly  p o s tu la te d  th e  

c a n c e lla t io n  o f c e r ta in  p a tte rn s  of a f f e re n t  in p u t as being th e  e ssen ­

t i a l  mechanism fo r  m ain tain ing  p e rc e p tu a l s t a b i l i t y  during v o lu n ta ry  

movements.

Statem ent o f the  Problem 

In  th e  preced ing  s e c t io n , re c en t p h y s io lo g ic a l and anatom ical 

ev idence p e r ta in in g  to  th e  c e n tr a l  m odulation of sensory in p u t over the 

d o rs a l  colum n-lem niscal system has been rev iew ed . A lso , s e v e ra l  a l t e r ­

n a tiv e  in te r p r e ta t io n s  concerning th e  r o le  o f in h ib ito ry  in f lu e n c e s  on 

a f f e r e n t  tran sm iss io n  along th i s  pathway a re  d iscu ssed . However, in  

s p i t e  of th e  w e ll documented e x is te n c e  o f mechanisms fo r sensory  c o n tro l 

in  th e  lem n isca l system  in  acu te  s u rg ic a l  p re p a ra t io n s , a sy s te m a tic  

s tu d y  of th ese  p rocesses during norm al, waking behavior in  i n t a c t  sub­

j e c t s  i s  y e t  to  be re p o rte d . T h e re fo re , th e  fo llow ing  s e c tio n  is  

devoted to  th e  development of a  re sea rc h  approach fo r  in v e s t ig a tin g  

p o s s ib le  changes in  sensory  tran sm iss io n  through the  lem n isca l pathway 

in  a s s o c ia t io n  w ith  normally o c cu rrin g  b eh av io r in  f r e e ly  moving, un­

a n e s th e tiz e d  c a ts .  More s p e c i f ic a l ly ,  experim ents w i l l  be perform ed 

w ith  the aim of p rov id ing  answers to  the  fo llow ing  q u estio n s .

1. I s  the  transm ission  o f cutaneous sensory  in fo rm ation

through the  lem n isca l pathway m odified during the  a ro u sa l 

re a c tio n  or o r ie n tin g  response  produced by the p re s e n ta ­

tio n  o f a novel s tim u lu s  in  th e  u n re s tra in e d , un an esth e­

tiz e d  ca t?
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2 . I s  th e  tran sm issio n  of cutaneous sensory in form ation  

through th e  lem niscal pathway m odified during  d is c re te  

v o lu n ta ry  movements?

3. To what in f lu e n c e s , e i th e r  c e n t r a l ,  p e r ip h e ra l ,  or b o th , 

can any m o d ifica tio n  of sensory  tran sm issio n  through 

the  lem n isca l pathway in  th e  two preceding cond itions 

be a t t r ib u te d ?

4 . To what e x te n t can any m o d ifica tio n  of th e  sensory 

tra n sm iss io n  through th e  lem niscal pathway by c e n tra l  

and p e r ip h e ra l  in flu en ces  under the two co n d itio n s  be 

in te rp re te d  by th e o rie s  concerned w ith  th e  a c tiv e  

c o n tro l o f sensory p rocesses in  r e la t io n  to  p e rc ep tio n , 

a t te n t io n  and motor co o rd ina tion?



CHAPTER I I  

METHODS AND MATERIALS

The experim ents were performed on u n an es th e tiz ed , f re e ly  

moving c a ts  bearing  c h ro n ic a lly  Im planted e lec tro d e s  fo r  s tim u la tio n  

and reco rd in g . F igure 1 shows th e  lo c a tio n  o f the e le c tro d e s  fo r  

reco rd in g  evoked responses In  the l e f t  m edial lem niscus to  s in g le  

shock s tim u la tio n  o f the  r ig h t  s u p e r f ic ia l  r a d ia l  nerve (a  pure sen­

so ry  cutaneous nerve) and fo r  reco rd ing  electrom yographic a c t iv i ty  

(EMG) In  the  biceps muscle of the  r ig h t  fo re llm b .

E lectrodes

Evoked p o te n tia ls  In  the  medial lem niscus were recorded v ia  

a  p a i r  of In su la ted  100 |i nlchrome w ires s tu ck  to g e th e r w ith e lec tro d e  

In s u la to r  v a rn ish . These two w ires were then In se r te d  In to  a s ta in le s s  

s t e e l  c a p il la ry  tube ( le n g th , 25 mm; d iam eter, 0 .6  mm) and extended 

10 to  12 mm from the  end. The e n t i r e  device was then In su la ted  w ith  

v a rn ish  except a t  the  very  t i p ,  where th e  in te r -e le c t ro d e  d is ta n ce  was 

le s s  than  0 .4  mm. The o th e r  ends of th e  w ires were so ldered  to  sm all 

connector p ins which mated w ith  the  lead  w ires to  th e  a m p lif ie r .

17
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F igure 1 . Location o f s tim u la tin g  and record ing  e le c tro d e s  in  th e
lem nlsca l pathway.

The b ip o la r  e le c tro d e  (STIM.) im planted on th e  s u p e r f ic ia l  

r a d ia l  nerve (SUP. RADIAL NERVE) o f th e  r ig h t  forelim b i s  used to  

evoke orthodrom ic responses in  th e  c o n tr a la te r a l  m edial lem niscus 

(MED. LEMN.) The lem n isca l responses a re  recorded v ia  a  c h ro n ic a lly  

im planted b ip o la r  e le c tro d e  and d isp la y ed  on the cathode ray  o s c i l lo ­

scope (CEO). An im planted EMC e le c tro d e  in  the  b icep s  m uscle of th e  

r ig h t  forelim b i s  used to  record  muscle a c t iv i ty  during  v o lu n ta ry  

f le x io n  movements o f th e  lim b. Also shown a re  both p re -  and p o s t-  

sy n a p tic  in h ib i to ry  p a th s  in  the  cuneate  nucleus ( in h ib i to ry  i n t e r ­

neurons in  b la c k ) .
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The EMC record ing  e lec tro d e  c o n s is te d  of a  p a ir  o f 100 p 

nichrome w ire s , 5 mm in  le n g th , and in s u la te d ,  excep t a t  th e  t i p s ,  which 

were so ld ered  to  36 gauge te f lo n  in s u la te d  m u ltis tra n d  w ire . The two 

nichrome w ires were b en t a t  a 90° angle and a  sm all p l a s t i c  p iece  was 

used between the w ires to  m ain ta in  an in te r - e le c t r o d e  d is ta n c e  of 

approxim ately  5 mm. The e n t i r e  d ev ice , c o n s is t in g  of the  te f lo n  lead  

w ires and the  p la s t ic  p ie c e , was then  th readed  in to  a  S i l a s t i c  (Dow 

Corning) s i l ic o n e  elastom er tubing  (o u ts id e  d iam eter 1.9 mm) and sea le d  

a t  the  ends w ith  S i l a s t i c  m edical adhesive s i l ic o n e  Type A. Small 

connector p in s  were so ld ered  onto the  lead  w ires to  mate w ith  th e  am pli­

f i e r  le a d s . A sm all h o le  through the p l a s t i c  p iece  allowed th e  dev ice  

to  be su tu red  firm ly  to  the muscle w ith  th e  two e le c tro d e  w ires pene­

t r a t in g  in to  the muscle to  a  depth of 2-4 mm. The len g th  of th e  lead  

w ires was s u f f ic ie n t  (18 to  20 cm) to  a llow  them to  be c a r r ie d  under 

the  sk in  up to  a head connector.

The nerve s tim u la tin g  e le c tro d e  c o n s is te d  o f a p a i r  of 38 gauge 

s ta in le s s  s t e e l  su tu re  w ires  (5 mm In le n g th ) which were so ld ered  to  36 

gauge te f lo n  in su la te d  m u ltis tra n d  w ire and th readed  in to  S i l a s t i c  tu b in g , 

the  ends being  sea led  w ith  S i l a s t i c  m edical ad h esiv e . S im ila r ly , sm all 

p in  connectors were so ld ered  to  th e  lead  w ire s .

The te f lo n  in s u la te d  lead  w ires used fo r  th e  EMG and nerve 

s tim u la tin g  e lec tro d e s  were very  r e s i s t a n t  to  m echanical damage but 

remained q u ite  f le x ib le  and d id  n o t i n t e r f e r e  in  any observab le  way w ith  

th e  a n im a l's  m o b ility . The s u i t a b i l i t y  o f th e  s ta in le s s  s t e e l  w ires  used 

f o r  the v a rio u s  e le c tro d e s , as w e ll as th e  S i l a s t i c  m a te r ia l ,  fo r  ch ro n ic  

im p lan ta tio n  in  t is s u e s  has been w e ll documented (2 4 , 79) and g ross 

h is to lo g ic a l  o b serv a tio n s  of the  anim als used here  confirm ed th ese  f in d in g s .
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Surgery and E lec trode  Im plan tation

Cats weighing between 2 .0  and 3 .5  kilogram s were a n e s th e tiz e d  

w ith  an in t r a p e r i to n e a l  dose of sodium p e n to b a rb ita l (Nembutal) 35-40 

mg/kg w ith supplem entary doses adm in istered  in travenously  in  o rd e r to  

m ain tain  s u rg ic a l  a n e s th e s ia .  Areas over the l a t e r a l  a sp ec t of th e  

r ig h t  fo rellm b and on the  top  of the  head were shaved and washed w ith  

s u rg ic a l soap . The anim als were then f ix e d  in to  the  s te r e o ta x ic  frame 

and draped.

The s u rg ic a l  procedure was a s e p tic  in  th a t a l l  in s tru m en ts , 

m a te ria ls  and drapes were s t e r i l i z e d  by e i th e r  au toclave  o r immersion 

in  a so lu tio n  o f benzalkonium ch lo rid e  (1 :750 ).

Im p lan ta tio n  of th e  nerve s tim u la tin g  e le c tro d e  g e n e ra lly  

followed the techn ique d e sc rib e d  by Pompeiano and Swett (71) and Straw 

and M itchell (79).. A 5 to  7 cm in c is io n  i s  made on th e  l a t e r a l  a sp ec t 

o f the fo re lim b . J u s t  proxim al to  th e  elbow. Using ca re  to  p reserve  

the  blood supply to the  t i s s u e s ,  approxim ately 12 mm of the  s u p e r f ic ia l  

r a d ia l  nerve i s  d is se c te d  f re e  a t  th e  p o in t where i t  passes between th e  

l a t e r a l  head o f the  t r i c e p s  and the b ra c h ia l i s  m uscles. The bared 

s ta in le s s  s t e e l  w ires  of th e  s tim u la tin g  e le c tro d e  a re  then  c a re fu l ly  

c irc le d  around th e  n e rv e , th e  in te re le c tro d e  d is tan ce  being  about 4-6 

mm. As recommended by Straw and M itch e ll (7 9 ), S i l a s t i c  RTV 382 d i lu te d  

w ith  360 s i l ic o n e  m edical f l u i d ,  approxim ately two p a r ts  RTV to  one p a r t  

f lu id ,  i s  then  ca ta ly zed  and imm ediately poured over th e  w ires and the  

nerve . A fte r th e  S i l a s t i c  has s o l id i f i e d  the  edges of the  mass a re  then  

fix ed  to the under s id e  o f  th e  l a t e r a l  head of the tr ic e p s  muscle w ith  

dacron s u tu re s  ( s iz e  000) thus p reven ting  any displacem ent of th e  e le c tro d e
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during  movements. The t r ic e p s  muscle and the  b ra c h ia l is  muscle a re  

then su tu red  to g e th e r over th e  e le c tro d e . F in a l ly , th e  lead  w ire s  are 

passed under th e  sk in  o f th e  fo re le g , shou lder a rea  and back to  emerge 

through an in c is io n  on top  o f the  an im a l's  head. The lead  w ires  were 

of s u f f ic ie n t  len g th  to  allow  a sm all amount of s lack  to  be co ile d  

subcu taneously  to  perm it normal locom otion w ithout p u llin g  a g a in s t the 

nerve in  a  damaging or p a in fu l way. This method proved extrem ely 

su c c e ss fu l in  th a t  s lip p in g  o f the nerve w ith  re fe ren ce  to  th e  stim u­

la t in g  e le c tro d e ,  changes in  in te re le c tro d e  d is ta n ce  or sh o rtin g  of 

the e le c tro d e s  in to  surrounding t is s u e s  was v i r t u a l ly  im possib le s in ce  

the e n t i r e  nerve and e le c tro d e  assembly were com pletely encased in  the 

s o f t  s i l ic o n e  mass. As w i l l  be mentioned l a t e r ,  s e v e ra l p h y s io lo g ica l 

t e s t s  added f u r th e r  confirm ation  th a t  th e  technique employed h e re  meets 

a l l  fav o rab le  c r i t e r i a  fo r  th e  s tim u la tio n  of p e r ip h e ra l nerves in  the 

ch ro n ic , u n a n es th e tiz ed , free-m oving anim al.

Im planation  of th e  EMG e le c tro d e  was accomplished through the 

same in c is io n  used fo r  im planting the  n e rv e -s tim u la tin g  le a d s . The two 

sh o rt nichrome w ires  which emerged p e rp en d icu la r from the  su rfa c e  of 

the th in  p l a s t i c  p iece  were in troduced  deep in to  the  b iceps muscle 

u n t i l  the  p l a s t i c  p la te  re s te d  f lu sh  a g a in s t th e  muscle s u r fa c e . A sm all 

ho le  in  th e  body of the  p la s t i c  p iece  allow ed the  e le c tro d e  to  be firm ly  

anchored in  p la c e  w ith  dacron s u tu re s . The lead  w ires were then  passed 

subcutaneous ly  to  emerge through the in c is io n  in  the sk in  over the  head. 

Routine s u rg ic a l  c lo su re  w ith  a continuous su tu re  ( s i l k ,  s iz e  000) was 

then made of the  in c is io n  over the  two im planted e le c tro d e s .
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The e le c tro d e  used fo r reco rd in g  p o te n t ia ls  in  th e  medial 

lem niscus was in troduced  s te r e o ta x ic a l ly  through a sm all opening in  the 

p a r ie ta l  bone to  reach  the lem niscus a t  approxim ately a p o in t ju s t  

caudal to  th e  red  nucleus (H orsley-C lark  coo rd ina tes  A :2 .5 , L :4 .5 , 

H :-4 .0 ) . During in tro d u c tio n  of th e  e le c tro d e  evoked p o te n t ia ls  

were e l i c i t e d  by s in g le  shocks d e liv e red  v ia  th e  im planted e le c tro d e  on 

the s u p e r f ic ia l  r a d ia l  nerve in  o rd e r to  have an accu ra te  t e s t  fo r  the  

lo c a l iz a t io n  of the  record ing  e le c tro d e  in  th e  m edial lem niscus. When 

s u ita b le  reco rd in g s  were obtained  th e  e lec tro d e  was anchored in  p lace 

w ith  d e n ta l a c r y l ic .  Â sm all screw e lec tro d e  lo c a te d  over the  f ro n ta l  

s in u s  served  as e l e c t r i c a l  ground. F igure  2 i l l u s t r a t e s  th e  lo c a tio n

o f the  reco rd ing  e le c tro d e s  in  the l e f t  m edial lem niscus fo r  th e  8

anim als used in  the  experim ents.

A ll of th e  e le c tro d e  lead s  were in s e r te d  in to  a  l ig h t  w eight

p la s t i c  connector p lug  (Amphenol; d iam eter, 1 .6  cm; le n g th , 2 .0  cm) 

which was secured  to  the  head w ith  d e n ta l a c r y l ic  and f in a l ly  the  

su rg ic a l in c is io n  was c lo sed  w ith  t ig h t ly  spaced in te r ru p te d  s u tu re s .

The anim als ro u tin e ly  received  300,000 u n its  o f  p e n ic i l l in  fo r  sev e ra l 

days fo llow ing  th e  o p e ra tio n  to  p reven t in fe c t io n .

In s tru m en ta tio n  and Recording Procedures

Following recovery  from th e  e f fe c ts  o f th e  a n e s th e s ia  (36-48 

hours) th e  anim al was p laced  in  a  sound a tte n u a te d  e l e c t r i c a l l y  sh ie ld ed  

record ing  chamber ( le n g th , 1 .2  m; h e ig h t ,  1.0 m; dep th , 1 ,0  m) and 

connected to  the reco rd ing  appara tu s v ia  a double sh ie ld ed  c ab le . The 

chamber as w e ll as th e  cab le  d id  no t r e s t r i c t  movement o f the  anim al to
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Figure 2. L ocation  o f the  b ip o la r  reco rd in g  e le c tro d e  in  th e  l e f t
m edial lem niscus.

The placem ent of th e  b ip o la r  record ing  e le c tro d e  in  th e  l e f t  

m edial lem niscus was confirm ed on fro zen  s e r i a l  s e c tio n s  (sec tio n ed  

a t  50 y) f o r  each of th e  8 anim als used in  th is  s tu d y . The diagrams 

in d ic a te  th e  a n te r io r -p o s te r io r  (AP) in te r v a l ,  in  m il l im e te rs , 

according  to  th e  H orsley-C lark  s te r e o ta x ic  co o rd in a te s , in  which the  

e le c tro d e  t ip s  were found to  be lo c a te d . For 1 an im al, th e  e le c tro d e  

was lo c a ted  between 3 and 4 m illim e te rs  a n te r io r  (AP +3 to  +4) to 

s te r e o ta x ic  ze ro ; fo r  3 an im als, between AP +2 and +3; and fo r  th e  

rem aining 4 anim als between AP +1 and +2. IP : in te rp ed u n cu la r 

n uc leus; MG: m edial g e n ic u la te ; ML: m edial lem niscus; RN: red  

nuc leus.
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any ap p rec iab le  e x te n t , w hile a one-^ay g la s s  allowed the experim enter 

to  observe the  an im al's  behav io r.

The p o te n tia ls  evoked In th e  l e f t  m edial lem niscus to  s in g le  

shock s tim u la tio n  of th e  r ig h t  s u p e r f ic ia l  r a d ia l  nerve were led  to  a 

Grass Model P15 A.C. p re a m p lif ie r  having h a lf-a m p lltu d e  band pass 

s e t t in g s  of 3 Hz and 300 Hz. The ou tpu t o f th e  p re a m p lif ie r  was then 

d isp lay ed  on a  T ektronix  Model RM 565 dual beam, dual time base o s c i l lo ­

scope and photographed w ith  a Lehigh V alley E lec tro n ic s  Model PC-2À 35 mm 

Continuous Recording O scilloscope Camera.

EMG a c t iv i ty  In  the r ig h t  fo rellm b b iceps muscle was am plified  

w ith  a s im ila r  Grass AC p re a m p lif ie r  w ith  a ha lf-am p lltu d e  band pass 

s e t t in g  of 10 Hz and 1 K Hz, d isp lay ed  on th e  o sc illo sc o p e  and photo­

graphed. A d d itio n a lly , the ou tpu t o f th e  AC p ream p lifie r was r e c t i f i e d  

and fed to a p assive  r e s ls to r - c a p a c l to r  In te g ra to r  network w ith a 

d isch arg e  tim e constan t o f 0 .10 sec . This type o f In te g ra to r  provides 

a  u n id ir e c t io n a l  v o ltag e  d e f le c tio n  p ro p o r tio n a l to  th e  average le v e l  

o f  the  Incoming s ig n a l b u t does not re p re se n t tru e  In te g ra tio n  In the  

m athem atical sen se . I t  I s  o f te n  re fe r re d  to  as a " lag  c i r c u i t "  but has 

th e  advantage over o ther types o f In te g ra to r s  In  th a t  the  ou tpu t Is  a 

continuous analog fu n c tio n  (see  76). D esp ite  the  Inheren t Inaccuracy 

o f the device fo r  determ ining ex ac tly  th e  amount o f EMG a c t iv i ty  a t  

any given tim e I t  did prove extrem ely u s e fu l fo r  d e te c tin g  even very 

s l i g h t  f lu c tu a tio n s  in  frequency and /o r am plitude of th e  EMG s ig n a l .

The ou tpu t o f the  In te g ra to r  was a lso  d isp lay ed  on th e  o sc illo sc o p e  

and photographed.
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S tim u la tio n  of th e  r ig h t  s u p e r f ic ia l  r a d ia l  nerve v ia  th e  

Im planted e le c tro d e  was accom plished by a  Devices Mark IV Is o la te d  

s t im u la to r .  The nerve was s tim u la te d  w ith  s in g le  re c tan g u la r  pu lses 

of 0 .05  msec d u ra tio n , anode d i s t a l ,  a t a r a te  of once per 2 seconds.

The tim ing of th e  s tim u la tio n  p u ls e s ,  as w e ll as th e  tr ig g e r in g  of the 

o sc il lo sc o p e , th e  camera s h u t te r  and o th e r a sso c ia te d  equipment was 

c o n tro lle d  by a  Devices D ig ltim er Mark I I  u sing  a 10 K Hz q u artz  c ry s ta l  

o s c i l l a t o r  as a  re fe ren ce  source. A ll tim ing  op era tio n s  were accu ra te  

to  w ith in  le s s  than 0.05 p e rc en t.

Experimental Procedure

In  g e n e ra l, d a ta  were ob ta ined  fo r  each animal on th re e  d i f f e r ­

en t reco rd ing  se ss io n s  on th re e  se p a ra te  days. T yp ically  a s in g le  

reco rd ing  se s s io n  la s te d  from one and a h a lf  to  two hours, and followed 

a ro u tin e  p a t te rn .  F i r s t  of a l l ,  th e  anim al was connected to  the  

reco rd in g  apparatus and s tim u la tio n  of th e  r ig h t  s u p e r f ic ia l  r a d ia l  

nerve was begun w hile  reco rd in g s  from th e  m edial lem niscus and th e  r ig h t 

b icep s muscle were m onitored on th e  o sc il lo sc o p e . When the  stim ulus 

s tre n g th  was J u s t  s u f f ic ie n t  to  evoke a sm all p o te n tia l  In the medial 

lem niscus a s e r ie s  of photographs of the  recorded tra c e s  was begun as 

the  stim ulus s tre n g th  was g rad u a lly  In c re a se d . The stim ulus s tre n g th  

j u s t  s u f f ic ie n t  to  evoke the  lem n lsca l p o te n t ia l  was noted and re fe rre d  

to  as one tim es th re sh o ld  (1 x T) fo r  th e  response . Ten to  15 evoked 

responses were then  photographed fo r  each In te n s i ty  le v e l  beginning a t 

1 X th re sh o ld  and a t  each 1 + 0 .2 5 -tlm es-th re sh o ld  In te rv a l  up to  a 

maximum of 4 tim es the th re sh o ld  (4 x T) s tre n g th  fo r  th e  response . A ll 

of th e se  reco rd ings were made w h ile  the  anim al re s te d  q u ie t ly .
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I t  should be noted a t th is  po in t th a t  although the anim al o f te n  

moved about fo r  a few m inutes upon f i r s t  being placed in to  the reco rd in g  

chamber, the  r e p e t i t iv e  s tim u la tio n  of cutaneous nerves has been shown 

to  be a sso c ia te d  w ith  re la x a tio n  and maybe even s lee p  (7 1 ). Although 

no t measured in  th ese  experim ents, th i s  e f f e c t  undoubtedly co n trib u te d  

to  the  s e t t l i n g  of th e  anim al in to  a  re s t in g  posture and the absence of 

gross movements during  much of the  reco rd ing  se ss io n . In  f a c t ,  th e  most 

o fte n  observed a c t i v i ty ,  when any was p re s e n t, co n sis ted  of l ic k in g  the 

fu r  and o th e r such grooming behav io r. However, reco rd ing  of d a ta  during  

such o c ca s io n s , as w e ll as du ring  the  ra re  in stances of obvious ex p lo ra ­

to ry  b eh av io r, was s t r i c t l y  avoided by in s ta n tly  s to p p in g  the camera 

when the  behavior was f i r s t  observed. In  th e  few cases where a sh o r t 

segment of reco rd ing  was made during  these  undesired b eh av io rs , a mark 

on the  film  id e n t i f ie d  th e se  segments and the data  was n o t inc luded  

in  any o f th e  a n a ly s is .

A fte r o b ta in in g  th e  s tim ulus in te n s i ty  d a ta , th e  next e x p e r i­

ment involved the  p re se n ta tio n  of a s e r ie s  of aud ito ry  s tim u li  ( to n e s ) . 

During th is  tim e the  lem n isca l response was being evoked once per 2 

seconds to  a  co n stan t nerve stim ulus corresponding to between 1.9 and 

2 .5  tim es th re sh o ld  fo r  th e  lem niscal response for d if f e r e n t  an im als.

At the same tim e the  EMG a c t iv i ty  from the  biceps m uscle, a tim e s c a le  

m arker, and au d ito ry  s tim u lu s  marker were m onitored con tinuously  and 

photographed along w ith  th e  evoked lem n isca l responses.

The to n e s , p re sen ted  over a  loud speaker mounted in  th e  c e i l in g  

of the  reco rd in g  chamber, were generated  by a Hewlett Packard Model 200 

AB Audio O s c i l la to r ,  w h ile  th e  d u ra tio n  of the  tones, 500 msec, was
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c o n tro lle d  by the D lg itlm er. The in te n s i ty  of a l l  the  tones was 15 db 

above a background no ise  of 72 db as measured by a G eneral Radio, model 

1551-C sound le v e l  m eter in s id e  the  reco rd in g  chamber. Three d if f e r e n t  

to n e s , a t  800 Hz, 1150 Hz and 1400 Hz freq u e n c ie s , were p resen ted  on 

the  f i r s t ,  second and th i r d  record ing  sess io n s  re s p e c tiv e ly . The i n t e r ­

v a l  betw een su ccess iv e  to n es  was random w ith in  th e  fo llow ing  l im its  : 

tones were p resen ted  no c lo se r  than 8 seconds, nor lo n g e r than 40 

seconds a p a r t .  Between 20 and 30 tones were p resen ted  per se s s io n .

B efore beginning the  p re se n ta tio n  of th e  to n e s , beh av io ra l 

o b se rv a tio n  always in d ic a te d  th a t the anim als were awake. Furtherm ore, 

du ring  the  sequence of th e  tones the  anim al was c a re fu l ly  observed to 

in su re  t h a t  no tones were p resen ted  during  movements or during  any 

o th e r  s ig n s  of b eh av io ra l a ro u sa l. The EMG reco rd in g  from the b iceps 

muscle a ls o  served  to  in su re  th a t none of the  tones were p resen ted  

during  movements o f the  r ig h t  fo re lim b .

I n  the th ir d  s e c tio n  of the reco rd in g  se ss io n  evoked lem niscal 

responses along  w ith  continuous reco rd ings of EMG a c t iv i ty  in  the r ig h t  

fo relim b  b icep s  muscle were obtained during  d is c re te  vo lun tary  movements 

o f th e  an im al. Since the  anim als were g e n e ra lly  immobile fo r  the g re a t­

e s t  p o r tio n  of the  tim e, movements were ob ta ined  by g en tly  l i f t i n g  the 

anim al to  i t s  f e e t .  The door to  the  reco rd ing  chamber was then closed  

and an in te r v a l  of about 5 seconds was allowed b e fo re  th e  camera was 

tu rned  on to  beg in  the  reco rd in g . The s tim ulus to  th e  nerve was of 

co n stan t in t e n s i t y ,  once per two seconds, as in  the  p rev ious experim ents, 

and rem ained on during  th e  whole of th ese  experim ents. Upon being 

p laced  on i t s  f e e t ,  the c a t  o ften  stood s t i l l  fo r  a few seconds befo re
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tak in g  s e v e ra l s te p s  and resuming the  o r ig in a l  r e s t in g  p o s tu re . This 

type o f behav ior was o f te n  ve ry  c o n s is te n t so th a t  th e  m a jo rity  of 

movements recorded  were ob ta ined  as the anim al lay  down and made sm all 

ad justm ents of the  lim bs in  conjunction  w ith  assum ption o f a r e s t in g ,  

re lax ed  p o s tu re . As mentioned b e fo re , no reco rd in g s  were made when 

the  animal was involved  in  grooming behavior o r where th e re  were any 

o v e rt s igns of a ro u sa l and ex p lo ra to ry  b eh av io r. As w i l l  be d esc rib ed  

l a t e r ,  s e v e ra l a d d it io n a l  c r i t e r i a  were employed to  in su re  th a t  th e  

a n a ly s is  included  only d a ta  recorded during  spontaneous, d is c r e te  

v o lu n ta ry  movements.

At th e  end of the  l a s t  record ing  s e s s io n  each anim al was anes­

th e tiz e d  w ith  35 mg/kg Nembutal, in t r a p e r i to n e a l ly ,  in  o rder to  study 

the  e f f e c ts  of p ass iv e  fo relim b  movements on evoked lem n isca l responses. 

T h ir ty  m inutes a f t e r  th e  time of the  In je c t io n ,  th e  animal was placed 

on i t s  s id e  in  the  reco rd in g  chamber and reconnected  to  the  reco rd ing  

ap p ara tu s . A s p e c ia l  dev ice  c o n sis tin g  o f a p o ten tiom eter w ith  a sm all 

arm ature connected to  th e  w iper was then a tta c h e d  by means of a th read  

to  th e  an im a l's  forepaw . In  th i s  way, p a ss iv e  movements of th e  paw 

caused the  arm ature to  move w hile  th e  r e s u l ta n t  v o lta g e  change through 

th e  po ten tiom eter was fed  to  th e  o sc illo sc o p e  to  in d ic a te  both  th e  

speed and d ire c t io n  of the  p ass iv e  movement. A sm a ll, low te n s io n  

sp rin g  re tu rn ed  th e  arm ature to  a stop  p o s i t io n  w ith  f u l l  limb ex ten s io n . 

A complete cycle  from ex ten s io n  to  f le x io n  and back to  e x te n s io n , and 

covering an a rc  o f about 40* to  60* was com pleted w ith in  le s s  than  2 

seconds and in  a l l  experim ents was v a ried  between th is  value and a 

value of le s s  than  one second. By th is  means, the  e f f e c t  o f e i th e r
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p a ss iv e  f le x io n , ex ten s io n , o r no movement w hile  hold ing  th e  limb In 

a v a r ie ty  of p o s i t io n s  could be s tu d ie d . A ctual passive  movement was 

accomplished by th e  experim en ter’s g en tly  grasp ing  the forellm b ju s t  

behind the paw and, w ith  as s tead y  a p ressu re  as p o ss ib le , moving the 

lim b. The movements occurred  w ith  re sp e c t to  both th e  elbow and 

shou lder j o i n t s .

Scoring and A nalysis of Data 

At th e  end of each experim ental s e s s io n , the  film  on which 

a l l  th e  d a ta  were recorded was developed by s tan d ard  photographic pro­

ced u res . S ince th e  o sc illo sco p e  l ig h t  beam was photographed ag a in s t 

the darkened s c re e n  fa c e , the developed film  y ie ld ed  a negative  w ith 

b lack  tra c e s  upon a  l ig h t  background. The film  was then p ro je c te d  by 

a O letzgen 35 mm film  read er upon an e ig h t by te n  Inch sheet of graph 

p ap er. Using c a l ib r a t io n  marks and s c a le s  photographed a t th e  beginning 

of each film  re c o rd , a g rid  which corresponded to  l in e s  on th e  graph 

paper was c o n s tru c te d . This g r id  then allow ed f o r  alignm ent o f the  

recorded  tra c e s  along th e  h o riz o n ta l a x is  and was marked o f f  In  m i l l i ­

seconds, w hile  the  v e r t i c a l  s c a le  was c a l ib ra te d  In  m ic ro v o lts . In  

m easuring the am plitude of th e  evoked lem nlscal response th e  s tim ulus 

a r t i f a c t  as w e ll as  the  corresponding tim e marker In d ic a tin g  the  

tr ig g e r in g  of the  nerve stim ulus were used as a re fe re n ce . S ince the 

la te n c y  of o nset o f the  I n i t i a l  d e f le c tio n  of th e  lem nlscal p o te n t ia l  

v a r ie d  between 3.0 and 3.6 m illiseco n d s, the  low est po in t a t  which the  

tra c e  f e l l  w ith in  th is  In te rv a l  was used as  the  "zero" p o in t. The 

am plitude In m ic ro v o lts  from the  zero p o in t to  th e  top of th e  I n i t i a l  

d e f le c t io n  of th e  p o te n t ia l  wave, as In d ic a ted  by re v e rsa l o f wave,
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was Chen used as Che approxlmaCe measure of Che CoCal amounC of evoked 

neural acClvlCy recorded In Che massed pocenclal discharge. Since Che 

poCenClals Chemselves were generally monophaslc in form Che ampliCude 

of Che poCenCial represenCs a relatively accuraCe measuremenC of Che 

amounC of evoked accivicy carried Chrough Che dorsal column-medial 

lemniscal pachway (9, 56).

For Che EMG daCa, Che ouCpuC of Che inCegraCor was used as 

a rough measure of Che amounc of muscle acCiviCy occurring ac any given 

Cime. Since Che inCegraCor circule was sensicive Co boCh ampliCude and 

frequency changes iC was noc calibrated in microvolts buC in arbicrary 

uniCs. The analog EMG signal, which was simulCaneously recorded, was 

used Co verify ChaC changes in Che inCegraCor ouCpuC reflecCed real 

changes in EMG acCiviCy especially wich regard Co Che exacC Cime of 

onseC of bursCs of muscle acCiviCy.

SCaciscical Analysis

The resulcs obcained in Che following experimenCs were sub- 

micced, for Che mosC pare, Co Che mosC sCandard parameCric sCaCisCical 

CesCs, Che deCails of Cheir applicaCion being presented along wiCh Che 

analyzed data in Che CexC. However, Chere are several general feaCures 

which all of Che analyses shared in common. For all of Che experimenCs, 

each animal served as ics own conCrol. Thus, for a given experimenc 

on a parcicular recording session, a difference score, or more ofcen 

a sec of difference scores, were obCained by subCraccing Che value of 

a certain variable measured under a specific condiCion from Che value 

of Chat variable obcained during some specified control period. These
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d iffe re n c e  scores were then s t a t i s t i c a l l y  ev alua ted  using  te s t s  which 

take in to  account the  ex is ten ce  of a c o r re la t io n  between the  means of 

two s e ts  of scores on given v a r ia b le  ob ta ined  from the  same in d iv id u a l 

su b jec t t e s t  fo r  c o rre la te d  m eans). Furtherm ore, th ese  d iffe ren ce  

sco re s , g e n e ra lly  expressed as p e rcen t change s c o re s , allowed compari­

sons between su b jec ts  as w ell as  comparisons of the  same su b jec t on 

d i f f e r e n t  occasions to  be c a r r ie d  ou t w ithout the  n e c e s s ity  of co n tro l­

lin g  fo r  d iffe ren c es  in  the  a b so lu te  value o f a p a r t ic u la r  v a ria b le . 

S ince, fo r  most of th e  experim ents, an average p ercen t change score 

could be computed fo r  each in d iv id u a l s u b je c t ,  o v e ra l l  t e s t s  ag ain st 

hypotheses, using the  zero mu ^  t e s t  tw o -ta ile d  t e s t ) ,  as w ell

as the combining of th e  in d iv id u a l s u b je c t 's  sco res in to  an average 

re p re se n ta tiv e  of the  e n t i r e  group were e a s i ly  perform ed.



CHAPTER I I I

EVOKED LEMNISCAL RESPONSES IN ACUTE AND CHRONIC CATS

Evoked Lemniscal Responses In  
A cutely A nesthetized  Cats

S in g le  shock s tim u la tio n  of th e  s u p e r f ic ia l  r a d ia l  nerve 

e l i c i t s  a la rg e  evoked p o te n t ia l  in  th e  c o n t r a la te r a l  m edial lem niscus 

of the a cu te ly  a n es th e tiz ed  c a t .  The la te n cy  of th e  response remains 

f a i r l y  co n stan t a t  3 .3  msec (range 3 .0 -3 .6  msec) w hile  the  am plitude 

o f the  response in c re a se s  w ith  in c re a s in g  stim u lus s tre n g th s  up to  a 

maximum corresponding  to  2 .0  to  2 .5  tim es the  in te n s i ty  j u s t  s u f f ic ie n t  

to  evoke th e  response (F igure 3 ) .

The la ten cy  of the response i s  e n t i r e ly  c o n s is te n t w ith  the  

s in g le  sy n ap tic  re la y  in te rp o sed  in  th e  d o rsa l  column-medial lem niscal 

pathway. O ther s tu d ie s  have in d ic a te d  th a t  th e  a f fe re n t  f ib e r s  c o n tr i ­

bu ting  to  the lem n isca l system have conduction v e lo c i t ie s  in  the  o rder 

of 35 to  80 m/sec (8 , 10, 68, 8 3 ), w hile the  sy n ap tic  delay rep o rted ly  

ranges from 0 .7  to  0 .8  msec (5 , 10). In  th i s  s tu d y , w hile th e  evoked 

response s ta r te d  a t  a  la ten cy  o f about 3 .3  msec, th e  d u ra tio n  of the  

i n i t i a l  component o f th e  response la s te d  as long as 1 .7  msec. The d is ­

tance from the s tim u la tin g  to  the  reco rd in g  e le c tro d e s  was approxim ately 

180 mm. Assuming a  sy n ap tic  delay  of 0 .75  msec y ie ld s  a nerve conduction 

tim e of between 2.55 and 4.25 msec and hence a f ig u re  fo r  conduction 

v e lo c ity  o f between 42 and 71 m /sec. S ince th e re  i s  a 30-50% decrement 

in  conduction v e lo c i ty  when th e  a f fe re n t  f ib e r s  e n te r  the  cord (8 , 68, 8 3 ),

34
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Figure  3 . Development o f the evoked lem n isca l response w ith
in c re a s in g  stim ulus s tre n g th s .

A cute, an es th e tiz ed  c a t .  The lem n lsca l re sp o n ses , recorded  

v ia  a  b ip o la r  e le c tro d e  in  the l e f t  m edial lem niscus, were evoked once 

p e r 2 seconds by s tim u la tio n  o f  th e  r ig h t  s u p e r f ic ia l  r a d ia l  nerve 

w ith  0 .0 5  msec d u ra tio n  re c tan g u la r p u ls e s . Stim ulus in t e n s i t i e s  a re  

exp ressed  in  tim es th re sh o ld  (T) fo r  th e  lem n isca l resp o n se . In  th is  

experim ent th e  th re sh o ld  (1 x T) fo r  th e  evoked response was 0.20 

v o l t s  as read  from th e  s tim u la to r d i a l .  The stim u lus to  the  nerve 

was d e liv e re d  10 msec fo llow ing th e  o n se t o f  th e  o sc illo sc o p e  t r a c e .

The lem n isca l response am plitude shows a p ro g ress iv e  

in c re a se  w ith  h ig h e r  stim ulus I n te n s i t i e s  up to  a  maximum correspond­

ing  to  s tim u lu s  s tr e n g th s  between 2 .0  and 2 .4  x T. The e a r ly  compo­

nen t o f th e  evoked response  is  made up o f  two sm all peaks lab e led  

a  and a ' .  At a  s tim u lu s  in te n s i ty  of 1 .3  x  T th e re  i s  a second l a t e r  

component and a t  h ig h er stim ulus s tre n g th s  (2 .0  x T) an even l a t e r  

peak appears la b e le d  c,.
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a f ig u re  between 47 and 85 m/sec g ives a  c lo se r  approxim ation of the  

conduction v e lo c i t ie s  in  the  p e r ip h e ra l  a f fe re n t  f ib e r s  a c tiv a te d  by 

the nerve s tim u la tio n . This range corresponds very  w e ll w ith p rev io u sly  

repo rted  measurements of the conduction v e lo c i t ie s  of group 11 cutaneous 

a f fe re n ts  which ascend in  the  d o rsa l columns and make sy n ap tic  co n tac ts  

in th e  cuneate nucleus w ith  neurons form ing the  m edial lem niscus (8 , 10, 

68, 8 3 ).

In  F igure 3 i t  w i l l  be n o ticed  th a t  in  a d d itio n  to  the  la r g e s t  

ea rly  component, th e re  a re  a  number of sm all w avele ts  which make up the 

l a te r  p o rtio n  of the  evoked p o te n t ia l  and g en e ra lly  appear w ith stim u­

lus s tre n g th s  above 1.2 to  1 .3  tim es th re sh o ld . The sm all wave lab e led  

a ' ,  which i s  seen even a t  th re sh o ld  in te n s i ty ,  may re p re se n t a c t iv i ty  

evoked in  f ib e r s  having j u s t  s l ig h t ly  slow er conduction v e lo c i t ie s  than 

those c o n tr ib u tin g  to  th e  prim ary response ( a ) . The peaks of the  

succeeding sm aller waves la b e le d  ^  and c^are  sep a ra ted  by a f a i r ly  

constan t in te r v a l ,  i . e . ,  about 4 msec, and may be a t t r ib u ta b le  to  

r e p e t i t iv e  f i r in g  of cuneo-thalam ic neu rons, a phenomenon which i s  

known to  occur in  response  to  s in g le  shock s tim u la tio n  of p e rip h e ra l 

nerves (6 , 30 ). In  o th e r  experim en ts, however, th e  evoked p o te n tia l  

had a  sim p ler c o n fig u ra tio n  w ith  only a  s in g le  la rg e  l a t e  component 

occurring  a t  a la ten cy  o f 7 to  8 msec w ith  a d u ra tio n  o f about 4 msec. 

Thus th e  p o s s ib i l i ty  th a t  th e se  l a t e  components a re  a t t r ib u ta b le  to  

r e p e t i t iv e  f i r in g  of cuneothalam ic neurons may be only one of s e v e ra l 

a l te r n a t iv e s . The e x is ten c e  o f s y n a p tic a lly  d riv en  u n its  in  the  deep 

fa s c ic le s  of the  d o rsa l columns has been re c e n tly  dem onstrated (84) and 

presumably th ese  f ib e rs  could c o n tr ib u te  to  evoked responses in  the
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m edial lem niscus. A lso , a f u r th e r  anatom ical f a c to r  should not be neg­

le c te d , namely, th a t  th e  l a t e r a l  c e rv ic a l n u c leu s , th e  second re la y  in 

M orin 's t r a c t  (62) c o n tr ib u te s ,  to g e th e r w ith  th e  d o rsa l column n u c le i , 

to the  m edial lem niscus (9 ) .

, Despite the c o n s is te n t and d i s t in c t  appearance of the l a t e  com­

ponents o f the lem n isca l responses evoked in  the  a n es th e tiz ed  c a t ,  these 

sm all p o te n tia l  waves were o fte n  b a re ly  v i s ib le  in  the  record ings obtain­

ed from the  same anim als a f t e r  recovery from th e  e f f e c ts  o f the anesthe­

s i a .  In  sev e ra l in s ta n c e s , however, sm all in f le c t io n s  on the l a t e r  

p a r t of th e  evoked p o te n t ia l  wave remained and undoubtedly co n trib u ted  

to  the  widening o f the  resp o n se . A lso, th e  appearance of the  l a t e r  

components was f a c i l i t a t e d  when the chron ic  anim als were a n es th e tiz ed  

a t  the  end of the experim ents (4-5  days a f te r  im p lan ta tio n  of e lec tro d es) .

The growth in  am plitude of th e  evoked p o te n t ia l  w ith increasing  

stim ulus s tre n g th s  corresponds c lo se ly  w ith  the  r e s u l t s  ob tained  by 

o th e rs  (9) and undoubtedly r e f le c t s  th e  rec ru itm en t of a c t iv i ty  in  

in c re as in g ly  la rg e r  numbers of f i r s t  o rder senso ry  f ib e r s .  That th e  

s iz e  of th e  evoked p o te n t ia l  does no t in c re a se  w ith  s tim ulus in te n s i t ie s  

above 2 .0 -2 .5  tim es th resh o ld  ag rees w ith  th e  fin d in g  th a t  group I I  

cutaneous a f fe re n ts  in  the  d o rs a l  columns and p e r ip h e ra l nerves a l l  

show th resho lds to  e l e c t r i c a l  s tim u la tio n  a t  or below 2 .2  x T (83).

Thus, w ith  stim ulus s tre n g th s  above th i s  v a lu e , th e  evoked lem niscal 

p o te n tia l  presumably re p re se n ts  a c t i v i ty  generated  in  th e  near maximum 

number of a f fe re n t f ib e r s  in  th e  s u p e r f ic ia l  r a d ia l  nerve which ascend 

v ia  the d o rsa l column-medial lem niscal pathway.

The co nsiderab le  amount of in v e s t ig a tio n  on the  re c ep to r charac­

t e r i s t i c s  of the cutaneous a f fe re n ts  which c o n tr ib u te  to  th e  lem niscal
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pathway Is  a lso  re le v a n t to  the reco rd ing  of evoked p o te n t ia ls  In th is  

system . Based upon responses to  n a tu ra l  sk in  s t im u la tio n , th e re  Is  

g e n e ra lly  good agreement th a t  th e  roughly 3 to  1 r a t i o  of f a s t  adap ting  

to  slow ly adap ting  f ib e r s  observed in  p e r ip h e ra l nerves (48, 4 9 ) , i s  

m ain ta ined  through the  d o rsa l columns to  the cuneate and g ra c ile  

n u c le i  (8 , 32, 52, 67, 68). For th e  most p a r t  f a s t  adap ting  f ib e r s  

a re  rep resen ted  by " h a ir"  u n its  (se e  48) which show a sh o rt b u r s t  of 

a c t i v i ty  w ith  bending of h a irs  bu t show no a c t iv i ty  when the h a i r  

remains in  a f ix e d  p o s i t io n . Furtherm ore, they  show maximal d ischarge  

as a fu n c tio n  of th e  r a te  o f movement (67 ), and o therw ise have l i t t l e  

o r no spontaneous a c t i v i ty .  Of a l l  cutaneous a f fe re n ts  they have the  

sm a lle s t re c e p tiv e  f i e ld s ,  the  low est th resh o ld s  to  e l e c t r i c a l  stim u­

la t io n ,  and a re  among th e  la r g e s t  and most ra p id ly  conducting f ib e r s  

in n e rv a tin g  th e  sk in  (see 83). Thus, by v i r tu e  of number, as w e ll as 

by low th re sh o ld  to  e l e c t r i c a l  s tim u la tio n  and f a s t  conduction v e lo c i ty ,  

evoked a c t iv i ty  in  th ese  a f fe re n ts  would l ik e ly  be h e av ily  rep resen ted  

In  th e  prim ary component of the lem nlscal response.

In  summary, s in g le  shock s tim u la tio n  o f the s u p e r f ic ia l  ra d ia l  

nerve In a n e s th e tiz e d  c a ts  produces an evoked p o te n t ia l  which can be 

recorded  In  th e  c o n t r a la te r a l  m edial lemniscus of the  b ra in  stem . The 

la ten cy  of the  prim ary wave of th e  p o te n t ia l  i s  c o n s is te n t w ith  the  

tran sm issio n  of im pulses over f a s t  conducting cutaneous a f fe re n ts  and 

through the s in g le  sy n ap tic  re la y  in te rp o sed  in  the d o rsa l column-medial 

lem n isca l pathway. The maximum am plitude of th e  response appears to  

correspond w ith  s tim u lu s  in t e n s i t i e s  Ju s t above th re sh o ld  fo r a c t iv a t io n  

o f cutaneous a f f e r e n ts  which ascend in  the  d o rsa l columns. An a n a ly s is
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of th e  d i s t r ib u t io n  o f re c e p to r  types and fu n c tio n a l c h a r a c te r i s t ic s  

o f  the  sensory  f ib e r s  which co n tr ib u te  to  th is  system from cutaneous 

so u rces  sug g ests  th a t  the  lem n isca l response may rep re sen t m ainly 

a c t i v i t y  evoked in  f ib e r s  which show ra p id  ad ap ta tio n  to  n a tu ra l ly  

o c cu rrin g  s tim u li  ap p lied  to  the  sk in .

Evoked Lemniscal Responses in Unanesthetized. Unrestrained Cats

F igure 4 shows reco rd in g s  from th e  l e f t  m edial lem niscus of 

th e  responses evoked by s in g le  shocks ap p lied  to  the c o n t r a la te r a l  

s u p e r f ic ia l  r a d ia l  nerve a t  in c re a s in g  stim u lus in te n s i t i e s  in  the  

u n re s tra in e d , u n an es th e tized  c a t .  Below these  tra c e s  appear the  

b ip o la r  EMG reco rd in g s  ob ta ined  a t  the same tim e from the  r ig h t  forelim b 

b icep s m uscle. S im ila r to the  responses observed in  a n es th e tiz ed  

an im als, the  la te n c y  of the  lem niscal response remains f a i r l y  c o n s ta n t, 

w hile the  am plitude of the  p o te n t ia l  in c re a se s  to  a maximum value  

corresponding  to  stim u lus in te n s i t i e s  above 2 .0  to  2 .5  tim es th resho ld  

fo r  th e  response .

As mentioned b e fo re , the  l a t e r  components o f th e  evoked 

p o te n t ia l  a re  ab sen t o r g re a tly  a tte n u a te d . A lso, th e  response as 

a whole i s  lower in  am plitude th an  th a t  o b ta in ed  during the  s u rg ic a l  

Im p lan ta tio n  o f th e  e le c tro d e s , and, in  f a c t ,  in  se v e ra l anim als 

lem n isca l response am plitudes showed a  slow bu t p ro g ressiv e  d e c lin e  

over th e  course  of sev e ra l days. These phenomena were presumably the 

r e s u l t  of trauma c o in c id e n ta l w ith  the p o s itio n in g  o f th e  reco rd in g  

e le c tro d e  in  th e  m edial lem niscus and w ith  th e  im p lan ta tio n  o f the 

p e r ip h e ra l  nerve s tim u la tin g  e le c tro d e . Both increased  e x c i t a b i l i ty  

of the  a f f e r e n t  pathway a t t r ib u ta b le  to  s u rg ic a l  i r r i t a t i o n  and conceivably
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Figure 4 . Development o f  th e  evoked lem n lsca l response and I p s l l a t e r a l
b ic ep s  EMG responses w ith  In c reas in g  stim ulus s t r e n g th s .

U n restra in ed , u n an es th e tized  c a t ,  3 days a f te r  ch ron ic  

Im p lan ta tio n  o f the  e le c tro d e s . The lem nlscal responses (A ), along 

w ith  th e  EMG responses (B) recorded v ia  a b ip o la r  e le c tro d e  In  th e  

r ig h t  fo re llm b  b iceps m uscle , were evoked once per 2 seconds by stim u­

l a t io n  of the  r ig h t  s u p e r f ic ia l  r a d ia l  nerve w ith  0.05 msec re c ta n g u la r  

p u ls e s . S tim ulus I n te n s i t i e s  a re  expressed  In  times th re sh o ld  (T) 

fo r  th e  lem n lsca l response . The s tim u lu s  to  th e  nerve was d e liv e red  

10 msec fo llo w in g  the o n se t o f th e  o s c il lo sc o p e  t r a c e .

The lem nlscal response am plitude shows a  p ro g ressiv e  

In c re a se  w ith  h ig h e r s tim u lu s  I n te n s i t i e s  up to  a maximum correspond­

ing  to  s tim u lu s  s tre n g th s  between 2 .0  and 2 .5  x T. At a s tim ulus 

s tre n g th  o f 2 .5  x X th e re  appears a  v e ry  sm all response In  th e  b iceps 

EMG reco rd in g  which In c re a se s  s l i g h t ly  In  am plitude w ith  h ig h e r stim u­

lu s  I n t e n s i t i e s .  This e a r ly  response  Is  fo llow ed by a l a t e r  and 

sm a lle r EMG response a t  s tim u lu s  I n te n s i t i e s  above 3.5 x T.
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lead in g  to  la rg e  evoked response , as w e ll as d ep ress io n  of the  response 

due to  the  u ltim a te  m a n ife s ta tio n  of t is s u e  damage s e v e ra l  days l a t e r ,  

could have produced those  d if fe re n c e s . However, fo r  6 anim als te s te d  

ac ro ss  th re e  record ing  s e s s io n s , the  v o ltag e  j u s t  s u f f i c i e n t  to  evoke 

responses in  the  m edial lem niscus (1 x T) v a rie d  no more than p lus or 

minus 20% of th e  value o b ta in ed  on the f i r s t  reco rd in g  s e s s io n . Since 

th i s  amount of v a r i a b i l i ty  i s  s l i g h t  (compare to  +100% = 2 x th re s h o ld ) , 

changes in  the s tim u la tin g  cond itions d id  n o t appear to  be re sp o n sib le  

fo r  changes in  lem niscal response am plitudes.

Returning to  F igure  4 , the  EMC reco rd in g s  from th e  r ig h t  

forelim b b iceps muscle in d ic a te  the occurrence of a  sm all r e f le x  response 

l a s t in g  about 3 to  4 msec a t  s tim ulus in te n s i t i e s  above 2 .0  x T fo r  

the lem niscal response. At even h igher s tim u lu s  s t r e n g th ,  i . e . ,  above

3 .0  X T, a second response i s  observable which is  p a r t i a l l y  superimposed 

on th e  e a r l i e r  wave. At stim u lus in t e n s i t i e s  s u f f i c i e n t  to  evoke both 

th ese  responses, th e i r  frequency of occurrence as w e ll as am plitudes 

were q u ite  v a r ia b le . With regard  to  la te n c y , the  f i r s t  response regu­

l a r l y  occurred a t  about 6 .0  to 7 .0  msec a f t e r  the  s tim u lu s . Allowing 

between 3 .1  and 4 .0  msec fo r  sy n ap tic  delay  p lus tran sm iss io n  from the  

cord through the e f fe re n t  f ib e r s  to  the  m uscle, the conduction v e lo c ity  

over the a f fe re n t  limb o f  th e  r e f le x  pathway would be between 32 and 59 

m /sec. The minimum la ten cy  of the  second wave appeared to  be about 11 

to  13 msec and y ie ld s  a corresponding f ig u re  of 12 to  30 m /sec . Based 

upon conduction v e lo c ity  as w ell as d if fe re n c e s  in  th re sh o ld  to  e l e c t r i ­

c a l  s tim u la tio n , the  f i r s t  and second r e f le x  responses may be a t t r ib u ta b le  

to  a c t i v i ty  evoked in  th e  slow er conducting group I I  and group I I I  cu ta ­

neous a f fe re n ts  re s p e c tiv e ly . On the  o th e r hand, i t  must be emphasized
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th a t  the  second In f le c t io n  seen in  the  EMC record ings may no t rep re sen t 

a second independent re sp o n se . R a th e r, i t  may be p a rt o f a s in g le  

m uscular response  which, because of th e  reco rd in g  co n d itio n s  in  a 

volumn conducto r, i s  m an ifested  as a po lyphasic  evoked p o te n t ia l .  

N ev e rth e le ss , the  two waves have been t r e a te d  se p a ra te ly  in  th e se  

experim en ts .

While th e  fu n c tio n a l s ig n if ic a n c e  of i p s i l a t e r a l  f le x io n  

re f le x e s  evoked by s tim u la tio n  of group I I  a f fe re n ts  remains u n c lea r 

(see  4 7 ), i t  i s  worth n o tin g  th a t  th e  appearance of th is  e a r ly  muscle 

response occu rred  a t  s tim u lu s  s tre n g th  above th resh o ld  bu t below 

maximum stim u lu s  in t e n s i t i e s  fo r  group I I  a f f e r e n t  v o lle y s  which ascend 

through the  lem n isca l pathway. Low r a te  r e p e t i t iv e  nerve s tim u la tio n  

a t  i n t e n s i t i e s  which evoked th is  e a r ly  response but were below th re e  

tim es th re sh o ld  (3.00 x T) fo r  the  lem n isca l response c o n s is te n tly  

f a i le d  to  e l i c i t  b eh av io ra l changes in  the  r e s t in g  anim al as in d ic a ted  

by gross v is u a l  o b se rv a tio n . In  c o n t r a s t ,  however, was the freq u e n tly  

observed a ro u sa l and movement of th e  anim al when s tim u la tio n  was c a r r ie d  

o u t a t  h ig h e r s t r e n g th s , which corresponded to  the  occurrence of the  

l a t e r  muscle response. Taken to g e th e r , th e  occurrence o f th e  l a te  

re f le x  response  in  a s s o c ia tio n  w ith  o v e rt b eh av io ra l a ro u sa l i s  co n sis ­

te n t  w ith  th e  fin d in g  th a t  th re sh o ld  s tim u la tio n  of group I I I  cutaneous 

a f f e re n ts ,  which may c o n tr ib u te  to  r e f le x  responses to n o c icep tiv e  

s t im u li ,  occurs a t  s tim u lu s  s tre n g th s  above 3 .5  to  4 .0  tim es th resh o ld  

f o r  the  lem n isca l response (9 ) .

The lower p a r t  o f F igure 5 g ra p h ic a lly  shows th e  am plitude 

o f the lem n isca l response as a  fu n c tio n  of In c re a s in g  s tim u lu s  s tre n g th s
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Figure 5. Graph of developm ent of the  evoked lem niscal response and
b icep s  EMC responses w ith  In c reas in g  stim ulus I n t e n s i t i e s .

The lower f ig u re  shows th e  lem n isca l p o te n tia l  am plitude 

p lo tte d  f o r  stim ulus s tre n g th s  ap p lied  to  the  r ig h t  s u p e r f ic ia l  r a d ia l  

nerve . The mean of 10 responses p e r  an im al, averaged over 7 an im als, 

a re  shown fo r  each s tim u lu s  v a lu e . Lem niscal response am plitude Is  

expressed a s  percen t of maximum am plitude . At stim ulus s tre n g th s  

corresponding to  2.0 x T , th e  lem n isca l response  achieves 90 p e rcen t 

o f maximum am plitude and In c re a se s  only s l i g h t ly  w ith I n te n s i t i e s  as 

h igh  as 4 .0  x I .

In  the  upper p o r tio n  of th e  f ig u r e ,  lem niscal re sp o n ses , 

along w ith th e  EMC re sp o n se s , a re  p lo t te d  In  term s of th e i r  p robab i­

l i t y  o f occurrence a t  each o f  th e  s tim u lu s  s tre n g th s . The o rd in a te  

g ives p e rcen t number o f s t im u l i ,  o u t o f 1 0 , on which a response  could 

be observed, averaged ac ro ss  7 an im ais . The a b c lssa  corresponds to  

s tim u lu s  s t re n g th s  as shown In  th e  lower p a r t  o f the  f ig u r e .  The 

sh o rt la ten cy  (ea rly )  EMC responses a re  f i r s t  d e tec ta b le  a t  1 .5  x T, 

occur an average of 55 p e rc en t o f th e  tim e a t  2 .0  x T and f in a l ly  

appear a t  th e  95 p ercen t le v e l  a t  s tre n g th s  above 3 .5  x T fo r  the  

lem niscal re sp o n se . L a te r  m uscle responses do no t occur u n t i l  2 .25 x 

T Is  reached and appear l e s s  than 50 p e rc en t o f th e  time even a t  

stim u lus s tre n g th s  as h ig h  a s  4 .0  x T fo r  lem n isca l p o te n t ia l .  For 

two anim als, no s tim u li  were p re sen ted  a t  2 .75 and 4.0 x T le v e ls  

w h ile  one anim al was n o t te s te d  a t  3 .5  x T stim u lu s  le v e l .
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fo r  a l l  anim als t e s te d .  S im ila r to  the  responses I l l u s t r a t e d  p rev io u sly  

fo r  s in g le  an im als, th e  am plitude of the  lem niscal response In c reases  

markedly up to  about 2 .0  tim es th re sh o ld  s tre n g th , then In c rease s  by 

only about 10% more w ith  stim u lus s tre n g th s  as high as 4 tim es th re sh o ld  

In te n s i ty .  Since each p o in t re p re se n ts  the  average of 10 responses from 

each anim al, I t  I s  p o ss ib le  to  c a lc u la te  an average s tan d a rd  d ev ia tio n  

of the  lem niscal responses fo r  a  g iven am plitude. At a s tim u lus s tre n g th  

of 2 .5  X T, the s tan d ard  d e v ia t io n  across animals ranged from p lus o r 

minus 20 p e rcen t to  as low as 6 p e rcen t of the mean am plitude and y ie ld ­

ed an average v a lu e  of p lus o r minus 12 p e rcen t. S im ila r va lu es  were 

obtained In  o th e r experim ents and thus serve to  I l l u s t r a t e  th e  s t a b i l i t y  

of evoked lem n isca l responses recorded  In u n re s tra in e d , un an esth e tized  

c a t s .

The upper p a r t  of F igure 5 shows the lem niscal responses fo r  

the  same an im als, a long w ith  th e  two muscle responses p lo t te d  as an 

average p ro b a b il i ty  of th e i r  occurrence fo r  ten  s t im u li  a t  each of th e  

In d ica ted  stim ulus s tr e n g th s . At what has been a r b i t r a r i l y  defined  as 

th resho ld  (1 x T) the  lem n isca l response occurred on the  average about 

75% of the time (range 50% to  j u s t  a t  100%). At h ig h e r s tim u lu s  s tre n g th s  

the lem niscal responses occurred 100% of the  time In  a l l  an im als.

One anim al showed th e  p resence of the e a r l i e s t  muscle response 

a t  a  stim ulus In te n s i ty  as low as 1.50 x T, but th i s  response was no t 

p re sen t In  a l l  anim als u n t i l  the  stim u lus s tre n g th  was ra is e d  to  2.25 x T. 

S im ila r ly , the l a t e r  muscle response occurred In  th e  most responsive  

animal a t  2.25 x T, w hile  I t  was p re sen t In  4 cu t o f 6 anim als a t  a 

s tre n g th  of 3 .5  tim es th re sh o ld  and 3 out of 5 anim als a t  a s tre n g th  of
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4.0 X T fo r  th e  lem niscal response. In  summary, fo r  a g iven  an im al, the  

e a r ly  muscle response g en e ra lly  occurred a t  a stim ulus in te n s i ty  which 

produced a lem nisca l response of about 80-90% of maximum am plitude.

I t  then req u ired  a  50% to 100% In c rease  in  t h i s  s tim ulus s tre n g th  to  

produce the l a t e  r e f le x  response by which time the  lem niscal response 

had always a t ta in e d  i t s  maximum am plitude. Thus, the  th re sh o ld  f o r  the  

e a r ly  r e f le x  muscle response occurred  below stim ulus s tre n g th s  which 

produce maximal am plitude lem niscal responses. This fin d in g  lends 

fu r th e r  support to  the  conclusion th a t  the e a r ly  response i s  m ediated by 

cutaneous a f f e re n ts  having th e  same general c h a r a c te r i s t ic s  as those 

which ascend in  the  d o rsa l column-medial lem niscal system . On th e  o th e r 

hand, s t im u li  o f  s u f f ic ie n t  in te n s i ty  to  evoke the  l a te  m uscle response 

do n o t produce a  f u r th e r  in c re a se  in  the  am plitude of the  lem n isca l 

response. Thus, th e  l a t e r  muscle response may be re la te d  to  s tim u la tio n  

of cutaneous a f fe re n ts  which m ediate p a in fu l sen sa tio n s  and ascend in  

such pathways a s  the  sp inothalam ic and s p in o re t ic u la r  system s. This 

conclusion  i s  supported  by the  observation  of b eh av io ra l a ro u sa l Induced 

by h ig h  in te n s i ty  e l e c t r i c a l  s tim u la tio n  of the  s u p e r f ic ia l  r a d ia l  nerve .

On the b a s is  o f the  experim ental r e s u l t s  j u s t  d e sc r ib e d , the  

stim u lus in t e n s i t i e s  to  be used fo r  th e  r e s t  of th e  experim ents were 

determ ined. For e th ic a l  reaso n s , as w ell as because of th e  n a tu re  of 

the s tu d ie s  to  be conducted, s tim u li which produced a ro u sa l and a c t iv a ­

tio n  o f the animal were s t r i c t l y  avoided. On th e  o th e r hand, i t  was 

d e s ire d  th a t  th e  nerve s tim u la tio n  be of s u f f ic ie n t  in te n s i ty  to  a c t iv a te  

the g re a te s t  p o ss ib le  number o f p e rip h e ra l a f fe re n t  f ib e r s  which c o n t r i ­

buted  to  the evoked responses in  the  medial lem niscus. O therw ise, changes
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in  sensory  tran sm iss io n  through the  lem n isca l pathway m ight occur in  

re fe re n ce  to  a f f e r e n ts  w ith  h ig h e r th re sh o ld s  to  e l e c t r i c a l  s tim u la tio n  

bu t such changes would no t be r e f le c te d  in  th e  am plitude o f the  evoked 

lem n isca l response  I f  th e se  same f ib e r s  d id  n o t c o n tr ib u te  to the  evoked 

response I t s e l f .  T h ere fo re , the  I n i t i a l  p rocedure fo r  each animal on 

every reco rd in g  se s s io n  was to  s e t  th e  s tim u lu s  In te n s i ty  fo r  evoking 

the lem n isca l response a t  a value which appeared to  produce the  la rg e s t 

am plitude response b u t was below th e  s tre n g th  s u f f i c i e n t  to  produce 

the l a t e  r e f le x  muscle response . The occu rrence  of th e  f i r s t  muscle 

response g e n e ra lly  served as a re fe re n ce  w ith  s tim u lu s  s tre n g th  being 

s e t  a t  a  va lue  which y ie ld ed  th is  response l e s s  than  50% of the  tim e. 

Across an im a ls , th i s  s tre n g th  v a rie d  from between 1 .9  to  2 .5  tim es 

th re sh o ld  I n te n s i ty  fo r  th e  lem nisca l re sp o n se , b u t f o r  a  given animal 

remained very  c o n s tan t between sep a ra te  reco rd in g  s e s s io n s .

In  summary, s im ila r  to  the  r e s u l t s  ob ta in ed  in  th e  anesth e tized  

c a t ,  s in g le  shock s tim u la tio n  o f the  s u p e r f ic ia l  r a d ia l  nerve produces 

an evoked response in  the  c o n tr a la te r a l  m edial lem niscus which a t ta in s  

i t s  maximum am plitude a t  s tim ulus s tre n g th s  between 1 .9  and 2.5 times 

th re sh o ld  fo r  th e  resp o n se . At th is  s tim u lu s  I n te n s i ty ,  a  sm all, sh o rt 

la ten cy  r e f le x  response  can be recorded In  the  I p s i l a t e r a l  forellm b 

b icep s  muscle w hile  a t  h ig h e r s tim u lus s tre n g th s  a  l a t e r  r e f le x  muscle 

response may o ccu r. An a n a ly s is  o f th e  c a lc u la te d  conduction v e lo c i t ie s  

and th re sh o ld s  fo r  e l e c t r i c a l  s t im u la tio n  evoking these  two responses 

suggested  they may be produced by a c t iv i ty  In  group I I  and group I I I  

cutaneous a f f e r e n ts ,  re sp e c tiv e ly . S ince s t im u li  which evoked the 

l a t e  r e f le x  response were a sso c ia te d  w ith  b e h av io ra l a ro u s a l ,  th i s
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f in d in g , in  con junction  w ith  the s tim u lu s  in te n s i ty  fu n c tio n  fo r  lem nis­

c a l  response am plitudes, was used a s  a  b a s is  fo r  determ ining the  s tim u lu s  

s tre n g th s  used to  evoke th e  lem n isca l responses in  fu tu re  experim ents.



CHAPTER IV

EVOKED LEMNISCAL RESPONSES DURING INDUCED AROUSAL

In  seven anim als b earing  c h ro n ic a lly  im planted e le c tro d e s , 

the  e f f e c t  o f p re sen tin g  a b r ie f  au d ito ry  s tim u lu s  on th e  am plitude 

o f th e  evoked lem n isca l response was s tu d ie d . As d esc rib ed  p rev io u s ly , 

the lem niscal response  was evoked r e p e t i t iv e ly  a t  a c o n s ta n t r a te  of 

once per 2 seconds and a t  a  constan t s tim ulus in te n s i ty  corresponding 

to  a  va lue  determ ined fo r each animal by th e  methods o u tlin e d  in  th e  

p reced ing  s e c t io n .  During p re se n ta tio n  of th e  tones the  anim als were 

c lo se ly  observed to  in su re  th a t  none of the  tones were p resen ted  during 

movement, w hile  continuous record ing  of the  EMG a c t iv i ty  from the  fo re ­

limb b iceps muscle was used to  fu r th e r  confirm  th ese  o b se rv a tio n s . The 

anim als were always awake a t  the  beginning of th e  experim ent and, as 

noted p re v io u s ly , th e re  were ra re ly  any movements over the  e n t i r e  course 

o f th e  tone s e r i e s .  No tone t r i a l s  from any se s s io n s  fo r  any animal 

were excluded from th e  an a ly ses.

F igure 6 shows evoked lem niscal responses along w ith  EMG a c t i ­

v i ty  in  th e  r i g h t  fo re lim b  b iceps m uscle, recorded  from an u n re s tra in e d , 

u n an es th e tized  c a t  during  p re sen ta tio n  of a 500-msec d u ra tio n  tone a t  

1150 Hz, w ith  in te n s i ty  15 db above background n o is e . While the  lem nis­

c a l  response  rem ains o therw ise very s ta b le ,  th o se  responses evoked imme­

d ia te ly  fo llow ing  th e  onset of the  tone a re  c o n s is te n tly  reduced in  s iz e .

51



52

Figure 6. Reduction of the  evoked lem niscal response am plitude
during p re s e n ta tio n  of a novel au d ito ry  s tim u lu s .

U nrestra in ed , un an esth e tized  c a t ,  2 days a f t e r  ch ron ic  

im p lan ta tio n  o f e le c tro d e s . 1 : lem n isca l responses recorded in  th e  

l e f t  m edial lem niscus to  s in g le  shock s tim u la tio n  of the  r ig h t  su p er­

f i c i a l  r a d ia l  n e rv e ; 2: con tinuously  recorded EMG a c t iv i ty  from the  

r ig h t  fo relim b b iceps m uscle; 3: s ig n a l marker o f th e  shocks to  the  

s u p e r f ic ia l  r a d ia l  nerve once per 2 seconds, 0.05 msec d u ra tio n  p u ls e ,

2 .0  X I  stim ulus in te n s i ty .  The lem nisca l responses a re  a lig n ed  

w ith  re sp e c t to  th e  occurrence of the  shocks d e liv e red  to  th e  su p er­

f i c i a l  r a d ia l  n e rv e , i . e . ,  th e  nerve stim ulus occurs 10 msec fo llow ing  

the onset o f th e  lem niscal response t r a c e ,  th is  p o in t being synchro­

n ized  w ith  the  stim u lus m arker.

A, B, C and D show 4 d i f f e r e n t  sequences of 5 evoked 

responses each, recorded  fo r  4 p re sen ta tio n s  of a 500 msec d u ra tio n  

to n e , 1150 Hz, w ith  in te n s i ty  15 db above background n o ise  (channel 

3 shows th e  occurrence and d u ra tio n  of the  tone s tim u lu s ) . In  each 

s e t  of tra c e s  the  lem n isca l response evoked during  th e  tone i s  reduced 

in  am plitude, compared to  th e  lem niscal responses evoked b e fo re  th e  

tone s tim u lu s . Although th e  e f f e c t  i s  very  s l ig h t  th e  red u c tio n  o f 

the  lem niscal response during  the tones was no t accompanied by 

movements, as in d ic a te d  by th e  EMG reco rd ing .
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I^ irth em o re , th e re  i s  a  s l i g h t  tendency fo r  the  lem n isca l response 

evoked 2 seconds l a t e r  to  a lso  be d ecreased . D irec t v is u a l  o b se rv a tio n  

as w ell as th e  EMG reco rd in g  in d ic a te d  th a t  th ese  e f f e c ts  were no t 

a sso c ia te d  w ith  movements of th e  anim al nor in  p a r t ic u la r  movements 

o f  the  r ig h t  fo relim b .

Table 1 summarizes th e  r e s u l t s  o f th e  s t a t i s t i c a l  a n a ly s is  fo r  

the  f i r s t  11 tone t r i a l s  (o u t o f 21) on th e  f i r s t  reco rd in g  se ss io n  fo r  

each o f the  7 anim als. The analy ses  compare the average am plitude of 

the  two lem n isca l responses o ccu rrin g  j u s t  b e fo re  each tone w ith  the 

average am plitude o f th e  two evoked responses j u s t  fo llow ing  the  to n e .

Mean am plitudes ( in  m ic ro v o lts ) of th e  evoked responses both b e fo re  and 

a f t e r  the  tones a re  in  th e  f i r s t  column w h ile  the  second column shows 

the  average p e rcen t d if fe re n c e  (average am plitude red u c tio n ) computed 

from the  p e rcen t change sco res  on each tone t r i a l .  The number o f to n e s , 

out o f 11, which were a sso c ia te d  w ith  a  decrease  in  the  evoked response 

appear in  column 3 expressed as a p e rc e n t.

These d a ta  in d ic a te  th a t  in  every anim al th e  tone stim ulus 

produced a red u c tio n  of th e  evoked lem n isca l response am plitude, although 

th is  e f f e c t  was very modest in  most c a s e s . The amount of red u c tio n  ranged 

from le s s  than  one p e rcen t to  as h ig h  as 6 .7  p e rc e n t. Out of th e  f i r s t  

11 tones p re se n te d , between 55 and 82 p e rc en t were a sso c ia te d  w ith  a 

decrease in  th e  evoked response am plitude .

In  th e  lower p a r t  o f Table 1 appear the  o v e ra l l  averages and 

s t a t i s t i c a l  t e s t s  (zero  mu jt t e s t s ,  t^y ) showing th a t  th e  evoked response 

am plitude was reduced on th e  average by 3 .5  p e rcen t (p < .0 5 ). Sim i­

l a r ly ,  the  average number o f tones accompanied by a d ep ress io n  of the
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Table 1

EFFECT OF NOVEL AUDITORY STIMULUS ON EVOKED 
LEMNISCAL RESPONSE AMPLITUDE

Cat

Before
Tone
(PV)

A fte r
Tone
(pv)

Amplitude
Reduction

(%)
t t e s t  
v a lu e !

Number of Lem niscal 
Responses Reduced 

(%)

4852 X
s

22.6
2 .8

21.6
2 .5

4 .4 -0 .73 (NS)2 55 .0

4702 X

S
67.7

3 .9
67.2

4 .2
0 .7 -0 .2 4 (NS) 73.0

5034 X
s

21.1
2 .4

20.9
2 .9

1 .0 -1 .07 (NS) 64 .0

5044 X
s

26.8
1 .7

25.0
1 .8

6.7 -3 .5 0 (P<.01) 82.0

4849 X
s

24.8
2 .8

23.3
2 .9

6 .1 -1 .5 8 (NS) 73.0

3772 X
s

29.8
1 .9

28.2
3 .7

5 .4 -1 .29 (NS) 64 .0

4853 X

s
52.6

3 .8
52.3

6 .2
0 .6 -0 .0 4 (NS) 64.0

T ria ls I 1-11 (Above) X  3.56 67.9

3.48
(p<.05)

Su"50% 5.38
(p<.01)

T ria ls t 12-21 X 0.52 50.9

io u  0-57 (NS) ^P-50% 0.94  (NS)

^ ^ - te s t  f o r  c o r re la te d  means computed from p e rc en t d if fe re n c e  sco res  
fo r  each tone s tim u lu s .

^Not s ig n i f ic a n t  (NS).
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lem niscal response  am plitude amounted to  alm ost 68 p e rcen t (p< .01).

On the  o th e r  hand, a  s im ila r  a n a ly s is  o f tlie  rem aining 10 t r i a l s  

(to n es  12 through 2 1 ) , which appears a t  the  bottom of the  ta b le ,  in d i ­

c a te s  no sy s te m a tic  e f f e c t  of the  to n e s , suggesting  th a t  th e  novel 

stim u lu s  became ra p id ly  in e f f e c t iv e  w ith  rep eated  p re s e n ta tio n s .

E f fe c t o f R epeated P re se n ta tio n s  of th e  Novel Stim ulus 
on th e  Evoked Lem niscal Response

F igure  7 i l l u s t r a t e s  th e  combined d a ta  from th e  7 anim als on 

th e  re d u c tio n  of th e  evoked lem n isca l response am plitude as a  fu n c tio n  

o f rep eated  p re s e n ta tio n s  o f th e  nove l s tim u lu s . The average percen t 

decrease  in  lem n isca l response am plitude i s  p lo t te d ,  in  blocks of th re e  

t r i a l s ,  a c ro ss  the  e n t i r e  se ss io n  o f  21 t r i a l s ,  th e  b a s is  fo r  the f ig u re  

being the  same d a ta  a s  th a t  shown in  Table 1 . The f i r s t  th re e  p re­

s e n ta tio n s  o f th e  to n e  were a sso c ia te d  w ith  an average red u c tio n  in  the  

evoked lem n isca l response  am plitude of s l ig h t ly  over f iv e  p e rcen t (p< .03 , 

tou) t w hile  th e  average  decrease  w ith  tones 19 through 21 amounts to  

only about one p e rc e n t (n o t s ig n i f ic a n t ,  . This r e s u l t  would 

in d ic a te  th a t  th e  f i r s t  few p re se n ta tio n s  of th e  tone produce the 

g re a te s t  re d u c tio n  o f th e  evoked response bu t th a t  a f t e r  15 to  20 

tones the e f f e c t s  becomes la rg e ly  unobservab le .

In  o rd er to  s tu d y  in  more d e t a i l  th e  e f f e c t s  of rep eated  

p re se n ta tio n s  o f th e  nove l au d ito ry  s tim u lu s , s ix  o f the  seven anim als 

were run on th e  same experim ent fo r  two a d d itio n a l s e s s io n s , on sep a ra te  

days and using  a d i f f e r e n t  tone on each of the  s e s s io n s . The d a ta  were 

analyzed in  th e  same way as the  p rev ious experim ents w ith  th e  p e rcen t 

d if fe re n c e  s c o re s , as w e ll as the  p e rcen t number o f tones a sso c ia te d
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Figure 7. E ffe c t of rep ea ted  p re se n ta tio n s  of a novel au d ito ry  
s tim u lus on th e  evoked lem niscal response am plitude.

The average va lue  of th e  evoked lem niscal response am plitude

acro ss  the  7 anim als I s  c a lc u la te d  as a  percentage o f th e  p re -to n e

c o n tro l value and p lo t te d  In  blocks of 3 t r i a l s  (to n es) fo r  21 t r i a l s .

The f ig u re  I s  based upon th e  same d a ta  as shown In Table 1.

The I n i t i a l  p re se n ta tio n s  o f the tone a re  a sso c ia te d  w ith

the  g r e a te s t  d ec rease  o f th e  evoked lem niscal response  am plitude.

L a te r p re s e n ta tio n s  o f  the  tone produce l i t t l e  I f  any change In th e

evoked response am plitude.
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w ith  a  decrease  In  the  evoked re sp o n se , being  combined over th e  th re e  

sess io n s  fo r  each anim al. In  agreement w ith  the  previous ex perim en ts, 

the amount o f red u c tio n  in  th e  lem n isca l response am plitude over the  

f i r s t  11 tone t r i a l s  ranged from 1 .5  to  4 .5  percen t and averaged alm ost 

3 p e rcen t (p< .01 , _t^„) fo r  th e  6 an im als. S im ila r ly , the  p ro b a b i l i ty  

o f observing a d ecrease  in  th e  evoked response on a given tone t r i a l  

ranged from 55 to  70 p e rc e n t, th e  average being  63 p e rcen t (p< .01 ,

^u-50% ).

In  F igure 8 the average p e rcen t am plitude red u c tio n  in  the 

lem niscal response i s  p lo t te d  in  b locks o f th re e  t r i a l s  ac ro ss  a  t o t a l  

of 21 p re se n ta tio n s  of the  to n e . For both  b locks of t r i a l s  one through 

th re e  and seven through n in e , th e  average decrease in  lem n isca l response 

am plitude amounted to  3 .5  p e rcen t ac ro ss  an im als, bu t these  v a lu es  were 

s t a t i s t i c a l l y  s ig n i f ic a n t  on ly  a t  p<.10 le v e l  ( t^ u ) • While th e se  r e s u l t s  

a re  ra th e r  meager, from a s t a t i s t i c a l  s ta n d p o in t, the  o v e ra l l  group d a ta  

do support the  fo llow ing  h y p o th e s is . The e f f e c t  of th e  tone on the  

evoked lem niscal response may show a p rocess o f h a b itu a tio n  as th e  novel­

ty  o f the au d ito ry  stim ulus i s  d im inished w ith  repeated  p re s e n ta t io n s . 

Thus, the amount o f  red uc tion  in  lem n isca l response am plitudes as w e ll 

as the  p ro b a b ili ty  o f observing such a  d ecrease  i s  g re a te s t  fo llow ing  

the f i r s t  few p re se n ta tio n s  o f  th e  to n e , b u t becomes p ro g re ss iv e ly  

sm alle r as a  fu n c tio n  of t r i a l s .  This hypo thesis  can be ev a lu a ted  

s t a t i s t i c a l l y  u sing  the  average Spearman Rank-Order C o rre la tio n  Co­

e f f i c i e n t  (57 , 58) which t e s t s  th e  e x te n t to  which s e v e ra l s e t s  of 

ranked sc o re s , in  t h i s  case  th e  sc o re s  acro ss  t r i a l s  fo r  each an im al, 

conform to  a  p re d ic te d  rank o rd e r ; th e  p re d ic te d  s e t  of ranks a re  th a t
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Figure 8. E ffe c t of rep ea ted  p re s e n ta tio n s  of a novel au d ito ry  
stim u lus on th e  evoked lem n isca l response am plitude; 
th re e  combined s e s s io n s .

The average value  of th e  evoked lem n isca l response am plitude 

across th re e  s e p a ra te  se ss io n s  f o r  6 anim als i s  c a lc u la te d  as a p e r­

centage o f the  p re -to n e  c o n tro l v a lu e  and p lo t te d  in  b locks of 3 t r a i l s  

(tones) fo r  21 t r i a l s .

The i n i t i a l  p re se n ta tio n s  o f th e  tone a re  a sso c ia te d  w ith  

the  g re a te s t  decrease  o f the  evoked lem nisca l response am plitude, 

w hile w ith  fu r th e r  to n e  t r i a l s  th e re  i s  a p ro g ress iv e  d im inution of 

the  e f f e c t .
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t r i a l  b lock  1 through 3 w i l l  be asso c ia ted  w ith  th e  g r e a te s t  decrease  

in  the  evoked response and be ranked one, t r i a l  b lo ck  4-6 have the  next 

g re a te s t  d ecrease  and be ranked two, and so on. C a lcu la tio n  of th is  

s t a t i s t i c  (L u b in 's  K) fo r  the  average percen t am plitude change, y ie ld s  

a  va lue  of 0 .41  which i s  s ig n if ic a n t  beyond th e  p<.01 le v e l  ( tw o - ta ile d  

t e s t ) . Thus, th e se  r e s u l t s  confirm th e  hypo thesis  th a t  the  magnitude 

of red u c tio n  o f th e  lem n isca l response am plitude observed w ith  the  tones 

i s  in v e rs e ly  r e la te d  to  th e  number o f  p re se n ta tio n s  o f th e  au d ito ry  

s tim u lu s .

Time Course of Evoked Lemniscal Response Suppression 
from Novel Stim ulus Onset

In  the  p reced ing  analyses, the  average am plitude of the  f i r s t  

two evoked lem n isca l responses follow ing the  tone were compared to  the 

average am plitude of the  two evoked responses j u s t  p reced ing  the  tone .

In  th i s  s e c t io n  th e  f i r s t  and second evoked responses fo llow ing the  

tone a re  examined s e p a ra te ly .

I t  w i l l  be re c a l le d  th a t  th e  lem niscal p o te n t ia l  was being  

evoked once every two seconds. For th re e  of th e  7 anim als te s te d  in  

the f i r s t  experim ent, th e  tone was p re sen ted  randomly w ith  re sp e c t to  

the evoked resp o n se . T h ere fo re , on th e  average, th e  f i r s t  lem n isca l 

response would f a l l  a t  one second a f t e r  tone o n se t w hile  th e  second 

evoked response would occur two seconds l a t e r  and correspond to  3 

seconds a f t e r  th e  to n e . In  th e  four rem aining an im als , th e  f i r s t  

evoked response was s e t  to  occur at 0 .2 3  seconds a f t e r  tone o n set (one 

an im al), 0 .90 seconds (two anim als), and 1.57 seconds (one animal) 

w ith  the  second evoked response occurring  re s p e c tiv e ly  two seconds a f t e r  

the f i r s t .
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In  Figure 9 th e  average percen t am plitude change fo r  the 

f i r s t  and second evoked responses i s  p lo t te d ,  w ith  re sp e c t to  la ten cy  

from tone o n se t, fo r  th e  f i r s t  11 tones fo r  each of th e  7 an im als. The 

f ig u re  i s  based upon th e  same experim ents as th e  d a ta  shown in  Table 1. 

I t  w i l l  be n o ticed  th a t  fo r  every animal th e  am plitude of th e  f i r s t  

evoked p o te n tia l  fo llow ing  th e  tone i s  depressed more than th e  second 

evoked response which occurs two seconds l a t e r .  The f i r s t  lem niscal 

p o te n tia l  fo llow ing  th e  tone was reduced on the  average by 5% (p<.001, 

tpu) compared to  an average o f 2 .4  pe rcen t (p< .10 , fo r  the second

evoked response. The average d if fe re n c e  between the  f i r s t  and second 

evoked response was 2 .6  p e rcen t (range: 0 .83 to  4 .89 p e rc e n t) ,  th is  

va lue  being s t a t i s t i c a l l y  s ig n if ic a n t  beyond p<.01 le v e l  ( t - t e s t ,  

c o rre la te d  means). Since t h i s  d iffe re n c e  occurred  over a span of 2 

seconds, the  average r a te  of re tu rn  of the lem nisca l response to normal, 

p re -to n e  am plitude i s  about 1 .3  pe rcen t p e r second (range 0 .42  to  2.45 

p e rc en t per second).

In  summary, in  the  u n re s tra in e d , u n an es th e tized  c a t ,  the p re­

s e n ta tio n  of a novel au d ito ry  stim ulus was accompanied by a  s l ig h t ,  but 

s t a t i s t i c a l l y  s ig n if ic a n t  d ecrease  in  am plitude of the evoked p o te n tia ls  

recorded  from the  m edial lem niscus in  response to  s in g le  shock stim u la ­

tio n  of the  c o n tr a la te r a l  s u p e r f ic ia l  r a d ia l  n e rv e . The dep ress io n  of 

the  lem niscal response was found to  p e r s i s t  fo r  s e v e ra l seconds a f t e r  

each tone s tim u lu s . While th e  e f f e c t  of the  tone was observed in  every 

anim al te s te d , the  magnitude o f the  red u c tio n  never amounted to  more 

than 7 p e rcen t. S im ila r ly , on th e  average , only two o u t of every th re e  

p re sen ta tio n s  of th e  tone were a sso c ia te d  w ith  a decrease  in  the evoked
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Figure 9. Time course of the  evoked lem niscal response suppression
from novel s tim u lu s  o n se t.

The average evoked lem n isca l response am plitude i s  c a lcu ­

la ted  as  a  percen tage o f th e  p re - to n e  c o n tro l va lue  fo r  the  f i r s t  

( f i l l e d  c i r c le s )  and second (open c i r c le s )  evoked responses fo r  each 

animal and p lo tte d  w ith  re sp e c t to  la te n c y  fo llow ing  o nset of the  

novel s tim u lu s  ( to n e ) . The to n e  i s  500 msec in  d u ra tio n . The average 

lem niscal response am plitudes a re  computed over the  f i r s t  11 t r i a l s  

fo r  each anim al, th e  f ig u re  being based upon the  same d a ta  as shown 

in  Table 1 .

The lem n isca l responses evoked n e a re s t  th e  onset o f the  

tone a re  reduced more than th e  responses evoked 2 seconds l a t e r .  The 

d iffe ren c e  between the  amount o f red u c tio n  in  th e  f i r s t  and second 

lem niscal responses evoked fo llow ing  th e  tone ranged from 0.83 to  

4.89 p ercen t and averaged 2 .6  p e rcen t fo r  th e  7 an im als. This d i f f e r ­

ence occurred over a  span o f 2 seconds. T herefore th e  average r a te  

of re tu rn  o f the lem nisca l response  to  normal am plitude follow ing 

the  onset o f the tone  stim u lus i s  about 1 .3  p e rcen t p e r second (range: 

0.42 to  2.45 p e rcen t per second).
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lem n isca l response  am plitude . However, i t  was found th a t  repeated  

p re se n ta tio n s  of the  tone re s u lte d  in  a p ro g ress iv e  d im inution of the 

e f f e c t  such th a t  f i n a l ly  th e  tone produced no change in  the  evoked 

response w hatsoever. Whether th i s  phenomenon re p re se n ts  a process of 

fa tig u e  o r h a b itu a t io n  i s  n o t c le a r .  On the  o th e r  hand, the red u c tio n  

o f th e  lem n isca l response d id  occur in  th e  absence of o v e rt motor a c t i ­

v i ty .  Taken to g e th e r ,  th e se  fin d in g s  suggest a c e n tr a l  mechanism to  be 

re sp o n s ib le  fo r  m odulating sensory  tran sm iss io n  over th e  lem niscal p a th ­

way du ring  the  induced a ro u s a l evoked by a novel a u d ito ry  s ig n a l .



CHAPTER V

EVOKED LEMNISCAL RESPONSES DURING VOLUNTARY MOVEMENTS

In  a second s e r ie s  of experim ents, p o te n tia ls  evoked In th e  

l e f t  medial lem niscus to  s in g le  shocks ap p lied  to  th e  r ig h t  s u p e r f ic ia l  

r a d ia l  nerve were used to  s tu d y  changes In  cutaneous sensory  transm ission  

through the lem nisca l pathway during  spontaneous, v o lu n ta ry  f le x io n  move­

ments o f the  r ig h t  fo re llm b . The procedures used In th ese  experim ents 

have m ostly been d escribed  In  p rev ious s e c t io n s . The lem n isca l responses 

were evoked r e p e t i t iv e ly  once p e r two seconds by s in g le  shock s tim u la tio n  

o f th e  s u p e r f ic ia l  r a d ia l  nerve a t  a stim ulus In te n s i ty  j u s t  s u f f ic ie n t  

to  produce maximal am plitude evoked p o te n tia ls  In  th e  c o n tr a la te r a l  

m edial lem niscus. A ll 7 anim als were unanesthetized  and com pletely 

m obile throughout these  experim ents.

In o rd e r to  o b ta in  movements I t  was o f te n  necessary  to  g en tly  

p lace  th e  anim al on I t s  f e e t .  A period  o f s e v e ra l seconds was then 

allow ed before  reco rd in g  began. Phasic b u rs ts  o f muscle a c t i v i ty  from 

th e  r ig h t  fo re llm b  b iceps were taken  as an accu ra te  measure o f the 

occurrence and d u ra tio n  of v o lu n ta ry  f le x io n  movements of th e  r ig h t  

fo re llm b . W hile d i r e c t  v is u a l  observation  In d ic a ted  th a t the  b u rs ts  of 

EMG a c t iv i ty  were Indeed c o r re la te d  w ith movements of the  r ig h t  fo re ­

llm b, th e  fo llow ing  p o in ts  a re  w orth n o tin g .
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Although th e  EMC i s  a d ire c t  measure of muscle a c t i v i t y ,  i t  does 

no t n e c e s s a r i ly  r e f l e c t  the  degree of te n s io n , v e lo c ity  o f movement, or 

even th e  amount o f d isp lacem en t, i f  any, of the limb in  space . S ince 

iso m e tr ic  c o n tra c tio n s  cannot be a cc u ra te ly  d if f e r e n t ia te d  from is o to n ic  

c o n tra c tio n s , re fe ren ce  to  the EMG a c t iv i ty  in  the  b iceps muscle as 

re p re se n tin g  a c tu a l movements o f the  fo relim b may be something of a 

misnomer. However, fo r  the  sake o f economy and co n sis ten cy , the  b u rs ts  

o f  EMG a c t i v i t y  recorded  from th e  b iceps muscle w i l l  con tinue  to  be 

re fe r re d  to  as r e f le c t in g  a c tu a l f lex io n  movements o f the  fo re lim b .

In  o rd e r to  compare th e  lem niscal response evoked during 

movements to  those evoked when th e  animal was n o t moving, th e  fo llow ing 

procedure was used . The occurrence of d isch a rg es  in  th e  record ings 

from th e  b icep s  muscle during  movements were c le a r ly  id e n t i f ia b le  above 

th e  very  low le v e l  o f background muscle a c t i v i ty  observed when the 

anim al remained immobile. S ince the  b u rs ts  of EMG a c t iv i ty  a sso c ia ted  

w ith  movements tended to  have an a ll-o r -n o th in g  c h a ra c te r , no am plitude 

c r i t e r io n  was imposed and thus lem niscal responses evoked during even 

very  sm all movements were included  in  the  a n a ly s is .  On th e  o th er hand, 

th e  measurement o f lem nisca l responses was r e s t r i c t e d  to  those responses 

which occurred  during  b u rs ts  of muscle a c t i v i ty  which had a  d u ra tio n  of 

n o t le s s  than  20 msec nor longer than 2 .0  seconds. No d is t in c t io n  was 

made, however, between lem n isca l responses which were evoked a t  d i f f e r ­

e n t tim es w ith  re sp e c t to  the beginning o r end of the  b u rs t  of muscle 

a c t i v i t y .  When an evoked response was found to  occur during  a movement, 

th e  n e a re s t evoked response preceding the  movement, as w e ll as the  near­

e s t  evoked response fo llow ing  th e  movement, were se le c te d  fo r  comparison.
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w ith  the added s t ip u la t io n  th a t  n e ith e r  of these  two responses could 

occur c lo se r  than  200 msec to  any muscle a c t i v i t y .  In  cases where 

sev e ra l d is c r e te  movements occurred  in  c lo se  su ccess io n , s e v e ra l evoked 

responses sometimes occurred du rin g  th e  movements. Each such response 

was compared to  th e  p a ir  of no-movement evoked responses o ccu rring  

b efo re  and a f t e r  the  movement. For th e  purpose of q u a n t i ta t iv e  analy­

s i s ,  the average am plitude o f th e  two evoked lem n isca l responses 

obtained b e fo re  and a f t e r  th e  movement were su b tra c te d  from th e  am pli- 

tu d e(s) of th e  in d iv id u a l evoked re sp o n se (s) which occurred  during  

movements. These d if fe re n c e  s c o re s , u su a lly  expressed  as p e rcen t 

change s c o re s , were then  subm itted  to  a  v a r ie ty  o f s t a t i s t i c a l  t e s t s  

and a n a ly s is .

Evoked Lem niscal Responses during  V oluntary Movements of th e  Right 
Forelim b in  U n restra in ed . U nanesthetized  Cats

F igure  10 shows the red u c tio n  of th e  evoked lem n isca l p o te n t ia l  

during  the p h asic  b u rs ts  of EMG a c t iv i ty  recorded from the  b icep s  muscle 

during  movements o f the r ig h t  fo re lim b . In  th e  absence of movements, the 

evoked lem n isca l response am plitude rem ains q u ite  s ta b le ,  whereas those 

responses evoked during the movements a re  s u b s ta n t ia l ly  reduced reg ard ­

le s s  o f w hether they occur in  th e  m iddle , o r towards the  end, of the  

movement.

Table 2 summarizes the  r e s u l t s  o f th e  s t a t i s t i c a l  analy ses  

comparing the evoked lem n isca l re sp o n ses , which occurred  during  r ig h t  

forelim b movements, to  those  evoked responses ob ta ined  in  th e  ad jo in in g  

p erio d s  o f no movement. Mean am plitudes ( in  m ic ro v o lts) appear in  the  

f i r s t  columns f o r  th e  evoked lem nisca l responses o b ta ined  under th e  two
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F igure  10. Reduction o f the  evoked lem n isca l response am plitude
during  v o lu n ta ry  movements.

U n restra in ed , u n an esth e tized  c a t ,  2 days a f t e r  ch ron ic  

im p lan ta tio n  o f e le c tro d e s . 1 : lem n isca l responses recorded in  th e  

l e f t  m edial lem niscus to  s in g le  shock s tim u la tio n  of th e  r ig h t  su p e r­

f i c i a l  r a d ia l  n e rv e ; 2: in te g ra te d  EMG from r ig h t  forelim b b icep s 

m uscle, upper range o f the  ou tpu t no t shown; 3: EMG a c t i v i ty  from 

th e  r ig h t  forelim b b iceps m uscle; 4 : s ig n a l  marker of th e  shocks 

to  the  s u p e r f ic ia l  r a d ia l  nerve , once p e r  2 seconds, 0 .05 msec d u r­

a t io n  p u ls e , 1 .9  X T stim u lu s  in te n s i ty .  The lem niscal responses 

a re  a lig n ed  w ith  re s p e c t to  th e  occu rrence  o f  th e  shocks to  the  

s u p e r f ic ia l  r a d ia l  nerve .

A: a  s e r ie s  of 5 su ccess iv e  lem n isca l responses shows 

th e  s t a b i l i t y  o f th e  evoked p o te n t ia l  am plitude during q u ie t  waking 

in  the  absence o f movement. The sm all in f le c t io n s  in  th e  in te g ra te d  

BIG ou tp u t a re  e le c tro c a rd io g ra p h ic  a r t i f a c t .  In  B, C and D th e  

lem nisca l responses evoked during  the  b u rs ts  o f EMG a c t iv i ty  (broken 

l in e )  recorded  from the  r ig h t  forelim b b icep s  muscle a re  reduced in  

am plitude compared to  th e  lem niscal resp o n ses  both befo re  and a f t e r  

th e  muscle a c t i v i ty .  In  B and D even th e  lem n isca l responses evoked 

during  very  sm all amounts of muscle a c t i v i t y ,  as in d ic a ted  by th e  

in te g ra te d  EMG, a re  reduced although th e  magnitude of the  su p p ress io n  

i s  n o t la rg e .
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Table 2

EFFECT OF RIGHT FORELIMB MOVEMENT ON EVOKED 
LEMNISCAL RESPONSE AMPLITUDE

Cat
No Movement 

(yv)
R igh t Forelimb 
Movement (yV)

Amplitude
Reduction

(%) v alue^

Number of 
Lemniscal 
Responses 
Reduced (%)

3772* X 28.3 24.6 13.1 -4 .4 3 78.0
S 3 .9 4.6 (p<.001)

4702* X 61.2 56.3 8 .0 -4 .2 3 87.0
S 5 .5 5.5 (p<.001)

4852 X 20.9 14.7 29.7 -2 .5 0 75.0
S 4 .0 5.2 (p<.05)

1589* X 44.9 40.9 8 .9 -2 .6 6 71.0
S 5 .2 5.1 (p< .05)

4849 X 21.8 18.7 14.2 -2 .9 7 83.0
S 3 .8 4.1 (p<.01)

4853 X 51.0 46.9 8 .0 -2 .5 4 74.0
S 6 .9 8.4 (p < .05)

5044* X 21.7 18.3 15.8 -4 .9 0 92.0
S 1 .5 2.3 (p<.001)

13.9 80.0

^ 10.42
(p<.01) (p<.001)

^ S u p e rf ic ia l  r a d i a l  nerve t ie d - o f f  d i s t a l  to  s t im u la tin g  
e le c tro d e .

^ ^ - te a t  fo r  c o r re la te d  means computed from p e rcen t d iffe ren ce  
s c o re s .
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co n d itio n s  fo r  the 7 anim als on the f i r s t  reco rd in g  se s s io n . The p e r­

cen t am plitude re d u c tio n  w ith  r ig h t  fo rellm b movements as w ell as the  

number o f movements a sso c ia te d  w ith  a decrease  In  the  evoked response , 

expressed  as a p e rc e n t, appear In  the th ir d  and f i f t h  columns re sp ec ­

t iv e ly .  An average of 20 movements p e r anim al was analyzed.

The da ta  shown In  Table 2 In d ic a te  th a t  the  am plitude of th e  

evoked lem niscal response  recorded  d u rin g  movements of the  r ig h t  fo re ­

llmb was reduced by 8 to  30 p e rcen t compared to  no-movement c o n tro ls ,  

w ith  a l l  anim als showing a  s t a t i s t i c a l l y  s ig n i f ic a n t  d ec lin e  In the  

evoked response am plitude during  movement a t  th e  p<.05 le v e l  or b e t t e r  

t e s t ,  c o rre la te d  means). S im ila r ly , between 71 and 92 percen t o f 

a l l  r ig h t  forellm b movements were a sso c ia te d  w ith  a dep ression  of th e  

evoked response.

In  the  lower p a r t  of Table 2 appear the  o v e ra l l  averages and 

s t a t i s t i c a l  t e s t s  In d ic a tin g  th a t  the  evoked lem n isca l response was 

reduced on the  average by about 14 p e rcen t (p< .01 , and th a t  the  

average number of movements a sso c ia te d  w ith  a decrease  In the  evoked 

response was 80 pe rcen t (p<.OGl, JEu )•

S im ilar r e s u l t s  were found fo r  th e  5 anim als from which 

reco rd in g s were o b ta ined  on a d d itio n a l s e s s io n s . Combining the  r e s u l t s  

of a l l  the  se s s io n s , each animal showed a  re d u c tio n  of the evoked lem­

n is c a l  response which was s t a t i s t i c a l l y  s ig n i f ic a n t  beyond p<.02 le v e l  

o r  b e t te r  In  every case (t. t e s t ,  c o r re la te d  m eans). The am plitude of 

the evoked response was decreased  on the  average by 10 percen t (p< .01, 

tQ^) and the  number o f movements a s so c ia te d  w ith  a  depression  of the 

lem n isca l p o te n t ia l  averaged 72 p e rcen t (p< .01 , ^  _ 50Z^* ^  to t a l  of 

231 movements were Included In  th i s  a n a ly s is .
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R elatio n  between EMG A c tiv ity  and the Evoked 
Lemniscal Response Amplitude

In  F igure 11 th e  am plitude of th e  lem niscal response  Is  

p lo t te d  as a  fu n c tio n  of EMG a c t iv i ty  le v e l  fo r  one an im al. From th i s  

I l l u s t r a t i o n  I t  I s  c le a r  th a t  th e re  Is  a  negative c o r re la t io n  between 

the two measures such th a t  th e  g re a te r  th e  amount of EMG a c t iv i ty  

recorded during  movement, th e  sm aller the  am plitude o f th e  a sso c ia te d  

evoked lem niscal re sp o n se . A ll of the  anim als showed a s im ila r  nega­

t iv e  c o r re la t io n  between EMG a c t iv i ty  le v e l  and evoked response am pli­

tudes w ith  the  va lue  o f r. (P ea rso n 's  r )  ranging  from -0 .0 8  to  -0 .5 7 .

The average Pearson jr f o r  th e  7 anim als was -0 .36  which I s  s t a t i s t i c a l l y  

s ig n if ic a n t  (p< .01 , t^ ^  on z. sco res  converted  from r ) .

I t  w i l l  be n o tic e d  th a t  none o f the 7 anim als s tu d ie d  here  

produced a c o r re la t io n  as la rg e  as th a t  shown In F igure  11. This may 

have re su lte d  from th e  u se . In  th e  p re se n t s tu d y , of the  con tinuously  

In te g ra te d  EMG which tak es  In to  account both the average frequency and 

am plitude of the  reco rded  muscle a c t i v i ty .  On th e  o th e r hand, the  

d a ta  shown In  Figure 11 were obtained  from s in g le  o sc il lo sc o p e  sweeps 

a t  s u f f ic ie n t  speed f o r  d i r e c t  measurement of the muscle p o te n t ia ls  In  

m icrovo lts  over th e  s h o r t  in te r v a l  du ring  which th e  lem n isca l response 

was evoked.

In  summary th e  r e s u l t s  o f th ese  experim ents in  u n re s tra in e d , 

un an esth e tized  c a ts  In d ic a te  th a t  spontaneous v o lu n ta ry  movements of 

the  r ig h t  forellm b a re  a s so c ia te d  w ith  a  c o n s is te n t and s ig n i f ic a n t  

red u c tio n  in  am plitude o f th e  p o te n tia ls  evoked In th e  l e f t  m edial 

lem niscus to  s in g le  shock s tim u la tio n  o f the  r ig h t  s u p e r f ic ia l  r a d ia l  

nerve . Furtherm ore, th e re  tends to  be a  re la tio n sh ip  between the  e f f e c t
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Figure 11. R e la tio n  between evoked lem n isca l response  am plitude 
and am plitude of EMG a c t iv i ty  in  th e  b icep s  m uscle 
during  movement.

The f ig u re  re p re se n ts  d a ta  ob ta ined  from one anim al on a 

s in g le  reco rd in g  s e s s io n . The average am plitude of the lem n isca l 

re sp o n ses , evoked by s tim u la tio n  o f th e  r ig h t  s u p e r f ic ia l  r a d ia l  nerve, 

a re  p lo t te d  w ith  re s p e c t to  the  am plitude of th e  EMG a c t iv i ty  recorded 

from the  r ig h t  fo re lim b  b iceps m uscle. The u n f i l le d  c i r c le s  rep re sen t 

the  average am plitude o f the  lem nisca l responses which occurred  in  the 

presence o f EMG a c t i v i t y  co nsidered , fo r  th is  experim ent, to  be below 

th e  am plitude c r i t e r io n  e s ta b lis h e d  fo r  movement. These responses 

occurred in  th e  a d ja c e n t in te rv a ls  both b e fo re  and a f t e r  th e  lem nis­

c a l responses o b ta in ed  during  the la rg e r  b u rs ts  o f EMG a c t iv i ty  defined 

as movements ( f i l l e d  c i r c l e s ) . The number (N) of evoked lem niscal 

responses averaged to g e th e r fo r  each of th e  p lo t te d  p o in ts  i s  in d i­

cated  a t  th e  top o f  the  graph. Over the  e n t i r e  reco rd in g  se s s io n  a l l  

lem niscal responses o ccu rrin g  in  th e  presence of EMG a c t iv i ty  which 

exceeded 25 pv am plitude have been inc luded .

The d e p re ss io n  of the  evoked lem n isca l response am plitude 

i s  g r e a te r ,  th e  l a r g e r  th e  amount of EMG a c t i v i t y  observed during  

movement. This r e la t io n s h ip  i s  in d ic a te d  by a  n eg a tiv e  c o r re la t io n  

o f -0 .6 6  (P e a rso n 's  ^  which i s  s t a t i s t i c a l l y  s ig n i f ic a n t  beyond 

p<.001 le v e l .
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on the  evoked responses and th e  movements such th a t  th e  amount of 

decrease  seen in  th e  evoked p o te n t ia l  is  roughly p ro p o r tio n a l to  the 

magnitude of the  muscle a c t i v i t y  recorded  during  th e  movement. In view 

of th ese  f in d in g s , ano ther s e t  o f experim ents was undertaken in  order 

to  determ ine w hether the  e f f e c t  was s p e c i f ic  w ith  re s p e c t  to  l a t e r a l i t y ,  

and, fu rtherm ore , to  what e x te n t  a ro u sa l and o r ie n tin g  behav ior might 

be invo lved .

Evoked Lem niscal Responses during  Movements 
o f th e  L e ft and R igh t Forelim bs

E a r l ie r  i t  was shown th a t  th e  p re s e n ta tio n  of a novel auditory  

s tim u lus which presumably a roused  th e  an im al, was a sso c ia te d  w ith  a 

red u c tio n  in  the  am plitude o f the  evoked lem n isca l response . Although 

th is  e f f e c t  was observed to  occur in  th e  absence of movements i t  could 

reasonab ly  be hypothesized th a t  movements may them selves rep re sen t 

spontaneous a c tiv a tio n  and a ro u sa l o f the  organism . Thus, the  decrease 

in  the evoked lem n isca l response  am plitude d u rin g  movements of r ig h t 

forelim b might a c tu a lly  be a t t r i b u t a b l e  to  th e  same in flu en ce  which 

m ediated the  red u c tio n  of th e  evoked response during  induced a rousal.

One way o f te s t in g  th is  h y p o th esis  would be to  reco rd  responses in  the 

l e f t  m edial lem niscus to  s t im u la tio n  o f the  r ig h t  s u p e r f ic ia l  ra d ia l  

nerve w h ile  sim ultaneously  re co rd in g  muscle a c t i v i ty  in  both the  r ig h t 

and l e f t  fo re lim b s. I f  movements p e r se  a re  a sso c ia te d  w ith  a ro u sa l, 

as p re d ic te d  from the above h y p o th e s is , then  the  evoked response should 

be reduced during movements o f th e  l e f t  as w e ll as th e  r ig h t  forellm b.

Out o f th e  7 anim als s tu d ie d  in  th e  prev ious experim ent, 4 a n i­

mals c a r r ie d  Im planted EMG e le c tro d e s  in  th e  b iceps muscles of both
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fo re llm b s . P rocedures fo r  e l i c i t i n g  the  responses recorded  in  th e  

l e f t  m edial lem niscus were th e  same as described  p re v io u s ly , as were 

th e  c r i t e r i a  fo r  s e le c t io n  of the  movements. The d a ta  comprising th e  

r e s u l t s  o f th e  p re se n t experim ents a re ,  however, com pletely independent 

of the  p rev io u s  experim en ts, except th a t  4 of th e  same su b jec ts  were 

used and th e  reco rd in g s  were obtained  on the same days as in  the o th e r  

experim en ts .

F igure  12 shows a sh o r t continuous record ing  in  one anim al of 

EMG a c t i v i t y  from th e  b icep s  muscles o f the l e f t  (upper tra c e )  and 

r ig h t  (low er t ra c e )  fo re lim b s . As can be seen c le a r ly ,  b u rs ts  of 

muscle a c t i v i t y  o ccu rring  in  con junction  w ith movements of the l e f t  

forelim b a re  n o t a sso c ia te d  w ith  any change in  th e  lem niscal response 

am plitude. On th e  o th e r  hand, compared to tim es during which th e re  i s  

movement in  n e i th e r  lim b, a  b u rs t of EMG a c t iv i ty  recorded  from th e  

r ig h t  fo re lim b  f le x o r  m uscles i s  accompanied by a s ig n if ic a n t  red u c tio n  

in  th e  evoked response am plitude.

In  th e  lower p a r t  o f Figure 12 the average lem niscal response 

am plitude change, fo r  a l l  4 an im als, i s  p lo tte d  fo r  th re e  movement 

c o n d itio n s . Movements o f th e  l e f t  forelim b re s u lte d  in  only a sm all 

decrease  (average le s s  than  2%) w ith  one animal showing an in c rease  

and an o ther no change in  average lem niscal response am plitude. 

Furtherm ore, compared to  evoked responses recorded when th e  animal was 

immobile, none o f th e  s t a t i s t i c a l  t e s t s  revealed  any s ig n if ic a n t  d i f f e r ­

ences in  th e  lem n isca l response am plitudes during  movements of the  l e f t  

forelim b in  any o f the  anim als (jt t e s t  fo r  c o rre la te d  m eans), nor acro ss  

the  anim als as a  group ( ^ u ) .
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Figure 12. Evoked lem niscal responses du ring  movements of th e  l e f t
and r ig h t  fo relim bs.

The upper p o rtio n  of the  f ig u re  shows two s h o r t  segments 

o f record ing  o b ta in ed  from an u n re s tra in e d , u n an esth e tized  c a t ,  2 days 

fo llow ing chron ic  im p lan ta tio n  of th e  e le c tro d e s . 1 : EMG a c t iv i ty  In  

the l e f t  forellm b b icep s  m uscle; 2 : evoked responses in  th e  l e f t  

m edial lem niscus to  s tim u la tio n  o f th e  r ig h t  s u p e r f ic ia l  r a d ia l  

nerve; 3 : EMG a c t i v i t y  in  th e  b iceps muscle of th e  r ig h t  fo rellm b;

4: s ig n a l marker o f  th e  shocks o f th e  s u p e r f ic ia l  r a d ia l  n e rv e , once 

per 2 seconds, 0 .05  msec d u ra tio n  p u ls e , 1 .9  x I  s tim u lu s  In te n s i ty .

A: The s t a b i l i t y  o f th e  evoked lem nisca l response am plitude I s  shown 

during  a b u rs t  o f EMG a c t iv i ty  In  th e  l e f t  fo rellm b  b icep s  (dashed 

l i n e ) .  B: In  comparison to  th e  responses evoked In  th e  absence of EMG 

a c t i v i t y ,  the  lem n isca l response evoked during  a c t iv i ty  In  th e  r ig h t  

fo rellm b b iceps I s  reduced. Lemniscal responses evoked during  EMG 

a c t iv i ty  In  the o p p o site  forellm b rem ain unm odified. C: The average 

va lue  of the  evoked lem niscal response am plitude Is  c a lc u la te d  as a 

percen tage of th e  no-movement co n tro l va lue  fo r  each of th e  4 animals 

( f i l l e d  c i r c le s )  under the co n d itio n s  o f l e f t  fo rellm b movement, r ig h t  

fo rellm b  movement, and sim ultaneous l e f t  and r ig h t  fo rellm b  movements. 

The u n f i l le d  c i r c l e s  re p re se n t the  averages acro ss  th e  4 anim ais In  

each co n d itio n . Only during movements o f th e  r ig h t  fo rellm b I s  the  

evoked lem niscal response s ig n i f ic a n t ly  reduced. Movements o f the  

l e f t  forellm b alone  a re  not a sso c ia te d  w ith  a  sy stem a tic  e f f e c t  on 

the lem niscal response  am plitude.
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In  c o n tr a s t ,  movements o f th e  r ig h t  fo re llm b , as observed in  

p revious experim en ts, were a sso c ia te d  w ith  a c o n s is te n t decrease  in  

lem nisca l response am plitudes w ith  two su b je c ts  showing a h ig h ly  s ig n i ­

f ic a n t  e f f e c t  (p<.001; t t e s t  c o r re la te d  means) and th e  rem aining two 

anim als showing a  red u c tio n  s ig n i f ic a n t  beyond p<.05 and p<.10 l e v e l s ,  

re s p e c tiv e ly . The am plitude of th e  evoked response was reduced on the 

average by 11 p e rcen t (p< .05, t@u) w h ile  th e  number of responses 

reduced during  r ig h t  fo relim b  movements averaged 75 p e rcen t (p< .05 , 

t^  « 5 0 %) • A pproxim ately 20 r ig h t  fo relim b  movements and an equal 

number o f  l e f t  fo re lim b  movements were analyzed fo r  each anim al. 

A nalysis  o f an a d d i t io n a l  83 r ig h t  and l e f t  fo relim b  movements ob ta ined  

on subsequent reco rd in g  se ss io n s  y ie ld e d  comparable r e s u l t s .

In  a l im ite d  number of c a s e s , movements occurred  s im u ltan ­

eously  in  both  th e  r ig h t  and l e f t  fo re lim b s ( in  one animal on ly  2 

such in s ta n c e s  were reco rd ed ) . However, because of the  sm all sample 

s iz e  most s t a t i s t i c a l  an alyses a re  in a p p ro p r ia te . N ev erth e le ss , across 

anim als th e  evoked response  showed an average am plitude re d u c tio n  of a 

l i t t l e  over 7.5%, w h ile  th e  percen tage  of evoked responses showing a 

decrease  du ring  movements o f bo th  fo re lim b s averaged 70%.

In  summary, movements o f th e  l e f t  fo relim b  alone were no t 

a s so c ia te d  w ith  changes in  the  evoked p o te n t ia l  recorded from th e  l e f t  

m edial lem niscus in  response  to  s tim u la tio n  o f the  r ig h t  s u p e r f ic ia l  

r a d ia l  n e rv e . Thus, th e  hy p o th esis  th a t  movements per se  may be accom­

panied  by a ro u sa l and hence lead  to  decreased  evoked lem n isca l responses 

can be r e je c te d  as an ex p lan a tio n  o f  th e  e f f e c t s  observed in  p rev ious 

experim en ts. In  the  p re se n t experim ents only  during  the  b u rs ts  o f EMG
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a c t iv i ty  recorded  from th e  r ig h t  forellm b were the p o te n t ia ls  evoked 

over the ascending  pathways from th is  limb ev er m odified . T here fo re , 

whatever the  mechanism re sp o n sib le  fo r  m odulating the  am plitude of the 

evoked response In  con junction  w ith movements, the d is t r ib u t io n  of the 

e f f e c t  appears l im ite d  to  the a c tiv e ly  moved re g io n . In  o th e r words, 

the  m odulation o f sensory  transm ission  over th e  lem n isca l system which 

occurs during  v o lu n ta ry  movement appears to  s p e c i f ic a l ly  Involve the 

pathways which c a rry  a f f e r e n t  Impulses o r ig in a t in g  In  th e  limb which 

was a c tu a lly  moved.

In flu en c e s  Responsible fo r  the  Reduction 
o f th e  Evoked Lemniscal Response

The r e s t  o f th e  experim ents to  be rep o rted  h e re  were aimed a t 

determ ining w hether th e  reduc tion  of th e  lem n isca l response recorded 

during  r ig h t  fo re llm b  movements could be a t t r ib u te d  to  e i th e r  a c e n tra l 

o r p e r ip h e ra l In f lu en c e  o r bo th . I t  w i l l  be re c a l le d  th a t  d ischarges 

In a p a r t i c u la r  s e t  o f p e r ip h e ra l a f fe re n t  nerves a re  capable of In h i­

b i t in g  evoked a c t i v i t y  In  response to  s tim u la tio n  of o th e r  n e rv es , th is  

e f f e c t  being e s p e c ia l ly  s tro n g  when the  two s e t s  o f nerves have over­

lap p in g , m utually  In h ib i to ry  re c ep tiv e  f i e l d s .  This phenomenon I s  

gen era lly  r e fe r re d  to  as " a f fe re n t"  o r "surround" In h ib i t io n  and Is  

known to  In f lu en ce  sensory  transm ission  through the d o rs a l  column nuclei 

by the mechanisms o f bo th  p re -  and p o s t-sy n a p tlc  In h ib i t io n  (see  7 ) .

On th e  o th e r  hand, among the  c e n tr a l  s t ru c tu re s  capable of 

m odulating sensory  tran sm issio n  In  the  lem n isca l system  are  the  sen so ri­

motor co rtex  and pyram idal t r a c t ,  both o f which a re  presumably concerned 

w ith  th e  g en es is  o f v o lu n ta ry  movements. S ince  a c t i v i t y  In th is  system
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Is  l ik e ly  to  be c o r re la te d  w ith  movements and motor b ehav io r, changes 

in  the evoked lem n isca l response du rin g  these tim es may be a t t r ib u ta b le  

to  such a  c e n tra l  in flu en c e  and n o t to  a p e r ip h e ra lly  induced p ro cess . 

T h e re fo re , th e  problem under In v e s tig a t io n  In  th e  fo llow ing experim ents 

concerns w hether th e  in flu en c es  which produce the  reduc tion  in  the  lem­

n is c a l  response am plitudes, observed during v o lun tary  movements, o r ig i ­

n a te  m ainly in  the  p e rip h e ra l nerves o r in s te ad  have as th e i r  source 

th e  c e n tr a l  mechanisms which may a c tu a lly  g en era te  the  movements.

W hile th e re  a re  a number o f p o ss ib le  approaches to  th is  prob­

lem, no s in g le  experim ent, which can be performed in  i n t a c t ,  f r e e -  

moving an im als , i s  capable o f g iv in g  an u n q u a lified  r e s u l t .  T herefo re , 

a  s e r ie s  o f  experim ents, each invo lv ing  a d i f f e r e n t  approach w ith  inde­

pendent m anipu la tion  of th e  s e v e ra l  v a r ia b le s  invo lved , was necessary .

The E f fe c t o f R e s tr ic tin g  A ffe ren t Feedback on Evoked 
Lemniscal Responses during  Movement

The s u p e r f ic ia l  r a d ia l  nerve i s  an obvious p o te n t ia l  source 

o f  a f f e re n t  in h ib i t io n  and /o r o c c lu s io n , and the presence of a c t iv i ty  

in  i t s  c o n s t i tu a n t  f ib e r s  would conceivably  have a s ig n if ic a n t  e f f e c t  

on responses evoked in  th e  m edial lem niscus by i t s  s tim u la tio n . Since 

movements o f  the  fo relim b  undoubtedly do produce impulses fdiich ascend 

by th i s  pathway, i t  m ight be expected  th a t  by b locking  th is  p e r ip h e ra lly  

generated  a c t i v i t y  th e  red u c tio n  o f th e  lem nisca l responses seen during 

movement would be le ssen ed  or might no t even occur.

In  o rd e r to  t e s t  th i s  h y p o th e s is , in  4 of th e  o r ig in a l  7 

an im als, th e  s u p e r f ic ia l  r a d ia l  nerve was crushed and t ie d -o f f  about 

3-4 mm d i s t a l  to  the  s tim u la tin g  e le c tro d e . At the  end of a l l  th e
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experim ents, g ross h is to lo g ic a l  exam ination in d ic a te d  the d i s t a l  p a r t  

o f the nerve to  have a shrunken, segmented appearance as w e ll as show­

ing o th e r s ig n s  o f d eg en e ra tio n , thus confirm ing th a t  the  s u rg ic a l  

trea tm ent would have e f f e c t iv e ly  destroyed  the n e rv e 's  a b i l i t y  to 

tran sm it im pulses from p e r ip h e ra l re c e p to rs . On the  o th e r hand, th e  

proxim al end had only  a  s l ig h t ly  swollen appearance j u s t  n e x t to  th e  

su tu re , b u t o th e rw ise  appeared e n t i r e ly  norm al. Also the evoked r e s ­

ponse in  th e  m edial lem niscus to  s tim u la tio n  o f the  nerve as w e ll as 

the  s tim u lu s  s tre n g th s  s u f f ic ie n t  to  o b ta in  i t  d id  n o t appear d i f f e r e n t  

from the  evoked responses and stim ulus th re sh o ld  va lues observed in  

the  rem aining in ta c t  c o n tro l anim als.

The r e s u l t s  o f th ese  experim ents a re  summarized fo r  the  two 

groups in  Table 3 and fo r  th e  in d iv id u a l anim als in  Table 2 . On the  

whole, th e re  was l i t t l e  d if fe re n c e  between the  in ta c t  anim als and th e  

animals which had t i e d - o f f  s u p e r f ic ia l  r a d ia l  n e rv e s . The l a t t e r  group 

appeared to  show a somewhat more c o n s is te n t red u c tio n  of th e  lem niscal 

response am plitudes during  movements of th e  r ig h t  fo re llm b ; 82% of the  

responses evoked during  movements were reduced , in  comparison to  77% 

fo r  the  i n t a c t  group. On th e  o th e r hand, the in ta c t  su b je c ts  showed, 

on the av erag e , an alm ost 5% g re a te r  red u c tio n  o f th e  evoked lem n isca l 

response o ccu rrin g  d u rin g  movement, but th i s  r e s u l t  was n o t s t a t i s t i ­

c a l ly  s ig n i f ic a n t .

In  summary, th e re  appears to  be l i t t l e ,  i f  any, sy stem a tic  

e f f e c t  of ty in g  o f f  th e  s u p e r f ic ia l  r a d ia l  nerve on th e  red u c tio n  o f 

the  evoked lem n isca l response observed to  occur d u ring  v o lu n ta ry  move­

ment. The tendency fo r  th e re  to  be a g re a te r  decrease  in  th e  evoked
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Table 3

EFFECT OF TIED-OFF SUPERFICIAL RADIAL NERVE ON LEMNISCAL 
RESPONSES DURING RIGHT FORELIMB MOVEMENTŜ

Measures

S u p e rf ic ia l 
R adial Nerve 
Tied-O ff (N-4)

I n ta c t
(N-3) t - t e s t ^

P ercen t Amplitude
Reduction w ith X 11.5 17.3
Movement S 3.7 11.2 0.87

P ercen t Lemniscal
Responses Reduced X 82.0 77.3
w ith  Movement S 9.3 4 .9 -0 .85

C o rre la tio n  between 
Lemniscal Response 
Amplitude and EMG 
A c tiv ity jr -  0.38 -  0 .34 -0 .29

^Based on d a ta  In  Table 2.

^Pearson average computed a f t e r  conversion  to  z, s c o re s .

^ ^ - t e s t , u n co rre la ted  means, In ta c t  v e rsu s  S u p e r f ic ia l  R adial 
Nerve T ied-O ff.
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response in  in ta c t  anim als might fav o r the  in te r p r e ta t io n  th a t  a f f e r e n t  

a c t iv i ty  may indeed be generated  in  th e  s u p e r f ic ia l  r a d ia l  nerve in  

con junction  w ith movements. However, the presence of these  h y p o th e ti­

c a l  d ischarges would seem to  have on ly  a lim ited  in f lu e n c e , s in ce  in  

th e i r  complete absence the  evoked responses continue to  be s ig n i f ic a n t ly  

depressed . T herefo re , i t  can be concluded th a t  any p e r ip h e ra lly  induced 

a f fe re n t  in h ib i t io n  or occ lu sio n  produced by im pulses c a r r ie d  over th e  

s u p e r f ic ia l  r a d ia l  n e rv e , w h ile  they  may c o n tr ib u te  to  th e  e f f e c t ,  

cannot account fo r  the  o v e ra l l  re d u c tio n  of the  evoked lem nisca l response 

which o ccu rs  during v o lu n ta ry  movements.

Although th ese  experim ents have ru le d  out what i s  l ik e ly  the  

most p o ten t p o te n t ia l  source  of a  p e r ip h e ra l ly  induced m o d ifica tio n  of 

th e  evoked lem n isca l re sp o n se , th e re  rem ain se v e ra l o th e r  p o s s i b i l i t i e s .  

A c tiv ity  in  o th e r cutaneous nerves b e s id e s  th e  s u p e r f ic ia l  r a d i a l ,  in  

ad d itio n  to  the  a c t i v i ty  which must occur in  muscle a f f e r e n ts ,  might 

a lso  m ediate a red u c tio n  in  the  evoked response v ia  the  a f f e r e n t  in h i­

b i t io n  mechanism. O bviously, however, th e  technique of d e a f fe r e n t ia t io n  

cannot be extended to  a l l  th e  sensory  nerves of the  fo re lim b . In  p a r t i ­

c u la r  th e  a f f e r e n t  f ib e r s  in n e rv a tin g  th e  muscles t r a v e l  to g e th e r in  

th e  same nerves co n ta in in g  th e  e f f e r e n t  motor f ib e r s .  T h e re fo re , 

another com pletely d i f f e r e n t  approach was developed.

E ffe c t of P a ss iv e  Movements on 
Evoked Lem niscal Responses

In the fo llow ing  experim en ts, the  e f f e c t  o f p assive  movements 

o f the r ig h t  forelim b on th e  evoked lem n isca l response was in v e s t ig a te d  

in  6 an im als. These experim ents sought to  determ ine w hether movements
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of the forellm b cause any sy s tem a tic  m o d ifica tio n  of the  lem n isca l 

response In the  complete absence of th e  c e n tr a l  mechanisms re sp o n s ib le  

f o r  g en era tin g  v o lu n ta ry  movements. However, th e re  Is  one s u b s ta n t ia l  

d if fe re n c e  In  th e  procedures employed In  th e  p re se n t study as  opposed 

to  the  p rev io u s ly  rep o rted  experim en ts.

As shown e a r l i e r ,  a ro u sa l and o r ie n tin g  behavior may be a sso ­

c ia te d  w ith  a  re d u c tio n  In  th e  evoked lem n isca l response , an e f f e c t  

which can occur w ithout any apparen t s ig n s  of p e r ip h e ra l  motor a c t i v i ty .  

Furtherm ore, I t  I s  ex trem ely  d o u b tfu l whether p a ss iv e  m an ipu la tion  of 

the  forellm b In the  u n an es th e tiz ed  c a t  could ev er be accom plished 

w ithout some a c tiv e  movement as w e ll a s  g en era l b eh av io ra l a ro u s a l 

tak ing  p la c e . Thus, any change In  the  lem niscal response found to  

occur during  p a ss iv e  movement under such co n d itio n s  could as e a s i ly  

be a t t r ib u te d  to  a c e n tr a l  a ro u sa l mechanism as i t  could  be to  any 

p e r ip h e ra l p rocess evoked by th e  movements. T here fo re , In  o rd e r  to  

ru le  out a l l  p o s s ib le  c e n tr a l  In f lu en c e s , I t  was necessary  th a t  th e  

e f f e c t  o f p ass iv e  movement on th e  evoked lem n isca l response be s tu d ie d  

In  the acu te ly  a n e s th e tiz e d  an im al. This Is  In  c o n tra s t  to  a l l  the  

previous experim ents In which the  anim als were com pletely u n re s tra in e d  

and unan esth e tized .

The p rocedu ra l d e t a i l s  and th e  method used fo r  reco rd in g  

p ass iv e  movements In  the a n e s th e tiz e d  ca t have been d esc rib ed  p re v io u s ly . 

B r ie f ly , the lem n isca l response  was evoked r e p e t i t iv e ly  a t  once p e r 2 

seconds w hile bo th  p ass iv e  f le x io n  and ex tension  movements were c a r r ie d  

o u t. The ou tput of a  s p e c ia l ly  co n stru c ted  dev ice  fo r  In d ic a tin g  the 

d ire c t io n  as w e ll as r e la t iv e  speed of the movements was recorded  on
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film  along w ith  the  lem niscal p o te n t ia l s ,  EMG and time m arker. For 

the purposes o f a n a ly s is ,  the  lem n isca l responses in  each anim al were 

separa ted  in to  th re e  groups corresponding  to  no movement, f le x io n  

movement, and ex ten sio n  movement c o n d itio n s . The d iffe re n c e s  between 

the  th re e  s e t s  o f  sco res were then  s t a t i s t i c a l l y  evaluated  fo r  each

an im al, u s in g  th e  J^ -te s t fo r  u n c o rre la te d  means.

The s t a t i s t i c a l  a n a ly s is  c a r r ie d  out in  a l l  6 anim als in d ica ted

th a t  on th e  av erag e , passive  f le x io n  movements were a sso c ia te d  w ith  le s s

than a  3% in c re a se  in  the lem n isca l response am plitude w ith  3 of the 6 

anim als showing decreases and th e  rem ainder being  in c re a se d , a l l  non­

s ig n i f ic a n t  d if fe re n c e s  except fo r  one anim al. S im ila r ly , In  none of 

the  anim als were any s ig n if ic a n t  e f f e c t s  observed w ith p a ss iv e  ex tension  

movements, th e  average change f o r  th e  group amounting to  le s s  than  1% of 

the  average no-movement c o n tro l v a lu e . T h ere fo re , d e sp ite  a  r a th e r  

s u b s ta n t ia l  In c re a se  in  two c a s e s , th e re  was no o v e ra ll  sy s tem a tic  

e f f e c t  of e i t h e r  pass iv e  f le x io n  or ex tension  movements of th e  r ig h t  

forellm b on th e  am plitude o f th e  evoked lem nisca l response in  anesthe­

tiz e d  c a t s .  Furtherm ore, th e se  r e s u l t s  ru le  ou t the p o s s ib i l i ty  th a t  

p h y s ica l d isp lacem en t of the  s tim u la tin g  e le c tro d e  w ith re s p e c t to  the  

s u p e r f ic ia l  r a d ia l  nerve would have been re sp o n sib le  fo r  th e  system atic  

red u c tio n  o f th e  lem nisca l re sp o n se s , evoked during  normal v o lun tary  

movements o f  th e  fo rellm b .

W hile p a ss iv e  movements have only  the c ru d est resem blance to  

normal v o lu n ta ry  movement, th e  p re se n t experim ents do sug g est th a t  such 

a c t iv i ty  as  may be generated  in  j o i n t  and muscle a f fe re n ts  does no t 

modify the lem n isca l response evoked by cutaneous nerve s tim u la tio n .
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This conclusion i s  c o n s is te n t w ith  evidence th a t a f fe re n t  in h ib i t io n  i s  

lim ited  alm ost e x c lu s iv e ly  to  f ib e r s  o r ig in a tin g  from sk in  recep to rs  

s e n s i t iv e  to  the  d isp lacem ent o f h a ir s  (see 32» 67) r a th e r  than to  

recep to rs  lo ca ted  in  the  m uscles. S p e c if ic a l ly ,  s tim u la tio n  o f the 

la rg e  lA muscle a f fe re n ts  does n o t produce in h ib i t io n  of cutaneous 

evoked responses in  the  cuneate nuc leus of a n es th e tiz ed  c a ts  (7 4 ). In  

summary, in  the  absence o f th e  c e n t r a l  mechanisms re sp o n sib le  fo r  the 

i n i t i a t i o n  and c o n tro l o f v o lu n ta ry  movements, p ass iv e  movements of the  

forelim b are  not a sso c ia te d  w ith  red u c tio n  of the  evoked lem niscal 

response am plitudes.

Evoked Lemniscal Responses P r io r  to  (tovements 

While r e s u l t s  o f th e  p rev ious experim ents con tinue to  favor a 

c e n tra l in flu en ce  to  account fo r  th e  red u c tio n  of th e  lem n isca l response 

during v o lu n ta ry  movements, a  f i n a l  approach was developed which te s te d  

th is  hypothesis more d i r e c t ly .  I f  a  c e n tr a l  mechanism were indeed 

resp o n sib le  fo r  m odulating sensory  transm ission  over the lem nisca l 

pathway, i t  might be expected th a t  t h i s  in flu en ce  would a c tu a l ly  be 

exerted  p r io r  to  th e  o n se t o f  movements. The b a s is  fo r  such a p red ic­

tio n  i s  f a i r l y  sim ple . The conduction time from h ig h e r motor cen te rs  

to  the  sy n ap tic  re la y s  o f th e  d o r s a l  columns, on which a descending 

d ischarge would presumably o p e ra te , i s  considerab ly  s h o r te r  than  

to  the  conduction tim e re q u ire d  fo r  the  tran sm issio n  of an e f fe re n t  

v o lley  through the  s p in a l  cord  and p e r ip h e ra l nerves to  th e  m uscu latu re. 

Thus, m odulation of sy n ap tic  a c t i v i t y  in  the  lem n isca l pathway would 

occur before  th e  m uscular c o n tra c tio n s  leading  to  movements were even 

in i t i a t e d .  Such a p re d ic tio n  assumes th a t  e f f e r e n t  d isch arg es  d estin ed
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fo r  th e  sensory  re la y s  of the  lem n isca l system  o r ig in a te  sim ultaneously  

w ith th e  e f f e r e n t  v o lle y s  re sp o n s ib le  fo r  g en era tin g  movements. F u rth e r­

more, I t  assumes th a t  conduction speed and sy n ap tic  d e lay  In  the  

descending pathway(a) a re  com parable. While th e re  may be some evidence 

In support o f th e se  assum ptions, th e  a c tu a l  e x is ten c e  and o p era tion  

of such a p re c is e ly  o rgan ized  system  remain sp e c u la tiv e . N ev erth e le ss ,

I t  appeared u s e fu l to  t e s t  th e  hypo thesis  th a t  sensory  transm ission  

over th e  lem n isca l pathway I s  m odified  n o t only d u ring  movement but 

a lso  In the b r i e f  In te rv a l  J u s t  b e fo re  th e  movement b eg in s.

A se p a ra te  s e t  o f experim ents was no t needed to  e v a lu a te  th is  

q u e s tio n , s in ce  from th e  7 an im als p rev io u s ly  s tu d ie d  th e re  were a s u f f i ­

c ie n t number o f In s tan ces  where th e  lem n isca l response  was evoked w ith ­

in  150 msec of th e  o nset of v o lu n ta ry  movements. However, as might be 

expected , the  p ro b a b i l i ty  of o b ta in in g  such examples was r e la t iv e ly  

low. As p rev io u sly  d e sc rib e d , th e  lem n isca l responses were evoked 

r e p e t i t iv e ly  once per 2 seconds by s in g le  shock s tim u la tio n  o f  the  r ig h t  

s u p e r f ic ia l  r a d ia l  nerve In  u n re s tra in e d , u n an es th e tized  c a t s .  Record­

ings ob ta ined  from the b iceps m uscles o f th e  r ig h t  fo rellm b along with 

the In te g ra te d  EMG s ig n a l  were used to  determ ine th e  o n se t and term ina­

tio n  o f movements, but th ese  m easures. I t  should  be reco g n ized , a re  

accu ra te  only to  w ith in  10 to  20 msec. S ince th e  o n se t of v o lu n ta ry  

muscular c o n tra c tio n  re p re se n ts  a p rocess  o f rec ru itm en t In  In c re as in g ly  

g re a te r  numbers o f motor u n i t s ,  th e  beginning of muscle a c t i v i ty  could 

not be re so lv ed  beyond th ese  s p e c if ie d  l im i t s .  T here fo re , In te rv a ls  

from zero  to  25 msec, 26 to  50 msec, and so on ou t to  the  In te rv a l  126 

to  150 msec were used to  c a te g o r iz e  the  la te n c ie s  o f th e  evoked responses
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which could d e f in i te ly  be id e n t i f i e d  as o ccu rrin g  b e fo re  movement began. 

Across the 7 anim als a t o t a l  o f 99 evoked responses occurred  in  th e  150 

msec in te rv a l  b e fo re  movement and were analysed  in  the  same manner as 

described  fo r th e  a n a ly s is  o f evoked responses during  v o lu n ta ry  movement.

Figure 13 shows 4 s e t s  of 3 superimposed sweeps tak en  fo r  a 

s in g le  record ing  sess io n  d u ring  v o lu n ta ry  r ig h t  fo rellm b  movement in  

an u n re s tra in e d , u n an es th e tized  c a t .  Compared to  the  th re e  no-movement 

c o n tro l re sp o n ses, the  th re e  evoked responses which occurred  w ith in  the  

75 msec in te rv a l  b e fo re  movement a re  depressed  by about 15%. F u rth e r­

more, the  two low er s e ts  o f t ra c e s  in d ic a te  th a t  th e  th ree  evoked 

responses o ccu rrin g  in  the  in te r v a l  of 75 to  100 msec b e fo re  movement 

a re  a lso  decreased  compared to  th e  no-movement c o n tro l re sp o n se s , bu t 

the e f f e c t  i s  dim inished a t  t h i s  la te n c y . From th e se  examples i t  appears 

th a t  sensory tran sm issio n  through th e  lem n isca l pathway is  indeed  m odified 

p r io r  to  the o n se t of movements and fu r th e r  th a t  the d ep ress io n  of evoked 

a c t iv i ty  in  th is  system can be observed as much as 100 msec b e fo re  the  

movement beg in s. These r e s u l t s  were s u b s ta n t ia l ly  confirm ed when the  

red u c tio n  of th e  evoked lem n isca l response was p lo tte d  a g a in s t  th e  

la te n cy  of the response from th e  o n se t o f movements. The lower p a r t  

of F igure 13 shows a sm all re d u c tio n  in  the  evoked response am plitude 

as much as 150 msec b efo re  th e  movement, but more im p o rtan tly  the  amount 

of re d u c tio n  of th e  response approached th a t  seen  during  a c tu a l movement 

w e ll befo re  (75 to  50 msec) th e  movements them selves o ccu rred .

Over th e  in te rv a l  from 0 to  100 msec, every animal showed a 

red u c tio n  of th e  evoked lem n isca l response (rang ing  from 2 to  24%) w ith  

the o v e ra ll  d ecrease  averaging 9%. This e f f e c t  was s t a t i s t i c a l l y
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F igure  13. Evoked lem niscal responses p r io r  to  movements.

A: S e ts  o f 3 superimposed lem n isca l responses ( tra c e d  from 

th e  f ilm  a t  th e  camera lu c ld a ) a re  shown fo r  the  In te rv a l 0 to  75 msec 

p r io r  to  movement along w ith  th e  re s p e c tiv e  no-movement c o n tro l 

re sp o n ses . B: Seta of lem n isca l responses fo r  the  In te rv a l 76 to  100 

msec p r io r  to  movement a re  shown along w ith  corresponding no-movement 

c o n tro l resp o n ses. The responses were recorded  in  the l e f t  m edial 

lem niscus to  s in g le  shock s tim u la tio n  (once p e r  2 seconds, 0 .05  msec 

p u ls e , 2 .2  X T stim u lus in te n s i ty )  of th e  r ig h t  s u p e r f ic ia l  r a d ia l  

nerve in  one experim ent on an u n re s tra in e d , u n an esth e tized  c a t  3 days 

fo llow ing  chron ic  im p lan ta tio n  o f the  e le c tro d e s .

C: The average va lue  of the  evoked lem niscal response 

am plitude , c a lc u la te d  as a  percen tage  of the  no-movement c o n tro l 

v a lu e , i s  p lo t te d  w ith  re sp e c t to  la ten cy  p r io r  to  onset of movements 

o f the  r ig h t  fo re lim b . Each of th e  f i l l e d  c i r c l e s  re p re se n ts  th e  

v a lu e  of the  lem n isca l response am plitude computed from th e  averages 

o f  a l l  anim als having lem niscal responses which occurred in  th e  re sp ec ­

t iv e  la te n cy  in te r v a ls .  The u n f i l le d  c i r c le  s im ila r ly  rep re se n ts  th e  

average  lem nisca l response am plitude decrease  acro ss  a l l  anim als f o r  

a l l  movements o f  the  r ig h t  fo relim b  on a l l  reco rd in g  se s s io n s . The 

f ig u re  in d ic a te s  th a t  the  re d u c tio n  of the  evoked lem niscal response  

d u ring  movements beg ins w e ll b e fo re  the  EMG a c t iv i ty  re sp o n sib le  f o r  

th e  movements can be observed. The amount of red u c tio n  approaches the  

v a lu e  seen  during  movements in  th e  in te r v a l  of 0 to  50 msec b e fo re  

movement o n se t (broken l i n e ) .
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s ig n if ic a n t  beyond the p<.05 le v e l ( ^ ^ )  • S im ila r ly , ac ro ss  anim als, 75% 

(range 61 to  100%) of the  lem n lsca l responses which occurred  w ith in  th is  

In te rv a l  were reduced. This r e s u l t  was a lso  s t a t i s t i c a l l y  s ig n if ic a n t

(p<.01, ^  = 50%).

In summary, i t  was observed th a t  th e  am plitudes o f lem nlscal 

responses evoked J u s t  p r io r  to  th e  o n se t of v o lu n ta ry  movements in 

u n re s tra in e d , un an esth e tized  c a ts  were d ecreased . The magnitude of 

th is  e f fe c t  was n early  as g re a t  as th a t  observed during a c tu a l  movements. 

Furtherm ore, th e  red u c tio n  o f  th e  evoked response appeared to  begin 

alm ost 150 msec befo re  the movement. These fin d in g s  a re  p a r t ic u la r ly  

s ig n if ic a n t  s in c e  the d e p re ss io n  of lem n lsca l p o te n t ia ls  In  th is  in s tan ce  

cannot be accounted fo r by any movement-induced a f fe re n t  In h ib itio n  

because the movements them selves had no t y e t occurred a t  th i s  time.

In co nclusion , the hypo thesis  was confirmed th a t  modulation 

of evoked a c t i v i t y  In  the  lem n lsca l pathway which occurs during  

v o lu n ta ry  movements a c tu a lly  a n t ic ip a te s  the  onset of movements them­

se lv e s . Although only c irc u m s ta n tia l ,  t h i s  evidence would Im plicate  

a c e n tra lly  o r ig in a tin g  descending In f lu en ce  on th e  sy n ap tic  relays 

o f the d o rsa l column-medial lem n lsca l system  to  be re sp o n s ib le  for 

the  red uc tion  o f evoked lem n lsca l response  which occurs d u rin g  volun­

ta ry  movement.



CHAPTER VI 

DISCUSSION

In  th e  In tro d u c tio n , s e v e ra l th e o r ie s  a re  d esc rib ed  which 

im p lica te  th e  a c tiv e  c o n tro l o f sensory p ro cesses  as an im portan t 

f a c to r  in  c e r ta in  p e rc ep tu a l c o n s tan c ie s , s e le c t iv e  a t te n t io n  and 

p o s tu ra l-m o to r c o o rd in a tio n . Also reviewed i s  complimentary evidence 

from p h y s io lo g ic a l and anatom ical s tu d ie s  in d ic a t in g  th a t  mechanisms 

do e x i s t  in  th e  b ra in  which a re  capable o f m odulating a f fe re n t  in p u t 

tra n sm itte d  over ascending sensory  pathways. On th e  b a s is  of th ese  

two approaches, th e  p re sen t s e r ie s  of experim ents was developed. These 

s tu d ie s  sought to  determ ine to  what ex ten t th e  m o d ifica tio n  of sensory  

in p u t in fe r r e d  to  occur under c e r ta in  b eh av io ra l co n d itio n s  m ight 

a c tu a lly  be rep resen ted  a t  th e  n eu ra l l e v e l .  F u r th e r , these  e x p e r i­

ments a ttem p ted , in d i r e c t ly ,  to  d e fine  th e  fu n c tio n a l s ig n if ic a n c e  o f 

th e  e f fe re n t  pathways known to  p ro je c t from c e r ta in  motor c e n te rs  of 

th e  b ra in  to  the re la y  n u c le i o f th e  sensory  inpu t system s.

Sensory T ransm ission through th e  Lemnlscal 
Pathway during  Induced A rousal

Responses evoked in  th e  m edial lem niscus to  s in g le  shock 

s tim u la tio n  o f the  c o n t r a la t e r a l  s u p e r f ic ia l  r a d ia l  nerve were used to  

study changes in  sensory  tran sm issio n  through th e  lem n lsca l pathway

95
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during  Induced a ro u sa l in  the  u n re s tra in e d , u n an esth e tized  c a t .  In 

a s s o c ia tio n  w ith  a novel au d ito ry  s tim u lus (tone) th e  am plitude of the 

evoked lem nlscal response  was reduced, an e f f e c t  which occurred  in  the  

apparen t absence of o v e rt motor a c t i v i ty .  A fte r  rep ea ted  p re se n ta tio n s  

of th e  novel s tim u lu s , th e  lem nlscal responses were no longer m odified . 

S ince no movements were observed, a p e r ip h e ra lly  induced phenomenon, 

such as a f fe re n t in h ib i t i o n ,  o r o c c lu s io n , would no t appear to  have 

c o n trib u ted  to  the  changes in  the lem n lsca l p o te n t ia l s .  T h e re fo re , 

the  re d u c tio n  o f the  evoked lem nlscal response am plitude du ring  the  

tones may be a t t r ib u ta b le  to  a  c e n tr a l  mechanism which i s  s u b je c t to 

a p rocess of e i th e r  f a t ig u e  o r h a b itu a tio n . These f in d in g s  a re  r e le ­

vant to  the  p o s tu la te d  e x is te n c e  o f mechanisms fo r  m odulating sensory 

inpu t in  con junction  w ith  a t te n t iv e  a ro u sa l and s e le c t iv e  p e rc ep tio n .

Beginning w ith  th e  fundam ental o b se rv a tio n s  of Hagbarth and 

Kerr (35) i t  is  now w e ll known th a t  sensory  im pulses passing  through 

even th e  lowest le v e ls  o f  the ascending a f f e r e n t  pathways a re  under 

the d i r e c t  co n tro l o f  c e n tr a l  descending In f lu e n c e s . Subsequently , i t  

has been suggested th a t  th e  depression  of sensory  tran sm iss io n  by 

a c t i v i t y  in  c o r t ic a l  and s u b c o r t ic a l  s t ru c tu re s  may be c o rre la te d  w ith 

d i f f e r e n t  s ta te s  of a ro u s a l and a t te n t iv e  w akefulness (40-44). For 

example, p o te n tia ls  evoked in  the  som atic a f f e r e n t  pathways a re  repo rted  

to  be reduced when an anim al i s  a t te n t iv e ly  s n i f f in g  a s tro n g  odor (43). 

L ikew ise, the  monotonous r e p e t i t io n  of an a u d ito ry  stim u lus i s  u ltim a te ly  

a sso c ia te d  w ith a  re d u c tio n  of evoked responses reco rded  from the  d o rsa l 

co ch lea r nucleus (4 0 ). These two in s ta n c e s  o f  senso ry  su pp ression  have 

been a t t r ib u te d  to  a c t iv e  In h ib ito ry  in flu en c es  a r i s in g  in  p a r t ic u la r
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from the r e t i c u l a r  fo rm ation , and in te rp re te d  to re p re se n t th e  n eu ra l 

b a s is  o f s e le c t iv e  a t te n t io n  and h a b itu a tio n  re sp e c tiv e ly  (see  41).

The hypo thesis  has been f u r th e r  extended to  suggest th a t  during the 

o r ie n tin g  o r  a ro u sa l re a c tio n  induced by a novel s tim u lu s , i r r e le v a n t  

sensory in fo rm ation  i s  in h ib ite d  w hile  th e  r e c e p t iv i ty  o f the  organism 

to  the new stim ulus i s  corresponding ly  enhanced (41, 42).

The fin d in g s  re p o rte d  here  showing a red uction  of the  lem nis- 

c a l response fo llow ing  th e  p re se n ta tio n  o f  a novel au d ito ry  s ig n a l 

appear c o n s is te n t w ith  th i s  h y p o th esis . O ther in v e s t ig a to r s  a ls o  re p o r t 

th a t evoked p o te n tia ls  in  th e  m edial lem niscus a re  reduced during  both 

spontaneous and induced a ro u sa l (9 , 23). Since a c t iv a t io n  of the  

r e t i c u la r  form ation may correspond w ith  b eh av io ra l a ro u s a l ,  i t  has 

fu r th e r  been suggested  th a t  the  d ep ress io n  of the lem n lsca l responses 

a t  these  tim es may be a t t r ib u ta b le  to  th i s  in flu en ce  (23). While 

recen t ev idence shows th a t  the r e t i c u la r  form ation may d i r e c t ly  modify 

sensory tran sm issio n  through the  d o rsa l column n u c le i (14, 15 ), the  

p o s s ib i l i ty  th a t  th e  r e t i c u l a r  form ation co n trib u ted  to  the  depression  

of the lem nlsca l response seen in  the  p re sen t study cannot be ev a lu a ted . 

I t  i s  o f i n te r e s t  th a t the  changes in  th e  lem nlscal p o te n t ia l  produced 

by the tone stim ulus were no t accompanied by movements. On th e  o th e r 

hand, compared to  th e  dep ress io n  which i s  found to  occur during  spon­

taneous v o lun tary  movements, as shown here  in  the second s e t  o f e x p e r i­

ments, th e  e f f e c t  of th e  tones on th e  evoked lem nlscal response i s  

remarkably s u b t le .  C on tro l experim ents do suggest th a t  the  red u c tio n  

of the lem n lsca l response  during  movements does no t re p re se n t th e  

in flu en ce  o f  a g en era l a ro u sa l mechanism. Whether th e  converse i s
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t ru e ,  namely, th a t the  c e n tra l  In flu en ces  o p e ra tin g  du rin g  movement do 

not c o n tr ib u te  to  the  changes in  the  lem nlscal response during  

a ro u sa l, i s  le s s  c e r ta in .  I t  could be argued th a t  had a s tro n g e r 

a ro u sa l s tim ulus been employed, th e  in flu en ce  o f th e  a ro u sa l system 

on the  lem nlscal pathway would have been g r e a te r .  However, i t  must 

be recognized th a t s tro n g  a ro u sa l i s  alm ost by d e f in i t io n  rep resen ted  

by o v e rt motor behav io r. Based upon th e  p re sen t ev id en ce , the  

in flu en ces  producing th e  red u c tio n  o f the  evoked lem n lsca l response 

during v o lun tary  movements would la rg e ly  supercede th e  sm all co n trib u ­

tio n  of any so -c a lle d  a ro u sa l mechanism.

In  summary, th e  p re s e n ta tio n  of a nove l a u d ito ry  s tim ulus i s  

a sso c ia te d  w ith  a sm all red u c tio n  o f the lem n lsca l response  evoked by 

cutaneous nerve s tim u la tio n  in  ch ron ic  c a ts .  A c e n tra l  in flu en c e  i s  

suggested  to  produce th e  d ep ress io n  of th e  evoked re sp o n se . However, 

the  magnitude of the  e f f e c t  i s  so sm all as to  make in te r p r e ta t io n  of 

i t s  fu n c tio n a l s ig n if ic a n c e  d i f f i c u l t .  To th e  e x te n t th a t  sensory 

changes produced in  a s so c ia tio n  w ith  v o lu n ta ry  movements can be ru led  

out as a c o n tr ib u tin g  fa c to r ,  th e  red u c tio n  o f the  lem n lsca l response 

may re p re se n t the in h ib i t io n  of i r r e le v a n t  sensory  in p u t during  the 

a t te n t iv e  a ro u sa l induced by a novel s tim u lu s .

Sensory Transm ission through th e  Lem nlscal Pathway 
During V oluntary Movements

In  a second s e r ie s  of experim ents, th e  am plitude of th e  lemnis- 

c a l response evoked by s tim u la tio n  o f th e  s u p e r f ic ia l  r a d ia l  nerve was 

found to  be reduced during  a c tiv e  v o lu n ta ry  f le x io n  movements o f the 

fo rellm b . The e f fe c t  appeared s p e c i f ic  to  th e  pathways o r ig in a tin g
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from the a c tiv e ly  moved limb as shown by the  absence o f any change in  

th e  evoked response when the  c o n t r a la t e r a l  forellm b was moved. This 

p a r t ic u la r  fin d in g  a lso  in d ic a te d  th a t movements per se  are  not asso­

c ia te d  w ith  a c t iv a t io n  of a  g en era l a ro u sa l mechanism conceivably 

capable o f  m odifying the  lem n lsca l p o te n t ia l s .  I t  was fu r th e r  shown 

th a t  the amount o f reduc tion  In  th e  evoked response  i s  roughly propor­

t io n a l  to  the magnitude of th e  muscle a c t i v i ty  recorded during th e  move­

ment. While a l l  of these  o b se rv a tio n s  a re  c o n s is te n t w ith the o p era tion  

o f  a c e n tra l  In flu en ce  on the  lem n lsca l pathway during movements, 

fu r th e r  experim ents were done to  ru le  ou t o th e r p o s s ib i l i t i e s .

In  s e v e ra l  animals th e  s u p e r f ic ia l  r a d ia l  nerve was crushed 

and t le d - o f f  d i s t a l  to  the s t im u la tin g  e le c tro d e , thus removing an 

obvious p o te n t ia l  source of p e r ip h e ra l  a f fe re n t  in h ib it io n  o r o cc lu s io n . 

A ll of th e se  anim als showed a red u c tio n  o f th e  evoked response am plitude 

during  a c tiv e  movements. On th e  o th e r hand, p assive  movements of the 

forellm b In  the a n es th e tiz ed  c a t  d id  n o t have any e f fe c t  on the  lem nls­

c a l  response. F in a lly , I t  was observed th a t  lem nlscal responses evoked 

j u s t  p r io r  to  th e  onset of v o lu n ta ry  movements were reduced in  am plitude 

by almost as much as the  responses evoked during  movements. This find ing  

I s  p a r t ic u la r ly  s ig n if ic a n t  in  th a t  th e  d ep ress io n  of the  lem nlscal 

p o te n t ia l  in  th is  Instance  cannot be accounted fo r  by any p e rip h e ra l 

mechanism since  th e  movement had not even occurred  a t  th is  p o in t. Taken 

to g e th e r , these  r e s u l t s  recommend the  conclusion  th a t  th e re  e x is t s  a 

blockade o f sensory  transm ission  through the lem nlscal pathway which 

I s  a t t r ib u ta b le  to  a  c e n tra l descending In flu en ce  opera ting  In  conjunc­

tio n  w ith the mechanisms re sp o n sib le  fo r  the  g en era tio n  of vo lun tary
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movements. In  view of the  well-known r e la t io n s  of the  pyram idal t r a c t  

to  the sy n a p tic  re la y s  of the  d o rsa l column-medial lem n lsca l pathway, 

i t  i s  f u r th e r  suggested  th a t  the  dep ress io n  of the  evoked lem nlscal 

response , and, to  an e x te n t ,  the  occurrence of the movements them selves, 

a r is e  from a c t i v i t y  in  the  c o rtic a l-p y ra m id a l t r a c t  system .

In  agreem ent w ith  th e se  fin d in g s  i s  a re c en t r e p o r t  th a t 

lem nlscal responses evoked during  a cond itioned  limb movement in  the  

c a t a re  a lso  reduced (2 8 ). The depression  of th e  evoked response was 

s im ila r ly  observed to  occur b e fo re  the  o n se t of movement, suggesting  

a c e n tr a l  in f lu e n c e  on the  lem nlscal system . However, no o th e r ex p eri­

ments were done to  t e s t  th is  h y p o th e sis . The cond itioned  stim ulus 

(tone) re p o r te d ly  d id  n o t a f f e c t  the lem n lsca l re sp o n ses , th i s  fin d in g  

being in  c o n tra d ic t io n  to  the  r e s u l t s  re p o rte d  h e re  using  a  s im ila r  

s tim u lu s .

The d e p re ss io n  of evoked lem n lsca l responses in  a sso c ia tio n  

w ith  v o lu n ta ry  movements in  awake anim als i s  re le v a n t to  in v e s t ig a tio n s  

of sensory tra n sm iss io n  over th e  lem nlsca l pathway during  d if f e r e n t  

s tag e s  o f s le e p  in  c a ts .  During the  b u rs ts  of ra p id  eye movements (REMs) 

of desynchronized s le e p  th e re  occurs a p h asic  red u c tio n  of the  evoked 

lem nlscal response  (9) which can be a t t r ib u te d  to  th e  mechanisms of 

both  p re -  and p o s t-s y n a p tic  in h ib i t io n  o p e ra tin g  a t  the  le v e l  of the 

d o rsa l column n u c le i  (1 0 ). I t  i s  of in te r e s t  th a t  th e se  changes in  the  

sensory pathway a re  sim ultaneously  accompanied by h igh  frequency 

d ischarges in  descending  motor systems such as th e  pyram idal t r a c t  (6 1 ). 

These motor d isc h a rg e s , however, a re  m anifested  only as b r i e f  muscular 

tw itch es  which occur to g e th e r w ith  the  motor a c t i v i ty  producing the
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eye movements (2 5 ). Even so , b i l a t e r a l  a b la tio n  of th e  sensorim otor 

co rtex  which p rev en ts  th e  appearance o f th e  phasic  in c re a se s  in  pyra­

m idal t r a c t  a c t i v i t y  a lso  p revents th e  in h ib i t io n  o f  the  evoked lem nls­

c a l response (1 1 ). These o b servations le d  to  the conclusion  th a t  

a f f e re n t  im pulses ascending over th e  lem nlscal pathway a re  d i r e c t ly  

modulated by th e  e f f e r e n t  pyram idal t r a c t  d ischarges which c o n tr ib u te  

to  the p h asic  motor p a tte rn s  occurring  during the  REM (11).

The r e s u l t s  of th e  p re sen t s tu d y , in d ic a tin g  a red u c tio n  of 

evoked lem n lsca l response am plitude during  vo lun tary  movements in  awake 

an im als, appear to  correspond w ith th e  changes observed in  lem nlscal 

responses recorded  during  the  REMs of desynchronized s le e p . In  p a r t i ­

c u la r  du rin g  s le e p , the  evoked response i s  reduced in  a s so c ia tio n  w ith  

spontaneous b u rs ts  of a c t i v i ty  o ccu rring  in  descending motor systems 

which a re  lik e w ise  c o rre la te d  w ith s h o r t  la s t in g  m uscular co n tra c tio n s  

and movements o f th e  lim bs. The in f lu e n c e  of the  c o rte x  and pyram idal 

t r a c t ,  suggested  h e re  to  account fo r  th e  depression  o f th e  lem nlscal 

response d u ring  v o lu n ta ry  movements in  th e  awake an im al, i s  shown to 

be the  a c tu a l  mechanism resp o n sib le  fo r  th e  in h ib i t io n  of sensory tra n s ­

m ission  over th e  lem n lsca l pathway under th e  p h y s io lo g ic a l co n d itio n s  

of s le e p . Presumably the  genera tion  and co n tro l o f movement as w ell 

as the  co n cu rren t m odulation o f a f f e r e n t  a c t iv i ty  in  th e  lem nlsca l 

system  a re  m ediated s im ila r ly  in  both  the  awake and s lee p in g  an im al.

I t  i s  of i n t e r e s t  th a t  senso ry  changes which occur d u ring  v o lun tary  

movement in  th e  waking animal are a ls o  found during REM s leep  w hich, 

in  man, i s  c h a ra c te r iz e d  by v iv id  v is u a l  h a llu c in a tio n s  and dreaming (2 0 ) .
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In  a  re c e n t rev iew , Wall (87 ), has r e in te rp re te d  the sensory 

fu n c tio n s  of th e  d o rsa l column system to  suggest th e  im portan t ro le  

of t h i s  pathway in  communicating sensory in fo rm ation  produced by exp lo r­

a to ry  movements. S p e c if ic a l ly ,  he suggests  th a t  when in fo rm ation  i s  

inadequate  fo r  th e  id e n t i f i c a t io n  of a p a r t i c u la r  s tim u lu s , an "ex te rn a l 

sea rch "  i s  i n i t i a t e d  in v o lv in g  ex p lo ra to ry  movements. He assumes th a t  

the a f f e re n t  in p u t thus generated  in  the  d o rsa l columns co n tro ls  the 

a n a ly s is  o f in p u t o c cu rrin g  in  o th e r cutaneous senso ry  pathways which 

are  u lt im a te ly  re sp o n s ib le  fo r  the re c o g n itio n  and d isc r im in a tio n  of 

the s tim u lu s . Wall f u r th e r  p o s tu la te s  th a t  in  a s s o c ia t io n  w ith move­

m ents, the c o rte x  e x e r ts  descending in flu en ces  on th e  a f f e r e n t  systems 

which s e t  these  system s to  d e te c t  p a r t i c u la r  even ts (8 7 ) .

While i t  i s  u n c lea r from th is  th eo ry  w hether descending co n tro ls  

a lso  in f lu e n c e  a c t iv i ty  in  the  lem niscal pathway, th e  r e s u l t s  of the 

p re se n t experim ents in d ic a te  th a t  sensory  m odulation does occur in  

th is  system  du rin g  movement. Perhaps, through an in h ib i to r y  in t e r ­

a c tio n  o p e ra tin g  a t  th e  le v e l  o f d o rsa l column n u c le i ,  e x c ita to ry  

a f f e r e n t  in p u t o r ig in a t in g  from the  p e riphery  i s  su b jec te d  to  a  p re se t 

b ia s  which allow s only c e r ta in  p a tte rn s  of e x c i ta t io n  to  ascend to  

h ig h e r le v e ls .  S ince t h i s  mechanism would be lin k ed  w ith  the  systems 

re sp o n s ib le  fo r  th e  g en era tio n  and c o n tro l o f movements, the  d o rsa l 

column-medial lem nisca l system  seems p a r t ic u la r ly  w e ll s u i te d  to  

e v a lu a te  sensory  s tim u la tio n  during ex p lo ra to ry  motor a c t i v i ty .

While t h i s  in te r p r e ta t io n  may go beyond th e  proposed th e o ry , i t  

n e v e r th e le s s  i s  c o n s is te n t  w ith  W all's  conclusion  th a t  d o rsa l column 

fu n c tio n  " . . . i s  r e la te d  to  some c ru c ia l  a sp ec t of a c tio n "  (87).
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The in te ra c t io n  between motor a c t i v i t i e s  and sensory p rocesses 

in  the  lem niscal system  has a ls o  been im p lica ted  in  s tu d ie s  of motor 

co n tro l in  monkeys w ith  d e a f fe re n te d  fo re lim b s . In the  absence of 

v is u a l cues, an im als, in  which a l l  th e  a p p ro p ria te  d o rsa l ro o ts  have 

been c u t, are  s t i l l  ab le  to  le a rn  a  d is c r e te  motor response w ith  the  

a ffe c ted  limb (see  80). Even t o t a l  d e a f fe re n t ia t io n  of the  s p in a l 

cord i s  no t incom patib le  w ith  accu ra te  performance on a motor ta s k . 

While th ese  fin d in g s  c a s t  co n s id e ra b le  doubt on t r a d i t io n a l  r e f le x  

in te rp re ta t io n s  o f movement c o n tro l ,  they  r a is e  the obvious q u estio n  

o f what c e n tra l  mechanism could  allow  the anim al to  le a rn  to  use a 

d eaffe ren ted  lim b. The concep t of " c e n tra l  e f fe re n t m onitoring" has 

been in troduced  as a p o s s ib le  ex p lan a tio n  (8 0 ). I t  i s  p o s tu la te d  

th a t the r e la t io n  of the  pyram idal t r a c t  to  the  d o rsa l column n u c le i 

may enable movement-induced motor im pulses generated  in  th e  co rtex  

to  be fed back v ia  the  lem n isca l system  to  th e  thalamus and thence 

re tu rned  to  the  c o rte x . Such a mechanism would be capable of p rov id ing  

in form ation  to  h ig h er c e n te rs  concerning the  performance of movements 

in  the absence of p e r ip h e ra l feedback (80).

While c e r ta in  c r u c ia l  evidence fo r  th is  hypo thesis  is  la ck in g , 

the  r e s u l t s  of the  p re se n t study  a re  no t n e c e s sa r i ly  in c o n s is te n t w ith  

th is  n o tio n . Assuming th a t  du ring  movements lem niscal (cuneothalam ic) 

neurones a re  d i r e c t ly  e x c ite d  by descending im pulses c a r r ie d  over the  

pyramidal t r a c t ,  th e  lem nisca l response evoked by p e r ip h e ra l nerve 

s tim u la tio n  might conceivably  be reduced , due to  a  p rocess of o c c lu s io n . 

Other a l te rn a t iv e s  a re  p o s s ib le ,  however, in c lud ing  a f a c i l i t a t i o n  of 

the  p e r ip h e ra l evoked response  under th ese  same b a s ic  c o n d itio n s . As
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has been em phasized, however, evidence (11) has y e t to be provided 

showing th a t  cuneothalam lc neurons are  a c tu a lly  a c tiv a te d  by descending 

v o lle y s  from the sensorim otor co rtex . As noted by o th e rs  (6 , 11) and 

mentioned befo re  h e re ,  s tim u la tio n  of the  co rte x  ap p aren tly  e x c ite s  

only In tem eu ro n s  m ainly resp o n sib le  f o r  p re sy n ap tlc  In h ib i t io n  In th e  

d o rsa l column n u c le i .  These o b serv a tio n s  could argue a g a in s t th e  view 

th a t .  In  th e  absence o f p e r ip h e ra l In p u t, descending  motor Impulses 

can be re ro u ted  v ia  the  m edial lem niscus, to  be ev a lu a ted  a t  higher 

c e n te rs . N e v e rth e le ss , a feedback loop Invo lv ing  the  co rtex  and 

thalamus i s  not ru le d  o u t. On the  c o n tra ry , re c e n t evidence would 

favor the ro le  o f such a system In the p roduction  of c e n tr a l  feedback 

accompanying movements (21, see  22, 27).

In  summary, p h y s io lo g ic a l, anatom ical and b eh av io ra l s tu d ie s  

p o in t to  th e  e x is ten c e  of an In te ra c t io n  between the  c e n tr a l  mechanisms 

of movement and the mechanisms of sensory  tran sm iss io n  in  the  lem nlscal 

pathway. However, th e re  remains co n sid e rab le  confusion  about the 

n a tu re  o f th is  In te r a c t io n .  N europhyslologlcal In v e s tig a t io n s  o f s leep  

suggest th a t  du ring  movements descending motor In flu en ces  In h ib i t  the  

sensory Input c a r r ie d  over the lem nlscal system . On the  o th e r hand, 

the In te rp r e ta t io n  o f d e f ic i t s  fo llow ing le s io n s  o f  ascending sp in a l 

t r a c ts  emphasizes th e  im portance of a f fe re n t  Im pulses tran sm itted  

through the  d o rsa l columns fo r the  a n a ly s is  of som atosensory s tim u la tio n  

obtained  during  e x p lo ra to ry  motor a c t i v i ty .  F in a l ly ,  I t  Is  p o s tu la ted  

th a t the  lem n lsca l system  Is  somehow capable of sen sin g  th e  motor outflow  

generated  by h igher c e n te rs  In a s so c ia tio n  w ith  movements, thus se rv in g  

as p a r t  of a  c e n tr a l  feedback c o n tro l c i r c u i t .  Although th e  re s u l ts  of
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the  p re sen t study by no means c o n tra d ic t  any of these  in te r p r e ta t io n s ,  

th e re  Is  y e t ano ther approach which may be more c o n s is te n t w ith  the  

fin d in g s  rep o rted  h e re .

C oro llary  D ischarge Theory and the M odulation 
of Sensory T ransm ission  In  the Lemnlscal 

System d u rin g  V oluntary Movement

The p o s tu la ted  e x is te n c e  o f a  c o ro lla ry  d ischarge  from motor 

c en te rs  In to  sensory re la y s  has proven to  be a  u se fu l concept In  th e  

a n a ly s is  o f p e rc ep tu a l s t a b i l i t y  and feedback c o n tro l du ring  v o lu n ta ry  

movements (see 81, 2 2 ). I t  I s  suggested  th a t w ith  the  I n i t i a t i o n  o f 

an e f f e r e n t  d isch arg e  towards th e  p e r ip h e ra l m usculature th e re  sim ul­

tan eously  occurs a  c e n tr a l  (c o ro lla ry )  d ischarge  In to  th e  a p p ro p ria te  

sensory  pathway which c o u n te rac ts  o r  cancels ou t those changes which 

a re  produced as a r e s u l t  o f In tended  movement. A fferency caused by 

movement o f an e x te rn a l s tim u lu s  I s  assumed to  be perceived  d i r e c t l y ,  

whereas a ffe ren cy  caused by movement of the organism I s  thought to  be 

In h ib i te d . Such a system  would allow  the  organism to  d i f f e r e n t ia te  

changes In  sensory  s tim u la tio n  o r ig in a tin g  In th e  environment from 

se lf-p ro d u ced  sensory  Input gen era ted  by the organism ’s own movements.

With regard  to  th e  c o n tro l of sensory Inform ation  tra n sm itte d  

through th e  lem n lsca l system , th e  concept of a c o ro lla ry  d ischarge  

mechanism recommends the  fo llo w in g  hypo thesis  ; During v o lu n ta ry  move­

ment the  descending In f lu e n c e s , ex erted  on the d o rsa l column-medial 

lem n lsca l system , re p re se n t ^  p redeterm ined . In te rn a l  p a tte rn  of 

nervous a c t i v i ty  which a n t ic ip a te s  and p re d ic ts  the  p a tte rn  of sensory  

s tim u la tio n  produced by movement. The Incoming e x c ita to ry  p a tte rn  Is  

compared and evalua ted  a g a in s t th e  In te rn a l ly  generated  p a tte rn  v ia  an
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in h ib i to ry  I n te r a c t io n . A fferen t Impulses which correspond to  the  

In te rn a l  p a t te r n  are  su p p ressed . w h ile  o th e r  sensory Im pulses. which 

do n o t match the in te r n a l  p a t te r n , remain unm odified. The o rg a n iz a tio n  

and development of th e  in te r n a l  p a t te rn  i s  determ ined p rim a rily  by th e  

r e la t io n s  between the  lo c a tio n  and type of p e r ip h e ra l re c ep to rs  and 

the  a c tio n s  o f muscles which may cause th e se  recep to rs  to  be s t im u la te d . 

In form ation  from m uscular and cutaneous sources as w e ll as from th e  

o th e r sensory  m o d a litie s  may a lso  c o n tr ib u te  to  the  o rg a n iz a tio n  of 

the in te r n a l  p a t te r n . The o p e ra tio n  of t h i s  mechanism is  proposed 

to  be o f im portance fo r  d is  c rim in a tin g  between changes in  sensory  

s tim u la tio n  a r is in g  from e x te rn a l sources and changes in  sensory  

s tim u la tio n  caused by v o ltm ta ry  movements.

The r e s u l t s  o b ta in ed  in  th e  p re se n t study a re  in  agreement 

w ith  s e v e ra l  of the  e s s e n t ia l  a sp ec ts  of th i s  h y p o thesis. S p e c if ic a l ly ,  

the  d e p re ss io n  o f the  evoked a c t iv i ty  In  th e  m edial lem niscus seen  

during  movements is  r e s t r i c t e d  to  the  pathways lead in g  from th e  fo re ­

limb which a c t iv e ly  moves. In  o th e r  w ords, the  sensory  pathways over 

which movement-produced a f f e r e n t  in p u t would be expected to  be t r a n s ­

m itted  a re  th e  same pathways over which evoked sensory inpu t i s  su p p res­

sed . Thus lem n isca l responses evoked by s tim u la tio n  of the  s u p e r f i c i a l  

r a d ia l  nerve of the r ig h t  forelim b a re  reduced during  f le x io n  movements 

of the  same forellm b b u t a re  no t m odified by movements of th e  c o n tra ­

l a t e r a l  lim b. S im ila r ly , o th e rs  have re p o rte d  th a t  a cond itioned  

f le x io n  movement i s  a sso c ia te d  w ith  a g re a te r  red uction  of th e  lem nls­

c a l response evoked by s tim u la tio n  of th e  s u p e r f ic ia l  r a d ia l  nerve  than  

Is  a  co n d itio n ed  ex ten s io n  movement of th e  same limb (28). S ince th e
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s u p e r f ic ia l  r a d ia l  in n e rv a te s  the  d o rsa l a sp ec t of th e  paw, th i s  reg ion  

would be pred isposed  towards re c e iv in g  g re a te r  sensory  s tim u la tio n  during  

a  f le x io n  movement of the  paw than during  an ex ten sio n  movement. Thus, 

th e se  f in d in g s  a re  c o n s is te n t w ith  the  p r in c ip le  th a t  th e  topographic  

o rg a n iz a tio n  of the in te r n a l  in h ib i to ry  p a t te rn  ex erted  on th e  t r a n s ­

m issio n  o f ascending sensory  in p u t du rin g  movements i s  determ ined by 

the  r e la t io n s  between the  lo c a tio n  o f p e r ip h e ra l re c e p to rs  and the 

a c t io n s  of m uscles which may cause these  re c ep to rs  to  be s tim u la te d .

The c e n t r a l  in h ib i to r y  in flu en ce  i s  assumed to  be d ire c te d  e x c lu s iv e ly  

to  th o se  sen so ry  channels over which a g iven  v o lu n ta ry  movement i s  

p o te n t ia l ly  capable  of g en era tin g  a f f e r e n t  in p u t.

I t  was a lso  shown here  th a t  the red u c tio n  of the evoked 

lem n isca l response which accompanies movement begins w e ll b e fo re  the  

movement i t s e l f  occu rs. Furtherm ore, th e  supp ression  of th e  evoked 

response  appears alm ost com pletely  developed by the tim e the  m uscular 

c o n tra c tio n s  lead in g  to  movement have s t a r t e d .  Presumably th is  

re p re se n ts  the c re a tio n  o f the  p o s tu la te d  in te rn a l  p a t te rn  which a n t i ­

c ip a te s  the  a c t i v i t y  to  be produced in  th e  ascending a f f e r e n t  system  

by th e  movement. Thus by the tim e th e  a ffe re n cy  caused by movement 

b eg in s  to  be tra n sm itte d  c e n t r a l ly ,  the  mechanisms re sp o n s ib le  fo r  

c o r r e la t in g  t h i s  inpu t w ith  th e  motor o u tp u t a re  a lread y  a v a ila b le  

and in  o p e ra tio n .

On th e  o th e r hand, p a ss iv e  movements o f the lim b do n o t r e s u l t  

in  any sy s te m a tic  m o d ifica tio n  of th e  evoked a c t iv i ty  in  th e  lem n isca l 

pathway. This f in d in g  i s  c o n s is te n t w ith  th e  id ea  th a t  only  s e l f ­

produced senso ry  s tim u la tio n  brought about through th e  o rgan ism 's  own 

v o lu n ta ry  a c tio n s  i s  s u b je c t to  m o d ifica tio n  a t  the  c e n tr a l  le v e l .



108
F in a lly , i t  was found th a t  the  amount of dep ression  of 

evoked sensory  inpu t du ring  movement i s  l im ite d .  Whereas approxim ately 

80 p e rcen t of a l l  movements a re  a sso c ia te d  w ith  a red u c tio n  of the  

evoked lem niscal response , the magnitude of t h i s  e f f e c t  v a r ie s  co n si­

d e rab ly  and only r a re ly  exceeds 30 to  40 p e rc e n t of normal am plitude. 

Presumably th is  r e f l e c t s  on underly ing  o rg a n iz a tio n  and r e s t r i c t io n  

o f the  c e n tra l  su p p ress iv e  in flu en c e  o p e ra tin g  on th e  a f fe re n t  pathway 

during  movement. The observation  th a t  the  am plitude of the  evoked 

lem n isca l response i s  reduced roughly  in  p ro p o r tio n  to  the  amount of 

muscle a c t i v i ty  recorded during  movement su p p o rts  t h i s  n o tio n . C lea rly , 

no t a l l  sensory  in p u t i s  blocked during  movement, nor i s  th e re  evidence 

th a t  th e  in te rn a l  in h ib ito ry  in flu en c e  i s  e x e r te d  in  a  co n stan t a rb i­

t r a ry  fa sh io n . On the  co n tra ry , th e  am plitude o f th e  evoked response 

i s  reduced on the  average by no more than 10 to  20 p e rc e n t, w ith  the  

g re a te s t  amount of suppression  being re la te d  to  movements a sso c ia te d  

w ith  th e  la rg e s t  amounts of muscle a c t i v i ty .  Perhaps th e  la rg e r  b u rs ts  

o f muscle a c t iv i ty  re p re se n t more v igorous movements and hence r e s u l t  

in  more se lf-p roduced  a f fe re n t  in p u t which in  tu rn  re q u ire s  g re a te r  

su p p ress io n  a t  th e  c e n tra l  le v e l .

While the  r e s u l t s  o f th e  p re sen t experim ents appear c o n s is te n t 

w ith  th e  s ta te d  h y p o th esis , many of th e  in te r p r e ta t io n s  pu t forward 

here  must remain sp e c u la tiv e  u n t i l  fu r th e r  ev idence i s  a v a ila b le .  Of 

c ru c ia l  im portance would be the  id e n t i f ic a t io n  o f those  a f fe re n ts  which 

a re  in h ib ite d  during movements. Whether they c o n s t i tu te  a s p e c if ic a l ly  

o rgan ized  popu la tion  w ith  both d i s t i n c t  topograph ic  and fu n c tio n a l 

p ro p e r tie s  needs to  be determ ined. An a n a ly s is  o f s in g le  u n its  recorded
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from the d o rs a l  column n u c le i during v o lu n ta ry  movements, w ith  lo c a l iz a ­

t io n  of the re c e p tiv e  f i e ld s  and c la s s i f i c a t io n  o f re c e p to r  c h a ra c te r ­

i s t i c s  o f th e  u n i t s ,  rem ains to  be done in  chron ic  an im a ls . However, 

i t  i s  o f in t e r e s t  th a t  in  acu te  p re p a ra tio n s , those a f f e r e n ts  having 

sm all re c e p tiv e  f ie ld s  and g iv ing  a ra p id ly  adap ting  response  to  bending 

o f h a ir s  a re  rep o rted  to  be p r e f e r e n t ia l ly  in h ib i te d  by c o r t i c a l  stim u­

la t io n  (36 ). Of a l l  cutaneous re c e p to rs , th ese  same " h a ir"  u n its  a lso  

appear to  have the low est th re sh o ld s  to  n a tu ra l  s t im u la tio n  (32, 52 , 67). 

I t  i s  no le s s  s ig n if ic a n t  th a t  when th ese  a f fe re n ts  were o r ig in a l ly  

id e n t i f ie d ,  th e  adequate stim u lus fo r  th e i r  e x c i ta t io n  was determ ined 

to  be movement (1 ) . These o b serv a tio n s  suggest th a t  th o se  a f fe re n t  

u n i ts  s p e c i f ic a l ly  in h ib ite d  by c o r t i c a l  s tim u la tio n  a re  th e  same s e t  

o f a f fe re n ts  re sp o n sib le  fo r  tra n sm ittin g  sensory in fo rm atio n  concerning 

the  occurrence of movements over the  sk in . Support fo r  t h i s  co n clu sio n , 

however, aw aits  fu r th e r  in v e s t ig a tio n s  in to  th e  n e u ra l p ro cesses  which 

code movement s tim u la tio n  in  th e  cutaneous sensory  pathw ays.

C oro lla ry  D ischarge Theorv and Cutaneous 
S e n s ib i l i ty  during  V oluntary Movements

Although the  fin d in g s  of the  p re sen t study may be taken as 

evidence fo r  th e  ex is ten ce  o f a  c o ro lla ry  d ischarge  mechanism o p e ra tin g  

on th e  lem n lsca l system  during  movement, th e re  remains an im portan t 

q u estio n  concerning the  theory  I t s e l f .  In  p a r t i c u la r .  I t  I s  d i f f i c u l t  

to  understand why, during a c tiv e  ex p lo ra to ry  behavior th e  cutaneous 

feedback generated  by v o lu n ta ry  movements would be In h ib i te d .  As 

Mackay has po in ted  out (59 ), J u s t  th e  opposite  would be expected .
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He su g g es ts  th a t  th e  c a n c e lla t io n  of movement-produced s tim u la tio n  may 

be the  v e ry  l a s t  th in g  th e  system  needs fo r  p e rcep tu a l s t a b i l i t y .  

S im ila r ly , W all's  (87) re c e n t a n a ly s is  o f d o rsa l column fu n c tio n  

s t r e s s e s  the  im portance o f a f fe re n t  im pulses tra n sm itte d  over the lem­

n is c a l  pathway during  movement r a th e r  than  the  m odulation of th is  

a c t i v i ty  by h ig h er c e n te rs . Both of th e se  p o s itio n s  appear in  d ir e c t  

c o n tra d ic t io n  to th e  n o tio n  put forward h e re , n am ely ,tha t th e re  e x is ts  

a  c e n tr a l  su p p ress io n  of cutaneous in p u t during  v o lu n ta ry  movement. 

However, i t  must be emphasized th a t  the  in h ib i t io n  of ascending 

a f fe re n t  im pulses during  movements may n o t n e c e s sa r ily  re p re se n t a 

lo s s  of sensory  in fo rm atio n . On th e  c o n tra ry , th e  phenomenon of 

a f f e re n t  o r  surround in h ib i t io n  i s  a  c le a r  example of how in h ib ito ry  

mechanisms enhance r a th e r  than d im in ish  th e  a b i l i t y  to  d e te c t changes 

in  p e r ip h e ra l  s tim u la tio n . L ikew ise, th e  m odulation o f a f fe re n t  

a c t i v i ty  in  th e  lem n isca l pathway may re p re se n t a mechanism which 

f a c i l i t a t e s  sensory d is c r im in a tio n  d u rin g  v o lu n ta ry  movements by 

su p p ress in g  c e r ta in  p a t te rn s  o f a f f e r e n t  in p u t.

There appear a t  l e a s t  two e s s e n t ia l ly  d i f f e r e n t  processes 

by which th e  p o s tu la te d  in te r n a l  in h ib i to r y  p a tte rn  may augment 

cutaneous s e n s ib i l i ty  during v o lu n ta ry  movement. One mechanism could 

invo lve  th e  s e le c t iv e  suppression  of c e r ta in  p re d ic ta b le  p a tte rn s  of 

a f fe re n t  in p u t which norm ally accompany movements. A second process 

may p o ss ib ly  allow  fo r  an enhancement o f c o n tra s t  in  th e  cutaneous 

sensory  in flow  re s u l t in g  from v o lu n ta ry  movements.

With regard  to  th e  f i r s t  mechanism, th e  e x is ten ce  of a  d i r e c t  

r e la t io n  between p a tte rn s  of motor a c t i v i t y  and the  r e s u l ta n t  p a tte rn s
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o f  sensory s tim u la tio n  which accompany movements must be recognized .

I f  the  palm o f the  hand i s  in  co n tac t w ith  a s ta b le  su rface  the  ac tio n s  

o f  th e  arm and w r is t  muscles which move th e  hand from r ig h t  to  l e f t  

alw ays r e s u l t  in  d isp lacem ent o f th e  senso ry  image in  a d ire c t io n  

o p p o site  to  th e  movement. F urtherm ore, th e  r a te  of d isp lacem ent of 

th e  image i s  norm ally a fu n c tio n  of th e  speed of movement. These r e la ­

t io n s  are  co n stan t and thus gerve to  i l l u s t r a t e  th a t  a t  l e a s t  p a r t  of 

th e  sensory in p u t which r e s u l t s  from movement can be d i r e c t ly  p red ic ted  

from the p a t te rn  of motor a c t i v i ty  which g ives r i s e  to  movement. Accord­

in g  to  the hy p o th esis  s ta te d  e a r l i e r ,  on ly  th e  sensory  consequences 

r e s u l t in g  from movement which a re  d i r e c t ly  p re d ic ta b le  from th e  move­

ment i t s e l f  a re  canceled out by th e  in te r n a l  in h ib i to ry  p a t te r n .  There­

f o r e ,  i f  p a r t  of th e  sensory  in p u t accompanying movements can be known 

from the motor o u tp u t, th en  g iven  th e  motor ou tpu t, in h ib i t io n  of the p re ­

d ic te d  sensory  inpu t would no t r e s u l t  in  a  lo s s  of in te r n a l  in fo rm atio n . 

However, s in ce  a l l  o r p a r t  o f th e  in fo rm atio n  con ta ined  in  th e  motor 

d isch arg e  i s  assumed to  be removed from th e  sensory  in p u t by th e  in te r ­

n a l  in h ib ito ry  p a t te rn ,  th e  in fo rm atio n  u lt im a te ly  tra n sm itte d  to  h igher 

c e n te rs  would be derived  mainly o r e x c lu s iv e ly  from e x te rn a l sources 

o f s tim u la tio n .

Thus i t  can be seen  th a t  th e  in h ib i t io n  o f c e r ta in  p a tte rn s  

o f a f fe re n t im pulses du rin g  movement may no t n e c e s sa r ily  imply a 

red u c tio n  of cutaneous s e n s i t i v i t y  to  e x te rn a l  s tim u la tio n  a t  th ese  

tim es . On th e  c o n tra ry , the  m odulation o f sensory  a c t iv i ty  in  the  

lem nisca l pathway may re p re se n t a  mechanism w hich, through an in h ib ito ry  

in te r a c t io n ,  allow s fo r  th e  sensory  consequences r e s u l t in g  from v o lun tary
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movement to  be ev a lua ted  w ith  re sp e c t to  th e  In form ation  contained In  

the motor d ischarge  o r ig in a l ly  re sp o n sib le  fo r  the movement.

There may a lso  be ano ther fu n c tio n  of th e  In te rn a l  In h ib ito ry  

p a tte rn  presumed to  be ex e rted  on th e  lem n lsca l system  during  movement. 

While more p ro sa ic  than th e  mechanism j u s t  d e sc r ib e d . I t  may make no 

le s s  an Im portant c o n tr ib u tio n  to  th e  d isc r im in a tio n  of sensory  changes 

occu rrin g  during  v o lu n ta ry  movement. I f  th e  in h ib i t io n  of a f fe re n t  

im pulses which I s  assumed to  occur a t  th e  d o rsa l column le v e l were to  

be accompanied by a sim ultaneous f a c i l i t a t i o n  a t  th e  thalam ic le v e l 

th e re  could r e s u l t  a la rg e  enhancement o f sensory  c o n tra s t  In  the  

Incoming a f f e re n t  b a rrag e . A c e n tr a l  In h ib i to ry  In flu en ce  o p era ting  

a t  the  f i r s t  sensory re la y  would a c t  in  concert w ith  the  mechanisms of 

a f fe re n t  In h ib i t io n  to  su p press  low le v e l  s ig n a ls  con tained  In  the 

a f f e r e n t  v o lley s  generated  by movements. Any o v e ra l l  lo s s  In  In te n s i ty  

of th e  r e s u l t in g  sensory p a t te rn s  would be compensated by a m p lif ic a tio n  

a t  subsequent sy n ap tic  r e la y s .  Such a p rocess m ight serve  as an 

e f f e c t iv e  mechanism fo r  e lim in a tin g  "b lu r"  In  th e  sensory  Input caused 

by rap id  movement of stim u lus over the  sk in .

I t  I s  o f I n te r e s t  th a t  during the  b u rs ts  of REM of desynchron­

ized  s lee p  th e re  I s  rep o rted  to  be a  f a c i l i t a t i o n  o f som atic a f fe re n t  

tran sm issio n  a t  th e  tha lam ic  le v e l  which may be sim ultaneously  accom­

panied by In h ib i t io n  a t  th e  le v e l  o f the  d o rsa l column n u c le i (27 ).

There a lso  appears a t  th e se  tim es a phasic  e x c i ta t io n  of the  motoneurons 

which lead s  to  sh o r t l a s t in g  m uscular tw itch es  and movements (25 , 61).

I t  has th e re fo re  been p o s tu la te d  th a t  p a r t  o f the  c e n tr a l  motor 

d isch arg e  g iv ing  r i s e  to  the  m uscular co n tra c tio n s  I s  fed In to  the
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som atic sensory  pathway a t the  thalam us, thus to  in te r a c t  w ith  the  

a f fe re n t  v o lle y s  which have been f i l t e r e d  a t  the  l e v e l  of th e  d o rsa l 

column n u c le i .  The re s u lt  is  th a t  p a r t  of the  e x te rn a l sensory  feed­

back produced in  co n junction  w ith  movements i s  s u b s t i tu te d  fo r  in te r n a l  

s tim u la tio n  which may become fu r th e r  e lab o ra te d  a t  the  c o r t i c a l  le v e l  

(27, 70 ).

I t  has been emphasized here  and p rev io u s ly  by Pompeiano (see  

70) th a t  the n e u ra l events which take p lace  du ring  REM s lee p  may 

p a r t i a l ly  correspond w ith  changes occu rrin g  in  th e  sensory  and motor 

pathways du ring  v o lu n ta ry  movements in  awake anim als. T h e re fo re , i t  

would be expected th a t th e  f a c i l i t a t i o n  of sensory  tran sm issio n  which 

occurs a t  the  thalam ic l e v e l  during  REM s lee p  would lik e w ise  be 

observed in  waking animals during  v o lu n ta ry  movements. Were such e v i­

dence a v a i la b le ,  i t  would support the su g g estio n  made here  th a t  th e  

suppression  o f a ffe re n t in p u t a t  the le v e l  of the  d o rsa l  column n u c le i 

could r e s u l t ,  by way of subsequent a m p lif ic a tio n  a t  the  tha lam ic  le v e l ,  

in  an enhancement of sensory  c o n tra s t  in  the  incoming a f f e r e n t  b a rra g e . 

This conclusion  would n o t ru le  out the p o s tu la te d  p a r t i a l  s u b s t i tu t io n  

of e x te rn a l sensory  feedback by an in te r n a l  motor d isch a rg e  in to  the 

som atic a f f e r e n t  pathway during movements. However, i t  must be empha­

s ize d  th a t  re g a rd le s s  of any m od ifica tions which may subsequently  

occur along th e  sensory pathway, the n eu ra l re p re se n ta tio n  of any 

p e r ip h e ra lly  i n i t i a t e d  s t im u la tio n  a t  h ig h e r le v e ls  i s  c ru c ia l ly  depen­

dent upon the a c t i v i ty  p a ss in g  through th e  f i r s t  sy n ap tic  re la y s  o f 

the  d o rs a l  column-medial lem niscal system .



aiAPTER V II

SUMMARY

The a c t iv e  c o n tro l of sensory p rocesses has been im p lica ted  

as an im portan t f a c to r  in  c e r ta in  p e rcep tu a l c o n s ta n c ie s , s e le c t iv e  

a t t e n t io n ,  and th e  in te g ra t io n  of sensory  feedback during movements.

In  s p i te  o f  th e  w e ll documented e x is ten c e  of mechanisms fo r  sensory 

c o n tro l in  the  fa s t-c o n d u c tin g  cutaneous pathways (lem n isca l sy stem ), 

a  review o f th e  l i t e r a t u r e  rev ea ls  th a t  a sy s tem a tic  study of these  

p rocesses during  norm al, waking behavior in  in ta c t  animals i s  y e t to  

be re p o r te d . T h e re fo re , experim ents were undertaken to  study  changes 

in  sensory  tran sm iss io n  through the lem n isca l pathway during  induced 

a ro u sa l and du rin g  v o lu n ta ry  movements in  u n re s tra in e d , u n an esth e tized  

c a ts  b earin g  c h ro n ic a lly  im planted e le c tro d e s  fo r  s tim u la tio n  and 

reco rd in g .

The f i r s t  s e t  o f experim ents te s te d  the  e f f e c t  of p re sen tin g  

a novel a u d ito ry  stim u lus on the s iz e  o f  the lem n isca l p o te n t ia ls  

evoked in  response to  s tim u la tio n  of th e  c o n tr a la te r a l  s u p e r f ic ia l  

r a d ia l  nerve (a  pure cutaneous n e rv e ). In  a s so c ia tio n  w ith  the novel 

s tim u lus (to n e) the  evoked lem niscal response was found to  be reduced 

in  am plitude , an e f f e c t  which occurred in  the  apparen t absence o f o v e rt 

motor a c t i v i t y .  A fte r rep eated  p re sen ta tio n s  of th e  novel s tim u lu s ,

114
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th e  lem nlscal responses were no longer m odified . Since no movements 

were observed, a  p e r ip h e ra lly  induced phenomenon, such as a f fe re n t  

in h ib i t io n ,  o r  o c c lu s io n , would mot appear to  have co n trib u ted  to  the  

changes in  th e  lem n isca l p o te n t ia l s .  T h e re fo re , th e  reduction  of th e  

evoked lem niscal response am plitude during  the  e a r ly  tones may be 

a t t r ib u ta b le  to  a  c e n tr a l  mechanism which i s  s u b je c t  to  a process of 

fa tig u e  or h a b itu a tio n . These f in d in g s  a re  re le v a n t  to the p o s tu la ted  

ex is ten ce  of mechanisms fo r  m odulating sensory in p u t in  conjunction  

w ith  a t te n t iv e  a ro u sa l and s e le c t iv e  p e rc e p tio n . In  p a r t ic u la r ,  the  

reduced responsiveness of th e  lem n isca l pathway during  p re sen ta tio n  of 

th e  tone i s  c o n s is te n t  w ith  th e  hy p o th esis  th a t  i r r e le v a n t  sensory 

in form ation  i s  in h ib i te d  during  th e  o r ie n tin g  o r  a ro u sa l re a c tio n  

induced by a novel s tim u lu s .

In  a  second s e r ie s  of ex perim en ts, th e  am plitude of the lem­

n is c a l  response evoked by s tim u la tio n  of the  s u p e r f ic ia l  r a d ia l  nerve 

was found to  be reduced during  a c t iv e  v o lu n ta ry  f le x io n  movements of 

the  forelim b. The e f f e c t  appeared s p e c i f ic  to  the  pathways o r ig in a tin g  

from the a c t iv e ly  moved limb as shown by the absence of any change in  

the  evoked response when the  c o n t r a la t e r a l  fo relim b was moved. This 

p a r t ic u la r  f in d in g  a ls o  in d ic a te d  th a t  movements per se a re  not asso ­

c ia te d  w ith  a c t iv a t io n  of a  g e n e ra l a ro u sa l mechanism conceivably 

capable of modifying th e  lem n isca l p o te n t ia l s .  I t  was fu r th e r  shown 

th a t  the amount o f  red u c tio n  in  th e  evoked response i s  roughly propor­

t io n a l  to  the  magnitude of th e  m uscle a c t iv i ty  recorded during the 

movement. While a l l  th e se  o b se rv a tio n s  a re  c o n s is te n t  w ith the  o p e ra tio n  

of a  c e n tra l in f lu e n c e  on th e  lem n isca l pathway during  movements.
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f u r th e r  experim ents were done to ru le  ou t o th e r p o s s i b i l i t i e s .

In  s e v e ra l  anim als th e  s u p e r f ic ia l  r a d ia l  nerve was crushed 

and t ie d - o f f  d i s t a l  to  the  s tim u la tin g  e le c tro d e ,  thus removing an 

obvious p o te n t ia l  source o f p e r ip h e ra l  a f f e r e n t  in h ib i t io n  o r o c c lu s io n . 

A ll th ese  anim als showed a red u c tio n  of the evoked response am plitude 

during  a c tiv e  movements. On the  o th e r  hand, p a ss iv e  movements of the  

fo rellm b  in  the a n e s th e tiz e d  c a t  d id  not have any e f f e c t  on the  

lem n isca l response . F in a lly , i t  was observed th a t  lem nisca l responses 

evoked in  the I n te r v a l  j u s t  p r io r  to  the  onset of v o lu n ta ry  movements 

were reduced in  am plitude by alm ost as  much as th e  responses evoked 

during  the movements. This fin d in g  i s  p a r t i c u la r ly  s ig n if ic a n t  in  th a t  

the d ep ress io n  of the  lem n isca l p o te n t ia l  in  th i s  in s tan ce  cannot be 

accounted fo r by any p e r ip h e ra l mechanism because th e  movement i t s e l f  

had no t y e t even occu rred . Taken to g e th e r th e se  r e s u l t s  recommend the  

conclusion  th a t th e re  e x is ts  a  p a r t i a l  blockade of sensory  tran sm issio n  

through the  lem n isca l pathway which i s  a t t r ib u ta b le  to  a c e n tra l  

in flu en ce  o p e ra tin g  in  co n ju n ctio n  w ith  the  mechanisms re sp o n sib le  

fo r  the  g en era tio n  o f vo lun tary  movements.

O ther s tu d ie s  have a lso  suggested  an in te ra c t io n  between the  

c e n tr a l  mechanisms o f movement and th e  mechanisms c o n tro ll in g  sensory 

tran sm iss io n  in  th e  lem niscal system . However, the  n a tu re  o f th is  

in te r a c t io n  as w e ll as i t s  fu n c tio n a l s ig n if ic a n c e  have remained 

u n c le a r . I t  has been p o s tu la ted  h e re  th a t  th e  descending In f lu en c e s , 

ex e rted  on the d o rs a l  column-medial lem n isca l system , re p re se n t a p e r-  

de term ined , in te r n a l  p a tte rn  of nervous a c t i v i t y  which a n tic ip a te s  and 

p re d ic ts  th e  p a t te r n  of sensory  s tim u la tio n  produced by movement. The
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incoming e x c ita to ry  p a tte rn  i s  compared and evalua ted  a g a in s t the  i n t e r ­

n a lly  g en era ted  p a tte rn  v ia  an in h ib ito ry  in te r a c t io n .  A fferen t impulses 

which correspond to the in te r n a l  p a tte rn  a re  supp ressed , w hile  o th e r 

sensory  im pu lses, which do no t match the  in te r n a l  p a t te rn ,  remain 

unm odified. The o rg an iza tio n  and development o f th e  in te r n a l  p a tte rn  

i s  determ ined p rim arily  by the r e la t io n s  between th e  lo c a tio n  and type 

of p e r ip h e ra l  re c e p to rs  and th e  ac tio n s  of muscles which may cause 

these  re c e p to rs  to  be s tim u la te d . In fo rm ation  from m uscular and cu ta ­

neous so u rces  as w e ll as from th e  o th e r sensory  m o d a litie s  may a lso  

c o n tr ib u te  to  th e  o rg a n iz a tio n  of th e  In te rn a l  p a t te r n .  The o p e ra tio n  

of t h i s  mechanism i s  proposed to  be o f Im portance fo r  d isc r im in a tin g  

between changes In  sensory  s tim u la tio n  a r is in g  from e x te rn a l sources 

and changes in  sensory s tim u la tio n  caused by v o lu n ta ry  movements.

While th e  r e s u l t s  of the  p re sen t study  a re  c o n s is te n t w ith  

th is  h y p o th e s is , fu r th e r  In v e s tig a tio n s  a re  req u ired  in  o rd e r to  more 

d i r e c t ly  determ ine I t s  v a l id i t y .  The su g g estio n  th a t  c e n tr a l  motor 

in flu en c es  c o n tr ib u te  to  th e  In te g ra tio n  o f sensory  in form ation  i s  in  

agreement w ith  th e  co n cep tio n s , expressed by o th e r s ,  th a t  th e  a c tiv e  

c o n tro l o f a f f e r e n t  in p u t i s  an im portant f a c to r  in  sensory  d iscrim in a ­

t io n  and the  m aintenance o f p e rcep tu a l s t a b i l i t y  during  vo lu n ta ry  

movements.



BIBLIOGRAPHY

1. Adrian, E .D ., C a t t e l l ,  M., and Hoaglund, H. Sensory d ischarges
in  s in g le  cutaneous nerve f ib e r s .  Jo u rn a l o f P hysio logy. 
72:377-391, 1931.

2 . Ainsworth, A ., G affan, G.D., O 'K eefe, J . , and Sampson, R.
A technique fo r  reco rd ing  u n i ts  in  the  m edulla o f the awake, 
f r e e ly  moving r a t .  Jo u rn a l of Physiology (London), 202:80-82, 
1969.

3. A lliso n , T. C o r tic a l  and s u b c o r t ic a l  evoked responses to  c e n tr a l
s t im u li  during w akefulness and s le e p . E lectroencephalography 
and C lin ic a l  N europhvsiology. 18:131-139, 1965.

4. Anderson, P . ,  E cc les , J .C . ,  and S ears , T.A. C o r t ic a l ly  evoked
d e p o la r iz a tio n  o f prim ary a f f e re n t  f ib e r s  in  th e  sp in a l 
co rd . Jo u rn a l o f N europhvsiology. 27:63-77, 1964.

5. Anderson, P . ,  E cc les , J .C . ,  Schm idt, R .F ., and Yokota, T.
Slow p o te n t ia l  waves produced in  th e  cuneate nucleus by 
cutaneous v o lley s  and by c o r t ic a l  s t im u la tio n . Jo u rn a l of 
Neurophvsiology. 27:78-91, 1964.

6. Anderson, P . ,  E cc les , J .C . ,  Schm idt, R .F ., and Y okota, T.
I d e n t i f i c a t io n  of re lay  c e l l s  and in te rn eu ro n s  in  th e  
cuneate nuc leu s . Jo u rn a l o f  N europhvsiology. 27:1081-1095,
1964.

7. Anderson, P . ,  E cc les , J .C . ,  Oshlma, T ., and Schm idt, R.F.
Mechanisms of sy n ap tic  tran sm iss io n  in  cuneate  nuc leu s .
Jo u rn a l o f N europhvsiology. 27:1096-1116, 1964.

8. Brown, Â.G. Cutaneous a f fe re n t  f ib r e  c o l la te r a l s  in  th e  d o rsa l
columns o f the  c a t .  Experim ental B rain R esearch . 5:293-305, 
1968.

9. C a r l i ,  G ., D ie te -S p if f , K ., and Pompeiano, 0 . Transm ission of
sensory  in fo rm ation  through the lem n isca l pathway during 
s le e p . Archives i ta l ie n n e s  de b io lo g ie . 105:31-51, 1967.

10. C a r l i ,  G ., D ie te -S p if f , K ., and Pompeiano, 0 . P resy n ap tic
and p o s tsy n ap tic  in h ib i t io n  of tran sm issio n  of som atic 
a f fe re n t  v o lley s  through th e  cuneate nucleus during  s le e p . 
Archives I ta l ie n n e s  de b io lo g ie . 105:52-82, 1967.

118



119
11. C a r l i ,  G ., D ie te -S p if f , K ., and Pompeiano, 0 . V estib u la r in flu en ces

d uring  s le e p . V. V estib u la r co n tro l on som atic a f fe re n t  
tran sm issio n  in  th e  cuneate nucleus during  desynchronized 
s le e p . Archives i ta l ie n n e s  de b io lo g ie . 105:83-103, 1967.

12. C arpen ter, D ., Lundberg, A ., and N o rse l l , V. Primary a f fe re n t
d e p o la r iz a tio n  evoked from th e  sensorim otor c o rte x . Acta 
p h y sio lo g ica  scan d in av ica . 59:126-142, 1963.

13. C arpen ter, D ., Engberg, I . ,  and Lundberg, A. Primary a f fe re n t
d e p o la r iz a tio n  evoked from th e  b ra in  stem and the cerebellum . 
A rchives i ta l ie n n e s  de b io lo g ie . 104:73-85, 1966.

14. C esa-B ianchi, M.G., Mancia, M., and S o tg iu , M.L. D ep o lariza tio n
of a f fe re n t  f ib e r s  to  the  G oll and Burdach n u c le i induced by 
s tim u la tio n  of th e  b ra in -s te m . Experim ental B rain R esearch . 
5 :1 -1 5 , 1968.

15. C esa-B ianchi, M.G., and S o tg iu , M.L. C ontro l by b ra in -s tem
r e t i c u l a r  form ation  of sen so ry  tran sm issio n  in  Burdach 
n u c leu s . A nalysis o f s in g le  u n i ts .  B rain R esearch.
13:129-139, 1969.

16. Chambers, W.W., and L u i, C.N. C o rtic o -sp in a l t r a c t  of th e  c a t .
An a ttem p t to  c o r r e la te  th e  p a t te rn  of degenera tion  w ith  
d e f i c i t s  in  r e f le x  a c t iv i ty  fo llow ing  n e o c o r tic a l le s io n s . 
Jo u rn a l o f Comparative Neurology. 108:23-55, 1957.

17. Cook. W.A., Cangiano, A ., and Pompeiano, 0 . V estib u la r in flu en ces
on prim ary e f fe re n ts  in  the  s p in a l co rd . P flügers  A rch iv . 
299:334-338, 1968.

18. Dagnino, N ., Favale, E . , Loeb, C ., M anfredi, M., and S e itu n , A.
P resy n ap tic  and p o s tsy n ap tic  changes in  s p e c if ic  thalam ic 
n u c le i during deep s le e p . A rchives i ta l ie n n e s  de b io lo g ie . 
107:668-684, 1969.

19. Dawson, G.D. The e f f e c t  o f c o r t i c a l  s tim u la tio n  on transm ission
through th e  cuneate nucleus in  the  a n a e s th e tiz e d  c a t .
Jo u rn a l of Physio logy . 142:2-3P, 1958.

20. Dement, W., and K leitm an, N. C yclic  v a r ia t io n s  in  EEC during  s leep
and th e i r  r e la t io n s  to  eye movements, body m o ti l i ty  and 
dream ing. E lectroencephalography and C lin ic a l  N europhvsiology. 
9 :673-690, 1957.

21. E v a rts , E.V. A c tiv ity  o f  v e n t r a l i s  l a t e r a l i s  neurons p r io r  to
movement in  the  monkey. P h y s io lo g is t . 13:191, 1970.

22. E v a rts , E.V. Feedback and c o ro lla ry  d isch a rg e : A merging of the
con cep ts . Neurosciences Research P rogress B u lle t in . 9 (1 ):8 6 -1 1 2 , 
1971.



120

23. F avale, E . , Loeb, C ., M anfredi, M., and Sacco, G. Somatic a f f e r e n t
tran sm iss io n  and c o r t i c a l  responsiveness during  n a tu ra l  s le e p  
and a ro u sa l In  th e  c a t .  E lectroencephalography and C l in ic a l  
N europhvsiology. 18:354-368, 1965.

24. F ish e r , G ., Sayre, G .P ., and B ick fo rd , R.G. H is to lo g ic a l changes
In  th e  c a t 's  b ra in  a f te r  In tro d u c tio n  o f m e ta l l ic  and p l a s t i c -  
coated  w ire . In  D.E. Sheer (E d .) , E le c t r ic a l  s tim u la tio n  of 
th e  b ra in . A ustin : U n iv ers ity  of Texas, 1961.

25. G assel, M.M., H arch lafava , P . ,  and Pompeiano, 0 . P hasic  changes
In m uscular a c t i v i ty  during  desynchronized s lee p  In  u n re s ­
tra in e d  c a ts .  An an a ly s is  o f the p a t te r n  and o rg a n iz a tio n  
o f myoclonic tw itc h e s . Archives I ta l ie n n e s  de b io lo g ie . 
102:449-470, 1964.

26. G asse l, M.M., M archlafava, P . ,  and Pompeiano, 0 . A c tiv ity  of red
nucleus during  deep desynchronized s le e p  In  th e  u n re s tra in e d  
c a t .  A rchives I ta l ie n n e s  de b io lo g ie . 103:369-396, 1965.

27. G helarduccl, B ., P is a , M., and Pompeiano, 0 . T ransform ation  o f
som atic a f f e r e n t  v o lley s  ac ro ss  th e  p re th a lam lc  and th a lam ic  
components of the  lem niscal system du rin g  the  ra p id  eye 
movements o f s le e p . E lectroencephalography and C lin ic a l  
N europhvsiology. 29:348-357, 1970.

28. Ghez, C ., and L enzl, G.L. M odulation of sensory  tran sm issio n
In  c a t lem nisca l system  du rin g  v o lu n ta ry  movement.
P flü g e rs  A rchiv . 323:273-278, 1971.

29. Gibson, J . J .  The senses considered  as p e rc e p tu a l system s. Boston:
Houghton M iff lin  Company, pp. 47-58, 1966.

30. Gordon, G ., and P a in e , C.H. F unctional o rg au lzac io h  In  nucleus
g r a c i l i s  o f the  c a t .  Jo u rn a l of P hysio logy . 153:331-349, 1960.

31. Gordon, G ., and Ju k es , M.G.M. C o r tic a l  th re sh o ld  fo r  e x c i ta t io n
o r In h ib i t io n  of s in g le  c e l l s  In the  nucleus g r a c i l i s  of th e  
c a t .  Jo u rn a l o f P hysio logy. 169:26-28P, 1963.

32. Gordon, G ., and Jukes, M.G.M. Dual o rg a n iz a tio n  o f th e  ex te ro ce p tiv e
components o f c a t 's  g ra c ile  n u c leu s . Jo u rn a l of P h vslo logv . 
173:263-290, 1964.

33. Gordon, G ., and Juk es , M.G.M. Descending In flu en c e  on the  e x te ro ­
c e p tiv e  o rg a n iz a tio n s  o f the  c a t 's  g r a c i le  n u c leu s .
Jo u rn a l of Physio logy . 173:291-319, 1964.

34. Guzman-Flores, C ., Buendla, N ., Anderson, C ., and L ln d sley , D.B.
C o r tic a l  and r e t i c u la r  In flu en ces  upon evoked responses In  
d o rsa l column n u c le i .  Experim ental N eurology. 5 :3 7 -4 6 , 1962.



121

35. H agbarth, K .E ., and K err, D .I.B . C en tra l in f lu e n c e s  on s p in a l
a f f e re n t  conduction. J o u rn a l o f N europhysioloev. 17:295-307, 
1954.

36. Held, R. E x p osu re-h isto ry  as a  f a c to r  in  m ain ta in in g  s t a b i l i t y
of p e rcep tio n  and c o o rd in a tio n . Jo u rn a l of Nervous and M ental 
D isease . 132:26-31, 1961.

37. Held, R. P l a s t i c i t y  in  sensory-m otor system s. S c ie n t i f i c  American.
213:84-94, 1965.

38. Held, R ., and H ein, A. Movement-produced s tim u la tio n  in  th e
development o f  v is u a l ly  guided b eh av io r. Jo u rn a l of 
Comparative and P h y s io lo g ic a l Psvchology. 56:872-876, 1963.

39. H eld, R ., and Freedman, S .J .  P l a s t i c i t y  in  human sensorim oto r
c o n tro l .  S c ien ce . 142:455-462, 1963.

40. Hernandez-Pedn, R. C en tra l mechanisms c o n tro l l in g  conduction along
c e n tra l  sensory  pathways. A cta n eu ro lo g ie s  la tin o -a m e ric a n a . 
1 :256-264, 1955.

41. Hem andez-Pedn, R. R e tic u la r  mechanisms o f sen so ry  c o n tro l .
In  W.A. Rosenbluth (E d .) , Sensory communication. Cambridge, 
M assachusetts: The M .I.T . P r e s s ,  Pp. 497-519, 1961.

42. Hernandez-Pe6n, R ., S c h e rre r , H ., and Jo u v e t, M. M od ifica tion  of
e l e c t r i c a l  a c t i v i ty  in  co ch lea r nucleus during  " a t te n t io n "  
in  u n an es th e tized  c a ts .  S c ie n c e . 123:331-332, 1956.

43. Hernandez-Pe6n, R ., S ch e rre r, H ., and V elasco , M. C en tra l in flu en ces
on a f fe re n t  conduction in  th e  som atic and v is u a l  pathways.
Acta n eu ro lo g ie s  la tin o -a m e ric a n a . 2 :8 -2 2 , 1956.

44. Hernandez-Pedn, R ., Jo u v e t, M., and S c h e rre r , H. A uditory p o te n t ia ls
a t  the  co ch lea r nucleus du rin g  a c o u s tic  h a b i tu a t io n .  Acta 
n eu ro lo g ies  la tin o -a m e ric a n a . 3:114-116, 1957.

45. H o ls t, E. von R ela tio n s  between th e  c e n tr a l  nervous system  and th e
p e r ip h e ra l o rg an s . B r i t is h  Jo u rn a l o f Animal B ehavior.
2 :89-94 , 1954.

46. H o ls t, E. von, and M it t le s f a e d t ,  H. Das R ea ffe ren zp rin z ip
(Wechselwirkungen zwischen Z e n tra l nervensystem  und P e r ip h e r ie ) .  
N atu rw issenschaften . 37:464-476, 1968.

47. Hunt, C .C ., and P e r l ,  E.R. S p in a l r e f le x  mechanisms concerned w ith
s k e le ta l  m uscle. P h y s io lo g ic a l Reviews. 40:528-579, 1960.

48. Hunt, C .C ., and M cIntyre, A.K. An a n a ly s is  o f f i b e r  d iam eter and
re c e p to r  c h a r a c te r i s t ic s  o f m ylinated  cutaneous a f f e r e n t  f ib e r s  
in  c a t .  Jo u rn a l of P h ysio logy . 153:99-112, 1960.



122

49. Iggo, A. Cutaneous re c e p to rs  w ith a high s e n s i t iv i ty  to  mechani­
c a l  d isp lacem en t. In  A.V.S. DeReuck and J .  Knight (E d s .) ,
Touch, h e a t and p a in . CIBA Foundation Symposium, Boston:
L i t t l e ,  Brown and Company, pp. 237-256, 1966.

50. Jab b u r, S . J . ,  and Towe, A.L. C o r tic a l e x c i ta t io n  of neurons in
d o rsa l column n u c le i o f c a t ,  in c lu d in g  an a n a ly s is  o f pathways. 
Jo u rn a l o f N europhvsiology. 24:499-509, 1961.

51. Kostyvk, P .G ., and Skibo, G.G. (S ynaptic  tran sm issio n  o f p ro p rio ­
cep tiv e  and cutaneous v o lley s  through the  Burdach n u c leu s .)  
F is io lo g ic h e s k ii  Z hurnal SSSR imeni I.M. Sechenova. 54:649-658, 
1968 (R u ssian ). E ng lish  t r a n s la t io n :  N eurosciences T ra n s la tio n s . 
6:623-630, 1969.

52. K ruger, L . , S im in o ff, R ., and Witkovsky, P. S in g le  neuron an a ly s is
of d o rsa l column n u c le i  and s p in a l nucleus o f tr ig em in a l in  
c a t .  Jo u rn a l o f N europhvsiology. 24:333-349, 1961.

53. Kuypers, H.G.J.M. C o r t ic a l  p ro je c tio n s  to  th e  pons and th e  medulla
oblongata in  c a t  and man. Anatomical R ecord. 124:322-323, 1956.

54. Kuypers, H .G .J.M ., and Tuerk, J .D . The d i s t r ib u t io n  of th e  c o r t ic a l
f ib e r s  w ith in  th e  n u c le i  cuneatus and g r a c i l i s  in  the  c a t .
Jo u rn a l o f Anatomy (London), 98:143-162, 1964.

55. L e v i t t ,  M., C a rre ra s , M., L u i, C .N ., and Chambers, W.W. Pyramidal
and ex trap y ram id al m odulation o f som atosensory a c t iv i ty  in  
g ra c ile  and cuneate  n u c le i .  A rchives i ta l ie n n e s  de b io lo g ie . 
102:197-229, 1964.

56. Lorente de Nd, R. A study  of nerve physiology. In : S tud ies from
the R o ck e fe lle r  I n s t i t u t e  fo r Medical R esearch . 131, New York, 
1947.

57. Lubin, A ., L 'u t i l i s a t i o n  des c o r ré la tio n s  par rang  pour éprouver une
tendance dans un ensemble des moyennes. B u lle t in  du C .E.R.P. , 
10:433-444, 1961.

58. L y erly , S.B. The average Spearman rank c o r re la t io n  c o e f f ic ie n t .
Psvchom etrika. 17:421-428, 1952.

59. Mackay, D.M. P e rc e p tio n  and b ra in  fu n c tio n . In  F.D. Schm itt (E d .) ,
The n e u ro sc ie n c es . V ol. I I ,  New York: The R o ck efe lle r Univer­
s i t y  P re s s , Pp. 303-316, 1970.

60. Magni, F . , M elzack, R ., M oruzzi, G ., and Sm ith, C .J . D ire c t pyra­
m idal in f lu e n c e s  on d o rsa l column n u c le i .  A rchives i ta l ie n n e s  
de b io lo g ie . 97:357-377, 1959.



123

61. M archlafava, P .L ., and Pompeiano, 0. Pyramidal In flu en ces  on sp in a l
cord during  desynchronized s le e p . Archives I ta l ie n n e s  de b io lo ­
g i e . 102:500-529, 1964.

62. Morin, F. A new s p in a l pathway for cutaneous Im pulses. American
Jo u rn a l of Physiology. 183:245-252, 1955.

63. M orrison, A .R ., and Pompeiano, 0 . Pyram idal d ischarge  from somato­
senso ry  co rtex  and c o r t ic a l  c o n tro l of prim ary a f fe re n ts  
d u rin g  s le e p . Archives I ta lie n n e s  de b io lo g ie . 103:538-568,
1965.

64. M orrison, A .R ., and Pompeiano, 0 . V e s tib u la r  In flu en ces  during
s le e p . I I .  E ffec ts  of v e s tib u la r  le s io n s  on the pyram idal 
d isch a rg e  during desynchronized s le e p . Archives I ta l ie n n e s  
de b io lo g ie . 104:214-230, 1966.

65. M ountcastle , V .B., and Pow ell, T .P .S . N eural mechanisms subserv ing
cutaneous s e n s ib i l i ty  w ith  sp e c ia l re fe ren ce  to  th e  ro le  of 
a f f e r e n t  In h ib itio n  In  sensory p ercep tio n  and d isc r im in a tio n . 
Johns Hopkins H o sp ita l B u lle t in . 105:201-232, 1959.

66. N orton, A.C. (Ed.) D orsal column system  of the  sp in a l c o rd .
An updated rev iew . Los Angeles : UCLA B rain  In form ation  
S e rv ic e , Pp. 108-121, 1970.

67. P e r l ,  E .R ., W hitlock, D.G., and Gentry, J .R . Cutaneous p ro je c tio n
to  second order neurons o f the d o rsa l column system . Jo u rna l 
of Neurophvsiology. 25:337-358, 1962.

68. P e t i t ,  D ., and Burgess, P.R. D orsal column p ro je c tio n  of re c ep to rs
in  c a t  h a iry  sk in  supp lied  by m yelinated  f ib e r s .  Jo u rn a l of 
Neurophvsiology. 31:849-855, 1968.

69. Pompeiano, 0 . The neurophyslo log lca l mechanisms of the  p o s tu ra l  and
motor even ts during  desynchronized s le e p . In S .S . K ety, E.V. 
E v a r ts , and U.L. W illiams (E d s.) , Sleep and a l te re d  s t a t e s  of 
con sc io u sn ess . Research P u b lic a tio n s , A ssoc ia tion  fo r  Research 
In  Nervous and Mental D iseases, 45:351-423, 1967.

70. Pompeiano, 0 . Mechanisms of sensorim otor In te g ra tio n  d u ring  s le e p .
In  E. S te l l a r  and J.M. Sprague (E d s .) , P rogress In  p h y s io lo g ic a l 
psychology. New York: Academic P re s s , Vol. 3 , Pp. 3 -179 , 1970.

71. Pompeiano, 0 . ,  and Sw ett, J .E . EEC and b eh av io ra l m an ife s ta tio n s
of s le e p  Induced by cutaneous nerve s tim u la tio n  In normal c a ts .  
A rchives i ta l ie n n e s  de b io lo g ie . 100:311-342, 1962.

72. Pompeiano, 0 . ,  and M orrison, A.R. V e s tib u la r  In flu en ces  during
s le e p . I .  A bolition  of th e  rap id  eye movements d u rin g  desyn­
chron ized  s leep  fo llow ing v e s t ib u la r  le s io n s . Archives 
I ta l ie n n e s  de b io lo g ie . 103:569-595, 1965.



124

73. Pompeiano, 0 . ,  and M orrison, A.R. V estib u la r in flu en ces  during
s le e p . I I I .  D isso c ia tio n  of the  to n ic  and phasic  in h ib i t io n  
of s p in a l  re f le x e s  during  desynchronized s leep  follow ing 
v e s t ib u la r  le s io n s .  Archives i ta l ie n n e s  de b io lo g ie . 104: 
231-246, 1966.

74. Rosen, I .  A ffe ren t connexions to  group I  a c tiv a te d  c e l ls  in  th e
main cuneate  nucleus of the  c a t .  Jo u rn a l of Physiology (London), 
205:209-236, 1969.

75. S ch e ib e l, M .E., and S c h e ib e l, A.B. S tru c tu ra l  s u b s tra te s  fo r  in te ­
g ra tiv e  p a t te rn s  in  th e  b ra in  stem r e t i c u la r  c o re . In  H.U.
Jasp e r (E d .) , R e tic u la r  form ation of the  b r a in . Henry Ford 
H o sp ita l In te rn a t io n a l  Symposium, Boston: L i t t l e ,  Brown and 
Company, Pp. 31-55, 1958.

76. Shaw, J .C . Q u a n tif ic a tio n  o f b io lo g ic a l s ig n a ls  using  in te g ra tio n
tech n iq u es . In  R.H. Venables and Iren e  M artin (E d s .) ,
Manual o f p sy ch o -p h y sio lo g ica l methods c Amsterdam: North-Holland 
P u b lish in g  Company, Pp. 403-466, 1967.

77. S perry , R.W. N eural b a s is  o f  th e  spontaneous o p to k in e tic  response
produced by v is u a l  in v e rs io n . Jo u rn a l of Comparative and 
P h y s io lo g ica l Psychology. 43:482-489, 1950.

78. S te inbach , M .J ., and Held, R. Eye track in g  of observer-genera ted
ta rg e t  movements. S c ien ce . 161:187-188, 1968.

79. S traw , R .N ., and M itc h e ll , G.L. A sim ple method of im planting
e le c tro d e s  fo r  long -term  s tim u la tio n  of p e r ip h e ra l nerv e .
Jo u rn a l o f Applied P hysio logy . 2 1 (2 ):712-714, 1966.

80. Taub, E . , and Berman, A .J. Movement and le a rn in g  in  the  absence
of sensory  feedback . In  S .J .  Freedman (E d .) , The neuropsychology 
of s p a t i a l ly  o rie n te d  b e h a v io r. Homewood, I l l i n o i s :  Dorsey P re ss , 
Pp. 173-191, 1968.

81. Teuber, H.L. P e rc e p tio n . In  J .  F ie ld , H.U. Magoun, and V.E. H all
(E d s .) , Handbook of physio logy . S ec tion  I .  N europhvsiology. 
W ashington, D .C .: American P h y s io lo g ica l S o c ie ty , Vol. I l l ,
Pp. 1595-1667, 1960.

82. Towe, A .L ., and Jab b u r, S .J .  C o rtic a l in h ib i t io n  of neurons in
d o rsa l column n u c le i o f c a t .  Jo u rn a l o f Neurophvsiology. 
24:488-498, 1961.

83. Uddenberg, N. D if f e r e n t ia l  lo c a l iz a t io n  in  d o rsa l fu n icu lu s  of
f ib e r s  o r ig in a tin g  from d i f f e r e n t  re c e p to rs . Experim ental 
Brain R esearch . 4 :367-376, 1968.



125

84. Uddenberg, N. F un c tio n a l o rg a n iz a tio n  of long, second o rd e r
a f fe re n ts  In  the  d o rs a l  fu n ic u lu s . Experim ental B rain  
R esearch. 4 :377-382, 1968.

85. W alberg, F. C o rtlco fu g a l f ib e r s  to  th e  n u c le i of th e  d o rs a l
columns. An experim ental study In  th e  c a t .  B ra in .
80:273-287, 1957.

86. W alberg, F. Axoaxonic co n tac ts  In th e  cuneate n u c leu s , p robab le
b a s is  of p re sy n ap tic  d e p o la r iz a tio n . Experim ental N eurology. 
13:218-231, 1965.

87. W all, F.D. The sensory and motor r o le  of Impulses t r a v e l in g  In
the  d o rsa l columns tow ards c e re b ra l c o rte x . B ra in . 9 3 (3 ): 
505-524, 1970.

88. Yamamoto, S . , and Mlyajlma, M. U nit d ischarges recorded  from d o rsa l
p o rtio n  of m edulla responding to  adequate e x te ro c e p tiv e  and 
p ro p rio ce p tiv e  s tim u la tio n  In  c a t .  Japanese Jo u rn a l of 
P hvslo logv . 11:619-626, 1961.


