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Enhanced Synaptic Effectiveness Following Prolonged Changes in Synaptic Use 

One of t he  m a n y  unreso lved  p rob l ems  in s y n a p t i c  
phys io logy  is t h e  r e l a t ionsh ip  of p ro longed  s y n a p t i c  
usage to synap t i c  effect iveness.  A l t h o u g h  i t  h a s  o f t en  
been  p o s t u l a t e d  t h a t  p ro longed  increases  in  s y n a p t i c  
usage lead to  increased  s y n a p t i c  ef fec t iveness  1-3, a careful  
rev iew of t he  l i t e r a t u r e  on  pe r iphe ra l  j u n c t i o n s  lead 
SI-IARPLESS 4 to t he  oppos i te  conclusion,  n a m e l y  t h a t  pro-  
longed disuse leads  to  a c o m p e n s a t o r y  increase  in s y n a p t i c  
effect iveness .  

The re  h a v e  been  a n u m b e r  of a t t e m p t s  to  t e s t  these  
ideas us ing  t h e  m o n o s y n a p t i c  ref lex p a t h w a y  s -7 .2  groups  
us ing  chronic  t e n o t o m y  (i.e. t r a n s e c t i o n  of t endons)  to  
decrease  a c t i v a t i o n  of muscle  spindles  i n d e p e n d e n t l y  
obse rved  a n  increase  in t h e  a m p l i t u d e  of b o t h  t h e  mono-  
synap t i c  ref lex s-l~ a n d  t h e  m o n o s y n a p t i c  g roup  I 
a scend ing  dorsa l  sp inocerebe l la r  t r a c t  r e s p o n s O  ~ These  
effects were highly  speci f ic ,  be ing  conf ined  to  t he  ac t ions  
of group I A  a f fe ren t s  supp ly ing  t h e  t e n o t o m i z e d  muscles.  

However ,  t e n o t o m y  a lone  does no t  g u a r a n t e e  t h a t  t h e  
annu lo sp ina l  end ings  are s i lenced in t h e  res t ing  m u s c l e n ;  
the re fore  t he  e x t e n t  of a f f e r en t  f ibre  disuse is u n k n o w n .  
Indeed ,  ne rves  f rom t e n o t o m i z e d  muscles  showed  a n  
increased  overa l l  r e s t ing  i n t e g r a t e d  a f f e r e n t  f ibre  ac t i v i t y  
compared  to  con t ro l  nerves~~ 12, a l t h o u g h  th i s  was  no t  
conf i rmed  in s tud ies  of dorsa l  roo t  a c t i v i t y  13, ~4. Final ly ,  
because  g a m m a  m o t o n e u r o n e  a c t i v i t y  could theo re t i ca l ly  
st i l l  p r o f o u n d l y  inf luence  t h e  ton ic  a c t i v i t y  of g roup  I A  
f ibres  in  these  expe r imen t s ,  i t  is u n c e r t a i n  w h e t h e r  t he  
e n h a n c e d  m o n o s y n a p t i c  responses  obse rved  fol lowing 
t e n o t o m y  could r e su l t  f rom chronic  disuse  or f rom 
excessive use of muscle  s t r e t c h  afferents .  

To o b t a i n  a more  r igorous t e s t  of these  conf l ic t ing  
hypotheses ,  we a t t e m p t e d  to  p r ov i de  a n  unequ ivoca l  
a n d  p ro found  disuse of g roup  I muscle  a f fe ren ts  t h r o u g h  
open ing  t h e  g a m m a  loop b y  t r a n s e c t i n g  t h e  a p p r o p r i a t e  
v e n t r a l  roots  (de-ef ferenta t ion)  as well  as c u t t i n g  t he  
Achil les t endon .  Th i s  should  g rea t ly  decrease  a f f e r e n t  
d ischarges  f rom muscle  s t r e t ch  receptors  b y  comple t e ly  
e l im ina t i ng  g a m m a  con t ro l  n ,  15. Since v e n t r a l  roo t  t r a n -  
sec t ion  leads  to  r e t rog rade  ch roma to lys i s  o~ mo toneu rons ,  
and  to  changes  in t h e i r  exc i t ab i l i t y  ~, ~7, we s tud ied  t he  
a scend ing  m o n o s y n a p t i c a l l y  re layed  d ischarges  in  t he  
dorsa l  sp inocerebe l la r  t r a c t  fol lowing a c t i v a t i o n  of group 
I fibres. 

I n  a d u l t  ca ts  t he  Achil les t e n d o n  was cu t  on  one side 
and  i n t r a d u r a l  sec t ion  of v e n t r a l  roots  L6, L7 a n d  $1 
m a d e  ips i la te ra l  to  t he  t e n o t o m y  u n d e r  s ter i le  condi t ions .  
A s h a m  ope ra t i on  was pe r fo rmed  on t h e  oppos i te  side. 
4-10 weeks la ter ,  acu te  e x p e r i m e n t s  were car r ied  ou t  in  
these  an ima l s  u n d e r  p e n t o b a r b i t a l  anaes thes ia .  The  
ascend ing  m o n o s y n a p t i c  mass  d i scharge  re layed  b y  cells 
of Clarke 's  co lumn  was recorded  m onophas i ca l l y  w i t h  
b ipo la r  electrodes.  Single s t imul i  t h a t  were s u p r a m a x i m a l  
for group I f ibres  were appl ied  to  soleus a n d  b o t h  gas t roc-  
n e m i u s  nerves.  D a t a  were used on ly  f rom e x p e r i m e n t s  in  
which  t h e r e  were s y m m e t r i c a l  a f fe ren t  vol ley  spikes  re- 
corded  f rom a m o n o p o l a r  e lec t rode  on  t he  L5 cord dorsum.  

W e  found  t h a t  fol lowing chron ic  t e n o t o m y  a n d  de- 
e f fe ren ta t ion ,  t h e  a m p l i t u d e  of t h e  m o n o s y n a p t i c  
a scend ing  response  was cons ide rab ly  a n d  cons i s t en t ly  
increased  ( a p p r o x i m a t e l y  50%) on  t h e  ope ra t ed  side as 
c o m p a r e d  to  t h e  con t ro l  side (Figure  1). Th i s  di f ference 
pers i s ted  u n c h a n g e d  t h r o u g h o u t  acu te  e x p e r i m e n t s  
l a s t ing  up  to 10 h. On ly  t he  ear l ies t  (group I) c o m p o n e n t  
showed  s igni f ican t  and  cons i s t en t  a s y m m e t r y .  The  mono-  
synap t i c  a scend ing  responses  to  sural  ne rve  vol leys  were  
symmet r i ca l ,  i nd i ca t i ng  t h a t  e x p e r i m e n t a l  cond i t ions  did  
n o t  a r t i f a c tua l l y  f a v o u r  one side. I n  n o n - o p e r a t e d  con t ro l  

p r e p a r a t i o n s  t h e  m o n o s y n a p t i c  a scend ing  group I re- 
sponses  were symmet r i ca l .  The  m o n o s y n a p t i c  response  
a s y m m e t r y  was p re se rved  t h r o u g h o u t  t h e  course of post -  
t e t a n i c  p o t e n t i a t i o n  fol lowing app l i ca t ion  of a 10 sec t r a i n  of 
s t imul i  a t  500 pe r  second to  soleus and  b o t h  gas t rocnemius  
ne rves  (Figure 2). Th i s  d e m o n s t r a t e s  t h a t  t he  a sym-  
m e t r y  will r e m a i n  even  d u r i n g  a m a r k e d l y  d i f fe ren t  
func t iona l  s ta te .  S t a t i s t i ca l  analysis ,  us ing  b o t h  pa ra -  
me t r i c  a n d  n o n - p a r a m e t r i c  tests ,  of response  a m p l i t u d e s  
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Fig. 1. Monosynaptic ascending responses recorded from acutely 
transected thoracic spinal cord (A and B) and L5 cord dorsum poten- 
tials (C and D) to single shock stimulation of soleus and gastroe- 
nemius nerves 47 days after unilateral Achilles tenotomy and tran- 
section of ventral roots L6, L7 and $1. Traces A and C, operated 
side; traces B and D, non-operated side. Each record consists of 20 
superimposed individual responses. The amplitude of the mono- 
synaptie ascending response of the operated side is approximately 
1.5 times larger than that of the non-operated side. 

1 j .  C. ECCLES, The NeurophysioIogical Basis of Mind. The Prin- 
ciples of Neurophysiology (Clarendon Press, Oxford 1953). 

2 j .  C. ECCLES, The Physiology oJ Synapses (Academic Press, New 
York 1964). 

3 D. 0. HERB, The Organization o] Behaviour (Wiley, New York 
1949). 

4 S. K. S~ARPLESS, Ann. Rev. Physiol. 26, 357 (1964). 
J. C. ECCLES, in Brain Mechanisms and Learning, (Ed. J. F. 
DtgLAFRESNAYE; Thomas, Springfield 1961), p. 335. 

6 j .  C. ECCLES, IK. KRNJEVlC and R. MILEDI, J. Physiol. 145, 204 
(1959). 

7 j .  C. 2CCLES and A. K. MCINTYR~, J. Physiol. 121,492 (1953). 
8 R. BERANEK and P. HNIK, Science 130, 981 (1959). 
9 R. BERANEK, P. HNIK, L. VYKLIGKY and J. ZELENA, Physiologia 

bohemoslov. 10, 543 (1961). 
10 W. I~OZAK and R. WESTERMAN, Nature 189, 753 (1961). 
11 2. ]2~LDRED, R. GRANIT and P. A. M~KTON, J. Physiol. 122, 498 

(1953). 
12 p. HNIK, R. BERANEK, L. VYKLICKY and J. ZELENA, Physiologia 

bohemoslov. 12, 23 (1963). 
13 2 .  2LDRED, C. F. BlZlDGMAN, ~V[. t{ANo~ Y. SASAKI and H. YELLIN, 

in Neurophysiological Basis o[ Normal and Abnormal Motor 
Activities (Ed. M. D. YAHR and D. P. PUI~PURA (Raven Press, 
Hewlett, N.Y. 1967), p. 35. 

14 H. YELLIN, Thesis, The University of California at Los Angeles 
(1966). 

15 S. W. I~UFFLER, C. C. HUNT and J. P. QUILLIAM, J. Neurophysiol. 
14, 29 (1951). 

16 j .  G. 2CCLES, B. LIBET and R. R. YOUNG, J. I;hysiol. ld3, 11 
(1958). 

17 A. IK. MGINTYRE, K. BRADLEY and L. G. BROCK, J. gen. Physiol. 
42, 931 (1959). 



15.12. 1969 Specialia 1273 

in each of 7 cri t ical  exper iments  using t e n o t o m y  and de- 
efferentat ion,  and in each of 6 control  exper iments  re- 
vealed  t h a t  all animals  in the  exper imenta l  group showed 
signif icant  group I response a s y m m e t r y  ( P < 0 . 0 1 ) ,  
whereas  none in the  control  group did. Comparison of 
mean  response ampl i tude  on the  two sides for all the  
opera ted  and all the  non-opera ted  groups by the t-test  
showed the  response ampl i tudes  to be s ignif icant ly  
di f ferent  ( P <  0.01) in the  exper imenta l  group, bu t  no t  
in the  control  group. 

Our da t a  demons t ra t e  t h a t  combined t e n o t o m y  and 
ven t ra l  root  t ransect ion (de-efferentation) lead to 
enhancement  of the  monosynap t i e  ascending group I 
response. Our resul t  wi th  the  combined  procedure  is 
ident ical  to t h a t  found a f te r  t e n o t o m y  alone 1~ The 
addi t ional  de-efferentat ion in our series conclusi~ely rules 
out  an effect  media ted  th rough  the  g a m m a  loop, and thus  
diminishes the  l ikelihood t h a t  the  increased-use hypo-  
thesis is a sa t i s fac tory  exp lana t ion  for the  results in the  
original  t e n o t o m y  exper iment  x0, is. These findings there-  
fore suggest  t h a t  chronic disuse by  means  of t e n o t o m y  
alone or  combined  t e n o t o m y  and de-efferentat ion leads to 
increased syi lapt ic  effectiveness.  

To tes t  this hypothesis  fur ther  it  is necessary to rule 
ou t  t he  poss ibi l i ty  t h a t  a t rophical Iy  induced increased 
ac t iv i ty  in some group of muscle afferents migh t  be re- 
sponsible for the  increased effectiveness of group I actions 
in our exper iments .  Therefore,  we measured the  rest ing 
discharge frequencies and funct ional  proper t ies  of over  
100 group I and I I  afferents  f rom muscles p rev ious ly  
t eno tomized  and de-efferented;  we found no evidence of 
any  signif icant  increase in the  rest ing discharge f requency 
of such units.  Indeed,  h i s tograms of spontaneous  rest ing 
discharge f requency  of these uni ts  were near ly  ident ical  
to those der ived f rom normal  and tenotomized  muscles x2, 
except  t h a t  there  were more ' s i lent '  units  in our  experi-  
men ta l  group. Moreover,  in exper iments  in which the  
muscles were no t  exposed, passive ro ta t ion  of the  ankle 
jo in t  th rough  ranges of mot ion  judged to be s imilar  to 
those occurr ing dur ing unrestrained,  normal  postura l  
m o v e m e n t s  produced no, or v e r y  little, increase of rest ing 

discharge in afferents f rom operated  muscles. In  contrast ,  
ve ry  slight ankle ro ta t ion  in normal  control  prepara t ions  
was associated with  the  usual ve ry  large increases in dis- 
charge f requency of afferents f rom comparab le  normal  
muscles. We  therefore  assume that ,  in tenotomized,  de- 
efferented muscles, p o s t u r a t  ankle  ro ta t ion  would fail to 
increase discharge f requency in musc l e  s t re tch afferents 
to a level comparable  to t h a t  which would occur on the  
normal  control  side during na tura l  ro ta t iona l  movements .  
Deta i led  studies of ankle ro ta t ion  in animals  wi th  
t e n o t o m y  alone have  also shown tha t  ankle ro ta t ion  pro- 
duces less discharge increase in afferents supplying 
tenotomized  muscles than  in afferents supplying control  
muscles~3, ~. Therefore,  i t  seems reasonable to pos tu la te  
t h a t  the  enhanced monosynap t ic  group I responses seen 
in exper iments  in t e n o t o m y  alone s-x0, and in our experi-  
ments  are associated wi th  chronic synapt ic  disuse. 

As a final control  procedure we have  per formed experi-  
ments  on 5 cats subjected to chronic separat ion of the  t ip  
of the  os calcis as an a l te rna t ive  means  for unloading the  
triceps surae wi thou t  ac tual ly  cu t t ing  the  tendon.  Since 
our results again dupl icated those repor ted  for t endon  
t ransect ion ~0, t h e y  rule out  any t rophic  effect specific to 
the  t endon  t ransect ion itself. 

Our  observat ions  on the  rest ing discharge f requency  of 
fibres are confined to group I and I I  afferents,  t towever ,  
i t  seems doubt fu l  t h a t  mechan isms  related to increased 
spontaneous ac t iv i ty  in h igher  threshold,  non-s t re tch  
afferents could account  for ei ther  our results or the  highly 
restr ic ted d is t r ibut ion  of increased synapt ic  effectiveness 
seen in t e n o t o m y  exper iments  TM. Thus, at  least  at  these 
spinal synapses and wi th  these procedures,  our d a t a .  
favour  the  hypothesis  tha t  prolonged disuse is associated 
wi th  increase in the  effect iveness of the  disused afferent  
fibres in discharging thei r  pos tsynapt ic  cells. F r o m  these 
studies alone we cannot  specify a pre- or p o s t s y n @ i c  
locus for the  cri t ical  change;  nei ther  can we del ineate  the  
mechanisms involved.  

If  i t  can be shown t h a t  synapt ic  disuse at  o ther  junc- 
t ions also leads to increased synapt ic  effectiveness,  then  
this  reciprocal  relat ionship could prove  to be an i m p o r t a n t  
homeos ta t ic  principle governing long-enduring changes in 
synapt ic  t ransmission ~9. 
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Fig. 2. Post-tetanic potentiation of monosynaptic ascending re- 
sponses to soleus and gastrocnemius nerve stimulation on operated 
side (filled circles) and non-operated side (open circles). Baseline 
amplitudes are plotted to left of hatched column which represents 
10 see of stimulation at 500 impulses per second. The figure shows 
the potentiated response of the non-operated side. The time course 
of the potentiated responses is comparable on both sides. 

Rdsumd. Pour  mieux  6tudier le r appor t  entre  la d iminu-  
t ion de l 'u t i l i sa t ion chronique d 'une  synapse et  son 
efficacit4, l ' ampl i tude  de la r4ponse monosy i lap t ique  
ascendante  des fibres aff4rentes de Oroupe I a 6t6 
mesur6e plusieurs semaines apr6s t6notomie  et  'd6- 
eff6rentation.  La  conclusion de cet te  6rude est qu 'une  
plus grande efficacit6 monosynap t ique  est associ4e & la 
d iminu t ion  de l 'u t i l i sa t ion des fibres aff4rentes du 
Groilpe I. 
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