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Effect of Training on the Properties of Isolated Skeletal Muscles 

I n  a r e c e n t  i n v e s t i g a t i o n  in to  t h e  s e p a r a t e  effects  on  
i n t e n s i t y  a n d  d u r a t i o n  of t r a i n i n g  rou t i ne s  ( runn ing  on  
a n  endless  bel t )  on  t h e  size of musc le  fibres, i t  was  
d e m o n s t r a t e d  t h a t ,  a lb ino  mice  t r a i n e d  for  15 m i n / d a y  
a t  0.83 f t / sec  for  3 weeks,  showed  a n  increase  in m e a n  
f ibre  cross-sec t ional  a rea  of 49 .0% (WALKER~). The  
p r e s e n t  r e p o r t  r e l a t e s  t h i s  c h a n g e  in f ibre size to  changes  
in t h e  m e c h a n i c a l  p rope r t i e s  of t h e  i so la ted  muscles .  

Af te r  t r a i n i n g  was  comple t e  t h e  b iceps  b r a c h i i  a n d  t h e  
t ib ia l i s  a n t e r i o r  were  isola ted.  T h e  r i g h t  fore a n d  h i n d  
l i m b s  were  a m p u t a t e d  close to  t h e i r  r e spec t ive  l i m b  
girdles a n d  t h r e a d  was  a t t a c h e d  to  t h e  p r o x i m a l  t e n d o n  
in  t h e  case of t he  b iceps  b rach i i  a n d  t he  d i s t a l  t e n d o n  in  
t h e  case of t h e  t ib ia l i s  an te r io r .  These  t e n d o n s  were sub-  
s e q u e n t l y  seve red  a n d  t he  p r e p a r a t i o n  p i n n e d  to  a co rk  
b o a r d  t h r o u g h  t h e  b o n e  lef t  a t t a c h e d  to  t h e  r e m a i n i n g  
t endon ,  a n d  i m m e r s e d  in  a c o n s t a n t  t e m p e r a t u r e  (35 °C) 
b a t h  c o n t a i n i n g  150 ml  m a m m a l i a n  Ringer .  T he  so lu t ion  
was  a e r a t e d  a n d  g e n t l y  s t i r red  b y  b u b b l i n g  a m i x t u r e  of 
o x y g e n  (95%) a n d  c a r b o n  d iox ide  (5%) t h r o u g h  it.  One 
p l a t i n u m  e lec t rode  was  w o u n d  a r o u n d  t h e  musc le  a n d  
t h e  o t h e r  d i p p e d  i n to  t h e  R i n g e r ' s  so lut ion.  I so -me t r i c  
m e a s u r e m e n t s  of muscle  s t r e n g t h  were  r eco rded  o n  a 
P h y s i o g r a p h  (E a n d  M I n s t r u m e n t  Company) .  T h e  load-  

Mechanical properties of isolated muscle preparations from control 
and trained nfice 

Biceps Tibialis 
brachii anterior 

Twitch tension Control 1112.4 -4- 70.7 • 448.7 4- 40.3 b 
Exercised 1836.5 ~ 195,0 • 785.5 ± 72.6 b 

Tetanus tension Control 1845.0 4- 121.7 b 540.6 4- 54.8 b 
Exercised 2870.5 4- 141.3 b 969.8 4- 69.6 b 

Half-fatigue Control 5.83 4- 0.74 • 6.00 4- 0.65 c 
time for Exercised 8.94 4- 0.34 ~ 7.73 :J: 0.80 ° 
tetanus (sec) 

Mechanical properties of isolated muscle preparations from trained 
and control mice. Each figure represents the mean of 10 muscle 
preparations. Tensions are expressed as gig wet weight of the muscle. 
S.E., Standard error. • Significant at 1% level, b Significant at 0.1% 
level. 0 Not significant. 

ing t e n s i o n  in e v e r y  case for  b o t h  muscles  was  3.8 g. T h e  
cha rac t e r i s t i c s  of m a x i m a l  s ingle t w i t c h e s  were  m e a s u r e d  
fo l lowing a s ingle  pulse  of 50 vo l t s  l a s t i ng  2 rnsec. The  
musc le  was  p u t  in to  t e t a n u s  us ing  one  h u n d r e d  50 V 
pulses/sec.  These  va lues  were f o u n d  to  give t h e  m a x i m a l  
response .  T h e  t r a i n e d  musc le  p r e p a r a t i o n s  were  c o m p a r e d  
w i t h  p r e p a r a t i o n s  f rom u n t r a i n e d  mice  of t h e  s a m e  in i t i a l  
b o d y  w e i g h t  (35 g). 

T h e  resu l t s  in  t h e  T a b l e  show s ign i f i can t ly  increased  
t ens ions  a n d  p ro longed  fa t igue  t i m e s  for  t he  2 musc les  
fol lowing t r a in ing .  No s ign i f i can t  d i f ferences  were  f o u n d  
in c o n t r a c t i o n  t imes,  r e l a x a t i o n  t i m e s  or  l a t e n t  per iods  
fo l lowing t w i t c h  s t i m u l a t i o n  a n d  t h e  resu l t s  are  n o t  
p r e s e n t e d  here.  However ,  t he  increase  in  t en s ion  deve loped  
b y  t e t a n u s  s t i m u l a t i o n  (55.6% for t h e  b iceps  b rach i i  a n d  
79 .4% for t h e  t ib ia l i s  an te r io r )  is n o t  p r o p o r t i o n a l  to  t h e  
increase  in f ibre  c ross-sec t iona l  a r ea  (49.0%).  

I t  is sugges ted  t h a t  th i s  d i s p r o p o r t i o n a t e  increase  in  
s t r e n g t h  is a ssoc ia ted  w i t h  t h e  t h i c k e n i n g  of Inyof ibr i ls  
r e c e n t l y  desc r ibed  b y  MOLBERT a n d  JIJIMA 2 a n d  GOLD- 
SPI~rlO. P r e s u m a b l y  th i s  t h i c k e n i n g  of t h e  myof ib r i l s  
would  n o t  in f luence  t h e  c ross-sec t iona l  a rea  of t he  f ibres  
to  t he  s ame  e x t e n t  as a p r o p o r t i o n a l  increase  in  t h e i r  
nu  tuber  4. 

Zusammen[assung. Weisse  M~Luse w u r d e n  3 W o c h e n  auf  
e inem end losen  B a n d  t r a i n i e r t .  I h r e  S k e l e t t m u s k e l n  
ze ig ten  in v i t ro  e r h 6 h t e  i somet r i sche  S p a n n u n g  u n d  
ger ingere  E r m i i d u n g  bei  t e t a n i s c h e r  Reizung .  Die  Zu-  
n a h m e  a n  Fase rque r schn i t t s f l i i che  dieser  Muske ln  w a r  
r e l a t i v  ger inger  als die Z u n a h m e  de r  K r a f t e n t w i e k l u n g .  
E s  wi rd  a n g e n o m m e n ,  dass  diese D i sp ropor t iona l i t i i t  als 
R e s u l t a t  e iner  V e r d i c k u n g  de r  Myof ibrf l len  zu d e u t e n  ist.  
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The Activity of Neurons in the Lateral Geniculate Body During Wakefulness and Natural Sleep 

I t  is well  k n o w n  t h a t  t he  a c t i v i t y  of t h a l a m i c  a n d  
cor t ica l  n e u r o n s  shows m a r k e d  changes  in  t h e  t r a n s i t i o n  
f rom wakefu lness  to  sleep TM. M u c h  of t he  p rev ious  re- 
sea rch  on  th i s  s u b j e c t  ha s  b e e n  c o n d u c t e d  in  a n e s t h e t i z e d  
or  r e s t r a i n e d  a n i m a l s  a n d  ha s  dea l t  w i t h  t h e  ' s low-wave '  
p h a s e  of sleep, T h e  purposes  of t h e  i nves t i ga t i ons  r e p o r t e d  
he re  h a v e  b e e n :  (1) to  s t u d y  q u a n t i t a t i v e l y  t h e  changes  
wh ich  occur  in  t h a l a m i c  n e u r o n a l  a c t i v i t y  in  u n r e s t r a i n e d ,  
u n a n e s t h e t i z e d  a n i m a l s ;  (2) to  inc lude  in  t he  s t u d y  t he  
p h a s e  of ' low vo l t age - f a s t  w a v e '  sleepl2,xa,x*,l~; (3) to  
d e t e r m i n e  t h e  e x t e n t  of t h e  n e u r o n a l  t e r r i t o r y  w i t h i n  
wh ich  t he  changes  in  n e u r o n a l  a c t i v i t y  occur ;  (4) to  
deve lop  a m e t h o d  of i m p l a n t a t i o n  of mic roe lec t rodes  
w h i c h  is s imple  a n d  does n o t  i nvo lve  t he  use of meta l l i c  
c a n n u l a e  w h i c h  f r e q u e n t l y  cause  i n j u r y  to  b r a i n  t i ssue  
a n d  s h o r t i n g  of t h e  c o n n e c t i n g  leads.  

Materials and methods. Microe lec t rodes  m a d e  of 
p l a t i n u m - i r i d i u m  wire, s h a r p e n e d  e lec t ro l i t i ca l ly  to  di- 
a m e t e r s  of f rom 1-5 # a n d  i n s u l a t e d  w i t h  glass 17, were 
i m p l a n t e d  in t h e  b r a i n  of 7 cats ,  u n d e r  b a r b i t u r a t e  
anes thes ia .  A f t e r  i m p l a n t a t i o n  t h e  a n i m a l s  were  m a i n -  
t a i n e d  for  per iods  of f rom 2-8  weeks,  a n d  t h e  n e u r o n a l  
a c t i v i t y  was  s t ud i ed  in  t h e  u n a n e s t h e t i z e d ,  u n r e s t r a i n e d  
s ta te ,  in wakefu lness  or  in  sleep. 

T h e  d a t a  a n a l y z e d  s t a t i s t i ca l ly  a n d  p r e s e n t e d  in  th i s  
r e p o r t  are  f rom 2 of these  an imals .  T h e  f i rs t  a n i m a l  was 
i m p l a n t e d  w i t h  3 mic roe lec t rodes  in  t he  l a t e r a l  gen icu la t e  
body ,  a n d  record ings  f rom 2 of t he  mic roe lec t rodes  (400 
m i c r a  a p a r t )  were  t a k e n  1 m o n t h  a f t e r  i m p l a n t a t i o n .  T h e  
second  ca t  was  i m p l a n t e d  w i t h  1 mic roe lec t rode  in t h e  
l a t e ra l  gen icu la t e  a n d  record ings  were  o b t a i n e d  15 d a y s  
a f t e r  i m p l a n t a t i o n .  Q u a n t i t a t i v e  s tud ies  were  p e r f o r m e d  
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on 30 sec periods of recording f rom 2 points  in the  la tera l  
geniculate  body  of 1 animal ,  and f rom one po in t  in t he  
la terM geniculate  b o d y  of t he  other,  dur ing each s tage  of 
wakefulness  and sleep. The  locat ion of the  recording 
points  was ascer ta ined by  serial section of the  bra in  and 
s ta ining by  the  NlssL technique.  

Electrode implanlation. The  device  used for implan ta t ion  
is i l lus t ra ted  in F igure  1. The  microelectrodes  were  
connected  to a bakel i te  p is ton  (B), which could t r ave l  
downwards  wi th in  a luci te  cylinder,  8 m m  in d iameter ,  
under  the  comnland  of a screw (S); the  lower e x t r e m i t y  
of the  lucite cyl inder  was connected  to a th in  teflon tube  
(T, gauge 18) which pene t r a t ed  a short  dis tance into the  
bra in  and  served to  ma in ta in  the  microelect rodes  in t he  
p roper  d i rec t ion;  t he  lower par t  of t he  lucite cyl inder  and  
the  tef lon tube  were  a t t a ched  to  t he  bone  by  means  of 
acryl ic  cemen t  and  remained  p e r m a n e n t l y  fixed, so tha t ,  
as the  p is ton  m o v e d  down,  t he  microelect rodes  were  
lowered to the  desired locat ion in the  bra in ;  the  upper  
ex t remi t ies  of the  microelectrodes,  which were f ixed to 
t he  bakel i te  piston,  were connected  by  means  of f lexible 
wires to a ' female '  p lug  (K), comple te ly  separa ted  from 
the  cyl inder  s t ructure ,  so t h a t  inser t ing the  'male '  j ack  (J) 
in to  the plug, in order  to make  connect ions  wi th  the  ampli-  
fiers, would  cause no change in the  posi t ion of the  micro- 
electrodes.  The  in ter ior  of the  cyl inder  and the  space be- 
tween  the  cyl inder  and the  connect ing  plug were par t ia l ly  
filled wi th  paraff in  (P). A longi tudinal  slit in the  wall  of 
the  cyl inder  al lowed the  f lexible wires to  m o v e  down wi th  
t he  p is ton  and the  excess paraff in  to  escape in to  the  space 
be tween  the  cyl inder  and the  plug. 

The  whole assembly  was enclosed in a block of acryl ic  
cemen t  (A) a t t ached  to the  skull. Because  the  pis ton 
f i t ted  into  t he  cyl inder  v e r y  t igh t ly  and because of the  
presence of paraff in  inside the  cylinder,  the  downward  
m o v e m e n t  of the  p is ton  and the  microelectrodes  was made  
agains t  considerable  resis tance and, when  the  desired 
locat ion was reached,  w i th  the  p i s ton  t igh t ly  held inside 
t he  cylinder,  suppor ted  by  the  paraff in  below and  the  
screw above,  great  s tab i l i ty  of e lect rode posi t ioning was 
achieved.  

Recording devices. The  microelec t rodes  were connected  
to  amplif iers  wi th  adequa te  i m p u t  impedance  and low 
grid cur ren t  *. The  E E G  was recorded,  s imul taneously ,  
th rough  a smal l  screw inser ted into  the  an te r ior  por t ion  
oI t h e  ca lvar ium,  and  the  E M G  through  a gross steel 
e lectrode inser ted into  the  neck  muscles:  The  screw and 
the  steel e lectrode were connected  to  'Tek t ron ix '  122 
preamplif iers .  One hour  before and dur ing recording the  
an imal  was in darkness.  

The  neuronal  spikes were separa ted  by  means  of a pulse 
he igh t  ana lyzer  18,19 according to  7 ampl i tude  categor ies :  
30-40/~V, 40-50 #V, 50-60 # V  etc., the  h ighes t  ampl i tude  
ca tegory  conta in ing  all t he  sizes above  90 /~V. The  
f requency  of neurona l  d i scharge /uni t  t ime,  in a n y  of  
these ampl i t ude  ranges  or  in any  combina t ion  of them,  
could be de te rmined  and  cont inuous ly  recorded b y  means  
of an  analog compute r .  All  t racings were moni to red  on 
oscilloscopes, pe r t inen t  d a t a  were s tored on magnet ic  
t ape  and p e r m a n e n t  records were made  by  means  of a 
'Honeywel l -Vis icorder '  osci l lograph (Figure 2). 

Results. The  q u a n t i t a t i v e  da t a  are presented  in the  
Table.  I t  can be seen in this Table  tha t ,  as the  animals  
pass f rom wakefulness  to ' s low-wave '  sleep, the  f requency 
of discharge of neurons  is g rea t ly  reduced a n d  as t h e y  
pass  in to  ' low vo l tage- fas t  w a v e '  sleep, the  f requency  of 
discharge is g rea t ly  enhanced.  This  is t rue  whe ther  one 
considers t he  t o t a l i t y  of t he  spikes con ta ined  wi th in  all  
ampl i tude  ranges,  or  whe the r  one considers separa te ly  

t h e  spikes classified by  the  pulse he ight  ana lyzer  in the  
lower ampl i tude  ranges  and the  h igher  ampl i t ude  ranges.  
Analyses  of va r i ance  pe r fo rmed  on these resul ts  indica te  
t h a t  the  differences in f r equency  of discharge be tween  the  
3 s ta tes  is s ignif icant  beyond  t h e  0.01 level  in all  cases. 

The  differences in neuronal  a c t i v i t y  be tween  the  var ious  
stages of wakefulness  and sleep can  be seen even more  
s t r ik ingly  when  the  following rat ios  are ca lcula ted:  
spikes/see dur ing wakefulness versus  ' s low-wave '  sleep, 
spikes/see dur ing  wakefulness versus  ' low vol tage- fas t  
wave '  sleep, and spikes/see dur ing ' low vol tage- fas t  wave '  
sleep versus  ' s low-wave '  sleep. These are  7,28, 0.65, 9.30 
respect ively .  T h e y  indicate  t h a t  the  neuronal  a c t i v i t y  
dur ing  wakefulness  and ' low vol tage- fas t  w a v e '  sleep is 
m a n y  t imes  g rea te r  t han  dur ing ' s low-wave '  sleep, and  
t h a t  the  neurona l  ac t iv i ty  dur ing  wakefulness  is abou t  z/3 
of t h a t  which occurs  dur ing  ' tow vol tage- fas t  w a v e '  sleep. 

2k 

A P Borre ~ 

Fig. 1. Diagrammatic representation of device for implantation of 
microelectrodes. A, acrylic cement; B, bakelite piston; G, 'ground'; 
J, Jack; K, plug; P, paraffin; S, screw; T, teflon tube; 1, 2, 3/~E, 
microelcctrodes. 
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Fig. 2. Original recordings from the unrestrained, 
lmanesthetized eat during wakefulness (Aw), 'slow- 
wave' sleep (SWs), and 'low voltage-fast wave' sleep 
(REMs). LGN, tracing obtained with a microelectrode 
of 5/~ tip diameter showing neuronal spikes from the 
lateral genieulate nucleus. Cx, electroencephalogram. 
EMG, electromyogram. The tracings from 1-7 repre- 
sent the 7 ranges of amplitude into which the spikes 
shown in the LGN tracing have been distributed by 
the pulse height analyzer. I ~ 90 /~v and above, 
2 ~ 80 to 90/~v, 3 = 70-80 #v,  4 = 60-70 #v, 5 
50-60 /~v, 6 = 40-50 /zv, 7 = 30-40 /~v. (A) histo- 
grams of frequency of discharges having amplitudes 
avobe 50 #V. (B) histograms of frequency of dis- 
charges having amplitudes from 30-50 /~V. These 
histograms were obtained by means of a computer 
which provided a cumulative record of frequency of 
discharge of spikes in the LGN tracing every 100 
msec. All tracings in each stage of wakefulness or 
sleep were obtained simultaneously. 

Neuronal discharges/see. Upper figures in each cell indicate spike 
amplitudes above 50/zV. Middle figures indicate spike amplitudes 
between 30 and 50 #V. Lower figures indicate total neuronal dis- 
charges/see, at all spike amplitudes. Aw, wakefulness; SWs, 'slow- 
wave' sleep; REMs, 'low voltage-fast wave' sleep. Cat 1, first animal 
with recordings from 2 microelectrodes; cat 2, second animal with 
recordings from a single microelectrode. 

Aw SWs REMs 

Cat No. 1 
Electrode 1 36.2 8.4 59.1 

127.5 29.2 159.8 
Total 163.7 37.6 218.9 

Electrode 2 17.2 0.8 26.5 
98.9 7.8 119.5 

Total 116.0 8.6 146.0 

Cat No. 2 
Electrode 1 16.3 10.0 45.0 

141.7 36.6 208.3 
Total 158,0 46.6 253.3 

T h e  d i f f e r e n c e s  b e t w e e n  t h e s e  r a t i o s  a r e  s t a t i s t i c a l l y  
s i g n i f i c a n t  b e y o n d  t h e  0.01 level .  

I n  a d d i t i o n ,  b y  s e p a r a t i n g  t h e  n e u r o n a l  s p i k e s  a c c o r d i n g  
t o  t h e i r  a m p l i t u d e s ,  i t  h a s  b e e n  p o s s i b l e  t o  s h o w  c l e a r l y  
t h a t  t h e  c h a n g e s  in  t h e  p a t t e r n s  o f  n e u r o n a l  a c t i v i t y  
w h i c h  o c c u r  in  t h e  t r a n s i t i o n  f r o m  w a k e f u l n e s s  t h r o u g h  
t h e  v a r i o u s  s t a g e s  o f  s leep,  a r e  of  2 k i n d s :  (1) c h a n g e s  in  
t h e  f r e q u e n c y  of  d i s c h a r g e  of  n e u r o n s  w h i c h  a r e  a c t i v e  
d u r i n g  w a k e f u l n e s s  as  wel l  as  d u r i n g  a l l  s t a g e s  of  s l eep ;  
(2) c h a n g e s  in  t h e  n u m b e r  of  a c t i v e  n e u r o n s  or  g r o u p s  of  
n e u r o n s  w i t h  t h e  p a s s a g e  f r o m  o n e  s t a g e  t o  a n o t h e r .  T h e  
f i r s t  p r o c e s s  c a n  b e  d e t e c t e d  b y  t h e  c h a n g e s  in  f r e q u e n c y  

o f  s p i k e s  w h i c h  o c c u r  w i t h i n  one  n a r r o w  a m p l i t u d e  r a n g e ,  
t h e  s e c o n d  b y  t h e  d i s a p p e a r a n c e  of  s p i k e s  w i t h i n  c e r t a i n  
a m p l i t u d e  r a n g e s  in  t h e  t r a n s i t i o n  f r o m  w a k e f u l n e s s  t o  
' s l o w - w a v e '  s leep ,  a n d  b y  t h e  a p p e a r a n c e  o f  s p i k e s  w i t h i n  
n e w  a m p l i t u d e  r a n g e s  in  t h e  p a s s a g e  to  w a k e f u l n e s s  o r  t o  
' l o w  v o l t a g e - f a s t  w a v e '  s leep ,  

F u r t h e r m o r e ,  b y  r e c o r d i n g  s i m u l t a n e o u s l y  f r o m  2 
m i c r o e t e c t r o d e s  w h o s e  t i p s  w e r e  s e p a r a t e d  b y  a d i s t a n c e  
of  400 m i c r a ,  i t  h a s  b e e n  f o u n d  t h a t  t h e  s a m e  c h a n g e s  
occur ,  s i m u l t a n e o u s l y ,  a t  t h e  2 l o c a t i o n s  (Table) .  T h u s ,  i t  
h a s  b e e n  p o s s i b l e  t o  d e t e r m i n e  in  t h e  u n a n e s t h e t i z e d ,  
u n r e s t r a i n e d  a n i m a l  t h a t  t h e  c h a n g e s  in  n e u r o n a l  a c t i v i t y  
w h i c h  o c c u r  in  t h e  t r a n s i t i o n  f r o m  w a k e f u l n e s s  t o  t h e  
v a r i o u s  s t a g e s  of  s leep,  o r  v i c e  v e r s a ,  d e v e l o p  w i t h i n  
r e l a t i v e l y  l a rge  n e u r o n a l  t e r r i t o r i e s  a n d  i n v o l v e  l a rge  
n u m b e r s  o f  n e u r o n s  ~0,2~. 

Rdsumd. O n  a m o n t r 6  q u e  l ' a c t i v i t 6  n e u r o n i q u e  d u  
c o r p s  genoni l l6  e x t e r n e  d u  c h a t  d i m i n u e  l o r s q u e  l ' a n i m a l  
p a s s e  de  l 'Gveil au  s o m m e i l  £ o n d e s  l en t e s ,  e t  a u g m e n t e  
l o r s q u e  l ' a n i m a l  p a s s e  au  s o m m e i l  A o n d e s  r a p i d e s  d e  b a s  
v o l t a g e .  
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