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D i s c h a r g e  P r o p e r t i e s  of  M o t o r  U n i t s  in  M a n  

Single mo to r  uni ts  can be ident i f ied  by  the  character-  
istic shape  of the i r  po ten t i a l s  in e lec t romyograph ic  
recordings.  Owing to  in ter ference  ac t iv i ty  f rom m a n y  
moto r  uni ts  and  d i sp lacement  of t he  electrode upon 
s t rong con t rac t ion  of the  muscle, t he  e lec t romyograph ic  
recording t echn ique  previous ly  used l imi ted  the  s tudies  
in non-pare t i c  subjec ts  to  abou t  25% of the  m a x i m u m  
tonic  muscle  s t rength .  

W i t h  such a recording t echn ique  TOKIZANE et al. ~ 
a t t e m p t e d  to  d is t inguish  be tween  slow and  fas t  tw i t ch  
moto r  uni ts  t h rough  the i r  t endency  to discharge at  
regular  intervals .  By  p lo t t ing  the  s t anda rd  devia t ion  
f rom the  mean  value agains t  t he  mean  value of t he  dis- 
charge in tervals  of mo to r  uni ts  act ive in a tonic  vo lun t a ry  
cont rac t ion ,  2 d i s t inc t  groups of mo to r  units ,  ' tonic '  
mo to r  uni ts  and 'k inet ic '  mo to r  units,  were found  in 
a lmos t  all muscles  tes ted .  

However ,  by  f ixing a select ive e lect rode in the  muscle, 
it  is now found possible  to observe the  discharge of a 
single m o t o r  uni t  f rom weak to  m a x i m u m  tonic  con- 
t rac t ion .  In  th is  s t u d y  the  TOKIZANE approach  was used. 
About  100 moto r  uni ts  in the  anter ior  t ibial  muscle were 
inves t iga ted  in two  hea l thy  male  subjects .  The results  
can be summar ized  as follows: 

Optimal/requency.  W h e n  a motor  uni t  is ac t iva ted  at  
its lowest  d ischarge f requency,  it  d ischarges a t  i rregular  
intervals .  The in tervals  become more  regular  the  more  
the  f requency  is increased up to a cer ta in  level. At  h igh 
frequencies there  m a y  agair~ be an increasing i r regular i ty  
of the  intervals .  The regular i ty  of the  discharge is never  
total .  I t  is, for instance,  inf luenced by  brea th ing .  The 
lowest  possible discharge f requency  wi th  a s t and a rd  
dev ia t ion  of less t h a n  10 msec counted  f rom at  least  50 
successive in tervals  is def ined as opt imal .  Different  mo to r  
uni ts  in the  anter ior  t ibial  muscle are found  to have  dif- 
fe rent  op t ima l  frequencies,  va ry ing  f rom abou t  7/sec to 
abou t  35/sec./ 

M a x i m u m  '/requency. Some motor  uni ts  are diff icult  to  
keep ac t iva ted  at  m a x i m u m  f requency  for a whole 
second. The m a x i m u m  frequency is therefore  calculated 
f rom the  m a x i m u m  f requency  a t t a ined  in a per iod of 

only 250 msec. Dif ferent  mo to r  uni ts  in t he  anter ior  
t ibial  muscle  are found  to have  di f ferent  m a x i m u m  
frequencies,  va ry ing  f rom abou t  25/sec to abou t  65/sec. 
Generally,  mo to r  uni ts  wi th  a low op t imal  f requency  have  
a low m a x i m u m  f requency  and the  higher  the  op t ima l  
f requency,  the  h igher  is the  m a x i m u m  f requency  of t he  
motor  unit .  

Recruitment order in tonic voluntary contraction. Motor  
uni ts  are recrui ted  in a s table  order  in tonic  vo lun t a ry  
contract ion2.  The f i rs t  ac t iva ted  motor  uni ts  have  a low 
op t imal  and m a x i m u m  frequency.  Generally,  the  higher  
the  th resho ld  of t he  mo to r  uni t  in tonic  vo lun t a ry  con- 
t ract ion,  the  higher  is the  opt imal  and m a x i m u m  fre- 
quency  of the  mo to r  unit .  

Recruitment order in phasic voluntary contraction. Motor  
uni ts  are recrui ted in a d i f fe rent  order  in phasic  and in 
tonic vo lun ta ry  con t rac t ion  2. The r ec ru i tmen t  order  in a 
series of phas ic  cont rac t ions  is no t  s tableK The f irs t  
ac t iva ted  moto r  uni ts  in phasic  vo lun ta ry  cont rac t ion  
m a y  have  a higher  op t imal  and m a x i m u m  f requency  t h a n  
the  motor  uni ts  f i rs t  ac t iva ted  in tonic  vo lun ta ry  con- 
t rac t ion .  

No dis t inc t  groups of mo to r  uni ts  are found;  ins tead,  
there  is a cont inuous  range f rom low- to h igh- f requency  
moto r  units .  All mo to r  uni ts  f irst  recrui ted in phasic  
vo lun ta ry  con t rac t ion  are also found in tonic  vo lun ta ry  
cont rac t ion .  This  does no t  preclude the  exis tence of 
m o t o r  uni ts  which m a y  only be act ive  synchronized  wi th  
o ther  mo to r  uni ts  in s t rong phas ic  act iv i ty ,  thus  escaping 
ident i f icat ion.  However ,  such moto r  uni ts  should be in a 
minor i ty  as i t  is l ikely t h a t  mos t  mo to r  uni ts  are act ive 
a t  m a x i m u m  tonic  vo lun t a ry  cont rac t ion .  
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Fig. 1. Initiation and frequency at maximum tonic strength of 4 
motor units activated at a) 10%, b) 40%, c) 60% and d) 90% of the 
maximum tonic strength of the anterior tibial muscle. The higher the 
threshold of the motor unit in tonic contration, the higher is the 
frequency when the motor unit attains a discharge at regular 
intervals and the higher is the frequency at maximum tonic strength. 
Time bar: 100 msec. 
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Fig. 2. A tonic vo lun tary  contraction wi th  one motor uni t  activated 
at about 18% of the maximum tonic strength of the anterior tibial 
muscle (a) and another motor unit activated at about 40% of the 
maximum tome strength of the same muscle (b). At a frequency of 
9 per see 'the 40 % motor unit' discharges at more irregular intervals 
(b) than 'the 18% motor unit' does (a). c) shows 'the 40% motor 
unit' activated alone in a phasic voluntary contraction. Time bar: 
100 msec. 
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The  o p t i m a l  a n d  m a x i m u m  f requency  of a m o t o r  un i t  
can  be  a s sumed  to  be  r e l a t ed  to t he  fus ion f r equency  and  
t he  c o n t r a c t i o n  t i m e  of t he  m o t o r  uni t .  Consequent ly ,  t he  
m o t o r  un i t  f i rs t  r ec ru i t ed  in ton ic  ac t i v i t y  should  h a v e  
a long con t r ac t i on  t i m e  a n d  t he  la te r  t h e  m o t o r  un i t s  are 
r ec ru i t ed  in ton ic  ac t iv i ty ,  t he  sho r t e r  shou ld  be  t he  con- 
t r a c t i o n  t i m e  of t he  m o t o r  uni ts .  On t he  o the r  h a n d ,  the  
m o t o r  un i t s  f i rs t  r ec ru i t ed  in phas ic  a c t i v i t y  shou ld  h a v e  
a sho r t e r  c o n t r a c t i o n  t i m e  t h a n  t h a t  of t he  m o t o r  un i t s  
f i rs t  r ec ru i t ed  in  ton ic  ac t iv i ty .  I t  should  t h u s  be  possible  
to  r ec ru i t  slow a n d  fas t  t w i t c h  m o t o r  un i t s  in a d i f fe ren t  
order  in d i f fe ren t  types  of ac t iv i ty .  

Zusammenfassung. Bei  wil lki i r l ichen ton i schen  Mus-  
k e l k o n t r a k t i o n e n  werden  moto r i sche  E i n h e i t e n  m i t  nie- 
dr iger  M a x i m a l f r e q u e n z  zuers t  r ek ru t i e r t .  Dagegen  k6n-  
n e n  bei  wi l lk i i r l ichen phas i s chen  M u s k e l k o n t r a k t i o n e n  
moto r i sche  E i n h e i t e n  m i t  h o h e r  Max ima l f r equenz  zuers t  
r e k r u t i e r t  werden.  
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The Effect of Tempe r a t ur e  and of Relat ive Acidity  on the Concentrat ion of Lactate in Cardiac Muscle  

The  physio logica l  i m p o r t a n c e  ass igned to  p H  values  
o b t a i n e d  in biological  m a t e r i a l  such  as p l a s m a  a t  va r ious  
t empe ra tu r e s ,  has  to  accoun t  for t he  effect  of t e m p e r a t u r e  
on  t h e  ionic p r o d u c t  of w a t e r  or t he  ra t io  O H - / H +  as 
sugges ted  b y  WINTERSTEIN 1. Ac tua l l y  t he  a r te r ia l  p H  in 
po ik i lo the rmic  an ima l s  increases,  t h e r e b y  keep ing  t he  
r a t io  O H - / H +  c o n s t a n t  w h e n  t he  an ima l s  are acc l imat ized  
to a lowered t e m p e r a t u r e  (RAHN~). I n s t e a d  of us ing  th i s  
rat io,  1RAHN i n t r o d u c e d  t h e  t e r m  ' r e l a t ive  a lka l in i ty '  
w h i c h  he  def ined  as t h e  r a t io  H~/t-I+, where  H ~  is t h e  
h y d r o g e n  ion c o n c e n t r a t i o n  of pu re  w a t e r  and  t-I+ t h e  
h y d r o g e n  ion c o n c e n t r a t i o n  of e.g. p lasma,  b o t h  a t  t he  
same t e m p e r a t u r e .  M a t h e m a t i c a l l y  H ~ / H  + is t he  square  
roo t  of t he  ra t io  OH.-/H+. A l ine c h a r t  for t he  e v a l u a t i o n  
of b o t h  t e r m s  as a func t ion  of p H  and  t e m p e r a t u r e  was 
g iven  b y  ALBERS 3. As po i n t ed  ou t  b y  REEVES ~, the  
c o n s t a n c y  of t h e  O H - / H +  ra t io  impl ies  also a c o n s t a n c y  
of t he  f rac t iona l  d issoc ia t ion  of imidazole  which  in t u r n  
p rov ides  for o p t i m a l  e n z y m e  ac t iv i t i e s  and  p ro t e in  con- 
fo rmat ion .  However ,  t h o u g h  IRAHN'S e x p e r i m e n t s  c lear ly 
d e m o n s t r a t e d  t h a t  in  lower v e r t e b r a t e s  t h e  r e l a t ive  
a lka l in i ty  or t he  f r ac t iona l  d issoc ia t ion  of imidazole  
appea r s  as a r egu la ted  var iab le ,  up  to now no physiolo-  
gical  r eac t ion  ha s  been  found  w h i c h  is co r re l a t ed  to  t he  
re la t ive  a Ika l in i ty  r a t h e r  t h a n  to  t h e  h y d r o g e n  ion con- 
c e n t r a t i o n  itself. I n  w h a t  follows t he  we l l -known increase  
of t h e  l a c t a t e  c o n c e n t r a t i o n  caused b y  h y p e r v e n t i l a t i o n  
is shown  to  be  poss ib ly  such  a reac t ion .  The  concen t r a -  
t ions  of l a c t a t e  and  p y r u v a t e  in  b lood  and  card iac  muscle  
of r a t s  were d e t e r m i n e d  e n z y m a t i c a l l y  (TFELT-HANSEN 
and  SIGGAARD-ANDERSEN 5) a t  a b o d y  t e m p e r a t u r e  of 

37.9~ (group I) a n d  a f te r  cooling t he  r a t s  to  22.3~ 
(group II)  and  21.2~ (group I I I ) .  The  v e n t i l a t i o n  in t he  
h y p o t h e r m i c  r a t s  in  group I I  was  ad ju s t ed  to give t he  
same  O H - / H +  ra t io  of a b o u t  15 as was o b t a i n e d  a t  
37.9~ I n  group  I I I  t he  v e n t i l a t i o n  was increased  to give 
an  O H - / H +  ra t io  3 t imes  as large. As shown  in the  Table,  
no change  in t he  O H - / H +  ra t io  is obse rved  if t he  a r t e r i a l  
pCOe in t he  h y p o t h e r m i c  r a t s  is lowered to 17 t o r r  and  
t he  a r t e r i a l  p H  increased to 7.63 (group I I )  wh ich  cor- 
r e sponds  to  a r educ t ion  in t he  h y d r o g e n  ion c o n c e n t r a t i o n  
to 58% of t h e  con t ro l  value.  The re  is no  dif ference in t h e  
b lood a n d  t i ssue  l a c t a t e  be tween  t he  r a t s  u n d e r  these  
cond i t ions  and  t he  r a t s  a t  37.9~ If, however ,  t he  ven t i -  
l a t ion  in t he  h y p o t h e r m i c  r a t s  is increased,  t h e r e b y  
lowering t he  a r te r ia l  pCO 2 to  7.9 t o r r  a n d  increas ing  t he  

p i t  to  7.90 (group I I I ) ,  t h e  O H - / H +  ra t io  is increased  to 
a b o u t  47, t he  b lood l ac t a t e  is doub led  a n d  t he  l a c t a t e  in 
card iac  muscle  is increased  b y  more  t h a n  300%.  The  
p y r u v a t e  c o n c e n t r a t i o n  in b lood  and  muscle  does no t  
change  du r ing  h y p o t h e r m i a  a t  b o t h  levels of ven t i l a t ion .  
If  a t  a n o r m a l  body  t e m p e r a t u r e  t he  a r te r ia l  pCO2 is 
lowered a n d  t he  a r t e r i a l  p H  is increased  to va lues  compar -  
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Blood gases and concentration of lactate and pyruvate in blood and cardiac muscle of artificially ventilated rats at normal and hypothermic 
body temperatures 

Group I Group II Group III S.D. 

Rectal temperature 37.9 22.3 21.2 • 0.8 
pCO 2 (torr) 38.7 17.3 7.9 • 1.6 
pH 7.398 7.632 7.895 • 0.051 
[H +] • 108 4.00 2.34 1.29 ~= 0.23 
[OH-I/[H+] 15.1 14.9 47.2 i 7.8 
Lactate (blood) meq/1 1.26 1.05 2.36 2c 0.33 
Pyruvate (blood) meq]l 0.042 0.043 0.058 -k 0.013 
Lactate (muscle) meq/kg 1.30 1.68 4.38 ~ 1.00 
Pyruvate (muscle) meq/kg 0.062 0.068 0.067 -h 0.016 

Each value is the mean of 5 animals. S.D. = standard deviation obtained by analysis of variance. 


