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regulat ive  metabol ic  reac t ion  no t  d e p e n d e n t  on the  
nervous  sys t em to s t r e t ch  of t he  myofibr i ls  migh t  be 
assumed,  as t he  increase of oxygen  c o n s u m p t i o n  occurs 
also in a curar ized muscle.  However ,  i t  m u s t  be re- 
m e m b e r e d  t h a t  a freely immersed  muscle  coils up and  
m a y  even go into cont rac ture ,  and  thus  the  surface area  
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Incorporation of l~C-leucine into the proteins of the levator ani 
nmscle (LA) and the extensor digitorum longus muscle (EDL). 
The nmscles were incubated for 2 h while the muscles were either 
stretched (shaded columns) or not stretched (white columns). 

exposed  to  the  rad ioac t ive  med i u m m a y  also decrease.  
I t  will be necessary  to s t u d y  fu r the r  t he  m e c h a n i s m  b y  
which s t r e t ch  increases  ra te  of me tabo l i sm  of p ro te ins  
and  to  d i f fe rent ia te  metabol ic  and  mechanica l  factors.  
General ly  uns t r e t ched  muscles  are used in rout ine  incor- 
pora t ion  expe r imen t s  and  therefore  th is  factor  should  
be considered in th is  t y p e  of exper iments .  

We  m a y  conclude t h a t  the  use of s t r e t ched  muscle  in 
incorpora t ion  s tudies  offers advan t ages  and  ma in t a ins  
also more  na tu ra l  condi t ions  for muscle  funct ion.  As 
s t r e t ch  affects  the  ra te  of incorporat ion,  it  appears  
necessary  to  s ta te  the  degree of s t r e t ch  appl ied  to  a 
muscle  in incorpora t ion  s tudies  in to  muscle.  

Zusammen/assung. Gegentiber  n i c h t g e d e h n t e n  Muskeln 
weisen gedehn te  Ske le t tmuske ln  in v i t ro  eine be t r$ch t -  
lich erhOhte R a t e  yon  Aminsguren inkorpora t ion  in das 
Muskelprote in  auf. 
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A Relat ion  B e t w e e n  P o s i t i v e  P h a s e  Shift  and Elas t i c  M o d u l u s  E n h a n c e m e n t  of S m o o t h  Musc l e  

Muscle is a special k ind of visco-elast ic mater ia l  
capable  of synthes iz ing  energy  dur ing  the  contract i le  
process,  The  mechanica l  behav io r  of re laxed smoo th  
muscle can be m a t c h e d  by  a t h r e e - p a r a m e t e r  model  
composed  of a Maxwell  e lement  in paral lel  wi th  a spr ing 1. 
All 3 pa ramete r s ,  essential ly 2 tensile modul i  to  quan t i fy  
energy-conserv ing  character is t ics  and 1 viscosi ty  to  
quan t i fy  energy-diss ipat ion,  have  been measured  2,3. 
These 3 pa rame te r s  are known  to increase wi th  the  level 
of cont rac t i le  tone3,4 so t h a t  t hey  m a y  also be a measure  
of the  energy-syn thes iz ing  character is t ics .  

If  a s inusoidal  s t ra in  is imposed  on in v i t ro  s mo o t h  
muscle *,~, and on some insect  f l ight  muscles 6, the  induced 
stress is general ly out  of phase  wi th  t he  s t ra in  and  at  
h igh frequencies  the  phase  angle (angular  difference 
be tween  stress and s t ra in  waves) is nega t ive  as would 
be expec ted  for an o rd inary  viscoelastic body.  However ,  
a t  low frequencies  there  is a posi t ive  phase  angle 4 ~ 
which appears  to  represen t  a ne t  p roduc t ion  of mechanica l  
energy b y  the  muscle.  The presen t  s tudy  shows t h a t  the  
same low f requency  oscil latory s t ra ins  also induce a ne t  
increase in the  contrac t i le  tone  of smoo th  muscles,  
resul t ing in levels of tensile modul i  which  equal  and  even 
exceed those  p roduced  by  drugs or electrical  s t imula t ion .  
The purpose  of th is  r epor t  is to describe th is  new phenom-  
enon and  to  give the  condi t ions  for p roduc ing  it. 

Experimental procedure. I~ectangular  spec imens  wi th  
a cent ra l  slit  were r emoved  f rom the  u r inary  bladder ,  
p u l m o n a r y  ar tery ,  and large veins  of anes the t i zed  
(40 mg/kg  sodium pen toba rb i t a l  in the  hear t )  rabbi ts ,  
cats,  and  dogs. All these  t issues conta in  numerous  s mo o t h  
muscle  bundles.  Specimens were suppor t ed  hor izonta l ly  
in a fluid m ed ium by  2 hooks s l ipped t h r o u g h  the  cent ra l  
slit. The  med ium was NaC1 solut ion made  isotonic wi th  

Ringer ' s  solut ion by  adding  KC1 (0 0.08N) and /o r  CaC12 
(0-0.08N) and/or  E D T A  (0 0.08N), and Tris buf ter  to  
keep p H  at  5 levels be tween  5.5-8.5. T e m p e r a t u r e  was  
ma in t a ined  a t  0 ~ 15 ~ 25 ~ or 37 ~ and  recorded on an 
Offner D y n o g r a p h  as previously  descr ibed 4. 

One suppor t ing  hook  was a t t a ch ed  to a v ib ra t ion  exci ter  
which s t ra ined  the  specimen paral lel  to the  cent ra l  slit 
a t  f requencies  (~o) f rom 0.01-50 Hz. M o v e m e n t  of the  
exci ter  was moni to red  wi th  a f iberopt ic  d i sp l acemen t  
t r ansduce r  (response 1100 Hz) whose o u t p u t  was regis- 
t e red  as s t ra in  on the  D y n o g r a p h  and  gave the  X inpu t  
of a s torage tube  oscilloscope. The o ther  suppor t ing  hook  
was a t t a ch ed  to a stress t r ansduce r  (response 350 Hz) 
whose  o u t p u t  was also regis tered on the  D y n o g r a p h  and  
served as t he  Y inpu t  to  the  oscilloscope. S t ress -s t ra in  
loops led to c o m p u t a t i o n  of absolu te  d y n ami c  modulus  
([E [) and phase  shif t  (tan ~b) 4,~. 

Specimens  were s t r e t ched  by  a s tep func t ion  and  per-  
mi t r ed  to s t ress- re lax  to a s t eady  m e a n  tension.  If  the  
tens ion rose as evidence of recont rac t ion ,  1 or 2 oscil- 
la t ions a t  ~o = 0.2 Hz  were super imposed  every  2 min  on 
the  rising tens ion  to  p e rmi t  concur ren t  m e a s u r e m e n t  of ]El 
and  t an  $. W h e n  the re  was no evidence of recont rac t ion ,  
osci l la tory s t ra ins  of less t h a n  1% were t h e n  super imposed  
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J. T. AeTER, Circulation Res. 19, 115 (1966). 
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Fig. 1. Time course of stress (~) changes registered 
when dog urinary bladder was strained in various 
ways (e). Note absence of recontraetion after a step- 
function stretch, but the presence of spontaneous 
oscillations�9 An oscillating strain at 0.1 Hz produced 
an oscillating stress associated with decreasing mean 
tension and decreasing amplitude of stress but an 
oscillating strain at 0.07 Hz (co*) was immediately 
accompanied by a gradual rise in amplitude of the 
sinusoidal stress and of mean tension�9 

on  t he  s t e a d y  t ens ion  a t  a v a r i e t y  of f requencies .  Stress-  
s t r a i n  loops showed  t h a t  some low ( <  1 Hz) f requencies  
were  a c c o m p a n i e d  no t  on ly  b y  a phase  lead (posi t ive 
p h a s e  angle),  b u t  also b y  a ne t  increase  in m e a n  t ens ion  
a n d  in abso lu t e  d y n a m i c  modulus ,  I E I ,  or mo d u l u s  
e n h a n c e m e n t .  F requenc ie s  a b o v e  a cr i t ica l  value,  co*, 
were n o t  effect ive  in p r o d u c i n g  phase  lead nor  mo d u l u s  
e n h a n c e m e n t  b u t  t he  lower  l im i t  of effect ive  f requencies  
m u s t  be  lower  t h a n  0.01 Hz,  t h e  lowest  ava i l ab le  in these  
tes ts .  The  p h e n o m e n o n  was  cha rac t e r i zed  u n d e r  v a r y i n g  
cond i t ions  b y  t h e  m* a n d  b y  3" which  is t he  t i m e  to  
doub le  I E I  a t  c0*. M e a s u r e m e n t s  of t he  t i m e  (3) to  
doub le  I E I  a t  lower f requencies  (o~) were also recorded.  
A c t i v a t e d  spec imens  were s to red  in  t h e i r  f luid med ia  a t  
4~ for t e s t i ng  on  s u b s e q u e n t  days.  

The  s y s t e m  showed no pos i t ive  p h a s e  sh i f t  no r  mo d u l u s  
e n h a n c e m e n t  a t  a n y  ava i l ab le  forcing f r equency  w i t h  
spec imens  of rubbe r ,  e last in ,  collagen, silk, or  n o n v i a b l e  
s m o o t h  muscle  ( removed,  for example  f rom an i ma l s  
ane s the t i z ed  w i t h  40 m g  sod ium p e n t o b a r b i t a l  i.v.). 

R e s u l t s .  Figure  i shows t he  t i m e  course of t h e  s t ress  
response  to  a s inuso ida l  (~0 = 0.07 Hz) s t r a in  of dog 
u r i n a r y  b l a d d e r  in Ca-free, K-free R inge r ' s  so lu t ion  
c o n t a i n i n g  E D T A .  De ta i l ed  e x a m i n a t i o n  of t h e  d a t a  
showed  t h a t  s t r a i n  led s t ress  so t h a t  t he re  w a s  a pos i t ive  
phase  angle  in  c o n t r a s t  to  t h e  usual  nega t ive  phase  angle  
of o r d i n a r y  visco-elast ic  mate r ia l s .  Mean  tens ion ,  elast ic 
m o d u l u s  ( IEI) ,  a n d  t he  phase  ga in  ( t a n S )  began  to 
increase  i m m e d i a t e l y  (Figure  2); indeed,  a f te r  t h e  f i rs t  
osci l lat ion.  Mean  t ens ion  doub led  in 15 ra in ;  J EJ  doub led  
in 10 ra in ;  t a n  S doub led  in 5 rain.  I t  is i n t e r e s t i ng  t h a t  
t h e  m e a n  t en s ion  and  I E I  c h a n g e d  a t  d i f fer ing ra t e s  
a l t h o u g h  b o t h  are  ev idence  of modu lus  e n h a n c e m e n t .  
This  is p e r h a p s  due  to t h e  non - l i nea r  r e l a t ionsh ip  b e t w e e n  
s t ress  a n d  s t r a i n  for s m o o t h  muscle.  All m a n i f e s t a t i o n s  
of increase  in visco-elast ic  p roper t i e s  c o n t i n u e d  for a t  
leas t  120 min.  Once begun ,  t he  modu lus  e n h a n c e m e n t  
c o n t i n u e d  even  if t he  a c t i v a t i n g  osci l la t ion were s topped,  
b u t  a t  a s lower r a t e  ( longer z). D u r i n g  s torage  for severa l  
days  a t  4~ t he  muscle  re laxed  a n d  was capab le  of 
r eac t iva t ion ,  a l t h o u g h  w i t h  some decrease  ill respons ive-  
ness as quan t i f i ed  b y  a r educed  o*  a n d  longer  3*. Acti-  
v a t e d  musc le  r e m a i n e d  v iab le  for  2 or  more  days  while  
o r d i n a r y  s m o o t h  m u s c l e  was v iab le  for no  longer  t h a n  
2 days.  

The  h ighes t  f r equency  (co*) a t  wh ich  modu lus  enhance -  
mer i t  occur red  was a f u n c t i o n  of t h e  source of t he  t issue, 
of t h e  ions presen t ,  of t h e  t e m p e r a t u r e ,  t he  m e a n  tens ion ,  
and  t he  t i m e  (in v i t ro  t ime)  e lapsed since t h e  spec imen  
was  i so la ted  f rom the  l iv ing  an imal .  The  co* was h ighes t  
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Fig. 2. Data taken from stress-strain loops obtained during the 
experiment depicted in Figure 1. Time course of change in absolute 
dynamic modulus, [E [, normalized with respect to its initial value 
[E]i , of change in similarly normalized mean tension, and of the 
phase lead (positive phase shift is plotted as negative tan S)" Note 
the marked increase in phase lead occurring after a few mill of 
o s c i l l a t i o n .  It was a regular finding and was associated with the 
most marked elastic modulus enhancement. 

for  t h e  f i rs t  4 h a f t e r  i so la t ion  a n d  fell n o t i c e a b l y  there-  
af ter .  The  sho r t e s t  t i m e  (3) to  doub le  1El was  regular ly  
assoc ia ted  w i t h  h igh  ~ :  in fact ,  t h e r e  was a nea r ly  con- 
s t a n t  p r o d u c t  of ~ a n d  z, so t h a t  

~ x 3  ~ k (1) 

where  k is a c o n s t a n t  a n d  ~o _~ ~o*. T h e r e f o r e  i t  appea red  
to  requi re  a p p r o x i m a t e l y  t h e  same  n u m b e r  of osci l lat ions 
to  double  I E ] ,  w h a t e v e r  t h e  s t r a i n  osci l la t ion f requency.  
T h e  va lue  for  k was nea r ly  c o n s t a n t  for a g iven  s m o o t h  
musc le  t y p e  even  t h o u g h  co* b e c a m e  lower as in v i t ro  
t i m e  increased.  A t  low t e m p e r a t u r e s  o)* was lower, bu t ,  
again,  z* was  higher ,  m a i n t a i n i n g  re l a t ionsh ip  (1) in 
general .  
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H i g h e r  m e a n  tens ions  were assoc ia ted  w i t h  h ighe r  co* 
a n d  sho r t e r  z*. I f  Ca ++ was absen t ,  t h e  se l f -ampl i f ica t ion  
sti l l  occur red  so long  as K+ was also absen t ,  b u t  n o t  if 
K + was presen t .  Values  for  co* were h ighe r  a n d  v* sho r t e r  
if Ca++ n o r m a l i t y  was g rea t e r  t h a n  K+. I n  h i g h  Ca ++ 
so lu t ions  or in  t h e  absence  of b o t h  Ca ++ a n d  K+, t h e  
in i t i a l  s t e p - f u n c t i o n  s t r e t c h  was fol lowed b y  s t ress  
r e l a x a t i o n  a n d  t h e n  b y  a slow r e c o n t r a c t i o n  process,  
al l  w i t h i n  1 min .  Such  spec imens  also h a d  a h igh  co*, a n d  
i t  is logical  to  suppose  t h a t  t he  s t ep - func t i on  was se rv ing  
s i m p l y  as  a ha l f -osc i l la t ion  i n i t i a t i ng  t h e  self-amplif i -  
ca t ion .  However ,  z ( t ime to  double  IE I) was  cons ide rab ly  
longer  a f t e r  a s t ep - func t i on - induced  p h e n o m e n o n  t h a n  
w i t h  s t e a d y  osci l la t ion a t  co*. Ar te r i a l  s m o o t h  muscle  
h a d  a lower co* t h a n  does u r i na r y  b l adde r  b u t  r a b b i t  
a r t e r i a l  co* was h ighes t .  

Discussion. The  pos i t ive  phase  sh i f t  i n d i c a t i n g  t h a t  
musc les  p roduce  ene rgy  ha s  also been  found  in  insec t  
f l ight  muscles  osci l la ted a t  t he i r  n a t u r a l  f r equency  s. 

Values  for co* a n d  ~* for  dog  u r i n a r y  b l a d d e r  in a b a t h  c o n t a i n i n g  
[C1-] - 0 . 1 5 9 N ;  [Na+] = 0 . 1 5 8 M ;  [EDTA]  = 0 . 0 0 1 M ;  Tris buf-  
Ier = 0.005M at 37~ pH 7,0, and mean tension < 2.7X 104 dynes 
enl -I 

Spec imen  No. (9* (Hz) w* (rain) k (Hz-min)  

I 0_03 19 0.57 
1 0.04 25 1.00 
1 0.05 19 0.95 
1 0.06 25 1.50 
1 0.07 14 0.98 
1 0.08 9.5 0.765 

1 0.05 19 0.95 
7 0,05 27 1.35 

17 0.05 26 1,30 
19 0.05 19 0,95 
27 0.05 29 1.45 
32 0.05 19 0.95 

12 0,1 12 1.2 
43 0.1 14 1.4 
84 0,1 10 1.0 
99 0.1 15 1,5 

111 0.1 9 0.9 
112 0,1 12 1.2 

However ,  t h e  m o d u l u s  e n h a n c e m e n t  found  here  on  s m o o t h  
muscles  and ,  indeed,  a logical  consequence  of ene rgy  
p r o d u c t i o n  h a s  n o t  been  r e p o r t e d  previous ly .  T h e  s m o o t h  
musc le  showed  a m a x i m a l  pos i t i ve  p h a s e  sh i f t  w i t h  i t s  
assoc ia ted  m o d u l u s  e n h a n c e m e n t  w h e n  t he  f r e q u e n c y  of 
t h e  forcing was  t h e  same  as t h e  f r equency  of s p o n t a n e o u s  
osci l la t ions  (Figure  1). A l t h o u g h  myof ib r i l l a r  con t r ac t i l e  
s t r u c t u r e s  i so la ted  f rom insec t  f l igh t  muscle  c an  osci l late  
s p o n t a n e o u s l y  on ly  in  t h e  p resence  of Ca ++ , s m o o t h  
musc le  osci l lates  a n d  i ts  m o d u l u s  is e n h a n c e d  even  in t h e  
absence  of t h i s  ion. Th i s  f i nd ing  sugges ts  t h a t  s t r e t c h  
a n d  release of t he  s m o o t h  musc le  cell m e m b r a n e  i tself  
m a y  occur  d u r i n g  m e c h a n i c a l  osc i l la t ion  of t h e  spec imens  
a n d  t a k e  p a r t  in p r o d u c i n g  t h e  m o d u l u s  e n h a n c e m e n t .  

Th i s  p h e n o m e n o n  of m o d u l u s  e n h a n c e m e n t  m a y  p r o v e  
useful  in  i n v e s t i g a t i n g  t h e  e x c i t a t i o n - c o n t r a c t i o n  coupl ing  
m e c h a n i s m  of muscle  as are  s imi la r  p h e n o m e n a  in  f l igh t  
muscle  7 and  ' c a t c h '  in  m a m m a l i a n  s m o o t h  muscle  s a n d  
for deve lop ing  a m a t h e m a t i c a l  f o r m u l a t i o n  for m u s c u l a r  
c o n t r a c t i o n  w i t h o u t  r e so r t ing  to  such  empi r ica l  ana logs  
as HILL'S con t r ac t i l e  e l e m e n t  9. I t  m a y  also p rove  useful  
as a s imple  a n d  r ap id  m e a n s  to t e s t  t he  v i ab i l i t y  of 
m u s c u l a r  t issues in  o rgans  p r e se rved  for  t r a n s p l a n t a t i o n  10. 

Zusammen]assung. Bei  g l a t t e r  Musku l a tu r ,  sowie bei  
querges t re i f t e r  I n s e k t e n f l u g m u s k u l a t u r ,  war  eine pos i t ive  
P h a s e n v e r s c h i e b u n g  zwischen  oszi l la tor isch  v e r f o r m e n d e r  
D e h n u n g  u n d  d e m  Zug nachwe i sba r ,  die ein Ze ichen  fiir 
E n e r g i e p r o d u k t i o n  ist. W e n n  die pos i t ive  P h a s e n v e r -  
s c h i e b u n g  au f t r a t ,  l a n d  sich of t  a u c h  eine E r h 6 h u n g  des  
Elas t iz i t~ t t smoduls  u n d  sogar  e ine ve r l~nge r t e  I n - v i t r o -  
LTberlebenszeit  der  g l a t t e n  M u s k u l a t u r .  

J U L I A  T. APTER a n d  "W. GRAESSLEY 

Section o/ Mathematical Biology, 
Presbyterian-St. Luke's Hospital 
Chicago (Illinois 60612, USA) and 
Department o/Chemical Engineering, 
Northwestern University, 
Evanston (Illinois, USA), 2 October 1968. 

7 j .  W.  S. PRINOLE, Prog .  B iophys .  17, 3 (1967). 
8 W.  H .  JOHNSON, J .  S. l{OlfN a n d  A. C. SZENT-GY6RGYt, Science 

130, 160 (1959). 
A. V. HILL, N a t u r e  166, 415 (1950). 

10 S u p p o r t e d  b y  U . S . P . H . S .  G r a n t  No.  GM-14659-02.  

Biochemical  Study on the Pituitary Inhibition of 

W e  h a d  p rev ious ly  succeeded in showing  1-~ t h a t  t he  
p i t u i t a r y - i n h i b i t i n g  a c t i v i t y  f rom t he  gametogen ic  s t ruc-  
tures ,  d e p a u p e r a t e s  f rom sexua l  s teroids,  seems to ac t  
chief ly  on  follicle s t i m u l a t i n g  h o r m o n e  (FSH) .  Such  
a c t i v i t y  seemed to be  t he r m o l ab i l e  (at  > 90 ~ for  10 rain) 
a n d  des t royed  b y  t h e  D N A s e  n ;  i t  seemed to  pers i s t  
p rac t i ca l ly  u n a l t e r e d  even  in ex t r ac t s  dep r ived  of a n y  
d e t e c t a b l e  effect  of androgen ic  or es t rogenic  type .  

Owing  to t he  h i g h  nuc leo t ide  c o n t e n t  of t h e  r aw m a t e -  
r im a n d  the  a c t i v i t y  of the  nucleases,  we dec ided  pre-  
l i m i n a r i l y  to  d i rec t  our  research  t ow ar ds  t he  ident i f i -  
c a t i o n  of subs t ances  of t h i s  type ,  as possible  r e sponsab le  
for t he  p i t u i t a r y  inh ib i t ion .  

The  bov ine  n e m a s p e r m  h o m o g e n a t e  was u l t r a f i l t r a t e d  
t h r o u g h  an  SM 12136 m e m b r a n e  (Membranf i l t e r ,  GSt-  
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t ingen) ,  po ros i ty  < 0.005 V, a n d  f r a c t i o n a t e d  on  D E A E -  
cellulose (Figure).  The  f rac t ions  were  g rouped  as OA 
a n d  OB, 1, 2, 3 and  4. C h r o m a t o g r a p h i e s  on  a t h i n  l aye r  
of cellulose G (so lvent  s y s t e m :  n - b u t a n o l ,  acetone,  acet ic  
acid,  a m m o n i a  w a t e r  5%,  wate r ,  9 : 3 : 2 : 2 : 4 )  showed  
n i n h y d r i n - p o s i t i v e  s u b s t a n c e s  in f r ac t ions  OA, OB, 1 and  
2; in  f r ac t ions  3 and  4 n i n h y d r i n - p o s i t i v e  c o m p o u n d s  
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