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The effects of vascular smooth muscle caldesmon on force 
production by 'desensitised' skeletal muscle fibres 
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Smooth muscle caldesmon inhibits actomyosin MgATPase in the absence of Ca "+ and is the key regulatory component 
of Ca 2+-regulated thin filaments. We now show that caldesmon can affect contractility as Well. Glycerinated skeletal mus- 
cle fibres were treated so as to produce substantial contractions without Ca z+ as an activator. Addition of caldesmon 
caused reductions in force in a concentration- and time-dependent manner. Peffusion with caldesmon concentrations for 
< 5 min gave up to 48% reduction in isometric tension with a half-maximal effect at 1.5/an caldesmon. Perfusion with 

15 gM caldesmon for 30 min gave an irreversible tension drop. 
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1. I N T R O D U C T I O N  

T h e  p ro t e in  ca ldesmon  is present  in all  
ve r t eb ra t e  s m o o t h  muscles  and  has  been shown to 
be  exclusively loca ted  as a c o m p o n e n t  o f  the  th in  
f i l aments  o f  the  con t rac t i l e  a p p a r a t u s  [1]. 
C a l d e s m o n  is a po ten t  i nh ib i to r  o f  ac t in  ac t iva t ion  
o f  m y o s i n  M g A T P a s e  and  it has been  p r o p o s e d  
tha t  it  is involved  in the  con t ro l  o f  con t rac t i l i ty  
[2,3]. 

C a  2+ con t ro l s  s m o o t h  muscle  con t rac t i l i ty  and  in 
the  test  t ube  Ca  2+ con t ro l s  the  A T P a s e  ac t iv i ty  o f  
the  con t rac t i l e  p ro te ins ,  a c tomyos in ,  v ia  
r egu l a to ry  mechan i sms  loca ted  bo th  on  the th ick  
f i l aments  ( C a 2 + / c a l m o d u l i n - d e p e n d e n t  myos in  
p h o s p h o r y l a t i o n )  and  the  th in  f i laments  [4]. 

Whi l s t  there  is cons ide rab le  evidence l inking  
m y o s i n  p h o s p h o r y l a t i o n  wi th  bo th  ac t iva t ion  o f  
a c t o m y o s i n  M g A T P a s e  and  in i t i a t ion  o f  con t rac -  
t i on  [5] we have  less unde r s t and ing  o f  the  role o f  
c a lde smon .  Recent  work  using an t i - ca ldesmon  an-  
t i b o d y  has  c o n f i r m e d  tha t  c a lde smon  is essential  in 
the  C a  2+ con t ro l  o f  th in  f i l ament  ac t iva t ion  o f  
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m y o s i n  M g A T P a s e  [6]; in this  s tudy we have asked  
whe the r  c a lde smon  can  regula te  muscle  cont rac t i l i -  
ty  as well.  In  o rde r  to  ob t a in  an  u n a m b i g u o u s  
answer  we have  deve loped  a muscle  p r e p a r a t i o n  
whose  own intr insic  r egu la to ry  mechan i sms  are  in- 
ac t iva ted .  This  was done  by  desensi t is ing 
g lyce r ina ted  r abb i t  psoas  muscle  f ibres so tha t  they  
c o n t r a c t  i ndependen t ly  o f  C a  2+. This  cont rac t i le  
m o d e l  p rov ided  a sui table  sys tem in which to  in- 
ves t iga te  the  r egu la to ry  func t ions  o f  exogenous  
ca ldesmon .  

2. M A T E R I A L S  A N D  M E T H O D S  

Caldesmon was prepared by heat treatment of a sheep aorta 
homogenate according to [7]. Caldesmon was purified from the 
heat stable supcrnatant by the pH 3/35-500/0 (NI-h)2SO4 pro- 
cedure described in [2]. Yield was 0.25 mg protein/g artery. 
Smooth muscle actin and tropomyosin were prepared as in [8], 
and skeletal myosin as in [9]. All caldesmon preparations were 
tested for their ability to inhibit actin-tropomyosin activation of 
myosin MgATPase as described in [3]. 0.12 tool caldesmon per 
actin inhibited ATPase by 80 + 4o70 (n  = 11). All statistical 
values quoted are mean + standard deviation. 

Rabbit psoas fibres were chemically skinned according to 
Eastwood et al. [10]. For mechanical measurements 4-6 fibres 
of 10 mm in length were mounted between a tension transducer 
(Gould/Statham UC2) and a length drive coupled to a length 
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sensor [11]. The mounted fibres were immersed in a 
temperature-controlled continuous flow chamber and perfused 
with rigor buffer (5 mM EGTA, 5 mM MgClz, 50 mM KCI, 
1.5 mM NAN3, 1 mM dithiothreitol) at 1 ml/min. Maximal 
contractions were produced in 'Ca solution' (rigor + 4 mM 
MgATP + 4 mM CaCI2 (pCa 2+ 6.0)) and relaxation in 'EGTA' 
solution (rigor + 4 mM MgATP (pCa 2+ 9)). 

Desensitisation was based on Meinrenken's method [12]. The 
mounted muscle fibres were perfused with 50 mM KC1, 20 mM 
Tris (pH 8.0-8.1) at 39°C for 30 min at zero tension and then 
returned to rigor buffer at 25°C. 

3. R E S U L T S  

3.1. Desensitisation o f  rabbit psoas muscle fibres 
The  chemical ly  sk inned  muscle  f ibres ad jus t ed  

to  zero  tens ion  in r igor  bu f fe r  p r o d u c e d  con t rac -  
t ions  o f  512/~N. f ibre  -~ + 4.9 (n = 21) in Ca  solu- 
t ion.  F ibres  re laxed in E G T A  so lu t ion  to  a s teady 
force  15 _ 407o (n = 21) o f  the  max ima l  cont rac t i le  
force .  A f t e r  desens i t i sa t ion  t r ea tmen t  the  max ima l  
fo rce  in Ca  so lu t ion  was 342/~N.  f ibre  -1 + 6 (n = 
19) whils t  in E G T A  so lu t ion  the force  was 68 _+ 
11070 (n = 17) o f  max ima l  force  (see f ig . l a ) .  Desen-  
si t ised fibres thus  p r o d u c e d  subs tan t ia l  force in the  
absence  o f  Ca  2÷ and  they  r ema ined  desensi t ised 
du r ing  m a n y  con t rac t ions .  SDS-gel  e lec t rophores i s  
o f  desensi t ised f ibres showed tha t  the p ro te in  com-  
ponen t s  had  no t  changed  subs tant ia l ly ;  in par -  
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Fig. 1. (a) Contraction of desensitised skeletal muscle fibres. 6 
psoas fibres were bathed in rigor solution at resting length 
having been treated with Meinrenken solution as described in 
section 2. Perfusion with EGTA solution gave an isometric 
contraction 68% of that obtained in Ca solution. Return to 
EGTA solution relaxed the muscle to a holding tension 76% of 
that in Ca solution. (b) Inhibition of isometric force by 
caldesmon. 6 desensitised psoas fibres were maximally activated 
in Ca solution. Perfusion with EGTA solution resulted in 71% 
of isometric force being produced without Ca z+. Addition of 
4/~M caldesmon reduced this tension in EGTA solution by 34% 
in 4.5 min. This tension drop was partly reversed by return to 
EGTA solution and maximum force was regained upon return 

to Ca solution. 

t i cu la r  t r o p o m y o s i n  and  the t r o p o n i n  c ompone n t s  
were  all  still present .  

3.2. Effect o f  caidesmon on isometric force 
W h e n  ca ldesmon  (4/~M) was a d d e d  to desen- 

si t ised f ibres in Ca  so lu t ion  there  was no change  in 
the  i somet r ic  force  ( two prepara t ions ) ,  however ,  
c a l d e s m o n  did  reduce the  force  p r o d u c t i o n  in 
E G T A  so lu t ion  ( f ig . lb ) .  The  r educ t ion  in force  
due  to  4/~M ca ldesmon  was 24 + 5070 (n = 9) [13]; 
wi th  shor t  incuba t ions  this inh ib i t ion  was pa r t ly  
reversed by  washing in E G T A  so lu t ion  and  ful ly 
reversed  by  a cycle o f  E G T A ,  Ca,  E G T A  solu- 
t ions .  Br ief  sequent ia l  pe r fus ion  with increas ing 
c a l d e s m o n  concen t ra t ions  showed its i nh ib i to ry  ac- 
t ion  to  be concen t ra t ion  dependen t  with a max ima l  
inh ib i t ion  o f  force  o f  39-48070 and  an  average hal f -  
m a x i m a l  inh ib i t ion  o f  1.5/~M ca ldesmon  _+ 0.4 
(n = 3). 

M o r e  p r o l o n g e d  incuba t ion  with any  one 
ca lde smon  concen t ra t ion  in E G T A  so lu t ion  
resul ted  in fur ther  r educ t ion  o f  the  force.  F o r  ex- 
ample ,  in one p r e p a r a t i o n  the  d rops  in tens ion  due 
to  15/zM ca ldesmon  at  1, 2, 5, 10, 15 and  19 min  
were 16.5, 20.2, 28.3, 35.1, 36.4 and  39.8070, 
respect ively .  F ig .2  shows tha t  the  tens ion  d r o p  
fo l lowing  lengthy incuba t ions  in ca ldesmon  
became  comple te ly  i r revers ible ,  even af te r  washing  
in E G T A ,  Ca ,  and  E G T A  solut ions .  The  r educed  
force  in E G T A  so lu t ion  fo l lowing long incuba t ions  

200-  

m m 

150- 

g loo- 

50- 

0 ~ 

EGTA EGTA Ca EGTA EGTA Ca EGTA EGTA Ca EGTA 
+ CD + CD + CD 
5rain 10rain 20min 

Fig.2. Irreversible drop in tension with increased time of 
exposure to 15/~M caldesmon. This was a continuous 
experiment involving a bundle of five desensitised psoas fibres. 
The inhibition of isometric force caused by caldesmon became 
progressively less reversible with increased time of perfusion. 
After a total of 35 min in 15/~M caldesmon the tension drop 

was irreversible. 
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in caldesmon was not due to deterioration of  the 
muscle since the maximal force in Ca solution did 
not change (fig.2). SDS-gel electrophoresis and im- 
munoblots of  the fibres showed that in these condi- 
tions caldesmon was bound within the fibres at an 
estimated concentration of  20-50/zM (compare 
with 750/~M actin) and could not be removed even 
after extensive washes in EGTA or Ca solutions. 

3.3. Effects o f  caldesmon on tension transients 
We imposed a rapid shortening of  12/zm 

(0.2-0.3070) and then held the muscle at constant 
length for 20 s before slowly stretching it back to 
its initial length. We recorded tension immediately 
following the release (T1) and after 20 s (T2) and 
calculated relative muscle stiffness [(T1 - To)/To] 
and force recovery [ (T2 -  T1)/To]. Relative stiff- 
ness did not change significantly following the ad- 
dition of  caldesmon (paired t-test; p > 0.1, n = 6) 
but 15/~M caldesmon markedly reduced 
[ ( T 2 -  T1)/To] in every instance with an average 
reduction of  25.5070. This reduced amplitude of  
force recovery did not appear to be due to a change 
in the rate of  tension recovery. 

4. DISCUSSION 

4.1. Desensitisation o f  skeletal muscle fibres 
We have developed a novel method for desen- 

sitising glycerinated vertebrate skeletal muscle such 
that substantial isometric contractions can be ob- 
tained in the absence of  Ca 2+ (fig.la). 

The preparation has an advantage over the low 
salt/high pH method [14] which produces muscles 
incapable of  generating significant tension with or 
without Ca 2+, or Mg-free treatment at low 
temperature where desensitisation is lost as soon as 
the fibres are returned to high Mg contracting solu- 
tions [11]. Desensitisation did not involve extensive 
removal of  the regulatory proteins from the fibres 
and yet the preparations remained desensitised in 
our buffer solutions indefinitely. This contractile 
model,  whose own regulatory system is inac- 
tivated, provides an ideal system for investigating 
the regulatory functions of  exogenous proteins. 

4.2. Caldesmon inhibition o f  contraction 
Caldesmon is present in smooth muscle thin 

filaments where it is the inhibitory component of  
the Ca2+-dependent system which regulates thin 

filament activation of  myosin MgATPase. It is an 
effective inhibitor with both skeletal and smooth 
muscle actins and myosins [2,3,15] and it also in- 
hibits the MgATPase activity of  skeletal muscle 
desensitised myofibrils (not shown). The work 
reported in this paper shows, in addition, that it 
can inhibit muscle isometric contraction thus con- 
firming that caldesmon's inhibition of  MgATPase 
is related to its inhibition of  force production. 

For  short perfusions a half-maximal reduction 
in force was observed with 1.5/zM caldesmon 
which compares with a dissociation constant of  
0.3/zM for caldesmon binding to pure actin- 
tropomyosin.  Prolonged incubation with high con- 
centrations resulted in irreversible loss of  tension 
accompanied by irreversible binding of  an 
estimated 20-50/~M caldesmon within the fibre in 
agreement with Galazkiewicz et al. [16]. 

Caldesmon did not affect relative muscle stiff- 
ness but at the highest concentration available, 
15/~M, it did reduce the extent of  recovery of  ten- 
sion following a quick release. This may be a 
reflection of  the ability of  caldesmon to increase 
skeletal or smooth heavy meromyosin binding to 
actin-tropomyosin in the presence of  MgATP [17], 
an interaction which may be important in the for- 
mation of  latch bridges [5] in smooth muscle. 

Other lines of  research have recently indicated 
that caldesmon can control contractility or motility 
[18-20] in agreement with our direct evidence. On 
this basis the caldesmon present in smooth muscle 
would be expected to play a role in regulating con- 
tractility in vivo. We hope to be able to extend our 
studies from this simple model system to the great- 
ly more complex intact smooth muscle system in 
the future. 
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