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A B S T R A C T  

Strips of taenia  coli f rom guinea pigs were incuba ted  under  isometric conditions in Krebs-  
Ringer  b icarbona te  saline ( M K R )  conta ining various concentrat ions of Ca  +~ a n d / o r  
M g  +~. Spontaneous or chemically induced contracti le  activity was abolished within 15 
min  of exposure to M K R  containing Ca +2 at concentrat ions below 10 -6 M ;  contract i le  
activity was restored by re incubat ion  in normal  M K R  after 1-2 h. Exposure of taenia  coli 
to M K R  conta ining Ca +2 at  concentra t ions  below l0 -~ M for 1 h or more led to loss of 
thick and  th in  myofi laments f rom the sarcoplasm as observed with the electron microscope. 
Except  for the loss of these two f i lament  types, the cells conta ined all o ther  s t ructural  fea- 
tures observed in prepara t ions  incuba ted  in M K R  conta ining Ca +2 at its no rmal  level 
(1.3 X 10 -3 M).  T he  loss of thick and  thin myofi laments in strips exposed to a Ca +~ con- 
centra t ion below l0 -6 M was reversed by re incubat ion  for 30 min  in M K R  conta ining 
normal  Ca +~ levels. T he  observed loss of thick and  thin myofi laments in response to low 
Ca +2 is in terpreted as result ing from the disaggregation of some or all of the molecular  
components  of these two f l a m e n t  types. 

The  impor tance  of Ca +~ in the contract i l i ty  of 
smooth  muscle is underscored by abno rma l  
changes in m e m b r a n e  permeabi l i ty  (1), m e m b r a n e  
depolar izat ion (2), and  loss of exci tat ion-contrac-  
t ion coupling (3) when  Ca -~ is experimental ly 
removed or decreased in concent ra t ion  in the 
ba th ing  medium.  In  addi t ion to these fundamen ta l  
roles, Ca +2 can exert  an  effect on the  in terac t ion 
and  aggregat ion of various isolated contracti le  
proteins (4-6) and  "na t i ve"  myofilaments (7, 8). 
T h e  present  experiments  were performed to 
determine ff the s tructure of the myofi laments 
within in tac t  ver tebra te  smooth muscle fibers is 
dependen t  on Ca +2. T he  observations suggest 
tha t  the thick and  thin myofi laments can reversibly 
disaggregate and  aggregate within in tac t  muscle 
fibers in response to changes in the extracellular  
Ca +2 concentrat ion.  

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

Paired strips of taenia coli were dissected from guinea 
pigs previously killed by a blow on the head. Each 
muscle strip of the pair was mountcd in an organ 
bath at 37°C as previously described (9) and force 
was monitored isometrically with a transducer 
(model FT03, Grass Instrument  Co., Quincy, Mass.). 
Only pairs of muscle strips showing spontaneous 
contractile activity similar to that  in Fig. 1 were used 
in these experiments. After 60 rain of incubation in 
mammalian Krcbs-Ringer bicarbonate saline (MKR) 
the organ bath was drained and substituted by M K R  
containing diminished levels of Ca +2 and /or  Mg +2. 
The reduction in divalent cation concentration was 
accomplished by addition of eithcr ethylenediamine- 
tetraacctic acid (EDTA) (Sigma Chemical Co., 
St. Louis, Mo.), diethylcnetriamine pentaacetic 
acid (DTPA) (Sigma Chemical Co.), or ethylenegly- 
col N, NI-tetraacetic acid (EGTA) (Sigma Chcm- 
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ical Co.) to the  normal  M K R .  T h e  stock solution of 
each chelator  was adjusted to p H  7.4 in all experi- 
ments.  Preparat ions  were fixed after either 15, 30, 
60, 120, or 180 rain in M K R  with d iminished con- 
centrat ions of divalent  cat ions by the  injection of 
g lu ta ra ldehyde  into the  organ  ba th  to a final con- 
cent ra t ion  of 2 . 5 ~ .  Strips of taenia coli fixed after 
exposure to normal  M K R  for ei ther 75, 90, 120, 
180, or 240 min  served as controls for this par t  of 
the  study. T h e  contracti le response to electrical or 
chemical  s t imula t ion  was tested at f requent  intervals 
dur ing  the  experiment .  Acetylcholine was injected 
into the  ba th  to a final concentra t ion  of 1 kLg/ml 
and  after the  max i ma l  response was observed, the  
ba th  was r insed and  refilled with solution identical 
to tha t  in the  ba th  before chemical  s t imulat ion.  T h e  
response to electrical s t imulat ion was tested at fre- 
quen t  intervals dur ing  the  exper iment  by passing a 
brief  t rain of  square  wave  impulses (100 V, 1 ms 
dura t ion ,  10 pulses/s) be tween the  hooks a t  e i ther  end  
of the  preparat ion.  I n  no rma l  M K R  this pa t t e rn  of 
electrical s t imula t ion  resulted in a reproducible  con- 
tract ion similar  to tha t  observed in response to K + (9). 

I n  order  to check for the reversibility of the effects 
of M K R  conta in ing  lowered concentrat ions  of 
d ivalent  cations, some preparat ions  were incubated  
in normal  M K R  after a 60 mi n  period of incubat ion 
with reduced Ca +2 a n d / o r  Mg+. 2 T he  preparat ions  
were fixed between 30 and  90 min  after reexposure to 
no rma l  M K R .  Strips of taenia coli fixed in the  organ 
ba th  were removed theref rom after 10-15 min  and  
fixation cont inued in the  same solution at  4°C for 
24 h. T h e  strips were then  prepared  for electron 
microscopy (10). T h e  concentra t ion  of Ca +2 and  
M g  +2 in M K R  after addi t ion of a chela t ing agent  
was calculated as described by Pull et al. (11). T h e  
calculat ion was performed utilizing a value  of 7.4 
for the  p H  of M K R  and  stability constants  for the  
various divalent  cat ion-chelator  complexes at 25°C 
(12, 13). An unavoidab le  bu t  small  error is thus  in- 
t roduced since the  exper iments  were performed at 
37°C bu t  nei ther  stability constants  at 37°C nor 
t h e r m o d y n a m i c  da ta  required for mak ing  tempera-  
ture  corrections of the constants  were available for 
all of the  metal -chela te  complexes.  T h e r m o d y n a m i c  
da ta  (12) required for the  calculat ion of stability 
constants  for the EDTA-d iva l en t  cat ion complexes at  

37°C were, however,  available. Calcula t ion of the  
constants  a t 3 7 ° C  i n d i c a t e d  tha t  the  Ca +2 and  M g  +2 
concentra t ions  de te rmined  using stabili ty constants  
at 25°C underes t imate  the  Ca +2 and  M g  +2 concentra-  
tion in the  present  exper iments  at  37°C by no more  
t han  150~,.. 

R E S U L T S  

A typical  record  s h o w i n g  c h a n g e s  in  s p o n t a n e o u s  

cont rac t i l e  ac t iv i ty  u p o n  r educ t i on  in the  con-  

c c n t r a t i o n  o f  Ca  +~ a n d  M g  +2 f r o m  1.2 X l0  -3 M 

a n d  1.3 X 10 -3 M ,  respect ively,  in n o r m a l  M K R  

to 1.6 × 10 - s M  a n d  1.6 X 10 -6  M is s h o w n  in 

Fig. 1. As was typica l  of  all p r e p a r a t i o n s  s tud ied ,  

w i th in  3 m i n  of  the  decrease  in Ca  +~ a n d  M g  +2 

concen t r a t i ons ,  s p o n t a n e o u s  cont rac t i l e  ac t iv i ty  

was  abo l i shed .  T h e  cont rac t i l e  response  to a test  

dose of ace ty lcho l ine  (I / zg /ml)  or  br ief  e lec t r ica l  

s t i m u l a t i o n  was a lways  abo l i shed  in less t h a n  15 

min .  T h e  effect o f  r eexposu re  of  the  s a m e  t aen ia  

coli s t r ip  to n o r m a l  M K R  is also s h o w n  in Fig. 1. 

As was typica l  of  all p r e p a r a t i o n s  s tud ied ,  n o r m a l  

s p o n t a n e o u s  con t rac t i l e  ac t iv i ty  r e t u r n e d .  T h e  

m e a n  t ime  in t e rva l  b e t w e e n  r eexposu re  to n o r m a l  

M K R  a n d  r e s u m p t i o n  of  s p o n t a n e o u s  con t rac t i l e  

ac t iv i ty  was 86 ± 9 (SE) rain.  T h e  cont rac t i l e  

response  to ace ty lcho l ine  o r  e lectr ical  s t i m u l a t i o n  

r e t u r n e d  wi th  a s imi la r  t ime  course .  

A profile of  a f iber f r o m  a musc l e  str ip t h a t  was 

i n c u b a t e d  in n o r m a l  M K R  for 60 m i n  is s h o w n  in 

Figs. 2 a n d  9 a. T h e  th in  m y o f i l a m e n t s  a re  f o u n d  

in lat t ice-l ike a r r ays  b e t w e e n  the  a b u n d a n t  a n d  

widely  d i s t r ibu ted  th ick myof i l amen t s .  T h e  100-,~ 

d i a m e t e r  f i l amen t s  p r e d o m i n a t e  a r o u n d  a reas  

c o n t a i n i n g  dense  bodies .  T h e  n u m b e r s  a n d  

p a t t e r n  of  d i s t r ibu t ion  of  the  m y o f i l m e n t s  s h o w n  

in Figs. 2 a n d  9 a a re  cha rac te r i s t i c  of  the  p r ep -  

a ra t ions  i n c u b a t e d  in M K R  for in te rva ls  r a n g i n g  

b e t w e e n  1 a n d  4 h. 

A typica l  cross sec t ion of  a f iber f r o m  a musc l e  

s t r ip  i n c u b a t e d  for 60 ra in  in M K R  wi th  lowered  

C a  +2 a n d  M g  +2 levels (5 m M  E D T A )  is s h o w n  in 

Figs. 3 a n d  9 b. T h i c k  m y o f i l a m e n t s  are  n o t  

(tr,--,) Off_,W ',...,' ',,J ',J ',.J'~,/",,~.. / / / 
- - , M K R  - I -  

FZGUaE 1 Polygraph record of the contractile activity of a taenia cull preparation. Dur ing  interval 
denoted by MKR + EDTA, preparation was incubated in M K R  containing 5 m M  EDTA.  Break in 
record during this interval was 50 min. Break in record within the last period was 85 min. Time mark  a t  
lower left is 1 min interval. 
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FIGuttE ~2 Cross-sectional profile of a tibet' from a muscle strip incubated in normal M K R  for 60 min. 
Thick and thin myofilaments are abundant .  × 40,000. 
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FIGURE 3 Cross-sectional profile of a fiber from a muscle strip incubated in MKP, with lowered levels 
of Ca+2/Mg +2 (5 mlV1 EDTA) for 60 min. Thick myofilaments are absent. Thin myofilaments are much 
reduced in number. The principal components remaining are 100-A filaments and dense bodies. Micro- 
pinocytotic vesicles at  the cell membrane are reduced in size. X 40,000. 
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FIGURE 4 Group of fiDer profiles from a muscle sh'ip incubated in normal MKR.  The sarcoplasm is 
comparatively dense (see Fig. 5). )< 10,000. 
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Fmtra~ 5 Group of fiber profiles from a muscle strip incubated in MKR with lowered levels of Ca+2/ 
Mg +2 (5 mM EDTA) for 60 rain. The sarcoplasm in the fiber profiles is uniform and less dense than those 
in Fig. 4. )< 10,000. 
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FIGURE 6 Cross-sectional profile of a fiber from a muscle strip incubated at reduced Ca+2/Mg +2 levels 
for only 30 min. Thin myofilaments are plentiful, but  thick myofilaments are much reduced in number 
and diameter. X 40,000. 
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demonstrable ,  and  th in  myofi laments are very 
much  reduced in number .  The  100-A d iameter  
filaments and  dense bodies are the only major  
components  remaining.  This  condi t ion of incuba-  
tion is also related to a decrease in the size of the 
micropinocytot ic  vesicles of the cell membrane .  
Cross sections from prepara t ions  exposed to M K R  
with E D T A  for intervals as long as 3 h were 
identical  to the profile shown in Figs. 3 and  9 b. 

The  absence of most of the myofilaments in 
cross sections of fibers t reated wi th  E D T A  makes 
their  sarcoplasm less e lectron-opaque as com- 
pared  to fibers in normal  M K R .  This difference 
in density and  the uniformity in the appearance  
of the sarcoplasm among fibers in ei ther  type of 
prepara t ion  is i l lustrated in Figs. 4 and  5. 

After shorter  periods of incubat ion  in M K R  
(30 min) with  reduced Ca +2 and  M g  +2, the th in  
filaments are still numerous  in cross sections of 
fibers, but  thick filaments, if present  at  all, are 
m u c h  reduced in n u m b e r  (Figs. 6 and  9 c). 
Exposure of taenia coli to low C a - ~ / M g  +2 for 
shorter  periods (10-15 min) had  no demonst rable  
effect on uhras t ruc ture  in all bu t  the outermost  
fibers in the strips examined.  Ul t ras t ruc tura l  
changes similar to those shown in Figs. 3, 5, and  
9 b were obtained after 1 h when 5 m M  D T P A  
or E G T A  was subst i tuted for 5 m M  E D T A  as the 
chelat ing agent. EGTA,  unlike the other  chelat ing 
agents, led to marked  dispersion of nuclear  chro- 
mat in  and  crenulat ion of the cytoplasmic mem-  
branes. Al though  the three different chelat ing 
agents produce essentially the same changes in the 
fi lamentous complement  of smooth muscle, (i.e. 
loss of thick and  thin myofilaments) the extent  of 
reduct ion in Ca +2 and  M g  +2 concentrat ions in 
these experiments is not  equivalent.  Tab le  I 
summarizes  the ul t ras t ructural  observations and  
the corresponding extracellular  concentrat ions 

of Ca +2 and  M g  +2. Loss of thick and  thin myo- 
filaments is correlated solely with a reduct ion in 
extracellular  Ca +2 concentrat ion.  The  threshold 
for the uhras t ruc tura l  changes associated with 
reduction in extracellular Ca +~ is p robably  below 
10 -6 M,  because when  taenia coli were incuba ted  
in M K R  containing 3.0 X 10 -6 M Ca +2 and  1.3 × 
10 .3 M M g  +2 for up to 3 h, no ul t ras t ructural  
changes were noted. 

Figs. 7 and  9 d show a smooth muscle fiber from 
a strip of taenia coli which was incuba ted  for 1 h 
in normal  M K R  subsequent  to incubat ion  in 
M K R  with reduced Ca +2 (1.6 X 10 - s  M).  Both 
thick and  thin f la rnents  in lattice-like arrays are 
clearly evident.  This reversibility was found for 
virtually all the fibers in a strip (Fig. 8). Similar 
s tructural  details were noted in preparat ions  
incuba ted  in normal  M K R  for shorter  periods 
(30 rain). Hence,  normal  ul t ras t ructural  relation- 
ships appear  to re turn  before spontaneous or 
electrically or chemically inducible contracti le  
responses can be detected. 

D I S C U S S I O N  

These experiments  indicate  tha t  loss of demon-  
strable thick and  thin myofilaments in smooth 
muscle can be induced by lowering the level of 
extracellular  Ca +2 to below l0 -6 M. Decreasing 
the extracellular  Ca +~ concentra t ion  reportedly 
leads to a p rompt  increase in the efflux of Ca +~ 
from smooth muscle (14, 15) and  a consequent  
decrease in the levels of tissue Ca +2 (I 5). However,  
the loss of demonstrable  myofilaments may  not  be a 
direct consequence of decreased Ca +~ concentra-  
tion per  so, since changes in extracellular  Ca +2 
also lead to changes in permeabi l i ty  of the smooth 
muscle cell m e m b r a n e  (3, 16) with consequent  
changes in the intracel lular  levels of numerous  
ionic species (2, 17, 18). Fur thermore ,  as a con- 

TABLE I 

The Effect of Ca +~ and M g  +2 Concentration on Thick and Thin Myofilaments 

Medium Calculated ex~racellular concentration: 

Ca+2 Mg+2 

Ultrastructure 

Thick filaments Thin filaments 

M M 

M K R  1.2 )< 10 -3 1.3 )< 10 -3 Present Present  
M K R  + 5 m M  EDTA 1.6 )< 10 - s  1.6 )< 10 -6 Absent  Absent  
M K R  + 5 mM DTPA 6.0 )< 10 -8  3.0 )< 10 -6 Absent  Absent  
M K R  n u 5 mM EGTA 5.0 ;< 10 -8 1.3 )< 10 -3 Absent  Absent  
M K R  q- 5 mM EDTA q- 3.9 mM 3.0 X 10 -6 1.3 X 10 -3 Present Present 

MgSO4 
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FIGtraE 7 Cross-sectional profile of a fiber from a muscle strip first incubated a t  reduced Ca+2/Mg +2 
levels for 60 min, then  retm'ned to normal  M K R  for 60 min. Thin  myofi laments  are numerous  and pres- 
en t  in lattice-like arrays. Thick myofi laments  are abundan t  and occasionally aggregate into bundles 
containing no intervening thin myofi laments  (arrow). The  micropinocytotic vesicles are approximately 
the  same size as those a t  the  cell membrane  of fibers from strips in normal  M K R .  )< 40,000, 
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FIGURE 8 Group of fiber profiles from a muscle strip treated as in Fig. 7. The sarcoplasm of the fibers 
is uniformly dense, reflecting the abundance of myofilaments (compare with Figs. 4 and 5). X 10,000. 
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FIGURE 9 Areas of smooth muscle fibers in cross section showing the types of myofilament profiles 
found with various treatments.  Arrows point to dense bodies with associated 100-A filaments. Arrow- 
heads point to thick myofilaments. The thin filaments are the smallest profiles and when present they 
]ie in lattice-like arrays or bundles between the thick myofilaments and dense bodies. (a) Area fronl 
fiber in normal M K R  as in Fig. ~. (b) Area from fiber in EDTA for 1 h as in Fig. 3. (c) Area from fiber 
in EDTA for S0 min as in Fig. 6. (d) Area from fiber in EDTA for 1 h and subsequently reincubated in 
normal M K R  as in Fig. 7. X 90,000. 



sequence of decreasing extracellular Ca +~ levels, 
changes in smooth muscle cellular metabolism 
might also be expected, since numerous metabolic 
pathways are known to be influenced by the 
concentration of Ca +~ and other ions. It is, there- 
fore, difficult to precisely pinpoint what intra- 
cellular change or changes are the cause of the 
loss of thick and thin myofilaments. 

The apparent loss of thick and thin myofila- 
merits observed in response to decreased extra- 
cellular Ca +2 may be due to either (a) a lack of 
staining or (b) a gradual disaggregation of some 
or all of the molecular species which comprise the 
thick and thin myofilaments. The first possibility 
seems unlikely, because there is no alteration in 
the staining properties of intracellular structures 
as evidenced by the normally stained 100-A 
filaments, mitochondria, plasma membranes, 
nuclei, and rough endoplasmic reticulum in the 
presence of low Ca +2 concentrations. A more 
likely explanation of the observed ultrastructural 
changes is that filament "loss" reflects the gradual 
disaggregation of molecules which comprise the 
thick and thin myofilaments. This interpretation 
is consistent with the observation of Shoenberg (7) 
that aggregation of the protein myosin into fila- 
ments requires the presence of Ca +~ in addition 
to Mg +2 and adenosine 5-triphosphate. Purified 
f-actin from striated muscle is not, however, disag- 
gregated by low Ca +2 concentration (19). Ap- 
parent disaggregation of the thin filaments may, 
therefore, reflect an effect of low Ca +~ on one or 
more of the nonactin proteins which comprise the 
thin filament (20). Similarly, the apparent disag- 
gregation of the thick myofilaments may result 
from the effect of low Ca +~ on a nonmyosin com- 
ponent of the filament. Further consideration of 
the mechanisms responsible for thick and thin 
filament loss in the present studies will require 
more detailed information regarding both intra- 
cellular changes evoked by low extracellular Ca +2 
and the chemistry and structure of thick and thin 
myofilaments of smooth muscle. 

The inability to consistently demonstrate thick 
and/or thin myofilament arrays in early studies 
of smooth muscle (21-23) may be related to the 
effects of low Ca +2 in the present study. Thick 
myofilaments typical of those formed from myosin 
were usually not found in smooth muscle fixed 
with osmium tetroxide. Sporadically, they were 
present, suggesting that the fixation process was 
generally insufficient to preserve the apparently 
labile myosin-containing filaments. The similarity 

in appearance of smooth muscle fixed in osmium 
tetroxide to that in which the extracellular Ca +2 
has been removed by chelation, suggests the pos- 
sibility that in the early studies, sufficient Ca +~ 
may have been lost to lead to the disaggregation 
of numerous thick and thin myofilaments. 

The present observations add further support to 
previous studies (10, 24-26) indicating the pres- 
ence of a third class of filaments, 100 ,~ in diam- 
eter within smooth muscle. The observed stability 
of 100-,~ filaments in the presence of decreased 
extracellular Ca +~ indicates that these myo- 
filaments have different properties from the thick 
and thin myofilaments of smooth muscle, further 
supporting the contention that they represent a 
separate class of filaments. 

These studies may also have a bearing on past 
attempts to differentiate between different Ca +2 
pools involved in excitation-contraction coupling. 
A common mode of approach to this problem has 
been to reduce extracellular Ca +2 levels and to 
determine at what Ca +~ level the response to 
different agonists are lost (2, 27, 28). The present 
results suggest that care must be exercised in inter- 
preting the loss or decrease in responsiveness to an 
agonist in a Ca+2-free medium as being due to 
depletion of a Ca +2 pool involved in excitation- 
contraction coupling. In order for this interpreta- 
tion to be valid in view of the present study, it 
must be shown that the contractile apparatus is 
still intact and functional. If disaggregation of 
subunits comprising the thick and thin filaments 
takes place, it seems unlikely that net force would 
result from activation of the actin-myosin system. 
Upon diminution of extracllular Ca +~ levels in 
taenia coli, the loss of contractile responses to 
acetylcholine or electrical stimulation occurred 
considerably before any loss of filaments was 
noted; upon returning Ca +~ to the medium, 
filaments were noted before contractile responses 
could be detected. Thus, in this preparation fila- 
ment structure appeared to be less sensitive to 
decreased extracellular Ca +~ levels than the process 
of excitation-contraction coupling, thus validat- 
ing conclusions drawn from the effects of Ca +~ 
removal regarding the Ca +2 requirement of 
excitation-contraction coupling. It remains to be 
seen if decreased extracellular Ca -~ has similar 
effects on the myofilaments of other smooth 
muscle and what role, if any, these changes play 
in the loss of responsiveness to contractile stimuli 
in the presence of low extracellular Ca +2 concentra- 
tion. 
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