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A B S T R A C T Treatment of rat ventricular cells with 10 mM EGTA makes the 
sarcolemma highly permeable to small ions and molecules without removing its 
restriction of the diffusion of larger molecules or inactivating all of its enzymatic 
functions. These hyperpermeable cardiac cells have been used to study the 
regulation of the range of concentration of Ca over which activation of the 
contractile proteins occurs (Ca sensitivity). The Ca sensitivity can be varied from 
three- to sixfold without any significant alteration in the general shape of the 
relation between force and Ca concentrations. Although cyclic nucleotides in 
concentrations of 10 -9 to 10 -5 M do not influence Ca sensitivity, in the presence of 

a phosphodiesterase inhibitor, cGMP increases and cAMP decreases Ca sensitivity. 
Treatment of the hyperpermeable cells with a nonionic detergent raises Ca 
sensitivity as does removal of the phosphate donor by complete substitution of CTP 
for ATP. These data indicate that Ca sensitivity is probably modulated by a cAMP- 
dependent phosphorylation that decreases Ca sensitivity. The sarcolemma is 
required for this reaction to take place. The effect of this reaction is antagonized 
by a cGMP-dependent reaction occurring inside the cell. Studies involving the 
perfusion of the heart with and without epinephrine before the exposure to EGTA 
indicate that epinephrine can regulate this system of control of Ca sensitivity. The 
functional considerations of this regulatory system are discussed. 

I N T R O D U C T I O N  

Because every myocardia l  cell normal ly  contracts  in every cardiac cycle, the 

modula t ion  of  contractility must  occur  at the cellular r a the r  than  the o rgan  

level. Four  genera l  mechanisms  have been  p roposed  for  the regula t ion of  

cellular contractility: (a) the organizat ion o f  the contractile f i laments (49); (b) 

the accumula t ion  and  release o f  Ca f r o m  the sarcoplasmic re t iculum (10, 13, 23, 

45); (c) Ca influx d u r i n g  the action potential  (34, 39, 56); and (d) al terat ion in 

the contracti le prote ins  themselves  (37, 42). I t  is now a p p a r e n t  that  the a m o u n t  

o f  f i lament  over lap  is not critical in the physiological regulat ion o f  force 

genera t ion  (24, 41, 55). Modification of  the contracti le state of  the hear t  f r o m  

changes  in inward Ca cur ren t  or  Ca up take  by the re t iculum can be p r o d u c e d  

by al terat ion of  the action potential  or  by phosphory la t ion  o f  a ret icular pro te in ,  

respectively (23, 40, 45), and may be physiologically impor tan t .  

At tent ion has been  focused on the contractile prote ins  themselves since the 
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demonst ra t ion  o f  several phosphoryla t ion sites including some which are 

dependen t  on cAMP (12, 35, 42, 47, 50). The  phosphoryla t ion o f  t roponin  I 

(TNI)  may produce  a change in the concentrat ion o f  Ca required for activation 

o f  the cardiac myofibrillar ATPase (37, 42) and modifications in contractility 

have been observed in perfused hearts in association with altered cAMP and 

cGMP concentrat ions (12, 18, 47); however,  no consistent relation between cyclic 

nucleotide concentrat ion and contracti]e state has been demons t ra ted  as yet. 

One  limitation inherent  in the study of  intact cells is that the contractile 

propert ies of  the protein cannot  be directly assayed inasmuch as any regulation 

that may exist in excitation-contraction coupl ing cannot  be bypassed. Conse- 

quently,  the inotropic state of  the tissue cannot  be directly correlated with the 

degree o f  phosphoryla t ion o f  the contractile proteins. 

In  the studies repor ted  here,  a prepara t ion in which the surface membrane  

has been made very permeable  to small ions and molecules without the loss o f  

the diffusion barrier  to large intracellular molecules has been used to probe the 

changes in the contractile proteins that can be p roduced  by the remaining  

sarcolemma and other  cellular components .  It is a hyperpermeable  ra ther  than 

a skinned fiber preparat ion because the membrane  remains and still retains 

some of  its normal  biochemical functions. 

M E T H O D S  

After male rats weighing between 50 and 150 g were killed by decapitation, their hearts 

were rapidly removed and transferred to oxygenated, modified Krebs' solution at 4~ 

The right ventricle was opened, and ties of raw silk were placed around the ends of the 

central and lateral papillary muscles and any ventricular trabeculae that were free for at 

least 2-3 mm of their length. The free ends of the silk were tied together to form loops 

for holding the tissue. The papillary muscles and trabeculae were freed from their 

attachments to the wall of the ventricle and transferred to a small chamber containing 

"disruption solution" (see below), where the isolated tissues were pinned at approximately 

their length in the opened but unstretched heart. The tissues were exposed to the 

disruption solution at 0~ for at least 12-72 h. Their mechanical response to Ca ions 

under standard experimental conditions described below was stable throughout this 

period. This "disruption" procedure is a modification of the one originally described in 

1971 which used EDTA for 15 rain at room temperature (54). The new procedure 

prevents any reversal of chemical skinning in concentrations of Ca up to 0.2 raM, the 

highest tested. It also produces a more stable preparation that responds reproducibly to 

a given concentration of Ca ++ over many hours. 
The EGTA-treated tissue was transferred to a Lucite chamber with a volume of 0.15 

ml. One end of the tissue was attached by the loop of silk to an Endevco semiconductor 

force transducer (model 8107, Endevco, San Juan Capistrano, Calif.) and the other to an 
arm mounted on a micrometer screw assembly which was used to stretch the tissue to the 

length it had in the disruption solution. The chamber was continuously perfused at a 

rate of 0.3 ml per min with a syringe pump, and the effluent was aspirated by a vacuum 

system. Changes in solution were made by means of a sliding valve. The total dead space 

of the system was <0.2 ml. 

Solutions 

The electrolyte solution used during dissection of the fresh muscle contained 140 mM 

NaCI, 4 mM NaCI, 4 mM KC1, 2.5 mM MgC12, 2.5 mM CaCI2 and was buffered to pH 7.2 
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with 10 mM imidazole. The  disruption solution used for making the tissue hyperperme-  

able contained 140 mM K propionate ,  2 mM Mg acetate, 10 mM EGTA, 5 mM Na ATP,  

and was buffered to pH 7.2 with 5 mM imidazole. Although imidazole is a phosphodies-  

terase inhibitor,  its presence does not significantly affect the exper imental  results because 

the same phenomena  were seen when equimolar  trismaleate buffer  was used in place of  

imidazole. The  basic relaxing solution contained 140 mM KCI, 7 mM MgCI2, 3 mM 

EGTA,  5 mM ATP,  15 mM creatine phosphate,  0.1 mg/ml creatine phosphokinase 

(Sigma Chemical Co., St. Louis, Mo.), and was buffered to pH 7.0 with 25 mM imidazole. 

The  relaxing solution had an ionic s trength equivalent to 180 mM KC1. Contracture  

solutions were made by adding  CaCI~ to the basic relaxing solution. The  free Ca +2 

concentration was estimated by solving the set of  dissociation equations using the 

dissociation constants of  Fabiato and Fabiato (14). The  concentration of  free Ca +2 is given 

as the pCa (negative log of  the Ca +2 concentrations).  Addit ion of  the CaCI2 to the 

contracture solutions increased the ionic s trength of  the basic relaxing solution by a 

maximum of  3%, a negligible amount  with respect to force product ion.  In exper iments  

where the concentration of  ATP  was varied, the concentration of  MgCI2 was reduced in 

parallel to maintain a 2 mM excess of  Mg over the ATP,  and the ionic s trength was 

maintained constant by adding  the appropr ia te  amount  of  KCI to the solution. When the 

ionic strength was increased to 210 mM KCI in a few experiments ,  the total force 

developed by the hyperpermeable  muscle was reduced significantly, but the relat ionship 

between the relative tension and pCa remained essentially constant. Reduction of  the 

ionic strength to the equivalent of  150 mM KC1, as was used by Kerrick and Donaldson 

(21), p roduced  no significant change in the relative tension-pCa relation. The  high 

concentration of  pH buffer,  and the use of  steady-state tensions in the analysis of  the 

data minimizes any possible influence o f  changes in pH inside the preparat ion (32). This 

conclusion is suppor ted  by the similar results with two buffers with different  pKs. 

Glycerol Extraction 

Papillary muscles and trabeculae from rat r ight ventricles were isolated and extracted in 

50% glycerol according to the procedure  of  Nayler (33). 

Analytical Measures 

The  total Ca content  o f  all solutions was routinely measured with an atomic absorpt ion 

spectrometer  (Perkin-Elmer Co., Norwalk, Conn.,  model 290). The  activity of  glutamate 

oxalacetate t ransaminase (GOT) was measured by a modified Rei tman-Frankel  method 

(38) available in kit form from Dade Diagnostics, Inc.,  Miami, Fla. 

Electron Microscopy 

Tissues were p repared  for examination with the electron microscope by securing the 

ends of  the tissue and fixing overnight in 6% glutaraldehyde in cacodylate buffer  at pH 

7.0 at 4~ After  a rinse in buffer  and 25 min in 1% osmium, the tissues were then 

dehydra ted  with an ethanol  series, embedded  in Spur r  and sectioned with a Sorvall MT- 

2B ul t ramicrotome (Dupont Instruments ,  Wilmington, Del.). Gold sections were exam- 

ined with a Zeiss EM9 electron microscope (Carl Zeiss, Inc., New York). Two sets of  

tissues were examined:  (a) rat ventricular trabeculae that had been dissected from 

isolated hearts and allowed to recover in Krebs solution at room tempera ture  and (b) 

trabeculae that had been soaked in 10 mM EGTA overnight  after removal from the 

chilled isolated heart .  
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E lectrophysiology 

Transmembrane potentials of hyperpermeable cells were measured with glass microelec- 
trodes filled with 3 M KCI. The microelectrodes had resistances of 8-10 MR and tip 
potentials of no more than 5 mV. The transmembrane potential of six to eight surface 
cells was measured first in the standard relaxing solution containing 100 mM KCI and 
10 -9 M Ca and then in a relaxing solution with NaCI replacing KC1 to eliminate any 
voltage clamping effect of the 100 mM K in the bath. After subsequent reequilibration 
with the standard KCI relaxing solution, the bundle was exposed to a contracture 
solution containing pCa 4.5, and the membrane potential of another six to eight cells was 
measured in the contracture solution over a period of 30 min in the high Ca solution. 

R E S U L T S  

Properties of the Preparation 

T h e  purpose  o f  this study is to de te rmine  whether  the sarcolemma regulates the 

concentrat ion o f  Ca required  for activating the contractile proteins and how it 

might  do it. These  exper iments  requi re  a prepara t ion  that both retains its 

control  mechanisms and allows the contractile proteins to be directly p robed .  

T h e  cardiac fiber that has been made  hyperpe rmeab le  by E G T A  fulfills these 
requi rements  inasmuch as it has the following exper imental ly  demonst rable  

propert ies:  (a) the surface m em b ran e  is a minimal diffusion barr ier  to small 

ions and molecules; (b) the cells retain a high level o f  activity o f  soluble enzymes 

indicating that the surface m em b ran e  remains a diffusion barr ier  to large 

molecules; (c) the effect  o f  intracellular Ca sinks, especially the sarcoplasmic 

ret iculum, on the sarcoplasmic concentra t ion o f  Ca is small because 3 mM 

E G T A  in the bath ing solution is an effective Ca buffer ;  (d) at least some 

sarcolemmal enzymes are still functional  in spite of  the altered state of  the 

membrane ;  and (e) the prepara t ion  is sufficiently stable to allow meaningful  

comparisons of  pe r fo rmance  within a single exper iment .  Al though a precise 

descript ion o f  the size of  molecules that will pass t h rough  the m em b ran e  

requires an extensive study involving labeled compounds  of  d i f ferent  molecular  

sizes, the exact description is not crucial for  in te rpre t ing  the studies presented  

below. 
T h e  addit ion o f  Ca ions at an adequate  concentra t ion to activate the 

contractile system produces  an increase in force,  and the reduct ion of  the 

concentra t ion produces  a relaxation (Fig. 1). T h e  half-times of  the changes in 

force are short ,  - 1  rain, and the responses p ro m p t  considering the 100-300-~m 

diameter  of  the preparat ions .  A similarly rapid mechanical response to changes 

in the concentrat ions of  ATP,  creat ine phosphate  (Fig. 2), and phosphoenol  

pyruvate  indicates that small ions and molecules move very quickly f rom the 

bath th rough  the membrane  to the contractile system. T h e  cells retain soluble 

proteins like creatine phosphokinase and G O T .  Creat ine phosphokinase  is 

found  primarily in the sarcoplasm of  intact cells (2), a l though a small amount  

may be bound  to the contractile proteins at the M line (44), and the ease with 

which the enzyme leaks th rough  damaged  membranes  has been used as a 

clinical tool for  detect ing early damage  to myocardial  cells (46). After  a 

hype rpe rmeab le  prepara t ion  has been put  into rigor by replacing A TP  with 

ADP in the absence o f  creatine phosphate ,  the rigor state can be rapidly 
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reversed by adding creatine phosphate without either ATP or exogeneous 

creatine phosphokinase (Fig. 2). The relaxation does not occur in the absence of 

ADP. These results indicate that the cells retain a high level of activity of 

creatine phosphokinase, and analogous experiments indicate the presence of 

considerable pyruvate kinase. 
The retention of soluble sarcoplasmic enzymes by the hyperpermeable cardiac 

fiber can be demonstrated in another way. After ventricular trabeculae had 

been soaked in the disruption solution at 0~ for 50 h, the activity of  GOT was 

measured in the surrounding solution, the undamaged central third of the fiber 

bundle and the ends, which contained all of the damaged tissue as well as some 

FIGURE 1. A record of force produced by direct Ca activation of the contractile 
system of a hyperpermeable rat ventricular bundle. The three records are from 
three consecutive runs on the same preparation over a period of -100 rain and 
show the stability of the hyperpermeable cardiac bundle. Numbers below indicate 
pCa. 

undamaged tissue. The activity of the enzyme was over 1,000 times greater in 

the undamaged tissue than in the bathing solution and 2-3 times greater per 

unit wet weight than in the damaged ends. Approximately 50% of the ends 

appeared to be" composed of damaged tissue by gross inspection under the 

microscope. I f  one assumes that the remaining undamaged tissue in the ends 

contained the same enzymatic activity as the undamaged center, then most, if 

not all, of the transaminase activity in the bathing solution had come from 

damaged tissue, and the undamaged cells did not leak this enzyme. This 

conclusion is further supported by the fact that practically all of the enzymatic 

activity in the bath appeared within the first 2 h. 
The sarcoplasmic Ca concentration is controlled adequately by 3 mM EGTA 

in the bathing solution. With this Ca buffering capacity, very little tension 

develops below a free Ca concentration of  I/zm. If, however, the concentration 

of  EGTA is reduced to 30 /~M, spontaneous contractions appear at a pCa of 

-6.6.  As Fabiato and Fabiato (13) have shown, these contractions are due to Ca- 
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induced releases of  Ca f rom the sarcoplasmic ret iculum that transiently raise 

the concentra t ion of  ion in the sarcoplasm to activating levels (Fig. 3). Elevation 

of  E G T A  back to the 3 mM immediately terminates the spontaneous  activity. 

T h e  addit ion of  10 mM caffeine to a bathing solution containing 30 p.M E G T A  

produces  a large contracture  as a result  of  the release of  Ca f rom the 

sarcoplasmic ret iculum. With 3 mM E G T A  present  for  adequate  buf fer ing ,  no 

increase in force is p roduced  by the same concentra t ion o f  caffeine.  T h e  

constant relation between tension and pCa at concentrat ions o f  the buf fe r  above 

3 mM is additional evidence for the adequacy o f  Ca buf fer ing  by 3 mM EGTA.  

The  same relation between force and Ca concentra t ion can be p roduced  

several times dur ing  a single expe r imen t  with only a trivial change in the 

maximum developed tension (Fig. 1). T h e  prepara t ion  has even been stored 

overnight  in disrupt ion solution at 0~ at the end o f  an exper imen t  and still 

p roduced  the same tension-pCa curve on the following morning .  Because of  the 

FIGURE 2. The removal of ATP produces sustained elevated force, even in the 
presence of 5 mM ADP, but the addition of creatine phosphate causes an 
immediate, complete relaxation indicating the rapid formation of ATP from ADP 
and creatine phosphate. Inasmuch as no creatine phosphokinase was added there 
must be a high level of activity of endogenous creatine phosphokinase. 

stability of  the prepara t ion ,  changes in this relation dur ing  an exper iment  are 

functionally significant and cannot  be at t r ibuted to deter iorat ion o f  the tissue. 

Evidence for  the presence of  functional  adenylate cyclase in the sarcolemma 

of  the hype rpe rmeab le  cardiac fiber will be presented  below. 

T h e  trabeculae and papillary muscles used in these studies are natural  

bundles o f  cardiac cells and do not  have ei ther  un i fo rm shape or  cross sectional 

area along their  length.  Any estimate o f  force in terms o f  cross-sectional area is 

the re fore  unreliable and useless for  quantitative considerations.  T o  evaluate the 

effect  of  p roduc ing  the hype rpe rmeab le  state on the force produc ing  capacity 

o f  the contractile system, the tension genera ted  in response to electrical 

stimulation in Krebs' solution before  t rea tment  with E G T A  was compared  with 

the maximal Ca activated tension af ter  E G T A  t rea tment .  Massive electrodes 

were employed  to insure activation o f  all fibers, and the optimal f requency  of  

stimulation for contractile force was used. T h e  EGTA-t rea ted  rat hear t  behaved 

as the EDTA-t rea ted  f rog and rabbit hearts (53) in p roduc ing  at least the same 

force with Ca activation as with electrical stimulation. T h e  influence o f  damaged  

tissue at the ends of  the bundle  on the deve lopment  of  tension by the 

hype rpe rmeab le  tissue was probably nominal  as measurements  were made  f rom 
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steady-state forces. T h e  compliance in t roduced  by the damaged  tissue would 

primarily inf luence the kinetics ra the r  than steady-state force.  In early experi-  

ments the effect  o f  the resting length on the changes observed with increasing 

Ca was examined  and found to be independen t  o f  resting length as would be 

expected if the series compliance was not important .  In addit ion,  the stability o f  

the response o f  the tissue to Ca ++ argues against any major inf luence o f  

damaged  tissue on the basic p h e n o m e n a  that were observed.  

FIGURE 3. In the presence of 3 mM EGTA, no force is developed until pCa is 
lowered to 6 or less, but in the presence of only 30 ~M EGTA, spontaneous 
contractions are initiated at a pCa of 6.6. The spontaneous activity is presumably 
due to Ca-induced Ca release and quickly disappears when the concentration of 
EGTA is returned to 3 mM. Caffeine produces a large contracture in the presence 
of 30/zM EGTA (lower left), but not in the presence of 3 mM EGTA (lower right). 
This indicates that 3 mM EGTA is an adequate buffer for sarcoplasmic Ca. 

T h e  EGTA-t rea ted  fibers retain a more  normal  appearance  than mechanically 

skinned fibers (Fig. 4). Al though the mi tochondr ia  swell considerably as in the 

mechanically skinned cells, there  is much less swelling of  the sarcoplasmic 

ret iculum, and in a majority o f  the regions examined the ret iculum appea red  

relatively normal .  T h e  myofibrils remain  well organized and retain the hexago-  

nal array o f  filaments. T h e  sarcolemma,  however ,  is considerably al tered in 

appearance .  Instead o f  the well- and uniformly stained membrane  that is seen 

in the unt rea ted  tissue, the EGTA-t rea ted  membrane  is poorly stained in 

some places. T h e  major  change p roduced  by EGTA,  however,  is in the 

basement  membrane ,  which becomes less dense and more  fibrous in appear -  

ance, and f requent ly  is separated f rom the sarcolemma. Changes in the 

appearance  o f  EGTA-t rea ted  skeletal fibers have been recently r epor ted  (9). A 

more  detailed study o f  the change in morphology  o f  the sarcolemma f rom 

t rea tment  with E G T A  will soon be r epor t ed  by Robinson and Winegrad.  



744 T H E  J O U R N A L  O r  G E N E R A L  P H Y S I O L O G Y  ' V O L U M E  7 2  �9 1 9 7 8  



MCCLELLAN AND WINEGRAD Calcium Sensitivity Regulation of Contractile System 745 

In the standard relaxation solution the difference in potential across the mem- 

branes of hyperpermeable cells averaged -7.5 + 0.8 mV. When the KCI was 

replaced by NaCl, the average membrane potential was unchanged at -8.6 + 

1.5 mV, and the addition of  3 • 10-SM Ca (pCa 4.5) increased the potential 
slightly to -5.5 _+ 0.3 inV. These values are not very different from the -10  to 

-20 mV measured in hyperpermeable frog heart cells by Winegrad (54). The 

potential measured by the microelectrode is presumably some kind of  diffusion 

potential associated with the fixed charge on the proteins rather than a true 

transmembrane potential. 

Regulation of Ca Sensitivity 

C H A N G E  IN T H E  RELATION BETWEEN CALCIUM AND DEVELOPED FORCE In 

hyperpermeable ventricular trabeculae or papillary muscles from young rats 

(50-100 g), most of  the activation of  the contractile system is produced between 

pCa 5.6 and 4.5 (Figs. 1 and 5). Although there is some small variation in the 

range where the slope of the relation is very steep, maximum force quite 

uniformly is produced by a pCa of 4.5, and reducing the pCa further causes a 

small decline in developed tension. Very little force is generated at pCa of 6.0 or 

greater as long as the MgATP concentration is well maintained. 

When 5 mM theophylline, a potent inhibitor of  phosphodiesterase, is added 

to the bathing solution, the concentration of Ca necessary for the activation of 

force is decreased by a factor of  3-6. Maximum force is generally produced in 

pCa of 5.2 and significant tension occurs in pCa of 6.0. An essentially identical 

effect can be produced by using another phosphodiesterase inhibitor (Squibb 

Drug Co., no. 20009) instead of theophylline, indicating that the shift in the 

tension-pCa curve is probably due to a change in the concentration of one or 

both the cyclic nucleotides, cAMP and cGMP (1). The addition of  either of these 

cyclic nucleotides to the bath without a phosphodiesterase inhibitor does not 

generally (see below) produce any alteration of the tension-pCa curve. This is 

true for concentrations of  the cyclic nucleotides from 10 -9 to lO-SM. The 

effectiveness of  a phosphodiesterase inhibitor suggests that the contractile 

proteins are sensitive to changes in the concentration of  cyclic nucleotides, but 

the lack of  response to cyclic nucleotides in the absence of the inhibitor shows 

that the preparation contains sufficient phosphodiesterase activity to prevent an 

adequate increase in the concentration of cyclic nucleotides in the immediate 

vicinity of the appropriate protein kinase. Removal of the theophylline restores 

the tension-pCa curve to its original position. 

FIGURE 4. Electron micrographs of rat ventricular trabecula (A), (B), (D) after 
treatment with EGTA and (C) before treatment with EGTA. (A) A lower power 
view of part of two cells showing essentially normal appearance of myofibrils, mild 
swelling of sarcoplasmic reticulum, and considerable swelling of the mitochondria. 
(B) Longitudinal section showing normal structure of sarcomeres. (C) Well-stained, 
uniform appearance of sarcolemma in untreated cell; basement membrane is dense 
and lies along sarcolemma. (D) Less well-stained and nonuniform sarcolemma with 
loss of material from basement membrane and separation of basement membrane 
from sarcolemma. 
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T h e  t rea tment  o f  the hype rpe rmeab le  fibers with a 1% solution (in relaxing 

solution) o f  the nonionic detergents  Tr i ton  X-100, Lubrol  WX, or  Brij 58 for  30 

rain produces  the same change in the tension-pCa relation as theophyll ine,  and  

the addit ion o f  theophyll ine to the solution bathing a prepara t ion  that has been 

treated with de te rgen t  does not change the tension-pCa relation (Fig. 5). T h e r e  

is no significant change in e i ther  the max imum Ca-activated force or  the rate o f  

rise o f  tension as a result  of  the t rea tment  with de tergent .  In 21 exper iments ,  

pos t -detergent  force rises by 8 - 8%, and the respective half-times for  the rise 

o f  tension before  and af ter  de te rgen t  are 1.03 -+ 0.04 and 1.01 - 0.05 rain. 

These  observations and the fact that the steady-state forces that are p roduced  

before  t rea tment  with de te rgen t  are not  inf luenced by increasing the concentra-  

tion o f  the EGTA-buf fe r ing  system to 10 mM indicate that the increased Ca 

sensitivity is not  the result o f  removal  o f  a major  diffusion barr ier  to the entry  o f  

Ca into the cells. T h e  change in Ca sensitivity p roduced  by the de te rgen t  could 

be due  to alterations in the activity o f  e i ther  the phosphodies terase  or  the 

nucleotide cyclases. T h e  latter enzymes appear  to be the more  likely target  in 

view of  the smaller effect  o f  added  cAMP after  t rea tment  of  the tissue with 

de te rgen t  than before  t rea tment  (see below). In changing the Ca sensitivity, the 

de te rgent  must be acting on the sarcolemma ra ther  than the sarcoplasmic 

ret iculum because Brij t rea tment  o f  a mechanically skinned rat ventr icular  fiber,  

which has a functional  sarcoplasmic ret iculum, produces  no alteration in the 

tension-pCa relation (13). T h e  tension-pCa relation o f  the mechanically skinned 

fiber is essentially the same as that of  the de tergent - t rea ted  hype rpe rmeab le  

fiber. 

ROLE OF CGMP T h e  addit ion o f  10 -7 or  10-nM cGMP alone p roduced  

ei ther  no effect  or  a very small increase in the calcium sensitivity o f  the 

hype rpe rmeab le  f iber in most preparat ions .  In four  p.reparations that initially 

had very low Ca sensitivities, the addit ion o f  10 -n cGMP did p roduce  a significant 

increase in Ca sensitivity (Fig. 6, Table  I). In the nine exper iments  in which 10 -n 

M cGMP was added  before  t rea tment  o f  the prepara t ion  with de te rgent ,  

including the four  exper iments  with the relatively Ca insensitive tissues, the pCa 

required  for 50% of  maximal activation was increased by an average of  0.14 __- 

0.04, which is equivalent to a redu'ction o f  28% in the Ca requi rement .  When  

added  with theophyll ine,  cGMP enhanced  the sensitivity o f  the fiber to a grea ter  

degree  than the nucleotide or  the phosphodies terase  inhibitor alone (Fig. 7). 

FIGURE 5. Record A-E: a record of force produced by a hyperpermeable cardiac 
bundle before (A), during (B, C), and after (D, E) the addition of 5 mM 
theophylline (THEO) to the bath to block phosphodiesterase activity. Note the 
completely reversible change in the pCa required for activation that is produced by 
theophylline. The reduction in maximum force produced by the drug is reproduc- 
ible and is the subject of a paper in preparation. Lower panel: the relation between 
developed tension and pCa is shifted to higher pCa (lower Ca concentrations) by 
addition of 5 mM theophylline or treatment with a nonionic detergent (DET). 
There is no significant difference between the tension-pCa relation in theophyiline 
or after 1% detergent in relaxation solution. Curves are normalized to the value 
for maximum force. Each point is the mean of results from at least five different 
experiments. 
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T h e  Ca sensitivity o f  the f iber in the presence  o f  theophyl l ine  and  10 -z or  10 -6 

M cGMP is the same before  and  af ter  t r ea tmen t  with de t e rgen t  (Fig. 8). 

Apparen t ly ,  the cell m e m b r a n e  is not  a major  factor  in de t e rmin ing  Ca 

sensitivity when  cGMP concentra t ion  is control led by the contents  o f  the ba th ing  

solution, but  the m e m b r a n e  is very impor t an t  if  cyclic nucleotides and  a 

phosphodies te rase  inhibi tor  have not  been  added  to the ba th ing  solution. 
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FIGURE 6. The relation between force and pCa in four hyperpermeable bundles 
that were initially particularly insensitive to Ca. Addition of 10 -6 M cGMP causes a 
significant increase in Ca sensitivity even without the presence of a phosphodiester- 
ase inhibitor. Treatment with detergent (DET) produces a much more marked 
increase in Ca sensitivity. Bars indicate 1 SEM. 

INFLUENCE OF AGE OF ANIMAL T h e  results discussed thus far  have 

come f r o m  expe r imen t s  with rats weighing 30-100 g. T h e  initial tens ion-pCa 

relations of  h y p e r p e r m e a b l e  cardiac s t rands  f r o m  older  rats (over 150 g) 

f requent ly  d i f fe r  f r o m  similarly t rea ted  tissue f r o m  younge r  rats. T h e y  closely 

resemble  the relat ion o f  ventr icular  tissue f r o m  younge r  rats that  have been  

t rea ted  with e i ther  theophyl l ine or  a de te rgen t ,  and they u n d e r g o  a much  

smaller  change  in calcium sensitivity af ter  t r ea tmen t  with theophyl l ine or  
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detergents .  T h e  transition f rom the less sensitive tension-pCa relation o f  the 

young  rat to the more  sensitive relation o f  the older  rat  appears  to occur  

gradually as the animal grows to its adult  weight,  but  this developmenta l  change 

requires more  detailed study. 

ROLE Or CAMP T h e  Ca sensitivity is not  changed by the addit ion o f  

cAMP to the bath ing solution in the absence of  a phosphodies terase  inhibitor,  

but with an inhibitor  present  a decrease in Ca sensitivity occurs. T h e  extent  o f  

the decrease depends  on the original sensitivity. T h e  effect  o f  cAMP on shifting 
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FIGURE 7. The addition of 10 -r M cGMP shifts the tension-pCa relation to even 
higher pCa than exists with just 5 mM theophylline (THEO). Curves have been 
normalized. 

the Ca sensitivity was most p rominen t  in hype rpe rmeab le  strands f rom some 

older  rats that initially showed a high sensitivity to calcium (Fig. 9), but  it is 

qualitatively similar a l though quantitatively smaller with tissues f rom younge r  

rats and less sensitive older  rats. In the latter, the addit ion o f  cAMP reduces  the 

amoun t  o f  increased Ca sensitivity that occurs with theophyll ine alone. 

T h e  same general  shift in Ca sensitivity p roduced  by cAMP and theophyll ine 

occurs regardless o f  whether  the prepara t ion  has been t reated with detergents ,  

but  the decrease in sensitivity p roduced  by a given concentra t ion o f  cAMP is 

always grea ter  before  t rea tment  with de te rgent  than af terward (Fig. 10) (Table 

I). This  consistent d i f ference  in the response to cAMP was independen t  o f  the 

age of  the animal f rom which the tissue had been taken. T h e r e  are at least four  
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general kinds of explanations: (a) in the presence of a functioning, though 

hyperpermeable,  membrane the production of  cAMP by the membrane results 

in a higher background concentration of the nucleotide in the cell enhancing 

the effect of the added nucleotide; (b) the membrane inhibits the effect of 

cGMP in increasing Ca sensitivity, and the release of  this inhibition with 

detergent treatment makes cAMP-induced decrease in Ca sensitivity less notice- 

able; (c) there is a detergent-sensitive reaction occurring in the membrane that 
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FIGURE 8. The tension-pCa relation in 10 -7 M cGMP with 5 mM theophylline 
(THEO) is the same regardless of whether the tissue has been treated with 
detergent (DET) first. Curves have been normalized. 

enhances the effect of  cAMP; and (d) the hyperpermeable preparation loses 

some of its cAMP-dependent protein kinase after treatment with detergent as a 

result of the increased membrane permeability. The  experiment examining the 

role of membrane lipids presented below argues against the fourth explanation. 

The second explanation, a membrane inhibition of cGMP, seems unlikely in 

view of the same response of Ca sensitivity to a given concentration of  cGMP 

before and after treatment with detergent.  The possibility that a simple 

concentration effect was in operation was examined by increasing the concentra- 

tion of cAMP used after the detergent 10-fold over the 10-6M in the bath before 

the detergent treatment. The  elevated cAMP concentration did increase the Ca 

sensitivity after detergent treatment a small amount,  but the 10-fold larger 

concentration did not produce the response that was observed before detergent 
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treatment. These results do not rule out a concentration effect, but they do 

suggest that the possibility of another membrane reaction capable of influencing 

the cAMP response should be seriously considered. Modulators of cyclic 

nucleotide action on protein kinase have been described (28, 29, 35). 

ROLE or MEMBRANE L]PIDS There are considerable data in the literature 

describing the influence of membrane lipids on the activity of membrane 

proteins (25, 27, 28, 30). Of particular interest, in view of the role of cyclic 

nucleotides in the regulation of Ca sensitivity, is the report that detergents 
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FIGURE 9. In hyperpermeable cardiac strands from older rats, where the initial 
Ca sensitivity is high, the addition of theophylline (THEO) plus 10 -8 M cAMP 
decreases the Ca sensitivity both before and after treatment with detergent (DET). 
Curves have been normalized. 

inactivate the activator-nucleotide cyclase complex by uncoupling them and 

specific phospholipids reverse this uncoupling (20, 22). Studies were carried out 

to determine whether the alteration of the calcium sensitivity by detergents 

could be reversed with phospholipids. 

The addition of  a chloroform-methanol extract of  brain tissue (Sigma Chem- 

ical Co.), which consisted of 10-20% phosphatidyl inositide, 50-60% phosphoti- 

dyl serine, and 5-10% cerebrosides, to the bath at a concentration of 0.3 mg/ml 

caused a reversible decrease in force (which is the subject of a paper in 

preparation) but no change in the tension-pCa curve of  hyperpermeable strands 

with low Ca sensitivities. The same concentration of the brain extract, however, 



752 THE JOURNAL OF GENERAL PHYSIOLOGY' VOLUME 7 2 '  1978 

completely reversed the increase in calcium sensitivity that had been produced 

by detergent and restored the original ability of theophylline to increase calcium 

sensitivity (Fig. 11). Presumably, by displacing the essential lipids from the 

vicinity of the reactive site, the detergent reversibly inhibits a membrane 

reaction that maintains a lower calcium sensitivity. The inhibitory reactions can 

be reactivated by the appropriate phospholipids. A chloroform-methanol ex- 

tract of  r , t  heart was equally effective but lysolecithin alone was not. 
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FIGURE 10. The ability of 10 -8 cAMP plus 5 mM theophylline to decrease the Ca 
sensitivity is greater before than after detergent treatment. 5 mM theophylline is 
present in both cases with the cAMP. Curves have been normalized. 

E F F E C T  O F  C Y T O S I N E  T R I P H O S P H A T E  Although cytosine triphosphate 

(CTP) will substitute for ATP in the force-generating reactions of the contractile 
system (19), it does not serve as a good phosphate donor in either cAMP- 

dependent or -independent protein phosphorylating reactions (20, 52). In the 

presence of an active phosphatase, replacing ATP with CTP should lead to a 

dephosphorylation of any phosphorylated contractile proteins; therefore, the 

CTP substitution should indicate the Ca sensitivity of the unphosphorylated 

contractile system. Substitution of CTP for ATP results in a shift of the relation 

between force and Ca concentrations to lower Ca concentrations (Fig. 12) 
without changing maximum force. The restoration of ATP reverses the change 
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in Ca sensitivity. The shape and the position of  the reladon between Ca and 

force of  muscle in CTP bathing solution closely resembles those of  muscles 

exposed to theophylline or treated with detergent. In CTP, the calcium 

sensitivity did not respond to theophylline. 

The absence of  either a rise in the base-line tension in 10-gM Ca or an increase 

in the peak tension indicates that the fibers in CTP are not deficient in high 

energy phosphate and that the CrPO4-CPK system is an adequate regenerating 

system for CTP. 

T A B L E  I 

EFFECT OF CHANGES IN BATHING SOLUTION ON CONCENTRATION OF Ca 
TO PRODUCE 50% MAXIMUM ACTIVATION 

[cal.~., 
Solution change No. expts. Shift in pCa [Ca]tam 

Detergent t reatment 18 

Addition of  cAMP to theophylline before detergent in 6 

preparation with initially high Ca sensitivity 

cAMP and theophylline after detergent compared with 14 

cAMP and theophylline before detergent 

Addition of cGMP before detergent 9 

Addition of  cGMP to theophylline before detergent  8 

cGMP and theophylline after detergent compared with 11 

cGMP and theophyiline before detergent 

CTP for ATP 6 

+0.52-+0.03 0.30 

-0.41 -+0.05 2.57 

+0.15-+0.01 0.71 

+0.14-+0.04 0.72 

+0.16-+0.02 0.69 

-0.006-+0.02 1.01 

+0.79-+0.04 0.16 

TENSION-~TCA RELATION OF THE GLYCEROL-EXTRACTED FIBER Trabeculae 

and papillary muscles that had been extracted in glycerol to destroy the 

membrane regulatory mechanisms had relations between force and pCa similar 

to those seen with hyperpermeable bundles in theophylline, in CTP, or after 

treatment with detergent (Fig. 13). The glycerol-treated fibers were insensitive 

to theophylline. Inasmuch as the Ca-tension relation of these fibers was not well 

maintained on successive runs, the preparation was not used for further study. 

INFLUENCE OF MAGNESIUM-ATP ON CALCIUM SENSITIVITY The tension 

pCa relation can also be changed by lowering the concentration of  MgATP in 

the bathing solution (3, 14). This change is analogous to the increased Ca 

sensitivity of  myofibrils in the presence of  low MgATP, and is presumably due 

to an increased affinity of troponin for calcium (4, 17). To determine whether 

the membrane mechanism for regulating calcium sensitivity is the same as that 

involved in the response to low MgATP, hyperpermeable cardiac strands from 

young rats were put into a state of high Ca sensitivity by treatment with 

detergent, and their response to Ca was examined in the presence of 0.2 mM 

ATP. A further increase in Ca sensitivity was produced by the lower MgATP so 

that 0.1/2M Ca, which does not raise force in 5 mM MgATP (Fig. 14), produced 

~15% of maximum tension in the presence of 0.2 mM MgATP. These results 
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indicate that the alteration in Ca sensivity with low ATP and cyclic nucleotides 

involves different mechanisms. 

EFFECT OF PERFUSION OF HEART The condition of the heart that has 

been isolated from an animal is influenced to a considerable degree by the 

manner in which the animal has been handled before sacrifice (8, 11, 16). 

Decapitation causes a marked increase in the plasma levels of norepinephrine 
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FIGURE ll. The increase in Ca sensitivity which is produced by treatment with 
detergent is reversed by adding mixed phospholipids to the bathing solution. The 
addition of the phospholipids also restores the ability of theophylline (THEO) to 
increase Ca sensitivity. Curves have been normalized. 

(8) and a decrease in the phosphate content of cardiac myosin (47). I f  the animal 

is anesthetized before sacrifice the plasma norepinephrine level is much lower, 

and the phosphate content of cardiac myosin and TNI is increased and 
decreased, respectively. Perfusion of the isolated heart after decapitation has 

approximately the same effect as anesthesia before removal of  the heart. These 

studies indicate that the heart removed immediately after decapitation or 

stunning is under strong influence of catecholamines, and that this is reversed 

by in vitro perfusion. 
Because the effects of cyclic nucleotides on Ca sensitivity suggest that 

epinephrine might be important in the regulation of this property, the relation 
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between Ca and force was examined in hyperpermeable bundles from hearts 

treated in three different ways: (a) hearts isolated after decapitation were 

immediately cooled to 4~ bundles were dissected and then incubated in EGTA 
solution; (b) hearts were perfused for 5-10 rain with modified Krebs' at 250C 

before cooling and dissection; (c) hearts were perfused for 5 min with'modified 

Krebs' at 25~ and then for 7-10 min with Krebs' that contained 2 t~M 

epinephrine. 
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FIGURE 12. Replacement of ATP with 5 mM CTP produces a shift in the tension- 
pCa relation to higher pCa. The CTP can support the generation of force but it 
does not act as a good phosphate donor. 

The tension-Ca relations in these muscles are shown in Fig. 15. Hyperperme- 
able bundles from hearts which had been perfused with Krebs' had greater 

sensitivity than those from hearts that had been cooled immediately after 
removal. Perfusion with epinephrine partially reversed the increase in Ca 

activity that had been produced by the perfusion with Krebs'. The Ca sensitivity 
of  both the hearts that had been cooled immediately and those which had been 
perfused with Krebs' were the same, however, after inactivation of  the cell 

membranes with 1% Triton X-100 solution. Epinephrine apparently can regu- 
late the Ca sensitivity of  the contractile system by an alteration in the state of  the 
cell membrane, presumably by changing the rate of  synthesis of  cAMP. 
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D I S C U S S I O N  

A preparation of mammalian ventricular muscle in which the surface membrane 

has been made very permeable to ions and small molecules was used to study 

the concentration of Ca ions required for activation of the contractile system. 

This model of a cardiac cell has the advantage of retaining not only sarcoplasmic 

proteins but also some membrane enzymes. It allows the assay of properties of 
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FIGURE 13. The tension-pCa relation of rat ventricular muscle which has been 
glycerol-extracted for several days is shifted to higher pCa and is the same as the 
relation in the hyperpermeable (EGTA) muscle which is bathed in a solution with 
5 mM theophylline (THEO). Curves have been normalized. 

the contractile system by direct activation with Ca in the presence of more of the 

constituents and functions of the intact cell than the mechanically skinned or 

glycerol-treated fiber preparation, A more rigorous biochemical description of 

the membrane than is possible from physiological experiments will require 

homogenization of the tissue and study of the isolated organelles, but this type 

of approach has the potential problem of inactivation of membrane constituents 
during the preparation. 

In this model of a mammalian cardiac cell, the range of concentration of Ca 
ions that is required for the activation of the contractile system can be varied 
from three- to sixfold without a change in the general shape of the relation 
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between force and Ca concentration. The curve is merely shifted along the Ca 

concentration axis. The sarcolemma must be intimately involved in the regula- 

tion of  Ca sensitivity because treatment with detergents produces a change in 

the Ca sensitivity. No change in Ca sensitivity of mechanically skinned rat 

ventricular cells, which have no surface membrane, results from treatment with 

detergent or cAMP (14, lfi), although these skinned fibers have a functioning 

sarcoplasmic reticulum that is sensitive to detergents. The effect of  the detergent 

on Ca sensitivity must be on the sarcolemma and not the intracellular mem- 
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FIGURE 14. Decreasing the concentration of  MgATP from 5 to 0.2 mM increases 

both Ca sensitivity and maximum force in hyperpermeable strands in which the Ca 
sensitivity has already been increased by treatment with detergent. 

branes and, predictably, the Ca-tension relation of the skinned fiber is the same 

as that of the detergent-treated hyperpermeable fiber. The hyperpermeable 

cells seem to retain important regulatory functions in the membrane that are 

lost after detergent treatment. 

The evidence for an important role of  phosphorylation in the regulation of 

Ca sensitivity is considerable but neither direct nor conclusive. Ca sensitivity can 

be changed by treatment of  the hyperpermeable fibers with cyclic nucleotides, 

with phosphodiesterase inhibitors, or by the removal of phosphate donors. The 

manner in which the cyclic nucleotides, phosphodiesterase inhibitors, and 
detergents influence Ca sensitivity of  the hyperpermeable cardiac cell is very 

similar to the way they influence phosphorylation reactions in isolated systems 

of  mammalian cardiac muscle. Nonionic detergents increase guanylate and 
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FIGURE 15. The effect of the state of  the heart before exposure to EGTA on the 
Ca sensitivity of the hyperpermeable fibers. Perfusion of the isolated heart after 
acute sacrifice of the animal increases the Ca sensitivity, but addition of epineph- 
rine to the perfusion fluid partially reverses this increase. The Ca sensitivity after 
treatment with detergent is independent of the state of the heart before exposure 
to EGTA. Each curve is the composite of at least three experiments on hearts 
removed from litter mates. Variation at each point is not shown because of the 
large number of  data points, but all curves except the two postdetergent ones are 
significantly different from each other at <0.05 level. (Q) Pre-Triton, Krebs' 
perfused; (&) post-Triton, Krebs' perfused; (O) pre-Triton, nonperfused; (/k) 
post-Triton, nonperfused; (D) pre-Triton, Krebs' and the epinephrine perfused. 

decrease adenylate  cyclase activity (22, 53), as well as uncoup le  adenylate  cyclase 

f r o m  the ca techolamine-s t imula ted  g - r ecep to r  (26). T h e  uncoup l ing  can be 

reversed  by the addi t ion o f  phosphol ip id  (27). T r e a t m e n t  of  the h y p e r p e r m e a -  

ble f iber with de te rgen t  p roduces  a cGMP-like effect  and  inhibits any cAMP-like 

action. Add idon  o f  phosphol ip ids  reverses  these changes.  De te rgen t  does  not  

alter the isolated prote in  kinase and ,  as indicated by the reversabili ty o f  the 

de tergent ' s  effect  on  the h y p e r p e r m e a b l e  fibers,  it does not  dena tu r e  the 

prote ins  involved in the regulat ion of  Ca sensitivity. 
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Perfusion of  the heart with epinephrine before treatment with EGTA changes 

Ca sensitivity in the same way as increased cAMP. The apparent durability of  
the epinephrine effect on the hyperpermeable fibers through prolonged expo- 

sure at 0~ to a solution without catecholamines is not surprising, in view of  the 
maintained activation of  rat cardiac protein kinase in spite of  the removal of  

cAMP if the temperature is 0~ (6). Phosphorylation of  TNI  accompanies the 

perfusion (11, 12, 51), and in two laboratories (7, 37) phosphorylation of  TNI  by 
a cAMP-dependent protein kinase leads to about a three-fold increase in Ca 

sensitivity. This has not been a uniform finding (5, 42), and the difference in 
results has not yet been explained, but phosphorylation of  TNI  could be 

involved in the regulation of  Ca sensitivity in the hyperpermeable fibers. 
The observed changes in the properties of  the hyperpermeable fibers must be 

due to modification of  the contractile proteins themselves as the myofibrils are 

directly activated by a Ca buffer that is adequate to surpress the influence of  

other cell organelles on the cytoplasmic concentration of  Ca ions. Clearly, 
however, proof  of  the relationship between Ca sensitivity and phosphorylation 
requires the study of  both in the same tissue under the various conditions in 

which Ca sensitivity can be modified. Demonstration of  changes in the concen- 

tration of  cyclic nucleotides in the tissue by direct measurement is also critical 

for final evaluation of  the proposed mechanism. Both kinds of  experiments, 
which involve asp labeling, protein isolation, and sensitive assay of  cyclic 

nucleotides, are currently being done in our laboratory. Dose-response curves 

relating epinephrine in the perfusion medium to the state of  the contractile 
proteins are also important for judging the connection between the initial 
reaction on the membrane and the phosphorylation of  the contractile protein. 

Because the Ca sensitivity can be shifted back and forth by inhibitors of  

phosphodiesterase, the preparation must contain a system that can both 

phosphorylate and dephosphorylate the proteins. In the absence of  a phosphate 
donor,  as when CTP has replaced ATP, the phosphatase should reduce the 

proteins to a dephosphorylated state. Under  these conditions maximal Ca 

sensitivity of  the contractile system is observed. 
The results of  this study do not provide sufficient information for the 

formulation of  a rigorous and complete model, but they do show that the 

sarcolemma can regulate the performance of  the contractile proteins by a 
nonionic mechanism. A relatively coherent notion of  the manner in which Ca 

sensitivity is regulated can be inferred from the following experimental facts 

(Fig. 16): (a) cGMP enhances Ca sensitivity; (b) cAMP depresses Ca sensitivity; 

(c) inhibition of  phosphodiesterase increases Ca sensitivity; (d) inactivation of  

the surface membrane either increases Ca sensitivity or does nothing; (e) cGMP 
plus theophylline has the same effect with or without an active membrane; 00 
cAMP plus theophylline is more effective before rather than after the membrane 

is inactivated; (g) absence of  a phosphate donor produces a state of  high Ca 

sensitivity. In the intact cell the concentration of  Ca required for activation is 
the net result of  cAMP-controlled phosphorylation, which increases the required 

concentration, and a cGMP-regulated antagonistic reaction. The former re- 

quires the sarcolemma whereas the latter does not. In the presence of a high 
concentration of  catecholamines, the Ca sensitivity of the contractile proteins is 
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relatively low as a result of the predominance of cAMP over cGMP synthesis. 

When the hydrolysis of  both cyclic nucleotides is inhibited by blocking phospho- 

diesterase activity, the cGMP-regulated reaction becomes predominant presum- 

ably because the K m for cGMP-dependent reactions is -0.1 of that of cAMP- 

dependent reactions, and the action of cAMP is antagonized either directly or 

by a second phosphorylation that neutralizes the effects of the cAMP-dependent 

phosphorylation. With this type of regulation, Ca sensitivity would usually but 

not always be related to the cAMP concentration and the phosphate content of 

the protein (37, 47). 

CA SENSITIVITY REGULATION 
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FIGURE 16. Proposed model for the regulation of Ca sensitivity by catechol- 
amines. Interrupted lines are used for the antagonistic, cGMP-dependent reactions 
to indicate that the data do not allow a meaningful inference about the site of 
action. 

Our results, which indicate that cGMP induces an increase and cAMP induces 

a decrease in Ca sensitivity, are consistent with the findings of Ray and England 

(37) and Cole et al. (7) that cAMP causes a decrease in sensitivity. The increased 

sensitivity reported by Rubio et al. (42) may have involved activation of the 
cGMP-regulated reaction. 

Lipids are clearly involved in providing the appropriate molecular environ- 

ment for the activity of the sarcolemmal regulatory proteins as well as for other 

membrane systems, such as the sarcoplasmic reticulum (30). This sensitivity of 

membrane proteins to lipids makes the lipids potential messengers from the 

organelles or sarcoplasm to the membrane. The membrane could operate as an 

integrator of both intracellular and extracellular information in addition to a 

regulator of the properties of the contractile proteins. 

Regulating the range of Ca concentrations over which activation of the 

contractile proteins occurs is not a good mechanism for modulating contractility. 

The Ca necessary to raise the sarcoplasmic concentration constitutes only a small 
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fraction o f  the total Ca requi rement ,  most o f  which is necessary for  b inding to 

t roponin  (10, 48). Increasing Ca sensitivity causes only a small decrease in the 

Ca r equ i remen t  for  activation, but  the shift in the range o f  activating concentra-  

tion may be useful to the cell in at least three  ways. It would permi t  regulat ion 

o f  diastolic tone  by varying the am o u n t  o f  activation o f  the so-called "rest ing 

muscle" at a given Ca concentra t ion and,  as a result, de te rmine  the n u m b e r  o f  

links between actin and myosin that contr ibute  to resting stiffness (31, 43, 55, 

56). T h e  degree  to which the activation o f  the contractile system is coupled with 

o the r  Ca-dependen t  cellular reactions could also be modula ted  by this mecha- 

nism. T h e  ability to vary Ca sensitivity o f  the contractile system over  a significant 

range  also offers  the cell a mechanism for  activation o f  contract ion with no 

change in Ca concentra t ion.  Phosphoryla t ion could shift the range  of  Ca 

sensitivity into and out  of  the existing sarcoplasmic concentra t ion range  but ,  in 

view o f  the rate at which the cardiac contractile proteins are phosphory la ted  in 

solution, it is probably not an impor tan t  mechanism in beat-to-beat regulat ion.  

T h e  insensitivity o f  the prepara t ion  to cyclic nucleotides in the absence o f  a 

phosphodies terase  inhibitor points out  the potential  impor tance  o f  regulat ion 

o f  phosphoryla t ion  by this enzyme.  It may be vital in control l ing local cyclic 

nucleotide concentrat ions in strategically impor tan t  regions o f  the cell. 

The authors gratefully thank Dr. Thomas Robinson for the use of the electron micrographs in 
Fig. 4. 
This work was supported by grants HL-16010 and HL-15835 from the U. S. Public Health Service. 

Received for publication 21 February 1978. 

REFERENCES 

I. APPLEMAN, M., and W. L. TERASAKI. 1975. Regulation of cyclic nucleotide phospho- 
diesterase. Adv. Cyclic Nucleotide Res. 5:153-162. 

2. BABA, N., S. KXM, and E. FARRELL. 1976. Histochemistry of creatine phosphokinase. 

J. Mol. Cell. Cardiol. 8:599-617. 

3. BESW, P., S. DONALDSON, and G. KERmCK. 1977. Tension in mechanically disrupted 

cardiac cells: effects of magnesium adenosine triphosphate. J. Physiol. (Lond.). 

265:1-17. 

4. BREMEL, R., and A. WEBER. 1972. Cooperation within actin filaments in vertebrate 

skeletal muscle. Nat. New Biol. 238:97-101. 

5. Buss, J., and J. STULL. 1977. Calcium binding to cardiac troponin and the effect of 
cyclic AMP dependent protein kinase. FEBS (Fed. Eur. Biochem. Soc.)Lett. 75:101- 

104. 

6. CORBIN, J., and S. KELLEY. 1977. Characterization and regulation of heart adenosine 

3':5'-monophosphate-dependent protein kinase isoenzymes.J. Biol. Chem. 252:910- 

918. 

7. COLE, H. A., N. FREARSON, A. MOIR, S. V. PERRY, and J. SOLARO. 1978. Phosphoryl- 

ation of cardiac myofibrillar proteins in heart function and metabolism. Recent 

Adv. Stud. Card. Struct. Metab. 11:111-120. 

8. DEPOCAS, F., and W. A. BEHRENS. 1977. Effects of handling, decapitation, anesthesia 

and surgery on plasma noradrenaline levels in the white rat. Can. J. Physiol. 

Pharmacol. 55:212-219. 

9. EASTWOOD, A. B., D. S. WooD, and K. L. BocK. 1978. The ultrastructure of 



7 6 2  T H E  J O U R N A L  OF  G E N E R A L  P H Y S I O L O G Y  �9 V O L U M E  7 2  �9 1978 

chemically skinned human and rabbit skeletal muscle. Biophys. Soc. Annu. Meet. 

Abstr. 21:185a. 

10. EBASHI, S., and M. ENDO. 1968. Calcium ion and muscle contraction. Prog. Biophys. 

Mol. Biol. 18:123-183. 

11. ENGLAND, P. 1975. Correlation between contraction and phosphorylation of the 

inhibitory subunit of troponin in perfused rat heart. FEBS (Fed. Eur. Biochem. Soc.) 

Lett. 50:57-60. 

]~). ENGLAND, P. 1976. Studies of the phosphorylation of the inhibitory subunit of 

troponin during modification of contraction in perfused rat heart. Biochem. J. 

160:295-304. 

13. FABIATO, A., and F. FABIATO. 1975. Contractions induced by a calcium triggered 

release of calcium from the sarcoplasmic reticulum of single skinned cardiac cells. 

J. Physiol. (Lond.). 249:469-495. 

14. FABIATO, A., and F. FAmATO. 1975. Effects of magnesium on contractile activation of 

skinned cardiac cells.J. Physiol. (Lond.). 249:497-517. 

15. FABIATO, A., and F. FABIATO. Quoted by R. Tsien. 1977. Adv. Cyclic Nucleotide Res. 

8:407. 

16. Frearson, N., R. J. SOLARO, and S. V. PERRY. 1976. Changes in phosphorylation of P 

light chain of myosin in perfused rabbit heart. Nature (Lond.). 264:801-802. 

17. FucHs, F., and M. BAYUK. 1976. The effect of Mg a+ on the binding of Ca 2§ to 

glycerol-extracted muscle fibers. Biophys. J. 16: 201a. (Abstr.) 

18. GEORGE, W., R. WmKERSON, and P. KADOWlTZ. 1973. Influence of acetylcholine on 

contractile force and cyclic nucleotide levels in the isolated perfused rat heart. J. 

Pharmacol. Exp. Ther. 184:228-235. 

19. HASSELBACH, W. 1956. Die Wechselwirkung verschiedener Nukleosidtriphosphat 

mit Aktomyosin im Geluzstand. Biochim. Biophys. Acta. 20:355-368. 

20. HosEY, M., and M. TAO. 1977. Protein kinases and membrane phosphorylation. 

Curt. Top. Membranes Transp. 9:233-319. 

21. KERRICK, G., and S. DONALDSON. 1972. Effects of M~ + on submaximum Ca 2+- 

activated tension in fibers of frog skeletal muscle. Biochim. Biophys. Acta. 275:117- 

122. 

22. KIMURA, H., and F. MURAD. 1974. Evidence for two different forms of guanylate 

cyclase in rat heart.J. Biol. Chem. 249:6910-6916. 

23. KIRCHBERGER, M., M. TADA, and A. M. KATZ. 1974. Adenosine 3'-5' monophosphate 

dependent protein kinase-catalyzed phosphorylation reaction and its relationship 

to calcium transport in cardiac sarcoplasmic reticulum. J. Biol. Chem. 249:6166- 

6173. 

24. LAKATTA, E., and B. JEWELL. 1977. Length dependent activation: its effect on the 

length-tension relation in cat ventricular muscle. Circ. Res. 40:251-257. 

25. LEFKOWITZ, R. 1975. Catecholamine stimulated myocardial adenylate cyclase: effects 

of phospholipase digestion and role of membrane lipids.J. Mol. Cell. Cardiol. 7:27- 

37. 

26. LEVEY, G. 1970. Solubilization of myocardial adenylcyclase. Biochem. Biophys. Res. 

Commun. $8:86-92. 

27. LEVEY, G. 1971. Restoration of glucagon responsiveness of solubilized myocardial 

adenylcyclase by phosphatidylserine. Biochem. Biophys. Res. Commun. 45:108-113. 

28. LEvEY, G. 1971. Restoration of norepinephrine responsiveness of solubilized myo- 

cardial adenylate cyclase by phosphatidyl-inositol.J. Biol. Chem. 246:7405-7410. 

29. LEVEY, G., D. LEHOTAY, J. CANTERBURY, L. BmCK~R, and G. MELTZ. 1975. Isolation 



McCLELLAN AND WINEGRAD C~mm S ~  R~U~O.t~lOfl of Co~Pra~t~ S~$~ 76~ 

of a unique peptide inhibkor of hormone-responsive adenylate cyclase. J. Biol. 

Chem. 250:5730-5733. 

30. MARTONOSl, A. 1975. The mechanism of calcium transport in sarcoplasmic reticulum. 

M In Calcium Transport in Contraction and Secretion. E. Carafoli, F. Clementi, W. 

Drabikowski, and A. Margreth, editors. North Holland Publishing Co., 313-327. 

31. MATSU~ARA, I., and B. MILLMAN. 1972. X-ray diffraction patterns from mammalian 

heart muscle.J. Physiol. (Lord.). 2~0:62p-63p. 

32. Molszscu, D. G., and R. TmELECZEX. 1978. Calcium and strontium concentration 

changes within skinned muscle preparations following a change in the external 

bathing solution. J. Physiiol. (Lord.). 275:241-262. 

33. NAYLER, W., and N. MERRILLEES. 1964. Some observations on the fine structure and 

metabolic activity of normal and glycerinated ventricular muscle of toad. J. Cell 

Biol. 22:533-550. 

34. NIEDERGERKE, R., and R. ORKAND. 1966. The dual effects of calcium on the action 

potential of the frog's heart.J. Physiol. (Lond.). 184:291-311. 

$5. PERRY, S. V. 1975. The contractile and regulatory proteins of the myocardium. In 

Contraction and Relaxation in the Myocardium. W. Nayler, editor. Academic 

Press, London. 29-77. 

36. POSNER, J., R. STERN, and E. KREBS. 1965. Effects of electrical stimulation and 

epinephrine on muscle phosphorylase, phosphorylase b kinase and adenosine 3'-5' 

phosphate.J. Biol. Chem. 240:982-985. 

37. RAY, K., and P. ENGLANI). 1976. Phosphorylation of the inhibitory subunit of 

troponin and its effects on the calcium dependence of cardiac myofibril adenosine 

triphosphatase. FEBS (Fed. Eur. Biochera. Soc. ) Letters 70:11-17. 

38. REITMAN, S., and S. FRANKEL. 1957. A calorimetric method for the determination of 

serum glutamic oxalacetic and glutamic pyruvic transaminases. Am. J. Clin. Path. 

28:56-63. 

39. REUaXR, H., and H. SCHOLZ. 1977. A study of the ion selectivity and the kinetic 

properties of the calcium dependent slow inward current in mammalian cardiac 

muscle. J. Physiol. ( Lond. ). 264:17-47. 

40. REUTER, H., and H. SCHOLZ. 1977. The regulation of calcium conductance of cardiac 

muscle by adrenaline.J. Physiol. (Lord.). 264:49--62. 

41. ROBINSON, T., and S. WINZGRAD. 1977. Variation of thin filament length in heart 

muscle. Nature (Lond. ). 267:74-75. 

42. Rumo, R., C. BAILEY, and C. VILLAR-PALASI. 1975. Effects of cyclic AMP dependent 

protein kinase on cardiac actomysin: increase in Ca*+ sensitivity and possible 

phosphorylation of troponin I.J.  Cyclic Nucleotide Res. 1:143-150. 

43. SCHERLAG, B., H. BARTELSTONE, S. WYTE, and B. HOWMAN. 1966. Variable diastolic 

ventricular compliance: a general property of mammalian cardiac muscle. Nature 
(Lord.). 209:1246--1247. 

44. SCHOLTE, J. R. 1973. On the triple localization of creatine kinase in heart and skeletal 

muscle cells of the rat: evidence of the existence of myofibrillar and mitochondrical 

isoenzymes. Biochem. Bio#hys. Acta. 905:413-427. 

45. SCHWARTZ, A., M. ENTMAN, K. KANIXZ, L. LANE, W. VAN WXNXLE, and E. BORNET. 

1976. The rate of calcium uptake into sarcoplasmic reticulum of cardiac muscle 

and skeletal muscle. Biochim. BioPhys. Acta. 426:57-72. 

46. SNELL, W., and B. SOBEL. 1976. Biochemical markers of ischemic injury. Circulation. 
53: (Suppl. 1:)98-106. 

47. SOLARO, R.J. ,  A. Morn, and S. V. PERRY. 1976. Phosphorylation of troponin I and 



7 6 4  THE JOURNAL OF GENERAL PHYSIOLOGY �9 VOLUME 72  �9 1978  

the inotropic effect of adrenaline in the perfused rabbit heart. Nature (Lond.). 

262:615-617. 

48. SOLARO, J., R. WISE, J. SHINER, and N. BR1GGS. 1974. Calcium requirements for 

cardiac myofibrillar activation. Circ. Res. 34"525-530. 

49. SONNENBLXCK, E., add L. SKELTON. 1974. Reconsiderations of the ultrastructural 

basis of cardiac length-tension relations. Circ. Res. 35:517-526. 

50. STULL, J.,  C. BROSTROM, and E. KREnS. 1972. Phosphorylation of the inhibitor 

component of troponin by phosphorylase kinase.J. Biol. Chem. 247:5272-5274. 

51. STULL, J.,  and J. Buss. 1977. Phosphorylation of cardiac troponin by cyclic adenosine 

3':5'-monophosphate-dependent protein kinase.J. Biol. Chem. 252:851-857. 

52. WALSH, D., and E. KREBS. 1973. Protein kinasis. In The Enzymes, 3rd edition. P.O. 

Boyer, editor. Academic Press, Inc., New York. 8:555-581. 

53. WHITE, A/A. 1975. Guanylate cyclase activity in heart and lung. Adv. Cyclic Nucleotide 

Res. 5:353-373. 

54. WINEGRAD, S. 1971. Studies of cardiac muscle with a high permeability to calcium 

produced by treatment with ethylenediaminetetraacetic acid.J. Gen. Physiol. 58:71- 

93. 

55. WINEGRAD, S. 1974. Resting sarcomere length-tension relation in living frog heart.J.  

Gen. Physiol. 64:343-355. 

56. WINEGRAD, S., G. B. McCLELLAN, T. F. ROBINSON, and N. P. LAI. 1976. Variable 

diastolic compliance and variable Ca sensitivity of the contractile system in cardiac 

muscle. Eur. J. Cardiol. 4 (Suppl):41-44. 

57. WOOD, E., R. HEPPNER, and S. WEIDMANN. 1969. Inotropic effects of electric 

currents. Circ. Res. 24:409-445. 


