
Molecular Basis for the Influence of 
Muscle Length on Myocardial Performance 

either CTnC or STnC and then activated 
with &+ (Fig. l), the recovery of tcnsion 
was similar for the two types of TnC. Analy- 
sis of the trabedae on SDS-polyaaylamide 

~ N D  BABU, EDMUND SONNENBLICK, JAGDISH GUMTI* gels indicated 70 to 75% deletion of TnC 
with extraction and a corresponding loss of 

AL.cotding to Starling's law ofthe hcut, thc fore of contraction during the ejection of Ca2+ activation (14, 15). After mnsti tu-  
blood is a function of the enddiastolic volume. To seek the molecular explanation of tion, the CThC content was fully ~cstorcd 
this cffea, a study was made of the c&ts of length on Ca2+ scnsitiviq during tension (Table 1). The STnC band nearly over- 
development by isolated dcmembranated cardiac d e  in which the cardiac form of lapped with the cardiac myosin light chain-2 
tmponin C was substituted with skeletal tmponin C. 'Ihc results of t r o w  C (LC2) band [see also figure 4 in (31, and 
exchange were compared at  sarcomm lengths of 1.9 and 2.4 micromctas. Enhance- the intensity increase in this combined band 
ment of the myocardiat performance at  the stretched length was greatly suppressed showed that STnC also adsorbed to the 
with the skeletal troponin C compared with the cardiac troponia C. Thus the troponin denuded CTnC sites. 
C subunit of the troponin complex that regulates the activation of actin filaments has Comparison of the pCa-force relation- 
intrinsic molecular properties that i d u e n a  the length-induced autoreplation of ships at a long (2.3 to 2.4 pm) and a short 
myocardial performance and may be a basis fbr Starling's law of the heart. (1.9 pm) saccomere length under the condi- 

tions used in this study indicated that the 

I NCREASES IN DIASTOLIC VOLUMB OF d t s  suggest that, in addition to its role in length-induced shift of the activation curves 
the heart during its operation as a pump musde activation, CTnC also modulates the was dependent on the type of TnC in the 
are associated with graded improve- size-induced changes in cardiac performance myocardium (Fig. 2). The length-induced 

ments in cardiac performance (1). This find- in response to physiological (and patho- 
ing, that the force of contraction during the physiological) perturbations and may pro- T- 1. -titation of the bands shown in 
ejection of blood is a function of the heart vide a molecular explanation of Starling's h e s  1 to 3 in Fig. 1C. The baud intensities in 
size in diastole, was made nearly 100 years law. each case were normalized to the corresponding 

LC1 band as described earlier (7). Similar d t s  ago and is known as Starling's law of the Skinned trabedae from the venaides of wcrc in fwt +. Norr that in 
heart (1-6). In subsequent studies with iso- hamster hcarts were prepared by chemical , the tamae t e c O ~ m ~  with 
lated cardiac mu&, the tension that could treatment in the presence of Lubrol-wx STnC [(+)SIhC] the added STnC ran with the 
be developed in response to stimulation was (0.5% vlv) dmrgcnt (7). Each tra- LC2 band and this is cctkmd in the value of the 
also found to increase markedly when the was selected for saccomere d r m i t y  and inmi9'. 
length of the sarcomeres was increased from sharp laser pattern. Usually only one trabec- Fiber 
1.4 to 2.5 pm (3,4). This increase in tension ula in a given heart was satisfactory. Skeletal treatment CTnC LC2 LC1 
with length is now considered to be the TnC was exchanged for CTnC as desaibed 
physiological basis for the effect of hcart size before (7) except that potassium propionate Native 0.31 0.81 1.00 

(+) srnc 0.09 0.96 1.00 
on cardiac performance (5, 6), but the mo- was used instead of potassium chloride. (+) mnc 0.33 0.84 1.00 
lecular mechanisms for the are un- When trabendae were reconstituted with 
known. 

We have examined the role of troponin C 
(TnC) in the musdc length-induced im- C 
provement of cardiac performance. TnC is A I 1  2 3 l  

the Ca2+ binding subunit of the troponin 
complex that controls the onsct of musde 
contraction during normal activation (7). 2 -TM 

The relation between pCa and force (pCa 2c- 

equals -log[Ca2+]) of the demembcanated , , a I 

myocardium as a function of mu& length (+) STnC 
have previously indicated that @+ scnsitiv- c - - LLI 

ity is i n c d  at longer sarcomere lengths 
(8,9). However, the length-induced shift of 

i 
+ 

the relation h e e n  pCa and force is sign%- fi - fl ] C T ~ C ~  - 2 

cantly less in skeletal muscle than in cardiac - CT nC 
mu& (10-13). We now show that when - - 
native cardiac TnC (CTnC) is extracted 0 

m 
t - ? c 

from isolated cardiac musde and replaced (0 

z 
- 0, 

(-) TnC (+) CTnC + + 
with purified TnC from skeletal mu& 

- - 
( m c ) ,  the -itivity of the mu& to 5 . 1 .  (A and 6) RccoMy oftension with (A) STnC and (B) CTnC. The TnC was Qmuffd at 3OOC in 
length change is considerably dud. ~h~ 5 mM EDTA, 10 mM imidamle,pH 7.2, fw 20 to 30 minutes, and the t rabcdu wac xcomthtcd 

with STnC or CTnC in the Ax ing  solution (rnM 80 potassium-propionate, 5 EGTA, 5 MgC12, 20 
i m i h l e ,  5 adenosine aiphosphatc, 20 phosphoaatinc,pH 7.0). The force traces arc in mponse qo 
activation with pCa4 (20°C) [see (7,24)]. Thc recovered fbKe was between 85 and 100%. (C) Analysis 

h Babu and E. Sommblick, D v t  of Mcdicinc, of trabcdae by SDS-polyadcnyIatcd gel electropho~esis (15% polyaaylamide, silver-stained). The first 
-Ekein of Medi* B r q  NY 10461. two lanes arc the purified STnC and CTnC to mark the displacement ofthe bands. The third lane is an 
J. -, of Medicine and. PhysiologyIBb 
pFiw Aml ofMd- Bmm NY oversized native cardiac prepamion (not experimental); this overloaded lane saves to indicate the TnC 
0461. band in the cardiac muscle. The next throe lanes (marked 1,2, and 3) arc experimental uabxdae: 

native, STnGloadcd, and CTnCloadcd, respectively. TnT, mponin T; Th4, mpomyosin; TnI, 
YTowhomcomspondaxxshouldbcaddrcascd troponin I. 
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shift obtained with the STnC-loaded trabec- 
ula in Fig. 2 was reduced (by one third) 
compared to the CTnC-loaded trabeculae. 
This reduction offers a straightforward ex- 
planation for the difference in the response 
of skeletal and cardiac muscles, that is, the 
CTnC moiety itself in the sarcomeric assem- 
bly is the transducer that adjusts the Ca2+ 
sensitivity of the myofilaments as a function 
of length (16, 17). 

Finding that phasic contraction in 
skinned cardiac cells triggered by free Ca2+ 
was sensitive to length, Fabiato and Fabiato 
(4) suggested a role for the Ca2+-induced 
Ca2+ release (18) in the length-dependent 
effects on tension. Although this remains an 
important idea, it can be argued on the basis 
of differences with CTnC and STnC that 
Ca2+-induced Ca2+ release is not the exclu- 
sive mechanism for the length-dependent 
effect on cardiac tension. 

Similarly, it has often been suggested that 
Ca2+ sensitivity of cardiac muscle might be 
improved with increased numbers of at- 
tached bridges (5, 6). A major problem with 
this idea, as noted previously (6), is that 
ca2+ sensitivity increases even at lengths 
into the descending limb of the length- 
tension relation where the number of 
bridges would decrease. It is possible, of 
course, that the mechanisms are different 
above and below 2.4 pm, or that several 
different mechanisms cooperate to produce 
the length-induced shifts of ca2+ sensitivity 
in the two domains. Our findings now 
indicate that changes in bridge number are 
not the driving mechanism for the length- 
dependent effect on Ca2+ sensitivity below 
2.4 pm, but rather that the presence offewer 
bridges at shorter lengths is itself the conse- 
quence of a property of TnC. In Fig. 3, the 
steeper line for the 50% activation level of 
CTnC-loaded trabeculae compared to the 
STnC-loaded trabeculae at the same activa- 
tion level, or compared to the line that 
would be expected &om the overlap of actin 
and myosin filaments within the sarcomere, 
provides direct evidence for the following: 
(i) the activation process makes the main 
contribution to the length-tension relation 
of cardiac muscle under physiological condi- 
tions and (ii) the ca2+ sensitivity of the 
particular TnC results in more or iess force 
because the difference in the Ca2+-TnC in- 
teraction modulates the number of cross- 
bridge attachments. 

In the inset of Fig. 3 we compare the 
relation between length and stress of the left 
ventricle in anesthetized dogs (19) with our 
force data on native trabeculae for 50% and 
30% activations. The relation between sys- 
tolic length and stress in the beating heart is 
a convenient representation of starling's 
law. The steeper length-force relation in the 

skinned muscle at lower levels of activation systolic pressures (100 to 150 mmHg) in 
indicates that Starling's effect operates in the the heart during normal function also corre- 
whole heart when the contractile machinery spond to activations less than 50% if one 
is partially activated. It is interesting that considers the appropriate geometric factors 

Flg. 2. Length dependence of the l.0 - A 
relation between pCa and force. L, 
2.3 to 2.4 pm (open symbols); S, 1.9 
pm (closed symbols). The first and 
last measurements were made at 2.4 
pm. The data shown on three differ- 0.5 - 
ent trabeculae (A, 8, and C) are 
typical. Between animals there was a 
small variation in the placement of 
the activation curve at 3 .4  pm, but I I I I 1 
the net shift from 2.4 to 1.9 pm was O 

similar in different preparations. The 
lines are computer fits of the Hill 
eauation. The thick horizontal lines L /- 
inhicate the separation, and numbers $ 
show the shift in pCa units. The 

o,5 mean value + SEM for five CTnC- ,e 
type trabeculae was 0.128 k 0.006 2 
and for three STnC-loaded trabecu- 
lae was 0.020 + 0.011 (P < 0.001 
by t-test). o 

Sarcomere length (pm) 

Fig. 3. The effect of type of TnC on length-tension relation of the partially activated cardiac muscle 
(50% activation level). The data points are normalized to the values at 2.4 p m  The solid line from 
previously published data (25) is translated to the mammalian fiber (26). (Inset) Left ventricular stress 
in systole and diastole from the data on dog heart (19). The 130% length, taken as 2.3 pm, is assumed 
to correspond to the point at the start of ejection in this case. The length-tension relations for 50% and 
30% activations from Fig. 2 are superimposed. 
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(20) and 100 to 300 kN/m2 as the maximum 
force-generating capability of the individual 
cells. 

The TnC in cardiac muscle might respond 
differently from that in fast twitch skeletal 
muscle in several respects. One of the two 
trigger sites (the low-afiity ca2+-specific 
site I) in CTnC has 7 of the 12 amino acid 
residues replaced (13) in the Ca2+-binding 
loop (21), modifying the ca2+ coordination 
in the site under normal conditions, and this 
may be important in producing high length- 
induced ca2+ sensitivity in cardiac muscle. 
There are also other minor replacements in 
the CTnC molecule, but their hctional 
significance is unknown. How the length 
signal is transmitted to the TnC moiety in 
the cardiac muscle is also unknown. One 
possibility is that, as in skeletal muscle, a 
third set of filaments (containing titin, also 
called connectin) in the cytoskeletal matrix 
connects the myosin filaments to the Z-lines 
at the end of the sarcomere (22). The stress 
in the titin filament induced by sarcomere 
length would have to be communicated to 
the regulatory proteins if titin did play a 
specific role in the Starling mechanism. 
Alternatively, steric rearrangements within 
the myofilament lattice below 2.4 pm might 
selectively reorder the thin filaments in the 
heart muscle through the altered electrostat- 
ic or mechanical factors (23) and thereby 
also affect the regulatory proteins. Further 
investigations will be necessary to clarify 
these issues. 
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Cone Cell-Specific Genes Expressed in 
Retinoblastoma 

Retinoblastoma, an intraocular tumor that occurs in children, has long been regarded, 
on the basis of morphological criteria, as a malignancy of the photoreceptor cell 
lineage. Here it is shown that when this tumor is grown in vitro, the cells express 
highly specialized photoreceptor cell genes. Transcripts for the transducin alpha 
subunit, Tc,, which is specific to  the cone cell, as well as transcripts for the red or green 
cone cell photopigment, were found in seven out of seven low-passage retinoblastoma 
cell lines. No  marker genes specific to rod cells were expressed, suggesting that 
retinoblastoma has a cone cell lineage. 

ETINOBLASTOMA (RB) IS AN IN- 

traocular tumor that occurs in chil- 
.&en. The neoplasm develops early 

in life on a sporadic or hereditary basis and 
may be unilateral or bilateral, with the he- 
reditary form being mainly bilateral (1). A 
chromosomal abnormality has been de- 
scribed for both forms of RB (2), and a gene 
in the RB locus was recently cloned (3 ) .  

The tumor is derived from neuroectoder- 
mal cells, but its cell of origin has not been 
unequivocally identified. Primary tumors 
are composed of anaplastic cells with little 
cytoplasm, and morphologically differenti- 
ated structures (fleurettes and Flexner-Win- 
tersteiner rosettes) are found that express 
structural characteristics of mature photo- 
receptor cells (4). A bidirectional differentia- 
tion potential to photoreceptor cells or glial 
cells, or both, has been postulated on the 

basis of studies with the Y79 cell line (5). 
Rod and cone cells are the photoreceptors 

of the mammalian retina. They express the 
photopigment genes (rhodopsin and color 
photopigments) (6) that have been isolated 
from the human genome (7, 8). Photopig- 
ment photolysis is coupled to cyclic guano- 
sine 5'-phosphate metabolism through a 
membrane-associated retinal G protein, 
transdudn (9-ll), and results in a hyperpo- 
larization of the photoreceptor cell mem- 
brane (12, 13). Bovine complementary 
DNAs (cDNAs) specific for the rod cell 
(TRa) and cone cell (Tc,) alpha subunits of 
transducin have been isolated (10, 14, 15). 

Here we show that cultured RB cell lines 
established from individual patients express 
the red or green photopigment gene, or 
both genes, but not the gene coding for 
rhodopsin. Concomitantly, the cells express 
the cone cell TP, subunit but not the rod cell -- 

E. Bogem-, Division of Hematolo Oncolo T R ~  subunit of transducin. We therefore 
Childrens -A-e- Hospital of Los hgeles, Los Xgeles, & postulate that RE3 may be a neoplasm of the 
YUUL/. 
M. A. Lochrie and M. I. Simon, Division of Biology, 'One lineage' 
California Institute ofTechnology, Pasadena, CA 91125. Previously isolated RB cell lines that show 




