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Monoclonal  antiboldies identify two distinct isoforms 
of troponin I in rat cardiac muscle, one predominant 
in the embryonic and fetal heart and one predominant 
in the adult heart. The two isoforms can be resolved by 
sodium dodecyl sulfate-polyacrylamide gel electropho- 
resis,  with apparent molecular weights of 27,000 and 
31,500, respectively. The adult isoform is specifically 
recognized by  a  monoclonal antibody that is unreactive 
with the embryonic variant,  while  two other mono- 
clonal antibodies recognize both isoforms. A  mono- 
clonal antibody to cardiac troponin T was used to iso- 
late by affinity chromatography the troponin complex 
from  adult and neo:natal rat heart. Affinity purified 
troponin from neonatal heart was found to contain both 
the embryonic and atdult isoforms of troponin I. Com- 
parative immunoblotting analysis  with different mus- 
cle tissues shows that embryonic troponin I is identical 
with respect to electrophoretic mobility and pattern of 
immunoreactivity to the major troponin I isoform 
found in adult slow  skeletal muscle. Troponin I switch- 
ing may  be implicated in developmental changes in- 
volving Ca2+ and pH[ sensitivity of the contractile sys- 
tem and response to ,&adrenergic stimulation. 

The troponin-tropomyosin complex is a  Ca2+-sensitive mo- 
lecular switch that regulates actin-myosin interaction  in 
striated muscle. Tropo:nin consists of three subunits,  troponin 
C (TnC),’ troponin  I (TnI),  and troponin T (TnT). Binding 
of Ca2+ to  TnC is thought  to activate muscle contraction by 
releasing the inhibitory  action of TnI-TnT-tropomyosin on 
actin-myosin  interaction (1). Multiple forms of troponin  sub- 
units have been identified in fast skeletal, slow skeletal and 
cardiac muscle (2), and  it appears that specific isoforms may 
play an  important robe in  determining the distinctive  func- 
tional properties of the various muscle types. Selective ex- 
traction of endogenous; TnC from skinned cardiac trabeculae 
and  its replacement with exogenous fast skeletal TnC was 
found to markedly reduce the sensitivity of the muscle to 
length change, suggesting that  TnC isoforms are responsible 
for the difference in the response to stretching of skeletal and 
cardiac muscles (3). The Ca2+  sensitivity of the contractile 
system is determined  not only by the type of TnC present but 
also by the  other troponin  subunits.  Tobacman and Lee (4) 
have recently reported a  differential effect of two cardiac TnT 
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isoforms on the Ca2+ sensitivity of a  reconstituted system of 
contractile proteins. 

Developmental changes in  functional  properties of cardiac 
muscle, in  particular those involving Ca2+ and  pH sensitivity 
of the contractile system and response to @-adrenergic stim- 
ulation (5-8), may be  related to troponin isoform switching. 
An embryonic-to-adult TnT switching has been clearly dem- 
onstrated  in  the avian and mammalian heart (9-14). In con- 
trast,  there  are conflicting results concerning TnI switching. 
Humphreys and Cummins (15) found  no evidence for changes 
in  TnI composition in the developing bovine and  human  heart. 
On the  other hand, other studies  point to differences in  TnI 
composition between fetal and  adult  heart (7,8, 16-18). 

We have investigated TnI changes in  the developing heart 
using a set of monoclonal antibodies (mAbs) specific for TnI, 
TnT,  and  TnC. By immunoblotting and  affinity chromatog- 
raphy procedures we have been able to identify a distinct  TnI 
isoform which is transiently expressed in fetal and neonatal 
myocardium, and which appears to be similar to a major TnI 
isoform expressed in  mature slow skeletal muscle. 

MATERIALS AND  METHODS 

Protein Purification-Troponin was isolated from bovine atria  or 
ventricles as described previously (12). An affinity  chromatography 
procedure was used for the purification of troponin from adult  and 
neonatal  rat cardiac muscle. Tissue  samples were homogenized in a 
low ionic strength buffer (20 mM KCI, 1 mM KzHP04, 1 mM EGTA, 
pH 6.8) in  the presence of protease inhibitors (0.5 pg/ml soybean 
trypsin inhibitor, 1 mM phenylmethylsulfonyl fluoride, 20 pg/ml 
leupeptin, 1 pg/ml pepstatin). After centrifugation at  10,000 X g the 
pellet was extracted for 15 min with  a high ionic strength buffer (40 
mM sodium pyrophosphate, 1 mM MgCIz, 1 mM EGTA, pH 9.0) 
containing the same  protease  inhibitors. The pyrophosphate extract, 
which is highly enriched in myofibrillar proteins, was applied to 
columns of CNBr-activated  Sepharose  4B (Pharmacia  LKB Biotech- 
nology Inc.), that was conjugated  with an  anti-TNT mAb (12) follow- 
ing the  instructions of the manufacturer. The columns were exten- 
sively washed with 10 mM Tris-HCI, pH 7.6, and bound proteins were 
eluted first with 0.5 M MgClz in  Tris buffer and  then with  4 M MgCIz 
in Tris buffer. Elution with 0.5 M MgCL yielded almost  pure tropo- 
myosin, whereas elution  with  4 M MgClz yielded almost  pure  troponin. 
The eluates were dialyzed against  Tris buffer and used for SDS- 
polyacrylamide gel electrophoresis and immunoblotting  analysis. 

Monoclonal Antibodies-For the  first fusion, which yielded mAb 
TI-1, Balb/c mice were immunized  with  a myofibrillar preparation 
from hypothyroid  rabbit  ventricle  (12).  For the second fusion, that 
yielded mAbs TI-3  and  TI-4, mice were immunized with purified 
troponin from bovine heart. Cell fusion,  screening and cloning of 
hybridomas, and mAb purification from ascites fluid were performed 
as described previously (12). Using class- and subclass-specific anti- 
sera we determined that  TI-1 is an IgGzb whereas both  TI-3  and  TI- 
4 are IgG1. Two other antibodies were used in  this study, one specific 
for cardiac T n T  (RV-C2) (12),  another specific for TnC  (TC-I),  that 
will be described in detail elsewhere. 

SDS-Polyacrylamide Gel Electrophoresis and Immunoblotting-Im- 
munoblotting  analysis was performed on purified troponin  and on 
whole tissue extracts prepared by homogenizing samples of bovine 
and  rat cardiac or skeletal muscle in Laemmli buffer (19). Proteins 
were separated in SDS-12.5% polyacrylamide gels (19) and  stained 

16299 



16300 Troponin I Switching in  Developing Heart 
with Coomassie  Blue. For estimation of molecular  weights  a low 
molecular mass  protein  standard  kit  (Bio-Rad) was  used. Duplicate 
gels were electrophoretically  transferred  to nitrocellulose sheets  under 
conditions (2 h a t  400 mA) that were found to allow complete  elution 
of purified  bovine troponins  without  significant  transfer  to a second 
sheet of nitrocellulose. The  transfer was monitored  with Coomassie 
Blue  staining of the gel and  Ponceau  Red  staining of the  nitrocellu- 
lose. The  blots were first  incubated  with  anti-troponin  antibodies, 
and  then with  peroxidase-conjugated rabbit  anti-mouse Ig antibody 
(Dakopatts),  and developed with  diaminobenzidine  in  the  presence 
of imidazole (20). Some  blots were treated  with  alkaline  phosphatase 
(Boehringer  Mannheim)  prior to antibody  reaction  as described pre- 
viously (12). 

RESULTS 

Monoclonal Antibodies Identify a Distinct TnI  Isoform in 
the  Fetal Heart-The  specificity of mAbs  was determined by 
immunoblotting  analysis  on  purified  cardiac  troponin  and 
total  tissue  extracts  form bovine heart. As shown  in Fig. 1, 
the selected  mAbs are specific  for TnI.  TnI  is  the only reactive 
component  in  total  extracts of adult bovine ventdcle;  on  the 
other  hand,  an  additional  band of higher electrophoretic mo- 
bility  is recognized by mAbs TI-3  and  TI-4  in  extracts of 
bovine fetal  heart. 

Immunoblotting  analysis  on  cardiac  tissue  from  fetal,  neo- 
natal,  and  adult  Wistar  rats  is  illustrated  in Fig. 2. The high 
mobility component  (apparent molecular  weight -27,000) is 
predominant  in  the 16-day  embryo (not  shown)  and  in  the 
18-day fetus while the low mobility component  (apparent 
molecular  weight -31,500) is  predominant  in  the  adult.  The 
two  components coexist in roughly similar  amounts  in  ven- 
tricles  from 7-day  newborn rat.  On  immunoblots  only  the low 
mobility component is recognized by TI-1,  whereas  TI-3  and 
TI-4  react  with  both  components.  The  pattern of reaction of 
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FIG. 1. Immunoblot analysis of anti-TnI mAbs on purified 
troponin from adult bovine ventricles (lane I )  and total tissue 
extracts from 10-week fetal (lane2) and adult (lane 3) bovine 
heart. a, Coomassie Blue-stained gel. The positions of the  TnT 
doublet, TnI  and  TnC  are  indicated  at  the left. b-d, corresponding 
immunoblots with  mAbs TI-1 ( b ) ,  TI-3 (c), and  TI-4 ( d ) .  

FIG. 2 .  Immunoblots of total tissue extracts from 18-day 
fetal rat heart (lane I ) ,  7-day neonatal rat heart ( lane2) ,  and 
adult rat heart (lane 3) with anti-TnI antibodies. a, Coomassie 
Blue-stained gel. b-d, corresponding  immunoblots  with mAbs TI-1 
( b ) ,  TI-3 (c),  and  TI-4 ( d ) .  

TI-1 was unchanged by alkaline  phosphatase  pretreatment 
(data  not  shown).  The  reactivity of mAbs  was further inves- 
tigated by immunoblotting  analysis using  a variety of rat 
skeletal  and  cardiac muscle tissues, including extracts of a 
fast skeletal muscle, the  tibialis  anterior,  and a slow skeletal 
muscle, the soleus (Fig. 3).  The  tibialis  anterior muscle con- 
tains  three  varieties of type 2  fibers, type 2A, 2B, and 2X 
fibers,  whereas  the soleus  muscle contains  predominantly type 
1 fibers with a minor  type 2A component (21). Three  bands 
of distinct  electrophoretic mobility are recognized by mAb 
TI-4; a high  mobility band  present  in  fast  skeletal muscle, an 
intermediate  band  present  in slow skeletal muscle and  in  fetal 
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FIG. 3. Immunoblots of total tissue extracts of different rat 

muscle tissues with anti-TnI antibodies. a, Coomassie  Blue- 
stained gel. b-d, corresponding  immunoblots with  mAbs TI-1 ( b ) ,  TI- 
3 (c),  and  TI-4 ( d ) .  Lane 1, tibialis  anterior muscle; lane 2, soleus 
muscle; lane 3, newborn  (7-day-old) rat ventricle; lane 4 ,  mixture of 
newborn  ventricle  with soleus; lane 5, mixture of newborn ventricle 
with tibialis; lune 6, adult  atria; lane 7, adult ventricles; lane 8, mixture 
of atria  and ventricles. Only  the  area of the  blots  corresponding  to 
the  position of TnI  isoforms is shown. No other  band  outside  this 
area was stained by the mAbs. 
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FIG. 4. Isolation of tropomyosin from 30-day-old rat heart 
(lane I )  and troponin complex from 2-day-old (lane 2) and 
30-day-old (lane 3) rat heart by affinity chromatography 
with insolubilized anti-TnT antibodies. a, Coomassie Blue- 
stained gel  of the  proteins  eluted with 0.5 M MgC1, (lane 1 )  and 4 M 
MgC1, (lanes 2 and 3) from anti-TnT-Sepharose. b-d, corresponding 
immunoblots  with  anti-TnT ( b ) ,  anti-TnI  (TI-4) (c), and  anti-TnC 
( d ) .  The  position of molecular mass  markers  is indicated a t  the left. 
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cardiac muscle, and a low mobility band  present  in  adult 
cardiac muscle. TI-3 shows a similar pattern of reactivity, 
except for lack of reactivity with fast  skeletal TnI, whereas 
TI-1 reacts exclusively with adult cardiac TnI. A TnI band of 
identical electrophoretic mobility is identified by the mAbs in 
atrial  and ventricular myocardium (Fig. 3, lanes 6-8). Fig. 3 
also shows that soleus;  muscle extract contains an additional 
minor band that comigrates with the  fast skeletal TnI of 
tibialis: this component may  be due to  the presence of type 
2A fibers or might represent an additional slow skeletal iso- 
form of TnI. 

Purified  Troponin  from  Newborn Rat Heart  Contains  the 
Fetal T n I  Isoform-Results presented  in the previous section 
suggest that embryonic and fetal heart contains  a TnI isoform 
distinct from that present  in the adult heart  and similar  to 
that present  in slow skeletal muscle. However, the evidence 
is based only on immunologic reactivity and  the possibility 
must be considered that  the  band recognized by our  antibodies 
in the fetal heart is not TnI  but  an unrelated cross-reactive 
protein. For instance, it  has recently been found that antibod- 
ies to TnT cross-react with glyceraldehyde-3-phosphate de- 
hydrogenase (22). We first examined whether the binding of 
TI-3  and  TI-4  to  the embryonic component is weaker than  to 
the adult TnI,  as one might expect for a cross-reaction with 
an unrelated peptide (22). Immunoblotting  experiments  with 
neonatal rat  heart using progressive dilutions of the antibod- 
ies showed no significant difference in the binding of the two 
antibodies to  the embryonic and  adult  bands  (not shown). To 
determine whether th,e postulated embryonic TnI is part of 
the troponin complex, we used an antibody specific for an- 
other troponin subunit,  TnT,  to isolate the troponin complex 
from neonatal  heart. Crude myofibrillar extracts of adult  or 
neonatal heart were ,applied to columns of CNBr-activated 
Sepharose conjugated. with mAb RV-C2, which reacts with 
both TnT isoforms in bovine and  rat  heart (12). After washing 
with Tris-HC1 10 mid, tropomyosin was eluted  with 0.5 M 
MgC12, then troponin was eluted with 4 M MgC12. The com- 
position of cardiac troponin obtained by affinity chromatog- 
raphy is illustrated in Fig. 4. Whereas the  adult preparation 
contains the typical tbree-subunit troponin complex, neonatal 
troponin  consists of five major components: two TnTs, cor- 
responding to  the embryonic and adult isoforms (12), two 
TnIs corresponding to  the  adult  and  the postulated embryonic 
isoforms, and one TnC undistinguishable by electrophoretic 
mobility from adult  TnC.  The finding that  the high mobility 
band recognized by TI-3  and  TI-4 in  neonatal heart is retained 
by immobilized anti-TnT together with the  other  subunits of 
the troponin complex, strongly supports the view that  this 
band is in fact a  troponin  subunit and  not a cross-reactive 
peptide. Identification of this  band as  a  fetal TnI isoform is 
consistent with the finding that  it is recognized by antibodies 
to  TnI  and  not by antibodies to  TnT  and  TnC (Fig. 4, b-d). 

DISCUSSION 

The results of the present  study  indicate that two antigen- 
ically and electrophoretically different isoforms of TnI  are 
expressed during cardiac development. Embryonic TnI  has a 
lower apparent molecular weight than adult TnI in  both rat 
and bovine heart. This result is in agreement with a  recent 
report  on TnI changer; in rat  and chicken heart (18). The  TnI 
isoform predominantly expressed in the fetal heart appears 
to be similar in  electrophoretic mobility and antigenic prop- 
erties  to the major TnI isoform expressed in slow skeletal 
muscle. In  this respect, pending definitive evidence for the 
identity of  slow skeletal TnI with embryonic cardiac TnI,  TnI 
switching is reminiscent of myosin heavy chain switching in 

the  rat  heart (23):  in  both cases there is transient expression 
in the developing heart of contractile  protein isoforms (@- 
myosin heavy chain and slow TnI, respectively) which are 
expressed as definitive forms in slow skeletal muscle. We have 
previously reported that  TnT also undergoes an embryonic- 
to-adult isoform transition in rat cardiac muscle (12). TnI 
and TnT switching occurs in the perinatal period and is 
essentially completed in the first month after  birth. 

The finding that fetal heart  contains a TnI isoform different 
from that present  in the  adult  heart  and similar to  that 
expressed in slow skeletal muscle, may have important impli- 
cations for the contractility of cardiac muscle and in  particular 
for the changes in contractility induced by inotropic  agents. 
Cardiac TnI is larger than skeletal TnIs due to  the presence 
of additional 27-33 residues at  the amino-terminal end of the 
molecule (24, 25). A  serine residue located in this portion of 
the molecule is specifically phosphorylated when hearts  are 
perfused with @-adrenergic agonists (26,27)  or when troponin 
preparations are incubated i n  vitro with cyclic AMP-depend- 
ent protein kinase (28, 29). Phosphorylation of TnI  at  this 
site  results  in  a decreased affinity of troponin  C for Ca2+ and 
a rightward shift of the relationship between Ca2+ and myofi- 
brillar force (30) and might contribute  to the more rapid 
relaxation induced by P-adrenergic agonists (see Ref. 31 for a 
review). 

Both  fast skeletal and slow skeletal TnI lack the amino- 
terminal extension of cardiac TnI, therefore do not show the 
phosphorylation-mediated regulation of Ca2+  sensitivity by @- 
adrenergic agents. The results  presented here suggest that  the 
same may be true for the  TnI isoform present  in the fetal 
heart. Newborn rabbit and dog myocardium is less sensitive 
to isoproterenol than adult myocardium (6, 32). In particular, 
the relaxation time does not  shorten with isoproterenol in the 
newborn like in the  adult  heart:  this may  be related not only 
to  the poor development and reduced calcium-accumulating 
capacity of the sarcoplasmic reticulum (33,34)  but also to  the 
different TnI composition. It will  be  of interest to reinvesti- 
gate the effect of inotropic  agents  in the developing heart  in 
relation to  the changing composition of the troponin complex. 

TnI switching may also be implicated in the developmental 
changes in Ca2+ sensitivity of cardiac myofilaments and spe- 
cifically in  the differential effects of pH on Ca2+  activation of 
myofilaments from adult and neonatal hearts (5 ,  7, 8). Ca2+ 
activation of myofilaments is unaffected (7) or only slightly 
affected (8) by a  drop in  pH from 7.0 to 6.5 in the fetal and 
neonatal mammalian heart, whereas in the adult heart  the 
same drop in  pH causes a  marked rightward shift in the 
relation between PC, and myofibrillar ATPase. This effect 
appears  to be due to a reduction in the Ca2+-binding  affinity 
of TnC  and  has been related to  the possible presence of 
distinct  TnI  variants in the fetal heart  (7,8). A role of TnI  in 
this respect would  be consistent with the finding that  the 
depression of Ca2+ binding to skeletal TnC induced by  low 
pH is enhanced by TnI  as a  result of a decrease in the affinity 
of TnI for TnC  at acidic pH (35). 
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