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Progressive changes in myosin isozyme expression and in 
energy-generating enzyme activities were followed in the 
diaphragm and, for comparison, in axial and appendicular 
muscles of rats from 18 d gestation to maturity. Native my- 
osins were characterized by pyrophosphate gel electropho- 
resis. Myosin heavy-chain (MHC) isozymes were measured 
with ELISA using monoclonal antibodies and were localized 
by immunocytochemistry. RNA transcripts for the MHCs were 
demonstrated on Northern blots and by RNase protection 
assays. Quantitative activities of malate dehydrogenase 
(MDH), @-hydroxyacyl CoA dehydrogenase (BOAC), 1 -phos- 
phofructokinase (PFK), lactate dehydrogenase (LDH), cre- 
atine kinase (CK), and adenylokinase (AK) were measured 
in muscle homogenates and in individual fibers by fluoro- 
metric pyridine nucleotide-dependent assays. 

Compared to limb muscles, expression of neonatal myosin 
in the diaphragm is precocious. Neonatal MHC mRNA is 
prominent in the diaphragm at 19 d gestation, and neonatal 
myosin is the major MHC isoform present at birth. Slow and 
fast Ila MHCs are also present at birth. Transcripts for Ila 
MHC are detectable in the diaphragm at 21 d gestation and 
are upregulated at birth. Comparable signal for Ila MHC mRNA 
is not found in the gastrocnemius until 10 d postpartum. 
Adult fast Ilb MHC mRNA was detected only as a faint signal 
at 30-40 d in the diaphragm and then disappeared. Results 
indicate that a separate phenotype, the Ilx type, matures late 
in diaphragmatic development. The activities of enzymes 
representing all of the major energy pathways are higher in 
the fetal diaphragm than in the fetal hindlimb muscles. For 
example, BOAC had sixfold higher activity in the diaphragm 
than in the extensor digitorum longus (EDL) muscle at birth. 
activity in the diaphragm than in the extensor digitorum lon- 
gus (EDL) muscle at birth. 
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The results show that there is a temporal correlation be- 
tween the metabolic capacity and the pattern of MHC ex- 
pression in the developing diaphragm. In urero, this pattern 
of development anticipates the respiratory demands im- 
posed on the diaphragm at birth. 

The diaphragm is unique in that it is the only skeletal muscle 
that is essential for survival following the onset of aerobic res- 
piration at birth. This must be anticipated in utero so that the 
contractile and metabolic machinery of the diaphragm are ap- 
propriately equipped to sustain these abruptly imposed de- 
mands. “Practice” respiratory movements initiated in utero un- 
doubtedly play a role in preparing the muscle for this vital task 
(Dawes, 1984). At birth the rat diaphragm is capable of sup- 
porting a frequency of approximately 100 breaths per minute 
(Okubo and Mortola, 1988). The neonatal diaphragm also has 
a high resistance to fatigue; indeed, it is even higher than in the 
adult (Sieck and Blanco, 1987). Whether this is achieved through 
unusually high levels of oxidative enzymes is presently contro- 
versial (Keens et al., 1978; Maxwell et al., 1983; Smith et al., 
1988). 

Muscle-shortening velocities are largely determined by the 
ATPase activity of the myosin heavy-chain (MHC) isozymes 
expressed by myofibers. During muscle histogenesis, the heavy 
chains progress through a series of developmentally regulated 
transitions, and these have been extensively studied in limb 
muscle (Whalen et al., 198 1; Gambke et al., 1983; Lyons et al., 
1983; Periasamy et al., 1984; Mahdavi et al., 1987; Weydert et 
al., 1987; Russell et al., 1988). The functional significance of 
these switches, however, remains unclear because analyses of 
the MHC isozymes expressed early in differentiation, embryonic 
and neonatal MHC, are presently incomplete. We have recently 
shown that enzyme levels in the oxidative and glycolytic path- 
ways are low in all fibers of developing limb muscles at birth, 
suggesting they have only modest capacities to generate ATP. 
In view of this, we speculate that embryonic and neonatal MHCs, 
the predominant MHC isozymes expressed in the neonatal limb, 
are adapted to make economical use of constrained energy sup- 
plies (Nemeth et al., 1989). 

Limb muscle development differs from that of the diaphragm 
in that the performance of ambulatory movements is gradually 
acquired after birth. In view of this distinction in neonatal de- 
mands, we anticipated that there should be distinct programs 
of contractile protein expression. We address this question in Copyright 0 1991 Society for Neuroscience 0270-6474/91/l 11231-12$03.00/O 
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the present study by following the sequential expression of MHC 
isoforms and their mRNAs in the developing diaphragm, ster- 
nomastoideus, and hindlimb muscles beginning in utero. We 
also examine the relationship between the patterns of MHC 
expression and energy metabolism in the developing diaphragm 
to see if they are coordinated temporally and can be understood 
in the context of respiratory functional development. We show 
that the patterns of MHC switching and metabolic enzyme mat- 
uration in the developing diaphragm are precocious, and we 
suggest how this is uniquely designed to support sustained ac- 
tivity. 

Preliminary results related to this project have been published 
previously (Rosser et al., 1988; Kelly et al., 1990). 

Materials and Methods 
Sprague-Dawley rats, including fetal rats with their time-mated preg- 
nant mothers (Hilltop Laboratories, Philadelphia, PA) were killed in a 
CO, chamber. Five to 10 animals were used for each perinatal time 
point; two animals were used at 4 weeks and at each subsequent time 
point. Muscle samples were taken from an equatorial band of the dia- 
phragm, gastrocnemius, extensor digitorum longus (EDL), soleus, and 
stemomastoideus muscles; samples were quickly frozen in liquid nitro- 
gen and stored at -80°C. 

Myosin heavy-chain isozymes 
Actomyosin was prepared from muscle samples for electrophoretic and 
ELISA studies as previously described (Narusawa et al., 1987). The 
native myosin isozymes of diaphragm and stemomastoideus muscles 
were separated by pyrophosphate gel electrophoresis according to the 
method of Hoh and Yeoh (1979), modified by Lyons et al. (1983) on 
4.5% polyacrylamide slab gels using 5 ,ug of actomyosin per lane. 

Specific myosin isozymes were quantified in the diaphragm by ELISA, 
following the method outlined in the Bio-Rad Clone Selector instruction 
manual (Bio-Rad Labs, Richmond, CA). Three monoclonal antibodies 
were used: NOQ7-5-4D for slow MHC (Narusawa et al., 1987) SC-71 
for IIa MHC (Schiaffino et al.. 1989). and MY-32. which recognizes 
neonatal and all fast myosin heavy chains (Harris et al., 1989; Sigma 
Chemical Co., St. Louis, MO). One microgram of actomyosin was load- 
ed into wells of microtiter plates, and antibodies were assayed in trip- 
licate. In addition, frozen transverse sections of muscles were reacted 
with the same three antibodies following the procedures of Narusawa 
et al. (1987). 

mRNA of myosin heavy-chain isoforms 

Total cellular RNA was isolated from diaphragm and gastrocnemius 
muscles using standard procedures (Maniatis et al., 1982). 

Oligonucleotide probes and Northern blots. Twenty-base-pair oligo- 
nucleotide probes were synthesized using published sequences unique 
to the 3’ untranslated region of the embryonic, neonatal, and IIb MHC 
genes (Nadal-Ginard et al., 1982). The complementary sequence for 
embryonic MHC was CCCTCACCAGGAGGACATGC (hybridization 
temperature, 6 l°C) and for neonatal MHC was GCGGCCTCCTCAA- 
GATGCGT (hybridization temperature, 59°C). The complementary se- 
auence for IIb MHC has been uublished (Gustafson et al.. 1986). The 
dligonucleotide probes were end labeled with 32P-cytosine &phosphate 
(Maxam and Gilbert, 1980). 

Ten micrograms of total RNA were size fractionated on 1% agarose 
gels and transferred to GENE Screen (New England Nuclear, Boston, 
MA) for Northern blot hybridization with the labeled synthetic probes 
following the procedure of Maniatis et al. (1982). 

cDNA probe and RNaseprotection studies. A cDNA library made with 
mRNA isolated from 19-d-old rat muscle was constructed in the Xgt 11 
vector system (a gift from Dr. Frank Bums, Wistar Institute). The library 
was screened using the oligonucleotide probe specific for the IIb MHC 
untranslated region (see above), and a unique cDNA clone, pRMHC7, 
containing IIb MHC sequences, was identified using high-stringency 
hybridization and subcloned into Bluescript (Stratagene, LaJolla, CA). 
Double-stranded plasmid DNA was sequenced using the Sequenase 
DNA sequencing kit (U.S. Biochemical Corp., Cleveland, OH). Each 
nucleotide was sequenced at least twice. The homology was compared 
with known rat IIb MHC sequences (Nadal-Ginard et al., 1982) using 

the NMATPUS program from the PC Gene software package (Intellige- 
netics, Inc., Mountain View, CA). The RESTRI program (PC Gene, In- 
telligenetics, Inc.) was used to analyze the sequence for restriction en- 
zyme cutting sites. This sequence has been submitted to EMBL gene 
bank. 

The complementary RNA probe for IIb MHC was transcribed from 
an HinfI fragment of pRMHC7 using T3 polymerase (Promega, Mad- 
ison, WI) and orJzP-cytosine triphosphate (Amersham Corp., Arlington 
Heights, IL) as the labeled nucleotide. The total probe length was 26 1 
nucleotides, ofwhich 188 nucleotides correspond to part of the 3’ coding 
region and the entire 3’ untranslated region of the rat IIb MHC gene, 
and 73 nucleotides correspond to vector sequence (Hoffman, 1990). 
Within the sequences corresponding to the 3’ coding region, 67 nucle- 
otides are homologous to IIa MHC sequences, and 53 nucleotides are 
homologous to neonatal MHC sequences. Probe from pRMHC7 was 
therefore able to hybridize with three different messages in protection 
assays, and the different sizes of the three protected fragments were 
resolved on 6% acrylamide denaturing gels. The RNase protection assays 
were performed according to the method outlined by Ausubel et al. 
(1986). Ten micrograms of total RNA were used for each hybridization. 

Enzymatic activities 
Whole-muscle homogenates. Six enzymes were chosen to represent the 
major energy-generating pathways: fl-hydroxyacyl CoA dehydrogenase 
(BOAC) for fatty acid oxidation, malate dehvdroaenase (MDH) for the 
citric acid cycle; 1 -phosphofructokinase (PFK) aid lactate dehydroge- 
nase (LDH) for glycolysis, and creatine kinase (CK) and adenylokinase 
(AK) for high-energy phosphate metabolism. These enzymes were se- 
lected either because of their rate-limiting roles in their respective path- 
ways or because previous work demonstrated their high susceptibility 
to modulation under experimental protocols (Chi et al., 1986). The 
homogenate preparation from frozen muscle samples and the fluoro- 
metric enzyme assays have been previously described (Chi et al., 1983). 
Protein content was determined with BCA-1 kit (Sigma Chemical Co., 
St. Louis, MO), and activities were expressed as mol/kg protein/hr at 
21°C. 

Single-fiber enzyme analysis. Muscle fibers from young perinatal rats 
cannot be histochemically typed by standard myosin ATPase staining 
procedures, and, therefore, individual fibers were randomly selected for 
biochemical analysis. Procedures for tissue handling and measuring 
enzyme activities in fragments (l-20 ng) of single fibers have been 
previously described (Nemeth et al., 1986). Assay protocols for MDH 
activity are from Hintz et al. (1980), and those for AK, LDH, and pOAC 
activities are from Lowry et al. (1978). Assays included an appropriate 
standard to calculate the enzyme activities in mol/kg dry weight/hr at 
21°C. For comparison with homogenate values, 85% of muscle dry 
weight was assumed to be protein (Dickerson and Widdowson, 1960). 

For adult muscles, advantage was taken of the ability to analyze 
specific enzyme activities in individual fibers typed histochemically. 
Transverse sections of muscles were stained by myosin ATPase reac- 
tivity after preincubation at pH 4.5, and muscle fibers were judged as 
types I, IIa, or IIb by dark, light, and intermediate staining, respectively 
(Brooke and Kaiser, 1970; modified by Nemeth and Turk, 1984). Al- 
ternate transverse sections were lyophilized for biochemical analyses. 
Fragments of individual fibers, classified into fiber types using histo- 
chemically stained sections, were dissected from the unstained lyoph- 
ilized sections (Nemeth et al., 1986) and subjected to enzyme assays as 
described above for perinatal muscle. 

Results 
MHC isozymes 
Native myosin isozymes. The pattern of myosin isozyme switch- 
ing in the developing diaphragm is shown in Figure 1. In the 
18-d fetus, the isozyme composition of the diaphragm com- 
prised five bands. There were 2 pronounced bands (f4 and f3), 
which have been correlated in previous studies with the ex- 
pression of embryonic myosin (Whalen et al., 1981; Lyons et 
al., 1983). Also present at 18 d, migrating with successively 
faster mobilities, were isozymes f2 and fl . Together with overlap 
from f3, these are interpreted as isozymes of neonatal myosin 
(Whalen et al., 1981; Lyons et al., 1983). 

The identity of the slowest migrating band (f*) in the 18-d 
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Figure I. Pyrophosphate gels showing the isozyme composition of native myosin isozymes from diaphragm and stemomastoideus muscles at 
successive stages of development. Designations areS(I-#) for embryonic and neonatal myosin isozymes, FM (1-3) for adult fast myosin, and SM 
for isozymes of slow myosins, according to the nomenclature of Hoh and Yeoh (1979). The expression of neonatal cfl-3) and adult (Ad) myosin 
isozyme FM3 occurs earlier in the diaphragm than in the rostra1 stemomastoideus muscle. The identity of the slowest migrating band (6) is 
uncertain. 

fetal diaphragm is uncertain; it has a mobility similar but not 
identical to that of the adult fast isozyme FM3. Isozymes of 
neonatal myosin were the major isoforms present in the dia- 
phragm at birth; they persisted until 15 d postpartum and were 
not detected after this time. Isozymes of neonatal myosin are 
reportedly not detected until 21 d gestation on nondenaturing 
gels of limb muscle, and they are eliminated by 15 d of age 
(Whalen et al., 1981; Lyons et al., 1983). In the present study, 
Figure 1 shows that, in the stemomastoideus, the full comple- 
ment of neonatal isozymes including fl (the homodimer of LC,) 
is only faintly detectable at birth but is clearly present by 5 d. 
Neonatal myosin isozymes are not present after 15 d in the 
stemomastoideus. These results show that accumulation of neo- 
natal myosin isozymes in the developing diaphragm precedes 
that in other muscles, but the coincidence of elimination at 15 
d suggests the involvement of similar inhibitory controls. Thy- 
roid hormone is known to play a role in the process of inhibition 
in limb muscles (Gambke et al., 1983; Russell et al., 1988). 

Slow and adult fast myosins were faintly visible in the dia- 
phragm at 21 d gestation; both were more evident at birth and 
progressively increased to maturity. 

SpeciJc MHC isozymes. The relative proportions of slow and 
adult fast MHCs were measured at successive stages of dia- 
phragmatic development using ELBA and monoclonal anti- 
bodies specific for slow (NOQ7-5-4D), for IIa (SC-7 l), and for 
all fast MHCs (MY-32; Fig. 2). Relative proportions of slow 
MHC were low at birth and increased approximately threefold 
by 20 d. Thereafter, proportions of slow MHC declined by ap- 
proximately 20% to maturity. Fast IIa MHC was also present 
in small amounts at birth and increased 2.5-fold by 20 d. Pro- 
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Figure 2. Relative proportions of MHC isozymes in the developing 
diaphragm obtained from ELISAs with monoclonal antibodies NOQ7- 
5-4D to slow and SC-71 to adult IIa MHCs. The MY-32 antibody 
cross-reacts with neonatal, Ha, Ilb, and 11x myosin isoforms. Slow and 
IIa myosins reached peak levels by 20 d postpartum and decline to 
adulthood, whereas the MY-32 antibody reaction did not decline after 
20 d. Unifs are absorbance f  SE of triplicate determinations at 405 nm 
ofp-nitrophenyl in the alkaline phosphatase reaction per microgram of 
actomyosin. 
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portions of IIa MHC decreased thereafter in parallel with slow 
MHC. 

Binding of the monoclonal antibody MY-32, which recog- 
nizes fast MHCs (neonatal, IIa, IIb, and 11x) but not slow MHC, 
did not decrease after 20 d (Fig. 2). Because proportions of IIa 
MHC are coincidently decreased and neonatal MHC had been 
eliminated (Fig. l), the data suggest that another fast isozyme, 
either IIb and/or 11x MHC, was increased during the period 
after 20 d. 

Immunocytochemistry provided additional information about 
the emergence of specialization in the developing diaphragm 
(Fig. 3). At birth, approximately 12% (n = 1100 total fibers 
counted in 2 animals; SD, f 1%) of the fibers stained intensely 
for slow myosin. The slow population increased to 25% (n = 
700; SD, *3%) at 10 d and to 36% (n = 600; SD, +3%) at 20 
d. This approximated the adult slow population of 34% (n = 
800; SD, +2%). 

The increase in the slow fiber population results from the 
maturation of secondary generation cells. We interpret the rel- 
atively large, widely segregated fibers staining intensely for slow 
MHC at birth (Fig. 3, S in top panels), as primary generation 
slow fibers (Rubinstein and Kelly, 1981). Some smaller cells, 
juxtaposed to primary fibers, stained weakly for slow MHC at 
birth (Fig. 3, arrows) and with greater intensity at 10 d. These 
were interpreted as secondary generation fibers that were switch- 
ing to the slow phenotype. As a result, slow fibers are clustered 
into groups at 20 d and in the adult. 

The IIa MHC antibody reacted with variable intensity to a 
significant number of fibers at birth and to a greater number of 
fibers at 10 d. There was greater variability of staining with the 
IIa MHC antibody at 20 d, and in the adult approximately 35% 
of fibers stained with this antibody. Many fibers, including all 
large fibers (Fig. 3, X), do not stain with IIa antibody in the 
adult. However, large fibers in the adult diaphragm stain well 
with monoclonal MY-32, indicating that these cells accumulate 
a fast MHC (Fig. 4). Although these large fibers stained as IIb 
with the myosin ATPase histochemical reaction (not shown), 
we will show that IIb MHC mRNA is expressed at very low 
levels in the diaphragm (see below). In view of the work of 
Schiaffino et al. (1986, 1989), Bar and Pette (1989), and Termin 
et al. (1989) this leads to the conclusion that large fibers of the 
diaphragm accumulate 11x MHC. The present results also in- 
dicate that this phenotype matures late in development. 

MHC mRNA 

The pattern of MHC expression was further investigated using 
highly specific oligonucleotide probes complementary to the 3’ 
untranslated region of embryonic and neonatal MHC mRNAs. 

Transcripts for embryonic MHC were detected on Northern 
blots of the fetal diaphragm at 19 d gestation; the signal was 
stronger at 21 d and was not detected after birth (Fig. 5). The 
signal for embryonic MHC mRNA in the gastrocnemius was 
faint at 19 d gestation and progressively increased in intensity 

t 

Figure 4. Section of adult diaphragm muscle stained with MY-32. 
Large fibers stain with this antibody, which recognizes all fast MHCs. 
Scale bar, 35 pm. 

by birth and 5 d postpartum (Fig. 5). Because the loadings of 
total RNA were the same for both muscles, it is unclear from 
this analysis why the relative abundance of embryonic MHC 
mRNA differs in the diaphragm compared to the gastrocnemius. 
The results, however, do show that the pattern of embryonic 
MHC expression in the diaphragm is distinct from that of the 
gastrocnemius. 

Expression of neonatal MHC mRNA was also tissue specific. 
The signal for neonatal MHC mRNA was perceptible on North- 
em blots from the diaphragm at 19 d in utero; it was strong at 
21 d gestation and then progressively declined in intensity by 
10 d postpartum, after which time it was no longer detected. In 
the gastrocnemius, the signal was not perceptible until 21 d 
gestation, was strong at birth and at 5 and 10 d, and was then 
abruptly eliminated so that neonatal MHC transcripts were not 
detectable at 15 d. This pattern of expression of neonatal MHC 
transcripts correlates with the analyses of neonatal myosin iso- 
zyme accumulation shown in Figure 1. 

The appearance of transcripts for the 3’ untranslated region 
of IIa MHC was also investigated using several oligonucleotide 
probes, but these gave equivocal results. To overcome this, a 
specific RNase protection assay was used with a 26 1 -nucleotide 
cDNA probe that included the entire 3’ untranslated region of 
IIb MHC and extended 18 1 nucleotides into the coding region 
(see Materials and Methods). Because of homologies in the cod- 
ing region, this probe partially protected 3’ sequences of IIa and 
neonatal myosins. The 3 different messages (neonatal, IIa, and 
IIb MHC) were size fractionated on polyacrylamide gels. 

The upper panels in Figure 6 show that neonatal MHC mRNA 
was expressed in the diaphragm by 19 d gestation in greater 
amounts than in the gastrocnemius. This is consistent with the 
results obtained on the less sensitive Northern blots (Fig. 5). IIa 

Figure 3. Immunocytochemical staining for slow and IIa MHC at selected times of diaphragmatic development: left panels, slow antibody; right 
panels, IIa antibody. Both antibodies showed a progressive increase in number of reactive fibers up to 20 d. After this time, fibers staining for IIa 
MHC declined in incidence. Fibers staining exclusively for slow MHC at birth (s) were interpreted as primary generation slow fibers. Some secondary 
generation cells stained weakly for slow at this stage (arrows). At 10 d, with the exception of primary slow fibers (s) most fibers stained with the 
IIa antibody. Many large fibers in the adult muscle did not react with either the slow or IIa antibody (x). Scale bars: Birth, 12 rm; 10 d, 20 pm; 
20 d, 25 pm; Adult, 35 grn. 
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Figure 5. Northern blots showing expression of embryonic and neonatal MHC mRNAs at successive stages of fetal and postnatal development 
in the diaphragm and gastrocnemius muscles. Transcripts for neonatal MHC are present in the diaphragm at 19 d gestation (19f). Signal is increased 
in strength at 2 1 d gestation (21f) and then slowly declines to 10 d postpartum. In the gastrocnemius, by contrast, transcripts for neonatal MHC 
abruptly increase between 21 d gestation and birth and are eliminated equally abruptly after 10 d. 

Figure 6. RNase protection assays 
with the probe pRMHC7. This probe 
gives full-length protection to 188 nu- 
cleotides of 3’ translated region and the 
entire 3’ untranslated region of the IIb 
MHC gene. Within the coding sequenc- 
es, 67 nucleotides are homologous with 
IIa MHC sequences, and 53 nucleotides 
are homologous with neonatal MHC 
sequences. The three protected frag- 
ments are differentiated by size on ac- 
rylamide gels and shown at successive 
stages of perinatal (upper panels) and 
postnatal (lower panels) development 
of the gastrocnemius and diaphragm 
muscles. Total RNA from the adult ten- 
sor fasciae latae (TFL), a fast IIb mus- 
cle, and from the liver were used as 
positive and negative controls, respec- 
tively. All loading concentrations were 
the same; Pb, probe. In the upper pun- 
els, partial protection of neonatal MHC 
mRNA sequences is evident in the di- 
aphragm at 19 d gestation (I 9f), and is 
enhanced at 2 1 d in utero (21f ). By con- 
trast, the signal for neonatal MHC 
mRNA in the gastrocnemius was weak 
at 19 and 21 d gestation and enhanced 
at birth. Partial protection of IIa tran- 
scripts is evident in the diaphragm at 
21 d gestation (asterisks) and progres- 
sively increases to maturity. The signal 
for IIa MHC transcripts in the gastroc- 
nemius is not well defined until 10 d 
postpartum. In the lower panels, there 
was a strong signal for IIb MHC in the 
gastrocnemius at 10 d after birth, and 
this was amplified with further devel- 
opment. In contrast, there were only 
traces of IIb MHC mRNA in the dia- 
phragm at 30 and 40 d, and they were 
not detected in the adult. 
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Fimre 7. Enzvme activities in whole-muscle homogenates durine nerinatal growth. Activities are the means k SE from at least five animals. All -. 
enzymes had higher activities in diaphragm than in kndlimb muscles. 

MHC mRNA was present at 21 d gestation in the diaphragm 
(Fig. 6, asterisks), and the signal progressively increased in 
strength thereafter. By contrast, there was only a faint signal for 
IIa MHC mRNA in the gastrocnemius between 2 1 d gestation 
and 10 d postpartum (Fig. 6, upper panels). After this time, IIa 
MHC mRNA in the developing gastrocnemius progressively 
increased in abundance (Fig. 6, lower panels). 

The RNase protection assays also showed a marked difference 
in the relative abundance of IIb MHC mRNA. There was a 
strong signal for full-length protection of IIb MHC mRNA in 
the gastrocnemius from 10 d to maturity (Fig. 6, upper and 
lower panels). In the diaphragm, IIb MHC mRNA was not 
expressed until 30-40 d, and then only a weak signal was ob- 
tained (Fig. 6, lower panels). This weak signal was not main- 
tained in the adult. IIb MHC is therefore not a meaningful 
constituent of contractile machinery in the adult diaphragm, 
and these findings support the interpretation that the large fibers 
of the adult diaphragm express 11x MHC as described by Schiaf- 
fino et al. (1986, 1989), Bar and Pette (1989) and Termin et al. 
(1989). 

Metabolic capacity 

Enzyme activities were measured in whole-muscle homogenates 
of the developing diaphragm and were compared to those in 
the soleus, a prospective slow oxidative muscle, and in the EDL, 
a prospective fast glycolytic muscle. 

The activities of all six enzymes selected to represent energy 
metabolism (see Materials and Methods) were much higher in 
the diaphragm than in either of the hindlimb muscles in the 
fetus and neonate (Fig. 7). Thereafter, divergent pathways of 
maturation emerged for the three muscles as they independently 
achieved their specific adult metabolic profiles (Fig. 8). 

Oxidative enzymes. Throughout development, oxidative ca- 
pacity was higher in the diaphragm than in the soleus or the 
EDL muscles. This was evident at 18 d gestation when average 
MDH activity was 1.6-fold and 1.4-fold higher, and /3OAC ac- 
tivity was 1.3-fold and 4.3-fold higher, in the diaphragm than 
in the soleus and EDL muscles, respectively (Fig. 7). These 
activities rose sharply in the diaphragm as the animal ap- 
proached parturition. By the time of birth, MDH activity was 
2.0-fold higher, and /3OAC activity was 5.6-fold higher, than 
the average values for the hindlimb muscles. 

Activities of these oxidative enzymes continued to increase 
in the diaphragm, with two- to threefold increases between birth 
and 6 weeks (Fig. 8). At the same time, oxidative enzyme activity 

increased in the soleus and EDL muscles but was always lower 
than in the diaphragm. After 6 weeks, oxidative enzyme levels 
fell in the diaphragm by approximately 30% to maturity. 

Glycolytic enzymes. The capacity for glycolytic metabolism 
was greater in the fetal diaphragm, with LDH 1.5-fold higher 
and PFK 6.0-fold higher, than the average values for the fetal 
hindlimb muscles (Fig. 7). In the diaphragm, these enzymes 
changed little between birth and approximately 6 weeks. Gly- 
colytic activity then rose abruptly in the diaphragm and was 
doubled by maturity (Fig. 8, LDH and PFK). In contrast, gly- 
colytic enzyme activity in the EDL muscle rose immediately 
after birth so that levels surpassed those of the diaphragm by 
about 1 week. 

Enzymes of high-energy phosphate metabolism. AK and CK 
activities were also higher in the diaphragm than in hindlimb 
muscles at birth, with 4.0-fold and 1.6-fold higher AK and 2.8- 
fold and 1.5-fold higher CK activities in diaphragm compared 
to soleus and EDL, respectively (Fig. 7). These enzymes then 
gradually rose to peak values by about 6 weeks in the diaphragm, 
as did the glycolytic enzymes, but unlike the oxidative enzymes, 
there was little or no reduction in activity to reach adult levels 
(Fig. 8). 

The enzyme profile that emerged in the adult diaphragm was 
high in oxidative capacity, even higher than that of the soleus 
muscle. Glycolytic and high-energy phosphate capacity was in- 
termediate between the slow soleus and fast EDL. 

Single-fiber metabolic capacity. In order to follow the timing 
of cellular metabolism in particular fiber types, individual fibers 
of developing diaphragm and EDL muscles were assayed in the 
same animal for selected enzymes (Fig. 9). By 5 d, diaphragm 
fibers had LDH, AK, and MDH activities in or near the range 
of adult type I and IIa fibers. In contrast, the EDL fibers at 5 d 
had AK and LDH activities in or near the range of adult type 
I and IIa fibers, but MDH was far below the adult levels. Thus, 
oxidative metabolism appears to be advanced in the diaphragm 
compared to the EDL muscle. 

Further temporal changes in the metabolic profile of dia- 
phragm fibers are shown in Figure 10. The 5-d enzymatic profile 
(Fig. 9, diaphragm AK vs. LDH) remained essentially un- 
changed at 20 and 40 d. The metabolic profile of 11x fibers did 
not emerge until after this time. These enzyme results corre- 
spond to the delayed maturation of the large fibers that are 
neither type I nor IIa by immunocytochemistry, as shown in 
Figure 3. 

The adult metabolic phenotype of diaphragm muscle fibers 
can be compared to that of the EDL muscle in Figure 10. Adult 
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fibers of histochemical types I and IIa each had similar activities AK was similar, but LDH was lower (on average, 95 vs. 128 
of MDH, LDH, and AK in the two muscles. However, the mol/kg dry weight/hr) and MDH was far higher (I 5 vs. 8 mol/ 
enzyme profiles of a population of fibers, histochemically iden- kg dry weight/hr), in the diaphragm than in the EDL. These 
tified in previous literature as type IIb, differed in these muscles: enzyme differences can be correlated with the MHC analyses 
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and indicate that fibers designated as type 11x in the diaphragm 
are metabolically distinct from type IIb fibers in muscles of the 
hindlimb. 

Discussion 
The present study follows the transitions in MHC expression 
and metabolic activity in the diaphragm muscle with the goal 
of understanding how these programs are coordinated during 
the development of respiratory function. 

Intrauterine preparation 

By a variety of techniques, we show that elimination of embry- 
onic MHC and initiation of neonatal and adult fast IIa MHC 
expression in the developing diaphragm is tissue specific and 
precedes that of other skeletal muscles. This is demonstrated 
by electrophoresis of native myosins (Fig. 1) and is consistent 
with the previous studies of d’Albis et al. (1989). Analyses of 
the expression of neonatal and IIa MHC mRNA confirm the 
precocious nature of muscle development in the diaphragm (Figs. 

5, 6). In addition, we show that MHCs replace one another in 
a gradual way during development of the diaphragm, and that 
there is little discontinuity ofthis process during the precipitous 
shift from intra- to extrauterine life. This was an unexpected 
finding that may indicate that diaphragmatic development is 
designed to minimize adjustments in protein synthesis at par- 
turition and to provide a broad interval of safety in the event 
of premature delivery. 

The present results also show that the advanced programs of 
MHC expression in the diaphragm are temporally correlated 
with shifts in the capacity for the major energy pathways. En- 
zymes representing oxidative, glycolytic, and high-energy phos- 
phate metabolism are all higher in the fetal diaphragm than in 
fetal hindlimb muscles, indicating that the metabolic capacity 
of the diaphragm is not suddenly acquired at birth but is grad- 
ually installed before the muscle is involved in supporting gas 
exchange. The results show that advances in maturation of the 
diaphragm are global, and they are consistent with our premise 
that there is coordinate regulation of specific energy require- 
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merits with each of the developmental myosin isoforms so that 
fatigue does not compromise essential muscle function (Nemeth 
et al., 1989). 

Furthermore, there is early metabolic specialization with re- 
spect to substrate utilization. For example, the activity of@OAC, 
an enzyme for fatty acid oxidation, is three times higher at 18 
d gestation and six times higher at birth in the diaphragm than 
in the hindlimb muscles. This intrauterine adaptation antici- 
pates the neonatal period of physiological hyperlipidemia that 
accompanies suckling and a high-fat milk diet (Page et al., 197 1). 
P-Oxidation provides highly efficient metabolism with respect 
to energy yield per mole of substrate and is a typical pathway 
of adult type I and IIa fibers. Early activation of this pathway 
probably also has long-term effects on metabolism by altering 
the absolute levels of p-oxidative enzymes in the diaphragm and 
contributing to the fatigue-resistant properties of the muscle 
throughout development. 

Little is known about the factors that regulate the advanced 
pattern of MHC expression in the developing diaphragm. One 
possible explanation is that the primordium of the more rostra1 
diaphragm is modeled before that of the hindlimb musculature. 
However, we show that the emergence of neonatal myosin iso- 
zymes in the stemomastoideus, a muscle of the neck, succeeds 
that of the diaphragm (Fig. 1) and closely resembles that of 
hindlimb muscles (Whalen et al., 198 1; d’Albis et al., 1989). It 
is also unclear whether the advanced development of the dia- 
phragm is due to precocious neuromuscular function because 
contractile activities in limb and respiratory muscles are re- 
ported to begin at the same time in the human fetus (deVries 
et al., 1982). 

Extrauterine adaptations 
Respiratory frequencies in the newborn rat approximate 100 
breaths per minute (Okubo and Mortola, 1988). After birth, the 
metabolic rate rises, and the increased CO, production in turn 
drives up respiratory rates to a peak of nearly 200 breaths per 
minute at 20 d. Respiratory rates then slowly decline to the 

adult resting rate ofapproximately 110 breaths per minute (Oku- 
bo and Mortola, 1988). The rapid respiratory rates of the infant 
rat are rarely accompanied by elevations in tidal volume. For 
example, tidal volumes change little in response to hypoxia in 
the rat prior to 10 d postpartum (Okubo and Mortola, 1988). 
This is probably an adaptation to the instability of the chest 
wall in the neonate due to lack of mineralization of the ribs. 
Rapid shallow respirations appear to be more efficient than deep 
breaths at this time because they are less likely to distort a 
compliant chest wall (Mortola, 1984; Bryan and Gaultier, 1985). 

To accommodate these demands, the diaphragm expresses. 
neonatal MHC as the major isozyme present at birth (Fig. 1). 
Over the next 20 d, neonatal myosin is progressively eliminated 
(Figs. 1, 5, 6; LaFramboise et al., 1990) and replaced by IIa 
MHC. Because fibers containing neonatal MHC appear to have 
a lower shortening velocity than IIa fibers (Reiser et al., 1985, 
1988), the progressive transition can be correlated with the rising 
metabolic rates and increasing respiratory frequencies of the 
growing rat. Increased expression of IIa MHC is also accom- 
panied by high AK activity (Fig. 7), an enzyme that is correlated 
with high speed of contraction in mature muscle (Hamm et al., 
1988). In addition, work by Reiser et al. (1988) shows that, in 
limb muscles, specific tension increases postnatally concomitant 
with the loss of neonatal MHC. Accumulation of neonatal MHC 
in the diaphragm at birth may therefore be matched with the 
early constraints of a compliant chest wall. 

Type IIa fibers have high energy efficiency, so precocious 
expression of IIa MHC by the diaphragm (Fig. 6) may be un- 
derstood as an adaptation for sustaining early respiratory de- 
mands. In view of the high resistance to fatigue by the neonatal 
diaphragm (Sieck and Blanco, 1987), it seems likely that fibers 
containing neonatal MHC are at least as well adapted for this 
function. As noted previously, IIa fibers, and presumably fibers 
containing neonatal MHC, make extensive use of p-oxidation 
(Figs. 7, 8). This is coupled with an oxidative potential that is 
significantly higher than in limb muscles at comparable, early 
periods of development (Fig. 8; Smith et al., 1988). These are 
pathways that afford significant advantages for maintaining ear- 
ly diaphragmatic work. However, the metabolic capacity of fi- 
bers in the diaphragm at birth is significantly lower than in the 
adult (Fig. 8). This appears to be coupled with the lower short- 
ening velocities of neonatal MHC and probably with lower en- 
ergy costs per unit of force production. The rapid elevation of 
oxidative and high-energy phosphate metabolism in the dia- 
phragm after birth therefore appears to be temporally correlated 
with elevations of IIa MHC accumulation and increased veloc- 
ities of shortening. 

Adolescence to maturity 
There is a decline in respiratory frequencies after 3 weeks of age 
associated with a decrease in metabolic rate (Okubo and Mor- 
tola, 1988). We show that the neonatal diaphragm exhibits its 
highest concentration of IIa MHC at about 3 weeks after birth, 
accompanied by peak oxidative capacity. Subsequently, the rel- 
ative proportions of IIa myosins and the oxidative enzyme ac- 
tivities decline, whereas glycolytic enzyme activities more than 
double by maturity. In this final phase of differentiation of the 
diaphragm, a new phenotype matures that provides greater force 
production (see below) at the expense of increased glycolytic 
metabolism. 

Maturation of this fiber type coincides with hypertrophy of a 
select population of fast fibers (Figs. 3,4). Histochemically, these 
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fibers stain like IIb fibers (not shown) and react with an antibody 
that recognizes all fast MHCs in rats (Fig. 3) but not with an 
antibody to IIa MHC (Fig. 4). In previous literature, these fibers 
have been interpreted as type IIb (Maltin et al., 1985). However, 
we found that there is an insignificant signal with a specific probe 
for the IIb MHC mRNA in both the developing and the mature 
diaphragm (Fig. 6), and we have obtained similar results on 
Northern blots using an oligonucleotide probe complementary 
to the 3’ untranslated region of IIb MHC mRNA (Kelly et al., 
1990). The present results are consistent with previous protein 
analyses (Schiaffino et al., 1989; Termin et al., 1990) and are 
interpreted to indicate the maturation of 11x fibers, a phenotype 
that has been recently described by Schiaffino et al. (1986, 1989) 
and has been termed IId by Bar and Pette (1989) and Termin 
et al. (1989). Type 11x fibers account for approximately 35% of 
the total population in the mature rat diaphragm (Schiaffino et 
al., 1989). 

Large 11x fibers make use of the high power output supported 
by glycolysis (Fig. 9) and are associated with a I’,,, that is similar 
to that of IIb fibers (Schiaffino et al., 1989). Consistent with this 
are AK levels similar to those of IIb fibers (Fig. 8). The unusually 
high oxidative potential of 11x fibers (Fig. 9) would, however, 
predict an enhanced resistance to fatigue compared to IIb fibers. 
Thus, the adult diaphragm possesses a fiber type, 11x, with force- 
generating capacity on the same order as IIb fibers but with 
unusually high energy efficiency characterized by higher oxi- 
dative potential than typical IIb fibers. We show that the 11x 
phenotype matures late in development (Figs. 3, 8, 9). This 
follows mineralization of the ribs and stabilization of the chest 
wall so that the growing animal acquires the facility for gener- 
ating greater intrathoracic pressures appropriate for efficiently 
elevating tidal volumes. 

Differentiation of 11x fibers increases the diversity of phe- 
notypes in the diaphragm and probably permits greater selec- 
tivity of motor control for a wide range of physical activities. 
In the neonatal rat, when most fibers express neonatal, slow, or 
IIa MHC and there is extensive polyneural innervation (Ro- 
senthal and Taraskevich, 1977), we speculate that a majority of 
fibers are recruited during each inspiratory cycle. Increasing 
strength of the developing diaphragm probably permits selective 
ordering of recruitment and progressive muscle specialization. 
Slow motor units, activated early in the inspiratory cycle (Iscoe 
et al., 1976) are the first to expand (Figs. 2, 3). This involves 
expression of slow MHC by secondary generation cells (Fig. 3). 
Later, large 11x fibers mature to augment the range of forces 
generated by the diaphragm. These large fibers may not be ac- 
tivated during quiet respiration but are supplementally recruited 
for deep inspiration in the adult (Sieck, 1988; Sieck and Four- 
nier, 1989). 
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