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ABSTRACT. The distributions of oxidative capacities 
among type-identified muscle fibers in the developing cat 
diaphragm were examined by quantifying succinate dehy- 
drogenase (SDH) activity using a microdensitometric pro- 
cedure. Animals were studied during the first six weeks of 
postnatal development and compared to adults. Muscle 
fiber SDH activities were initially low during the first 2 
postnatal wk, then increased to their highest values be- 
tween 3 and 6 wk. Thereafter, fiber SDH activities declined 
to adult values. At each age, the distributions of SDH 
activities for both type I and I1 fibers were unimodal. Thus, 
no objective basis exists for subclassifying type I1 fibers 
based on differences in oxidative capacity. Fibers could be 
subclassified as type IIA, JIB, or IIC based on the acid pH 
lability of ATPase staining. In neonates, approximately 
90% of all fibers were classified as type IIC. Thereafter, 
the proportion of IIC fibers decreased while the propor- 
tions of type I, IIA, and IIB increased. Adult fiber type 
proportions were reached by 6 wk of age. The SDH activity 
of type I fibers was generally higher than that of type I1 
fibers at all ages, although there was considerable overlap 
in the distributions of SDH activities among type I and I1 
fibers. The SDH activity of type IIC fibers was also higher 
than that of either type IIA or IIB during development. 
Only in the adult diaphragm was the SDH activity of type 
IIA fibers higher than that of type IIB. At no age could 
type IIA, JIB, or IIC fibers be discriminated based solely 
on differences in oxidative capacity. (Pediatr Res 29: 586- 
593,1991) 

Abbreviations 

SDH, succinate dehydrogenase 
NADH-TR, NADH-tetrazolium reductase 
NBT, nitroblue tetrazolium 
NBT-dfz, nitroblue tetrazolium diformazan 
CSA, cross-sectional area 
CV, coefficient of variation 
IQR, interquartile range 
Mhc, myosin heavy chain 

Diaphragm muscle fibers have been classified into different 
types based upon differences in histochemical staining patterns 
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(1-9). Fibers staining lightly for myofibrillar ATPase after alka- 
line preincubation have been classified as type I and those 
staining darkly for ATPase as type 11. Type I1 (fast-twitch) fibers 
have been further subclassified using one of two major schemes. 
In the procedures established by Brooke and Kaiser (10, 1 l), 
type I1 fibers were subclassified as IIA, IIB, or IIC based upon 
differences in the acid pH lability of staining for ATPase. In the 
procedure devised by Peter et al. (12), fast-twitch fibers were 
subclassified as fast-twitch glycolytic or fast-twitch, oxidative 
glycolytic based upon differences in staining intensity for oxida- 
tive enzymes. 

It should be noted that the subclassification of type I1 fibers as 
fast-twitch glycolytic or fast-twitch, oxidative glycolytic is highly 
subjective, depending upon perceived differences in the relative 
staining intensity of fibers for oxidative enzymes (12). In recent 
studies (6, 7), we quantified the activity of the mitochondria1 
oxidative enzyme SDH in muscle fibers of the adult cat dia- 
phragm. We found that the distribution of SDH activities for 
type I1 fibers was unimodal, indicating that in the adult muscle, 
no clear objective threshold exists for subclassifying fibers based 
upon oxidative capacity. 

In developing skeletal muscles, the subclassification of type I1 
fibers based upon differences in oxidative enzyme staining may 
be even more illusive because of the reported uniformity of 
enzyme staining (13-17). Yet, in the developing diaphragm, 
muscle fibers have still been classified based on perceived differ- 
ences in staining for oxidative enzymes, with conflicting results. 
For example, Keens el al. (1, 2) reported that, in the neonatal 
human diaphragm, all of the approximately 75% type I1 fibers 
displayed low staining intensity for NADH-TR. In contrast, 
Maxwell et al. (3) reported that in the neonatal baboon dia- 
phragm, all of the approximately 60% type I1 fibers had high 
staining intensity for NADH-TR. The purpose of our study was 
to quantify the SDH activities of muscle fibers in the cat dia- 
phragm at different ages during postnatal development. 

MATERIALS AND METHODS 

Animals. Twenty-five cats were studied at varying ages during 
postnatal development (0-3 d of age, termed 1st wk, n = 5; 14- 
15 days of age, termed 2nd wk, n = 5; 21-22 d of age, termed 
3rd wk, n = 6; 42-43 d of age, termed 6th wk, n = 5; and adults 
of either sex, n = 5). All younger animals were obtained from a 
breeding colony consisting of three females and one male. Litter 
size averaged 5.0 a 1.6 (SD) animals and, usually, three animals 
per litter were used for these studies, but not within a single age 
group. Animal body weights were measured daily, and animals 
with median body weights for a given litter were selected for 
study. Exposure of the female to the male was limited so that 
gestational period could be determined; gestational age ranged 
from 62 to 75 d with an average of 67 t 4 d. Animals were 
grouped according to postnatal ages. The postnatal ages of the 
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animals at the time of study were selected to reflect the entire 
period of preweaning development. One caveat in evaluating 
these results is that the interval between age groups was unequal 
although the terms lst, 2nd, 3rd, and 6th wk were used. 

Muscle histochemistrv. Animals were killed with an overdose 
of pentobarbital sodium injected intrapentoneally. The dia- 
phragm was excised and muscle samples from the mid-costal 
region were quickly frozen in isopentane cooled to its melting 
point by liquid nitrogen. Muscle fibers were frozen at their 
excised length, not at optimal fiber length. In other studies, we 
have determined that excised fiber length is approximately 70% 
of optimal fiber length (unpublished observations). The meas- 
ured CSA at this shorter fiber length is increased proportionately, 
but measurements of fiber SDH activity are unaffected because 
they are normalized for fiber volume (unpublished observations). 
Serial cross-sections of muscle fibers were cut at 10 pm thickness 
using a cryostat (model no. 2800E; Reichert-Jung, Buffalo, NY) 
kept at -20°C. The motorized drive of this cryostat permitted 
sections to be cut with an error of less than 0.2 l m  in thickness. 
This is especially important in quantitative histochemistry, where 
path length for light absorbance is critical (see below). 

Sections were stained for ATPase after alkaline preincubation 
(pH 9.0, for 9 min at 25°C) to broadly classify fibers as type I or 
11 (10-12). Alternate sections were also stained for ATPase after 
acid preincubation at pH 4.3 and 4.6 (for 5 min at 25°C) to 
subclassify fibers as type IIA, IIB, or IIC (10, 11). Differences in 
staining intensities for ATPase were quantified using microden- 
sitometric analysis implemented on an image processing system 
(see below) (compare 6, 7). 

Quantification offiber SDH activity. The SDH activities of the 
classified muscle fibers were determined in alternate serial sec- 
tions using a microdensitometric procedure that has been previ- 
ously described in detail (6, 7, 18). Briefly, the concentrations of 
enzymatic substrate (succinate; 48 mM), electron carrier (e.g. 1- 
methoxy-phenazine methosulfate; 1.0 mM), electron transport 
chain inhibitor (sodium azide; 0.75 mM), and pH (7.6) of the 
SDH reaction medium are optimized for measuring the maxi- 
mum SDH reaction rate (1 8). 

With the conversion of succinate to fumarate in the SDH 
reaction, the H+ ions released are used to reduce NBT (1.5 mM 
in the reaction medium) to an insoluble colored compound 
(NBT-dfz). The concentration of NBT-dfz deposited within a 
fiber is directly proportional to the amount of fumarate produced 
by the SDH reaction ([fumarate] = 2[NBT-dfz]) and, across a 
period of time, the deposition of this reaction product is a direct 
measure of SDH activity (expressed as mmol fumarate/L tissue/ 
min). The concentration of NBT-dfz can be determined from 
OD measurements using the Beer Lambert equation: 

where OD is measured at 570 nm (peak absorbance wavelength 
of NBT-dfz), k is the molar extinction coefficient of NBT-dfz 
(38 152 mol-'.cm-') and L, is the light path length (10-pm 
section thickness). 

To control the path length for light absorbance, muscle cross- 
sections were cut at a constant thickness of 10 pm (with less than 
2% error). The muscle cross-sections were magnified using a 
light microscope. The wavelength of the transmitted light of the 
microscope was restricted to 570 nm by interposing an interfer- 
ence filter (peak wavelength = 570 + 5 nm; Spectrofilm, Win- 
chester, MA) between the light source (halogen lamp) and the 
microscope stage. A video scanner was attached to the micro- 
scope, and video images of the magnified muscle cross-sections 
were digitized into an array of 1024 x 1024 picture elements 
(pixels) using an image processing system (Megavision 1024XM; 
Megavision, Goleta, CA). The 256 possible gray levels of the 
video scanner were converted to OD units by calibrating against 

a series of neutral density filters (0.04 to 1.20 OD units; Melies- 
Griot, Irvine, CA). 

Video images of the muscle cross-section were digitized every 
30 s as the SDH reaction developed. In digitizing each image, an 
average of 16 separate scans was calculated to reduce electronic 
noise. In addition, the digitized image was shade-corrected to 
reduce errors introduced by an uneven illumination of the image 
field. In both adult and younger animals, the linearity of the 
SDH reaction in diaphragm fibers was verified across a 10-min 
period. In sections where the same fibers were reacted for SDH 
in the absence of succinate (nonspecific reduction of NBT, i.e. 
tissue blanks), the mean OD remained relatively constant across 
the entire incubation period. Because both the specific (with 
substrate) and nonspecific (without substrate) SDH reactions 
were linear for a finite period and their OD values intersected at 
t = 0, the use of a single 8-min end-point reaction was justified. 
The OD values in the tissue blanks were subtracted from the OD 
values of the same fibers in sections reacted with succinate. 

For each diaphragm, seven serial sections were digitized: three 
sections were stained for ATPase after alkaline or acid preincu- 
bation to determine fiber type; two sections were stained for 
SDH with succinate added to the incubation medium; and two 
sections were stained for SDH with succinate deleted from the 
incubation medium (i.e. tissue blanks controlling for nonspecific 
reduction of NBT). From each digitized image, the boundaries 
of approximately 125 individual fibers were outlined. A total of 
250 to 500 fibers per muscle were analyzed. The mean OD of all 
pixels within each outlined fiber was calculated. 

Fiber morphometry. The projected CSA of each pixel was also 
calculated by calibration with a microscope stage micrometer. 
The CSA of each fiber was then calculated from the number of 
pixels within the outlined region. 

Biochemical determination of mzlscle SDH activity. The SDH 
activity of each diaphragm was also determined biochemically 
using a modification (19) of the method described by Pennington 
(20). In this modified procedure, 1 mmol sodium azide was 
included in the incubation medium to inhibit cytochrome oxi- 
dase. This substitution was made so that the biochemical reaction 
for SDH approximated the histochemical reaction. Biochemical 
measurements of muscle SDH activity were standardized to 
protein concentration measured using the method described by 
Bradford (2 1). In contrast, histochemical determinations of fiber 
SDH activity were standardized to tissue volume. 

Statistical analysis. All values are reported as means + 1 SD. 
To standardize fiber SDH and CSA measurements across ani- 
mals, the values were transformed based on the following equa- 
tion: 

Z-score = [Xi - u]/s 

where Xi is the SDH activity of each fiber, u is the mean SDH 
activity of all fibers within a diaphragm, and s is the SD of the 
mean. 

This linear transformation yields a distribution of SDH activi- 
ties and CSA for a single diaphragm in which the population 
mean for the muscle equals 0 (22). The distribution patterns of 
fiber SDH activities and CSA within a muscle are unaffected by 
this normalization procedure. The Z-scores across animals within 
an age group were then averaged. Statistical comparisons were 
based on a two-way (fiber type and age) analysis of variance for 
repeated measures and, where significant interactions between 
grouping factors were detected, a Mann-Whitney test was also 
performed. The distribution of fiber SDH activities or CSA was 
compared to an "expected" randomized distribution by x' analy- 
sis (22, 23). Nonunimodal distributions were indicated by signif- 
icant deviations from the expected distribution. 

RESULTS 

Body weight. There was considerable variance in birth weights 
and weight gain across litters. This variance was controlled by 
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selecting animals from different litters to represent each age group 
studied. Postnatal age was used to reference the data across 
animals instead of body weight or other measures of growth. It 
was observed, however, that the mean body weight of the animals 
increased progressively with age ( p  < 0.0 1 ; Fig. 1). 

Muscle fiber type proportions. Muscle fiber types could be 
discriminated based on quantitative differences in staining inten- 
sity for ATPase after alkaline and acid preincubations (4, 5). 
Type I fibers stained lightly (OD 0.25-0.33) for ATPase after 
alkaline preincubation, whereas type I1 fibers stained dark (OD 
0.75-0.8 1). After preincubation at pH 4.3, type I and IIC fibers 
stained dark (OD 0.61-0.7 l), type IIA fibers stained lighter (OD 
0.30-0.32), and type IIB fibers stained intermediate (OD 0.46- 
0.48). This difference in ATPase staining intensity was also 
observed after preincubation at pH 4.6 (type I and IIC fiber OD 
0.77-0.81; type IIA fiber OD 0.62-0.63; and type IIB fiber OD 
0.0.71-0.72). It is important to note, however, that ATPase 
staining intensities for diaphragm fibers varied with preincuba- 
tion time and temperature (4, 5). Therefore, these staining inten- 
sities were observed for a specific preincubation time (i.e. 5 min 
for acid preincubation and 8 min for alkaline preincubation) and 
for a specific incubation temperature (i.e. 25°C). 

The changing proportions of different fiber types in the cat 
diaphragm during postnatal development have been reported in 
previous papers (4, 24). Figure 2 summarizes these results. The 
proportion of type I fibers in the diaphragm increased progres- 
sively from approximately 10% at birth to 38% in the adult ( p  
< 0.01). By the 6th postnatal wk, the proportions of type I and 
I1 fibers were comparable to those found in the adult diaphragm. 
In the 1st postnatal wk, all type I1 fibers were classified as IIC. 
Thereafter, the proportion of IIC fibers decreased until, by the 
6th wk, less than 2% of all fibers were classified as IIC ( p  < 0.0 1). 
The proportion of fibers classified as IIA increased abruptly at 
the 2nd postnatal wk to approximately 45% ( p  < 0.01), and then 
decreased to adult values of about 28% ( p  < 0.01). The propor- 
tion of fibers classified as IIB increased progressively throughout 
postnatal development from 17% during the 2nd wk to 34% in 
the adult diaphragm ( p  < 0.01). 

Fiber SDH activity. The distributions of SDH activities for 
both type I and I1 fibers did not vary from an expected random- 
ized distribution (i.e. they were unimodal), although the pattern 
of distribution varied across animals even within the same age 
group. The distributions of relative SDH activities (Z-scores) for 
type I and I1 diaphragm fibers from each age group were also 
found to be unimodal (Fig. 3). At each age, the distribution of 
SDH activities for type I fibers tended to be skewed toward 
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1 .  Animal body weights increased progressively during the first 
'postnatal development. Values are means c SD. 
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Fig. 2. Summary of the changes in fiber type proportions during 
postnatal development. Values are means k SD. 

higher activities (i.e. positive Z-scores), whereas the relative SDH 
activities of type I1 fibers were lower (i.e. negative Z-scores). At 
each age, the distributions of SDH activities for type I and I1 
fibers overlapped extensively (Figs. 3-5). However, a significant 
difference in the mean SDH activity between type I and I1 fibers 
was not apparent until after the 3rd postnatal wk ( p  < 0.01; 
Fig. 6). 

The distributions of SDH activities among type IIA, IIB, and 
IIC fibers also overlapped extensively (Figs. 4 and 5). During the 
3rd postnatal wk, the mean SDH activity of type IIC fibers was 
higher than that of either type IIA or IIB fibers ( p  < 0.01) and 
comparable to that of type I fibers (Fig. 6). There were no 
significant differences in the mean SDH activity of type IIA and 
IIB fibers throughout the first 6 wk of postnatal development. In 
contrast, the mean SDH activity of type IIA fibers was signifi- 
cantly higher than that of type IIB fibers in the adult diaphragm 
( p  < 0.01; Fig. 6). Despite these differences in mean SDH 
activities, type IIA, IIB, or IIC fibers could not be discriminated 
from each other based solely on their oxidative capacity (Figs. 4 
and 5).  

As we previously reported (4, 24), the mean SDH activity of 
both type I and I1 fibers was low during the first 2 wk compared 
to later postnatal stages (Fig. 6). During the 3rd postnatal wk, 
fiber SDH activities increased 2-fold and remained high through 
the 6th wk of age before decreasing to adult values (Fig. 6). 
Biochemical determination of diaphragm SDH activity showed - 
the same developmental trend (Fig. 7). 

The CV of SDH activities among diaphragm fibers increased 
during postnatal development from 2 1.9 4 0.5% in the 1st wk 
to 37.7 k 5.3% in the 6th wk ( p  < 0.01). This compares to a CV 
in SDH activity of 42.1 + 3.5% among adult diaphragm fibers. 
The IQR (i.e. the range around the median comprising 50% of 
all values) of SDH activities was comparable during the first 2 
postnatal wk (e.g. 0.6 1 It_ 0.15 versus 0.64 t 0.24 mmol fumar- 
ate/L tissue/min, respectively) and then more than doubled by 
the 3rd wk (1.48 + 0.22 mmol fumarate/L tissuelmin; p < 0.0 1). 
Thereafter, the IQR of SDH activities remained approximately 
the same, despite the decrease in mean SDH activity in the adult 
muscle (e.g. adult IQR = 1.58 k 0.14 mmol fumarate/L tissue/ 
min). 

Fiber cross-sectional area. Fiber CSA increased progressively 
with age ( p  < 0.01; Fig. 8). The average CSA of type I1 fibers 
increased to a greater extent during postnatal development than 
did that of type I fibers ( p  < 0.05). In the 1st postnatal wk, type 
I fibers were slightly larger than type I1 fibers ( p  < 0.05). From 
the 2nd to 6th wk of age, fiber CSA of type I and I1 fibers were 
comparable. In the adult, type I1 fibers in the diaphragm were 
approximately 40% larger than type I fibers ( p  < 0.01; Fig. 8). 
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Fig. 3. Histograms showing the distributions of relative SDH activities (normalized for Z-scores) of type I (cross-hatched) and type I1 (filled bars) 
muscle fibers from diaphragms at  different ages: A, 1st wk; B, 2nd wk; C, 3rd wk; D, 6th wk; and E, adult. Note that the separation of SDH activities 
of type I and I1 fiber populations occurred only by the 6th postnatal wk. 
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SDH ACTIVITY 
Fig. 4. Scatter plots showing the distribution of SDH activities (mmol 

fumarate/L tissue/min) for different fiber types from diaphragms of 
animals representing each postnatal age. Note that the SDH activities of 
type IIB fibers were lower than those of type I and IIA fibers only by the 
6th postnatal wk. 

This difference in size was due to the larger CSA of type IIB 
fibers ( p  < 0.01), inasmuch as the CSA of type IIA fibers was 
generally comparable to that of type I fibers (Fig. 8). Throughout 
the first 6 wk of postnatal development, there were no differences 
in CSA among type IIA, IIB, or IIC fibers (Fig. 8). 

The distributions of CSA (Z-scores) for type I and I1 fibers 
were unimodal at each age. There was considerable overlap in 
the distribution of CSA between fiber types (Fig. 9). Even by the 
6th postnatal wk, the CSA of type IIB fibers were comparable to 
those of type I and IIA fibers (Figs. 8 and 9). 

The CV of fiber CSA showed very little change during post- 
natal development (e.g. 1st wk CV = 40.4 -t 4.3% versus 6th wk 
CV = 39.8 + 3.3%). This compared to a CV of 47.3 * 9.9% for 
CSA among adult diaphragm fibers. The IQR of fiber CSA 
increased progressively during postnatal development, reflecting 
the progressive growth of fibers (e.g. 1st wk IQR = 132.9 + 29.5 
pm2 versus 6th wk IQR = 352.1 2 60.3 pm2; p < 0.0 I). The IQR 
of adult fiber CSA was 945.7 * 100.5 pm2. 

Relationship between fiber CSA and SDH activity. In the adult 
diaphragm, fibers with the lower SDH activities generally have 
larger CSA (6, 7). During postnatal development, this inverse 
relationship between fiber size and SDH activity was not appar- 
ent. 

DISCUSSION 

Lack of objective basis for subclassifying diaphragm muscle 
fibers based on SDH activity. In this study, we examined changes 

in the distributions of fiber CSA and SDH activities during 
postnatal development of the cat diaphragm. At each age, the 
distribution of both CSA and SDH activities in the diaphragm 
were unimodal for both type I and I1 fibers. The unimodal 
distribution of SDH activities among type I1 fibers in the devel- 
oping diaphragm is similar to that which we previously observed 
in the adult muscle (6, 7). These results indicate that differences 
in oxidative capacity cannot be used to subclassify type I1 fibers 
at any age in the cat diaphragm. Similar unimodal distributions 
of SDH activities have been observed for type I1 fibers in the rat, 
rabbit, and hamster diaphragms (24). The lack of an objective 
criterion for subclassifying type I1 fibers may explain in part why 
previous studies using oxidative capacity as the basis for fiber 
typing during development have yielded conflicting results (e.g. 
1-3). 

Subclass$'ication of diaphragm muscle fibers based on ATPase 
staining intensity. It was possible to subclassify type I1 fibers in 
the developing cat diaphragm based on quantitative differences 
in staining intensities for myofibrillar ATPase after alkaline and 
acid preincubations (compare 4, 5). It was observed that most 
fibers in the neonatal (1st wk) cat diaphragm would be histo- 
chemically classified as type IIC. It is likely, however, that these 
type IIC fibers are actually composed of a mixture of Mhc 
isoforms (25-27). During development, the differentiation of 
adult type I1 fibers (i.e. expressing predominantly a single Mhc 
isoform) involves the sequential expression of an embryonic, a 
neonatal, and finally the adult isoform of fast (type 11) Mhc (25). 
In addition, most of these future adult type I1 fibers also express 
the slow (type 1) Mhc. At some point in postnatal development, 
the expression of the slow Mhc in type I1 fibers is suppressed. In 
contrast, the differentiation of adult type I fibers involves the 
continued expression of the slow Mhc (25). Initially, the future 
adult type I fibers may also express more than a single Mhc 
isoform, (e.g. both the slow and embryonic isoforms). The 
expression or suppression of the slow Mhc is modulated by the 
pattern of innervation during development and the hormonal 
environment (e.g. thyroid hormone) (17). Therefore, some of 
the type IIC fibers in the neonatal diaphragm are apparently 
destined to become adult type I1 fibers whereas other type IIC 
fibers will eventually differentiate into adult type I fibers. The 
final proportions can vary depending on the pattern of innerva- 
tion established during early development, the process of synapse 
elimination and the changing hormonal environment. 

SDH activities of different diaphragm muscle fiber types. 
Whether the type IIC fibers destined to become adult type I 
fibers vary in their SDH activity (e.g. higher activity) from those 
destined to become adult type I1 fibers could not be clearly 
ascertained in our present study. However, we observed that, 
during early postnatal development, no clear differences were 
present in the distribution of SDH activities among type IIA, 
IIB, or IIC fibers. Based on the similarity in the relative distri- 
bution of SDH activities among fibers at each age, it would 
appear unlikely that the developmental transitions of fibers from 

IIB 0 .  ... ... 0 --. . . - .-. .- - -.a- . 
IIA * *--  .. I IA " .a . 

SDH ACTIVITY CROSS-SECTIONAL AREA 

Fig. 5 .  Scatter plots showing the distribution of SDH activities (mmol fumarate/L tissue/min) and CSA (pm') of different fiber types in an adult 
diaphragm. Note that the type IIB fibers were generally larger and had higher SDH activities than either type I or IIA fibers. 
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I TYPEI 
TYPE IIC 

5 0  1 TYPE 14  7 T 

1st WEEK 2nd WEEK 3rd WEEK 6th WEEK ADULT 

Fig. 6. Postnatal changes in the mean ( t S D )  SDH activities of type 
I. IIA. IIB. and IIC fibers. The SDH activities of both type I and I1 fibers 
were relatively low during the first 2 wk of postnatal development. From 
the 3rd to the 6th wk of age, SDH activities of all fiber types were 
elevated. Thereafter. the SDH activities of both type I and I1 fibers 
decreased to adult values. Note that differences between type I and I1 
fibers were significant ( p  < 0.01) only after the 3rd postnatal wk. 

t: 
E 1ST WEEK 2ND WEEK 3RD WEEK 6TH WEEK A D U L 3  - 

Fig. 7. The mean (+SD) SDH activity of whole muscle homogenates 
of the diaphragm showed the same developmental trend as the changes 
in SDH activities of single fibers. 

a 
W 

3000 I TYPE1 
[r TYPE IIC 
a TYPE IIA 

I TYPE IIB 

1st WEEK 2ndWEEK 3rd WEEK 6th WEEK ADULT 

Fig. 8. The mean (+SD) CSA of all muscle fiber types of the dia- 
phragm increased progressively during postnatal development. Type IIB 
fibers displayed the greatest change in cross-sectional area. 

type IIC to I could be distinguished based on differences in fiber 
SDH activity. 

In the adult diaphragm, the mean SDH activity of type 11.4 
fibers was significantly higher than that of IIB fibers. It should 

I st Week 2nd Week 

IIC - 
118 me-. . 
IIA -. 0 

3rd Week 6th Week 

IIC - '" IIC a e 

I lB 0 . -  IIB --" ..a. 

IIA . - 

CROSS-SECTIONAL AREA 
Fig. 9. Scatter plots showing the distribution of CSA of different fiber 

types from diaphragms of animals representing different postnatal ages. 
Note that the size of type IIB fibers was comparable to that of type I and 
IIA fibers throughout the 6 wk of postnatal development. 

be noted, however, that cat diaphragm fibers histochemically 
classified as type IIB may actually contain primarily a IIX Mhc 
isoform (28-32). Based on electrophoretic migration patterns of 
Mhc isoforms in an SDS-polyacrylamide gel, we found bands 
located in positions corresponding to the rat type I, IIA, and IIX 
Mhc isoforms, but the band corresponding to the IIB isoform in 
the rat was absent (unpublished observations). These results 
suggest that in the cat diaphragm, as in the rat, fibers classified 
histochemically as type IIB may actually contain predominantly 
the IIX Mhc isoform. Whether this would influence the distri- 
bution of fiber SDH activities is unclear. Based on a subjective 
evaluation of staining intensity for SDH, it has been reported 
that, in the rat diaphragm, fibers containing predominantly the 
IIX Mhc isoform have an oxidative capacity that is intermediate 
between IIA and IIB fibers (3 1). Therefore, it is possible that the 
unimodal distribution of SDH activities among type I1 fibers in 
the cat diaphragm reflects the absence of fibers containing the 
IIB Mhc isoform (i.e. low oxidative fibers). 

Postnatal changes in diaphragm muscle fiber type proportions. 
During the first 6-wk after birth, there was a progressive increase 
in the proportion of type I fibers in the diaphragm. A similar 
developmental trend in fiber type proportions has also been 
described for other mixed skeletal muscles (1 3-17,24). However, 
the proportions of type I and I1 fibers in the diaphragm can vary 
across species. For example, in contrast to the neonatal cat 
diaphragm, where only about 10% of all fibers were type I, the 
neonatal human (1,2) and baboon (3) diaphragms have a greater 
proportion of type I fibers (approximately 25 and 40%, respec- 
tively). In the human diaphragm, Keens et al. ( 1 ,  2) found that, 
as in the cat, the proportion of type I fibers increased progres- 
sively during postnatal development, from 25% at birth to about 
55% in the adult. In contrast, in the baboon diaphragm, Maxwell 
et al. (3) reported that the proportion of type I fibers did not 
increase during postnatal development, being approximately 
40% in both neonates and adults. 

Postnatal changes in diaphragm muscle fiber SDH activity. 
The SDH activities of diaphragm muscle fibers in the cat were 
initially low during the first 2 postnatal wk, then increased rapidly 
to reach their highest values by 2 1 d of age (4, 24). This increase 
in fiber SDH activity during early postnatal development is 
similar, in some respects, to that reported by Smith et al. (9) for 
rat diaphragm fibers. However, these investigators reported only 
a 10-20% increase in SDH activity of rat diaphragm fibers during 
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the first 3 postnatal wk compared to a 2-fold increase in the SDH 
activity of cat diaphragm fibers during the same postnatal period. 
Moreover, Smith et al. (9) reported that the SDH activities of rat 
diaphragm fibers plateaued such that the SDH activities of adult 
diaphragm fibers were higher than those of neonatal fibers. In 
the cat diaphragm, SDH activities of adult fibers were lower than 
those of fibers at 3 and 6 wk of age. These varying results could 
be attributed to species differences. However, in a recent study 
in rats, we found a 3-fold increase in the SDH activities of 
diaphragm fibers during the first 3 wk of postnatal development 
(unpublished observations). Furthermore, as in the cat dia- 
phragm, the SDH activities of fibers in the adult rat diaphragm 
were comparable to those of neonatal fibers and lower than those 
of fibers at 3 wk of age (1.e. SDH activities did not plateau). 
Thus, it would appear that species differences cannot account 
for the differences between our results and those of Smith et al. 
(9). It is more likely that our varying results can be attributed to 
significant differences in the technique used to quantify fiber 
SDH activity (see ref. 4 for discussion of these differences). 

Relationship between diaphragm muscle fiber size and SDH 
uctivity. The postnatal changes in fiber SDH activity were not 
related to changes in fiber size. In the adult cat diaphragm, there 
is a significant inverse correlation between fiber CSA and SDH 
activity (6, 7). Such an inverse correlation between the size and 
oxidative capacity of diaphragm fibers was not apparent through- 
out the first 6 wk of postnatal development. It is possible that 
the inverse relationship between fiber size and oxidative capacity 
in the adult diaphragm relates to the fatigue resistance of the 
muscle units to which fibers belong (33). Fibers comprising more 
fatigable fast-twitch muscle units are generally larger and have 
lower SDH activities than those fibers belonging to more fatigue 
resistant (slow- and fast-twitch) units. This correspondence to 
unit fatigue resistance may be related to the ability of fibers to 
extract oxygen from surrounding capillaries. In larger fibers, 
diffusion distances from capillaries to intracellular mitochondria 
would be increased. In agreement with this possibility, we have 
found that capillary density (number of capillaries per fiber CSA) 
is higher surrounding fibers belonging to more fatigue-resistant 
muscle units in the adult cat diaphragm (33). The lack of a 
relationship between fiber size and SDH activity early in devel- 
opment may be due to the much smaller size of developing 
diaphragm fibers, i.e. no significant diffusion gradient for any 
fiber. However, the absence of such a relationship between fiber 
size and oxidative capacity might also reflect the lack of differ- 
entiation of adult muscle units with varying fatigue resistance. 

Postnatal changes in diaphragm innervation and recruitment. 
In the cat diaphragm, polyneuronal innervation of muscle fibers 
disappears only after the 3rd postnatal wk (24). Only then does 
the influence of specific innervation of fibers present itself. It is 
likely that functional differences in muscle unit contractile and 
fatigue properties develop only gradually after the disappearance 
of polyneuronal innervation and the emergence of significant 
differences in the activation history of motor units. It has been 
demonstrated that muscle fibers composing adult motor units 
display very similar metabolic capacities, most likely because of 
their common activation history. In the adult cat diaphragm, we 
estimated that the forces required by normal ventilation repre- 
sented only 12% of the maximum force generating capacity of 
the muscle (34). These ventilatory forces could be accomplished 
by the recruitment of only fatigue resistant motor units. Thus, a 
large fraction of the diaphragm motor unit pool remains inactive 
during ventilatory behaviors. In this situation, a wide range of 
metabolic capacities among diaphragm muscle fibers would be 
expected. During early postnatal development, it is possible that 
a much larger fraction of the diaphragm is utilized to accomplish 
normal ventilatory behaviors. In this situation, more diaphragm 
muscle fibers would share a common activation history and, 
thus, less variance in metabolic capacity among fibers would be 
expected. The observation of an increase in the IQR of fiber 
SDH activities during the 3rd postnatal wk corresponds with the 

disappearance of polyneuronal innervation. Similarly, the in- 
crease in the CV of SDH activities by the 6th postnatal wk might 
be explained by the emergence of differences in the activation 
history of diaphragm motor units. 

Postnatal changes in diaphragm fatigue resistance. Maxwell et 
al. (3) reported that the baboon diaphragm was very resistant to 
fatigue during early postnatal development. These authors attrib- 
uted the fatigue resistance of the neonatal diaphragm to the high 
oxidative capacity of diaphragm muscle fibers. In a separate 
study (24), we also found that the neonatal cat diaphragm is 
fatigue resistant and that during subsequent postnatal develop- 
ment it becomes progressively more fatigable. However, the 
postnatal changes in fiber oxidative capacity noted in our present 
study do not correlate with changes in diaphragm fatigue resist- 
ance. The changes in diaphragm fatigue resistance do correlate, 
to some extent, with the postnatal changes in the size of dia- 
phragm fibers. 

It is possible that the postnatal changes in diaphragm fiber 
SDH activities are related to the changing energy demands for 
muscle contraction. As in other muscles, the contraction time of 
the neonatal cat diaphragm is considerably slower than that of 
the adult muscle, despite the presence of a much higher propor- 
tion of putative type I1 (fast-twitch) fibers (24). Slower-contract- 
ing muscle fibers are significantly more energy efficient than 
faster-contracting fibers (35). This difference in energy efficiency 
might account for both the higher fatigue resistance of the 
neonatal diaphragm and its lower oxidative capacity. 

Summary. In summary, the results of our study indicate that 
differences in oxidative capacity cannot be used to subclassify 
type I1 fibers in the cat diaphragm at any age. The distributions 
of SDH activities were unimodal for both type I and I1 fibers. 
Among type I1 fibers, the SDH activities of IIA, IIB, and IIC 
fibers displayed considerable overlap. Changes in fiber SDH 
activity during postnatal development were not progressive. Fiber 
SDH activities were uniformly low at birth. By 3 wk of age, fiber 
SDH activities were the highest of any age. The CSA of dia- 
phragm fibers increased progressively during postnatal develop- 
ment. The increase in diaphragm fiber size paralleled the increase 
in body weight. Unlike in the adult, there was no inverse rela- 
tionship between the size and SDH activity of diaphragm fibers 
at any time during the first 6 wk of postnatal development. 
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