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Abstract

Introduction—Sarcopenia likely comprises muscle fiber denervation and re-innervation, 

resulting in clustering of muscle fibers of the same type (classified by myosin heavy chain isoform 

composition). Development of methodology to quantitatively evaluate clustering of muscle fibers 

according to fiber type is necessary.

Methods—Fiber type specific immunofluorescence histology was used to quantify fiber 

clustering in murine diaphragm muscle (n=15) at 6 and 24 months of age.

Results—With age, fiber type clustering is evidenced by fiber type specific changes in distances 

between fibers, specifically a 14% decrease to the closest fiber for type I and 24% increase for 

type IIx and/or IIb fibers (P<0.001). Additionally, a 34% increase to the 3 closest type IIx and/or 

IIb fibers was found (P<0.001).

Discussion—This novel method of analyzing fiber type clustering may be useful in examining 

pathophysiological conditions of motor unit loss in neuromuscular disorders, myopathies, 

dystrophies, injuries, or amyotrophic lateral sclerosis.

Keywords

Aging; Cross-sectional area; Fiber type; Motor unit; Myosin heavy chain; Sarcopenia

INTRODUCTION

Sarcopenia is the age-related decline in the skeletal muscle function, including muscle 

weakness, fiber atrophy, and a reduction in muscle mass.1 A possible mechanism for this 

decline in muscle function is the loss of motor units with age.2–6 Specifically, a motor unit 

consists of all muscle fibers innervated by a motor neuron; selective loss of motor units is a 

common feature of sarcopenia across various muscles and species.7–10 Muscle fiber type is 

recognized as being determined in large part by motor neuron properties.11–15 The 
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classification of motor units is based on the contractile and fatigue properties of the muscle 

fibers and motor unit classification parallels that of muscle fiber types according to the 

myosin heavy chain (MyHC) isoform composition.12, 14–18 Accordingly, muscle fibers 

within a motor unit express predominantly one type of MyHC isoform and are classified as 

type I, type IIa and type IIx and/or IIb.

Motor neuron loss in sarcopenia,4 and resultant muscle fiber denervation and re-innervation 

by neighboring axons may cause a transition in muscle fiber phenotype. This clustering of 

muscle fibers of the same type is expected to lead to loss of the normal mosaic pattern of 

fiber type distribution in adult skeletal muscles. Motor unit loss and muscle fiber type 

clustering have also been implicated in neuromuscular disorders, muscular dystrophies and 

non-dystrophic myopathies, injury and trauma to the nervous system; however, there is scant 

information regarding methods of quantifying fiber type clustering. Accordingly, the ability 

to quantify fiber type clustering would be beneficial to many areas of research that 

encounter motor unit pathophysiology.

We have recently shown that the diaphragm muscle (DIAm) undergoes sarcopenia with 

selective loss of type IIx and/or IIb fibers.7 Importantly the DIAm comprises all MyHC 

isoforms and thus may be used to 1) validate a method for quantification of fiber clustering 

according to fiber type and 2) analyze fiber type clustering in sarcopenia. We hypothesized 

that sarcopenia results in clustering of muscle fibers of the same type (classified by MyHC 

isoform composition).

METHODS

Animals

Adult, male mice (strain background C57BL/6 × 129) were bred and maintained at the Mayo 

Clinic. Two ages of mice were studied at ~6 (n=8) and 24 (n=7) months of age, considered 

as young and old, respectively. All protocols were approved by the Institutional Animal 

Care and Use Committee at the Mayo Clinic, in accordance with the National Institutes of 

Health Guidelines. All mice were anesthetized with an intraperitoneal injection of 90 mg/kg 

of ketamine and 10 mg/kg of xylazine, and euthanized by exsanguination.

Morphological analyses of DIAm fibers

Harvesting and staining of midcostal DIAm tissue follows previously described 

methodology.7,19 Briefly, midcostal DIAm segments were dissected, frozen, and stored at 

−80 °C until further examination. Each DIAm segment was sectioned cross-sectionally at 10 

µm thickness for histological classification of MyHC isoforms. Individual muscle sections 

were triple-labeled using primary antibodies for MyHC isoforms: anti-MyHCSlow (Vector 

Labs VP-M667) and anti-MyHC2A (SC-71 obtained from Developmental Studies 

Hybridoma Bank [DSHB], Iowa City IA) as well as laminin (Sigma L9393) to label the 

extracellular matrix surrounding all DIAm fibers. These antibodies were selected to 

facilitate triple-labeling in the same muscle section. The specificity of these MyHC isoform 

antibodies has been validated in previous studies.20–23 Of note, the selection of these 

antibodies is not conducive to analyses of MyHC co-expression; e.g., type I fibers can be 
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identified as strongly immunoreactive to anti-MyHCSlow and not to anti-MyHC2A whereas 

type IIa fibers are immunoreactive to anti-MyHC2A and weakly positive to anti-MyHCSlow. 

We validated this approach to fiber type identification by using complementary antibodies in 

serial muscle sections, including anti-MyHCSlow and anti-MyHCSlow and MyHC2A (BA-F8 

and N2-261, respectively, both from DSHB). All sections were incubated with appropriate 

fluorescently-conjugated secondary antibodies. Histological staining was enhanced with the 

used of Mouse on Mouse Kit (Vector Labs BMK-2202) following manufacture instructions. 

An image of each DIAm section was taken by confocal microscope system (Nikon 

Instruments Inc., Melville, NY) with argon (488 nm) and solid state (405 and 561 nm) lasers 

for multi-label fluorescence imaging. Confocal images were saved separately for each 

fluorescence channel as 16-bit grayscale-TIFF files using Nikon C1 software. All images 

were merged in NIS-Elements software (Nikon Instruments Inc.) and MetaMorph 

(Molecular Devices LLC., Sunnyvale, CA). For display purposes only images were 

produced in Adobe Photoshop (Adobe Systems Inc.; San Jose, CA) by down-converting 

multi-TIFF files to 8-bit single-channel images, without introducing any changes in 

brightness or contrast.

Analyses of clustering according to fiber type

For each DIAm segment, a single colorized and merged image of each DIAm cross-section 

was obtained by merging all three fluorescence channels in NIS-Elements. Individual fibers 

were type-identified based on MyHC isoform expression. A cluster of DIAm fibers was 

defined by any two or more fibers of the same type that were adjacent. Using the counting 

tool in NIS-Elements, the number of type-identified fibers per cluster was determined across 

all imaged DIAm cross-sections. Investigators conducted fiber counts manually and were 

blinded to fiber type and group for these measurements.

In order to permit automated analyses of fiber clustering, a custom-designed semi-automated 

tool was developed in MetaMorph to type-identify individual fibers based on MyHC 

isoform expression. Muscle fibers were singly classified as type I based on the expression of 

MyHCSlow, as type IIa based on MyHC2A expression, and as type IIx and/or IIb based on 

the absence of expression of the other two isoforms (Figure 1). A manual threshold was 

applied for each MyHC isoform within individual confocal images of DIAm cross-sections 

in MetaMorph, creating a mask for all three fiber types in each image. Laminin fluorescence 

was used to automatically identify individual DIAm fibers by using morphology filters to 

classify objects (>50 µm2 for area and 0.5–1.0 for shape factor). This object mask was then 

used to identify individual type-specific fibers by applying it to a merged confocal image 

comprising all three thresholded fluorescence channels and segmenting separate objects of 

each fiber type. Note that type IIa fibers are weakly immunoreactive to the anti-MyHCSlow 

antibody used for triple labeling, but type I fibers can be uniquely identified by subtracting 

type IIa fibers. The cross-sectional area and centroid (i.e., the x,y coordinates) were then 

obtained for each DIAm fiber. No attempt was made to examine co-expression of MyHC 

expression in this study design.

Using the data obtained from the semi-automated fiber classification in MetaMorph, further 

automated analysis of fiber type clustering was conducted in MATLAB (The MathWorks 
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Inc., Natick, MA, 2012). The distance between fibers was calculated for each DIAm fiber, 

using the fiber centroids. Using customized tools in MATLAB (Figure 1), for each fiber in 

an image of the DIAm segment, the average distances to the 3 closest fibers and to all other 

fibers (i.e., the interfiber distance) were obtained, both independent of fiber type and only 

for fibers of the same type. In addition, the distance to the closest fiber of the same type was 

calculated. In order to account for potential differences in size and proportion of fibers 

across age groups, the distance to the 3 closest fibers of the same fiber type was normalized 

by the DIAm segment- and fiber type-specific average interfiber distance.

Statistical analysis

Data were analyzed using JMP (JMP Pro version 10; SAS Institute Inc., Cary NC). Analysis 

was conducted between age groups and across fiber types. Chi-squared was used to analyze 

the distribution of fiber cross-sectional areas. Two-way ANOVA was used to analyze the 

number of fibers per cluster and the proportion of fibers types for each fiber type and age 

group. A mixed linear model, with individual animals as a random effect, was used to 

analyze DIAm cross-sectional area, the average interfiber distance to all fibers and the 3 

closest fibers independent of fiber type, the fiber type specific interfiber distance, the closest 

fiber dependent on fiber type, the 3 closest fibers dependent on fiber type, and the 

normalized 3 closest fibers. Post-hoc tests were conducted whenever a significant interaction 

or main effect was determined. Data is presented as mean ± standard error unless otherwise 

noted, significance was accepted at P<0.05.

RESULTS

The DIAm of two age groups of male mice were examined: young (6 months of age) and old 

(24 months of age). In total, 5767 DIAm fibers were analyzed in 15 mice (mean ± standard 

error: 384 ± 73 fibers per animal). Overall, 622, 3541, and 1604 fibers were analyzed for 

type I, type IIa, and type IIx and/or IIb fibers, respectively.

The presence of sarcopenia was first examined by the cross-sectional area of type-identified 

DIAm fibers. Individual DIAm fibers were consistently identified and classified according 

to MyHC isoform composition independent of age group (Figure 1).

Sarcopenia of the DIAm

The distribution of fiber cross-sectional areas was significantly shifted in the old mice 

(Figure 2; P<0.001). There was no interaction between fiber type and across age group when 

analyzed with a mixed linear model (interaction; P=0.174). There was a main effect of fiber 

type (P<0.001) such that the IIx and/or IIb fibers were larger than both the type I and type 

IIa fibers. In young animals the DIAm cross-sectional area was 548.1 ± 57.4, 537.6 ± 54.9, 

and 834.2 ± 54.9 µm for type I, type IIa, and type IIx and/or IIb fibers, respectively. In 

contrast the DIAm cross-sectional area of old animals was 530.3 ± 61.8, 538.3 ± 54.6, and 

789.2 ± 60.1 µm for type I, type IIa, and type IIx and/or IIb fibers, respectively. However 

when analyzed as a mean of means (Table 1), there was a trend for an age related decrease 

in cross-sectional area in type IIx and/or IIb fibers in the old mice.

Greising et al. Page 4

Muscle Nerve. Author manuscript; available in PMC 2016 July 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



There was a significant change in fiber type proportions across ages. There was an 

interaction of age and fiber type (P<0.001) such that there was an increase in the proportion 

of type IIa fibers and a decrease in the proportion of type IIx and/or IIb fibers in the old 

compared to young mice. Overall, the proportion of type IIa fibers was greater than that of 

type I or type IIx and/or IIb fibers regardless of age. The proportion of type I, type IIa and 

type IIx and/or IIb fibers was 10%, 55%, and 35% in young mice compared to 12%, 72%, 

and 16%, respectively, in old mice (Figure 3).

Clustering of DIAm Fibers According to Type

Several analytical methods were used to determine DIAm fiber clustering according to fiber 

type. In the first analysis, a cluster of skeletal muscle fibers was defined as two fibers of the 

same type with adjoining sarcolemma. The total number of fibers in a cluster was showed an 

interaction across age and fiber type (P=0.002). In young animals, the number of fibers per 

cluster was 1 ± 1, 8 ± 1, and 8 ± 1 for clusters of type I, type IIa, and type IIx and/or IIb 

fibers, respectively. Type I fibers in the DIAm of young mice were most commonly found in 

isolation such that there were significantly fewer type I fibers per cluster in the DIAm of 

young animals compared to the other fiber types. In old animals, the number of fibers per 

cluster was 2 ± 1, 16 ± 1, and 6 ± 1 for type I, type IIa, and type IIx and/or IIb fibers, 

respectively. There were significantly more type IIa fibers per cluster in the DIAm of old 

animals compared to type I and type IIx and/or IIb fibers. Across age groups, there was a 

significant increase in the number of type IIa fibers per cluster in the old compared to young 

DIAm, consistent with clustering of these fibers.

Fiber type clustering was further examined by comparing the interfiber distances for type-

identified DIAm fibers. Consistent with the predominant type IIa fiber expression in the 

DIAm and the lack of changes in the fiber cross-sectional area of these fibers across age 

groups, there were no differences in the average interfiber distance (244.7 ± 8.7 and 245.5 ± 

9.3 µm for young and old animals, respectively; P=0.952) or the distance to the 3 closest 

fibers independent of fiber type (32.7 ± 1.3 and 32.5 ± 1.4 µm for young and old animals, 

respectively; P=0.927). When examining fibers of the same type, the average interfiber 

distance is likely influenced by fiber type-specific differences in fiber dimensions (cross-

sectional area) and the proportion of the different fiber types. In agreement, there was a 

significant interaction between age and fiber type on the type-specific average interfiber 

distance (P=0.005; Table 2). There was a significant difference in the average interfiber 

distance between type I, type IIa, and type IIx and/or IIb fibers in both age groups. However, 

there were no significant differences in the average interfiber distance across age groups for 

each fiber type. The average interfiber distance for type I fibers was 6–16% greater than that 

for type IIa and type IIx and/or IIb fibers.

Fibers in the DIAm are consistently arranged in a hexagonal array such that each fiber is 

surrounded by 6 fibers. In order to minimize the possible effect of fibers on the thoracic or 

abdominal surfaces, the distance to the single closest and 3 closest fibers of the same type 

was determined. In both young and old animals, the average distance to the closest fiber of 

the same type was ~2-fold greater for type I fibers than for type IIa and for type IIx and/or 

IIb fibers (Figure 4). There was a significant interaction between age and fiber type 
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(P<0.001). The average distance to the closest fiber for type IIa fibers was similar across age 

groups. However, there were differences in the distance to the closest fiber of the same type 

for type I and type IIx and/or IIb fibers across age groups. The average distance to the 

closest fiber decreased for type I fibers where as it increased for type IIx and/or IIb fibers in 

the DIAm of old mice compared to young mice. In light of the aging effects on fiber type 

proportions, these changes in the distance to the single closest fiber of the same type are 

consistent with a clustering of type IIa and possibly type I fibers, and greater isolation 

(declustering) of type IIx and/or IIb fibers.

Analyses were also conducted for the distance to the 3 closest fibers of the same type. There 

was a significant interaction between age and fiber type (P<0.001; Figure 4). The distance to 

the 3 closest fibers was greater for type I fibers than for all other fibers in both age groups. 

For type IIa fibers, the average distance to the 3 closest fibers of the same type was similar 

to the distance to the 3 closest fibers of any type (~33 µm), consistent with the greater 

abundance of these fibers in the mouse DIAm. There were no differences in the average 

distance to the 3 closest fibers of the same type for type I or IIa fibers across age groups. 

However, there was an increase in the distance to the 3 closest fibers for type IIx and/or IIb 

fibers with age. Taken together, these results suggest that evaluating clustering of type IIa 

fibers may be challenging given differences in their relative abundance in the DIAm across 

age groups. To account for age-related differences in size and proportion of fibers, the 

distance to the 3 closest fibers of the same fiber type was normalized by the DIAm segment- 

and fiber type-specific average interfiber distance. In agreement with the fiber type specific 

distance to the 3 closest fibers, there was a significant interaction between age and fiber type 

(P<0.001; Figure 4). The normalized distance to the 3 closest fibers for type IIx and/or IIb 

fibers of young animals was significantly greater than in the old group. For type IIx and/or 

IIb fibers, the increase in both the distance to the 3 closest fibers and the normalized distance 

is indicative of the fiber atrophy associated with age and declustering.

DISCUSSION

The purpose of this study was to first develop a method to quantitatively determine muscle 

fiber type clustering in skeletal muscle. In models of advanced sarcopenia, muscle fiber type 

clustering has been reported.3,24 However, most reports to date have only qualitatively 

described the presence of fiber type clustering as a change in the normal mosaic pattern of 

fiber distribution in adult skeletal muscle. The DIAm was selected given that it is of mixed 

fiber type composition and sarcopenia is associated with a fiber type selective reduction in 

the proportion and size of muscle fibers that is restricted to type IIx and/or IIb fibers,7 

consistent with selective loss of these motor neurons. We hypothesized that sarcopenia 

results in clustering of muscle fibers of the same type reflecting denervation of type IIx 

and/or IIb fibers followed by re-innervation of these muscle fibers by neighboring axons.

Consistent with previous results,6,7,22,23 type IIx and/or IIb DIAm fibers were found to be 

~50% larger than type I and type IIa fibers across age groups. By 24 months of age, the 

cross-sectional area of type IIx and/or IIb fibers decreased, consistent with selective atrophy 

of these fibers in sarcopenic rats3 and mice.7 In 24 month old mice, the distribution of DIAm 

fiber cross-sectional areas showed a leftward shift, reflecting reduced size and fewer 
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numbers of the largest muscle fibers (type IIx and/or IIb). Although the present study 

examined the mouse DIAm, the proportion of type IIx and/or IIb fibers decreases in the 

soleus, DIAm, quadriceps, and gastrocnemius muscles of older rats, mice and 

humans.7,9,25,26

Several results from the present study support clustering of fibers according to fiber type in 

old age. The proportion of type IIa fibers increased, possibly reflecting reinnervation of 

neighboring denervated type IIx and/or IIb fibers by the most abundant type IIa fibers. In 

agreement, the number of fibers per cluster increased for type IIa fibers in old mice. 

Furthermore, the distance to the closest fibers of the same type for type IIx and/or IIb fibers 

increased in old age whereas that for type I fibers either decreased or was unchanged 

(following normalization for differences in fiber distribution and size across groups). The 

distance to the closest fibers of the same type for type IIa fibers was not impacted, reflecting 

the abundance of type IIa fibers (i.e., the closest fiber to any IIa fiber would likely be 

another IIa fiber).

The effects of denervation and re-innervation have also been implicated in various 

neuromuscular disorders, injury and trauma to the nervous system.17,26–29 For example, in 

surgically re-innervated muscles there is increased intramuscular sprouting of regenerating 

axons and qualitative descriptions of muscle fiber type clustering.30–33 Seminal studies 

examining cross-innervation of skeletal muscles of predominantly different fiber type 

composition (i.e., the soleus and the flexor digitorum longus muscles) provide clear 

physiologic evidence of contractile and metabolic adaptations consistent with those of motor 

units supplying the re-innervation.32,33 Selective atrophy of type II fibers, as found in 

sarcopenia, is evident following denervation,34 corticosteroid administration,35 and spinal 

cord injury36. Differences in fiber type proportions were only evident in sarcopenia and 

denervation,34,37 suggesting that there might be changes in clustering of fiber types. The 

methodology developed in this report will permit quantitative evaluation of fiber clustering 

across any of these conditions and thus facilitate mechanistic interpretation of the fiber type 

specific changes across motor unit disorders.

In the present study, DIAm fibers were classified based on the predominant MyHC isoform 

expression in the same muscle section using a semi-automated method. Several studies 

support a predominant isoform composition in single DIAm fibers.23,38 However, in various 

pathophysiological conditions of skeletal muscle atrophy, there is evidence of MyHC co-

expression in single DIAm fibers, including following denervation or hypothyroidism.39–41 

The selection of antibodies used in this paper permitted triple labeling of mouse samples, but 

precluded analyses of co-expression. Indeed, it is possible that co-expression of MyHC2X or 

MyHC2B with either MyHCSlow and MyHC2A is present in the sarcopenic DIAm. In the 

present study, there was no evidence of increased difficulty in fiber type classification (i.e., 

thresholding effects on object classification) in the DIAm of old mice, suggesting that co-

expression of MyHCSlow and MyHC2A, even if present, was minimal. Future studies must 

carefully consider the selection of antibodies used for the semi-automated fiber type 

classification and clustering analyses.
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This novel method of quantifying the spatial distribution of type-identified DIAm fibers 

showed clustering of fibers of the same type with sarcopenia. Collectively, the results of the 

present study support clustering of type I and type IIa fibers through the increase in 

distances in type IIx and/or IIb fibers during DIAm sarcopenia. The methodology developed 

to quantitatively evaluate clustering of fibers according to fiber type was thus validated 

using a well-established model of sarcopenia in the DIAm. Further investigation into fiber 

type clustering in other muscle groups and in across a spectrum of neuromuscular diseases 

may now be accomplished with this quantitative methodology.
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Figure 1. 
Representative histologic images as used for analysis of fiber type clustering. A) The color 

combined image of the myosin heavy chain (MyHC) isoforms, blue denotes type I fibers, 

purple type IIa fibers, and the black type IIx and/or IIb fibers (scale bars are 50 µm). Note 

that type IIa fibers are weakly immunoreactive to the anti-MyHCSlow antibody used for 

triple labeling giving a purple hue to type IIa fibers (see Methods). B) Using MetaMorph the 

threshold was set resulting in a black and white image. The black outline is indicative of the 

sarcolemma of the diaphragm (DIAm) section. The individual fibers types are separated for 
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analysis; C) type I fibers, D) type IIa fibers, and E) type IIx and/or IIb. The coordinate plots 

for these figures show the interfiber distance to for all fibers (gray lines) and for the 3 closest 

fibers (red lines) for a randomly selected fiber. Representative plots are shown for; F) all 

fibers, G) type I fibers, H) type IIa fibers, and I) type IIx and/or IIb.
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Figure 2. 
Diaphragm muscle fiber cross-sectional area from young and old mice, presented as the 

distribution of fiber cross-sectional areas independent of fiber type. There was a significant 

left shit in the old fiber cross-sectional areas in comparison to young; distribution was 

analyzed by chi-squared analysis (P<0.001).
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Figure 3. 
Diaphragm muscle fiber type proportions from young and old mice. Data were analyzed was 

analyzed by two-way ANOVA (age×fiber type); there was an interaction of age and fiber 

type (P<0.001). Interaction post hoc results are as follows: *significantly different than old 

age group of same fiber type; †significantly different than type I fibers; ‡significantly 

different than type IIa fibers.
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Figure 4. 
The type dependent distance to fibers was determined for A) the closest individual fiber and 

B) the 3 closest fibers across ages. C) The distance to the 3 closest fibers dependent on fiber 

type was also normalized by the type specific average interfiber distance to account for the 

change in fiber type proportions with age. Data was analyzed with a mixed linear model 

with an individual animal as a random effect (age×fiber type×animal); there was a main 
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effect of age and fiber type P<0.001.*significantly different than old age group of same fiber 

type; †significantly different than type I fibers; ‡significantly different than type IIa fibers.
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Table 1

Fiber type specific cross-sectional area of the diaphragm muscle of young and old mice

Young Old

Type I 477.5 ± 62.1 530.2 ± 66.3

Type IIa 520.3 ± 62.1 542.8 ± 66.3

Type IIx and/or IIb*,† 877.9 ± 62.1 781.4 ± 66.3

The DIAm cross-sectional area (µm2), data was analyzed by the mean of the mean with the individual animal as a random effect (age × fiber type × 
animal; main effect of age P=0.893, main effect of fiber type P<0.001, interaction P=0.477), data presented as least squared mean ± standard error.

*
significantly different from Type I fibers;

†
significantly different from type IIa fibers, main effect
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Table 2

Fiber type dependent average interfiber distance

Young Old

Type I 265.6 ± 9.4 257.0 ± 10.1

Type IIa 248.2 ± 9.0† 245.6 ± 9.6†

Type IIx and/or IIb 233.8 ± 9.1† 216.6 ± 10.0†

Average interfiber distance (µm) was analyzed with a mixed linear model with an individual animal as a random effect (age × fiber type × animal; 
interaction P=0.005), data are presented as least squared mean ± standard error.

†
significantly different than type I fibers of same age group.
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