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Abstract

Skeletal muscle function is inferred from the spatial arrangement of muscle fiber

architecture, which corresponds to myofiber molecular and metabolic features.

Myofiber features are often determined using immunofluorescence on a local sam-

pling, typically obtained from a median region. This median region is assumed to rep-

resent the entire muscle. However, it remains largely unknown to what extent this

local sampling represents the entire muscle. We present a pipeline to study the archi-

tecture of muscle fiber features over the entire muscle, including sectioning, staining,

imaging to image quantification and data-driven analysis with Myofiber type were

identified by the expression of myosin heavy chain (MyHC) isoforms, representing

contraction properties. We reconstructed muscle architecture from consecutive

cross-sections stained for laminin and MyHC isoforms. Examining the entire muscle

using consecutive cross-sections is extremely laborious, we provide consideration to

reduce the dataset without loosing spatial information. Data-driven analysis with

over 150,000 myofibers showed spatial variations in myofiber geometric features,

myofiber type, and the distribution of neuromuscular junctions over the entire mus-

cle. We present a workflow to study histological changes over the entire muscle

using high-throughput imaging, image quantification, and data-driven analysis. Our

results suggest that asymmetric spatial distribution of these features over the entire

muscle could impact muscle function. Therefore, instead of a single sampling from a

median region, representative regions covering the entire muscle should be investi-

gated in future studies.

K E YWORD S

data-driven analysis, muscle architecture, myofiber type, quantitative image analysis

1 | INTRODUCTION

Skeletal muscles facilitate the mobilization and stability of the skele-

ton, which is greatly determined by muscle fiber architecture. Muscle

function changes in physiological, pathological conditions, and during

development [1, 2]. Muscle fiber spatial arrangement is broadly

described by their orientation relative to the axis of force generation,

which can be classified into three main classes: 1) fibers arrangement
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parallel to the force-generating axis on both ends of the muscle.

2) fiber orientation at a single angle relative to the force-generating

axis. 3) multiple fiber orientation relative to the axis of force genera-

tion [3–5]. Muscle fibers are often characterized using histological

features, such as cross-sectional area, metabolic features, molecular

signatures, and molecular networks [6–8].

Contraction properties are also determined by myofiber types,

which can be grouped to fast- or slow- twitch fibers [9, 10]. Fast-

or slow-twitch fibers are marked by the expression of different

myosin heavy chain (MyHC) isoforms [9]. In mice, the fast-twitch

muscle fibers express MyHC-2A, -2B isoforms, and slow-twitch

express MyHC-1. The MyHC-2B type muscle fibers produce energy

by glycolysis, whereas the MyHC-2A fibers use fatty acids for

energy production [9]. In mice, specific muscles are defined as fast

muscles, like tibialis anterior (TA) or Extensor digitorum longus

(EDL), as both contain mainly fast twitch fibers. In contrast, in slow

muscles, like soleus, fibers express mainly MyHC-1 and MyHC-2A

[9, 10]. Alterations in MyHC isoform expression occur in physiologi-

cal conditions like training or aging, and in pathological conditions

[11, 12]. Understanding alterations in myofiber typing (transitions)

in different conditions should employ data-driven (unbiased) analy-

sis of individual myofibers, requiring large myofiber dataset(s). Most

often, the expression of MyHC isoforms is determined from a single

median cross-section. It is unsettled whether a median sampling

represents the entire muscle.

Methods to identify myofiber types using an antibody mix con-

taining fluorescently conjugated anti MyHC isoforms have been

developed [13, 14]. Using this antibody mix, procedures to quantify

myofiber type together with high-throughput imaging and myofiber

quantification procedures resulted in large myofiber datasets, from

which myofiber composition and the spatial arrangement could be

studied using data-driven analyses [7, 15, 16]. Data-driven analysis

can further improve the understanding of myofiber transitions in dis-

ease and physiological conditions [16–18]. Those studies on myofiber

composition and changes in disease animal models are most often car-

ried out in cross-sections taken from a median region of the muscle. It

has been reported that the expression of the MyHC isoforms varies

over the longitudinal axis of myofibers [19]. Yet, the spatial organiza-

tion of myofiber type over the entire muscle is not fully understood.

A simulation of muscle movement using architectural models,

suggested that even in a muscle with a parallel muscle fiber arrange-

ment, like the TA, the contraction is not symmetric over the muscle

longitudinal axis [3, 20–22]. The TA connects the knee to the foot,

mobilizing the lower leg [23]. Modeling of myofiber architecture from

noninvasive imaging procedures also reported asymmetric myofiber

organization over the TA longitudinal [24, 25]. These reports demon-

strate the importance of the analysis of myofibers over the entire

muscle. However, they do not discriminate between fiber types within

the muscle.

Here we present a workflow to investigate myofiber type

arrangement over the entire muscle using myofiber data-driven analy-

sis and discuss the critical steps in this procedure. Based on our pilot

study we suggest that a functional analysis of the muscle should not

be based on single cross-sections.

2 | METHODS

2.1 | Animals

Eight-weeks-old male C57BL/6J wild-type mice were cultivated in the

same cage and were sacrificed by cervical dislocation after CO2 eutha-

nasia. The TA muscles were collected from the same nest and mice

that grew in the same cage, and immediately snap-frozen in liquid

nitrogen in the presence of iso-pentane and were stored at �80�C, as

described in [16, 17]. Only the right TA muscles from two mice were

used in this study. Experiments in mice were approved by the Animal

Experiment Committee (DEC 13211) of the Leiden University Medical

Centre.

2.2 | Sectioning and immunofluorescence

One muscle was sectioned in a transverse axis from one end to the

other, and the other muscle was sectioned in a longitudinal axis. For

cross sections, the muscle was mounted at the distal side, therefore

the distal end was excluded from the cross sections. The sections'

numbering starts from the distal side and the first section is noted as

0 μm. Ten micrometer thick sections were pasted on superfrost slides.

For each staining, at least three longitudinal sections were used. In

total, 603 transverse sections covered the entire muscle. The tips at

the distal or proximal ends were excluded, as those could not be sec-

tioned. Sections were made with the CM3050-S cryostat (Leica Ger-

many), and were pasted on “PTFE” printed slides, 12 well—5 mm

diameter, (Electron Microscopy Sciences, USA). Sectioning of the

entire muscle was carried out in a single day without removing

the muscle from the cryotome. This eliminates differences in the cut-

ting angle (tissue orientation, which will affect myofiber geometry)

and batch effect. Muscle sections were stored at �20�C before

staining.

The immunohistochemical procedure was performed with a

staining protocol that is detailed in [16]. Sections were stretched in

a PBS solution before the immunofluorescence procedure. The anti-

body mix contained the fluorescently conjugated compounds:

antibodies to MyHC-2B_Alexa fluor-488-conjugated (1:400), MyHC-

2A_Alexa fluor-594-conjugated (1:1000) (homemade [18]), and

rabbit-anti-Laminin (1:1000, Abcam, UK) visualized with Goat-anti-

Rabbit_Alexa-647 (1:1000, Life Technologies, USA). The α-Bun-

garotoxin_Alexa fluor-488-conjugated (1:1000) was purchased from

Thermo Fisher and it was used to stain the neuromuscular junction

(NMJ). Cross-sections were stained using the MyHCs antibody mix.

Slides were mounted with ProLong Gold (Invitrogen, USA). All cross-

sections were stained using the same antibody mix in a single batch to

eliminate variations between staining sessions. The length of the
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entire muscle or an individual muscle fiber were measured from longi-

tudinal sections using the microscope scale bar.

2.3 | Imaging

Imaging was performed with the Pannoramic 250 Flash II slide scan-

ner (3DHISTECH, Hungary). Imaging of all cross-sections was carried

out in a single session, eliminating batch effects. Imaging of the

α-Bungarotoxin signal was performed with both the slide scanner and

a higher resolution with the Leica DM5500. The α-Bungarotoxin

staining of the NMJs were recognized and manually counted from the

high-resolution images. Counting was carried out by two observers.

NMJ counts per observer are found in Table S1.

2.4 | Image processing, quantification, and
alignment

Slide scanner images were stitched, and files were converted to TIFF

using CaseViewer (3DHISTECH, Hungary). After conversion, images

were cropped and scaled using custom MatLab (MathWorks Inc.)

scripts. Scaling of the images (4x down-sampling by averaging, to an

effective pixel-size of 1.3 μm) was possible because sufficient details

were retained while simultaneously increasing the processing speed.

The size of the cropped and scaled section depended on the section's

size. After segmentation, the size of images was uniform for all sec-

tions: 3456 x 2560 pixels.

The TIFF images were processed and subsequently, the laminin

was segmented. Quantification of the cross-sectional area (CSA), cir-

cularity and spatial position were made from the lamina segmentation.

In addition, per myofiber, the mean fluorescence intensity (MFI) of

MyHC-2B and MyHC-2A were measured. This analysis was carried

out using parts of the MuscleJ V1_0_2 [15] macro combined with cus-

tom macros in ImageJ V1.52k. From the original MuscleJ, only the

myofiber segmentation was used. We applied the following modifica-

tions to the original MuscleJ: the image processing step (before seg-

mentation) was changed to match our image resolution

(e.g., operations that are based on the number of pixels instead of a

physical size were tweaked to improve the segmentation). Subsequent

quantification of MFI, circularity, and spatial position (x, y coordinated)

was performed using an ImageJ macro that reads the segmentations

from MuscleJ (an example of tissue outcome after segmentation is

shown in Figure S1). The output file included: section number, posi-

tion, myofiber number, CSA, circularity, spatial position, MyHC-2B

and MyHC-2A MFI. The modified macros can be obtained upon

request. We noticed that these uniform image processing and seg-

mentation settings were not optimal for all sections, but we com-

promised for a uniform procedure over manual optimization for every

section.

We then excluded sections due to technical issues (folded, bro-

ken, mounting; examples are in Figure S2; 453 sections), and due to

bad segmentation (21 sections). Based on the MyHC-2A length

(160 μm or longer), we aimed for a 150 μm or less gap between con-

secutive images. Segmentation was verified after a visual assessment

of lamina segmentation in comparison with the original image. In total,

129 sections that were evenly distributed along the muscle, were

used for analysis. The impact of the excluded sections on subsequent

analyses was assessed using an alignment of the sections. The align-

ment of the images was performed in ImageJ using Linear Stack

Alignment with the scale-invariant feature transformation (SIFT) algo-

rithm [26]. This method aligns sections consecutively one after the

other requiring a maximum similarity between consecutive sections.

Sections were mapped to their physical position over the muscle lon-

gitudinal axis. Sections' position was calculated with the first

section at zero μm and consecutively increasing by 10 μm (sections

thickness), including the position of the excluded sections. To improve

the alignment type-2A positive objects were defined with a “2A-
mask” under an arbitrary statistical definition (MFI was greater than

mean MFI + SD) per section.

Median and variance for both CSA and circularity were calculated

per section. MyHC MFI was obtained per myofiber object, and

although staining was carried out in a single day, and imaging was also

carried out in a single batch, we observed differences in the back-

ground MFI between sections. Therefore, background correction was

separately applied to each image and fluorophore by subtracting the

MFI measured from a region without the tissue followed by natural

logarithm (ln) transformation of MFI values, as described in [7]. As

technical differences between images could still be observed after

background correction, MFI values were scaled per section by using

the “scale” function in R with default settings. Myofiber MFI analysis

was carried out using R (version 3.5.1). Smoothing regression lines

were calculated and plotted using the smooth. spline function in R,

using smoothing parameter = 1. The smooth regression line levels off

small variations between adjunct cross-sections.

The muscle area for normalization of NMJ counts was segmented

and measured in ImageJ using the lamina staining. The muscle regions

were made using the muscle region proportions that were made from

the cross-sectional study.

3 | RESULTS

3.1 | Wet-lab and imaging workflow

To study muscle fiber features over the entire muscle we developed a

high-throughput and data-driven methodology using the TA muscle.

The TA size is small enough to complete the wet-lab workflow in a

single batch, avoiding a batch effect. The methodology workflow is

summarized in Figure 1. One muscle was cross sectioned from the dis-

tal to the proximal end, and the other one was sectioned on the longi-

tudinal axis (Figure 2(A)). The entire muscle length and myofibers' length

were measured from the median longitudinal sections. Our TA muscles

were around 6 mm prior to and after sectioning (Figure 2(B,C)). The TA

length is in agreement with a previous report [27]. Image processing and

quantification were carried out on the cross-sections, and data-driven
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analyses were carried out on data generated from the cross-sections.

The longitudinal sections were used as a reference and for verifications

of results from the cross-sections. A schematic representation of the TA

anatomy is shown in Figure 2(A).

Throughout the entire muscle, muscle fibers positive to MyHC-2B

were more prominent compared with MyHC-2A, and some MyHC-2B

myofibers encompassed the entire muscle length (Figure 2(C)). The

length of MyHC-2A myofibers was estimated from three longitudinal

sections at a median region of the muscle (ranged between 160–

250 μm). Technical issues in the wet-lab procedure included tissue

break, tissue folding and uneven mounting (Figure S2), which resulted

in insufficient segmentation. We excluded sections with segmentation

30% or less of the section area. After section exclusion, the maximum

gap between two sections included in the analysis was found as

140 μm. With this gap size we ensure not missing any MyHC-2A

myofibers in the dataset. In addition, to avoid an over-representation

in certain regions, we retrospectively ensured that the sections were

evenly distributed over the entire muscle. After the exclusion, 129 sec-

tions remained for subsequent analysis.

3.2 | Assessment of sections' exclusion using
myofiber alignments

To assess the impact of the excluded sections on subsequent analyses

we investigated myofiber alignment across sections. The SIFT based

alignment results were two: either a failure in the identification of any

correspondence between sections, that resulted in an output that did

not preserve myofibers' architecture (wrong alignment), or an alignment

output that preserved myofiber architecture, which was in close

agreement with an eye-based alignment. Using both laminin segmenta-

tion and the 2A-mask, marking the 2A-positive fibers, improved the align-

ment output (Figure 2(E)). Myofibers' alignment was also visually

assessed (examples are in Figure 3). An alignment was obtained for both

an image set of sequential sections and an image set of gaps between

sections over the same area (Video AVI S1 and S2, respectively). Based

on visualization, the two alignments were comparable, meaning that no

failures were observed. This suggests that exclusion of sequential sec-

tions, under the criteria that the gap size is equal or less than the smallest

fiber length, would maintain myofiber spatial information.

To further assess this, we then extended the alignment to other

muscle area. An alignment over the entire muscle was not possible, as

the alignment is hampered by the accumulation of errors over sets of

sections. Thus, technical wet-lab issues, like tissue breaks, hampers

the alignment. Therefore, we performed local alignment for sections

at the distal, median and proximal regions, and similar gaps between

sections allows a visual comparison (Figure 3). Overall, an overlap

across myofibers was visually clearer in both median and proximal

regions of the muscle, compared with the distal side of the muscle

(Figure 3(B)). The overlap between 2A-positive fibers appears to be

more prominent at the proximal region (Figure 3(B)).

3.3 | The distribution of myofiber features over
the entire muscle

The change in myofiber alignment over the longitudinal axis suggests

that myofiber properties might alter over the entire muscle. In total,

153,930 objects from 129 cross-sections were included in the analy-

sis. From the laminin segmentation we extracted CSA and circularity.

As the entire muscle was sectioned in a single session, the same cut-

ting angle was kept over the entire muscle, therefore a change in CSA

or circularity could not reflect alterations in sectioning orientation but

instead a biological phenomenon. We plotted the median CSA,

median circularity, and the variance of both features per section and

applied a smoothed regression line (curved) to show the change along

the muscle (Figure 4(A–E)). The smoothed regression line enables to

describe major changes over the longitudinal axis while disregarding

the effect of an individual cross-section or a small group of consecu-

tive sections. The shape of the regression line for the number of

myofibers follows the macro shape of the TA muscle: smaller at the

distal region, larger at the median region, and getting smaller at

the proximal region (Figure 4(A,B)). The regression line describing the

change in myofiber number over the muscle was not affected by nine

consecutive sections, at position ~3000–3500 μm, having nearly half

of myofibers compared with the environs sections (Figure 4(A,B)).

Using the median CSA, two regions could be discriminated: the distal

region had myofibers with smaller CSA compared with the other side

of the muscle (Figure 4(C)). The regression line of the median circular-

ity and the variance of circularity showed an opposite trend over the

entire muscle (Figure 4(D)). Using the intersection between

the median circularity and the circularity variance regression lines we

defined the distal region (Figure 4(D)). High circularity values indicate

F IGURE 1 A methodological summary of myofiber data collection
and analysis. The workflow of the transverse sections is shown on the
left side: wet-lab procedures, imaging, image processing,
segmentation, and scaling and tissue exclusion are all categorized as
dataset generation. Data-driven analysis of myofiber features over
the entire muscle. The asymmetric distribution of myofibers and
expression of markers were verified in the longitudinal sections
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circle myofibers whereas low values indicate elongated orientation.

High variance indicates heterogeneity. To assess a spatial relation

between CSA and circularity, we combined the median CSA and median

circularity regression lines, and then further defined muscle regions

in this TA muscle (Figure 4(E)). The four regions are (Figure 4(F)):

the distal region (r1) (~1/11 of the muscle) myofibers CSA is small and

circularity is low with high variance indicating heterogeneity in myofiber

structure. In r1/2 (~1/5th of the muscle) myofibers are more circular

but their CSA remains small. In the median part, r2 ~ 2/3rd of the mus-

cle, myofibers have both high CSA and circularity values, and the small

F IGURE 2 A summary of tibialis anterior imaging. (A) A
schematic representation of the TA anatomy in
longitudinal and transverse views. The tibia is depicted in
dark gray, the TA muscle in dark red, and the tendon in
yellow. (B) An image of a TA muscle before sectioning.
Proximal and distal ends are denoted. (C,D) Representative
stitched images from longitudinal (C) and cross-sectional
sections (D) immunofluorescence staining with MyHC-2B
(green), MyHC-2A (red), and laminin (white). Muscle

positions are denoted. Dashed white lines show
corresponding positions between the longitudinal and the
cross-sections. The curved white arrow in C depicts the
area that detached during sectioning. The scale bars are
1000 μm. (E) Images show segmentation of the stained
images in (D). Fiber segmentation is in black lines and the
2A-positive fibers are in red [Color figure can be viewed at
wileyonlinelibrary.com]
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variance in circularity suggests a more homogenous structure of fibers.

At the proximal region, the smallest regions, (r3; ~1/20th of the muscle),

the median circularity decreased while the median CSA increased

(Figure 4(F)).

To assess the robustness of this analysis, we compared the

regression line for CSA and circularity between the dataset made from

129 sections and a dataset from 71 sections. To create this sub-

dataset, only the sections with and “odd” position were kept. The

regression lines of the two datasets nearly similar for the median CSA

and circularity (Figure S3). This indicates the analysis of median CSA

or circularity is robust and allows gaps larger than 140 μm between

sections.

We then investigated if the muscle regions, as defined by geo-

metrical features of the myofibers, can be distinguished by molecular

features, such as myofiber type. The main myofiber-type expressing

MyHC-2B or MyHC-2A subclasses were determined in the pooled

dataset. The MyHC-2B density plot showed only a single peak, but

two peaks were found in the MyHC-2A density plot (Figure 5(A)). This

indicates that in TA, the MyHC-2B myofibers form a homogenous

population, but the MyHC-2A myofibers can be categorized into two

groups, one with high and one with low expression levels. For a spatial

assessment of myofiber type over the entire muscle, we focused on

the 2A-positve myofibers (Figure 5(A)). We distinguished between the

2A-positive myofibers and the 2A-negative myofibers using density

distribution of MyHC-2A MFI, and then calculated the percentage of

type-2A positive myofibers in every section. An overlay of the per-

centage of 2A-positive myofiber and the median CSA showed that in

general, in sections with a high percentage of 2A-positive myofiber,

the median CSA was small and vice versa (Figure S4), which is in

agreement with our previous data-driven analysis in human muscles

[7]. The proportions of type-2A positive myofibers from the myofibers

per region were in r1 and r1/2 nearly two-fold higher compared with

r2 and r3 (Figure 5(C)). This indicates an uneven distribution of type-

2A myofibers along the TA muscle. The distribution of the 2A-positve

myofibers along the muscle was affected in the reduced dataset, with

gaps larger than 140 μm (N = 71 sections; Figure S3). This indicates

F IGURE 3 Alignment overlay of three cross-sections in three muscle regions. (A) Images of individual muscle cross-sections after fiber
segmentation. (B) the alignment overlay results. The distal–proximal axis in (A) is across the three sections. The side facing the tibia is depicted in
(B). In the overlay image, myofibers in red, green or blue, mark the 2A-positive fibers in the distal, middle or proximal section, respectively.
Overlap of lamina segmentation is seen with a higher intensity and overlapping 2A-positibe fibers are brown. Examples of regions with
overlapping myofibers are encircled with a dashed line. Positions of the sections over the longitudinal axis and depth of every three sections
(Z) are denoted [Color figure can be viewed at wileyonlinelibrary.com]
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that the reduced dataset was not beneficial to analyze the distribution

of the 2A-positive myofibers.

Last, we assessed the distribution of NMJs over the TA in longitudi-

nal sections from the second muscle (Figure 5(B)). The NMJs were visu-

alized with an antibody to α-bungarotoxin, which specifically binds to

NMJs [28] and were manually detected. As the length of the two TA

muscles was similar, we estimated the location of the four regions

from the cross-sectional study (Figures 4(E) and 5(A)) using the scale

bar. The distribution of NMJs along the muscle was found to be

uneven, the lowest NMJ proportions were found at the distal end,

and the majority of NMJs were found at the median region (Figure 5(C)

and Table S1).

4 | DISCUSSION

It has been recognized that we are still far from understanding how

myofiber histological features affect contraction and the specific

movement function [29]. The impact of myofiber type on muscle

physiology and function has been mostly interpreted from cross-

sections at the median part of the muscle. Several reports reinforced

that for understanding how myofiber architecture affects muscle

function it is important to sample over the entire muscle [22, 30]. In

agreement with those studies, we suggest that muscle function can-

not be drawn from a single (median) cross-section. In contrast to pre-

vious studies [22, 27, 30–32], we also considered the spatial

F IGURE 4 Analysis of muscle fiber features over the TA muscle. (A–E) Scatter plots of fiber measurers: CSA (blue) and circularity (red). In
(A,B) median CSA or median circularity are plotted together with the number of fibers. Every dot represents a single cross-section. The variance
of CSA or circularity is depicted in pink or green, respectively. Cross-sections are positioned in chronological order from distal to proximal ends (x-
axis, in μm). The smoothed regression lines (curved lines) show major changes over the muscle. Dashed lines mark regions defined by the
regression lines. Regions (r) 1 and 2 are defined by the median CSA (C). The r1 is split into r1 and r1/2 based on circularity (D). The r3 is further
defined by both CSA and circularity (E). (F) A summary of region definition using CSA and circularity [Color figure can be viewed at
wileyonlinelibrary.com]
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organization of myofiber types over the entire muscle. Our methodo-

logical paper, therefore, also reinforces the importance of adequate

spatial sampling of whole muscles in future studies.

Modeling muscle fiber architecture has been studied using non-

invasive methods and ex-vivo imaging procedures. For the TA, a paral-

lel myofiber arrangement has been reported, where most fibers are

parallel to the longitudinal axis at the largest part of the muscle but

close to the tendon at the distal end, myofibers curve [21, 27, 33].

This indicates an asymmetric myofiber architecture over the entire

muscle. Asymmetric distribution of myofiber types over the

entire muscle was also previously reported [34], but this is the first

study combining immunofluorescence of MyHC isoforms and data-

driven analysis. The asymmetric distribution of 2A-positive myofibers

and NMJs over the longitudinal axis suggests that contraction proper-

ties are not uniform throughout the muscle. This emphasizes that a

single sampling of the muscle at the median region is not sufficient.

Myofiber typing is carried out by either ATPase staining or MyHC

immunofluorescence. The ATPase staining is simpler, cheaper and

faster. MyHC isoforms' expression in myofibers can lead to better

understanding of myofiber type organization in muscles [7, 18]. An

asymmetric distribution of slow-twitch myofibers was reported in limb

muscles using ATPase staining [34]. Here, we report an asymmetric

F IGURE 5 Analysis of muscle fiber type and NMJs over the TA muscle. (A) Density plot of MyHC-2B (upper row) and MyHC 2A (lower row)
mean fluorescence intensity (MFI) in the pooled data (combined sections) or per region (r1, r1/2, r2, r3, as defined in Figure 4(E)). Positive and
negative fibers are defined by the MFI distribution in the pooled data, and the same threshold, depicted with a dashed line, was used for all
regions. The number of 2A-negative or positive fibers are depicted in black or red, respectively in each plot. The range of each region (in mm) is
indicated above the plots. (B) A representative immunofluorescence image of a longitudinal section stained with Alexa-488-conjugated
α-bungarotoxin, marking NMJs. An example of NMJs obtained with a 20X objective is depicted in the white rectangle. Examples of NMJs are
depicted with an arrowhead. The estimated regions are depicted with dotted lines. The area of the regions was calculated in proportion to the
regions in A. The average NMJs (rounded numbers) per region is depicted. The scale bar is 1 mm. Dashed lines mark the estimated muscle
regions. (C) A summary of the % of myofibers per region, the % of 2A-positive fibers, NMJs percentage from the total counts, and the number of

NMJs corrected to the region area (mm2) [Color figure can be viewed at wileyonlinelibrary.com]
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distribution of the 2A-positive myofibers, which were found to be

more abundant at the proximal side of the TA muscle. This could sug-

gest differences in contraction properties along the muscle.

Ex-vivo measurements of sarcomere force-length demonstrated

that myofiber architecture affects its biomechanical properties [22].

Ex-vivo procedures of muscle architecture can influence the shape of

the muscle during the following procedures: 1) Pulling when dis-

secting the muscle out of the mouse. We were careful avoiding pulling

tissue. Yet, pulling could have an impact comparing different muscles.

2) The natural muscle-tendon tension affecting muscle length, cannot

be considered in this ex-vivo study. In principle, a fast muscle freezing,

immediately after harvesting, should limit tension and length loss dur-

ing muscle harvesting. Freezing artifacts could also contribute to vari-

ations between muscles. 3) Mounting could affect myofiber

orientation. Therefore, in our workflow sectioning of the entire mus-

cle was carried out in a single day, without dismounting of the muscle

from the cryotome, and the section angle relative to the muscle axis

was identical across all sections. Despite these issues that could affect

muscle architecture, our observations from the ex-vivo analyses of

myofiber organization are in agreement with results obtained from

intact muscles. We also found asymmetric myofiber arrangement over

the longitudinal axis. At the distal region, myofibers had small CSA

and showed heterogeneity of circularity suggesting that part of the

myofibers bend. This supports the distal region lanceolate shape. Ide-

ally, an ex-vivo study of myofiber architecture would be performed in

sections of an entire lower leg, in which a muscle is connected to the

bone(s) and other tissues exactly as in the full organism. This approach

could be investigated in future studies, making use of the workflow

we are reporting here.

Analytical two-dimensional skeletal muscle models predicted that

the shape of myofibers affects intramuscular pressure distribution

[35]. Other models suggest that pressure distribution over the muscle

is not even, the high-pressure region presents half-way over the mus-

cle length, which supports the bending of the myofibers [20]. At the

median region, we found that both CSA and circularity have the larg-

est range. This could indicate that the geometry of those myofibers

supports high pressure. Compared with the median region, at the

proximal end, the CSA had higher values compared with circularity.

This could indicate that the proximal end of the TA is a vulnerable

area for muscle pressure. The observed asymmetry of geometrical

features of myofibers over the entire muscle is consistent with biome-

chanical models of the TA muscle [21, 27, 33]. Moo et al., also mea-

sured sarcomere force at the median region of a muscle and stressed

that their findings may not be valid to other muscle regions, especially

where myofiber lengths are not uniform [22].

Under the assumption that we aim to describe major changes

over the muscle, we applied a smoothed regression line to describe

changes in myofiber features over the muscle. Therefore, small

sub-regions, consisting of only a few sections, were not considered.

Combining the regression lines of median CSA, median, and vari-

ance circularity we described four muscle regions. We suggest that

these regions could have different muscle functions based on

myofiber type and the NMJs counts. Myofiber type and NMJs

density affect contraction [36]. This pilot study was carried out on

one muscle and specific conclusions as to regions function should

be cautiously made.

In this methodological paper, we describe a workflow to investi-

gate myofibers' features over the entire muscle. In this study, we

focused on geometrical features, myofiber type, and NMJs. We show

that the number of sections can be reduced without affecting spatial

information. Combining image quantification with data-driven analysis

spatial information can be collected and myofiber patterning over the

muscle could be recognized. When applied to varied physiological and

pathological conditions, this methodology has the potential to report

changes in myofiber features over the entire muscle and could indi-

cate changes in muscle function. Additionally, different staining could

be performed on alternating sections, increasing the number of fea-

tures studied over the entire muscle.
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