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Abstract

An increase in mechanical loading, such as that which occurs during resistance exercise,
induces radial growth of muscle fibers (i.e., an increase in cross-sectional area). Muscle fibers
are largely composed of myofibrils, but whether radial growth is mediated by an increase in
the size of the myofibrils (i.e., myofibril hypertrophy) and/or the number of myofibrils (i.e.,
myofibrillogenesis) is not known. Electron microscopy (EM) can provide images with the
level of resolution that is needed to address this question, but the acquisition and subsequent
analysis of EM images is a time- and cost-intensive process. To overcome this, we developed a
novel method for visualizing myofibrils with a standard fluorescence microscope (FIM-ID).
Images from FIM-ID have a high degree of resolution and contrast, and these properties
enabled us to develop pipelines for automated measurements of myofibril size and number.
After extensively validating the automated measurements, we used both mouse and human
models of increased mechanical loading to discover that the radial growth of muscle fibers is
largely mediated by myofibrillogenesis. Collectively, the outcomes of this study offer insight
into a fundamentally important topic in the field of muscle growth and provide future
investigators with a time- and cost-effective means to study it.
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The work by Hornberger and team presents a novel workflow for the visualisation of
myofibrils with high resolution and contrast that will be highly valued by the scientific
community. The methods include solid validation of both sample preparation and
analysis, and have been used to make the fundamental discovery of
myofibrillogenesis as the mechanism of mechanical loading-induced growth.
Whether this mechanism is present in other settings of muscle growth (i.e., non-
loading), other striated tissue (e.g myocardium), or is sex-dependent, will require
future experiments.
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Introduction

Comprising ∼45% of the body’s mass, skeletal muscles are not only the motors that drive
locomotion, but they also play a critical role in respiration, whole-body metabolism, and
maintaining a high quality of life [1     -4     ]. Indeed, both sedentary and active adults will lose 30-
40% of their muscle mass by the age of 80, and this loss in muscle mass is associated with
disability, loss of independence, an increased risk of morbidity and mortality, as well as an
estimated $40 billion in annual hospitalization costs in the United States alone [4     -8     ]. Thus, the
development of therapies that can restore, maintain, and/or increase muscle mass is of great
clinical and fiscal significance. However, to develop such therapies, we will first need to define the
basic mechanisms that regulate skeletal muscle mass.

Skeletal muscle mass can be regulated by a variety of different stimuli with one of the most widely
recognized being mechanical signals [9     -12     ]. For instance, a plethora of studies have shown
that an increase in mechanical loading, such as that which occurs during resistance exercise, can
induce radial growth of the muscle fibers [13     -17     ]. Surprisingly, however, the ultrastructural
adaptations that drive this response have not been well defined [16     -18     ]. Indeed, a number of
seemingly simple and fundamental important questions have not been answered. For instance,
during radial growth, the cross-sectional area (CSA) of the muscle fiber increases, but whether this
is mediated by an increase in the CSA of the individual myofibrils (i.e., myofibril hypertrophy)
and/or the number of myofibrils (i.e., myofibrillogenesis) has not been resolved [17     -20     ].

A longstanding model in the field proposes that the radial growth of muscle fibers can be
explained by a process called “myofibril splitting” [21     -24     ]. The myofibril splitting model was
developed by Goldspink in the 1970s and contends that, during radial growth, myofibrils initially
undergo hypertrophy. Then, as the CSA of the myofibrils increases, the outward radial force that
they exert on the Z-disc increases. The outward radial forces place a strain on the center of the Z-
disc, and when the forces reach a critical threshold the Z-disc will break. It is proposed that the
break will begin at the center of the Z-disc and form a longitudinal split that will then propagate
through the remainder of the myofibril and, in turn, result in the formation of two smaller
daughter myofibrils. It is also proposed that the daughter myofibrils can undergo a cycle of
further hypertrophy and splitting, and this cycle will continue until the radial growth of the
muscle fiber ceases.

In support of his model, Goldspink published numerous images of single myofibrils that appeared
to split into two smaller daughter myofibrils, as well as quantitative data which demonstrated that
longitudinal splits usually occur in myofibrils that are significantly larger than myofibrils that do
not contain splits [21     -23     ]. Indeed, the model seemed so convincing that, when discussing how
an increase in mechanical loading leads to the growth of muscle fibers, Goldspink concluded “The
number of myofibrils increases ([25     ]), and this is almost certainly due to the longitudinal splitting
of existing myofibrils rather than de novo assembly” [24     ]. This statement has been highlighted
because, for decades, the myofibril splitting model has served as the textbook explanation of how
muscle fibers undergo radial growth [26     -28     ]. However, after performing an exhaustive
review of the literature, it was clear that this model has not been rigorously tested [17     ]. In fact,
in many instances, the potential implications of the model are based on erroneous claims. For
instance, in Goldspink’s aforementioned conclusion, neither reference [25     ], nor any other study
that we are aware of, has ever shown that an increase in mechanical loading leads to an increase
in the number of myofibrils per fiber. Thus, one is left to wonder why this widely cited model of
growth has not been rigorously tested.
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When considering currently available technologies, electron microscopy (EM) would be viewed as
the gold standard method for testing the myofibril splitting model; however, EM has several
drawbacks/limitations. For instance, electron microscopes are highly specialized instruments, and
their use requires immense training and potentially cost-prohibitive user fees. Furthermore, the
extensive fixation and processing required for EM often yields samples that are not readily
amenable to immunolabeling [29     ], and EM images typically do not have a high degree of
contrast between the area that is occupied by the myofibrils and the intermyofibrillar components
that surround the myofibrils (e.g., the sarcoplasmic reticulum, see Fig. 4A     ). The latter point is
particularly important because it serves as a barrier to the development of programs that can
perform automated measurements of features such as myofibril CSA and myofibril number. Thus,
with EM, such measurements would need to be manually derived.

To gain insight into the effort that manual measurements of myofibril CSA would require, we
collected pilot data from EM images of mouse skeletal muscles. We then used Cochran’s formula to
determine how many myofibrils per fiber would have to be measured to estimate the mean
myofibril CSA with a 5% margin of error at a 95% level of confidence [30     ]. The outcomes
revealed that >180 myofibrils per fiber would have to be manually traced. Bear in mind that
estimating the average myofibril CSA for the entire sample would require measurements from
multiple fibers. For instance, if just 20 fibers per sample were analyzed, it would require the
manual tracing of >3600 myofibrils. Taking this a step further, it would mean that a two-group
comparison with 7 samples per group would require the manual tracing of >50,000 myofibrils. In
our hands, it took 1 hr to measure ∼125 myofibrils, and thus the simple two-group comparison
described above would require ∼400 hours of manual tracing. With numbers like this, it was easy
to appreciate why the basic elements of Goldspink’s model have not been rigorously tested. Thus,
the first goal of this study was to develop a time- and cost-effective method for visualizing
myofibrils with a level of resolution and contrast that would support automated measurements of
myofibril size and myofibril number. With this method in hand, we then set out to answer the
fundamentally important question of whether the radial growth of muscle fibers that occurs in
response to an increase in mechanical loading is mediated by myofibril hypertrophy and/or
myofibrillogenesis.

Results

Optimization of the fixation, cryoprotection, and
sectioning conditions for Fluorescence Imaging
of Myofibrils with Image Deconvolution (FIM-ID)
As explained in the introduction, one of the primary goals of this study was to develop a time- and
cost-effective method for visualizing myofibrils with a level of resolution and contrast that would
support automated measurements of myofibril size. To accomplish this, we took advantage of the
fact that myofibrils are largely surrounded by a sarcoplasmic reticulum (SR) that is highly
enriched with an enzyme called the sarco(endo)plasmic reticulum calcium-ATPase (SERCA)
[31     -33     ]. There are two major isoforms of SERCA (SERCA1 which is found in Type II fibers, and
SERCA2 which is found in Type I fibers), and monoclonal antibodies for each isoform have been in
existence for many years [33     -37     ]. Importantly, these antibodies have been shown to possess
excellent reactivity in both flash-frozen and aldehyde-fixed tissues [38     -40     ]. Thus, we
reasoned that these antibodies could be used to illuminate the periphery of the myofibrils in
muscles that had been subjected to a variety of different preservation conditions.

To test our hypothesis, we first performed immunohistochemistry (IHC) for SERCA1 on cross-
sections of mouse plantaris muscles that had been flash-frozen in optimal cutting temperature
compound (OCT). As shown in Figure 1A     , small patches within the fibers revealed seemingly
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intact myofibrils, but the overall integrity of the myofibrils was very poor. This was not surprising
because it is known that flash-frozen muscles can suffer from freezing artifacts that present as
holes within the fibers [41     -43     ]. Thus, to determine if the integrity of the myofibrils was being
distorted by freezing artifacts, we co-stained the cross-sections with phalloidin, and the results
confirmed that regions of poor myofibril integrity were directly associated with the presence of
freezing artifacts (Fig. 1B     ). As such, it was concluded that the development of a time- and cost-
effective method for visualizing intact myofibrils would require the use of a procedure that
eliminates freezing artifacts.

In 1973, Tokuyasu described a fixation and cryoprotection procedure that could preserve the
ultrastructure of skeletal muscle at a level that was equivalent to that obtained with the
conventional resin-embedding procedures of EM [44     ]. Importantly, unlike resin-embedded
tissues, it was shown that tissues preserved with the Tokuyasu method retain a high level of
immunoreactivity and are therefore amenable to immunolabelling [45     ]. Indeed, in 1982, the
Tokuyasu method was used to define the ultrastructural localization of SERCA [31     ]. The key
components of the Tokuyasu method involve an aldehyde-based fixative and sucrose which not
only serves as a cryoprotectant but it also controls the consistency of the tissue to allow for
ultrathin (< 0.2 µm) sectioning. Specifically, Tokuyasu demonstrated that with a proper
combination of the sucrose and sectioning temperature, one could obtain ultrathin sections of
various tissues [44     ]. However, the traditional Tokuyasu method requires sectioning
temperatures that range from -50 to -110º C, and such sectioning temperatures are dependent on
the use of a cryo-ultramicrotome which is a rare and expensive instrument. Hence, although it
appeared that the traditional Tokuyasu method would enable us to obtain immunoreactive
sections that were devoid of freeze artifacts, the need for a cryo-ultramicrotome defeated our goal
of developing a cost-effective method. Nevertheless, we were inspired by the Tokuyasu method,
and we predicted that the right combination of sucrose and sectioning temperature would enable
us to obtain adequately cryoprotected and immunoreactive semi-thin sections with a regular
cryostat.

To examine the validity of our prediction we performed a lengthy series of trial-and-error
experiments, and through these experiments, we discovered that SERCA immunoreactive cross-
sections that were devoid of freeze artifacts could be obtained from muscles that had been
extensively fixed with 4% paraformaldehyde and subsequently cryoprotected with 30 - 45%
sucrose (Fig. 1C-D     ). Qualitatively, we concluded that the best integrity of the myofibrils was
found in samples that had been cryoprotected with 45% sucrose and we also discovered that by
lowering the sectioning temperature to -30º C we could eliminate sectioning artifacts that were
readily present on the surface of samples that had been sectioned at warmer temperatures (Fig.
2     ). Thus, whenever possible, all future studies were performed on tissues that had been fixed
with 4% paraformaldehyde, cryoprotected with 45% sucrose, and sectioned at -30º C.

As shown in Figure 1C     , immunolabelling of SERCA1 on muscles that had been subjected to the
optimized fixation/cryoprotection/sectioning procedure led to a moderately well-contrasted
illumination of the periphery of the myofibrils on a standard widefield fluorescence microscope.
We chose to use a widefield fluorescence microscope for image acquisition because the per frame
capture time on a widefield fluorescence microscope is extremely short when compared with
alternatives such as a confocal fluorescence microscope. For instance, our image acquisition
parameters required <1 sec per frame on a Leica Widefield Thunder Microscope compared with
>3 min per frame on a Leica confocal SP8 microscope. In other words, the use of widefield
microscopy aligned with our goal of developing a time-effective method. However, it is known that
the resolution and contrast in widefield images can be negatively impacted by the acquisition of
light that resides outside of the focal plane. Fortunately, major advancements in deconvolution
algorithms have made it possible to reassign the out-of-focus light to its appropriate location
[46     ]. Moreover, it has been shown that deconvoluted widefield images can actually have better
resolution and contrast than confocal images [47     ]. Thus, to improve the resolution and contrast
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Figure 1.

Optimization of the fixation, cryoprotection, and sectioning conditions for
Fluorescence Imaging of Myofibrils with Image Deconvolution (FIM-ID).

Plantaris muscles from mice were collected and either (A-B) immediately flash-frozen and sectioned at -20° C, or (C-D)
subjected to optimized fixation, cryoprotection, and sectioning conditions. Cross-sections of the muscles were stained with
phalloidin CF680R to identify f-actin and SERCA1 was immunolabeled with Alexa 594 to identify the periphery of the
myofibrils. Images of SERCA1 (top) and f-actin (bottom) were captured from identical regions with a widefield fluorescence
microscope. (E-F) The images in C-D were subjected to deconvolution. Scale bar in all images = 10 µm.
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Figure 2.

The effect of sectioning temperature on surface artifacts.

An EDL muscle from a mouse was fixed with 4% paraformaldehyde, cryoprotected with 45% sucrose, and longitudinally
sectioned at -15, -20, - 25, or -30° C. The sections were stained for total protein and then five randomly selected regions of
interest (ROI) were imaged. Each fiber within the ROls was scored for the presence of artifacts on the surface (a score of 1
indicates no artifacts and a score of 10 indicates extensive distortions). (A) Representative images from the surface and mid-
depth of the sections. Scale bars = 10 µm. (B) Violin plot of the surface scores for the fibers at each of the different sectioning
temperatures. Thick bars represent the median and thin bars represent the quartiles, n = 28-39 fibers / group. Data was
analyzed with one-way ANOVA. Significantly different from,* -15°, † -20° C. Scale bar in all images = 10 µm.
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of the widefield images we employed Leica’s ‘Computational Clearing’ algorithm for image
deconvolution [48     ]. As shown in Figure 1E-F     , the application of the deconvolution algorithm
led to a dramatic increase in the resolution and contrast. Thus, by applying our optimized fixation,
cryoprotection, and sectioning conditions, along with widefield fluorescence microscopy and
image deconvolution, we fulfilled our goal of developing a time- and cost-effective method for
visualizing intact myofibrils with a high degree of resolution and contrast, and we refer to the
collective method as FIM-ID (Sup. Fig. 1).

Validation of an automated pipeline for
measuring myofibril size with FIM-ID
Having established the conditions for FIM-ID, we next sought to determine whether the images
from FIM-ID would be amenable to automated measurements of myofibril size. To accomplish
this, we first developed an automated pipeline in CellProfiler that could distinguish the periphery
of the myofibrils (i.e., the SERCA signal) from the background within a single muscle fiber, and
then all objects that were >90% enclosed by the signal from SERCA were identified (Fig. 3A-C     ).
Approximately one-half of these objects appeared to be unseparated clusters of myofibrils and/or
obliquely sectioned single myofibrils. Thus, additional filtering steps were added so that
subsequent measurements of size were only performed on cross-sections of single circular/oval
myofibrils that had a maximal aspect ratio of approximately 2.5:1 (Fig. 3D     ).

To test the accuracy of the automated measurements, eight randomly selected regions of interest
(ROI) from a single fiber were subjected to measurements of myofibril CSA. The same ROIs were
given to six independent investigators, and these investigators were asked to identify and
manually trace the periphery of all single circular/oval myofibrils that had an aspect ratio of <2.5:1
and were >90% enclosed by the SERCA signal (Fig. 3E     ). The manual measurements of myofibril
CSA were derived from the investigator’s traces and compared with the automated measurements.
As illustrated in Figure 3F     , the comparisons revealed that there was a very high degree of
agreement between the automated and manually obtained measurements of myofibril CSA.
Indeed, a highly significant correlation (R = 0.9589, P = 0.0002) was observed when the automated
measurements of myofibril CSA from each ROI were compared with the mean of the manual
measurements. Thus, the results from these studies established that our automated program could
accurately measure the size of myofibrils as identified with FIM-ID.

Further refinement and validation of the
automated measurements with FIM-ID
EM has been extensively used to assess the ultrastructural characteristics of skeletal muscle and
numerous EM-based studies have reported measurements of myofibril size [19     -21     , 49     ].
Hence, to further test the validity of our method, we directly compared our automated FIM-ID
measurements of myofibril CSA with manual EM-based measurements. Specifically, we performed
an experiment with four mice in which one plantaris muscle from each mouse was subjected to
FIM-ID, and the other was processed for EM-based imaging. With FIM-ID it was determined that all
fibers in the plantaris muscles were SERCA1 positive, but during the EM imaging it became
apparent that these SERCA1 positive fibers consisted of two clearly discernable fiber types. One
type was generally large in CSA and possessed very few intermyofibrillar mitochondria, and we
referred to these fibers as glycolytic (Gly) (Fig. 4A     ). The other type was generally small in CSA
and highly enriched with intermyofibrillar mitochondria, and we referred to these fibers as
oxidative (Ox) (Fig. 4A     ). The classification of the two fiber types was important because
previous studies have shown that the morphological arrangement of myofibrils in different fiber
types can be quite distinct. For instance, previous studies have shown that myofibrils in fibers that
are rich in mitochondria typically have a “felderstruktur” appearance (i.e., field structure)
whereas myofibrils in fibers that lack extensive mitochondria present with a “fibrillenstruktur”
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Figure 3.

Validation of an automated pipeline for measuring myofibril size with FIM-ID.

A cross-section from a mouse plantaris muscle was subjected to FIM-ID, and then eight regions of interest (ROI) from a fiber
(A) were subjected to automated and manual measurements of myofibril size. (B) Representation of an ROI from the fiber in
A, scale bar = 5 µm. (C) Example of how the automated CellProfiler (CP) pipeline identifies the myofibrils (green). (D)
Illustration of the myofibrils in CP that met the morphological criteria for subsequent measurements of cross-sectional area
(CSA). (E) Example of the same ROI in B-D that was manually assessed for myofibrils that met the morphological criteria for
subsequent measurements of CSA (cyan). (F) Scatter plot of the CSA of all myofibrils that were automatically measured by CP,
or manually measured by independent investigators (n = 6 investigators). The black bars represent the mean for each group.
(G) For each ROI, the mean myofibril CSA as determined by CP was compared with the mean myofibril CSA from all of the
manual measurements. The solid line represents the best fit from linear regression, the dashed lines represent the 95%
confidence intervals, R indicates Pearson’s correlation coefficient, and P indicates the likelihood that the relationship is
significantly different from zero.
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appearance (i.e., fibril structure) [50     -53     ]. Accordingly, our experimental design was modified
so that FIM-ID and EM-based measurements of myofibril CSA could be directly compared in the Ox
and Gly fiber types.

To begin our comparisons, the average CSA of the myofibrils in the EM images of randomly
selected Ox and Gly fibers was manually assessed as detailed in the methods. For the FIM-ID
workflow, an additional step was needed to classify randomly selected fibers as being Ox or Gly,
and this was done by taking advantage of previous studies which have shown that mitochondria
are enriched with NADH and FAD+, which are endogenous fluorophores that can be excited with
blue light [54     -57     ]. Specifically, as shown in Figure 4B     , excitation of the FIM-ID samples
with blue light yielded a weak autofluorescent decoration of the periphery of the myofibrils in all
fibers, along with a prominent punctate signal in a subset of the fibers. The strongly
autofluorescent fibers were generally small in CSA and closer examination of the autofluorescent
signal revealed that the puncta were positioned at points in which there was a gap in the SERCA
signal (Sup. Fig. 2). It has been reported that intermyofibrillar mitochondria do not contain SERCA
[31     ], and therefore, the presence of the autofluorescent signal at sites in which there were gaps
in the signal for SERCA, the small CSA of the fibers, and the pre-existing knowledge about the
fluorescence properties of NADH and FAD+, all suggested that the autofluorescence was coming
from the mitochondria. Accordingly, the strongly autofluorescent fibers were classified as being
equivalent to the Ox fibers identified with EM, and the non-autofluorescent fibers were classified
as Gly fibers.

Our work with the autofluorescence signal not only provided us with a means for classifying the
Ox vs. Gly fibers, but it also helped us realize that any myofibrils that are heavily surrounded by
intermyofibrillar mitochondria would not meet the morphological criteria for automated
measurements of CSA (i.e., the myofibrils would not present as objects that were >90% enclosed by
the signal for SERCA). Thus, to address this, the automated measurements were performed on
images in which the signal for autofluorescence and SERCA had been merged. With this approach,
a more comprehensive decoration of the periphery of the myofibrils was obtained, and therefore,
all of the remaining automated measurements on mouse skeletal muscle were conducted on
merged images.

Having established the finer details of our workflow, we were finally able to compare automated
measurements of myofibril CSA obtained with FIM-ID with the manual EM-based measurements.
As shown in Figure 4C     , the FIM-ID- and EM-based measurements both revealed the linear
correlation between myofibril CSA and fiber CSA that has been reported in previous studies [17     ,
21     ], and there was no significant difference in the slope of this correlation when the two
methods were compared. Moreover, no significant differences in mean myofibril CSA to fiber CSA
ratio were found when the results from the FIM-ID and EM-based measurements were directly
compared, and this point was true when the data from all analyzed fibers were considered, as well
as when the results were separated according to the Ox and Gly fiber type (Fig. 4E     ). Thus, it can
be concluded that the automated measurements of myofibril CSA obtained with FIM-ID were
indistinguishable from the manually obtained EM-based measurements.

As described in the introduction, another goal of our study was to develop a time- and cost-
effective method for measuring the number of myofibrils per fiber. With the EM images, this
number was estimated for each fiber by manually obtaining measurements of the average
myofibril CSA, the fiber CSA, and the percentage of the fiber CSA that was occupied by myofibrils.
This was a time-intensive process, but with the latter two values, the total CSA of the fiber that was
occupied by myofibrils could be calculated. The number of myofibrils per fiber was then derived
by dividing the total CSA of the fiber that was occupied by myofibrils by the average myofibril CSA
for that fiber. The same principles were also used to calculate the number of myofibrils per fiber
with FIM-ID, but in this case, the total CSA of the fiber that was occupied by myofibrils was
measured with an automated pipeline in CellProfiler. As shown in Figure 4D     , the FIM-ID and
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EM-based measurements both revealed the linear correlation between myofibril number and
fiber CSA that has been reported in previous studies [17     , 21     ], and there was no significant
difference in the slope of this correlation when the two methods were compared. Moreover, no
significant differences in the mean number of myofibrils per fiber CSA were found when the
results from the FIM-ID and EM-based measurements were directly compared, and this point was
true when the data from all analyzed fibers were considered, as well as when the results were
separated according to the Ox and Gly fiber type (Fig. 4F     ). Hence, just like myofibril CSA, the
automated measurements of the number of myofibrils per fiber with FIM-ID were
indistinguishable from the manually obtained EM-based measurements.

The radial growth of muscle fibers that occurs
in response to chronic mechanical overload is
largely mediated by myofibrillogenesis
Having validated the accuracy of the FIM-ID measurements, we then set out to determine whether
the radial growth of muscle fibers (i.e., an increase in fiber CSA) that occurs in response to an
increase in mechanical loading is mediated by myofibril hypertrophy and/or myofibrillogenesis.
We first addressed this in mice by subjecting their plantaris muscles to a chronic mechanical
overload (MOV) or a sham surgical procedure. After a 16-day recovery period, the plantaris
muscles were collected and processed for FIM-ID (Fig. 5B     ). As shown in Figure 5C     , the
outcomes revealed that MOV led to a 28% increase in fiber CSA when all fibers in the muscle were
considered as a single group, and fiber type-specific analyses revealed that this was mediated by a
39% increase in the CSA of Ox fibers, and a 25% increase in the CSA of the Gly fibers. Similarly, the
area per fiber that was occupied by myofibrils increased by 29% for all fibers, 39% for the Ox, and
26% for the Gly (Fig. 5D     ). Moreover, the area per fiber that was occupied by the
intermyofibrillar components (e.g., sarcoplasmic reticulum, mitochondria, etc.) also showed a 26%
increase for all fibers, a 38% increase in the Ox fibers, and a 22% increase in the Gly fibers. When
taken together, these results indicate that the MOV-induced increase in fiber CSA was mediated by
a proportionate increase in the area that is occupied by the myofibrils and the area that is
occupied by the intermyofibrillar components.

Next, we determined whether the increase in the area per fiber that was occupied by myofibrils
was mediated by an increase in the size and/or number of myofibrils. Specifically, we first
examined whether MOV altered the CSA of the myofibrils and, as shown in Figure 5F     , the
outcomes revealed that MOV increased the CSA of the individual myofibrils by 9% when all fibers
were considered as a single group, and fiber type-specific analyses revealed that MOV led to a 14%
increase in the Ox fibers, but no significant difference was detected in the Gly fibers (P = 0.35). We
then assessed the effect that MOV had on the number of myofibrils per fiber, and as shown in
Figure 5G     , it was concluded that MOV led to a 20% increase in the number of myofibrils per
fiber when all fibers were considered as a single group, and fiber type-specific analyses revealed a
22% increase in the Ox fibers and a 21% increase in the Gly fibers. Importantly, during CellProfiler
processing, objects in the sham and MOV samples were filtered from analysis at a very similar rate
(44% vs. 46%, respectively), and as such, the differences between the groups could not be
explained by overt differences in the morphological properties of the myofibrils. Thus, the
collective results of these analyses indicate that the MOV-induced increase in fiber CSA could be
attributed to both myofibril hypertrophy and myofibrillogenesis, with the most robust and
consistent effect occurring at the level of myofibrillogenesis.
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Kent W. Jorgenson et al., 2024 eLife. https://doi.org/10.7554/eLife.92674.2 11 of 34Kent W. Jorgenson et al., 2024 eLife. https://doi.org/10.7554/eLife.92674.2 11 of 34

Figure 4.

Automated measurements of myofibril size and number with
FIM-ID versus manual measurements with electron microscopy.

For each mouse, one plantaris muscle was (A) processed for imaging with electron microscopy (EM), and the contralateral
plantaris was (B) processed for FIM-ID, n = 4 mice. In the EM images, glycolytic fibers (Gly) and oxidative fibers (Ox) fibers
were distinguished by the presence of extensive intermyofibrillar mitochondria (arrow). In FIM-ID, the autofluorescence
signal (Auto) was used to distinguish the Gly vs. Ox fibers. The ‘Auto’ signal was also merged with the signal from SERCA1 to
provide a comprehensive decoration of the periphery of the myofibrils. (C-D) Scatter plots that illustrate the relationships
between (C) myofibril cross-sectional area (CSA) vs. fiber CSA, and (D) the number of myofibrils per fiber vs. fiber CSA. The
automated measurements from the FIM-ID samples are shown in green and the manual measurements from the EM
samples are shown in gray. Individual values are presented as triangles for the Gly fibers and circles for the Ox fibers, n =
144-160 fibers / condition (36-40 fibers per muscle). The solid lines represent the best fit from linear regression for each
condition, R indicates Pearson’s correlation coefficient, and P indicates the likelihood of a significant difference between the
automated FIM-ID and the manual EM measurements. (E-F) The data in C-D was used to compare ratios of (E) the myofibril
CSA to fiber CSA, and (F) the myofibril number to fiber CSA. The data is provided for all of the analyzed fibers and also
separated according to fiber type. The large dots indicate the mean for each muscle. The data in C and D were analyzed with
extra-sums-of-squares F-tests and the data in E and F were analyzed with paired t-tests or a Wilcoxon-matched paired t-test
when the test for normality failed (i.e., the EM measurements of oxidative fibers in F).

https://doi.org/10.7554/eLife.92674.2
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Figure 5.

The radial growth of fibers that occurs in response to chronic
mechanical overload is largely mediated by myofibrillogenesis.

(A) The plantaris muscles of mice were subjected to a chronic mechanical overload (MOV) or sham surgery, allowed to
recover for 16 days, and then mid-belly cross sections were subjected to FIM-ID. (B) lmmunolabeling for dystrophin was used
to identify the periphery of muscle fibers, autofluorescence (Auto) was used to distinguish glycolytic fibers (Gly) from highly
oxidative fibers (Ox), and the signal from SERCA1 plus Auto was merged and used to identify the periphery of the myofibrils,
scale bar = 25 µm. (C-G) Graphs contain the results from all of the fibers that were analyzed, as well as the same data after it
was separated according to fiber type. (C) fiber CSA, (D) the area per fiber occupied by myofibrils, (E) the area per fiber
occupied by intermyofibrillar components, (F) myofibril CSA, and (G) the number of myofibrils per fiber. The data are
presented as the mean ± SEM, n = 11-15 muscles/ group (All = 24-54 fibers/ muscle, Ox and Gly = 10-24 fibers/ muscle, Gly =
10-24 fibers/ muscle, and an average of 356 ± 17 myofibrils/ fiber). Student’s t-tests were used to analyze the data in the ‘All’
graphs and two-way ANOVA was used to analyze the data in the fiber type graphs. Insets show the P values for the main
effects of MOV, fiber type (FT), and the interaction (Int). * Significant effect of MOV, P < 0.05. Graphic illustration in (A) was
created with BioRender.com     .

https://doi.org/10.7554/eLife.92674.2
https://doi.org/10.7554/eLife.92674.2
http://biorender.com/


Kent W. Jorgenson et al., 2024 eLife. https://doi.org/10.7554/eLife.92674.2 13 of 34

The radial growth of muscle fibers that occurs
in response to progressive resistance exercise
is largely mediated by myofibrillogenesis
To further address whether the radial growth of muscle fibers that occurs in response to an
increase in mechanical loading is mediated by myofibril hypertrophy and/or myofibrillogenesis,
we examined vastus lateralis muscle biopsies from humans that were collected before (Pre) and
after (Post) they had performed seven weeks of progressive resistance exercise (RE) (Fig. 6A     ). As
detailed in the methods, the samples were processed for FIM-ID with a step that allowed for the
identification of SERCA1 vs. SERCA2 positive fibers (i.e., Type II vs. Type I fibers, respectively) (Fig.
6B     ). As shown in Figure 6C     , the outcomes revealed that RE led to an 18% increase in the CSA
of SERCA1 positive fibers but did not significantly alter the CSA of SERCA2 positive fibers. Similar
results were also observed when the SERCA1 and SERCA2 positive fibers were examined for
changes in the area per fiber that was occupied by the myofibrils, as well as the area per fiber that
was occupied by the intermyofibrillar components (Fig. 6D-E     ). Specifically, SERCA1 positive
fibers revealed an 18% and 17% increase in these values, respectively, while no significant
differences were observed in SERCA2 positive fibers. Thus, just like MOV, the RE-induced increase
in the CSA of the SERCA1 positive fibers was mediated by a proportionate increase in the area that
is occupied by the myofibrils and the area that is occupied by intermyofibrillar components.

To determine whether the increase in the area per fiber that was occupied by myofibrils was
mediated by myofibril hypertrophy and/or myofibrillogenesis, we first examined whether RE
altered the CSA of the myofibrils. As shown in Figure 6F     , we detected a trend for a main effect
of RE on myofibril CSA, but direct Pre vs. Post comparisons in the SERCA1 and SERCA2 positive
fibers were not significant (P = 0.31 and P = 0.38, respectively). On the other hand, RE induced a
clear fiber type-specific increase in the number of myofibrils per fiber with SERCA1 positive fibers
revealing a 12% increase (P = 0.009) while no significant difference was observed in SERCA2
positive fibers. It should also be noted that, during CellProfiler processing, objects in the Pre and
Post samples were filtered from analysis at a very similar rate (47% vs. 47%, respectively), and
thus, the differences between the Pre and Post samples could not be explained by overt differences
in the morphological properties of the myofibrils. As such, it can be concluded that the effects of
RE were very similar to the effects of MOV in that the RE-induced increase in fiber CSA was largely
mediated by the induction of myofibrillogenesis.

Discussion

In this study, we developed FIM-ID as a means for visualizing myofibrils with a fluorescence
microscope. As illustrated throughout the study, the images from FIM-ID have a high degree of
resolution and contrast, and these properties enabled us to develop pipelines that can perform
automated measurements of myofibril size and myofibril number. Importantly, these pipelines
were developed in a free open-source program (CellProfiler), and our manuscript includes copies
of the pipelines along with instructions and test images so that prospective users can easily
employ them (see Supplemental Material). Moreover, the bulk of the FIM-ID workflow utilizes
common lab instruments, and essentially anyone who has access to a standard cryostat and a
fluorescent microscope with a motorized Z-stage can perform it. Indeed, for first-time users, we
suspect that the most complicated part of the workflow will be the implementation of image
deconvolution. Fortunately, deconvolution modules have become a commonly available add-on
for commercial imaging platforms, and when not available, there are several open-source
deconvolution algorithms that users could deploy [58     -61     ]. As such, we are confident that a
broad range of investigators will be able to take advantage of our method.

https://doi.org/10.7554/eLife.92674.2
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Figure 6.

The radial growth of fibers that occurs in response to
resistance exercise is largely mediated by myofibrillogenesis.

(A) Biopsies of the vastus lateralis were collected before (PRE) and after (POST) participants performed 7 weeks of
progressive resistance exercise (RE). (B) Cross-sections were immunolabeled for dystrophin (to identify the periphery of
muscle fibers), SERCA1 (to identify the periphery of the myofibrils in Type II fibers), or SERCA2 (to identify the periphery of the
myofibrils in Type I fibers), and subjected to FIM-ID, scale bar = 50 µm. (C-G) Graphs contain the values for each subject
expressed relative to their PRE sample. (C) fiber CSA, (D) the area per fiber occupied by myofibrils, (E) the area per fiber
occupied by intermyofibrillar components, (F) myofibril CSA, and (G) the number of myofibrils per fiber. The data are
presented as the mean ± SEM, n = 7 participants (SERCA1 15-33 fibers/ participant, SERCA2 8-38 fibers / participant, and an
average of 1101 ± 60 myofibrils / fiber). Significance was determined by repeated measures two-way ANOVA. Insets show the
P values for the main effects of RE, fiber type (FT), and the interaction (Int). * Significant effect of RE, P < 0.05. Graphic
illustration in (A) was created with BioRender.com     .
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With the development of our method, we were able to gain insight into whether the radial growth
of muscle fibers that occurs in response to an increase in mechanical loading is mediated by
myofibril hypertrophy and/or myofibrillogenesis. This is a fundamentally important question in
the field of skeletal muscle growth and therefore we addressed it with two model systems. As
expected, both models induced significant radial growth of the SERCA1 positive muscle fibers.
However, a significant increase in myofibril CSA (i.e., myofibril hypertrophy) was not consistently
observed (Figs. 5     -6     ), and no significant correlation between the magnitude of the radial
growth of the fibers and myofibril hypertrophy was detected in any of the fiber types that we
examined (Sup. Fig. 3). At face value, these results could be viewed as evidence that myofibril
hypertrophy does not play a major role in the radial growth response. However, it is important to
consider that the results were obtained from muscles in which the radial growth response was
already well advanced. This is important because, according to Goldspink’s model of myofibril
splitting [21     -24     ], myofibril hypertrophy would only be detected during the early stages of the
radial growth response (i.e., before the induction of myofibril splitting which would lead to a
reduction in the CSA of the involved myofibrils). Thus, to further address the role of myofibril
hypertrophy, future studies should obtain data from muscles that are going through various stages
of the radial growth response (i.e., a time course). With the use of FIM-ID, the pursuit of such
studies would be a feasible endeavor and the resulting data would not only help to resolve
whether myofibril hypertrophy contributes to the radial growth response, but it would also
provide insight into whether myofibril hypertrophy precedes the onset of myofibrillogenesis as
predicted by the myofibril splitting model.

In contrast to the induction of myofibril hypertrophy, all the fiber types in this study that showed
significant radial growth also showed a significant increase in the number of myofibrils per fiber
(i.e., myofibrillogenesis) (Figs. 5     -6     ). Moreover, each of these fiber types revealed a significant
positive correlation between the magnitude of radial growth and the magnitude of
myofibrillogenesis (Sup. Fig. 3). These points, when coupled with the other data presented in
Figures 5      and 6     , indicate that radial growth of the muscle fibers was largely mediated by
myofibrillogenesis. Importantly, this conclusion was upheld in two very distinct models of
increased mechanical loading (i.e., chronic mechanical overload in mice and progressive
resistance exercise in humans). Thus, it appears that the induction of myofibrillogenesis is a
conserved component of the radial growth response.

To the best of our knowledge, this is the first study to demonstrate that an increase in mechanical
loading can induce myofibrillogenesis. Moreover, the results of this study indicate that
myofibrillogenesis is the major driver of the radial growth response. Given these conclusions, one
is faced with the question of how an increase in mechanical loading induces myofibrillogenesis. As
mentioned several times, one possibility is that the induction of myofibrillogenesis is mediated by
hypertrophy and subsequent splitting of the pre-existing myofibrils (i.e., the myofibril splitting
model) [21     -24     ]. However, numerous studies have also described a different type of
myofibrillogenesis that involves the de novo formation of myofibrils [62     -65     ]. Specifically, with
de novo myofibrillogenesis, it is thought that new myofibrils are derived from nascent proteins
and that these nascent proteins are assembled into new myofibrils via a three-step sequence of
events (for more details please refer to [62     , 63     ]). Importantly, the concepts of de novo
myofibrillogenesis have largely been studied within the context of myogenesis (i.e., during the
early stages of differentiation, embryonic development, etc.), but whether de novo
myofibrillogenesis can be induced in adult skeletal muscle remains largely unexplored. In our
opinion, the concepts of myofibril splitting and de novo myofibrillogenesis are very intriguing, and
we consider both models to be worthy of further investigation.

In summary, the outcomes of this study have revealed that the induction of myofibrillogenesis
plays a major role in the mechanically induced growth of skeletal muscle. The mechanisms via
which an increase in mechanical loading induces myofibrillogenesis are not known, but the
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groundwork for two different models has already been established. Studies aimed at testing the
validity of these models should lead to important advancements in the field, and with the advent
of FIM-ID, such studies can now be performed in a time- and cost-effective manner.

Materials and Methods

Animals and Ethical Approval
Experimental procedures were performed on male C57BL/6J mice (Jackson Laboratories) that
were 8–10 weeks of age. All animals were housed in a room maintained at 25° C with a 12 hr
light/dark cycle and received rodent laboratory chow (Purina) and water ad libitum. Before all
surgical procedures, mice were anesthetized with 1-5% isoflurane mixed in oxygen at a flow rate
of 1.0 L/min, which was maintained throughout the surgery. Immediately following the completion
of the surgery, the mice were given an intraperitoneal injection of 0.05 µg/g of buprenorphine in
phosphate-buffered saline (PBS). During collection, the mice were euthanized by cervical
dislocation under anesthesia before removing the hindlimbs. The Institutional Animal Care and
Use Committee (IACUC) at the University of Wisconsin–Madison approved all the methods used in
this study under protocol #V005375.

Chronic Mechanical Overload
Bilateral chronic mechanical overload (MOV) surgeries were performed with a modified version of
our previously described procedure [66     ]. Specifically, the plantaris muscles were subjected to
MOV by removing the distal 1/3rd of the gastrocnemius muscle while leaving the soleus and
plantaris muscle intact. Mice in the control groups were subjected to a sham surgery where an
incision was made on the lower leg and then closed. Following the surgeries, incisions were closed
with nylon non-absorbable sutures (Oasis) and Vetbond Tissue Adhesive (3M). After 16 days of
recovery, the plantaris muscles were collected and processed as described below.

Collection and Processing of Mouse Skeletal Muscles
The hindlimbs were collected by retracting the skin surrounding the entire leg and then the limb
was severed at the hip joint. The foot and proximal end of the femur were secured onto a circular
piece of aluminum wire mesh (Saint-Gobain ADFORS insect screen) with 90° angles between the
foot-tibia and tibia-femur joints using 4-0 non-absorbable silk sutures (Fine Science Tools). The
hindlimbs were then submerged in a glass beaker filled with 20 mL of 4% paraformaldehyde in 0.1
M phosphate buffer (PB) solution (25 mM sodium phosphate monobasic, 75 mM sodium phosphate
dibasic, pH 7.2) for 3 hrs at room temperature on a tabletop rocker set to 50 RPM. Extensor
digitorum longus and plantaris muscles were then extracted from the hindlimb and submerged in
a 1.5 mL Eppendorf tube that was filled with 1.0 mL of 4% paraformaldehyde in 0.1 M PB. The
tubes were then placed on a nutating rocker for 21 hrs at 4° C. For the subsequent cryoprotection,
each muscle was submerged in a 1.5 mL Eppendorf tube filled with 1.0 mL of 15% sucrose in 0.1 M
PB and placed back on a nutating rocker for 6 hrs at 4° C, followed by immersion in 45% sucrose in
0.1M PB for 18 hrs at 4° C. Each muscle was then rapidly immersed in OCT (Tissue-Tek), frozen in
liquid nitrogen-chilled isopentane, and stored at -80° C [67     ].

Collection and Processing of Human Skeletal Muscle Biopsies
Human biopsy samples were collected in conjunction with a recently published study by the
Roberts and Kavazis laboratories [68     ]. Briefly, healthy (BMI: 25.2 +/-5 kg/m2) young (23 +/-4
years) male participants who had not performed organized resistance training over the previous
three years were selected. Participants performed resistance exercise twice a week for 7 weeks,
which included leg press, bench press, leg extension, cable pull-down, and leg curls. Both the
training volume and load were progressively increased throughout the 7-week training program.
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Muscle biopsies were collected at the mid-belly of the vastus lateralis muscle before and 72 hrs
after completion of the seven weeks of resistance training. Biopsies were fixed in 4%
paraformaldehyde in 0.1M PB for 24 hrs, incubated in a 15% sucrose in 0.1M PB solution for 6 hrs,
incubated in a 30% sucrose in 0.1M PB solution for 18 hrs at 4° C, immersed in OCT, and then
frozen in liquid nitrogen-chilled isopentane, and stored at -80° C. For more details about
participant selection and the resistance training regimen please refer to Mesquita et al. (2023)
[68     ].

Immunohistochemistry
Unless otherwise noted, mid-belly (mouse) and biopsy (human) cross-sections (5 µm thick) from
muscles frozen in OCT were taken with a cryostat chilled to -30° C and collected on Superfrost
Plus™ microscope slides (Fisher Scientific). Immediately upon collection, the sections were
transferred to diH2O water for 15 min to hydrate the samples. While ensuring that the sections
remained hydrated, the area on the slide surrounding the section was dried with a Kimwipe, and
then a hydrophobic circle was drawn around the section using an Aqua Hold 2 pen (Scientific
Device Laboratory). Slides were then placed into a humidified box for all subsequent washing and
incubation steps, which were all performed at room temperature on a rotating rocker set to 50
RPM.

Primary Antibody Labeling

Sections were washed with PBS for 5 min and then incubated for 30 min in blocking solution (0.5%
Triton X-100, 0.5% bovine serum albumin (BSA) dissolved in PBS). For mouse samples, sections
were incubated overnight in blocking solution containing mouse IgG1 anti-SERCA1 (1:100,
VE121G9, Santa Cruz #SC-58287) and rabbit anti-dystrophin (1:100, ThermoFisher #PA1-21011). For
human biopsy samples, sections were incubated overnight in blocking solution containing mouse
IgG1 anti-SERCA1 or mouse IgG1 anti-SERCA2 (1:200, Santa Cruz #SC-53010) and rabbit anti-
dystrophin. Following the overnight incubation, sections were washed three times for 10 min with
PBS, followed by three more washes for 30 min with PBS.

Secondary Antibody Labeling

All sections labeled with primary antibodies were incubated overnight in blocking solution
containing AlexaFluor® 594 conjugated goat anti-mouse IgG, Fcγ Subclass 1 specific (1:2000,
Jackson Immunoresearch #3115-585-205) and AlexaFluor® 488 conjugated goat anti-rabbit IgG
(1:5000, Invitrogen #A11008). Following the overnight incubation, sections were washed three
times for 10 min with PBS, followed by three more times for 30 min with PBS.

Labeling with Phalloidin

In some instances, after the secondary antibody labeling step, sections were incubated in blocking
solution containing Phallodin-CF680R (1:50, Biotium #00048) for 20 min. Following the incubation,
the sections were washed three times for 10 min with PBS, followed by three more times for 30
min with PBS.

Mounting

Washed sections were mounted with 30 µL of ProLong™ Gold Antifade Mountant (ThermoFisher
#P36930) and covered with a 22 x 22 mm No.1 glass slip (Globe Scientific #1404-10). All sections
were allowed to cure in the mountant for at least 24 hrs while being protected from light before
imaging.
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Assessment of Muscle Fiber Size
The cross-sections that had been labeled for dystrophin and SERCA1/2 were imaged with a
Keyence automated BZX700 inverted epifluorescence microscope via a 10x objective lens. For each
fluorescent channel (FITC and TxRED filter), a 3 x 3 (mouse samples) or 5 x 5 (human samples)
field was captured and stitched together using the Keyence Analyzer Software. The mean cross-
sectional area of all qualified muscle fibers within the stitched images was then measured with
our previously published CellProfiler pipeline [69     ].

Fluorescence Imaging of Myofibrils
and Image Deconvolution (FIM-ID)
Randomly selected regions of interest (ROIs) from the cross-sections that had been labeled for
dystrophin and SERCA1/2 were imaged with an HC PL APO 63x/1.40 oil immersion objective on a
THUNDER Imager Tissue 3D microscope (Leica). Images for dystrophin were captured through a
GFP filter (EX:470/40, EM: 525/50), SERCA1/2 through a TXR filter (EX: 560/40, EM: 630/76), and
autofluorescence was captured through a 405 filter (EX: 405/60, EM: 470/40). Z-stacks with a step
size of 0.22 µm were captured through the entire thickness of the sample. Deconvolution was then
applied to all images in the Z-stack for each channel using Leica’s Small Volume Computational
Clearing (SVCC) algorithm with the refractive index set to 1.47, strength set to 80-100%, and
regularization set to 0.05. The deconvoluted images were then opened in ImageJ and the Z-plane
with the most in-focus image for SERCA1/2 was chosen. When appropriate, the autofluorescence
signal from the same plane was merged with the image for SERCA1. This was done in ImageJ with
the Z-Project function set to “Sum Slices” and the merged image was saved as a single grayscale
TIFF image. The single or merged images were then converted to a 16-bit TIFF file format and the
pixel density was adjusted to 6144 x 6144 by using the ImageJ resize function with the following
settings: “Constrain aspect ratio”, “Average when downsizing”, and “Bilinear” interpolation.

Total Protein Labeling and Scoring for Sectioning Artifacts
Longitudinal sections of the EDL muscle (3 µm thick) were collected on a cryostat that was chilled
at -15 to - 30° C and collected on Superfrost Plus™ microscope slides. The sections were stained for
total protein with a No-Stain™ kit (Invitrogen #A44449). Specifically, 25 µL of the 20X No-Stain
Labeling Buffer stock solution was diluted into 475 µL diH2O to create a working 1X solution. Next,
1 µL of the No-Stain Activator was added to the 500 µL 1X solution and vortexed. Then, 1 µL of the
No-Stain Derivatizer was added to the 1X solution and vortexed. Labeling was then performed by
adding 50 µL of the prepared No-Stain solution to the sections, which were then incubated for 30
min at room temperature with rocking at 50 RPM. Labeled sections were then washed three times
for 5 min with diH2O. After washing, the diH2O was removed, and 4 µL of Prolong Diamond
mounting medium (Life Technologies #P36965) was added to the sections before covering with a
12 mm No. 1 glass slip (Neuvitro #GG1215H). After curing for 48 hrs, randomly selected ROIs were
imaged with a THUNDER Imager with a Y3 filter (Ex: 545/26, EM: 605/70) and subjected to
deconvolution as described for FIM-ID. The images were then examined by a blinded investigator
and each fiber within a given ROI was scored for the presence of artifacts on the surface of the
section (a score of 1 indicates no artifacts and a score of 10 indicates extensive distortions).

Automated Measurements of Myofibril
Size and Number with FIM-ID

Assessment of Myofibril Size and Number in Muscles from Mice

Within each image from FIM-ID, individual fibers were randomly selected by a blinded
investigator and manually traced in ImageJ to record the fiber CSA. Then, the traced fiber was
isolated for automated analysis by choosing the ‘Clear Outside’ option. The resulting image was
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then cropped so that it only contained the isolated fiber. The cropped image was then saved as a
.tiff file. For the studies in Figures 4      and 5     , preliminary analyses were performed on 24 fibers
per sample with an approximately equal number of autofluorescent and non-autofluorescent
fibers. Additional ROIs / fibers were then randomly selected for analysis until the average CSA of
the selected fibers fell within ± 10% of the mean fiber CSA that was observed for the entire muscle
during the Keyence-based analyses. For automated measurements of myofibril size, each single
fiber image was imported and processed with our custom pipeline “Myofibril CSA Analysis” in
CellProfiler Version 4.2.1, which measures the mean myofibril CSA for each fiber [70     ]. To
calculate the number of myofibrils per fiber, the total CSA of the fiber that was occupied by
myofibrils had to be determined. To obtain this value, each single fiber image that contained the
merged signal for autofluorescence and SERCA1 was imported and processed with our custom
pipeline “Intermyofibrillar Area” in CellProfiler (Sup. Fig. 4). This pipeline performs automated
measurements of the area occupied by the merged autofluorescence and SERCA1 signal for each
fiber (i.e., the area occupied by the intermyofibrillar components such as the sarcoplasmic
reticulum, mitochondria, etc.). This value was then subtracted from the fiber CSA to obtain the
total area occupied by the myofibrils for each fiber. Finally, the number of myofibrils per fiber
was determined by dividing the total area occupied by the myofibrils by the mean myofibril CSA.
Note: the “Myofibril CSA Analysis” and “Intermyofibrillar Area” pipelines as well as user
instructions and test images have all been included as supplemental material.

Assessment of Myofibril Size and Number in Muscles from Humans

The same general methods that were used in mice were applied to the analysis of human samples.
Exceptions to this included that the analyses were performed on images of SERCA1 or SERCA2.
Furthermore, preliminary analyses were performed on 16 fibers (8 SERCA1, 8 SERCA2 fibers), and
additional ROIs / fibers were selected for analysis until the average CSA of the selected fibers fell
within ± 4% of the mean fiber CSA that was observed with for the entire muscle section during the
Keyence-based analyses.

Processing of Mouse Skeletal Muscle for Electron Microscopy
The hindlimbs of mice were removed and secured to an aluminum wire mesh as described in the
section entitled ‘collection and processing of the mouse skeletal muscles’. The hindlimbs were then
submerged in a 100 mL glass beaker filled with 20 mL of Karnovsky fixative [71     ] ((2.5% EM-
grade glutaraldehyde (Electron Microscopy Sciences #16019) plus 2.0% EM-grade
paraformaldehyde (Electron Microscopy Sciences #15714-S) in 0.1M PB)) for 3 hrs at room
temperature on a tabletop rocker set to 50 RPM. Each plantaris muscle was then extracted from
the hindlimb and submerged in a 1.5 mL Eppendorf tube containing 1.0 mL of 2.5% EM-grade
glutaraldehyde plus 2.0% EM-grade paraformaldehyde in 0.1M PB solution and placed on a
nutating rocker for 21 hrs at 4° C. The fixed plantaris muscles were then transversely cut at the
mid-belly and further transversely cut into 1 mm thick slices on either side of the midline.

Unless otherwise noted, the following steps were performed at room temperature in
approximately 10 mL of solution in 20 mL scintillation vials on a rotator set at 10 RPM. Tissue
slices were first washed three times for 15 min with 0.1M PB solution, followed by overnight
incubation in 1% osmium tetroxide (Electron Microscopy Sciences #19170) in 0.1M PB solution at
room temperature. The samples were then washed four times for 5 min in 0.1M PB solution,
followed by graded dehydration in ethanol with 5 min incubation steps (2 x 35%, 2 x 50%, 2 x 70%,
2 x 80%, 2 x 90%, 2 x 95%, 4 x 100%). Samples were then incubated in 100% anhydrous acetone for
2 x 5 min and 2 x 10 min. Epon resin was prepared by mixing 6.25 grams Epon 812, 3.25 grams
DDSA, 3.0 grams NMA, and 8 drops of DMP 30 (Electron Microscopy Sciences #14120) before
incubating the samples in a 3:1 acetone:epon solution overnight at room temperature. Samples
were then incubated in a 1:1 acetone/epon solution for 2 hrs, followed by a 1:3 acetone/epon
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solution for 2 hrs, before being placed in 100% epon overnight in a vacuum at room temperature.
Samples were then added to fresh 100% epon for 3 x 30 min at 60° C before being placed into
molds with fresh 100% epon to cure at 60° C overnight.

The resin-embedded samples were sectioned on a Leica EM UC6 ultramicrotome at 500 nm to
generate semi-thin sections using a Histo Diamond Knife (DiATOME) and stained with Toluidine
blue to confirm proper orientation (i.e., the cross-sections of the muscle fibers were oriented
perpendicular to the length of the fibers). After confirming the correct orientation of the block, the
samples were sectioned at 100 nm and collected on carbon formvar-coated copper grids (Electron
Microscopy Sciences #S2010NOT). Sections were then contrast-stained with 8% uranyl acetate
(Electron Microscopy Sciences #22400) in 50% ethanol for 10 min at room temperature, followed
by lead citrate (Electron Microscopy Sciences #22410) for 10 min at room temperature with 4 x 30
sec washes in diH2O water after each contrast stain. The sections were viewed at 80kV on a Philips
CM120 transmission electron microscope equipped with AMT BioSprint12 digital camera.

Manual Measurements of Myofibril Size
and Number with Electron Microscopy
For each muscle processed for EM, 20 oxidative and 20 non-oxidative fibers were randomly
selected for imaging. For each fiber, one low-magnification image (1250x) and one randomly
chosen high-magnification region (5600x) within the fiber were captured. The low-magnification
images were used to measure the fiber CSA and the high-magnification images were used to
measure the myofibril CSA as well as the percentage of the fiber CSA that was occupied by
myofibrils. Specifically, for each high-magnification image, ∼30 randomly selected myofibrils
were manually traced and used to determine the mean myofibril CSA for that fiber. To estimate
the percentage of the fiber CSA that was occupied by myofibrils, an ROI from the high-
magnification image that had an equal representation of the A- and I-band regions of the
myofibrils was selected. Then, within that ROI, all areas containing myofibrils were manually
traced and the total area occupied by the myofibrils was recorded. The total CSA of the myofibrils
in the ROI was then divided by the total area of the ROI to obtain the percentage of the fiber CSA
that was occupied by the myofibrils. This value was then used to calculate the total CSA of fiber
that was occupied by myofibrils. Finally, the number of myofibrils per fiber was determined by
dividing the total CSA of the fiber that was occupied by myofibrils by its mean myofibril CSA. See
Sup. Fig. 5 for an example of the process for manual measurements.

Statistical Analysis
Statistical significance was determined by using Student’s t-tests, paired t-tests, Wilcoxon-matched
paired t-tests, 2-way ANOVA with Bonferroni post hoc comparisons, or repeated measures 2-way
ANOVA with Bonferroni post hoc comparisons, as indicated in the figure legends. Samples that
deviated more than three times from the mean within a given group were excluded as outliers.
Differences between groups were considered significant when P < 0.05. All statistical analyses
were performed with GraphPad Prism version 10.0.0 for Windows (Dotmatics).
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Reviewer #1 (Public Review):

Summary:
Using a state-of-the-art image analysis pipeline the authors report that muscle cell
hypertrophy in mice and humans occurs primarily through an increase in the number of
myofibrils (myofibrillogenesis) and not myofibril hypertrophy.

Strengths:
A strength of the study is the development and validation of an automated image analysis
pipeline to quantify myofibril size and abundance in mouse and human muscle cells. In
addition to the pipeline, which requires relatively readily available microscopy equipment
(an additional strength) is the development of a methodology to optimally prepare muscle
samples for high-resolution imaging.

Weaknesses:
A weakness of the study was that only one time-point was assessed during hypertrophy. As
mentioned by the authors, this precluded an assessment of the myofibril splitting
mechanism.

https://doi.org/10.7554/eLife.92674.2.sa2

Reviewer #2 (Public Review):

Summary:
In this work, the authors sought to 1) establish a method for measuring muscle fiber
subcellular structure (myofibrils) using common, non-specialized laboratory techniques and
equipment, and 2) use this method to provide evidence on whether loading-induced muscle
fiber growth was the result of myofibril growth (of existing myofibrils) or myofbrillogenesis
(creation of new myofibrils) in mice and humans. The latter is a fundamental question in the
muscle field. The authors succeeded in their aims and provided useful methods for the
muscle field and detailed insight into muscle fiber hypertrophy; specifically, that loading-
induced muscle fiber hypertrophy may be driven mostly by myofibrillogenesis.

Strengths:

https://doi.org/10.7554/eLife.92674.2
http://creativecommons.org/licenses/by/4.0/
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1. The usage of murine and human samples to provide evidence on myofibril
hypertrophy vs myofibrillogenesis.

2. A nice historical perspective on myofibrillogenesis in skeletal muscle.
3. The description of a useful and tractable IHC imaging method for the muscle biology

field supported by extensive validation against electron microscopy.
4. Fundamental information on how myofiber hypertrophy ensues.

Weaknesses:

- The usage of young growing mice (8-10 weeks) versus adult mice (>4 months) in the murine
mechanical overload experiments, as well as no consideration for biological sex. The former
point is partly curtailed by the adult human data that is provided (male only). Still, the usage
of adult mice would be preferable for these experiments given that maturational growth may
somehow affect the outcomes. For the latter point, it is not clear whether male or female mice
were used.

https://doi.org/10.7554/eLife.92674.2.sa1

Reviewer #3 (Public Review):

Summary:
Radial muscle growth involves an increase in overall muscle cross-sectional area. For decades
this process has been described as the splitting of myofibrils to produce more myofibrils
during the growth process. However, a closer look at the original papers shows that the
evidence underlying this description was incomplete. In this paper, the authors have
developed a novel method using fluorescence microscopy to directly measure myofibril size
and number. Using a mouse model of mechanical loading and a human model of resistance
exercise they discovered that myofibrillogenesis is playing a key role in the radial growth of
muscle fibers.

Strengths:
1. Well-written and clear description of hypothesis, background, and experiments.
2. Compelling series of experiments.
3. Different approaches to test the hypothesis.
4. Rigorous study design.
5. Clear interpretation of results.
6. Novel findings that will be beneficial to the muscle biology field.
7. Innovative microscopy methods that should be widely available for use in other muscle
biology labs.

https://doi.org/10.7554/eLife.92674.2.sa0
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The following is the authors’ response to the original reviews.

Reviewer #2 (Public Review)
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1. The usage of young growing mice (8-10 weeks) versus adult mice (>4 months) in the
murine mechanical overload experiments. The usage of adult mice would be preferable
for these experiments given that maturational growth may somehow affect the
outcomes.

The basis for this critique is not clear as it has been shown that the longitudinal growth of
bones is complete by ⁓8 weeks of age (e.g., PMID: 28326349, and 31997656). These studies,
along with others, also indicate that 8 weeks is a post-pubescent age in mice. For these
reasons, 8 weeks of age was viewed as being representative of the human equivalent of when
people start to perform resistance exercise with the goal of increasing muscle mass. Also, it’s
important to consider that the mice were 10-12 weeks of age when the muscles were collected
which would be equivalent to a human in their lower 20’s. In our human study, the mean age
of the subjects was 23. Given the above points, it’s hard for us to appreciate why the use of
mice that started at 8-10 weeks of age is viewed as a weakness. With that being said, we
recognize that there may be age-related changes in mechanisms of mechanical load-induced
growth, but it was not our intent to address this topic.

1b) No consideration for biological sex.

We appreciate this point and we agree that sex is an important variable to consider. In this
study, we explored an unchartered topic and therefore we wanted to minimize as many
known variables as possible. We did that, in part, by focusing specifically on male subjects. In
the future, it will certainly be important to explore whether sex (and age) impact the
structural adaptations that drive the mechanical load-induced growth of muscle fibers.

1. Information on whether myofibrillogenesis is dependent on hypertrophy induced by
loading, or just hypertrophy in general. To provide information on this, the authors could
use, for instance, inducible Myostatin KO mice (a model where hypertrophy and force
production are not always in lockstep) to see whether hypertrophy independent from
load induces the same result as muscle loading regarding myofibrillogenesis.

This is a great suggestion, but it goes beyond the intended scope of our study. Nevertheless,
with the publication of our FIM-ID methodology, the answer to this and related questions can
now be obtained in a time- and cost-effective manner.

1. Limited information on Type 1 fiber hypertrophy. A "dual overload" model is used for the
mouse where the soleus is also overloaded, but presumably, the soleus was too damaged
to analyze. Exploring hypertrophy of murine Type 1 fibers using a different model (weight
pulling, weighted wheel running, or forced treadmill running) would be a welcome
addition.

The point is well taken and further studies that are aimed at determining whether there are
differences in how Type I vs. Type II fibers grow would be an excellent subject for future
studies.

Reviewer #3 (Public Review)

1. Supplemental Figure 1 is not very clear.

Supplemental Figure 1 is now presented as Supplemental Figure 2. We carefully reexamined
this figure and, in our opinion, the key points have been appropriately conveyed. We would

https://doi.org/10.7554/eLife.92674.2
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be more than happy to revise the figure, but we would need guidance with respect to which
aspect(s) of the figure were not clear to the reviewer.

Reviewer #1 (Recommendations For The Authors)

Introduction.

1. I do not think the first paragraph is really necessary. Cell growth is a fundamental
property of cell biology that requires no further justification.

We believe that it is essential to remind all readers about the importance of skeletal muscle
research. For some, the detrimental impact of skeletal muscle loss on one’s quality of life and
the greater burden on the healthcare system may not be known.

1. I prefer "fundamental" over "foundationally".

All mentions of the word “foundational” and “foundationally” have been changed to
“fundamental” and “fundamentally.”

1. As usual for the Hornberger lab, the authors do an excellent job of providing the
(historical) context of the research question.

Thank you for this positive comment.

1. I prefer “Goldspink” as “Dr. Goldspink” feels too personal especially when you are critical
of his studies.

All instances of “Dr.” have been removed when referring to the works of others. This includes
Dr. Goldspink and Dr. Tokuyasu.

1. Fourth paragraph, after reference #17. I felt like this discussion was not necessary and
did not really add any value to the introduction.

We believe that this discussion should remain since it highlights the widely accepted notion
that mechanical loading leads to an increase in the number of myofibrils per fiber, yet there
is no compelling data to support this notion. This discussion highlights the need for
documented evidence for the increase in myofibril number in response to mechanical
loading and, as such, it serves as a major part of the premise for the experiments that were
conducted in our manuscript.

1. The authors do a nice job of laying out the challenge of rigorously testing the Goldspink
model of myofiber hypertrophy.

Thank you!

Results

1). For the EM images, can the authors provide a representative image of myofibril
tracing? From the EM image provided, it is difficult to evaluate how accurate the tracing
is.

https://doi.org/10.7554/eLife.92674.2
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-Representative images and an explanation of myofibril calculation have been provided in
Supplemental Figure 5.

1. In the mouse, how does the mean myofibril CSA compare between EM and FIM-ID?

Author response image 1.

The above figures compare the myofibril CSA and fiber CSA measurements that were
obtained with EM and FIM-ID for all analyzed fibers, as well as the same fibers separated
according to the fiber type (i.e., Ox vs. Gly). The above figure shows that the FIM-ID
measurements of myofibril CSA were slightly, yet significantly, lower than the measurements
obtained with EM. However, we believe that it would be misleading to present the data in this
manner. Specifically, as shown in Fig. 4C, a positive linear relationship exists between
myofibril CSA and fiber CSA. Thus, a direct comparison of myofibril CSA measurements
obtained from EM and FIM-ID would only be meaningful if the mean CSA of the fibers that
were analyzed were the same. As shown on the panel on the right, the mean CSA of the fibers
analyzed with FIM-ID was slightly, yet significantly, lower than the mean CSA of the fibers
analyzed with EM. As such, we believe that the most appropriate way to compare the
measurements of the two methods is to express the values for the myofibril CSA relative to
the fiber CSA and this is how we presented the data in the main figure (i.e., Fig. 4E).

1. Looking at Fig. 3D, how is intermyofibrillar space calculated when a significant
proportion of the ROI is odd-shaped myofibrils that are not outlined? It is not clear how
the intermyofibrillar space between the odd-shaped myofibrils is included in the total
intermyofibrillar space calculation for the fiber.

The area occupied by the intermyofibrillar components is calculated by using our custom
“Intermyofibrillar Area” pipeline within CellProfiler. Briefly, the program creates a binary
image of the SERCA signal. The area occupied by the white pixels in the binary image is then
used to calculate the area that is occupied by the intermyofibrillar components. To help
readers, an example of this process is now provided in supplemental figure 4.

https://doi.org/10.7554/eLife.92674.2
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1. What is the average percentage of each ROI that was not counted by CP (because a
myofibril did not fit the shape criteria)? The concern is that the method of collection is
biasing the data. In looking at EM images of myofibrils (from other studies), it is
apparent that myofibrils are not always oval; in fact, it appears that often myofibrils
have a more rectangular shape. These odd-shaped myofibrils are excluded from the
analysis yet they might provide important information; maybe these odd-shaped
myofibrils always hypertrophy such that their inclusion might change the overall
conclusion of the study. I completely understand the challenges of trying to quantify odd-
shaped myofibrils. I think it is important the authors discuss this important limitation of
the study.

First, we would like to clarify that myofibrils of a generally rectangular shape were not
excluded. The intent of the filtering steps was to exclude objects that exhibited odd shapes
because of an incomplete closure of the signal from SERCA. To illustrate this point we have
annotated the images from Figure 3B-D with a red arrow which points to a rectangular object
and blue arrows which point to objects that most likely consisted of two or more individual
myofibrils that were falsely identified as a single object.

Author response image 2.

We appreciate the reviewer's concern that differences in the exclusion rates between groups
could have biased the outcomes. Indeed, this was something that we were keeping a careful
eye on during our analyses, and we hope that the reviewer will take comfort in knowing that
objects were excluded at a very similar rate in both the mouse and human samples (44% vs.
46% for SHAM vs. MOV in mice, and 47% vs. 47% for PRE vs. POST in humans). We realize
that this important data should have been included in our original submission and it is now
contained with the results section of the revised version of our manuscript. Hopefully the
explanation above, along with the inclusion of this data, will alleviate the reviewers concerns
that differences between the groups may have been biased by the filtering steps.

Discussion.

1. I think the authors provided a balanced interpretation of the data by acknowledging the
limitation of having only one time-point. i.e., not being able to assess the myofibril
splitting mechanism.

Thank you!

https://doi.org/10.7554/eLife.92674.2
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1. I think a discussion on the important limitation of only quantifying oval-shaped
myofibrils should be included in the discussion.

Please refer to our response to comment #4 of the results section.

Reviewer #2 (Recommendations For The Authors)

Overall, this is a thoughtful, clear, and impactful manuscript that provides valuable tools
and information for the skeletal muscle field. My specific comments are as follows:

1. In the introduction, I really appreciate the historical aspect provided on
myofbrillogenesis. As written, however, I was expecting the authors to tackle the myofibril
"splitting" question in greater detail with their experiments given the amount of real
estate given to that topic, but this was not the case. Consider toning this down a bit as I
think it sets a false expectation.

We acknowledge that the study does not directly address the question about myofibril
splitting. However, we believe that it is important to highlight the background of this
untested theory since it serves as a major part of the premise for the experiments that were
performed.

1. In the introduction, is it worth worth citing this study? https://rupress.org/jcb/articlepdf
/111/5/1885/1464125/1885.pdf.

This is a very interesting study but, despite the title, we do not believe that it is accurate to say
that this study investigated myofibrillogenesis. Instead (as illustrated by the author in Fig. 9)
the study focused on the in-series addition of new sarcomeres at the ends of the pre-existing
myofibrils (i.e., it studied in-series sarcomerogenesis). In our opinion, the study does not
provide any direct evidence of myofibrillogenesis, and we are not aware of any studies that
have shown that the chronic stretch model employed by the authors induces
myofibrillogenesis. However, numerous studies have shown that chronic stretch leads to the
in-series addition of new sarcomeres.

1. Is there evidence for myofbrillogenesis during cardiac hypertrophy that could be
referenced here?

This is a great question, and one would think that it would have been widely investigated.
However, direct evidence for myofibrillogenesis during load-induced cardiac hypertrophy is
just as sparse as the evidence for myofibrillogenesis during load-induced skeletal muscle
hypertrophy.

1. In the introduction, perhaps mention that prolonged fixation is another disadvantage of
EM tissue preparation. This typically prevents the usage of antibodies afterwards,
whereas the authors have been able to overcome this using their method, which is a
great strength.

Thank you for the suggestion. This point has been added the 5th paragraph of the
introduction.

https://doi.org/10.7554/eLife.92674.2
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1. In the introduction, are there not EM-compatible computer programs that could sidestep
the manual tracing and increase throughput? Why could software such as this not be
used? https://www.nature.com/articles/s41592-019-0396-9

While we agree that automated pipelines have been developed for EM, such methods require
a high degree of contrast between the measured objects. With EM, the high degree of contrast
required for automated quantification is rarely observed between the myofibrils and the
intermyofibrillar components (especially in glycolytic fibers). Moreover, one of the primary
goals of our study was to develop a time and cost-effective method for identifying and
quantifying myofibrils. As such, we developed a method that would not require the use of
EM. We only incorporated EM imaging and analysis to validate the FIM-ID method. Therefore,
utilizing an EM-compatible program to sidestep the manual tracing would have sped up the
validation step, but it would not have accomplished one of the primary goals of our study.

1. In the results, specifically for the human specimens, were "hybrid" fibers detected and,
if so, how did the pattern of SERCA look? Also, did the authors happen to notice
centrallynucleated muscle fibers in the murine plantaris after overload? If so, how did
the myofibrils look? Could be interesting.

For the analysis of the human fibers, two distinct immunolabeling methods were performed.
One set of sections was stained for SERCA1 and dystrophin, while the other set was stained
for SERCA2 and dystrophin. In other words, we did not perform dual immunolabeling for
SERCA1 and SERCA2 on the same sections. Therefore, during the analysis of the human fibers,
we did not detect the presence of hybrid fibers. Furthermore, while we did not perform
nuclear staining on these sections, it should be noted that nuclei do not contain SERCA, and to
the best of our recollection, we did not detect any SERCAnull objects within the center of the
fibers. Moreover, our previous work has shown that the model of MOV used in this study
does not lead to signs of degeneration/regeneration (You, Jae-Sung et al. (2019).
doi:10.1096/fj.201801653RR). Therefore, it can be safely assumed that very few (if any) of the
fibers analyzed in this study were centrally nucleated.

1. In the Results, fixed for how long? This is important since, at least in my experience, with
24+ hours of fixation, antibody reactivity is significantly reduced unless an antigen
retrieval step is performed (even then, not always successful). Also, presumably these
tissues were drop-fixed? These details are in the Methods but some additional detail here
could be warranted for the benefit of the discerning and interested reader.

For both the mouse and human, the samples were immersion-fixed (presumably the
equivalent of “drop-fixed”) in 4% paraformaldehyde in 0.1M phosphate buffer solution for a
total of 24 hours (as described in the Methods section). We agree that prolonged aldehyde
fixation can affect antibody reactivity; however, the antibodies used for FIM-ID did not
require an antigen retrieval step.

1. In the results regarding NADH/FAD autofluorescence imaging, a complimentary
approach in muscle was recently described and could be cited here: https://journals
.physiology.org/doi/full/10.1152/japplphysiol.00662.2022

We appreciate the reviewer’s recommendation to add this citation for the support of our
method for fiber type classification and have added it to the manuscript in the second
paragraph under the “Further refinement and validation of the automated measurements
with FIM-ID” subsection of the Results as citation number 57.

https://doi.org/10.7554/eLife.92674.2
https://www.nature.com/articles/s41592-019-0396-9
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1. In the results, "Moreover, no significant differences in the mean number of myofibrils per
fiber CSA were found when the results from the FIM-ID and EM-based measurements
were directly compared, and this point was true when the data from all analyzed fibers
was considered..." Nit-picky, but should it be "were considered" since data is plural?

Thanks, this error was corrected.

1. In the discussion, are the authors developing a "methodology" or a "method"? I think it
may be the latter.

We agree that “method” is the correct term to use. Instances of the word “methodology” have
been replaced with “method.”

1. In the discussion, since the same fibers were not being tracked over time, I'm not sure
that saying "radial growth" is strictly correct. It is intuitive that the fibers were growing
during loading, of course, but it may be safer to say "larger fibers versus control or the
Pre sample" or something of the like. For example, "all the fiber types that were larger
after loading versus controls" as opposed to "showed significant radial growth"

While we agree that the fiber size was not tracked over time, the experiments were designed
to test for a main effect of mechanical loading. Therefore, we are attributing the
morphological adaptations to the mechanical loading variable (i.e., mechanical loadinduced
growth). The use of terms like “the induction of radial growth” or “the induction of
hypertrophy” are commonly used in studies with the methods employed in this study.
Respectfully, we believe that it would be more confusing for the readers if we used the
suggested terms like "all the fiber types that were larger after loading versus controls". For
instance, if I were the reader I would think to myself… but there fiber types that were larger
than others before loading (e.g., Ox vs. Gly), so what are the authors really trying to talk
about?

1. I would suggest making a cartoon summary figure to complement and summarize the
Methods/Results/Discussion

Thank you for this suggestion. We created a cartoon that summarizes the overall workflow
for FIM-ID and this cartoon is now presented in Supplemental Figure 1.

https://doi.org/10.7554/eLife.92674.2
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