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Abstract

Background Skeletal muscle biopsies are valuable in clinical and research settings, contributing to advancements
in diagnosing, understanding, and treating muscle-related conditions. Traditional freezing methods often cause
artefacts mistaken for disease, leading to incorrect diagnoses or misinterpretation of research findings. Proper han-
dling of muscle biopsies is critical for accurate histopathological and mitochondrial analysis. It is essential to preserve
the entire tissue, especially for small needle biopsies. While most research focuses on mitochondrial analysis in cells,
there are few studies on whole tissue samples. This study aimed to provide an effective methodological workflow

to improve cryopreservation techniques for human and rodent muscle biopsies and create a reliable method

for mitochondrial analysis in muscle tissues.

Methods Human muscle samples were preserved with different concentrations of formaldehyde after freezing

with liquid nitrogen to study the effects of freeze—thaw cycles. We compared the edge and belly of muscle samples
embedded in Optimal Cutting Temperature compound (OCT) to see how OCT affects ice crystal formation. Rat
muscle biopsies were frozen using six different methods, using liquid nitrogen and precooled isopentane as freez-
ing media. Each medium involved direct immersion, OCT dip before immersion, and placement in histocassettes
before immersion. Effectiveness of these methods was evaluated using histological and immunohistochemical stain-
ing. Mitochondrial analysis in type | and Il myofibres was attempted by employing the Trainable Weka Segmentation
plugin using Fiji.

Results Histologically stained human tissue sections showed that freeze—thaw and formaldehyde fixation led

to freezing artefacts, disrupted endomysium, and widely spaced cells. Quantitative differences in ice crystal artefacts
between edge and belly of rat whole muscle samples demonstrated effects of OCT in crystal formation. Histological
and immunohistochemical staining of sections from rat muscle biopsies frozen in six different cryopreservation tech-
niques revealed that only isopentane/histocassette combination preserved tissue integrity in both core and periphery
of tissue sections. Moreover, an optimised Fiji workflow enabled accurate quantification and mapping of mitochon-
drial networks.
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Discussion The isopentane/histocassette combination is an effective cryopreservation method, ensuring artefact-
free preservation of both core and periphery of tissue sections. Our workflow utilising Trainable Weka Segmentation
plugin provides a reliable method for mitochondrial analysis in skeletal muscle tissues, facilitating future studies

in muscle research.
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Introduction

Skeletal muscle biopsies play a critical role in advanc-
ing research across both fundamental and applied life
sciences. In ageing research, skeletal muscle biopsies
can provide insight into age-associated changes in mus-
cle architecture, metabolism and function, for example
providing mechanistic insight on sarcopenia [1]. Muscle
biopsies are indispensable tools for understanding neu-
romuscular disorders, providing diagnostic evidence and
allowing disease characterisation [2]. Moreover, skeletal
muscle biopsies are pivotal in exercise and sports science,
aiding researchers in investigating the effects of training
activities and nutritional interventions [3, 4]. The com-
prehensive analysis of tissue obtained via biopsies can
help elucidate different mechanisms underlying physi-
ological and pathophysiological conditions, ultimately
aiding in formulating strategies to enhance muscle health
and performance across the lifespan.

The fragility of skeletal muscle samples highlights the
importance of meticulous handling protocols, a prac-
tice supported by numerous studies in literature [5-8].
Muscle tissue is extremely susceptible to freezing arte-
facts that can distort histopathological features within
the sample and compromise findings. These artefacts
can be misinterpreted and hence, give rise to mislead-
ing diagnoses [5]. Moreover, inappropriate handling of
skeletal muscle biopsies can not only lead to loss of valu-
able samples, but also warrant the need for resampling.
This can become cumbersome in studies involving large
cohorts or rare patient populations, which may cause
stress and discomfort to patients and lead to additional
unseen costs with the need to repeat poor-quality sam-
ples. Whilst existing literature offers various cryopreser-
vation protocols [5-8], needle biopsies are limited in
size, and require a method that can effectively preserve
both core and peripheral regions of the tissue section.
Therefore, optimising handling techniques to minimise
freezing artefacts in the entirety of the sample, prevent-
ing subsequent loss of sample and experimental failure,
is important to ensure the reliability of histopathological
analyses, and to support more robust scientific interpre-
tations in studies of muscle physiology, pathology and
bioenergetics.

The ability to detect skeletal muscle mitochondrial
dynamics and pathological remodelling has long been

an area of intense research interest. Mitochondria play
a crucial role in skeletal muscle bioenergetics, mak-
ing them vital to muscle function. With ageing, skel-
etal muscle bioenergetics undergo degenerative changes,
attributed to mitochondrial dysfunction and this can
contribute to sarcopenia [9]. Therefore, comprehensive
mitochondrial analysis is imperative to fully understand
changes in muscle energetics in different conditions, such
as ageing. Fiji, an open-source image analysis software, is
often used for quantitative investigation of the mitochon-
drial network [10]. While multiple Fiji plugins for mito-
chondrial analysis exist in the cell biology literature [11,
12], implementing these is challenging with tissue sam-
ples. Most mitochondrial dyes stain living cells. Those
that can be employed for tissues, such as MitoView Green
and IraZolve-Mito, lead to high background noise, hin-
dering accurate quantitative analysis [13, 14]. As a result,
existing plugins may not effectively delineate mitochon-
drial morphology in tissue samples, distorting the accu-
rate capture and analysis of mitochondrial networks. This
gap in the published literature hinders a comprehensive
understanding of mitochondrial (dys)function. While a
substantial body of literature exists on various aspects
of skeletal muscle biology, including ageing, neuromus-
cular disorders, exercise physiology and mitochondrial
dysfunction, navigating through this literature can be
laborious, particularly when troubleshooting and prob-
lem-solving in an experimental setting. Therefore, devel-
oping and optimising a workflow in Fiji that specifically
addresses these challenges is crucial for advancing mito-
chondrial analysis in the context of various conditions,
such as ageing.

This study aims to provide a methodological pipeline
to support researchers and clinicians involved in skeletal
muscle research by optimising cryopreservation tech-
niques, addressing freezing artefacts, and refining mito-
chondrial analysis methodologies.

Methods

Study design and rationale

Human and rodent skeletal muscle samples are com-
monly used in investigations encompassing both research
and diagnostic purposes. The study was designed
to develop a workflow for best practices to support
researchers, especially those new to the handling of
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skeletal muscle samples. Here, we address the entire
process from cryopreservation to imaging for morpho-
logical features and staining for various markers indica-
tive of changes in cellular architecture. We focused on
quantifying artefacts and functional organelles that pro-
vide insight into muscle physiology. The experimental
protocols used in this study tackle common issues and
offer solutions to challenges associated with tissue pro-
cessing. By providing practical solutions to data analysis
challenges, this study provides a framework for a more
accurate assessment of skeletal muscle samples in both
research and diagnostic contexts, ultimately contributing
to advancements in understanding muscle bioenergetics
and pathology.

Methods for specimen handling optimisation
All materials used can be found in the Supplementary
Material section (Supplementary Tables 1-3).

Healthy human volunteers
Muscle biopsy samples (~ 50 mg) were collected from the
vastus lateralis muscle, under local anaesthesia, using an
automatic biopsy needle (Bard, 12 gauge). Samples were
rinsed with sterile saline and dissected free from any
fat or connective tissue before being snap-frozen in lig-
uid nitrogen (LN,). Samples were then stored at—80 °C
before subsequent analysis. These samples were collected
as part of another study [15]. The biopsies were collected
by Prof Stuart Gray, a co-author for both the current and
cited study, and the use of these samples in the current
study for microscopy analysis was ethically approved by
the College of Medical, Veterinary and Life Sciences Ethi-
cal Committee at the University of Glasgow (Approval
No. 200150044). Participants provided written informed
consent prior to participation in the original study. No
additional ethics approval was required for the cur-
rent study, as the use of the samples for microscopy falls
under the scope of the original ethical approval.
Supplemental tables are included that detail specific
methodologies for the processing for human muscle
biopsy samples (Supplementary Table 4).

Animal procedures

Adult male Sprague Dawley rats, 8—12 weeks of age,
weighing 250-300 g were purchased from the Biologi-
cal Procedures Unit (BPU) at the Strathclyde Institute of
Pharmacy and Biomedical Sciences, University of Strath-
clyde, Glasgow. The animals were housed in cages of up
to 4 rats, within the Home Office Code of Practice Stock-
ing Density, on a cycle of 12 h light/12 h dark, with access
to a standard chow diet and purified water. All animals
were handled in strict accordance with good animal prac-
tice approved by The Animals in Science Regulation Unit.
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Each procedure was performed under sterile conditions
and adapted by the Guide for the Care and Use of Labo-
ratory Animals published by the US National Institutes
of Health (NTH Publication No. 85-23. revised 1996) and
Directive 2010/63/EU of the European Parliament. The
rats were euthanised by cervical dislocation, followed by
secondary confirmation of death by femoral artery sever-
ance. Samples were taken from gastrocnemius and vastus
lateralis muscles. Cryopreservation procedures were car-
ried out on both whole muscles and biopsy samples.

Supplemental tables are included that detail specific
methodologies for the processing for rodent muscle
biopsy samples (Supplementary Table 4).

Cryopreservation

Muscle samples were handled consistently to ensure uni-
form freezing. For immersion in liquid nitrogen (LN,),
samples were carefully held using forceps at the edge,
ensuring minimal handling and avoiding contact with
the belly of the muscle. Importantly, the same edge used
for handling was mounted on the metal disc holder of
the cryostat, ensuring that the opposite edge remained
untouched and unmanipulated. Muscle samples were
immersed in a dewar containing LN, for 10 to 15 s. For
samples preserved using an isopentane cryopreservation
technique, isopentane was added to a beaker mounted
on a ladle and immersed in LN,, ensuring that the level
of isopentane was below the level of LN,. Once the bot-
tom surface of the pre-cooled isopentane beaker turned
white (opaque white ‘pearls’ are visible), the samples
were similarly handled as before, ensuring belly and
one edge remain untouched by forceps. The specimen
was immersed in precooled isopentane for 10 to 15 s.
The samples were then transferred to 1.5 mL tubes pre-
cooled in dry ice using prechilled forceps, and stored at
-80 °C. This process was repeated for rat whole muscle
samples embedded in OCT, and smaller rat biopsy sam-
ples placed in a histocassette or dipped in Optimal Cut-
ting Temperature (OCT) compound before immersion
in LN, or pre-cooled isopentane. Consistent positioning
was maintained to standardize the freezing process.

Cryosectioning and slide preparation

A Leica CM1950 clinical cryostat was used for section-
ing. The chamber temperature was set at -25 °C and the
specimen head temperature was set at -20 °C. Forceps,
metal object holder discs and the muscle sample within
a cryovial or cryomold were all placed in the cryostat
for 30 min to allow temperature equilibration. A new
microtome blade was used for each cryotome procedure.
Whole muscle samples preserved in LN, were placed on
the metal holder discs and layered with OCT before sec-
tioning. For sectioning without OCT, only a thin layer of
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OCT was applied to the base of the specimen to allow
adherence to the metal disc. Care was taken to handle
samples by the edge, with the same edge being used for
mounting on the disc as was held with forceps in the cry-
opreservation process to avoid damage to other regions.
All samples were held using prechilled forceps to elimi-
nate any source of freeze—thaw.

Tissue was sectioned at a thickness of 8 um and trans-
ferred onto SuperFrost slides kept at room temperature
to ensure optimal tissue adhesion to the slide surface. The
slides were stored at -80 °C, and when needed for histo-
logical or immunohistochemical staining procedures,
were taken out of the freezer, and left at room tempera-
ture overnight one day before the experiment.

Fluorescence microscopy and immunohistochemistry

The tissue sections on microscope slides were circled
with an ImmEdge(R) hydrophobic barrier PAP pen
(Vector Laboratories, H-4000), and washed twice in
Phosphate Buffered Saline (PBS) for 5 min, followed by
fixation in 3.6% (v/v) formaldehyde in PBS for 10 min.
After two subsequent washes with PBS, the sections were
placed in 0.25% (v/v) Triton X-100 in PBS for 10 min,
and then washed twice with PBS. The sections were then
blocked using 1% (w/v) Bovine Serum Albumin (BSA)
in PBS for 1 h, after which 50 pL of Voltage Dependent
Anion Channel (VDAC) VDAC1/Porin+ VDAC 3 anti-
mouse monoclonal antibody (1:200, details in Table 2)
was added to each section. The section was placed in the
dark for overnight incubation at 4 °C. The next day, the
antibody was aspirated, and the sections were washed
three times with PBS (for 5 min per wash) directly on
the slide. After incubation in blocking buffer for 30 min,
Alexa Fluor 555 goat anti-mouse IgG was added to the
tissue and incubated for 2 h in the dark, before the sec-
tions were washed three times in PBS.

When staining for mitochondria, MitoView Green (100
nM, in PBS) was added to the sections for 20 min, and
then washed three times in PBS.

Final staining with 4,6-diamidino-2-phenylindole
(DAPI) and Rhodamine-phalloidin (1:2000 and 1:40
respectively) was carried out. After a 20-min incubation
with the dyes, the sections were washed three more times
with PBS, and the slides were mounted in Vector Mount
aqueous mounting medium with a cover slip. Images
were acquired using a Leica SP8 confocal laser scanning
microscope (with Leica Application Suite X software).

Picrosirius red staining

To assess the morphological and structural integrity
of the tissue sections, Picrosirius Red Staining (PSR)
staining was performed. After washing off the OCT
twice with PBS, tissue sections were fixed in 3.6% (v/v)
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formaldehyde in PBS for 10 min, followed by another two
washes with PBS. A hydrophobic barrier pen was used
to draw around tissue sections as previously described.
PSR stain (50 pL) was then added to each section and the
slides were incubated for 1 h at room temperature. The
sections were then rinsed in acetic acid twice and dehy-
drated in two changes of absolute ethanol. The aforemen-
tioned steps were the same for tissues sectioned without
OCT, to ensure uniformity in protocol. Lastly, the sec-
tions were mounted in Histomount mounting medium
and sealed with glass coverslip.

Haematoxylin & eosin staining

To assess the morphological and structural integrity of
the tissue sections, Haematoxylin & Eosin (H&E) staining
was performed. Tissue sections were rinsed twice with
PBS, and then fixed in 3.6% (v/v) formaldehyde in PBS
for 10 min, followed by another two washes with PBS. A
hydrophobic barrier pen was used to draw around tissue
sections as previously described. Haematoxylin stain (50
uL) was then added to each section and the slides were
incubated for 5 min at room temperature. The sections
were then rinsed in distilled water twice and incubated
with Bluing’s reagent for 15 s. The slides were rinsed in
two changes of distilled water and dipped once in abso-
lute alcohol. This was followed by the addition of 50 uL
Eosin stain to each section for 3 min. The sections were
then dehydrated in four changes of absolute ethanol.
Lastly, the sections were mounted in Histomount mount-
ing medium and sealed with glass coverslip.

Oil red o staining

A hydrophobic barrier pen was used to draw around each
tissue section. The sections were then fixed in 10% (v/v)
formalin in water for 5 min. Following aspiration, the sec-
tions were incubated in 10% (v/v) formalin in distilled
water for another 60 min. Then, 60% (v/v) isopropanol
in distilled water was added once for 30 s and aspirated.
The slides were briefly air dried, and then incubated with
Oil O Red (ORO) working solution for 10 min. The slides
were then washed four times with distilled water. Lastly,
the sections were mounted in Histomount mounting
medium and sealed with glass coverslip.

Imaging

Brightfield imaging

PSR, H&E and ORO-stained tissue were visualized using
EVOS FL Auto microscope using 20x/0.4NA (air) objec-
tive lens. For stitched images, a 3 3 tiled image was cre-
ated using sequential scanning, and saved as a.PNG file.
All images were analysed using Fiji [10].
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Confocal imaging

Fluorescence microscopy images were obtained via a
Leica SP8 confocal laser scanning microscope. Fluores-
cence emission was acquired using a 63x/1.4NA (oil)
objective lens and detected using a photomultiplier tube
with spectral gating according to the respective fluoro-
phores. Laser excitation was provided at 405 nm (DAPI),
488 nm (MitoView Green) and 552 nm (Rhodamine-
phalloidin/VDAC). For z-stacks, the step size was set at
the Nyquist rate using the ‘optimal’ setting on the Leica
Application Suite X software. All images were saved
as.LIF files, processed using Fiji, and saved as.png files.

Ice crystal analysis

The ice crystal analysis was performed using images of
PSR-stained tissue in Fiji. A region of interest (ROI) was
drawn and saved for all subsequent image analysis. ROI
was cropped and converted to an 8-bit type image to per-
mit thresholding to select the ice crystals from the dark
background (i.e., PSR-stained tissue). The Analyse Parti-
cles function was used to obtain the area fraction occu-
pied by the ice crystals. Four ROIs were calculated as
above for both core and peripheral regions for sections
taken from either the edge or belly of skeletal muscle
whole muscle samples. This was done for two biologi-
cal replicates. The mean area fraction was plotted as a
percentage of the tissue area occupied by ice crystals for
each group as a bar graph in GraphPad Prism.

Mitochondrial analysis

Four ROIs were drawn using Fiji for each fibre type from
the image and mitochondrial footprint, mean branch
length, mean summed branch length, and mean net-
work branches were obtained from the MiNA plugin
[16]. The mean of each parameter was plotted as a bar
graph in GraphPad Prism. The mitochondrial workflow is
described in detail in the results section.

Statistical analysis

All statistical analysis was performed using GraphPad
Prism version 8. The normality of data was assessed
using the Shapiro—Wilk test. Normally distributed data
was presented as mean with standard deviation (SD) and
analysed using an unpaired t-test. Skewed data was pre-
sented as the median with an interquartile range (IQR)
and a Mann Whitney-U test was employed for statistical
analysis. P-values<0.05 were considered significant for
all statistical tests.

Results

Specimen handling optimisation - human samples

The first experiments were conducted on human skeletal
muscle biopsies obtained from the vastus lateralis muscle
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via an automatic biopsy needle (Bard, 12 gauge), frozen
in LN,. Samples were first subjected to various preserva-
tion techniques before cryosectioning to assess the best
approach.

Two samples were directly embedded in OCT in a cry-
omold before cryosectioning. For two samples, fixation
with formaldehyde was attempted at concentrations of
10% and 36% in PBS, before being embedded in OCT and
subsequent cryosectioning. Two samples were refrozen
in LN, and embedded in OCT prior to cryosectioning.
The OCT was allowed to freeze while sitting in dry ice.
PSR staining following cryosectioning was done to assess
structural morphology. Images were visualised under an
EVOS brightfield microscope. PSR stains the cells yellow,
and collagen (part of connective tissue—perimysium/
endomysium) appears red, but some PSR tissue sections
stained red completely. However, the stained tissues still
provided an accurate representation of the shape of cells,
and showed whether there was any disruption in encap-
sulating connective tissue layers.

Preservation of skeletal muscle biopsies with vari-
ous conditions demonstrated a wide spectrum of out-
comes, and we examined the PSR-stained tissue to assess
whether normal skeletal muscle structure (Fig. 1la) is
preserved. Complete disintegration of tissue with only
connective tissue streaks was visible, and randomly
arranged cells with no distinction between fascicles was
observed with direct OCT embedment (Fig. 1b), formal-
dehyde concentration of 10% (Fig. 1c) and refreezing in
LN, (Fig. 1d). The existing literature advises against the
use of fixatives for histological and immunohistochemi-
cal staining [5, 17, 18]. However, of all the methods tried
on the human skeletal muscle biopsies, fixation with 36%
formaldehyde showed the best preservation of structure
and morphology (Fig. 1le). In early optimisation studies,
the biopsy samples disintegrated at lower concentrations
of formaldehyde, irrespective of temperature.

A closer inspection of the extent of structural preser-
vation of samples fixed in 36% formaldehyde (Fig. 2a)
showed that the cells appeared widely spaced out, with
inadequate clustering to form fascicles. The perimy-
sium, although present at the demarcation between fas-
cicles, appeared disrupted, as opposed to how myofibre
organisation should appear — as tightly apposed cells,
packed within well-demarcated fascicles, with the divid-
ing perimysium [19]. The endomysium, usually indis-
cernible due to the tight juxtaposition of myofibres, could
be seen streaking between cells. Wide spacing of cells
can be observed due to handling artefacts, when the tis-
sue is either dried out before preservation, or immersed
in saline for too long [20]. We considered the likelihood
of specimen handling artefacts. Results of ORO stain-
ing are shown in Fig. 2b, displaying the presence of large
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Closely spaced

by endomysium

myofibres surrounded

Perimysium dividing
fascicles

Skeletal muscle

Fig. 1 Preservation methods for human skeletal muscle biopsies: schematic

and PSR-stained images. a Schematic representation of ideal myofibre

arrangement and juxtaposition; representative PSR-stained images of human skeletal muscle tissue sections preserved with various methods are
shown: b Direct embedding in OCT without fixation; ¢ Fixation with 10 % formaldehyde, followed by embedding in OCT; d Refreezing with LN,,
followed by embedding in OCT; e Fixation with 36 % formaldehyde, followed by embedding in OCT. Panel a) was created using BioRender. Scale

bar = 200 um. The images are presented to illustrate artefacts observed

vacuole-like gaps within cells, some degraded cellular
structures, and no lipid staining. These features likely
represent intracellular ice crystals due to inadequate
freezing of tissue [20]. To assess structural changes in a
myofibre resulting from the accumulation of ice crystal
artefacts, fluorescence microscopy was performed using
rhodamine-phalloidin to stain for actin myofilaments.
Hollow regions were observed within cells stained with
phalloidin, implying the presence of structures not per-
mitting effective dye staining and light transmission; we
consider these likely to be ice crystal artefacts (Fig. 2c-d).

The voids shown in the images presented in Fig. 2c is
potentially where the ice crystals were located before
thawing, hence the dark regions observed under confocal
microscopy. These observations are important and will
help to inform other investigators of potential artefact
issues related to skeletal muscle processing.

The muscle biopsy sample was revealed to have been
taken from a healthy male volunteer, between the age
of 18 and 45, devoid of any pathological conditions.
Hence, the loss of characteristic morphological features
and structural integrity of the biopsy samples occurred
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Ice crystals
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Fig. 2 Morphological analysis and schematic representation of myofibre disruption and ice crystal artefacts. a PSR-stained myofibres
demonstrating endomysium disruption and separation of myofibres; b ORO-stained myofibres exhibiting the presence of intracellular
vacuoles; ¢ Fluorescence microscopy image stained with rhodamine-phalloidin (magenta) for actin and DAPI (cyan) for nuclei, revealing gaps
within the myofibres, indicative of potential structural alterations; image has been made compatible for colourblind accessibility; d Schematic
diagram generated using BioRender illustrating a cell with vacuoles/gaps to correlate with ice crystal artefacts. Scale bar=50 um

during the preservation/storage process. We recognised
the importance for strict measures taken at the point
when the biopsy is collected and in the way it is handled
before experimentation. Based on the data presented,
traditional snap-freezing and processing protocols do not
preserve sample integrity, and are not recommended for
light microscopy analysis.

Specimen handling - rat muscle

We decided to optimise specimen handling on rat skeletal
muscle samples before embarking upon further human
studies. We initially started the freezing experiments
on whole muscles taken from rats, and later worked on
smaller, biopsy-sized samples. At this point, fixation was
abandoned as a preservation technique due to its ability
to disrupt skeletal muscle structure [17, 18]. Only snap-
freezing methods were employed.

(See figure on next page.)

Calf and thigh muscles were dissected from rat legs,
frozen in LN, and layered on with OCT before cryosec-
tioning. Ice crystals were observed within the muscle
tissue sections (Fig. 3), an effect that has been observed
in literature with the use of LN, as a freezing medium,
arising from a slow freezing process [5]. Nitrogen has a
boiling point of -196 °C. This means that to be in a lig-
uid state, nitrogen must be at an even lower tempera-
ture. When LN,, colder than -196 °C, encounters skeletal
muscle biopsy at room temperature, it evaporates and
forms a layer of vapour around the tissue. This is termed
the Leidenfrost effect and hinders uniform cooling of
the specimen as heat from the sample cannot dissipate
rapidly enough. As a result, the overall freezing process
is delayed, leading to the development of ice crystals,
termed as the ‘Swiss Cheese’ effect [3, 21, 22]. This effect
can be counteracted with the use of a cryoconductor,
such as isopentane. In addition to ice crystals caused by

Fig. 3 Role of OCT in ice crystal artefact formation in skeletal muscle tissue. a Schematic representation illustrating the skeletal muscle
structure with highlighted regions depicting the edge and belly, showcasing the differential surface-area-to-volume ratio in contact with OCT.
(created in BioRender); b-c Sections obtained from the edge and belly regions, respectively, with a comparison between core and periphery; d
Cross-sectional view of skeletal muscle tissue revealing a gradient in ice crystal formation from the periphery towards the core; e Quantitative
analysis demonstrating the area occupied by ice crystals in the core and periphery of both edge and belly regions. Scale bar=100 um. Graphs
display mean (SD); n=4 ROlIs each for core and periphery, repeated across edges and bellies of 2 biological replicates (***=p value <0.001; **=p
value <0.01; ns=p value > 0.05; analysed using Mann Whitney U test); E: Edge; B: Belly
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slow freezing, we considered the possibility of the use
of OCT adding to artefact formation. We proposed that
employing OCT to embed samples to allow for encap-
sulation of specimen right before cryosectioning con-
tributes to freezing artefacts visualised in our samples.
Previous studies in the literature advise against the use of
OCT for skeletal muscles as they have a high endogenous
water content, and OCT adds moisture to the tissue [5,
6, 23]. Certain skeletal muscles types have tapering edges
and thicker bellies (see Fig. 3a), such as the bipennate
and fusiform muscles in the lower limb [20]. The surface
area-to-volume ratio varies along these muscle samples,
potentially leading to differences in OCT penetration
with concomitant effects on tissue morphology or arte-
fact formation. There is greater contact of the tissue with
OCT at the edges due to their tapering nature, and a
higher surface-area-to-volume ratio. Moreover, within
the same section, comparing the core and periphery of
the tissue provides us with information on the potential
effect of OCT, as the periphery is in direct contact with
the compound (Fig. 3a). Representative images of PSR-
stained tissue sections taken from both the edge and
belly of the muscle are shown in Fig. 3b and c respec-
tively. A greater number of ice crystals can be visualised
in the core region of the edge as compared to the belly. At
the periphery, large ice crystals are observed in sections
taken from both the edge and belly of the muscle, repre-
senting coalescing crystals. Even within the same section,
the number and size of ice crystals decreases moving
from the periphery to core (Fig. 3d). These changes were
seen when we quantified the percentage area occupied by
ice crystals for the core and periphery in sections from
the edge and belly (Supplementary Table 5 & Fig. 3e). At
this point, we concluded that the use of OCT contributes
to, and worsens, the formation of ice crystal artefacts
within the skeletal muscle tissue sections, and all future
cryosectioning procedures were performed without
embedding in OCT.

Scaling down the sample size

The whole muscle samples dissected from rats did not
truly mimic human muscle biopsies, owing to the dif-
ference in size. The core biopsies for human studies are
up to 1 cm length, 14 to 18 gauge (diameter of 1.6 to 1.0
mm) [24]. Therefore, there was an unmet need to develop
freezing protocols on specimens with sizes comparable
to human needle biopsy.

Figure 4a shows the steps followed to obtain rat skeletal
muscles ‘biopsies. The leg muscles were excised in the
BPU and transported in a saline-moistened gauze to our
laboratory with the freezing setup in place. The saline-
moistened gauze was employed to prevent the drying up
of tissues. Using scissors and a scalpel, the muscles were
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dissected out and cut into smaller biopsy-sized pieces
and used for subsequent freezing protocols. We devel-
oped an experimental protocol to snap freeze rat skeletal
muscle ‘biopsies’ in LN, and isopentane pre-cooled with
LN,. For each, we either directly immersed the specimen
in the freezing medium, placed the specimen in a his-
tocassette before immersion or dipped the specimen in
OCT to provide a sufficient encapsulating layer, followed
by immersion in freezing media (Fig. 4b). The use of OCT
was abandoned before cryosectioning (see above), but an
OCT base was allowed for attachment of the sample to
the metal holder disc of the cryostat (Fig. 4c). A clear dis-
tinction can be observed between samples cryosectioned
with and without OCT layering (Fig. 4d), further reaf-
firming the deleterious effects reported above.

Tissue sections were stained with PSR to visualise
details of myofibre arrangement in fascicles as well as
the structural integrity of the endomysium/perimysium,
comparing the core and periphery of each section. H&E
staining was conducted to further reaffirm myofibre and
myonuclei positioning, as well as to visualise ice crystals
within the cytoplasm that can provide evidence of cellu-
lar alterations and structural anomalies induced by freez-
ing protocols.

Figure 5 demonstrates that for the use of smaller pieces
of skeletal muscles, e.g. biopsies, LN, can provide pres-
ervation of the structure, with and without histocas-
settes, in the core of the specimen. Ice crystals persist at
the periphery. With the sample dipped in OCT, followed
by subsequent LN, immersion, crystals are observed in
both the core and periphery. Samples immersed in pre-
cooled isopentane, with or without the OCT dip, pre-
sented a picture similar to that of direct immersion in
LN,, with artefacts present only at the periphery of the
sample. Placing the specimen in a histocassette prior to
snap-freezing with pre-cooled isopentane minimised ice
crystal formation in both the core and the periphery of
the specimen.

Assessing myofibrillar organisation and fluorescent
staining in fixed sections

For assessment of myofibrillar morphology, as well as
organisation of cellular organelles, we stained for myo-
nuclei, actin myofilaments, and skeletal muscle mito-
chondria, to be visualised using fluorescence microscopy.
The fluorescence microscopy images obtained for core
regions for sections frozen in the six different cryopreser-
vation methods are shown in Fig. 6. The myofibrillar
orientation and branched distribution of mitochondria
are intact in all specimens cryopreserved in LN, (direct,
dipped in OCT, and in a histocassette) as well as after
direct immersion in pre-cooled isopentane.
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Fig.4 Sample collection and cryosectioning procedure for rat skeletal muscle tissue freezing. a Visualization of the process of cutting small
biopsy-sized pieces of muscle from rat legs; b Experimental setup utilised for freezing including a dewar for LN2 and a beaker mounted on a ladle
for isopentane. Histocassettes (HC) are shown. The gauze was slightly moistened with saline to transport the muscle sample from the dissected
rat to the freezing setup. Dry ice was used to pre-cool 1.5 mL tubes and forceps; ¢ Step-by-step procedure of mounting frozen muscle onto OCT
base, attachment of metallic holder disc within a cryostat (1), sectioning tissue (2), carefully lifting the anti-roll plate (3), transferring section

to SuperFrost slide (4), placing leftover sample with OCT base in pre-cooled aluminium foil (5), and wrapping sample with foil before storage

in -80 °C; d Representative PSR-stained sections of skeletal muscle tissue, with and without OCT, highlighting differences in ice crystal formation

between the core and periphery. Scale bar=20 um

As for specimens frozen in pre-cooled isopentane with
OCT dip, disruption of myofibrils is observed, with large
gaps within the myofibres representing ice crystals. The
mitochondrial distribution with respect to myofibrils
remains intact. Despite the presences of ice crystal arte-
facts and the consequent alteration in myofibrillar archi-
tecture, the mitochondrial network remains distributed
between the myofibrils. Gaps within myofibrils are filled
with the mitochondria. Therefore, an additional advan-
tage of staining the mitochondria is the ability to differ-
entiate between actual anatomical architecture and gaps
formed by ice crystals (which will not be stained with

mitochondrial dye). Specimens frozen in pre-cooled iso-
pentane after placement in a histocassette show complete
preservation of myofibre morphology and an absence of
gaps arising from ice crystal artefacts.

The peripheral regions of sections obtained from each
of the cryopreservation procedures show large ice crys-
tal gaps, with some cases of saturation of the fluorescent
signal. Myofibrillar disruption is also observed, and some
sections did not stain for the mitochondria at the periph-
ery at all. In keeping with our results for the core regions,
the periphery of specimens frozen with pre-cooled iso-
pentane following placement in a histocassette showed
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Fig.5 Comparison of skeletal muscle tissue freezing methods using PSR and H&E staining. Representative PSR and H&E images provide visual
comparisons of tissue morphology and ice crystal formation between core and periphery regions under various freezing conditions, utilising LN2

and pre-cooled isopentane, as labelled. Scale bar=50 pm

intact architecture, no ice crystals, and adequate staining
of tissue.

Complete preservation of both the core and periph-
ery of tissue sections is critical due to the limited tissue
volume obtained with needle biopsies. Given the small
size of these biopsy samples, any ice crystal artefacts can
significantly impact the integrity and representativeness
of the entire specimen. Our study demonstrates that the
isopentane/histocassette combination uniquely provides
artefact-free preservation across the entire tissue section,
making it the most effective method for cryopreservation
of skeletal muscle biopsies (Fig. 7). This method ensures
that both central and peripheral regions of the tissue are
maintained without structural disruption, thereby pre-
serving the biopsy’s diagnostic and analytical value.

Mitochondrial analysis workflow

The next step in our study was to optimise the analyti-
cal procedures. The mitochondrial workflow we created
using currently available Fiji functions and plugins, e.g.
background subtraction, Trainable Weka Segmenta-
tion, binarisation, skeletonisation and MiNA (described
below), can be employed for mitochondrial quantifica-
tion analysis of entire cells or for multiple ROIs within
the same cell. Moreover, the workflow can be modified
to generate a map of the mitochondrial network, with
the mitochondria and branches separately highlighted,

to allow for localisation of targets of interest on confocal
imaging.

Figure 8a shows differences in size, capillary density,
myoglobin concentration and mitochondrial size and
number among the three myofibre types. Type I fibres are
the smallest in diameter, have the highest concentration
of myoglobin (hence the darker colour), have the rich-
est capillary network distribution, and contain larger and
more abundant mitochondria. Type IIb myofibres show
a decreased myoglobin concentration, capillary den-
sity as well as mitochondrial size and number, whereas
cell diameter increases [25]. Figures 8b and ¢ show how
the mitochondrial network is distributed within the cell
architecture in a transverse and longitudinal section. The
density of mitochondrial content varies with different
fibre types and, as observed in the fluorescence micros-
copy images in Fig. 8¢, type I myofibres, smaller in size,
stain heavily for mitochondria, and the larger type II
myofibres show a weaker mitochondrial signal. This can
be helpful in differentiating fibre types within the tissue
Sect. [25, 26].

For our analysis, we employed transverse cell sections
(Fig. 8d), because highly magnified images are necessary
for adequate distinction of the mitochondrial network,
and longitudinal sections do not allow entire cells to be
captured at the required zoom level.

The mitochondrial analysis workflow is presented in
Fig. 9. For representative analysis, we used an image
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Fig. 6 Assessment of structural integrity in core and peripheral regions of skeletal muscle tissue sections using fluorescence staining.
Representative fluorescence microscopy images of core and periphery regions of skeletal muscle tissue sections stained with MitoView (yellow),
phalloidin (magenta), and DAPI (cyan) to evaluate tissue morphology following freezing with six different methods as labelled. Scale bar=periphery
50 um; core 10 um. Images have been made compatible for colourblind accessibility

showing both type I and II myofibres. This allowed
us to generate a workflow that could be employed for
quantification analysis of both fibre types — as both
will be found in skeletal tissue sections. We analysed
both fibre types separately as concurrent analysis could
potentially limit the detection of the weaker mitochon-
drial signal in type II fibres. In skeletal muscle tissue
sections, cells are in tight juxtaposition with each other,
mostly with type I and II fibres adjacent to each other.
To isolate the cell of interest and ensure our analysis is

conducted on only one cell, we utilised the polygonal
selection tool.

The high background noise in tissue sections stained
with MitoView Green necessitated background subtrac-
tion as a pre-processing step. This enhanced the signal-
to-noise ratio. For the next part of our workflow, we
adopted the use of Trainable Weka Segmentation plugin
in Fiji which employs a machine-learning algorithm to
segment images based on their pixel intensity [27]. This
plugin can be trained to distinguish between actual signal
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without embedding in OCT.
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sections

Ready for subsequent
analysis

Fig. 7 Optimal Handling Conditions for Skeletal Muscle Specimens. This figure illustrates our recommended protocol for cryopreservation
of skeletal muscle tissue samples to ensure optimal preservation for subsequent analyses. Diagram created using BioRender

and noise, simply by adding different traces under those
classes. We utilised the freehand selection tool for this
purpose. Once traces for each class had been drawn, the
plugin was then trained resulting in a segmented image
overlaid on the original input (Supplementary Fig. 1).
Probability maps were generated, which illustrated the
probability of each pixel being correctly assigned to one
of the classes. The probability map for our signal, termed
the ‘signal mask, was then duplicated for subsequent
analysis. The signal mask should completely overlay the
original mitochondrial signal, and, for our image analy-
sis, this was confirmed via subtraction of the mask from
the original confocal image. We noted that the signal
mask contained spurious low-intensity signal around the
mitochondrial signal structure, likely originating from
the low-probability assignments in our analysis, which
hindered accurate subsequent analysis (Supplementary
Fig. 2). The optimal method to mitigate this spurious
signal was to re-process the signal mask using a second
round of Trainable Weka Segmentation. The final sig-
nal mask generated was then duplicated and binarised
(Process Binary Make Binary). To confirm that the
mitochondrial network was accurately captured, we skel-
etonised the binarised image (Process Binary Skeleton-
ise). Skeleton subtraction from the original image was
performed as above for confirmation. The final binarised
signal mask was then analysed using the MiNA plugin to
obtain various mitochondrial network parameters.

The trained classifier and trace data can be saved and
used again for application on different images. Figure 10
shows the same classifier and trace data being employed

for the type II myofibre in the original image (after being
isolated with a polygonal selection tool). Once the classi-
fier and data were loaded onto the Weka plugin window,
the overlaid image was assessed to ensure that signal and
noise were adequately differentiated. Otherwise, more
traces can be added, and the plugin can be trained again
to incorporate this information into the loaded data and
classifier. We have made the training parameters openly
available for other users to use with our example mito-
chondrial images.

As previously explained, the workflows in the literature
are adapted to cells, and do not account for the noise in
skeletal muscle tissue sections observed with dyes such
as MitoView Green [11, 12]. This leads to inadequate
thresholding and loss of signal for subsequent steps.
Figure 11 demonstrates how our workflow employing
Trainable Weka Segmentation can lead to appropriate
thresholding, capturing mitochondrial signal in both type
I and II fibre types, as compared to existing workflows.

To further validate our mitochondrial analysis work-
flow, multiple ROIs were created for both type I and II
myofibres, and the MiNA plugin was then employed
(with no pre-processing and Otsu adaptive threshold-
ing). This permitted various quantitative parameters
to be obtained. An understanding of the nomenclature
adopted by the MiNA plugin is essential here.

The skeleton formed by the MiNA plugin broadly con-
sists of two different mitochondrial features: individuals
(structures without junctions) and networks (structures
with junctions). Single pixels within the skeleton
(puncta), two or more pixels without branching (a rod),
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Fig. 8 Mitochondrial Morphology in Skeletal Muscle Tissue. a Schematic representation of different types of myofibres, illustrating variations

in myoglobin concentration, capillary density, diameter, and mitochondrial content; b Schematic illustration demonstrating distribution

of mitochondria in transverse and longitudinal sections of skeletal muscle, showcasing their characteristic arrangement around the myofibrils.
Fluorescence microscopy images demonstrating the distribution of mitochondria in transverse and longitudinal sections of skeletal muscle stained
with MitoView Green (d) Close-up of skeletal muscle tissue section stained with MitoView Green, showing both type | and Il myofibres, with brightly
(orange arrow) and dimly (blue arrows) stained mitochondria. SS: subsarcolemmal mitochondria; IMF: intermyofibrillar mitochondria

and round structures which are potentially smaller net-
works — all are considered as individuals. At least three
branches connected at a junction are considered a net-
work (Fig. 12) [28].

The image or ROI may contain multiple mitochon-
drial structures. A structure can be either an individual
or a network. Using the MiNA plugin, various quantita-
tive parameters can be obtained: 1) The ‘mean branch
length’—depicts the average length of all individuals/
branches within the skeleton in the ROI 2) The ‘mean
summed branch length’ — depicts the average length of

branches per mitochondrial structure, reflecting the
size and extent of an individual mitochondrial network.
3) The ‘mean network branches’ — depicts the average
number of branches for each independent mitochon-
drial network in the ROI reflecting the complexity of
each mitochondrial structure. This gives an idea of how
branched or interconnected each mitochondrial network
tends to be. 4) The mitochondrial footprint is the total
area occupied by the mitochondrial signal in the image or
ROL This gives an idea of mitochondrial content within
the ROI and reveals why isolating cells with the polygonal
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Fig. 9 Workflow for mitochondrial analysis in type | myofibres using Trainable Weka Segmentation in Fiji. Outline individual cells to focus

on one particular myofibre type, remove background noise to enhance clarity of mitochondrial signal, apply the Trainable Weka Segmentation
plugin to discern mitochondrial network, run through Weka again to obtain clearer signal mask, convert the signal mask to binarised image,
use skeletonise function to confirm the map of the mitochondrial network, run the binarised signal mask through the MiNA plugin to obtain

quantitative parameters

tool, or using ROIs with a known fixed area is essential to
ensure accurate comparisons across images/cells. Supple-
mentary Table 6 and Fig. 13 show a comparison between
ROIs from type I and type II myofibres from our previous
analyses. The mitochondrial footprint and mean branch
length in type I myofibres are significantly higher than
those in type II myofibres, whereas the mean summed
branch length and mean network branches show no
significant difference between the two myofibre types.
Assessment of such parameters provides insight into
changes in mitochondria that may occur as an impact
of ageing on muscle tissues, pathology of neuromus-
cular disorders, and adaptations from exercise training
[29-32].

A practical guide to mapping mitochondrial networks

We next considered how our approach could be modi-
fied to generate a map of the mitochondrial network to
allow for spatial localisation of targets of interest in rela-
tion to the mitochondria imaged using confocal imaging.
Figure 14 demonstrates the textual (14a) and visual (14b)
workflow employed for this purpose.

Localisation of target of interest — challenges

with antibody penetration

We conducted immunofluorescence staining to evaluate
antibody-based protein detection within skeletal muscle tis-
sue sections. In this context, we immunostained the VDAC,
a well-established mitochondrial marker that is present on
the outer mitochondrial membrane. Samples were counter-
stained with MitoView Green and DAPI to assess the spatial
relationship of VDAC with respect to the mitochondria and
nucleus in our skeletal muscle tissue sections. Interestingly,
while the mitochondrial and nuclear dyes were uniformly
distributed throughout the entire tissue section, VDAC
immunostaining was limited to certain depths of view.

To assess the depth of penetration of the antibody,
we performed 3D confocal imaging, with subsequent
utilisation of temporal hyperstack function in Fiji. This
plugin enabled us to visualise the fluorescence sig-
nal along the z-axis by colour-coding signal intensity
according to the extent of penetration depth by the
antibody (Fig. 15). The colour-coded image projec-
tion revealed that the VDAC signal was predominantly
localised to the apical layer of the section, in contrast
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Fig. 10 Workflow for mitochondrial analysis in type Il myofibres using Trainable Weka Segmentation in Fiji. Outline individual cells to focus

on one particular myofibre type, remove background noise to enhance clarity of mitochondrial signal, apply the Trainable Weka Segmentation
plugin to discern mitochondrial network, run through Weka again to obtain clearer signal mask, convert the signal mask to binarised image,
use skeletonise function to confirm the map of the mitochondrial network, run the binarised signal mask through the MiNA plugin to obtain
quantitative parameters
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Fig. 11 Thresholding type | and Il myofibres using Mitochondrial Analyser, MiNA and Trainable Weka Segmentation plugins. Employing the Weka
plugin produces a signal mask mapping the mitochondrial network distinguished clearly from the background despite the low signal-to-noise ratio
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Fig. 12 Representation of nomenclature employed by MiNA plugin on skeleton generated by our workflow. A mitochondrial structure
in the skeleton created as part of MiNA analysis may be an individual (puncta or rod), or a network (a junctional node with at least 3 branches)

to MitoView Green and DAPI, which permeated
through the entire tissue depth.

To improve antibody penetration, we decided to per-
meabilise our tissue sample with 0.5% (v/v) Triton X-100
in PBS instead of 0.25% Triton X-100 [33]. However, the
antibody penetration was similar to what was observed
with 0.25% Triton X-100 permeabilisation. Next, we
substituted phosphate-buffered Triton X-100 (PBT) in
place of PBS for all rinsing steps, also replacing 0.1%
BSA for antibody incubating steps. PBT consisted of
PBS with 0.01% (v/v) Triton X-100 and 0.5% (w/v) BSA
and has been employed in the literature for immunohis-
tochemical experiments to enhance antibody penetra-
tion into the tissue and reduce non-specific background
staining [34]. We observed patches of tissue with deeper
antibody penetration than before and this hints towards
some extent of success with the use of PBT. However,
further optimisation is required to get the VDAC anti-
body in the same planes as the dyes. These differences in
antibody penetration as opposed to dyes are presented
in Fig. 15 and Supplementary Fig. 3.

Discussion

Careful preservation of the morphology of clinical biopsy
samples is an essential factor for tissue analysis. Given the
particular difficulties in handing skeletal muscle biopsies,

with their unique multinucleate cellular morphology, the
first goal of this study was to explore and refine preserva-
tion methods for skeletal muscle tissues, while assessing
structural integrity using histological and immunohisto-
chemical staining methods.

The initial phase of our study involved handling of
human needle biopsies. Variation in freezing conditions
can lead to disruption of cells, organelles and connective
tissue. Therefore, our first objective was to examine these
biopsies in detail. In our study, immersion of human nee-
dle biopsies that were originally frozen in LN, and stored
at -80 °C caused the development of ice crystal artefacts.
Fixing samples in formaldehyde or embedding in OCT,
both at room temperature, resulted in the thawing of
skeletal muscle samples and consequent refreezing before
cryosectioning, causing further architectural changes.
This effectively created a freeze—thaw cycle, leading to
damage to tissue architecture. This damage presented as
cellular and connective tissue streaks with no identifiable
myofibres. Increasing concentrations of formaldehyde to
levels much higher than the standard recommendations
preserved the myofibres, as the fixating power of formal-
dehyde ultimately overcomes the degenerating capacity
of freeze—thaw. However, even with such high fixative
concentrations, we still observed structural alterations
within the tissue, with widely spaced cells and disrupted
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Fig. 13 Mitochondrial analysis in adjacent type | and type Il myofibres. a Representative images of ROls drawn in adjacent type | and type I
myofibres. ROIs were selected for mitochondrial analysis using the MiNA plugin following our workflow. b Graphical representation of four different
mitochondrial parameters: footprint, mean branch length, summed mean branch length, and mean network branches. Graphs display mean (SD);
n=4ROls per fibre type; ***=p value <0.001; *=p value 0.01 — 0.05; ns=p value > 0.05; analysed unpaired t test

endomysium/perimysium. We also observed the forma-
tion of ice crystals. This is due to the high endogenous
water content of skeletal muscles, which was not pre-
vented using elevated concentrations of formaldehyde.
The next phase of our study used rat skeletal mus-
cle to enable experimental optimisation. This approach
allowed us to compare various cryopreservation tech-
niques, while affording greater control and flexibility.
The initial decision to work on whole muscle samples,
much larger than needle biopsies, provided an opportu-
nity to develop a deeper understanding of the localisation
of ice crystals and what conditions might facilitate their
development. The observation of differential ice crystal
distribution between sections obtained from the edge
and belly of the whole muscle sample, as well as differ-
ences in the area occupied by crystals between core and
periphery within the same section (Fig. 3b-e), suggested
against the use of OCT. The employment of OCT has
been advocated in various tissue repository guidelines for
maximum preservation of cell morphology and structure
[17, 35, 36]. However, the presence and extent of ice crys-
tals in different regions of the tissue suggested that OCT
may contribute to uneven crystal distribution. Muscle
biopsy handling studies recommend against the use of
OCT before cryosectioning since OCT can add moisture

of its own to the tissue sample, as well as compromise
adequate freezing [5]. Only an OCT base is required to
allow the tissue specimen to stick to the metal holder of
the cryostat [23]. Here, we have demonstrated the under-
lying effect OCT has on sample integrity (Figs. 3b-e
and 4d). We therefore decided to discontinue the use of
OCT in our experimental workflow and opted to directly
freeze samples without OCT embedment. The chal-
lenges related to ice formation, growth, and recrystalliza-
tion during cryopreservation, as discussed by Chang and
Zhou (2021), further support our decision, as cryopro-
tective agents like those in OCT cannot fully prevent ice
damage, particularly in water-rich tissues such as skeletal
muscle [37].

Moreover, the Swiss Cheese effect was observed in rat
whole muscle samples cryopreserved in LN,, suggesting
nonuniform and slow cooling of tissue [6, 22]. When LN,
encounters the warmer surface of the tissue, it forms an
insulating layer of vapours encapsulating the specimen,
preventing direct contact with LN, and hence, slower
and uneven freezing—the Leidenfrost effect [38]. To
overcome this, the use of isopentane pre-cooled in LN,
has been advocated [39]. Isopentane has a melting point
of -160 °C, which means that when cooled by LN,, it
moves from a liquid state to a solid state, eliminating the



Wahid et al. BMC Methods (2024) 1:16 Page 19 of 25

IEI How-to Guide for Mitochondrial Mapping

I Training the Plugin ] Probability Maps Further Analysis Merger

‘ ‘Anal i g
. - - eme— yse Particles’ for
‘ We add traces for the Signal mask for brighter ‘ analysis

brighter mitochondrial signal mitochondriacan be duplicated
out and thresholded

The signal mask for the Merge to
We add traces for the less mitochondrial branches can be ‘Skeletonise’ to create generate a
intense mitochondrial rerun through Trainable Weka amap map
branches Segmentation to obtain a

clearer image

We add traces to identify the
image noise

mitochondria

?| Weka segmentation Sigual masic iy Threshold Analyse particles

Signal mask for branches | Double Weka run Skeletonise
Fig. 14 Step-by-step instructions for creating a mitochondrial map using the described workflow. Detailed textual (a) and visual (b) description
of each step in the mitochondrial mapping process utilising modification of our workflow employing the Trainable Weka Segmentation plugin

(See figure on next page.)

Fig. 15 Antibody penetration depth analysis. a Schematic illustration showing penetration of MitoView Green and DAPI across the entire thickness
of the tissue section, with VDAC antibody restricted to the apical layer; b Colour-coded depth map generated using the temporal hyperstack
function in Fiji, presenting the fluorescence emission intensity along the z-axis for samples permeabilised with either 0.25%, 0.5% Triton X-100,

or PBT. The legend indicates the relation between colour and depth within the tissue sample, with yellow representing the region of greatest
antibody/dye penetration and blue indicating areas of lesser penetration. Scale bar: 50 um
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possibility of vapour formation and subsequent impeded
cooling [7].

To mimic the conditions of human needle biopsies more
closely, we opted to dissect the rat muscle into smaller
fragments before subjecting them to various freezing
methods. This approach allowed for a direct comparison
of cryopreservation methods on biopsy-sized fragments,
and their impact on tissue morphology and staining qual-
ity. Our histological staining results showed that vary-
ing degrees of ice crystal formation were observed in all
samples, except for cryopreservation with pre-cooled
isopentane with the sample placed in a histocassette
(Fig. 5). Fluorescence microscopy demonstrated the
same, with disruption of myofibrillar arrangement, satu-
ration of fluorescence signal, and empty gaps dominating
the tissue periphery of all samples except for isopentane/
histocassette combination (Fig. 6). Previous literature
demonstrates that isopentane offers enhanced tissue pen-
etration with homogenous tissue freezing, resulting in
consistent histological sections with minimal to no arte-
facts [5, 7], but scrutiny of our tissues revealed the pres-
ence of ice crystals in the peripheral regions. The use of
histocassettes for containment during freezing, how-
ever, provided additional advantages in tissue handling.
The use of containers with fenestra has been employed
in some studies [6, 8]. A multi-hole cryovial employed
by Huang et al. (2017) to freeze skeletal muscle samples
demonstrated that fenestra around tissue promote flow of
cryopreservative medium, and this limits the Leidenfrost
effect seen with LN, [6]. Due to the lack of commercial
availability of such vials, histocassettes were employed
by Lee et al. (2020) when freezing rat muscle samples
and human needle biopsies in LN, [8]. We decided to
employ histocassettes for freezing in both LN, and pre-
cooled isopentane. In contrast to the results shown by Lee
et al., samples in histocassettes immersed in LN, exhib-
ited ice crystals at the periphery of the specimen, with
complete myofibrillar disruption observed using fluores-
cence microscopy. However, the use of histocassettes with
pre-cooled isopentane resulted in no crystal artefacts on
histological staining, and absolute preservation of myofi-
brillar arrangement on fluorescence microscopy. A fur-
ther advantage of using histocassettes is the ability to label
specimens for identification, and they are easily avail-
able in the laboratory settings. The histocassette samples
allowed for more consistent handling after freezing, as
their structure minimised the need for direct manipula-
tion. Removal of the samples from the cassettes was easier,
leading to less potential for damage compared to non-
histocassette samples. This likely explains the reduced ice
damage observed in the histocassette samples.

We utilised the OCT dip technique when freezing
specimens with either LN, or pre-cooled isopentane,
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aiming to take advantage of its cryoprotective properties
while preserving tissue morphology. We also wished to
assess any effects OCT may have on smaller tissue sam-
ples. Unfortunately, ice crystals were observed in muscle
samples frozen in this way. This reaffirmed our previous
findings with whole muscle samples (Fig. 3) and empha-
sised the drawbacks associated with OCT in the context
of skeletal muscle cryopreservation.

Our experimental freezing setup for the smaller rat
skeletal muscle samples consisted of simple and readily
accessible equipment. With LN, in a dewar, and isopen-
tane in a beaker mounted on a ladle, we provided a cost-
effective and practical experimental setup that can easily
be established by researchers in various laboratory set-
tings and can be performed independently with ease.

We have also demonstrated PSR to be a useful tool in
conjunction with H&E staining to provide robust evalu-
ation of cryopreservation outcomes, and aid in select-
ing the most ideal methods (Fig. 5). If cryopreservation
methods are optimised and result in tissue samples that
exhibit preserved structural integrity, outcomes of sub-
sequent experiments, such as fluorescence microscopy,
can be considered reliable as tissues are free of crystal
artefacts.

Having identified the isopentane/histocassette method
as the most effective and reliable cryopreservation tech-
nique, we then focused on optimising the analysis of fro-
zen skeletal muscle tissues. To this end, we developed and
refined a workflow for mitochondrial analysis, aiming to
overcome existing challenges and improving the clarity
of mitochondrial imaging in skeletal muscle studies. We
realised the lacunae that exist in the literature regarding
mitochondrial analysis of confocal microscopy images
of skeletal muscle tissues, with most platforms focusing
specifically on cells. Here, we created and optimised a
workflow adopting existing Fiji plugins, to allow for tissue
quantification of mitochondria, while trying to limit the
effect of the high background observed with mitochon-
drial dyes.

We employed existing workflows, functions, and
plugins in Fiji for mitochondrial network quantifica-
tion. Mitochondrial analyser and MiNA plugins pro-
vide a broad range of parameters for this purpose [11,
12]. However, the high signal-to-noise ratio observed
in skeletal muscle tissues stained with MitoView Green
limits the extent to which the entire mitochondrial net-
work can be thresholded in these plugins (Fig. 11). The
use of threshold optimisation in Mitochondrial Ana-
lyser, and any of the available preprocessing options
presented in MiNA, are both unable to demarcate
the dimmer mitochondrial branches in type I myofi-
bres, and the entire network in the weakly stained
type II myofibres. Deconvolution algorithms have
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been employed in literature to enhance signal contrast
and improve image resolution. However, deconvolu-
tion does not reduce the background and hence, does
not allow for accurate distinction between signal and
noise [12]. The use of Trainable Weka Segmentation
plugin allows users to define the range of pixel inten-
sities representing mitochondria and their branches,
and to differentiate the network from the high tissue
background. This will then allow for accurate mapping
of mitochondria and thresholding of the image, which
can be utilised for subsequent analysis. The Trainable
Weka Segmentation plugin can accurately distinguish
between signal (of all intensities) and noise, and can
provide a map most closely aligned to the actual mito-
chondrial network. The overlaying option keeps the
user in check to ensure additional features have not
been falsely added to the image, nor been removed. The
training data can be saved and reused for subsequent
imaging analysis and can also be altered in case the new
image shows variable signal-to-noise ratio, or presents
different pixel intensities of the actual signal. The work-
flows employed in previous literature perform preproc-
essing that is unsuitable for type II myofibres, which
stain very weakly with MitoView Green and present a
significantly low signal-to-noise ratio. The Trainable
Weka Segmentation plugin can be adequately trained
to identify the dim signal in type II myofibres.

The modification of our workflow to generate a mito-
chondrial map presents an avenue to allow for localisa-
tion of our targets of interest with respect to spatial
relationships within the mitochondrial network. We
believe creating a ‘How To’ guide for the use of this plugin
will be a helpful addition to support other research-
ers with their analysis needs. This can specifically aid in
assessing fibre-specific changes in various conditions,
and for proteins that have an association with mitochon-
drial networks.

The limitation of our mitochondrial analysis workflow
is that it is time-consuming. However, this could be effec-
tively streamlined if combined with more sophisticated
coding and programming methods [40, 41]. Analysis
requires thorough self-reflection to ensure no feature
has been missed or falsely added, with effective blinding
techniques in place to prevent bias at the analysis stage
[42]. The variation in the intensity of signal across cells
within the tissue section prevents the use of the same
training data being applied to all sample sets.

One issue revealed in our study was the lack of penetra-
tion of VDAC antibodies in the tissue (Fig. 15). Fixation
was not used as a method of preservation of tissues prior
to cryosectioning, so epitope masking should poten-
tially not arise. However, we will aim to perform antigen
retrieval methods to assess whether the 10-min fixation
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step during immunofluorescence is causing the penetra-
tion issue. Moreover, we will aim to use different skeletal
muscle proteins to explore whether this is an antibody-
specific effect, arising from the sensitivity of the anti-
body to fixation steps. For future studies, we plan to use
Stimulated Emission Depletion (STED) microscopy as an
alternative to obtain the highest resolution possible when
measuring the depth of antibody diffusion distances.

In conclusion, our findings underscore the importance
of selecting appropriate cryopreservation techniques
to ensure the structural preservation of skeletal muscle
biopsies, which is crucial for accurate histological and
immunohistochemical analyses. The optimised work-
flow for mitochondrial analysis further enhances the util-
ity of preserved tissue samples, providing a robust tool
for future studies in muscle biology. A summary of the
optimised cryopreservation techniques and workflow for
mitochondrial analysis is shown in Fig. 16.
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