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Email: d.w.sexton@ljmu.ac.uk (myoblast) populations. However, a full gating strategy, inclusive of difficult to inter-

Flow cytometry is routinely used in the assessment of skeletal muscle progenitor cell

L . pret forward and side scatter data, which documents cytometric analysis of differenti-
Funding information

Rank Prize Fund New Lecturers Award; ated myoblasts (myotubes) has not been reported. Beyond changes in size and shape,
Liverpool John Moores University there are substantial metabolic and protein changes in myotubes allowing for their
potential identification within heterogenous cell suspensions. To establish the utility
of flow cytometry for determination of myoblasts and myotubes, C2C12 murine cell
populations were assessed for cell morphology and metabolic reprogramming. Laser
scatter, both forward (FSC; size) and side (SSC; granularity), measured cell morphol-
ogy, while mitochondrial mass, reactive oxygen species (ROS) generation and DNA
content were quantified using the fluorescent probes, MitoTracker green, CM-
H,DCFDA and Vybrant DyeCycle, respectively. Immunophenotyping for myosin
heavy chain (MyHC) was utilized to confirm myotube differentiation. Cellular viability
was determined using Annexin V/propidium iodide dual labelling. Fluorescent micros-
copy was employed to visualize fluorescence and morphology. Myotube and myo-
blast populations were resolvable through non-intuitive interpretation of laser
scatter-based morphology assessment and mitochondrial mass and activity assess-
ment. Myotubes appeared to have similar sizes to the myoblasts based on laser scat-
ter but exhibited greater mitochondrial mass (159%, p < 0.0001), ROS production
(303%, p < 0.0001), DNA content (18%, p < 0.001) and expression of MyHC (147%,
p < 0.001) compared to myoblasts. Myotube sub-populations contained a larger via-
ble cluster of cells which were unable to be fractionated from myoblast populations
and a smaller population cluster which likely contains apoptotic bodies. Imaging of
differentiated myoblasts that had transited through the flow cytometer revealed the

presence of intact, ‘rolled-up’ myotubes, which would alter laser scatter properties
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focussing.
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1 | INTRODUCTION

During embryonic development, several phases of cellular proliferation
and differentiation lead to the fusing of mononucleated myoblasts to
form multinucleated myofibers, in a process known as myogenesis [1].
This process is facilitated through the coordinated expression of tran-
scription factors including Pax3 and a number of myogenic regulatory
factors (MRF's) [2]. The in vitro replication of this process can be
achieved through the culture of skeletal myoblasts and induction of dif-
ferentiation by reduction in serum growth factors, leading to the forma-
tion of myotubes [3]. These myotubes better represent the
conformation and metabolic properties of skeletal muscle in vivo when
compared to myoblasts and consequently, are routinely used as a model
of analyzing skeletal muscle metabolism and signaling [4].

Despite the frequent use of myotubes as an in vitro model,
cytometry-based analysis of muscle is typically utilized only in myo-
blasts. This is perhaps due to the relatively large size of myotubes,
with cellular diameters ranging from ~5 to 25 um [5], increasing the
likelihood of instrumental blockage. Due to the perceived limitations
of flow cytometry for the analysis of myoblast and myotube cultures,
there are no reports of the morphological characteristics of myoblasts
compared to myotubes by flow cytometry [6-9], nor application of
the technology for fluorescence-based assessment of cell phenotype
and function. Immunocytochemistry using the intracellularly
expressed motor protein myosin heavy chain (MyHC) has often been
utilized to quantify myoblast differentiation [10]. MyHC, which con-
verts chemical energy derived from adenosine triphosphate (ATP) into
mechanical force, is expressed almost entirely in differentiating myo-
tubes, with very low expression present in myoblasts, thus, allowing
for myoblast-independent muscle identification [11-17].

Intracellular immunophenotyping is, however, expensive and
involves considerable processing, inclusive of fixation and permeabiliza-
tion which renders cells non-viable. Ideally, researchers would like to
both analyze cells and identify sub-populations for further analysis, and
fractionate mixed populations into unique phenotypes such as myo-

blasts and myotubes, which can be sorted for downstream analyses

and potential transit through the laser beam. Our results indicate that myotubes can
be analyzed successfully using flow cytometry. Increased mitochondrial mass, ROS
and DNA content are key features that correlate with MyHC expression but due to
myotubes ‘rolling up’ during flow cytometric analysis, laser scatter determination of
size is not positively correlated; a phenomenon observed with some size determina-
tion particles and related to surface properties of said particles. We also note a
greater heterogeneity of myotubes compared to myoblasts as evidenced by the 2 dis-
tinct sub-populations. We suggest that acoustic focussing may prove effective in

identifying myotube sub populations compared to traditional hydrodynamic

C2C12, flow cytometry, myoblasts, myotubes

such as single cell transcriptomics. Flow cytometry provides such an
opportunity if appropriate probes can be used. Given that myotube cell
populations will typically include undifferentiated myoblasts in the cell
suspension, there is a possibility that the myoblast population within
the sample may be analyzed independently of the myotubes based on
their morphological characteristics, fluorescent probes for organelle
mass and activity, and cell surface immunophenotyping. Myogenic dif-
ferentiation is associated with extensive metabolic remodeling, with
myotubes shown to possess higher quantities of mitochondrial proteins
and enzymes [18]. This increase in protein content reflects an overall
increase in mitochondrial mass and activity [19]. Furthermore, this
increase in mitochondrial content and respiratory chain activity has
been linked to greater production of reactive oxygen species (ROS),
highlighting the potential utility of metabolic biomarkers for the identifi-
cation of muscle subpopulations [20]. We proposed that metabolic
assessment of a mixed population of myotubes and myoblasts, using
simple, easy to use, metabolism-related fluorescent probes may accu-
rately distinguish the phenotype of the cells.

Flow cytometry and immunocytochemistry were conducted to
monitor the fluorescent changes in C2C12 myoblast/myotube meta-
bolic phenotype and protein expression. We set out to demonstrate
that myotubes can be fluorescently detected using flow cytometry as
depicted by the expected increase in mitochondrial content, ROS pro-
duction and DNA content. Moreover, myotubes also expressed
increased MyHC expression compared to myoblasts suggesting mus-
cle differentiation. We also demonstrated that myotubes form 2 dis-
tinct populations, with one larger viable population which shares
morphological similarities with the myoblast group, and another smal-
ler population which likely contains apoptotic bodies. Moreover, we
found that the morphological characterization of myotubes was non-
intuitive due to the ‘rolling-up’ of myotubes (a previously unexplained
factor that may have dissuaded researchers from using flow cytome-
try) but nevertheless confirmed the presence of intact myotubes fol-
lowing cytometric analysis. We, therefore, provide a transparent
rationale for the utilization and analysis of myotube sub-populations

using flow cytometry.
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TABLE 1 Fluorescent dye information.
Antibody/dye Analyte Concentration Aex” Aem’
MitoTracker green Mitochondrial mass 100 nM 488 nm 533/30 nm
FL-1
CM-H,DCFDA Reactive oxygen species 1 mM 488 nm 533/30 nm
FL-1
Vibrant DyeCycle Ruby stain DNA content 5uM 640 nm 675/25
FL-4
Annexin V Phosphatidylserine exposure 5ulL® 488 nm 533/30 nm
FL-1
Propidium iodide Membrane integrity 1 pg/mL 488 nm 670 LP
FL-3
Alexa fluor 488 MyHC expression 2mM 488 nm 533/30 nm
FL-1

2Excitation Wavelength on BD Accuri Cé.
PEmission wavelengths measured on BD Accuri C6.
“Manufacturer recommended volume but no concentration given.

2 | METHODS

21 | C2C12 population expansion and
differentiation

A C2C12 myoblast population (ATCC; Rockville, USA) was expanded at
37°C/5% CO,/humidified air using growth medium (GM) containing Dul-
becco's modified eagles medium (DMEM) with added L-glutamine
(2.5 mM) and glucose (4,500 mg.L™Y) (Sigma-Aldrich Company Ltd. Dor-
set, UK), 20% foetal bovine serum (FBS) (Life Technologies. California,
USA) and 1% PenStrep solution (50 units penicillin/ 50 pg streptomycin)
(Life Technologies. California, USA). Cells were cultured until they
reached 80% confluency. For myotube experiments the cell medium was
aspirated, cells were then washed x 2 with PBS (Sigma-Aldrich Company
Ltd. Dorset, UK) and replaced with differentiation medium
(DM) containing DMEM, 2% horse serum (Life Technologies. California,
USA) and 1% PenStrep solution. Cells were differentiated for 7 days
(37°C/5% CO,/humidified air), with existing media replaced every 48 h.

2.2 | Flow cytometry

For each sample, 20,000 gated events were recorded using a BD-
Accuri C6 Flow Cytometer (BD, New Jersey, USA) equipped with a
blue (488 nm) and red laser (640 nm). Gated events included cells
and excluded cellular debris. For all experiments, cells were trypsi-
nised before centrifugation and resuspended in filtered PBS for anal-
ysis. Preliminary experiments were performed to establish the
optimal core size, flow rate and seeding density which were used in
subsequent experiments. All samples, thereafter, were run at
35 uL/min representing a core size of 16 mm, at a cell seeding den-
sity of 1 x 107¢/mL. Table 1 details the fluorochromes and fluores-
cent probes used, and the BD Accuri Cé excitation wavelengths and
the detector filter sets used to measure their respective fluores-

cence spectra.

Retrieval of samples post-analysis required collection of waste
fluid from the BD Accuri C6. The Cé system easily permits such col-
lection following optimisation for timing of sample uptake to the point
of collection. Spherotech 6-peak and 8-peak validation beads (BD,
New Jersey, USA) were used for calibration prior to experimental
analysis. BD Accuri raw files were transported to FlowJo 10.8.2 (BD,
New Jersey, USA) for quantitative population comparison and data

interpretation.

2.3 | MitoTracker green

MitoTracker Green (MTG) (Thermo Scientific Inc; Massachusetts,
USA) was diluted to a 100 nM solution in DM. The MTG/DM solution
was then added to the wells at 2 mL/well and incubated (37°C/5%
CO,/humidified air) for 30 min. Following incubation, the MTG/DM
solution was removed, and fluorescent microscopy was undertaken
while cells were still adhered to the plate. Cell monolayers were then
washed with sterile PBS and trypsinised and incubated for 5 min
(37°C/5% CO,/humidified air). Thereafter, 800 uL fresh DM was
added to neutralize the trypsin and cells were transferred to a 1.5 mL
Eppendorf tube before centrifugation at 300 g for 5 min. Cells were
then resuspended in sterile PBS. Cellular fluorescence was then mea-
sured on the flow cytometer on the FL-1 channel and using fluores-

cent microscopy with an excitation emission maxima of 490/516 nm.

2.4 | Reactive oxygen species

The ROS sensitive probe CM-H,DCFDA (Thermo Scientific Inc; Mas-
sachusetts, USA) was added to sterile PBS to yield a final concentra-
tion of 1 uM. Fluorescent microscopy was undertaken while cells
were still adhered to the plate. Cell monolayers were then trypsinised
and centrifuged at 300 g for 5 min. The cells were then resuspended
in 200 uL CM-H,DCFDA solution for 15 min (37°C/5% CO,/
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humidified air). Samples were run through the flow cytometer and
green fluorescence analyzed on the FL-1 detector (Ao 488 nm; A
533/30).

2.5 | DNA quantification

Live cell DNA quantification was determined using Vybrant DyeCycle
Ruby stain (Thermo Scientific Inc; Massachusetts, USA). Cells were
trypsinised and centrifuged at 300 g for 5 min, before resuspension in
500 uL of DM. One ul of Vibrant DyeCycle Ruby stain was then
added to the cell suspension to yield a concentration of 5 uM. Cells
were then incubated for 15 min (37°C/5% CO,/humidified air) and
red fluorescence was then analyzed on the FL-4 detector (Aex 640 nm;
Aem 675/25).

2.6 | Apoptosis

Apoptosis was measured using an Annexin V-FITC detection kit
(Thermo Scientific Inc; Massachusetts, USA). Cell monolayers were
washed with sterile PBS and trypsinised and incubated for 5 min
(37°C/5% CO,/humidified air) before being centrifuged at 500 g for
5 mins and resuspended in 195 pL binding buffer. Five pl of Annexin
V-FITC was then added to the cell suspension, before 10 min incu-
bation at room temperature. Cells were then centrifuged again at
500 g for 5 mins and resuspended in 190 uL of binding buffer.
Finally, 10 pL of propidium iodide was added to the cells before sub-
sequent cytometric analysis. Annexin V fluorescence was analyzed
on the FL-1 detector (Aex 488 nm; Ae, 533/30), and propidium
iodide fluorescence was analyzed on the FL-3 detector (Aex 488 nm;
Aem 670 LP).

2.7 | Myosin heavy chain (MyHC)

Cells were fixed using paraformaldehyde (4%) treatment for 10 min
at room temperature. Following fixation of cell monolayers, 500 uL
of blocking/permeabilization buffer (0.1% Triton X-100, 0.1% BSA in
PBS) was added to the adherent monolayers before incubation for
15 min at room temperature. The permeabilization buffer was
removed and cells were then washed twice in sterile PBS. Following
washing, a blocking buffer was then added (10% goat serum in ster-
ile PBS) and was incubated for 30 min at room temperature. Cells
were then washed further with sterile PBS before the addition of
the primary antibody (Myosin heavy chain [MF-20]; Mouse, 1:300,
1% bovine serum albumin [BSA], [DSHB; lowa, USA] or Glyceralde-
hyde 3-phosphate dehydrogenase [GAPD]; Mouse, 1:10000, 1%
BSA), [Abcam Cambridge, UK]) for an overnight incubation at 5°C.
Following overnight refrigeration, the primary antibody was
removed, and the cells were further washed in sterile PBS. The sec-
ondary antibody (Alexa Flour 488; Goat anti mouse, 1:500) (Thermo
Scientific Inc; Massachusetts, USA) was applied and incubated at

room temperature for 60 min before further washing in sterile PBS.
Fluorescent microscopy was undertaken while cells were still
adhered to the plate. Following which, cells were then trypsinised
and centrifuged at 300 g for 5 min before resuspension in sterile
PBS and analysis by flow cytometry using the FL-1 detector (A
488 nm; Aem 533/30).

2.8 | Fluorescent microscopy

A Leica DMII6000b Microscope (Leica Biosystems; Wetzlar, Germany)
was used to capture fluorescently labeled monolayers as it allows for
visualization of MitoTracker Green, CM-H,DCFDA and MF-20 co-
visualization with DAPI (Thermo Scientific Inc; Massachusetts, USA).
Images of cell monolayers were taken using the 10x objective and 0.5
magnification c-mount fitted to the camera. Blue color channels were
used as an indicator of DAPI with the wavelength measured at
358/461 nm (Fluorescent filter; EX: 340-380, DC: 400, EM: 450-490).
Green color channels were used as an indicator for MitoTracker Green,
CM-H,DCFDA and MF-20, with the wavelength measured at
499/520 nm (Fluorescent filter; EX: 460-500, DC: 505, EM: 512-542).
Image inspection and processing was conducted using Leica Application
Suite for Windows 7, (Leica Biosystems; Wetzlar, Germany) and Image
J 1.53a (National Institutes of Health; Maryland, USA).

2.9 | Statistical analysis

Changes in flow cytometry fluorescent intensity between myoblasts
and myotubes were determined using a two-sample T-test. Myotube
sub-population analysis was determined using a one-way between
subjects ANOVA. Post-hoc analysis was undertaken using a Tukey's
post-hoc test. Data is presented as means * SD. In all cases an alpha

value of <0.05 was considered significant.

3 | RESULTS

3.1 | Optimisation of flow cytometer fluidics
settings and sample density

Since changes in fluidics and/or cell sample density can lead to
changes in FSC/SSC via the production of cell doublets [21] we deter-
mined the optimal fluidic settings, through assessment of several flow
rate/core size settings including the standardized slow, medium, and
fast settings, alongside additional customized slow-medium
and medium-fast fluidics (see Table 2). Our data demonstrated that all
fluidic settings fall within the acceptable CV limit of 5% indicating no
differences in FSC doublet formation following any fluidic setting.
Consequently, all further experiments were performed on the medium
fluidic setting. Cells were then analyzed at different seeding densities,
all of which fell within acceptable CV ranges (<5%) (see Table 3). How-
ever, we did observe an increase in instrumental blockages at higher
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TABLE 2 Standard and custom flow rate effects on sample FL-1 fluorescent intensity.
Cells/mL 0.5 x 10°¢ 1x10°° 2x10°¢
Flow rate Slow Fast Slow Fast Slow Fast
Average median fluorescent intensity® 6146.33 5535.67 6007.67 5376.67 5792.17 5249.67
SD 161.00 194.32 194.90 132.88 19.11 43.56
cVv° 2.62 3.51 3.24 247 0.33 0.83

n=4.

PAll fluidic settings displayed CV <5%.

TABLE 3 Effect of cell sample density on FL-1 fluorescent intensity under different flow rates.

Slow Slow-medium Medium Medium-fast Fast

Flow rate 14 pL/min 25 pL/min 35 pL/min 51 pL/min 66 pL/min
Core size 10 pm 13 um 16 pm 19 pm 22 pm
Average median fluorescent intensity® 5409.38 5680.88 5352.38 5357.75 5287.50
SD 198.53 235.97 191.95 151.30 237.18
cvP 3.67 4.15 3.59 2.82 4.49

*n = 3.
BAll fluidic settings displayed CV <5%.

sample densities of 1 x 107¢ cells/mL or above, so, 0.5 x 107° cells/
mL was used for further experiments.

3.2 | Sample gating

Undifferentiated myoblast samples were run on the flow cytometer to
determine the myoblast population based on morphology, as reflected
in laser scatter properties (See Figure 1A). A distinct, dense population
was identifiable as were putatively apoptotic smaller, more granular
cells. Counterintuitively, samples of myoblasts that were differenti-
ated to myotubes revealed a residual population of morphologically
identifiable myoblasts but, rather than morphologically larger myo-
tubes, a population of smaller cells was manifest and an increase in

the number of the putatively apoptotic cell population (Figure 1B).

3.3 | Identification of myotube subpopulations

To enhance distinction of these smaller populations, gating to
exclude debris was performed and the selected cells FSC and SSC
were plotted on the log scale instead of the standard linear scale to
further resolve visual differences. Logarithmic FSC/SSC demon-
strated that myoblasts typically gather within a tight group with
small amounts of variation between samples. This is expected due to
myoblast morphology with very little variation between individual
sizes and granularity. However, myotube populations displayed a far
greater FSC/SSC variation alongside greater inter-sample variation
indicating a larger range in cell morphology. There was, however, a
distinct second population identifiable in the myotube samples (see
Figure 1C,D).

3.4 | Doublet discrimination

As is routine analysis, doublet discrimination using FSC-H/FSC-A plots
was performed. Myoblast populations displayed low doublet detection
as opposed to the high doublet detection seen in myotubes (see
Figure 1E,F); of course, myotube fusion must be considered when inter-
preting myotube doublet discrimination. The FSC/SSC plots, however,
indicated that the myotubes were of an equal or smaller size to myo-
blasts causing morphological overlap. Since this is non-intuitive, it sug-
gests that changes in myotube morphology occurred as they were
drawn through the cytometer. However, this meant that the robust
delineation of myoblast/myotube sub-populations using FSC/SSC alone
was impossible using the BD Accuri Cé. Due to the heterogeneity of
the myotube sample, doublet discrimination resulted in the isolation of
individual cell sub-populations, requiring multiple figures to demon-
strate both myotube/myoblast populations, which produced the same
fluorescent trend (see Figure S1). Therefore, for clarity we opted to
measure fluorescent intensity using logarithmic gating. A gating strategy
example for a MTG sample is detailed in Figure S2.

3.5 | Metabolic analysis

Due to the unreliable detection of myotubes through morphological
analysis, we investigated whether myotube populations would display
greater fluorescent intensity using metabolic probes. Given metabolic
activity increases following differentiation, any increase in fluorescent
intensity would indicate the presence of differentiated myotubes. As
expected MTG fluorescent intensity was significantly higher in the
myotube population, with an observed 159% increase in fluorescent
intensity (p < 0.0001) (see Figure 2A-C).
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H/FSC-A doublet analysis

indicating a tightly distributed cell
population within the myoblast
group. (F) Myotube

differentiation results in the
appearance of a new smaller
subpopulation while retaining a
significant number of cells in the
region of the original myoblast
population. [Color figure can be
viewed at wileyonlinelibrary.com]
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Due to mitochondrial respiration largely contributing to cellular ROS
production [22], we then analyzed myoblast and myotube differential
staining using the general ROS indicator CM-H,DCFDA. The CM-
H,DCFDA fluorescent intensity was also significantly higher in myotubes
with an observed increase of 303% (p < 0.0001) (see Figure 2D-F).

3.6 | DNA quantification

Given that myotubes are multinucleated, it was investigated whether
the overall DNA content may differ between myoblasts and myo-
tubes. There was a lack of linear response in the DNA content

A T N AN
T ¥

-
3.0M 6.0M a.0M 12M

FSC-H:: FSC-H

assessment where one would expect multi-nucleated myotubes to
have multiples of the fluorescence of single nucleated blasts and
therefore logarithmic analysis was undertaken. The Vybrant DyeCycle
fluorescent intensity was 18% higher in the myotube group compared
to the myoblast (p < 0.001) (see Figure 2G,H).

3.7 | Myosin heavy chain

To confirm the observed changes in metabolic intensity following
myotube analysis, we then labeled cells with MF-20 which binds to
the motor protein MyHC. Given MyHC is almost entirely expressed in
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FIGURE 2 (A) Myotube population stained with MTG and imaged prior to cytometric analysis. (B) MTG staining demonstrates a significant
increase in FL-1 fluorescence intensity in myotubes (blue) compared to myoblasts (red). (C) This increase corresponded to an 159% increase in
median fluorescent intensity reflecting higher mitochondrial mass in differentiated myotubes (n = 5, ****p < 0.0001). (D) ROS (CM-H,DCFDA)
staining of myotube population prior to cytometric analysis. (E) CM-H,DCFDA staining demonstrates a significant increase in FL-1 fluorescence
intensity in the myotube group (blue) compared to the myoblast (red). (F) This increase corresponded to a 303% increase in median fluorescence
intensity and reflected increased ROS activity in the myotube population (n = 4, ****p < 0.0001). (G) Cell populations labeled with Vybrant
DyeCycle Ruby stain demonstrate a significant increase in FL-4 fluorescence intensity in the myotube group (blue) compared to the myoblasts
(red). (H) This increase corresponds to a 18% increase in median fluorescent intensity reflecting a modestly higher increase in DNA content within
the differentiated myotubes (n = 3, ***p < 0.001). [Color figure can be viewed at wileyonlinelibrary.com]

myotubes, any changes in fluorescence confirm the presence of dif-
ferentiated myotubes. Flow cytometry analysis indicated that MyHC
fluorescent intensity was 147% higher in myotubes compared to myo-
blasts signifying the successful analysis of myotube sub populations.

Furthermore, we analyzed cells labeled with MF-20 and the nuclear

stain DAPI to further demonstrate the fluorescent contrast between
the cellular sub-populations (p < 0.001) (see Figure 3A-C). Changes in
MyHC during cell differentiation are in line with what has been
reported previously [14-17], and was also confirmed via western blot-

ting (see Figure S3).
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FIGURE 3

(A) Myotubes labeled with the monoclonal antibody MF 20 (green) and the nuclear stain DAPI (blue) to demonstrate the contrast

between the cellular sub-populations in terms of myosin Heavy chain (MyHC) expression. (B) MF-20 labelling of MyHC demonstrates a robust
increase in FL-1 fluorescence intensity in the myotube group (blue) compared to the myoblast (red) indicating the presence of myosin heavy
chain. (C) This increase corresponded to an 147% increase in median fluorescence intensity (n = 4, ***p < 0.001). [Color figure can be viewed at

wileyonlinelibrary.com]

3.8 | Sub-population analysis

Having observed an expected increase in both metabolic, nuclear and
protein biomarkers following myotube differentiation, we then aimed
to determine whether we could characterize the myoblast and myo-
tube sub-populations within a sample to allow for independent analy-
sis of both differentiated and undifferentiated muscle cells
concurrently. Myotube P1 population displayed a 180% increase in
MTG fluorescence when compared to myoblast controls. Interestingly,
the myotube P2 also expressed a significant 55% increase in MTG
fluorescent intensity when compared to myoblast controls, indicating
that the myotubes fall within both populations (p < 0.0001) (see
Figure 4A,B).

Changes in cellular ROS content were also measured in the myo-
tube sub-populations where a 464% increase in CM-H,DCFDA fluo-
rescence intensity was observed in myotube P1 population when
compared to myoblast controls (p < 0.0001). There was no significant
difference between myotube P2 population and control (see
Figure 4C,D).

We then attempted to determine whether nuclear content could
better resolve the differences between the two myotube sub-
populations. The myotube P1 population displayed a 36% higher
DNA content fluorescence when compared to myoblast controls
(p < 0.0001) (see Figure 5A,B). Interestingly, the myotube P2 popu-
lation demonstrated a markedly lower DNA content fluorescence
with an observed 95% reduction when compared to myoblast con-
trols (p < 0.0001). Due to the multinucleated nature of myotubes, it
was theorized that changes in DNA content may better segregate
myotubes from any myoblasts within the P1 population. However,
there did not seem to be any clear separation within the P1 popula-

tion following DNA staining (see Figure 5C).

3.9 | Myotube confirmation

Despite successfully fluorescently labelling myotube sub-populations,
it was unclear whether myotubes remain intact and viable during
cytometric analysis. Dual labelling with Annexin V and propidium
iodide was undertaken to investigate whether myotubes were dam-
aged during the cytometric analysis process. The overall percentage
of viable myotubes following Annexin V/Propidium iodide labelling
was 81% (see Figure 6A-C). Interestingly, when the myotube sub-
populations were analyzed independently, myotube P1 population
viability increased to 91% and myotube P2 dropped to 63%. More-
over, there was a significant 28% reduction in viable cells between
the myotube P1 and P2 populations (see Figure 6D).

Given that their large size was undetected on FSC, it raised the
question whether their morphological characteristics were compro-
mised during analysis. We determined the overall flow time from the
point of collection to the waste container using a visible dye and col-
lected the sheath fluid containing the cell suspension. We observed
the presence of intact myotubes using brightfield microscopy, demon-
strating the successful analysis of myotubes without membrane dam-
age. We also observed the phenomenon of ‘rolling up’ of myotubes
following analysis, which explained the lack of divergence between
myoblast and myotube cell sub-populations using FSC/SSC measure-

ments (see Figure 6E,F).

4 | DISCUSSION
We aimed to identify whether differentiated myotubes could be ana-
lyzed using flow cytometry and to provide a complete gating strategy

for such analysis; something currently absent in the literature. Despite
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non-intuitive laser scatter results, which we discuss later, we report
that changes in myotube mitochondrial content, ROS production and
DNA content can be observed using flow cytometry. Moreover,
MyHC expression which is almost entirely expressed following muscle
differentiation was markedly higher in the myotube group, thus pro-
viding myotube phenotype confirmation. We have demonstrated that
myotubes form two distinct morphological (scatter) populations,
which differ in viability (annexin V binding). Moreover, we also dem-
onstrate the presence of intact myotubes which present a distinct
‘rolled-up’ morphological profile during cytometric analysis which we
suggest affect the scatter properties as well as some of the fluores-
cence data obtained. Taken together, all these suggest that differenti-
ated myotubes can be effectively analyzed using flow cytometry with
some caveats.

The analysis of myotubes using flow cytometry isn't a new phe-
nomenon [6-9]. However, despite its application, there is little evi-
dence surrounding appropriate gating strategies that meet the

International Society for Advancement of Cytometry (ISAC) Minimum

Information about a Flow Cytometry Experiment (MIFlowCyt) report-
ing guidelines to identify myotube sub-populations within the heter-
ogenous cell suspension [23]. To date, there is a lack of definitive
evidence documenting the successful analysis of myotubes without
membrane damage, calling into question the utility of using flow cyto-
metry for cell viability assays or analyses requiring viable myotubes.
Therefore, we outline a gating strategy used for the fluorescent analy-
sis of myotubes which demonstrated an expected increase in cellular
metabolic activity and nuclear content, alongside an increase in MyHC
expression. Furthermore, we have for the first time proven the pres-
ence of viable myotubes following analysis using flow cytometry and
outlined the ‘rolling’ phenomenon that we propose distorts their
FSC/SSC, creating non-intuitive scaling of cell populations [24-27].
This non-intuitive scaling of myotube samples may be a key rea-
son for the absence of flow cytometry use with these samples.
Herein, we show that myotube sub-populations present less clustered
cell populations on a logarithmic scale when compared to myoblasts

that is, greater variation in laser scatter parameters reflecting greater
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FIGURE 5 (A) Vybrant DyeCycle DNA staining revealed an overlap between the myoblast (red) and myotube P1 (blue) peaks. The myotube

P2 population (purple) had a significantly lower fluorescence peak compared to both other populations. (B) This change in DNA fluorescent
intensity corresponded to a 36% increase in myotube P1 fluorescence compared to myoblast control. Interestingly, the myotube P2 population
demonstrated a 95% reduction in DNA fluorescence intensity compared to the myoblasts. (C) Myoblasts and myotube P1 populations have
considerable FSC: SSC overlap however DNA staining was unable to segregate these two populations (n = 3, ****p < 0.0001). [Color figure can

be viewed at wileyonlinelibrary.com]

variations in size and granularity. This is perhaps unsurprising given
that the size and shape of myotubes can vary substantially compared
to single nuclei myoblasts. Indeed, following doublet analysis, the
myoblast population presented an anticipated clustering with very
few doublets, indicating morphological uniformity of myoblast cell
populations. Further to the large differences in the size of the cells
being analyzed within myotube samples, we observed myotube sam-
ples had a significant number of cells within the same gate originally
used to identify myoblasts. Moreover, despite significant morphologi-
cal overlap between myotube P1 population and myoblast controls,
the fluorescent intensity of MTG in P1 was 180% higher than that of
myoblasts, indicating metabolic remodeling of the myoblasts. More-
over, sub-population analysis revealed distinct changes in the ROS
production within the P2 sub-population, with two distinct peaks
observed. The P2 sub-population also demonstrated 95% reduction in
DNA content compared to myoblast controls suggesting a lack of cel-
lular events within this population.

Apoptotic bodies are a form of extracellular vesicle produced as a
consequence of apoptosis [28]. These vesicles are characterized by
the presence of the phospholipid phosphatidylserine (PS) on their
outer membrane which is the binding target of Annexin V. Moreover,
their larger size in relation to other extracellular vesicles (500 nm-
2 um) means that they are large enough to be detected at the lower
end of the FSC:SSC scale [28]. The increase in Annexin V positive
staining in the P2 population (31% average) compared to the P1 (6%
average), alongside the reduction in DNA content suggests that the
P2 population may contain a large population of apoptotic bodies.
This observation is not entirely surprising given that myotube differ-

entiation is associated with spontaneous apoptosis [29]. Moreover,

myoblast differentiation involves the activation of caspase —9 [30],
—2[31, 32], —3 [32, 33] and is blocked by anti-apoptotic members of
the Bcl-2 family [30]. However, this apoptotic phenotype present
within a sub-population of differentiating muscle cells has been
shown to occur primarily within the myoblasts as myotube differentia-
tion seems to offer apoptotic protection [34]. Therefore, the presence
of this P2 population is likely a consequence of the normal myotube
differentiation process. Interestingly, apoptotic bodies have been
shown to contain intact organelles which may explain why mitochon-
drial content was higher in the P2 population compared to the myo-
blast despite a lack of increase observed following ROS or DNA
content sub-population analysis. It should also be noted that mito-
chondrial swelling which would be expected in apoptotic cells and
their resultant apoptotic bodies would result in increased fluorescence
due to self-quenched probes in the membranes moving apart and
increasing their fluorescence yield [35].

Despite evidence suggesting myotube detection via the flow cyt-
ometer as measured by increases in metabolic,c, DNA content and
MyHC expression, the FSC: SSC properties did not reflect the larger
expected size of the myotubes. Initially, this was assumed to indicate
myotube membrane damage/destruction, but viability analysis con-
firmed an intact, viable sub-population of cells within P1. Therefore,
we examined whether myotube morphology was changing through
cytometric analysis and if there was, potentially, ‘rolling up’ contor-
tion of cells through hydrodynamic focussing. We calculated the run-
ning time through the BD Accuri Cé and collected samples as they
entered the waste container and documented intact myotubes that
morphologically resembled myoblasts. This process likely occurred

due to the larger size of the myotubes in relation to the core size of
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FIGURE 6

the fluid stream as well as the instruments overall flow cell diameter
and resulted in the ‘rolling-up’ of myotubes to pass through the aper-
ture. Additionally, FSC is a complex measurement of light scattering
which can be influenced by a variety of different phenomenon includ-
ing cell size, refractive index of the nucleus and cytoplasm versus the
surrounding medium, absorption properties of the cell, and other fac-
tors such as location of the nucleus and other organelles [24-27].
Taken together, this provides an explanation as to why FSC/SSC anal-
ysis of myotubes presents a morphological pattern that is not repre-
sentative of the myotube cell size and shape as seen via microscopy
of recovered analyzed cells that were confirmed to be myotubes
based on metabolic and MyHC markers of differentiation. Further-
more, it could be possible that the disrupted laser scatter also
accounts for a lack of linear response in the DNA content assessment
where one would expect multi-nucleated myotubes to have multiples
of the fluorescence of single nucleated blasts. We cannot, however,
exclude the conjecture that the ‘rolled up’ morphology (approximately

(A-C) Annexin V/propidium iodide dual labelling of myotubes prior to analysis via flow cytometry. Overall myotube populations
displayed an average of 81% viable cells following analysis. However, further analysis demonstrated that the percentage of viable cells increased
further in the P1 sub-population to 91%. Moreover, the P2 sub-population demonstrated a reduction in viable cells with an average of 63% viable
cells in quadrant 4. (D) This disparity between the two myotube sub-populations resulted in a 28% reduction in viable cells between P1 and P2.
(E) Brightfield microscopy demonstrating myoblast/myotube populations in suspension prior to cytometry analysis. (F-1) Second collection of
images demonstrates the presence of intact ‘rolled’ myotubes following collection at the waste container. [Color figure can be viewed at
wileyonlinelibrary.com]

100 um in diameter) may extend beyond the laser beams elliptical
focus spots (5-20 um wide and 100 um high) and into the sheath fluid
which would also explain a diminished signal [36]. Acoustic focussing
flow cytometry may negate this issue of myotube contortion/‘rolling
up’ and should be further investigated.

The cellular phenotype of myotubes is substantially different to
myoblasts. During the process of cellular differentiation, myoblasts
undergo metabolic remodeling leading to an increase in mitochondrial
capacity and contractile activity [11-13, 18, 19]. As expected, the
myotube population presented substantially greater mitochondrial
content and ROS production (159% and 303% increase respectively)
[18-20]. This is in line with previous findings which have demon-
strated a marked increase in mitochondrial respiratory capacity (and
subsequent ROS output) following cellular differentiation [18-20].
Indeed, it was interesting to observe that flow cytometry permitted
the identification of the two morphological populations in the myo-
tube samples which exhibited unique ROS data suggestive of the
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reduced ROS fluorescence within the apoptotic bodies. Ideally, further
investigation and multiparameter analysis would help to ratify this and
offers an opportunity for future research. In line with the expected
metabolic changes, DNA content following myotube differentiation
was also 18% higher when compared to myoblasts. It is well reported
within the literature that MyHC content is almost entirely expressed
in differentiated myotubes and is therefore commonly used as a
marker to measure myoblast differentiation [14-17]. Unfortunately, in
our current investigation use of MyHC as a definitive marker of myo-
tubes formation was limited in its functionality due to the requirement
for fixation of the sample. Consequently, this altered the scatter prop-
erties of the observed two populations in unfixed samples. Therefore,
assessing the degree to which MyHC was expressed within the two
myotube populations was not attainable. However, the 147% increase
in MF-20 fluorescence is a clear indication of the expected change in
MyHC expression that occurs following myoblast differentiation and
the fixed myotubes presented as a uniform population of MyHC posi-
tive myotubes. Overall, we concluded that while FSC/SSC analysis
remained non-intuitive, fluorescent analysis via flow cytometry pro-
vided the expected changes in muscle phenotype that occurs follow-
ing differentiation and that flow cytometric analysis is a feasible
option for myotube analysis.

In summary, our study provides clear evidence highlighting the
fluorescence-based detection of myoblast and myotube populations
using flow cytometry with insights on the scatter properties that man-
ifest myoblasts and myotubes with similar size properties. This, there-
fore, provides an evidence base for the use of flow cytometry in
multiparameter live cell analysis and immunophenotyping of differen-
tiated muscle populations. We show that differentiated myotube cul-
tures are viable but have discernible and selectable apoptotic body
populations which further highlights the import of single cell flow
cytometric analysis of myotubes for accurate myotube research. Myo-
tube samples typically present two clear sub-populations and the
larger population (P1) shares similar characteristics to myoblasts and
contains viable myotubes, with the smaller population (P2) likely con-
taining apoptotic bodies. Moreover, cytometric analysis allows for the
specific analysis of viable myotubes within the P1 population which
provides an advantage over other alternative methods of analysis. We
do, however, caution that given the changes in myotube shape that
occur using this method, care should be taken when attempting to
infer morphological based data using flow cytometry and that
researchers should confirm in their samples that differentiation has
occurred; a multiparameter approach easily attained by flow cytome-
try. Since, we have identified hydrodynamic focussing as the possible
cause for myotube cell rolling it would be of benefit to explore the
use of acoustic focussing as an alternative system that may provide
greater clarity of cell subpopulations and given their resistance to
instrumental blockage, may provide a useful alternative than tradi-
tional hydrodynamic flow cytometry [37].
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