>
=
%)
14
Ll
=
zZ
=)
o
O
o
=z
<
o
o
O
o
=z
<
oM
|
O
O
2
>
LL
@
o

PRIFYSGOL

BANGOR

UNIVERSITY

Primary skeletal muscle cells cultured on gelatin bead microcarriers
develop structural and biochemical features characteristic of adult skeletal
muscle

Kubis, H.; Kubis, H.P.; Scheibe, R.J.; Decker, B.; Hufendiek, K.; Hanke, N.;
Gros, G.; Meissner, J.D.

Cell Biology International

DOI:
10.1002/cbin.10565

Published: 20/01/2016

Peer reviewed version

Cyswilit i'r cyhoeddiad / Link to publication

Dyfyniad o'r fersiwn a gyhoeddwyd / Citation for published version (APA):

Kubis, H., Kubis, H. P., Scheibe, R. J., Decker, B., Hufendiek, K., Hanke, N., Gros, G., &
Meissner, J. D. (2016). Primary skeletal muscle cells cultured on gelatin bead microcarriers
develop structural and biochemical features characteristic of adult skeletal muscle. Cell Biology
International. https://doi.org/10.1002/cbin.10565

Hawliau Cyffredinol / General rights

Copyright and moral rights for the publications made accessible in the public portal are retained by the authors and/or
other copyright owners and it is a condition of accessing publications that users recognise and abide by the legal
requirements associated with these rights.

« Users may download and print one copy of any publication from the public portal for the purpose of private
study or research.

« You may not further distribute the material or use it for any profit-making activity or commercial gain

« You may freely distribute the URL identifying the publication in the public portal ?

Take down policy

"This is the peer reviewed version of the following article: ‘Primary skeletal muscle cells cultured on gelatin bead
microcarriers develop structural and biochemical features characteristic of adult skeletal muscle by Kubis, H-P.; Scheibe,
R.J.; Decker, B.; Hufendiek, K.; Hanke, N.; Gros, G,; & Meissner, J.D.' which has been published in final form at DOI:
10.1002/chin.10565. This article may be used for non-commercial purposes in accordance with Wiley Terms and
Conditions for Self-Archiving."

Take down policy
If you believe that this document breaches copyright please contact us providing details, and we will remove access to
the work immediately and investigate your claim.

29. Apr. 2025


https://doi.org/10.1002/cbin.10565
https://research.bangor.ac.uk/portal/en/researchoutputs/primary-skeletal-muscle-cells-cultured-on-gelatin-bead-microcarriers-develop-structural-and-biochemical-features-characteristic-of-adult-skeletal-muscle(c41f7091-39b7-4bf3-baec-d1328254fe8c).html
https://research.bangor.ac.uk/portal/en/researchers/hanspeter-kubis(7475fd52-3ad8-4054-9a71-fc09f6f83e95).html
https://research.bangor.ac.uk/portal/en/researchoutputs/primary-skeletal-muscle-cells-cultured-on-gelatin-bead-microcarriers-develop-structural-and-biochemical-features-characteristic-of-adult-skeletal-muscle(c41f7091-39b7-4bf3-baec-d1328254fe8c).html
https://research.bangor.ac.uk/portal/en/researchoutputs/primary-skeletal-muscle-cells-cultured-on-gelatin-bead-microcarriers-develop-structural-and-biochemical-features-characteristic-of-adult-skeletal-muscle(c41f7091-39b7-4bf3-baec-d1328254fe8c).html
https://doi.org/10.1002/cbin.10565

Research Article Cell Biology International
10.1002/cbin.10565

Primary skeletal muscle cells cultured on gelatin bead
microcarriers develop structural and biochemical features

characteristic of adult skeletal muscle’

by

Hans-Peter Kubis', Renate J. Scheibe?, Brigitte Decker®, Karsten Hufendiek *, Nina
Hanke', Gerolf Gros* and Joachim D. Meissner"”
1 Department of Physiology, Vegetative Physiology 4220, Hannover Medical School,
30625 Hannover, Germany
2 Department of Biochemistry, Hannover Medical School, 30625 Hannover, Germany
3 Department of Anatomy, Institute of Cell Biology, Hannover Medical School, 30625

Hannover, Germany

Running title: Primary skeletal myotubes with adult features

*Corresponding author: Tel: +49 511 532 2753; Fax: +49 511 532 2938; email:

meissner.joachim@mbh-hannover.de

"This article has been accepted for publication and undergone full peer review but has not been
through the copyediting, typesetting, pagination and proofreading process, which may lead to
differences between this version and the Version of Record. Please cite this article as doi:
[10.1002/cbin.10565]

This article is protected by copyright. All rights reserved
Received 17 August 2015; Revised 16 November 2015; Accepted 23 November 2015



Current address: Hans-Peter Kubis, College of Health and Behavioural Sciences, Bangor
University, Bangor, UK. Karsten Hufendiek, University Eye Hospital, Hannover Medical
School, 30625 Hannover, Germany. Nina Hanke, Clinical Pharmacy, Saarland University,
66123 Saarbruecken, Germany

Abbreviations: CK, creatine kinase; DMEM, Dulbecco's modified Eagle's medium; FCS,
foetal calf serum; HRP, horseradish peroxidase; Mf, myofibrils; MHC, myosin heavy chain;
MHCemb, embryonic MHC; MHCneo, neonatal MHC; Mi, mitochondria; NCS, neonatal
calf serum; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate buffered saline
solution; RT, reverse transcription; SEM, scanning electron microscopy; SL, sarcolemm;

SR, sarcoplasmic reticulum; TEM, transmission electron microscopy.



Abstract

A primary skeletal muscle cell culture, in which myoblasts derived from newborn rabbit
hindlimb muscles grow on gelatin bead microcarriers in suspension and differentiate into
myotubes, has been established previously. In the course of differentiation and beginning
spontaneous contractions, these multinucleated myotubes do not detach from their support.
Here, we describe the development of the primary myotubes with respect to their
ultrastructural differentiation. Scanning electron microscopy reveals that myotubes not only
grow around the surface of one carrier bead but also attach themselves to neighbouring
carriers, forming bridges between carriers. Transmission electron microscopy demonstrates
highly ordered myofibrils, T-tubules and sarcoplasmic reticulum. The functionality of the
contractile apparatus is evidenced by contractile activity that occurs spontaneously or can be
elicited by electrostimulation. Creatine kinase activity increases steadily until day 20 of
culture. Regarding the expression of isoforms of myosin heavy chains (MHC), we could
demonstrate that from day 16 on, no non-adult MHC isoform mRNAs are present. Instead,
on day 28 the myotubes express predominantly adult fast MHCIId/x mRNA and protein.
This MHC pattern resembles that of fast muscles of adult rabbits. In contrast, primary
myotubes grown on matrigel-covered culture dishes express substantial amounts of non-
adult MHC protein even on day 21. To conclude, primary myotubes grown on microcarriers
in their later stages exhibit many features of adult skeletal muscle and characteristics of fast
type II fibers. Thus, the culture represents an excellent model of adult fast skeletal muscle,
for example when investigating molecular mechanisms of fast-to-slow fiber type

transformation.

Keywords: creatine kinase; myofibrils; myosin heavy chain; T-tubules



1 Introduction

Differentiated skeletal muscle cells possess an extremely well ordered intracellular
organisation, which develops after fusion of myoblasts to multinucleated myotubes. Highly
specialized structures comprise the contractile apparatus as well as membranous structures
like the sarcoplasmic reticulum (SR) and T-tubules (Eisenberg, 1983; Peachey and Franzini-
Armstrong, 1983). Vertebrate skeletal muscle consists of different fiber types, expressing
different isoforms of the myosin heavy chain (MHC), which are considered to be a hallmark
of fibre type. One slow (type I/B) and three fast (Ila, IId/x and IIb) fiber types are found in
adult skeletal muscle which differ in their contraction speed, strength, and fatigability
(Booth and Baldwin, 1996). Transformation of fiber types can occur in response to altered
physiological demands (Goldspink, 2002), conferring on skeletal muscle a remarkable
plasticity. During development in vivo, MHC isoforms are expressed in a distinct sequence,
with the expression of non-adult isoforms preceding adult MHC isoforms (Buckingham,
1985; Weydert et al., 1987).

Muscle fiber type-specific gene expression has been examined in human subjects in the
context of different exercise regimen, taking muscle biopsies before, after and even during
exercise periods (Fluck and Hoppeler, 2003), or in animal models (Pette and Vrbova, 1999;
Schiaffino, 2010). Nevertheless, to understand signal transduction pathways and their
interactions underlying muscle fiber type-specific gene expression on a molecular level it is
necessary to use in vitro systems. So far, different approaches have been used to develop a
well characterized in vitro model, including primary muscle cell cultures prepared from
embryonic (Vandenburgh et al., 1991), neonatal (Naumann and Pette, 1994), or adult
muscles (Wehrle et al., 1994), and myogenic cell lineages like mouse C2C12 (Zebedin et al.,
2004) or rat L8 (Zetser et al., 1999). An important question to be addressed to all these

models is whether the cultured myotubes possess quasi-adult properties, especially with



respect to the expression of skeletal muscle-specific genes and differentiation of subcellular
structures. Indeed, developmental progression of myosin gene expression, analogous to that
seen in vivo, has been detected in cultured muscle cells (Silberstein et al., 1986; Weydert et
al., 1987). Cultures derived from satellite cells or neonatal myoblasts of different origin as
well as cultures based on myogenic cell lines finally develop to express various mixtures of
non-adult and adult MHC isoforms (Silberstein et al., 1986; Weydert et al., 1987; Dusterhoft
and Pette, 1993; Naumann and Pette, 1994). A simplified but robust method for the isolation
of various avian and mammalian muscle satellite cells has been demonstrated recently
(Baquero-Perez et al., 2012).

Previously, we have established a primary skeletal muscle culture in which myoblasts
derived from newborn rabbit hindlimb muscle grow on microcarriers in suspension and
differentiate into myotubes (Kubis et al., 1997). Here, we now describe the development of
the primary muscle cell culture with respect to the ultrastructural differentiation of the
multinucleated myotubes as well as the developmental pattern of mRNA expression of non-
adult MHC isoforms and adult MHCIId/x. In addition, we have determined the enzymatic
activity of creatine kinase as one indicator of muscular differentiation. The data presented
here demonstrate that the primary myotubes grown on microcarriers develop ultrastructural
components that are surprisingly close to the characteristics of adult muscle cells in vivo,
such as T-tubules, sarcoplasmic reticulum and highly ordered myofibrils. In addition, we
demonstrate complete replacement of non-adult by adult MHC isoform mRNAs during

development of the primary myotubes as it is seen in muscle cells in vivo.

2 Material and methods

2.1 Primary cell culture



Skeletal muscle cells from hind limbs of newborn New Zealand white rabbits were isolated
and separated from fibroblasts as described previously (Kubis et al., 1997). Myoblasts were
diluted to a final concentration of 6.5 x 10> cells/ml in complete Dulbecco's modified Eagle's
medium (DMEM; Invitrogen, Karlsruhe, Germany) supplemented with 10% neonatal calf
serum (NCS; Invitrogen). Fifteen ml of this myoblast suspension were transferred to a 75
cm’® cell culture flask together with 0.04 g gelatin bead microcarriers (CultiSpher-GL;
Percell Biolytica, Astorp, Sweden). Cells were grown at 37°C with 8% CO, and 90%
humidity. On day 2 the medium was changed to 30 ml of Skeletal Muscle Growth Medium
with 5% foetal calf serum (FCS) and supplements (PromoCell, Heidelberg, Germany). On
day 4, half of the medium was replaced. On day 7, the medium was changed to DMEM with
10% rabbit serum (PAN-Biotech, Aidenbach, Germany). On day 9, the medium was
changed to DMEM with 5% NCS. From this day onwards, half of the medium was replaced
every second or third day. The cells were grown under continuous shaking on an orbital
shaker (~53 rpm).

Alternatively, 5 ml of isolated myoblasts (8.5 x 10° cells/ml DMEM) were seeded on 60
mm cell culture dishes (Nunc, Thermo Fisher Scientific Inc.) coated with matrigel
(Collaborative Research, Bedford, MA, U.S.A.). Cells were grown for 21 days at 37°C with
8% CO, and 90% humidity. For preparation of matrigel-coated culture dishes, 1 ml of
matrigel (4°C) was diluted with DMEM (1:3) and 0.98 ml of the solution was spread on the
bottom of the culture dishes at 4°C. The culture dishes were then kept at 37°C for 30 min.

New Zealand white rabbits were purchased via the Animal Facility of Hannover Medical
School and experiments were performed as approved by the local authorities
(Niedersdchsisches Landesamt fiir Verbraucherschutz und
Lebensmittelsicherheit/Tierschutz).

2.2 Scanning electron microscopy



Aggregates consisting of myotubes growing on microcarriers were isolated by sedimentation
and were pipetted onto collagen-coated glass slides. After incubation at 37°C in 8% CO, in
air and 95% humidity for 3 hours aggregates were sufficiently attached and slides were
washed two times with 0.1 M cacodylate, pH 7.3. Fixation was carried out by rinsing the
carriers with 2.5% (v/v) glutardialdehyde in 0.1 M cacodylate buffer and incubating again
for 2 hours under the former conditions. Furthermore, the carriers were dehydrated through
graded acetone and were dried by the critical point method. The dried carriers were coated
with golden-palladium and were than examined with a PHILLIPS EM 505 scanning electron

microscope.

2.3 Transmission electron microscopy

The carriers covered with myotubes were washed with 0.1 M cacodylate buffer, pH 7.3, and
were fixed with 2.5% (v/v) glutardialdehyde/2% (w/v) paraformaldehyde in 0.1 M
cacodylate buffer for 6 hours. After rinsing with the same buffer carriers were post-fixed
with osmium tetroxide (1%) and ferrocyanide (1.5%) in aqua bidest. Microcarriers were
dehydrated and then embedded in Epoxy resin. Ultrathin sections were stained with uranyl
acetate and lead citrate and examined in a SIEMENS ELMISKOP 101 electron microscope at

80 kV.

2.4 Northern Blot analysis

For isolation of total RNA, cells on microcarriers were washed twice with phosphate
buffered saline solution (PBS). Total RNA isolation was performed according to the method
of Chomczynski and Sacchi (Chomczynski and Sacchi, 1987) using the RNAwiz' " RNA

isolation system (Ambion, Darmstadt, Germany), as described previously (Meissner et al.,



2001). Isolated RNA was separated on 1.2% agarose-formaldehyde gels, transferred to
nitrocellulose (Macherey & Nagel, Dueren, Germany), and hybridized with MHC isoform
specific cDNA probes from the 3' terminal regions. The probes were labeled with [**P]dCTP
using random hexamers as primers (Feinberg and Vogelstein, 1983), applying the Prime-a-
Gene labelling system (Promega, Mannheim, Germany). For detection of neonatal MHC
(MHCneo) mRNA, the 3' terminal 250 bp Pstl fragment from mice MHCneo cDNA clone
pMHCI16.2A (Weydert et al., 1985) was used. Embryonic MHC (MHCemb) mRNA was
detected with the 500 bp 3' terminal BamHI/EcoRI fragment of the human MHCemb cDNA
clone pHEMHC-1 (Eller et al., 1989), and MHCIId/x mRNA with the 3' terminal 579 bp
Pstl fragment of the rabbit MHCIId/x cDNA clone pMHC24-79 (Maeda et al., 1987),
specific for fast MHC isoform IId/x (Uber and Pette, 1993). 18s rRNA was detected with the

5.8 kb Hind III fragment of 18S rDNA clone pXC-1 (Katz et al., 1983).

2.5 Semiquantitative reverse transcription (RT)-PCR

Cells on microcarriers were washed twice with PBS and covered with RNA-Later (Ambion,
Darmstadt, Germany) and stored at -20°C as recommended. RNA isolation was carried out
later with the RNeasy Kit (Qiagen, Hilden, Germany) including digestion of genomic DNA
with RNase-free DNase. The cDNA was synthesized from 1.5 pug of total RNA using
Omniscript Reverse Transcriptase (Qiagen) as instructed. Semiquantitative multiplex PCR
was performed using the HotStarTaqg DNA Polymerase Kit (Qiagen) with primers for
MHCIld/x  ¢cDNA  amplification = (accession no. U32574;  forward: 5'-
TGAAGACTCTGGCCTTCCTC-3", reverse: 5'-TGATCGACCGTACAAAGTGG-3"), and
QuantumRNA 18S Internal Standard Primers and Competimers (Ambion) for normalization.
The PCR program consisted of cycles of 95°C for 1 min followed by 60°C for 1 min and

72°C for 1 min, after an initial activation of the HotStarTaq at 95°C for 15 min. The



exponential range of PCR amplification and the appropriate ratio of 18S primers to 18S
competimers were determined in preliminary experiments. PCR products were separated
with polyacrylamide gel electrophoresis (PAGE) (8% total acrylamide-bisacrylamide
monomer concentration, 5% crosslinker concentration) using Low DNA Mass Ladder
(Invitrogen, Karlsruhe, Germany) as a marker, followed by highly sensitive silver staining
(Bassam et al., 1991). Densitometric quantification of bands was performed with an Image

Master System (GE Healthcare, Munich, Germany).

2.6 Myosin heavy chain electrophoresis

After centrifugation of cell homogenates at 100,000 x g at 4°C for 1 hour pellets were
extracted with 0.6 M KCIl, ImM EGTA, 0.5 mM DTT, 0.5 mM PMSF, 10 mM potassium
phosphate, pH 6.8 at 0°C for 30 min. Supernatants of a further centrifugation at 20,000 x g
for 20 min were diluted 1:10 (v/v) with ice-cold water and actomyosins were precipitated
over night at 0°C. Suspensions were centrifuged again at 20,000 x g for 30 min at 4°C and
actomyosin pellets were redissolved with extraction buffer and stored at -80°C. Actomyosin
samples were diluted (1:3) with the modified Laemmli sample buffer according to Cannon-
Carlson and Tang (Cannon-Carlson and Tang, 1997) and denaturated at 95°C for 5 min.
Electrophoresis was performed by the modified method of Kubis and Gros (Kubis and Gros,
1997) using a slab gel (21x16 cm, 0.5 mm gel thickness) with 3.5% stacking gel (pH 6.8), a
6.6% separating gel (pH 8.8) with 5% glycerol, followed by a second stacking gel 6.6% (pH
6.8) with 15% glycerol and a second separating gel 8.8% (pH 8.8) with 30% glycerol.
Running conditions were 12 mA/220V at 4°C for 24 hours. After run gels were silver
stained according to Heukeshoven and Dernick (Heukeshoven and Dernick, 1985).
Quantification of MHC bands was performed using IMAGE MASTER 1D software

(Pharmacia).



2.7 Western blot analysis

Western blot analysis was performed as described previously (Scharf et al., 2013) using anti-
MHCIId/x (Developmental Studies Hybridoma Bank, The University of lowa, Iowa City,
IA, USA) or anti-a-tubulin (Santa Cruz Biotechnology, Inc., Santa Cruz, CA) antibodies.
Bound antibodies were detected with anti-mouse IgG conjugated to horseradish peroxidase

(HRP) (Promega). Signals were visualized by enhanced chemiluminescence detection.

2.8 Enzyme activity measurements

The supernatants of homogenated myotubes were used for determination of enzyme
activities after a 100,000 x g centrifugation (see above). Creatine kinase activities were
determined using standard optically coupled assays (Bass et al.,, 1969). Protein

concentrations were detected by the method of Oyama and Eagle (Oyama and Eagle, 1956).

1.1 2.9 Immunofluorescence studies
1.2

Primary myotubes grown on microcarriers for 14 days were detached from the carriers by
incubation with Accutase (Sigma-Aldrich, Taufkirchen, Germany) for 20 minutes. After
sedimentation of the microcarriers and centrifugation of the supernatant at 330 x g for 5 min
myotubes were resuspended in DMEM/10% NCS. Resuspended cells were then seeded on
glass coverslips and cultured for additional two days in DMEM/10% NCS. In a further
experiment, 0.1 mM of calcium ionophore A23187 (Sigma-Aldrich) was added to the
medium on day 2. After day 2, cells were washed in PBS, fixed with 100% methanol,
permeabilized in 0.1% Triton X-100/PBS and washed 3 times with PBS. To prevent non-

specific binding, cells were treated for 30 min with 0.2% bovine albumin serum (BSA) and



then incubated for 30 min with primary rabbit polyclonal anti-NFATc1 antibody (H-110;
Santa Cruz Biotechnology, Inc., Santa Cruz, CA, USA). Subsequently, cells were washed
with PBS and incubated with secondary fluorescein isothiocyanate (FITC)-labeled anti-
rabbit antibody (Santa Cruz Biotechnology, Inc.). Immunostained myotubes or cells with
nuclei stained by the fluorescence DNA marker 4’,6-Diamidin-2-phenylindol (DAPI;
Sigma) were photographed on an inverted fluorescence microscope (Leica Microsystems,

Wetzlar, Germany) at a magnification of x 400.

2.10 Statistical analysis

Results are expressed as means = SD of three or more independent experiments. The
statistical significance of differences of these means was estimated by one-way ANOVA
followed by the Newman-Keuls multiple comparison test, performed using GraphPad Prism

software version 3.00.

3 Results

3.1 Electron microscopy reveals structural features of the primary myotubes as found

in adult skeletal muscle

Rabbit primary skeletal muscle cells growing on gelatin bead microcarriers as described
previously (Kubis et al., 1997) were investigated by scanning electron microscopy (SEM).
Nine days old myotubes on microcarriers exhibited a round shape and were rather short
(Figure 1A). After 16 to 20 days of culture the myotubes showed a spindle-like shape with
increased length (Figure 1B). Myotubes were found to be attached to single carriers but also
to two neighbouring carriers, thereby forming bridges from carrier to carrier and sometimes

forming aggregates of more than two microcarriers (Figures 1B and C).



We next used transmission electron microscopy (TEM) to further investigate the
ultrastructural organisation of the primary myotubes growing on microcarriers. On day 9,
TEM shows loosely packed myofibrils and sarcoplasmic reticulum (SR) in the myotubes
(Figure 2A). No T-tubules were found. After 16 days of culture highly ordered and tightly
packed myofibrils can be demonstrated within the myotubes as indicated by cross-sections
of intracellular structures corresponding to A- and I-bands (Figure 2B). In addition, TEM
shows well developed SR (Figure 2C). Invaginations of the sarcolemma reveal the existence
of T-tubules (Figure 2C). The latter finding is confirmed by SEM at higher magnification,
demonstrating pits on the surface of the myotubes that represent surface openings of T-
tubules (Ishikawa et al., 1983) (Figure 1D). TEM also demonstrates that SR and T-tubules
form close contacts. These structures represent an equivalent of triads (Figure 2D). After 28
days of culture, signs of beginning degradation of sarcomeres together with increasing
amounts of loosely packed myofibrils were detected (data not shown). Taken together,
electron microscopy reveals structural features of the primary myotubes similar to those

found in adult skeletal muscle.

3.2 Primary myotubes mainly express fast adult MHCI1d/x after around three weeks of

culture

To further characterize the differentiation of the primary myotubes, the mRNA expression
pattern of non-adult MHC isoforms was investigated by Northern blot analysis. For analysis
of mRNA expression of MHCemb and neo, probes derived from the hypervariable 3'
regions, which exhibit much more divergence than the coding regions, were used (Eller et
al., 1989; Weydert et al., 1985). These regions are specific for each isoform with high
sequence homology across different species (Saez and Leinwand, 1986; Moore et al., 1993;

Schiaffino and Salviati, 1997). Northern blot analysis of non-adult MHC isoform mRNA in



the primary myotubes revealed a weak expression of MHCemb mRNA on day 9 (Figure
3A). On day 11, no MHCemb mRNA but significant amounts of MHCneo mRNA were
found, which decreased on day 13 (Figure 3B). On day 16, MHCneo mRNA was no longer
detectable (Figure 3B). Robust MHCIId/x mRNA expression was found from day 13 on,
with a decrease on the level of transcription towards day 28 of culture (Figure 3C).
Expression of MHCIId/x mRNA on days 14 and 21 was also demonstrated by
semiquantitative RT-PCR (Figure 3D).

In accordance with the mRNA data, SDS-PAGE revealed that the primary myotubes
expressed predominantly or exclusively MHCIId/x on day 13 and day 28 (Figure 4A),
respectively, in line with our previous findings (Kubis et al., 1997). MHCIId/x is also the
dominating MHC isoform in adult muscles from the rabbit (Aigner et al., 1993). Western
blot analysis using a specific antibody against MHCIId/x also revealed an increase in the
expression of MHCIId/x protein from day 14 to day 28 (Figure 4B). This finding confirms
that the single band found in SDS-PAGE on day 28 indeed represents the MHC isoform
[Id/x. On day 21, 99% of total MHC protein expressed in the microcarrier culture was
MHCIId/x, together with 1% MHCI/B. In contrast, primary myotubes cultured for 21 days
on matrigel-coated culture dishes expressed 63% MHCneo together with 37% MHCIId/x
(Figure 4C). With respect to the expression of adult MHC, these data demonstrate the
advantage of the microcarrier culture, which obviously reach a higher stage of
differentiation than the cells grown in the dishes. In the latter culture, the myotubes started
to detach from around day 22 of culture. Detachment was not observed in the carrier culture
around day 22 of culture, in fact the total protein content per culture flask increased until day
24 of culture, but declined towards day 29 (Figure 4D).

Taken together, the data reveal transient mRNA expression of non-adult MHC isoforms neo
and emb in early phases of the primary culture, with MHCemb expression preceding

MHCneo. Furthermore, coexpression of non-adult isoform mRNAs and adult MHCIId/x



mRNA was found in the intermediate stages of development. In 16 days old cultures, both
non-adult MHC isoform mRNAs were no longer expressed. Therefore, it can be concluded
that the primary myotubes replace non-adult by adult myosin during development as found
in muscle cells in vivo. The predominant or exclusive expression of fast MHCIId/x indicates

an adult fast type character of the primary myotubes in terms of MHC isoform pattern.

3.3 Increasing activity of creatine kinase indicates ongoing differentiation of the

myotubes

To further characterize the differentiation of the primary muscle cells, we determined
specific creatine kinase (CK) activity (Figure 4E). CK activity increased until day 22,
indicating ongoing differentiation of the myotubes. A decreasing level of CK activity on
days 28 and 30 of culture compared with day 22 is in accordance with declining levels of
MHCIId/x mRNA and total protein expression in the late phase of the culture (see Figures

3C and 4D), illustrating the limitations in the lifespan of the culture.

3.4 Cells growing on microcarriers fused to give multinucleated myotubes

To demonstrate that the cells growing on gelatin bead microcarriers were indeed fused to
multinucleated myotubes, primary myotubes grown on microcarriers for 14 days were
enzymatically detached from the carriers, seeded on glass coverslips and cultured for
additional two days. Staining of the nuclei of the cells with DAPI demonstrated the
multinucleated character of the myotubes (Figure 5, left panel). We further used an indirect
immunofluorescence approach by staining for the transcription factor NFATcl. In
accordance with the demonstrated fast type character of the myotubes in terms of MHC

isoform expression (Figures 3 and 4), NFATcl immunostaining was found nearly



exclusively in the cytoplasm of the myotubes, leaving the nuclei blank (Figure 5, center
panel). As demonstrated previously with the C2C12 muscle cell line (Meissner et al., 2011),
addition of 0.1 mM of calcium ionophore A23187 to the medium led to nearly completely
nuclear staining for NFATc1, indicating nuclear translocation (right hand panel of Figure 5).
These immunofluorescence studies clearly demonstrate the multinucleated character of the

myotubes growing on microcarriers.

4 Discussion

The present paper demonstrates that primary rabbit myotubes grown on microcarriers in
suspension develop an adult-like state with regard to their ultrastructural organisation but
also with regard to the expression of MHC isoforms. TEM and SEM studies revealed
structural components such as highly ordered myofibrils, T-tubules and sarcoplasmic
reticulum, as they are characteristic of adult muscle cells in vivo. It has been demonstrated
that C2C12 cells develop thin and thick filaments that are organized in myofibrils and
sarcomeres after 7 to 10 d in differentiation medium (Burattini et al., 2004). But these
structures do not show the same high degree of organisation as found in vivo. A high degree
of structural differentiation has also been observed when myotubes were cocultivated with
fibroblasts on Teflon membranes (Swasdison and Mayne, 1992). This culture technique
yielded myofibers, which possess an ultrastructure comparable to adult fibres in vivo, but the
special technical requirements of this method are prohibitive to using it on a larger scale. In
contrast, we have demonstrated that primary skeletal muscle cells can be grown on a large
scale on microcarriers for up to 30 days (Kubis et al., 1997). The major advantage of this
microcarrier culture in comparison to most conventional cultures results from the way in
which the myotubes grow in this system. As apparent from Figure 1, some of the myotubes
grow around the surface of one carrier, while others are attached to one carrier with one end

and to a second carrier with their other end. Spontaneous contractions, which begin to occur



at about one week of culturing, therefore bring the two neighbouring carriers closer to each
other (see the video, supplementary file), and the contraction is more or less isotonic. But
even in the case of myotubes growing on one single carrier, the contraction will not be
entirely isometric, because the gelatin of the carriers is quite soft and deformable. Thus, the
force exerted by the contracting myotube upon its points of attachment at the carrier/s will
be much less than it is in case of a rigid support such as a conventional Petri dish, where the
mode of contraction is largely isometric. The greater force exerted in the latter case causes
the fibers to detach from the surface of the dish, whereupon they are lost from the culture.
For this reason, the myotubes in the present culture system survive much longer and reach a
more mature state than in conventional culture systems. This is clearly evident from the
maturity of the ultrastructural elements as apparent from Figures 1 and 2, as well as from the
purely adult pattern of MHC seen in Figures 3 and 4, which will be discussed in the
following. In addition, it is conceivable that passive mechanical stretch (Goldspink et al.,
1995), as exerted by the microcarriers in motion, can contribute to the differentiation of the
myotubes.

The time pattern of the development of primary rabbit myotubes grown on microcarriers
reveals that they reach an adult fast type II state in terms of MHC isoforms expression. As
now described here on the level of mRNA (and described previously on the level of protein;
Kubis et al., 1997), before day 16 of culture, a mixture of adult and non-adult MHC
isoforms is expressed. However, from day 16 until day 28 exclusively adult MHC isoforms
are detected on the mRNA and protein level. These data are in line with the developmental
pattern of the expression of non-adult and adult MHC isoforms observed in mouse muscles
in vivo (Buckingham, 1985; Weydert et al., 1987). During muscle development, expression
of non-adult MHC isoforms precedes adult MHC isoform expression, but then also a
temporary coexpression is found. Following this period of coexpression of non-adult and

adult MHC isoforms, MHCIId/x is the main, and in the latest stage the sole MHC isoform



expressed in the primary culture. This agrees perfectly with the MHC expression pattern in
fast muscles of adult rabbits (Aigner et al., 1993). In contrast to the microcarrier culture,
primary rabbit myotubes grown on matrigel-covered culture dishes expressed substantial
amounts of non-adult MHC protein. This is in agreement with Higginson et al. (Higginson et
al., 2002), who observed that a primary skeletal muscle culture from rat hindleg muscle
cultured on 1% matrigel-coated six-well dishes for up to 20 days did not cease to express a
mixture of non-adult and adult MHC mRNA isoforms. This status of differentiation of the
cultured muscle cells is also known from early studies that included different primary
myotubes as well as myogenic cell lines (Silberstein et al., 1986; Weydert et al., 1987,
Dusterhoft and Pette, 1993; Naumann and Pette, 1994). C2C12 cells for example have been
shown to replace non-adult by adult myosin in a manner similar to that seen in the intact
organism (Silberstein et al., 1986). Nevertheless, after eight days in differentiation medium,
the proportion of non-adult myosin was found in the range of 25% of total myosin.

At around day 28 of culture some signs of decline of culture viability emerged, such as
increased disorder of myofibrils visualized by TEM, decrease in MHCIId/x mRNA
expression, and a beginning decrease in protein content and creatine kinase activity. This
may be due to lack of innervation or stimulation of the myotubes in our culture system. It
remains to be determined, whether continued stimulation of the primary myotubes can
increase the longevity of the culture or even accelerate the differentiation. We have
demonstrated so far (Kubis et al., 1997), that electrostimulation of the primary myotubes
with a slow fiber type activity pattern resulted in a fast-to-slow transformation on the level
of MHC isoform expression, with the appearance of slow MHCI, comparable to what is
observed when fast EDL and TA muscles are subjected to low frequency electrostimulation
Pette and Vrbova, 1992). Interestingly, only 24 h of electric pulse stimulation of
multinuclear C2C12 myotubes has been reported to lead to accelerated de novo sarcomere

assembly as determined by immunofluorescence (Fujita et al., 2007; Nedachi et al., 2008).



However, in this culture, expression of adult MHC isoforms was demonstrated without
checking for non-adult isoforms.

In recent years, tissue engineering techniques have led to increased complexity of muscle
cell culture in three-dimensional (3D) models, including vascularized skeletal muscle tissue
(Levenberg et al, 2005) and co-culture of neonatal myoblasts with primary embryonic motor
neurons (Martin et al., 2015). In the latter culture, a high level of striated myotubes and even
the formation of neuromuscular junctions could be demonstrated. Interestingly, the co-
culture also expressed a mixture of non-adult and adult myosin isoform mRNAs on day 18.
This finding demonstrates that the establishment of muscle cell culture expressing
exclusively adult MHC isoforms is also a challenging task in 3D models.

To summarize, primary skeletal muscle cells derived from newborn rabbit hindlimb
muscles growing on gelatin bead microcarriers were characterised with respect to the time
course of their differentiation. The multinucleated myotubes eventually develop features as
they are found in adult skeletal muscle fibers in vivo. This becomes apparent on the level of
ultrastructural organisation as well as of MHC isoform expression after around 16 days in
culture. The myotubes then express almost exclusively fast type I MHC isoforms and can
be held in culture for up to 30 days. The adult-like state of the myotubes renders them
ideally suited as an in vitro model for the investigation of molecular interactions and
mechanisms regulating fiber type-specific gene expression, for example fast-to-slow fiber-

type transformations.
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9 Figure legends

9.1 Figure 1 Scanning electron microscopy (SEM) reveals structural features of
primary rabbit myotubes as found in adult skeletal muscle. Scanning electron
micrographs of primary myotubes grown on microcarriers (A) for 9 days, light bar: 0.1 mm,
(B) and (C) for 16 days, light bar: 0.1 mm, and d 16 days, light bar: 10 um. T: T-tubule,

indicated by arrows.

9.2 Figure 2 Transmission electron microscopy (TEM) reveals structural features of
primary rabbit myotubes as found in adult skeletal muscle. Transmission electron
micrographs of myotubes grown on microcarriers for (A) 9 days, (B), (C) and (D) for 16
days, black bar: 1 um. A: A-band; G: glycogen granules, indicated by an arrow; I: I-band,
MTf: myofibrils; Mi: mitochondria; SL: sarcolemm, indicated by an arrow; SR: sarcoplasmic
reticulum, indicated by an arrow; T: T-tubule, indicated by an arrow; Tr: triad, indicated by

an arrow; Z: Z-disc, indicated by an arrow.

9.3 Figure 3 Primary rabbit myotubes no longer express non-adult MHC isoform
MRNA after 16 days of culture. Northern blot analysis of the developmental pattern of
MHC isoform mRNA expression. Primary myotubes were grown on microcarriers for 9, 11,

13, 16, 21, or 28 days as indicated. Total RNA (20 pg) was isolated, fractionated on a



formaldehyde agarose gel, transferred to nitrocellulose, and probed (A) with the 3' terminal
BamHI/EcoRI fragment of embryonic MHC ¢cDNA (MHCemb), or 18S rDNA, (B) with the
3' terminal Pstl fragment of neonatal MHC ¢cDNA (MHCneo), or 18S rDNA, (C) with the 3'
terminal PstI fragment of adult fast MHCIId/x ¢cDNA, or 18S rDNA. Probes were [**P]-
labeled. The position of 18S rRNA and 28S rRNA on the ethidium bromide-stained gels are
indicated. (D) Semiquantitative RT-PCR analysis of MHCIId/x mRNA expression. Total
RNA was isolated from primary rabbit myotubes grown on microcarriers for 14 or 21 days.
Densitometric quantification of PCR products separated by PAGE and visualized with

highly sensitive silver staining. 18s rRNA levels were used for normalisation.

9.4 Figure 4 Primary rabbit myotubes grown on microcarrier predominantly express
fast adult MHCII protein after three weeks of culture. (A) Gelelectrophoretic analysis of
MHC isoform expression in myotubes growing on microcarriers. SDS-PAGE of myosin
extracts at days 13 and 28 of culture. M: Marker, mixture of myosin extracts from rabbit
soleus (MHCI/B and Ila) and tibialis anterior (MHCIIa and IId/x) muscle, emb: embryonic
MHC, neo: neonatal MHC. (B) Western blot analysis demonstrates increased expression of
MHCIId/x protein from day 14 to day 28. Primary rabbit myotubes were grown on
microcarriers for 14 or 28 days. The blot was probed with an anti-MHCIId/x antibody and
reprobed with anti-o-tubulin antibody as loading control. The position of marker proteins is
shown on the left. (C) Quantification of SDS-PAGE analysis of myosin extracts from
primary myotubes grown on microcarriers or matrigel-coated culture dishes at day 21 of
culture. Total MHC band density per cultivation method was set to 100%. (D) Total cell
protein in primary rabbit muscle cells grown on microcarriers increased until day 24 of
culture. Cell protein per culture flask (mg) was determined at different age of culture (6, 11,
14, 16, 21, 24, and 28 days). The data represent the mean = SD, n> 3. *: significantly

different from day 6, p<0.05; +: significantly different from day 24, p<0.05. (E) Increasing



activity of creatine kinase indicates ongoing differentiation of primary rabbit myotubes.
Time course of specific creatine kinase activity of primary muscle cells grown on
microcarriers. Creatine kinase activity (units per g protein, U/g PRT) was determined at
different age of culture (9, 11, 16, 22, 28 and 30 days). The data represent the mean + SD,
n=3. *: significantly different from day 9, p<0.05; +: significantly different from day 22,

p<0.05.

9.5 Figure 5 Cells growing on microcarriers fused to give multinucleated myotubes.
Primary myotubes grown on microcarriers for 14 days were enzymatically detached from
the carriers and grown on glass coverslips for additional two days in DM or for one day in
DM and for additional one day in DM in the presence or absence of 0.1 mM Ca”"-ionophore
A23187 (Ionophor) as indicated. Myotubes were stained with DNA-marker DAPI to depict
the nuclei or processed for immunofluorescence staining using a primary anti-NFATcl and a
FITC-labeled secondary antibody as indicated. Fluorescence was detected by using an

inverted fluorescence photomicroscope at a magnification of x 400.
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