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Abstract

This manuscript describes the development of a culture system whereby mature contracting
myotubes were formed from adult rat derived satellite cells. Satellite cells, extracted from the
Tibialis Anterior (TA) of adult rats, were grown in defined serum-free growth and differentiation
media, on a non-biological substrate, N-1[3-trimethoxysilyl propyl] diethylenetriamine. Myotubes
were evaluated morphologically and immunocytochemically, using MyHC specific antibodies, as
well as functionally using patch clamp electrophysiology to measure ion channel activity. Results
indicated the establishment of the rapid expression of adult myosin isoforms that contrasts to their
slow development in embryonic cultures. This culture system has applications in the
understanding and treatment of age related muscle myopathy, muscular dystrophy, and for skeletal
muscle engineering by providing a more relevant phenotype for both in vitro and in vivo
applications.
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Introduction

Adult tissue-derived /n vitro systems provide a unique modality to study physiologic and age
related diseases. The study of adult skeletal muscle physiology and myopathies has
especially benefitted from the ease of isolation of satellite cells which are adult muscle
progenitor cells. Satellite cells are situated between the sarcolemma and basal lamina of
muscle fibers. These normally quiescent cells, activated in response to exercise and
pathological injuries, migrate to the site of damage where they proliferate, elongate, and fuse
to each other, as well as to existing myofibers, to replace lost or damaged cellular material.!

Currently, the prevailing dogma for the study of muscle related diseases and physiological
phenomenon /n vitro focuses on cells derived from adult animals grown in serum-containing
medium formulations. Generally, animal-sera have been used in adult and embryonic muscle
culture due to their ability to enable the rapid proliferation of muscle cells.2# Once the cells
have reached a confluent monolayer, the removal, or drastic reduction, of serum
concentration triggers extensive myotube formation in the cultured cells. This has been the
long established protocol due to cost efficiency, relative ease of use, and general
effectiveness.® The drawback of this culture system is that the contents of animal sera have
not been fully elucidated nor well characterized; there is also the batch to batch variability
that occurs during serum production.5: 7 Therefore, one cannot rule out the possibility of
adverse stimulatory or inhibitory effects occurring as a result of its use. Consequently, the
clinical applications of an /n vitro model system that uses serum containing medium
formulations are limited.

Previous work has detailed the development of a serum-free system that mimics the /n vivo
process of myotube formation and the physiological contractile properties of myotubes
derived from fetal hind-limb satellite cells.8~19 However, the use of embryonic muscle limits
the applicability of these systems to the study of age related diseases and adult physiological
processes such as Myosin Heavy Chain (MyHC) class switching.

To address this issue a culture system was developed where all aspects of the system were
defined and controlled to provide a new model for the study of adult muscle physiology and
disease. The process utilized satellite cells derived from adult rat hind-limbs, a defined
serum-free media formulation, as well as a non-biological cell growth promoting substrate
N-1[3-trimethoxysilyl propyl] diethylenetriamine (DETA). The triamine functionality of
DETA is also a structural analog to spermidine, a growth factor known to promote cellular
survival.11: 12 This system exhibited physiological maturation (adult MyHC expression) and
responded to physiological stimuli to provide a suitable model for the study of age related
disease and muscle myopathies. Combined with previous work modeling neuromuscular
junction formation,13-16 new functional assays could be developed from the adult cells
derived from transgenics or disease related animals for more relevant /n vitro disease
models. Recent FDA/NIH initiatives for regulatory science require the use of serum-free
media and as such, a new serum-free system for the study of adult derived skeletal muscle
myotubes will be of paramount importance in the advancement of muscle biology and /n
vitro drug discovery.
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Materials and Methods

Surface Modification and Characterization

Glass coverslips (VWR cat. nr. 48366067, 22x22 mm?2 No. 1) arranged in ceramic staining
racks (Thomas Scientific, Swedesboro, NJ) were chemically cleaned and dried prior to
surface modification. First, the coverslips were soaked in a solution of 50/50 methanol
(VWR cat. nr. BJLP230-4) / hydrochloric acid (VWR cat. nr. EM1.00314.2503) for 2 hours
and then rinsed thoroughly with DI water. The coverslips were then immersed in
concentrated sulfuric acid (VWR cat. nr. BDH3072) for a minimum of 2 hours, rinsed as
before and then boiled in deionized water for at least 30 minutes. After boiling the glass
slides were placed in an oven set to 110°C and allowed to dry overnight. The 3-
Trimethoxysilyl propyl diethylenetriamine (DETA), (United Chemical Technologies Inc.
T2910) film was formed by the reaction of the cleaned and dried surfaces with a 0.1% (v/v)
solution of the organosilane in freshly distilled toluene (VWR cat. nr. BDH1151). The
DETA-toluene solution was prepared in a glove box (MBraun, Stratham, NH) under nitrogen
atmosphere, and the reaction was carried out in the lab atmosphere in a dish covered with an
inverted beaker. The dish containing the clean slides was heated to approximately 100°C for
30 minutes, and then allowed to cool to room temperature, when the slides were taken out of
DETA solution, rinsed carefully three times with dry toluene and reheated in a fourth
toluene rinse to approximately 100°C for 30 additional minutes. The DETA-coated slides
were oven dried at 110°C for at least 2 hours prior to use or storage. Surfaces were
characterized by static water contact angle measurements using a Rame-Hart Model 250
goniometer, and by X-ray Photoelectron Spectroscopy (XPS) using a VG ESCALAB 220i-
XL spectrometer equipped with an aluminum anode and a quartz monochromator. The
spectrometer was calibrated against the reference binding energies of a clean Ag sample.
XPS survey scans were recorded in order to determine the relevant elements (pass energy of
50 eV, step size of 1 eV). Si 2p, C 1s, N 1s, and O 1s high resolution spectra were recorded
in order to determine the quality of the surfaces (pass energy of 20 eV, step size of 0.1 eV).
The fitting of the peaks was performed with Avantage version 3.25 software, provided by
Thermo Electron Corporation.

Skeletal Muscle Isolation and Serum-Free Medium

The left and right Tibialis Anterior (TA) were dissected from Adult Sprague-Dawley rats
aged 6-12 months (Charles-River Laboratories). Briefly, rats were euthanized by inhalation
of an excess of CO,. This procedure complies with IACUC standards laid out by the Animal
Research Council of University of Central Florida. The muscle was collected in a 15 ml
conical tube and washed briefly in PBS to remove debris. The tissue was then minced into
fine pieces and enzymatically dissociated in a 25 mg collagenase 11 (Worthington
Biochemicals, LS004176), 1 mg dispase (Worthington Biochemicals, LS02104) solution in
DMEM (Gibco, 11965) for 1 hour in a 37°C water bath at 100 rpm. Muscle was removed
and triturated using fire polished glass pipettes. The suspension was plated on 100 mm
uncoated dishes for 1 hour at 37°C, 100% relative humidity. The unattached cell suspension
was collected and centrifuged at 300 g for 5 min at 4°C. The supernatant was removed and
the pellet was re-suspended in proliferation medium (Table 1) and plated on DETA
coverslips. The suspension was allowed to incubate for 45 minutes before additional
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medium was added. The cells were then serial plated twice on DETA coverslips to obtain a
more pure population of myoblasts on the third coverslip. After 8 days the proliferation
medium was slowly removed and replaced with differentiation medium (Table 2) to promote
cell alignment and fusion. The cells were maintained in a 5% CO, incubator and one half the
differentiation media was changed every 3—4 days.

Immunocytochemistry

Myosin Heavy Chain—Coverslips were rinsed with PBS and fixed in 4%
paraformaldehyde for 10 min. They were then washed in PBS, incubated in PBS
supplemented with 1% bovine serum albumin and 0.1% triton X-100 (permeabilization
solution) for 20 min, before being blocked for 30 min in the permeabilization solution + 5%
donkey serum (blocking solution). The fixed cells were incubated in blocking solution
overnight at 4°C with either a primary antibody against MyHC all classes (A4.1025, IgG,
Developmental Studies Hybridoma Bank), diluted 1:10, a MyHC slow antibody (Sigma
M8421), diluted 1:500, or a MyHC fast antibody (abcam ab91506), diluted 1:1000.
Coverslips were washed with PBS and incubated with Alexafluor secondary antibodies
(Invitrogen) diluted (1:400) in PBS for 2 hours at ambient temperature in the dark. After
rinsing in PBS, the coverslips were mounted on glass slides using VectaShield + DAPI
mounting media (Mector Laboratories H1200) and viewed on a confocal microscope
(UltraVIEW™ LCI, PerkinElmer).

Double Staining with Pax-7 and Myo-D

Cultures were processed for immunocytochemistry as described above. Next, cells were
incubated overnight at 4°C with primary antibodies against Myo-D (abcam ab16148),
diluted 1:1500, and Pax-7 (abcam ab34360), diluted 1:3000.

Patch Clamp Electrophysiology

Whole-cell patch clamp recordings of the mature myotubes were performed in a recording
chamber located on the stage of a Zeiss Axioscope 2FS Plus upright microscope as
described previously.13 Patch pipettes were prepared from borosilicate glass (BF150-86-10;
Sutter, Novato, CA) with a Sutter P97 pipette puller and filled with intracellular solution (in
mM: K-gluconate 140, EGTA 1, MgCl, 2, NapATP 2, phosphocreatine 5, phosphocreatine
kinase 2.4 mg, Hepes 10; pH = 7.2). The resistance of the electrodes was 6-8 MQ. Voltage
clamp and current clamp experiments were performed with a Multiclamp 700A amplifier
(Axon Laboratories, Union City, CA). Signals were filtered at 2 kHz and digitized at 20 kHz
with an Axon Digidata 1322A interface. Data recording and analysis were done with
pClamp 8 software (Axon Laboratories). Membrane potentials were corrected by subtraction
of a 15 mV tip potential, which was calculated using Axon’s pClamp 8 program. Sodium
and potassium currents were measured in voltage clamp mode using voltage steps from a
-85 mV holding potential. Action potentials were evoked with 1 s depolarizing current
injections from a —85 mV holding potential.
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Statistical Analysis

30 random fields of view were analyzed across 3 independent experiments. The number of
fields of view analyzed was deemed sufficient to provide an accurate representation of the
mean as assessed by cumulative frequency analysis (data not shown).

Results and Discussion

DETA surface Modification and Characterization

DETA is a spermidine analog that has been shown to promote the proliferation, maturation
and long term survival of an array of cell types.11: 12. 14,15, 17 ggatic contact angle and XPS
analysis was used for validation of the surface modifications. Contact angles of 46° +/- 2°
were shown to be consistent and reproducible across this study. XPS measurements for the
ratio of N (1s) to Si (2p) of 1500 +/- 200 indicated that a reaction site limited DETA
monolayer was formed on the coverslips.

Development of Serum-free Medium and Plating Techniques

The starting medium formulation, surface modification and plating technique was developed
previously by our lab to create a system for the development of myotubes derived from
embryonic E18 rat hind-limbs.10 However, this system was insufficient to enable the
development of myotubes from satellite cells isolated from the TA of adult rats. The original
medium formulation was altered by the addition of bFGF, which is well established as a
promoter of muscle proliferation,18 L15 medium, which was previously shown to promote
myoblast survival,? and the addition of calcium, in the form of CaCl,.19 This reformulated
medium was sufficient to promote the proliferation of myoblasts. The plating technique was
modified by introducing a serial plating protocol whereby the cell suspension was removed
after 24 hours and re-plated on a new DETA coverslip.20 After the second serial plating it
was determined that the culture had a higher proportion of myoblasts and cell survival in the
culture was increased.

After cell proliferation and culture purity were optimized, it was also necessary to alter the
technique by which differentiation of myoblasts into myotubes was induced. The previously
devised technique was to shock the cultures into differentiation by completely changing the
growth medium to differentiation medium after 48 hours of proliferation.10 It was observed
that if this technique was employed, it resulted in complete cell death within 12 hours.
Instead a gradual decline in growth factors was employed to enable, cell survival and
maturation into multinucleated myotubes. 300 uL of growth medium was removed daily and
replaced with an equivalent volume of a defined serum-free differentiation medium (Table 2)
over the course of 5 days. This gradual reduction in growth factors resulted in robust cell
survival and myotube formation. The combination of all these changes resulted in the
establishment of a system by which mature myotubes could be routinely formed from adult
satellite cells (Figure 1). Functional contractile /n vitro myotubes tend to differ slightly from
mature /n vivo myofibers morphologically; they lack peripheral nuclei and, despite forming
well-defined sarcomeric structures, they usually do not promote the formation of extensive
and highly organized myofibrils. Therefore, for the purposes of this manuscript, these
differentiated myogenic cells are referred to as functional myotubes, rather than myofibers.
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Characterization of the Satellite Cells and Resultant Myotubes

Satellite cells express the transcription factor Pax-7. Cells of a myogenic lineage will also
express the muscle specific marker Myo-D. There is some contention as to whether Pax-7 is
expressed in quiescent versus activated satellite cells, nevertheless it is ubiquitously
expressed in satellite cells as a whole.21-23 As such, these markers were used to quantify the
number and purity of muscle satellite cells isolated from the TA. Figure 2a shows the co-
localization of Pax-7 and Myo-D in myoblasts expanding in proliferation medium after 2
days /n vitro (DIV). Multiple coverslips were imaged, using cumulative frequency analysis,
and the cultures were determined to be 60.15% +/— 10.39% positive for both Pax-7 and
MyaoD in the first plating, 71.36% +/- 6.3% for the second plating, and 94.96% +/— 3.85%
after the final serial plating (Figure 2b). This establishes that serial plating was needed to
provide a relatively pure culture of proliferating myoblasts that promotes myotube formation
in the serum-free medium. Figure 2a, panels D-F, also shows phase images of the myotubes
from 12 DIV, indicating the continued purity of the culture.

Immunocytochemical Characterization of the Myotubes

After induction of myoblast fusion into myotubes the culture was characterized
immunocytochemically. DIV 14 myotubes were stained with anti-MyHC antibody A4.1025
from the DSHB. MyHC is an essential element in the contractile apparatus of mature
myotubes. Figure 3 shows highly striated muscle indicating mature myotubes with a highly
developed contractile apparatus.

Characterizing Mature MyHC expression

One of the limiting factors in the use of embryonic derived cultures is the limitation for
those cultures to express more advanced isoforms of MyHC such as neonatal and/or

adult.24 25 Figure 4 shows positive staining for both the mature MyHC slow isoform as well
as the mature MyHC fast isoform. It was determined that approximately 73.89 + 4.6% of
myotubes at 12 DIV expressed the MyHC fast twitch isoform and that 10.67 + 1.1% of those
myotubes also expressed the mature slow twitch isoform. This is in contrast to previous
results indicating approximately 25% neonatal/adult conversion after 45 DIV for embryonic
derived tissue.l’

Electrophysiological Characterization

Muscle specific myoblasts were shown to fuse into MyHC positive myotubes. These
myotubes were then tested to determine if the ion channels were functional utilizing whole
cell patch clamp electrophysiology. DIV 14 myotubes were patched according to the
described protocol and as can be seen in Figure 5 fired action potentials (APs) when
stimulated. The myotubes expressed a mean inward current of —2998.7 +/- 307.9 pA with a
mean outward current of 1816.3 +/- 202.2 pA indicating functional sodium and potassium
channels and the APs had a mean amplitude of 46.7 +/- 5.8 mV (errors are expressed as +/—
the SEM, with n = 9). The resting membrane potential of =59.9 +/- .8 mV measured in our
system more closely mimics ideal /7 vivo potentials than previously reported membrane
potentials of comparably aged /n vitro rat myotubes in serum-containing medium.26
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The results described above document the development of a new serum free adult skeletal
muscle culture system. This system furthers the evolution of physiologically relevant /n vitro
myotube models. Specifically, this manuscript documents the development of a medium
formulation, surface composition and culture technique that results in myotubes that better
recapitulates /n vivo functionality and maturation by more rapid expression of adult myosin
isoforms compared to embryonic tissue-derived myotube cultures.

Current /n vitro muscle cultures derived from adult tissue primarily rely on animal sera for
the division and growth of myoblasts.2’” The limitations of this approach are the variability
of serum production and the lack of definition of the contents. A serum-free medium was
developed, supplemented with a cocktail of defined growth factors supporting adult-derived
myoblast proliferation and fusion as well as myotube maturation, both structurally and
functionally. The completely defined nature of this medium formulation also makes it
advantageous for high-content drug screening and in vitro/in vivo correlative studies. It
could also be utilized in tissue engineering and regenerative medicine investigations by
demonstrating new techniques for isolation and expansion of adult satellite cells that are
capable of functional maturation.

Previously, studies conducted in our lab resulted in the development of a defined skeletal
muscle myotube system derived from the hind-limbs of embryonic day 18 rat fetuses.10 This
culture system provided a starting point for studying myotube physiology in a serum-free
environment, but was limited in its ability to reproduce /n vivo mature muscle
characteristics. This previous work has shown, and is supported by observations from our
experiments, that MyHC class switching from an embryonic isoform to a more adult like
phenotype occurs over a 45-50 day culture period, after which the culture will express ~25%
neonatal/adult MyHC isoforms.1% While the use of DETA provides for long term muscle
cultures, up to a maximum of 6 months in our hands (data not shown), it would be more time
efficient and cost effective to have myotube cultures that express adult MyHC isoforms at
earlier time points.

We have shown here that skeletal muscle myofibers derived from the TA of adult rats
undergo a more accelerated MyHC isoform switching than do their embryonic muscle
counterparts under these serum-free media conditions and using a defined organosilane
surface. Figure 4 shows both mature MyHC fast-twitch fiber expression and MyHC slow-
twitch fiber type expression by day 12 in culture. This equates to a 75% decrease in time to
maturity over embryonic derived muscle in serum-free conditions. We have also shown that
73.89+/-4.6% of myotubes in culture at day 12 expressed the mature MyHC fast twitch
isoform, and 10.67 +/-1.1% of those also expressing the adult type slow twitch isoform; a 3-
fold increase in mature MyHC expression over an embryonic-derived culture

system.10.17. 28 The ratio of fast to slow twitch isoform expression in myotubes maintained
for 12 DIV in serum-free conditions mirrors data attained using serum-containing media at
equivalent time-points.2

It was observed that 31.0% +/- 19.1% of the 12 DIV myotubes contracted spontaneously at
any one time, as well as approximately 70% of myotubes contracted under broad field
stimulation.2® Further studies have shown that this new culture technique and medium
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formulation allows for the interrogation of myotube contractile force and fatigue.2® This
system will allow for ease of isolation of tissue, reduction in culture cost for media,
reduction in time to analysis, and increased relevance to mature muscle, making it a more
representative culture system to study adult myopathies. This formulation is also compatible
with neuronal culture, so it should facilitate multi cellular construct formation /n vivo.
Furthermore, the adult nature of the myoblasts used in this system facilitates the accurate
investigation of adult myopathies, muscle regeneration and neuromuscular junction
physiology. This opens new possibilities of directly culturing cells from transgenic animals
after they began exhibiting their deficits or changes due to genetic manipulation.

Conclusion

In conclusion, this serum-free skeletal myotube culture system provides a model by which to
investigate the role specific growth factors and drugs might play on adult physiological
processes such as myotube maturation as well as disease processes associated with muscle
regeneration including the muscular dystrophies.
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Figure 1.
Phase images of myoblasts and myotubes derived from the Tibalias anterior of adult Sprague

Dawley rats. Phase images of proliferating myoblasts at (A) 2 DIV, (B) 4 DIV, (C) 8 DIV.
Phase images of fused myoblasts at 12 DIV (D,E). Scale Bar 50 pm, the scale bar in panel D
pertains to panels A-D.
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Plating 1 2 3

Figure2.
Figure 2a. Pax-7 and Myo-D immunostaing of 2 DIV myoblasts derived from plate three of

serial plating. (A) Phase image of myoblasts, (B) Pax-7 transcription factor staining, (C)
Myo-D muscle marker staining. Phase images indicating the relative purity of myotube
cultures from serial plating at 12 DIV. (E) Plate 1, (D) Plate 2, (F) Plate 3. Scale bar 10 um.
Figure 2b: Indicates the relative purity of the culture starting at 60% purity at plate 1 going
to 94% purity at plate 3.
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Figure 3.
(A) Phase image (B) MYHC immunostaining and (C) overlay of 14 DIV myotubes.

A4.1025 MyHC antibody staining showing highly striated myotubes. Striations are an
indication of a highly organized contractile apparatus and mature myotubes. Scale Bar 50
um.
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Figure 4.
Immunostaining of 12 DIV myotubes for adult MyHC isoforms. Panels (A and D) show

staining for adult MyHC type | isoform for two separate coverslips. Panels (B and E) show
staining for adult MyHC type I1b isoforms for those same myotubes. Panels (C and F) are
the composite images of those cultures. Cultures indicate at 12 DIV 73.89 + 4.6% of
myotubes stain for type Ilb and approximately 10.67 + 1.1% of those also stain for type |
isoform. Scale Bar 20 um.
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Figure5.
Patch clamp electrophysiology of adult tissue derived myotubes. (A) Representative voltage

clamp trace obtained from a 14 DIV myotube. (B) Representative current clamp trace of
same myotube. Inset is a phase image of the myotube. (C) Statistics showing mean
parameters derived from n = 9 myotubes.
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Composition of serum-free growth medium for a 500 ml sample.

Table 1

Component Company Catalogue#  Quantity
Neurobasal Invitrogen 21103049 250 ml
L15 Invitrogen 11415064 250 ml
aFGF Invitrogen 13241-013 10 ug
Antibiotic-antimycotic  Invitrogen 15240062 5mi
Calcium chloride Fisher 10035-04-8 250 ug
VEGF RND systems ~ 293-ve-010 10 ug
bFGF RND Systems  3339-FB-025 20 ug
CNTF Cell Sciences  CRC 401B 20 ug
NT-3 Cell Sciences  CRN 500B 10 ug
Nt-4 Cell Sciences  CRN 501B 10 ug
GDNF Cell Sciences  CRG 400B 10 ug
BDNF Cell Sciences  CRB 600B 10 ug
CT-1 Cell Sciences  CRC 700B 10 ug
LIF Sigma L5158 10 ug
Vitronectin Sigma V0132 50 ug
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Composition of serum free differentiation medium for 500 ml.

Component | Company | Catalogue# | Quantity
Neurobasal Invitrogen | 21103049 250 ml
L15 Invitrogen | 11415064 250 ml
EGF Invitrogen | 53003018 50 ug
IGF Sigma 12656 5ug
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