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Summary
The essence of biophysical cues in skeletal muscle tissue engineering

Skeletal muscle is an appealing topic for tissue engineering because of its variety
in applications. Evidently, tissue engineered skeletal muscle can be used in the field of
regenerative medicine to repair muscular defects or dystrophies. Engineered skeletal
muscle constructs can also be used as a model system for drug‐screening or to study
muscle physiology and the etiology of pressure sores. Besides these well known
applications, a new field of interest with high societal impact has arisen, being in vitro
cultured meat. Contemporary large‐scale farming and transportation of livestock brings
along a high risk of infectious animal diseases and environmental burden through
greenhouse gas emission. In vitro cultured meat can dramatically reduce these risks and
improve animal welfare.
Although major advances have been made so far in skeletal muscle tissue
engineering, the maturation level of the engineered muscle constructs is still not
satisfactory. The requirements of the engineered skeletal muscle constructs are similar
for both regenerative medicine and in vitro meat production: mature functional skeletal
muscle tissue is required that can produce force within the physiological range. To
improve the maturation process of skeletal muscle progenitor cells we have focused on
mimicking the native environment of these cells. In particular, we have focused on
biophysical cues that play an essential role in the regeneration of skeletal muscle tissue
in vivo. These cues were investigated in conventional 2D cultures, as well as in 3D model
systems that are physiologically more relevant.
An important biophysical cue that was investigated is electrical stimulation, since
nerve stimulation is known to be a prerequisite for myotube formation in vivo. We have
shown that electrical stimulation results in an acceleration of the formation of cross
striations and increased expression levels of muscle maturation markers in 2D and 3D
experiments. These effects were observed in cultures of the conventional C2C12 cell line
and primary muscle progenitor cells (MPCs). More specifically, electrical stimulation of
3D cultures with MPCs resulted in a shift of myosin heavy chain (MHC) expression
towards slower isoforms. Electrical stimulation can be implemented in skeletal muscle
tissue engineering strategies to improve efficiency of the culture process and to tune
MHC expression, which may be relevant for the final texture of the engineered
constructs.
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Mechanical cues also play an important role in muscle development in vivo, both
in the embryonic phase and in adults. Stretch can result in hypertrophy of skeletal
muscle tissue and can therefore improve texture and force production of tissue
engineered skeletal muscle constructs. However, our mechanical stimulation protocol,
with applied strains within the physiological range, resulted in impaired muscle
maturation in both C2C12 and primary MPCs and is therefore not useful for skeletal
muscle tissue engineering.
A major finding of the results presented in this thesis is that the 3D environment
in which muscle progenitor cells are cultured is essential for myogenesis. Sarcomere
formation was faster in a 3D hydrogel based environment, compared to conventional 2D
cultures. In 2D, sarcomere formation is optimal on substrates with a stiffness similar to
in vivo skeletal muscle tissue, between 3‐12 kPa. However, the stiffness of our 3D
hydrogel systems was considerably lower than this range and muscle formation still
progressed rapidly. We concluded that not the substrate stiffness itself, but the ability of
cells to develop tension is essential for the formation of cross striations. Both in 2D and
3D settings we demonstrated that the Rho‐associated kinase plays a role in this process,
since no cross striations were observed when this kinase was inhibited. Additionally, 3D
culture methods that enable an increase in cellular tension result in acceleration of the
maturation process.
MPCs cultured in 3D resulted in more mature skeletal muscle tissue compared to
C2C12 and are therefore the preferred cell source for tissue engineering applications.
However, their proliferative capacity remains limited. We showed that the C2C12 cell
line, which is readily accessible and easy to culture and differentiate, can be used as a
model system to design 3D culture methods and biophysical stimulation regimes.
In conclusion, we have shown that several biophysical cues are important for in
vitro skeletal muscle maturation. The results presented in this thesis have contributed to
the technology that can realize the in vitro production of meat.
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Chapter 1
General introduction

Chapter 1

1.1 Skeletal muscle
Skeletal muscle is a large metabolic organ that is responsible for practically all
voluntary body movements. It also maintains the posture and balance of the human
body. While attached to the bones by tendons, skeletal muscle tissue is capable of
generating forces that are initiated by signals from motor neurons. Besides its
physiological importance in animals, skeletal muscle tissue is also an important
component of the human diet.

1.1.1 Skeletal muscle anatomy
The hierarchical structure of skeletal muscle, as illustrated in Figure 1.1, is
composed muscle fibers that are held together by different layers of connective tissue.
Each muscle is surrounded by fibrous connective tissue called the epimysium and
contains several bundles of muscle fibers. These bundles are bound by a collagen type I‐
rich sheet called the perimysium, whereas each single muscle fiber is surrounded by the
endomysium which includes the specialized basement membrane, made up of mostly
laminin and collagen type IV (Schiaffino and Partridge 2008).

Figure 1.1 Hierarchical structure of skeletal muscle. Length scales of the different
components are given.
2
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Muscle fibers are multinucleated cells, resulting from the fusion of multiple
mononuclear myoblasts. A developmental stage of the muscle fiber, called a myotube, is
formed by the breakdown and fusion of adjoining membranes of myoblasts (McComas
1996). Once a myotube has been formed, the nuclei of the cells line up with preexisting
nuclei in the center of the myotube. Further maturation of the myotubes results in the
organization of filaments that are responsible for the contractile properties and the
cross striated pattern of skeletal muscle. A schematic overview of these contractile
elements, called sarcomeres, is given is Figure 1.2.

Figure 1.2 Organization of the sarcomere.

1.1.2. Skeletal muscle contractions
Force generation in skeletal muscle tissue is established by contractions of the
sarcomeres that are present in the individual muscle fibers. The sarcomeres contract
upon activation, resulting in shortening of the muscle. These contractions are initiated
by impulses from the axons of motor neurons that branch into a neuromuscular
junction. Each muscle fiber has only one neuromuscular junction, located around its
middle, but each motor neuron can activate several muscle fibers. The neuromuscular
junction is formed by the motor end plate, at which the axon communicates with the
folded sarcolemma of the muscle fiber.
When an action potential of the neuron reaches the motor end plate, the
neurotransmitter acetylcholine is released from the synaptic vesicles, which opens Na+
channels and leads to an action potential that propagates across the sarcolemma
(McComas 1996). This action potential triggers the release of Ca2+ from the sarcoplasmic
reticulum (SR) of the muscle fiber, after which Ca2+ binds with troponin molecules on the
actin filaments. Troponin then changes shape and removes the blocking action of
tropomyosin, enabling myosin cross bridges to attach to actin, pulling the actin filaments
towards the center of the sarcomere. The myosin cross bridges attach and detach
alternately in a process that is energy driven by adenosine triphosphate (ATP).
When the action potential ends, Ca2+ is actively pumped back into the SR in
anticipation of the next action potential reaching the motor end plate (McComas 1996).
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The velocity with which the sarcomeres can contract depends on the rate of
myosin cross bridge reactions with the actin filaments, and thus depends on the speed
with which the myosin head can break down ATP. The heavy chains of myosin determine
this speed and hence the speed of muscle shortening. A muscle fiber is either classified
“slow” or “fast” by its myosin heavy chain (MHC) isoform. MHC‐I fibers are slow
(oxidative), whereas type II fibers are fast; more specifically, type II‐a fibers (also called
MYH2) are fast oxidative and type II‐d/x (MYH1) and type II‐b (MYH4) fibers are fast
glycolytic. Fiber type composition differs among the muscle groups in animals and can
vary between individuals. Training can also influence the fiber type composition of
different muscles (McComas 1996).
In the developmental stage, embryonic (MYH3) and perinatal (MYH8) isoforms of
myosin heavy chain precede the adult isoforms mentioned above.

1.2 Tissue engineering and in vitro meat production
Skeletal muscle tissue has the capability to regenerate itself when injured. The
muscle stem cells that are responsible for this process are the satellite cells. However,
when the injured area exceeds the level of regeneration capacity of the muscle itself,
other techniques are required to repair this defect. Tissue engineering is a promising
technique that can offer a solution to this problem. By this technique, cells are isolated
from a patient, induced to proliferate in vitro and finally incorporated in a 3D
environment. The 3D constructs are cultured inside a bioreactor with appropriate
biochemical and biophysical stimuli to result in the desired tissue. The developed muscle
equivalent is then ready for transplantation into the injured area or can function as an in
vitro model system for drug screening, muscle physiology, and the etiology of
pathologies, such as pressure sores (Vandenburgh et al. 2008, Gawlitta et al. 2007).
Since skeletal muscle is the major component of meat for consumption, tissue
engineered muscle constructs are therefore an appealing alternative for conventional
meat originating from livestock. The in vitro production of meat holds the promise of
reducing livestock and improving animal welfare, zoonoses, and environmental burden
(as reviewed in Chapter 2).

1.2.1 Cell sources for skeletal muscle tissue engineering
The ideal cell source for tissue engineered skeletal muscle should possess
indefinite proliferation properties and should retain the capacity to differentiate into
skeletal muscle cells. A promising candidate is found in the natural stem cells of skeletal
muscle, the satellite cells. Quiescent satellite cells reside in between the basement
membrane and the sarcolemma that surround each muscle fiber. Upon activation,
4
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triggered by injury, satellite cells migrate to the injured area and differentiate into
skeletal muscle cells that fuse into existing muscle fibers (Schiaffino and Partridge 2008).
Both proliferation and differentiation capacities of satellite cells in culture still
require optimization. In vivo these cells can divide multiple times until differentiation
into myoblasts and fusion into the injured muscle fiber (Collins and Partridge 2005). In
addition, when satellite cells are isolated from the muscle fibers without enzymatic
digestion and injected back into the host tissue without further culturing in vitro,
regeneration is successful (Collins et al. 2005). However, once cultured in vitro under
conventional culture conditions, satellite cells lose their proliferative capacity, but
readily differentiate into muscle progenitor cells (MPCs) and form multinucleated
myotubes. This decline in proliferative capacity is probably due to a loss of the highly
specific niche in which these cells normally reside (Blau et al. 2001; Boonen and Post
2008).
Until these capacities have been optimized for use in tissue engineering
techniques, knowledge can be gathered from conventional cell lines. The C2C12 murine
skeletal myoblast cell line (Blau et al. 1985), for example, is an easily accessible cell
source that has a high proliferative capacity and efficiently forms myotubes under
conventional culture conditions. These cells have also been used in either hydrogel or
scaffold based systems to create bioartificial muscles (BAMs) for tissue engineering
strategies (Vandenburgh et al. 1996; Kosnik et al. 2003; Huang et al. 2006; Cimetta et al.
2007; Dennis and Dow 2007; Gawlitta et al. 2008; Bian and Bursac 2009). However, the
maturity of the formed myotubes and BAMs still does not meet the physiological
requirements, such as development of mature cross striations and the resulting ability to
produce forces within the physiological range. Additional stimuli are necessary to
improve the maturation process of 2D cultures and 3D constructs consisting of C2C12
myotubes. Therefore, this cell line is a valid model system to investigate different stimuli
that will lead to improved differentiation and maturation, which can be translated to a
primary cell source, such as MPCs.

1.3 Biophysical stimulation
The niche in which MPCs reside in vivo contains signals of different types,
including matrix composition, biochemical cues, neighboring cells, and biophysical cues.
These biophysical cues include stimulation patterns such as nerve stimulation resulting
in active contractions of the muscle cells and mechanical stimulation caused by
movement and growth of the muscle. Conventionally, biochemical stimuli are applied to
induce differentiation of MPCs in vitro. Growth factors, for example, have been
identified that influence myoblast proliferation and differentiation to a great extent
(Hannon et al. 1996; Florini et al. 1996; Gawlitta et al. 2008). However, regarding the
5
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relatively poor development of sarcomeres in vitro (Engler et al. 2004), biochemical
stimulation alone may not be sufficient in the maturation process towards fully
functional engineered muscle constructs. It appears that in addition to biochemical
stimuli, biophysical stimulation is required for full maturation of engineered skeletal
muscle tissue (Dennis and Dow 2007). These biophysical stimuli, mimicking the in vivo
niche of MPCs, are established in vitro by introducing for example an electrical stimulus
or by applying a stretch regime to the cells or constructs in culture.
An important aspect of biophysical stimulation studies is that 2D and 3D studies
can provide contrasting information; cells in a monolayer can react differently to the
applied stimulus as opposed to cells incorporated in a 3D environment. The first are
unilaterally attached to a substrate, while the second are attached to the protein matrix
and cells surrounding them. It is therefore important to include 3D studies next to 2D
studies, when investigating biophysical stimulation regimes.

1.3.1 Electrical stimulation
Nerve stimulation is an important factor that is a prerequisite for in vivo myotube
development (Wilson and Harris 1993). It plays a major role in the recruitment and
fusion of myoblasts into pre‐existing myotubes. Besides this effect, nerve stimulation
obviously results in active contractions of the muscles. Dramatic atrophy of muscle
tissue will result when this stimulus is removed.
Mimicking nerve stimulation in vitro can be achieved by applying an external
electrical stimulus to cultured muscle cells or constructs. It can be assumed that such an
external electrical stimulus can evoke an action potential because of the difference in
resistance between the culture medium and intracellular fluid (Yamasaki et al. 2009).
This action potential then releases calcium ions from the sarcoplasmic reticulum and
myotube contraction is established, similar to the in vivo situation.
Several protocols for electrical stimulation have already been applied to different
cell sources in monolayers and 3D model systems; the most relevant studies are
summarized in Table 1.1. The main results of these different electrical stimulation
protocols range from modulation of MHC expression towards slow isoforms and
accelerated sarcomere assembly, to increased proliferation of cells. These protocols
were all applied to cells that were biochemically induced to differentiate for prolonged
periods. However, timing of electrical stimulation within the differentiation process can
be delicate (Radisic et al. 2004) and should therefore be investigated before introducing
the stimulus during the differentiation process of muscle progenitor cells.
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Table 1.1 Overview of electrical stimulation studies using different cell sources and
culture systems. Details of the applied electrical stimuli and the main results are listed.
Reference

Cell type

Electric
field

Pulse
frequency
[Hz]

Pulse
duration
[ms]

Duration

Main results

Dusterhoft
and Pette
1990

Chick
embryonic
myoblasts (2D)

(unknown)

40 (trains)

250

24 days

Increased expression
embryonic MHC

Wehrle et al.
1994

Rat satellite
cells (2D)

4‐8 mA

40

250

13 days

Increased expression
slow MHC

Thelen et al.
1997

C2C12 (2D)

3 V/cm2

2

6

2 days

Reduced fast‐type
Ca2+‐ATPase
expression

Radisic et al.
2004

Rat
cardiomyocytes
(2D)

5 V/cm

1

2

5 days

Timing of electrical
stimulation within
differentiation process
is delicate

Bayol et al.
2005

C2C12 (2D)

3 V/cm2

2

(unknown)

1‐3 days

Modulation of MHC
expression and IGF
regulatory system

Pedrotty et al.
2005

Rabbit
myoblasts in
PGA (3D)

0.6 V/cm

0.5‐10

0.5‐250

1‐14 days

Increased
proliferation, no effect
on differentiation

Fujita et al.
2007

C2C12 (2D)

6.7 V/cm

0.1‐10

24

1‐9h (8 days
after
differentiation)

Accelerated de novo
sarcomere assembly

Yamasaki et
al. 2009

C2C12 on/in
collagen (2D‐
3D)

8.3 V/cm

0.5‐10

10

80 sec (6 and
12 days after
differentiation)

Contractile
performance similar in
2D and 3D

1.3.2 Mechanical stimulation
Muscles are continuously stretched either because of the action of antagonistic
muscles or by eccentric contractions (Atherton et al. 2009), associated with maintaining
posture and balance of the body and exerting force on external objects in daily life. The
well known hypertrophying effect of eccentric contractions in strength‐training
programs can be translated to muscle cells in in vitro cultures. Dynamic straining causes
hypertrophy of cultured muscle cells and improves functionality of engineered muscle
tissue (Vandenburgh and Karlisch 1989; Powell et al. 2002; Moon et al. 2008). On the
7
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other hand, dynamic straining of muscle cells in culture can also result in increased
proliferation (Grossi et al. 2007; Kook et al. 2008a) and differentiation (Grossi et al.
2007; Kurokawa et al. 2007), and the activation of satellite cells (Tatsumi et al. 2001).
Besides dynamic stretch caused by movements of the human body, growing
skeletal muscle is also exposed to a quasi‐static continuous stretch caused by elongation
of bones. Such a uniaxial strain is known to facilitate myotube alignment in vitro
(Vandenburgh and Karlisch 1989; Vandenburgh et al. 1991). Mechanical stimulation is
therefore an important stimulus during development of engineered muscle tissue in a
two‐fold manner: it facilitates myotube alignment and formation, while later in the
differentiation process it results in hypertrophy and improved functionality of the tissue.
Mechanical stimulation protocols are defined by the percentage of strain applied
and the pattern in which it is applied: continuously, dynamically, and/or intermittent.
Most relevant studies using mechanical stimulation in cultured muscle cells are
summarized in Table 1.2. Different levels of strain have been applied. In vivo strain levels
can be as high as 10%, whereas more than 15% strain causes injury to myotubes (Schultz
and McCormick 1994). The appropriate mechanical stimulation protocol used for tissue
engineering should therefore be carefully chosen to result in the desired mature muscle
tissue.
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Table 1.2 Overview of mechanical stimulation studies using different cell sources and
culture systems. Details of the applied protocols and the main results are listed.
Reference

Cell type

Vandenburgh
et al. 1991

Embryonic avian
myoblasts (3D)

Tatsumi et al.
2001

Rat satellite
cells (2D)

Powell et al.
2002

Strain

Duration

Main results

24 days

Oriented myotubes, stimulated
muscle development

25%

12‐sec intervals
for 1.5 days

Increased satellite cell activation

Human
myoblasts in
collagen/Matri‐
gel (3D)

5‐15%

15x stretch
relaxation,
followed by 28
min rest (8 days)

Increased elasticity, myofiber
diameter, and myofiber area

Kumar et al.
2004

C2C12 (2D)

17%

0.5 sec strain, 0.5
sec relaxation for
1h per day, 5 days

Inhibited MHC expression and
formation of myotubes

Grossi et al.
2007

C2C12 (2D)

(specific receptor
stimulation)

‐

Load induced signaling through
laminin receptors; increased
proliferation and differentiation

Kurokawa et al.
2007

C2C12 (2D)

15%

1, 3, and 5 days

Promoted myoblast
differentiation

Kook et al.
2008a

C2C12 (2D)

10%

2 sec strain, 2 sec
relaxation for 1h
per day

Induced proliferation and
inhibited differentiation

Moon et al.
2008

Human MPCs in
acellular tissue
scaffolds (3D)

10%

5 min/h for 5
days–3 weeks

Higher tetanic and twitch
responses post implantation

5‐20%

1.4 Rationale and outline
Before tissue engineered muscle can be used for regenerative medicine purposes
or as an alternative to meat for consumption, the maturation process of cultured
skeletal muscle cells and constructs needs to be improved (as reviewed in Chapter 2).
Ideally, a stem cell source capable of indefinite proliferation and controllable
differentiation into skeletal muscle cells is preferred for tissue engineering. The next
step towards successful tissue engineered skeletal muscle constructs is the process of
maturation in which skeletal muscle cells acquire their characteristic cross striations,
representing the contractile units of the cells. Once these cross striations have
9
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developed, skeletal muscle cells are capable of producing force which is the primary
functional property of skeletal muscle and should therefore also be achieved in tissue
engineering strategies. However, when skeletal muscle cells are isolated from their
native environment and cultured in vitro, this maturation process is insufficient.
By applying different biophysical stimuli that are present in the niche in which
muscle cells reside in vivo, we hypothesize to improve the maturation process of
cultured skeletal muscle progenitor cells and muscle constructs. In this thesis, we set out
to evaluate the value of these individual stimuli for successful tissue engineering of
skeletal muscle.
Chapter 2 contains a review that discusses the feasibility of tissue engineered
meat for consumption by looking at the preferred cell sources, model systems for 3D
tissue engineering, and conditioning strategies. One of the biophysical cues that we
investigated is electrical stimulation, as highlighted in Chapters 3 and 4. Electrical
stimulation was applied to 2D cultures of muscle progenitor cells of the C2C12 cell line
(Chapter 3). To study the interaction between different cell sources and the translation
to a 3D model system, we applied the optimal electrical stimulation protocols to the
C2C12 cell line and primary MPCs in a hydrogel‐based 3D environment composed of
collagen and MatrigelTM (Chapter 4). Chapter 5 presents the results of mechanical
stimulation experiments that were performed in a 2D setting as well as in a 3D hydrogel‐
based model system composed of fibrin. We investigated the effects of a combined
mechanical stimulation protocol consisting of a uniaxial ramp‐stretch followed by an
intermittent dynamic straining period and again compared the C2C12 cell line with
primary MPCs. In Chapter 6 we combined several culture conditions to study the ability
of muscle cells to generate tension, related to muscle maturation and compared 2D with
3D. A mechanism behind these effects was investigated by inhibiting the formation of
focal adhesions, the cell’s attachment points to its environment.
Finally, the results of this thesis are discussed in Chapter 7 followed by an outline
of the implications for future research.
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Meet the new meat: Tissue
engineered skeletal muscle

This chapter is based on: Marloes L.P. Langelaan, Kristel J.M. Boonen, Roderick B. Polak,
Frank P.T Baaijens, Mark J. Post and Daisy W.J. van der Schaft (2010). “Meet the new
meat: Tissue engineered skeletal muscle.” Trends Food Sci Tech 21(2): 59‐66.
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2.1 Introduction
The demand for meat continues to grow worldwide. With this growing demand,
the increasing production of meat leads to environmental problems as well as animal
suffering. We propose in vitro meat production using stem cells as an appealing
alternative for general meat production through livestock. Reasons for promoting in
vitro meat production include animal welfare, process monitoring, environmental
considerations as well as efficiency of food production in terms of feedstock. In vitro
meat production through stem cell technology potentially leads to a dramatic reduction
in livestock. In addition, the production process can be monitored in detail in a
laboratory, which could result in the elimination of food borne illnesses, such as mad
cow disease or salmonella infection. Furthermore, less livestock could lead to a decrease
in intense land usage and greenhouse gas emissions (Stamp Dawkins and Bonney 2008).
At the moment, 70% of all agricultural land, corresponding to 30% of the total global
surface, is being used for livestock production in terms of grazing and food stock (FAO
2006). Producing meat the way we propose could dramatically decrease this percentage,
since one could suffice with less livestock and use only limited space to manufacture
meat in vitro. At the same time, the reduction of greenhouse gas emission could be
enormous once livestock numbers have decreased. By way of comparison, 18% of
greenhouse gas emission is currently produced by livestock, which is more than the total
emission of the transportation sector (FAO 2006). The animals themselves are mostly
responsible for the emission of greenhouse gases (Williams et al. 2006) and therefore a
reduction of the number of animals that could be achieved by in vitro meat production
would result in an appreciable decline of greenhouse gas emission. Although this may be
balanced by in vitro production processes, novel techniques might be introduced that
recycle oxygen by way of concomitant photosynthesis, thus further reducing CO2
emission.
The idea of culturing muscle tissue in a lab ex vivo already originates from the
early nineteen hundreds. In 1912, Alexis Carrel managed to keep a piece of chick heart
muscle alive and beating in a Petri dish. This experiment demonstrated that it was
possible to keep muscle tissue alive outside the body, provided that it was nourished
with suitable nutrients. Among other great thinkers, Winston Churchill predicted that it
would be possible to grow chicken breasts and wings more efficiently without having to
keep an actual chicken (Churchill 1932). Although he predicted that it could be achieved
within 50 years, his concept was not far off from reality today.
Some efforts have already been put into culturing artificial meat. SymbioticA
harvested muscle biopsies from frogs and kept these tissues alive and growing in culture
dishes (Catts and Zurr 2002). Other research initiatives have also achieved keeping
muscle tissue alive in a fungal medium, anticipating on the infection risk associated with
serum‐based media (Benjaminson et al. 2002).
12
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Obviously, small biopsies will not be practical for large‐scale meat production.
Therefore, we propose to use tissue engineering to produce in vitro cultured meat.
Tissue engineering is a powerful technique that is mainly being designated for
regenerative medicine in a wide variety of tissues and organs (Bach et al. 2003; Mol et
al. 2005). In particular, tissue engineering of skeletal muscle has many applications,
ranging from in vitro model systems for drug‐screening (Vandenburgh et al. 2008),
pressure sores (Gawlitta et al. 2007) and physiology to in vivo transplantation to treat
muscular dystrophy and muscular defects (Boldrin et al. 2008) (Figure 2.1). Obviously,
tissue engineering could also be employed to produce meat (Edelman et al. 2005).
For tissue engineering to be used for meat production, a number of demands
need to be met. First, a cell source is required that can proliferate indefinitely and also
differentiate into functional skeletal muscle tissue. Furthermore, these cells need to be
embedded in a three dimensional matrix that allows for muscle growth, while keeping
the delivery of nutrients and release of waste products undisturbed. Last, muscle cells
need to be conditioned adequately in a bioreactor to get mature, functional muscle
fibers.

Figure 2.1 Applications for tissue engineered skeletal muscle.
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2.2 Cell sources for tissue engineered meat
2.2.1 Stem cells for muscle tissue engineering
Stem cells are considered the most promising cell source for tissue engineered
meat, since in theory these cells can divide indefinitely while retaining the capacity to
differentiate into the required phenotype. Different types of stem cells of embryonic
and adult origin exist. For now, satellite cells, which are the natural muscle stem cells
responsible for regeneration, seem a promising candidate for tissue engineering of
skeletal muscle and consequently for in vitro meat production. However, their
proliferative capacity in vitro needs to be improved to match proliferation rates that can
be found in vivo and which are necessary for the purpose of meat production. Therefore,
other sources of stem cells are also still under evaluation.
For instance, embryonic stem cells may also be a potential cell source for in vitro
meat production. Pluripotent embryonic stem cells show unlimited self‐renewal and can
differentiate into almost any desired cell type. For embryonic stem cells to become
muscle fibers, the cells first need to differentiate into myogenic progenitor cells (MPCs).
One of the major challenges when using embryonic stem cells is to direct differentiation
into MPCs while avoiding development of other lineages. Interestingly, it seems to be
more difficult to induce myogenesis in embryonic stem cells in vitro than in vivo;
myogenic precursor progeny from human embryonic stem cells readily form myofibers
when transplanted in vivo in mice after muscle damage. In vitro formation of myofibers
from the same cells, however, has proven challenging (Zheng et al. 2006). Apparently,
some important in vivo niche components are still missing in the in vitro system.
Additional concerns with embryonic stem cells for in vitro meat production include the
risk of uncontrolled proliferation and differentiation, and ethical concerns about the use
of this cell source.
Different types of adult muscle stem cells have been isolated from skeletal
muscle: muscle derived stem cells (Peng and Huard 2004), side population cells (Asakura
et al. 2002) and satellite cells (Asakura et al. 2001). Satellite cells are resident muscle
stem cells responsible for regeneration and repair in the adult and are already
programmed to differentiate into skeletal muscle. These cells are therefore an appealing
source for muscle tissue engineering. Activated satellite cells differentiate to MPCs,
which then proliferate and migrate in order to repair defects. Other adult stem cells
derived from the muscle or bone marrow, including mesenchymal stem cells, have also
appeared to conserve the capacity to differentiate into skeletal muscle and therefore
remain potential candidates for muscle regeneration (Gang et al. 2004).
Unfortunately, at present, the proliferative capacity of adult stem cells does not
match that of embryonic stem cells, mostly because they tend to differentiate
spontaneously in vitro. It is anticipated that this issue will be tackled by optimizing the
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culture conditions, for example by mimicking the in vivo niche of the cells (Boonen and
Post 2008).

2.2.2 Coculturing
Once stem cells are differentiated into myoblasts, these cells are specialized to
produce contractile proteins but produce only little extracellular matrix. Therefore,
other cells likely need to be introduced to engineer muscle. Extracellular matrix is mainly
produced by fibroblasts residing in the muscle, which could be beneficial to add to the
culture system (Brady et al. 2008). However, co‐cultures of fibroblasts and myoblasts
involve the risk of fibroblasts overgrowing the myoblasts, due to the difference in
growth rate. Next to fibroblasts, regular consumption meat also contains fat and a
vasculature. Possibly, co‐culture with fat cells should also be considered (Edelman et al.
2005). The problem of vascularization is a general issue in tissue engineering. Tissue
engineering is currently at the level in which we can only produce thin tissues because of
passive diffusion limitations. To overcome the tissue thickness limit of 100‐200 µm, a
vasculature needs to be created (Jain et al. 2005). Proof of concept for endothelial
networks within engineered tissues has been provided (Levenberg et al. 2005) but
reproducible and routine incorporation of vascular networks in a co‐culture system will
pose a special challenge.

2.3 Cell matrices
2.3.1 In vivo cell niche
In vivo, stem cells occupy a specific niche, which directs the cellular behavior and
comprises soluble factors such as growth factors, insoluble factors including extracellular
matrix proteins, physiological factors such as neurological stimulation, and mechanical
features such as dynamic stretch and matrix elasticity (reviewed by Boonen and Post
(2008)). It was hypothesized that these niche components are essential to mimic the
regenerative process in vitro, which is necessary to produce mature, functional muscles.
For cells to be grown in a 3D structure, for example a scaffold, several of these niche
factors should be taken into account.
Extracellular matrix components to which cells attach include fibronectin,
collagen and laminin. Myoblasts binding to different matrix molecules leads to induction
of different pathways (Grossi et al. 2007; Macfelda et al. 2007). Another important
feature that has to be considered is the overall stiffness of the scaffold material. Engler
and co‐workers showed that it is possible to direct stem cell lineages by varying matrix
stiffness (Engler et al. 2006). Moreover, they found that the optimal substrate stiffness
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that gives rise to the characteristic striation of myosin/actin. In C2C12 myoblasts is very
delicate (Engler et al. 2004). In addition, Boonen and co‐workers showed that
proliferation and differentiation of primary murine satellite cells was affected by the
elasticity of the culture matrix. However, they found striations in cells cultured on all
elasticities above a certain threshold elasticity (Boonen et al. 2009). Boontheekul and co‐
workers also showed that by varying matrix stiffness, gene expression was strongly
regulated and the amount of adhesion, proliferation and differentiation of primary
myoblasts differed significantly (Boontheekul et al. 2007). However, these results
originate from 2D studies and still need translation to a 3D situation. One study using a
PLLA/PLGA scaffold in different ratios indicated that the scaffold stiffness can be tailored
to direct myoblast differentiation and organization, but these elasticities are of a
different order of magnitude compared to the 2D studies (Levy‐Mishali et al. 2008).
Additionally, in a 3D situation not only the stiffness seems important for cell behavior,
but also cell forces and deformation of the scaffold will affect cell survival, organization
and differentiation (Levy‐Mishali et al. 2008).

2.3.2 Model systems for 3D tissue engineering
Potential 3D model systems, ideally incorporating the components of the in vivo
cell niche, need to meet certain requirements. Broadly speaking, the fabrication of
dense skeletal muscle tissue necessitates a uniform cell alignment and reproducible
architecture. The options that are currently available for 3D muscle tissue engineering
are illustrated in Figure 2.2. Biocompatible hydrogels are, among others, a promising
approach for skeletal muscle tissue engineering, because they allow a spatially uniform
and dense cell entrapment (Bian and Bursac 2008). In addition, the mechanical
properties of a gel system are more comparable to the in vivo environment, and the
process of myotube alignment is relatively easy by the creation of intrinsic tension by
compaction and active force generation by the cells. Gel systems that are currently
employed for tissue engineering of skeletal muscle include fibrin gels, and a mixture of
collagen and MatrigelTM (Bian and Bursac 2008; Gawlitta et al. 2008). However, one of
the largest problems concerning these hydrogels is their stability (Beier et al. 2009). A
possible solution would be to introduce a co‐culture with cells that extensively produce
extracellular matrix and could take over stability while the hydrogel degrades. Still, the
hydrogel would be required during the initial phase of the culture process to hold the
cells together.
Scaffolds produced of synthetic biodegradable polymers are also a potential 3D
model system that is suitable for in vitro cultured meat. Reproducibility and uniformity
of scaffolds can be achieved by producing them with electrospinning techniques.
However, this generally results in very dense structures, which are difficult for cells to
enter and will preclude homogeneous cell distribution (Beier et al. 2009). A new
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approach to create scaffolds with an open structure is the use of low temperature
electrospinning (Simonet et al. 2007). These scaffolds can be produced from various
polymers, such as poly‐caprolactone and poly‐lactic‐acid, dependent on the desired
mechanical and degradation properties as well as cell attachment demands. Parameters
such as fiber thickness and orientation can be adjusted and optimized in the
electrospinning process in order to influence the architecture and mechanical properties
(Ayres et al. 2007). Also, orienting the fibers in one direction could be accomplished,
which is beneficial to muscle development since it resembles the in vivo structure of
muscle (Riboldi et al. 2008).

Figure 2.2 Examples of 3D model systems for skeletal muscle tissue engineering. Specific
properties for optimal muscle development are listed. In addition, examples are given.

2.4 Conditioning
The creation of a native‐like tissue architecture with the capacity of active force
generation is crucial in the process towards tissue engineered muscle, and consequently
also important for in vitro meat production. However, the advances made in culturing of
engineered muscle constructs have not yet resulted in satisfactory products. An
important hurdle that still has to be overcome is the inability of muscle cells to fully
mature within these engineered muscle constructs. Although biochemical stimuli may be
more important in the initial differentiation process, biophysical stimuli have proven to
be crucial in the maturation towards functional tissue with native‐like properties (Kosnik
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et al. 2003). Therefore, we hypothesize that for successful tissue engineering of skeletal
muscle, the design of a bioreactor should also incorporate the ability to apply
biophysical stimulation regimes that resemble the native in vivo environment regarding
muscle regeneration. The effects of both biochemical and biophysical stimuli on muscle
differentiation and maturation are summarized in Figure 2.3.

2.4.1 Biochemical conditioning
Conventionally, application of a biochemical stimulus can induce the
differentiation of muscle precursor cells. Growth factors have been identified that
influence myoblast proliferation and differentiation to a great extent. Different
members of the Transforming Growth Factor‐β (TGF‐β) superfamily, Fibroblast Growth
Factors (FGFs) and Insulin‐like Growth Factors (IGF) are crucial in this respect. TGF‐β
reduces myoblast recruitment and differentiation (Goetsch et al. 2003). FGFs are more
stimulatory in their actions than TGF‐β family members; FGFs increase myoblast
proliferation in vitro and thereby inhibit differentiation (Hannon et al. 1996).
Comparable to FGFs, a splice variant of IGF‐1, called mechano growth factor, increases
proliferation of myoblasts (Ates et al. 2007). IGF‐1 itself is more involved in accelerating
differentiation in C2C12 myoblasts (Florini et al. 1996) and in inducing hypertrophy in
vitro (Gawlitta et al. 2008).

2.4.2 Biophysical conditioning
Regarding the relatively poor development of sarcomeres in vitro (Engler et al.
2004), indicated by a lack or limited level of maturation specific cross striations,
biochemical stimulation alone may not be sufficient in the maturation process towards
fully functional engineered muscle constructs. It appears that in addition to biochemical
stimuli, biophysical stimulation is required for full muscle maturation and function.

Electrical stimulation
Neuronal activity has proven to be pivotal in the development of mature muscle
fibers (Wilson and Harris 1993) and can be mimicked by applying appropriate electrical
stimuli in in vitro cultures (Bach et al. 2004). In this respect, it has been shown that
induction of contractile activity promoted the differentiation of myotubes in culture by
myosin heavy chain expression of different isoforms and sarcomere development
(Naumann and Pette 1994; Fujita et al. 2007). We also showed that early electrical
stimulation accelerated maturation of myotubes with respect to sarcomere
development in the C2C12 murine myoblast cell line (Langelaan et al. 2010b). Within a
relatively short differentiation period of 5 days, mature cross striations had developed in
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the electrically stimulated cultures, whereas non‐stimulated control cultures did not
show these cross striations. This effect was accompanied by upregulated expression
levels of the muscle maturation inducer muscle LIM protein, and the sarcomere
components perinatal myosin heavy chain, actin and α‐actinin.
Alternatively, electrical stimulation can provide a non‐invasive, accurate tool to
assess the functionality of engineered muscle constructs (Dennis et al. 2009). By
generating a homogeneous electrical field inside the bioreactor, functional muscle
constructs will exert a force due to active contractions of the muscle cells. So far, these
forces generated by engineered muscle constructs only reach 2‐8% of those generated
by skeletal muscles of adult rodents (Dennis et al. 2001). Therefore, at this moment,
functional properties of tissue engineered muscle constructs are still unsatisfactory.

Mechanical stimulation
Another important biophysical stimulus in myogenesis is mechanical stimulation
(Vandenburgh and Karlisch 1989). Mechanotransduction, the process through which
cells react to mechanical stimuli, is a complex but increasingly understood mechanism
(Hinz 2006; Burkholder 2007). Cells attach to the insoluble meshwork of extracellular
matrix proteins mainly by means of the family of integrin receptors (Juliano and Haskill
1993), transmitting the applied force to the cytoskeleton. The resulting series of events
shows parallels to growth factor receptor signaling pathways, which ultimately lead to
changes in cell behavior, such as proliferation and differentiation (Burkholder 2007).
Different mechanical stimulation regimes affect muscle growth and maturation.
The application of static mechanical stretch to myoblasts in vitro resulted in a facilitated
alignment and fusion of myotubes, and also resulted in hypertrophy of the myotubes
(Vandenburgh and Karlisch 1989). In addition, cyclic strain activates quiescent satellite
cells (Tatsumi et al. 2001) and increases proliferation of myoblasts (Kook et al. 2008a).
These results indicate that mechanical stimulation protocols affect both proliferation
and differentiation of muscle cells. The applied stimulation should be tuned very
precisely to reach the desired effect. Percentage of applied stretch, frequency of the
stimulus and timing in the differentiation process are all parameters that presumably
influence the outcome of the given stimulus.
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Figure 2.3 Factors affecting muscle cell proliferation, differentiation and maturation.
Substrate stiffness is involved in both the proliferation of progenitor cells and the
maturation of myotubes. Electrical stimulation results in enhanced maturation of
myotubes, whereas mechanical stimulation is important for the alignment of myoblast
and the maturation of myotubes. Extracellular matrix proteins and growth factors are
involved in the overall process of differentiation and maturation of muscle progenitor
cells towards mature myotubes.

2.5 Discussion
2.5.1 Challenges in tissue engineering of meat
This review has dealt with the challenges of in vitro meat production. By taking
the appropriate stem cells, proliferating them under the right conditions to reach
sufficient numbers and providing them with the right stimulatory signals in a 3D
environment, industrial meat production seems feasible (Figure 2.4). We described
three major issues in skeletal muscle tissue engineering, being the proper cell source,
the optimal 3D environment for cells to be cultured and differentiated in, and adequate
conditioning protocols. Adult stem cells, i.e. satellite cells, seem a promising cell source.
However, there still is room for improvement of the proliferative capacity as well as the
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differentiation protocol of these cells. Unfortunately, culturing of only muscle cells in a
construct will not result in a tissue structure comparable to an in vivo muscle. Co‐
culturing with other cells, such as fibroblasts or adipocytes, is probably the solution to
this problem.
Examples originating from the field of regenerative medicine show that culturing
of meat could be technologically feasible. Transplantations of tissue engineered muscle
have been undertaken in several model systems. Human muscle precursor cells (Boldrin
et al. 2008) or mouse satellite cells (Boldrin and Morgan 2007) seeded in a polymeric
scaffold were implanted into muscular defects in mice. These constructs survived and
contributed to the regeneration of the host muscle. These implantation experiments
show that it is possible to engineer skeletal muscle tissue that is compatible with
authentic muscle tissue, although we are still quite far from producing large volume
muscle constructs that can generate forces within the physiological range of skeletal
muscle.
The farm animal derived stem cells that are, in our view, required for the
production of artificial meat as mentioned before, will be available over time. Adult
stem cells, derived from skeletal muscle, have already been isolated from pigs (Wilschut
et al. 2008). Until now, only embryonic stem cell lines originating from several model
species and humans have been isolated and cultured successfully. Deriving a new
embryonic stem cell line from livestock animals is a matter of time and continuous
effort. For practical reasons, most research on skeletal muscle regeneration has been
performed in mice (Beauchamp et al. 1999). Indeed, we study the scientific foundation
of in vitro meat production also with murine satellite cells; remaining aware that mouse
meat will not appeal to projected consumers.

2.5.2 Future considerations
The next hurdle that has to be overcome in time is the size of the cultured meat.
At the moment, skeletal muscle constructs of approximately 1.5 cm in length and 0.5 cm
in width can be cultured (Gawlitta et al. 2008; Boonen et al. 2010). These sizes of
artificial meat can already be used as a supplement in sauces or pizzas, but the
production of a steak, for example, demands for larger tissue sizes. Up‐scaling of the cell
and tissue culturing processes is therefore necessary.
Since no other animal sources are wanted in the process of in vitro cultured
meat, conventional culture medium, which is commonly supplemented with fetal bovine
serum, has to be adjusted. For example, a cocktail of growth factors and other essential
additives can be produced by bacteria or yeast cells (Halasz and Lasztity 1990) resulting
in a defined culture medium.
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Obviously, for artificial meat to compete with its livestock counterpart, it should
approximate the authentic color, taste and structure. Myoglobin is responsible for the
red color of meat (Miller 1994) and is also expressed by skeletal muscle cells in culture
(Ordway and Garry 2004). In addition, artificial food coloring is a generally accepted and
approved process. The same holds for taste; artificial meat flavors do exist and are
currently being used in meat replacements. Artificially adapting the taste of engineered
meat would even be more practical in the process of in vitro meat production, since it
still remains undetermined which components of meat are responsible for the flavor
(Toldrá and Flores 2004). We believe that texture is the most important aspect for tissue
engineered meat. Myofibrils, fat, and connective tissue are responsible for this texture
(Toldrá and Flores 2004) and it therefore seems important to create functional muscle
tissue containing these myofibrils. The connective tissue and fat content should be
realized by co‐culture with different types of cells. As far as the nutritional value of meat
is concerned, we aim at reproducing actual skeletal muscle tissue and therefore we
believe that important nutritional components, such as the essential amino acids that
make meat an important part of the human diet (Reig and Toldrá 1998), will also be
present in in vitro cultured meat. In addition, by tuning the substrates used for cultured
cell metabolism, for instance using polyunsaturated fatty acids, we theoretically can
affect the biochemical composition of muscle cells to make the product healthier
(Jiménez‐Colmenero 2007).
When all technological challenges regarding artificial meat production are
overcome, the next step towards a successful substitute for authentic meat is product
marketing. Introduction of artificially cultured meat is undoubtedly challenging, but
potential negative connotations may be off‐set by the impact of such a product on
animal suffering, environment and world food supply. Therefore, the idea that people
would eat meat originating from the lab does not seem so farfetched.
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Figure 2.4 Recipe for in vitro meat using adult stem cells. The essential cues indicate the
challenges that have to be met in the distinctive processes (illustration Sebastiaan
Donders).
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Early detection of myotube
maturation: Enhancement by
electrical stimulation

This chapter is based on: Marloes L.P. Langelaan, Kristel J.M. Boonen, Kang Yuen
Rosaria‐Chak, Daisy W.J. van der Schaft, Mark J. Post and Frank P.T. Baaijens (2010).
“Advanced maturation by electrical stimulation: Differences in response between C2C12
and primary muscle progenitor cells.” (submitted)
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3.1 Introduction
The applications of tissue engineered muscle vary from tissue replacement
(Levenberg et al. 2005; Borschel et al. 2006) to model systems for drug screening
(Vandenburgh et al. 2008) and research into the etiology of deep pressure injury
(Gawlitta et al. 2007). The use of tissue engineered muscle for cultured meat production
has also been suggested (van Eelen et al. 1999). The increasing demand for functional
tissue engineered muscle constructs that can generate forces within the physiological
range has not been fulfilled so far. Attempts have been made to improve both the
differentiation and maturation process of skeletal muscle progenitor cells and
engineered muscle constructs by applying biochemical and/or biophysical stimuli
(Vandenburgh and Karlisch 1989; Dusterhoft and Pette 1990; Thelen et al. 1997; Bach et
al. 2004; Grossi et al. 2007; Moon et al. 2008). However, achieving an adequate and
efficient development of sarcomeres remains challenging.
One avenue of research focused on electrical stimulation as a biophysical cue to
muscle differentiation since neuronal activity appears to be crucial during myogenesis in
vivo (Wilson and Harris 1993). Protocols for electrical stimulation have previously been
applied to cultured muscle cells (Brevet et al. 1976; Dusterhoft and Pette 1990; Thelen
et al. 1997; Bayol et al. 2005; Stern‐Straeter et al. 2005; Fujita et al. 2007), but the
optimal timing for electrical stimulation has not yet been investigated. Electrical
stimulation studies with primary cardiomyocytes indicated that timing of such an
electrical stimulus within the differentiation process is delicate (Radisic et al. 2004).
As early as 1976, observations of contractions and increased rates of myosin
synthesis upon repetitive electrical stimulation were made in chick embryo skeletal
muscle cells (Brevet et al. 1976). More recent research on electrical stimulation of
skeletal muscle cells has focused on a time window after one week of culture (Wehrle et
al. 1994; Marotta et al. 2004; Fujita et al. 2007). For tissue engineering, it is preferable to
keep the culture period as short as possible while retaining optimal maturation of
myotubes. To this end, our first goal was to investigate the application of the electrical
stimulus early in the differentiation process. We hypothesized an early enhancement of
myotube maturation by electrical stimulation.
The mechanism of muscle maturation is still incompletely understood. Judged by
their functional status, in vitro cultured muscle has not fully matured. For example, the
contractility is low with forces generated by engineered muscle constructs being 2‐8% of
in vivo adult muscle tissue (Dennis et al. 2001). To gain more insight into the early steps
of muscle maturation and to design methods that allow early detection of maturation,
we focused on transcriptional analysis of myogenic regulatory factors (MRFs) (Ludolph
and Konieczny 1995; Schiaffino and Reggiani 1996; Bach et al. 2004) and sarcomere
components.
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The MRFs are a family of muscle‐specific transcription factors, including MyoD,
Myf‐5, myogenin, and MRF4. MyoD and Myf‐5 are expressed in proliferating,
undifferentiated myoblasts. When the cells commit to differentiation and fuse, both
MyoD and myogenin are expressed (Curci et al. 2008). MRF4 is expressed after
differentiation, and together with myogenin interacts with muscle LIM protein (MLP)
during maturation (Ludolph and Konieczny 1995; Petropoulos and Skerjanc 2002;
Burattini et al. 2004).
To relate these MRFs to muscle maturation, we referenced their expression
profiles upon electrical stimulation to morphological and functional parameters. The
electrical stimulation protocols that we applied consisted of a generalized 48‐hour
pulsed stimulus (adapted from Thelen and co‐workres 1997) and were introduced at
different time points in the differentiation process of myoblasts. We used the C2C12
murine cell line (Blau et al. 1985) as a model system for these experiments.

3.2 Materials and methods
3.2.1 Cell culture
The C2C12 (ECACC, Porton Down, UK) murine myoblast cell line was maintained
in proliferative state in an incubator at 37C and 5% CO2 in growth medium. Growth
medium (GM) consisted of high glucose Dulbecco’s modified Eagle medium, with L‐
glutamine, 15% fetal bovine serum (Greiner Bio‐One, Frickenhausen, Germany), 20 mM
HEPES buffer (Lonza, Walkersville, USA), 0.1 mM non‐essential amino acids (Lonza),
100 000 IU/l media of penicillin, and 100 mg/l streptomycin (Lonza). Cells were passaged
every 2‐3 days at 75% confluency. At passage 19, cells were seeded at a density of
25 000 cells/cm2 in collagen type I coated BioFlex culture plates (Flexcell International,
Hillsborough, USA). Cells were kept in growth medium for 2 days, after which the
medium was replaced by differentiation medium (DM). DM consisted of growth medium
in which fetal bovine serum was replaced by 2% horse serum (Invitrogen, Carlsbad,
USA).

3.2.2 Electrical stimulation
The C‐Pace Culture Pacer (IonOptix Corporation, Milton, USA) was used for
bipolar field stimulation. Cells underwent a standardized 48‐hour pulsed electrical
stimulation protocol consisting of 4 V/cm, 6 ms pulses at a frequency of 2 Hz (adapted
from Thelen and co‐workers 1997). Before starting our experiments, the effectiveness of
the electrical stimulus was verified in cultures that were differentiated for a prolonged
period and had developed sarcomeres. The electrical stimulation protocols were
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introduced on day 0, 1, 2, and 3 after the biochemical induction of differentiation by DM
(Figure 3.1). Before use, electrodes were sterilized with 70% EtOH and subsequently
dried under UV in a safety cabinet. Electrodes were positioned in the culture plates for
the electrical stimulation regimes. DM was changed every 24 hours. After use, the
electrodes were placed in demineralized water for several days to neutralize. Control
cultures were treated in a similar fashion except for the connection to the stimulation
device.

Figure 3.1 Electrical stimulation protocols (ES0‐ES3). Cells were seeded (s) and induced to
differentiate when confluency was reached (day 0). A 48‐hour pulsed electrical
stimulation protocol was started on day 0, 1, 2, and 3 after induction of differentiation.
Control cultures corresponding to each protocol were treated in a similar fashion,
without switching on electrical stimulation. Cultures were examined at functional,
morphological, and transcriptional levels at time points indicated with an asterisk (*).

3.2.3 Functionality
Functionality of the cultures, and implicitly the effectiveness of the electrical
stimulus, was evaluated every 24h by inspecting the cultures under a light microscope
while the electrical stimulation was applied. Two researchers scanned the cultures for
actively contracting myotubes. A measure of functionality of the cultures was given by
the percentage of myotubes that were contracting as a result of the electrical stimulus.

3.2.4 Immunocytochemistry
From each experimental group, two independent samples were used for
immunocytochemistry. Cultures were fixed for 15 minutes with 3.7% paraformaldehyde
in PBS (Sigma‐Aldrich, St. Louis, USA). After permeabilization with 0.5% Triton X‐100
(Merck, Schiphol‐Rijk, the Netherlands) in PBS for 10 minutes, samples were incubated
twice with 1% horse serum in PBS for 10 minues to avoid nonspecific binding of
antibodies. Subsequently, samples were washed twice with NET‐gel (50 mM Tris pH 7.4,
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150 mM NaCl, 5 mM EDTA, 0.05% NP40, 0.25% gelatin). Primary antibodies against
sarcomeric α‐actinin (1:800) (clone EA‐53; Sigma‐Aldrich) and sarcomeric myosin (1:500)
(MF20; developed by D.A. Fischman and obtained from the Developmental Studies
Hybridoma Bank, maintained by The University of Iowa) were diluted in NET‐gel and
incubated for 2 hours. Next, samples were washed 6 times 5 minutes in NET‐gel and
incubated for one hour with Alexa Fluor 488‐conjugated goat anti‐mouse IgG2b (1:300)
and Alexa Fluor 555‐conjugated goat anti‐mouse IgG1 (1:200) secondary antibodies
(A21141, A21127; Invitrogen). Subsequently, they were washed 2 times for 5 minutes
with NET‐gel and stained for an additional 5 minutes with DAPI (0.1 µg/ml; Sigma‐
Aldrich) in PBS. Afterwards, samples were washed 4 times for 5 minutes with PBS and
mounted in Mowiol (4‐88; Calbiochem, San Diego, USA).
Samples were evaluated using fluorescence microscopy (Axiovert 200M; Zeiss,
Göttingen, Germany). Negative control staining was performed using the protocol
described above, but omitting the primary antibody.

3.2.5 Quantitative PCR
Total RNA of 6 samples per experimental treatment was isolated according to the
manufacturer’s instructions (RNeasyTM; Qiagen, Venlo, the Netherlands). Synthesis of
cDNA was carried out with 500 ng of RNA in a 25 µl reaction volume consisting of 0.5
mM dNTPs (Invitrogen), 2 µg/ml random primers (Promega, Madison, USA), 10 mM DTT
(Invitrogen), 4 IU/µl M‐MLV (Invitrogen), M‐MLV buffer (Invitrogen), and ddH2O. Control
reactions without M‐MLV (‐RT) were performed to screen for genomic DNA
contamination. The temperature profile of the cDNA synthesis protocol was: 6 minutes
at 72C, 5 minutes at 37C (subsequent addition of M‐MLV), 60 minutes at 37C, and 5
minutes at 95C. Samples were stored at 4C until use for quantitative PCR (qPCR).
Stability of reference genes with respect to the experimental treatment was
investigated using a geNorm reference gene selection kit (PrimerDesign, Southampton,
UK). The two most stable reference genes were glyceraldehyde‐3‐phosphate
dehydrogenase (GAPDH) and β‐2 microglobulin (B2M). Primer sets for MyoD, myogenin,
MRF4, MLP, sarcomeric actin, α‐actinin (Sigma‐Aldrich) and perinatal myosin heavy
chain (MHC‐pn; PrimerDesign) were developed and validated for qPCR (Table 3.1). The
qPCR reaction (MyiQ; Bio‐Rad, Hercules, USA) was performed using SYBR Green
Supermix (Bio‐Rad), primers (0.5 mM), ddH2O, and 1 µl undiluted cDNA in a 15 µl
reaction volume. The temperature profile was: 3 minutes 95C, 40x (20 seconds 95C, 20
seconds 60C, 30 seconds 72C), 1 minute 95C, 1 minute 65C, followed by a melting
curve analysis.
Target gene expression was evaluated using the comparative method
(Schmittgen and Livak 2008). Results were normalized for reference genes and
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compared to corresponding control cultures. Target gene CT values were subjected to
statistical analyses comparing electrically stimulated cultures with their corresponding
controls.
Table 3.1 Primers for qPCR amplification of target genes.
Target gene

Gene
symbol

Accession
number

Primer sequences

MyoD

MyoD

NM_010866

Sense: 5’‐GGCTACGACACCGCCTACTA‐3’

Amplicon
size
216 bp

Antisense: 5’‐CTGGGTTCCCTGTTCTGTGT‐3’
Myogenin

Myogenin

NM_031189

Sense: 5’‐TGTCTGTCAGGCTGGGTGTG‐3’

173 bp

Antisense: 5’‐TCGCTGGGCTGGGTGTTAG‐3’
MRF4 (Myf6)

MRF4

NM_008657

Sense: 5’‐CGAAAGGAGGAGACTAAAG‐3’

133 bp

Antisense: 5’‐CTGTAGACGCTCAATGTAG‐3’
Muscle LIM
Protein

MLP

Z49883

Perinatal myosin
heavy chain

MHC‐pn
(MYH8)

NM_177369

Sarcomeric actin

Acta1

NM_009606

Sense: 5’‐TGGGTTTGGAGGGCTTAC‐3’

84 bp

Antisense: 5’‐CACTGCTGTTGACTGATAGG‐3’
Sense: 5’‐ACTGAGGAAGACCGCAAGAA‐3’
120 bp
Antisense: 5’‐CAGGTTGGCATTGGATTGTTC‐3’
Sense: 5’‐ATGGTAGGTATGGGTCAG‐3’

126 bp

Antisense: 5’‐GATCTTCTCCATGTCGTC‐3’
α‐Actinin

Actn

NM_033268

Sense: 5’‐TCATCCTCCGCTTCGCCATTC‐3’
288 bp
Antisense: 5’‐CTTCAGCATCCAACATCTTAGG‐3’

3.2.6 Statistical analyses
Functionality analyses were performed twice for n=6 by two independent
researchers and are represented by their averages and standard error.
Immunocytochemical analyses were performed twice for n=2. Quantitative PCR data are
presented by their averages and standard deviations for n=6. Two‐tailed, unpaired
Student’s t‐tests were carried out to compare gene expression levels of electrically
stimulated and non‐stimulated cultures. One‐way ANOVA, with Bonferroni post‐hoc
tests, was carried out to compare gene expression levels over time in the non‐
stimulated control group. Differences were considered significant for P values <0.05.
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3.3 Results
To gain more insight into the early steps of muscle maturation and the effects of
electrical stimulation over time, we evaluated the cultures at three different levels:
functional, morphological, and transcriptional. Myogenesis was biochemically induced
by serum deprivation, after which the cultures underwent generalized 48h pulsed
electrical stimulation protocols that were started on day 0, 1, 2, and 3 (as shown in
Figure 3.1).

3.3.1 Contracting myotubes as a result of electrical stimulation
Contraction of myotubes by electrical stimulation is associated with sarcomere
development. Electrical stimulation evoked contractions of myotubes (Figure 3.2) as
scored by light microscopy inspection. As a result of the electrical stimulus we observed
myotubes contracting synchronously with a frequency that was equivalent to the given
stimulus. The percentage of contracting myotubes increased over time (Figure 3.2, 48h
versus 24h) after a longer latency period (ES3>ES2>ES1) and the first contracting
myotubes (10%) were observed when 48h of electrical stimulation was started on day 1
after induction of differentiation. After 48h of electrical stimulation started on both day
2 and 3 after induction of differentiation, high percentages (30%) of contracting
myotubes were observed (Figure 3.2). Moreover, the contractions were very vigorous
with high amplitudes. Because of these vigorous contractions, myotubes started to
detach from the surface, thereby stabilizing the increasing trend in percentages of
contracting myotubes.
Non‐stimulated control cultures were scanned over time for spontaneous
contractions, but these were not observed within the period of our experiments (data
not shown).

3.3.2 Development of cross striations over time with electrical
stimulation
Immunocytochemical analyses were performed to verify the presence of
sarcomeres (Figure 3.3). Cultures were stained for sarcomeric α‐actinin, sarcomeric
myosin, and nuclei after both 24h (data not shown) and 48h of electrical stimulation.
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Figure 3.2 Contractions of cultured myotubes upon different electrical stimulation
protocols. Cultures were observed under a microscope after 24h and 48h of electrical
stimulation initiated with increasing latency periods of 0, 1, 2, or 3 days (ES0‐ES3) and
evaluated for contracting myotubes resulting from the given stimulus. A measure of
functionality, the percentage of contracting myotubes, is shown on the y‐axis.

Cells that were electrically stimulated for 48h starting on day 0 after induction of
differentiation (ES0) were positive for both sarcomeric myosin and α‐actinin in a diffuse
pattern (panels Aa‐Ab). No organized patterns resulting from sarcomere development
could be observed. In accordance with the observation of contracting myotubes, the
first immature cross striations in the α‐actinin staining became visible after 48h of
electrical stimulation started after one day latency (ES1) (panels Ba‐Bb). Mature cross
striations were found after 48h of electrical stimulation started on both day 2 and 3
after induction of differentiation (ES2, ES3) (panels Ca‐Cb). The number of cross striated
myotubes had also increased at this stage, which coincides with a considerable increase
in the number of contracting myotubes after 48h of electrical stimulation that was
started on day 2 and 3 (Figure 3.2). By contrast, no cross striations were detected in the
non‐stimulated control cultures during the 5‐day period of differentiation (Figure 3.3,
panels Ea‐Eb).
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Figure 3.3 Sarcomere development analyses after 48h of electrical stimulation. Cultures
were stained for sarcomeric α‐actinin (red), sarcomeric myosin (green), and nuclei (blue).
Panels Aa‐Da are cultures after 48h of electrical stimulation started on day 0, 1, 2, and 3
respectively after induction of differentiation (ES0‐ES3). Panel Ea is a non‐stimulated
control culture on day 5 after induction of differentiation. Panels Ab‐Eb show magnified
views of the selected areas in the figures (α‐actinin, nuclei). Arrowheads indicate cross
striations.
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3.3.3 Upregulated expression levels of muscle maturation markers as a
result of electrical stimulation
Expression levels of target genes for muscle development were evaluated after
24h or 48h of electrical stimulation started on day 0, 1, 2, and 3 after induction of
differentiation (ES0‐ES3) (Figures 3.4 and 3.5). The electrically stimulated cultures were
compared to their corresponding non‐stimulated controls. The genes that were
investigated included the MRFs MyoD, myogenin, MRF4, and MLP (Figure 3.4) and the
sarcomere components perinatal myosin heavy chain (MHC‐pn (MYH8)), actin, and α‐
actinin (Figure 3.5). Gene expression levels were normalized for the reference gene
GAPDH. Normalization of the samples with β‐2 microglobulin resulted in similar gene
expression profiles (data not shown).
Regarding the expression levels of the MRFs, MyoD expression did not change
significantly over time or upon electrical stimulation (Figure 3.4, panel A). Myogenin,
however, was downregulated by 24h and 48h of electrical stimulation when started as
early as day 0 (panel B). An increasing trend over time was observed for the expression
levels of MRF4 in the non‐stimulated control cultures (ES1, 48h, ES2, and ES3 controls),
and electrical stimulation did not change the expression levels of MRF4 any further
(panel C). MLP expression was elevated as well over time in the non‐stimulated control
cultures (ES0, 48h, and ES1‐ES3 controls) (panel D). Electrical stimulation markedly
changed MLP expression compared to the non‐stimulated control cultures; MLP was
downregulated when electrical stimulation was started on day 0 (ES0), and after 24h of
stimulation started on day 1 (ES1, 24h). Conversely, upregulation of MLP was observed
after 48h of electrical stimulation started on day 2 (ES2, 48h), and after 24h of electrical
stimulation started on day 3 (ES3, 24h). These upregulations of MLP, a late myogenic
maturation marker, strikingly coincide with our observations on functionality and
sarcomerogenesis (Figure 3.2 and 3.3). A vast improvement of maturation induced by
electrical stimulation was also established at these levels starting after 48h of electrical
stimulation that was initiated on day 2 and further on, indicating that MLP upregulation
at the transcriptional level is associated with functional quantification of muscle
maturation.
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Figure 3.4 Expression profiles of myogenic regulatory factors MyoD, myogenin, MRF4,
and MLP in electrically stimulated and corresponding non‐stimulated control cultures.
Expression levels (2‐ΔCT, y‐axis), normalized for reference gene GAPDH, of both electrically
stimulated (ES) and control cultures (control) are shown for the different stimulation
protocols (x‐axis). The asterisks indicate significant differences between ES and
corresponding control (* P<0.05), and the hash symbols refer to comparisons of control
cultures with respect to day 0 (# P<0.05).
At the same time, expression levels of the sarcomere component MHC‐pn
markedly increased over time in the non‐stimulated control cultures (Figure 3.5, panel
A). Electrical stimulation resulted in significant upregulation of MHC‐pn after 48h of
stimulation started on day 2 (ES2, 48h), and after 24h started on day 3 after induction of
differentiation (ES3, 24h). Like MHC‐pn, α‐actinin was upregulated over time in the
control cultures on day 2 (panel B). After 24h of electrical stimulation started on day 0
(ES0, 24h), however, downregulation of α‐actinin was found. By contrast, α‐actinin was
upregulated after 48h of electrical stimulation started on day 2 (ES2, 48h), and after 24h
started on day 3 (ES3, 24h). Sarcomeric actin was also elevated in the non‐stimulated
control cultures (panel C), but in contrast to MHC‐pn, sarcomeric actin was down
regulated by electrical stimulation for 24h starting on day 1 or 2. Prolonged electrical
stimulation was required to raise the levels of sarcomeric actin expression. The
increased expression levels of MHC‐pn and α‐actinin upon electrical stimulation
coincided with increase in expression of MLP (Figure 3.4). Since the development of
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cross striations also became more pronounced upon electrical stimulation at that time
point, as shown in Figure 3.3 (panel C), we conclude that the expression levels of the
investigated sarcomere components are associated with enhanced sarcomere
development upon electrical stimulation.

Figure 3.5 Expression profiles of sarcomere components MHC‐pn, α‐actinin, and actin in
electrically stimulated and corresponding non‐stimulated control cultures. Expression
levels (2‐ΔCT, y‐axis), normalized for reference gene GAPDH, of both electrically stimulated
(ES) and control cultures (control) are shown for the different stimulation protocols (x‐
axis). The asterisks indicate significant differences between ES and corresponding control
(* P<0.05), and the hash symbols refer to comparisons of control cultures with respect to
day 0 (# P<0.05).

3.4 Discussion
We addressed the kinetics and transcriptional events of electrical stimulation of
muscle progenitor cells and potential predictive markers to monitor muscle
development. Based on the results found at transcriptional and protein/morphological
levels, our main finding is that myotube maturation of C2C12 muscle cells is enhanced
by electrical stimulation and that muscle LIM protein (MLP) and sarcomere components
MHC‐pn, actin, and α‐actinin are potential markers to evaluate muscle development at
the transcriptional level. Electrical stimulation resulted in enhanced expression levels of
these marker genes. Furthermore, development of cross striations during the
differentiation period of 5 days was only present in the electrically stimulated cultures.
Thus, with regard to tissue engineering of skeletal muscle, electrical stimulation provides
a better and more efficient development of sarcomeres, resulting in more mature
muscle tissue.
The choice of electrical stimulation protocols was based on the rationale that an
electrical stimulus would only induce a positive effect on muscle maturation when
resulting in synchronously contracting myotubes over time. In vivo, an action potential is
generated by acetylcholine release at the end‐plate of a muscle (McComas 1996). The
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action potential then propagates across the sarcolemma and results in a release of
calcium ions from the sarcoplasmic reticulum. It can be assumed that an external
electrical stimulus can evoke an action potential in in vitro cultures because of the
difference in resistance between the culture medium and intracellular fluid (Yamasaki et
al. 2009). This action potential then also releases calcium ions from the sarcoplasmic
reticulum and myotube contraction is established. Yamasaki and co‐workers have
demonstrated that myotubes can contract synchronously to such an electrical stimulus
when the frequency of the stimulus is within the range of 0.5 – 5 Hz (Yamasaki et al.
2009). Also the pulse amplitude and duration requires optimal tuning to result in active
contractions of the myotubes, which is nicely demonstrated in a novel 3D bioreactor
system developed by Donnelly and co‐workers (Donnelly et al. 2009). We showed that
our electrical stimulation protocol resulted in synchronously contracting myotubes and
had a positive effect on sarcomere formation and gene expression of late myogenic
markers. The strength of the electric field that we applied (4 V/cm) was in agreement
with other studies (Thelen et al. 1997).
Interestingly, we observed a very specific time window for electrical stimulation
to result in upregulation of genes encoding for muscle maturation. This is the first study
that has addressed the issue of timing of electrical stimulation in skeletal muscle cells
and has found enhanced maturation of myotubes. For example, when electrical
stimulation was started too early in the differentiation process (days 0 and 1), it resulted
in downregulation of myogenin, MLP, sarcomeric actin, and α‐actinin. These results
imply that electrical stimulation protocols should not be introduced in cultures that
mainly consist of myoblasts or premature myotubes of 2‐3 fused cells in order to reach
efficient sarcomere development.
One specific remarkable result of our electrical stimulation protocols is the
elevated expression level of MLP, while expression levels of MRF4 remained unchanged
after electrical stimulation. Both MLP and MRF4 are involved in the process of myotube
maturation and are assumed to interact with each other (Ludolph and Konieczny 1995),
but are most likely affected in a different fashion by electrical stimulation. In
cardiomyocytes a similar observation has been made: The formation of gap junctions
appears to be a prerequisite for synchronous contractions of the cardiomyocytes and
the resulting enhanced sarcomere formation (Radisic et al. 2004).
The specific time window that was found for the upregulated expression levels of
genes encoding for muscle maturation upon electrical stimulation could not be observed
at functional and morphological levels. For example, gene expression levels of the
muscle maturation markers were not altered by 48h of electrical stimulation started on
day 3 after induction of differentiation. By contrast, multiple maturely cross striated
myotubes were observed in the immunocytochemical analyses at that time upon
electrical stimulation, whereas cross striations were absent in the non‐stimulated
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control group. Accordingly, electrical stimulation plays a role in the organization of
sarcomeres in the maturation process of myotubes. At the functional level, electrical
stimulation resulted in synchronously contracting myotubes, as also observed by Thelen
and co‐workers (Thelen et al. 1997), and the time point at which we observed the first
percentages of contracting myotubes coincided with the first cross striations found in
the immunocytochemical analyses. The percentage of contracting myotubes appeared
to stabilize at approximately 30% after 48h of electrical stimulation started on day 2 and
3 after induction of differentiation, which coincides with the results found for the
development of cross striations upon electrical stimulation.
We did not observe differences in myotube alignment as a result of the electric
field that was applied. Therefore, we assumed that because of the lack of specific
alignment of the cells in both electrically stimulated and control cultures, the formation
of syncytia occurred. Despite this random alignment of cells, we observed cross
striations in these syncytia after electrical stimulation (Figure 3.3, panels Ca‐Cb) and
maturation occurred. By culturing the cells on patterned surfaces (Tan et al. 2003;
Popescu et al. 2005; Lam et al. 2006), the enhanced sarcomere assembly we observed
after electrical stimulation could be even more pronounced.
In addition, the stiffness of the substrate on which the cells were cultured may
have an influence on the quality of the cultures after prolonged culture periods and
active contractions evoked by the electrical stimuli. Because of the buildup of internal
forces generated by cells being attached to a stiff substrate, myotubes can detach
partially from the surface resulting in loss of function. This is indeed what we observed
during the experiments and was also observed in other studies with prolonged culture
periods and electrical stimulation (Yamasaki et al. 2009). This effect was reviewed by
Boonen and Post (Boonen and Post 2008) and underlined by the results of Engler and
co‐workers (Engler et al. 2004). Boonen and co‐workers also demonstrated that fusion
and maturation of primary muscle progenitor cells is affected by substrate elasticity, and
indicated that a minimal elasticity of 3 kPa is required for active contractions and the
development of cross striations (Boonen et al. 2009). Although other studies have also
shown cross striated C2C12 myotubes cultured on stiff substrates and subjected to
electrical stimulation (Kontrogianni‐Konstantopoulos et al. 2006), culturing the cells on a
stiffness ranging from 8‐11 kPa would be preferred and imperative if culture periods
were extended to several weeks (Engler et al. 2004).
One of the aspects of our study that should be noted is that 2D cultures do not
represent the environment as is found in vivo during muscle repair and embryogenesis.
Therefore, 3D cultures of muscle constructs are necessary to evaluate the effects of
electrical stimulation at a level that resembles the in vivo situation. This effect has
already been investigated by others using primary myoblast cultures in fibrin gel systems
(Stern‐Straeter et al. 2005) and PGA scaffolds (Pedrotty et al. 2005). Under these 3D
38

Early detection of myotube maturation
conditions, Stern‐Straeter and co‐workers did not find a stimulatory effect of the
electrical stimulus on differentiation. However, it should be noted that they did not
observe increased differentiation in their 2D cultures either. Differences in the protocol
applied can be the cause of this discrepancy. Moreover, the primary myoblasts that
were used may react differently to the electrical stimulation than the C2C12 cell line
myoblasts used in our experiments. With respect to response to mechanical stimulation,
C2C12 have been shown to respond differently from primary cells (Boontheekul et al.
2007).
In summary, we observed enhancement of skeletal muscle cell maturation upon
electrical stimulation, as opposed to poor sarcomere formation under conventional
culture conditions (Lee et al. 1999; Dennis et al. 2001; Engler et al. 2004). This underlines
the importance of biophysical stimulation in addition to conventional biochemical cues
for muscle maturation. Electrical stimulation, however, needs to be properly timed and
should be initiated earlier than previously established. These early effects can be
monitored by expression analysis of the major myogenic regulatory factors and
sarcomere components. Especially the differentiation markers MLP and sarcomere
components MHC‐pn, actin, and α‐actinin are potential early markers for muscle
maturation.
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4.1 Introduction
Tissue engineering of skeletal muscle has many applications in the field of
regenerative medicine, for example transplantation purposes (Boldrin et al. 2008) and
gene therapy (Vandenburgh et al. 1996). Less evident but with a potential for high
societal impact is the possible use of tissue engineered muscle for in vitro meat
production (Edelman et al. 2005; Langelaan et al. 2010a). The increasing demand for
functional tissue engineered muscle constructs that can generate forces within the
physiological range has not been fulfilled so far. Attempts have been made to improve
both the differentiation and maturation process of skeletal muscle cells and engineered
muscle constructs by applying biochemical and/or biophysical stimuli (Vandenburgh and
Karlisch 1989; Dusterhoft and Pette 1990; Thelen et al. 1997; Bach et al. 2004; Grossi et
al. 2007; Moon et al. 2008). However, achieving an adequate and efficient development
of sarcomeres remains challenging.
We aim at mimicking the in vivo niche to improve tissue engineered skeletal
muscle (Boonen and Post 2008). An important part of the niche environment, during
development (Wilson and Harris 1993) as well as in adult muscle (Midrio 2006), is
electrical stimulation by nerves. Protocols for electrical stimulation have previously been
applied to cultured muscle cells (Dusterhoft and Pette 1990; Thelen et al. 1997; Bayol et
al. 2005; Stern‐Straeter et al. 2005; Fujita et al. 2007), indicating that electrical
stimulation leads to an advance in differentiation and maturation (MHC) (Naumann and
Pette 1994). However, the optimal timing for electrical stimulation remains unknown,
although this timing is likely important (Radisic et al. 2004).
In the 3D situation, electrical stimulation has also been shown to affect
maturation (Pedrotty et al. 2005; Park et al. 2008; Serena et al. 2008; Yamasaki et al.
2009). Three dimensional tissue engineering strategies are typically based either on
carriers of biodegradable polymer scaffolds or gels. Gel systems are more suitable for
tissue engineering of skeletal muscle, because they allow for dense cell seeding and easy
alignment (Bian and Bursac 2008), without remains of synthetic degradation products
that would be present in a scaffold system.
The electrical stimulation approaches in 3D studies so far were either scaffold
based and/or made use of the C2C12 cell line. The advantages of using C2C12 myoblasts
are obvious: easy expansion and culture conditions. However, the translation to primary
cells is questionable as differences have been shown between cell lines and primary cells
in their response to environmental cues (Maley et al. 1995; Boontheekul et al. 2007).
Although the expansion of primary muscle progenitor cells (MPCs) remains problematic
(Machida et al. 2004; Collins et al. 2005; Montarras et al. 2005), the usage of these cells
is still preferred for implantation or consumption purposes.
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In this study, we investigated the effects of electrical stimulation protocols in a
3D collagen/MatrigelTM hydrogel system of murine bioartificial muscles (mBAMs) made
from either C2C12 myoblasts or primary MPCs and compared their responses to the
stimuli. The maturation level of the constructs was analyzed over time and upon
electrical stimulation at different levels by investigating construct contractions, the
development of cross striations, and expression levels of muscle regulatory factors and
sarcomere components respectively.

4.2 Materials and Methods
4.2.1 Cell culturing and mBAM engineering
C2C12 (ECACC, Porton Down, UK) murine myoblasts were cultured in an
incubator at 37C and 5% CO2. Growth medium (GM) consisted of high glucose
Dulbecco’s modified Eagle medium, with L‐glutamine, 15% fetal bovine serum (Greiner
Bio‐One, Frickenhausen, Germany), 20 mM HEPES buffer (Lonza, Walkersville, USA), 0.1
mM non‐essential amino acids (Lonza), 100 000 IU/l media of penicillin and 100 mg/l
streptomycin (Lonza). Cells were passaged every 2‐3 days at 75% confluency.
MPCs were prepared from single fibers from intact mouse hind limb muscles
(EDL, TP, TA, and soleus) with a method adapted from Shefer and co‐workers (Shefer et
al. 2004; Collins et al. 2005) as described by Boonen and co‐workers (Boonen et al.
2009). Growth medium consisted of Dulbecco’s modified Eagle medium (DMEM)
Advanced (Invitrogen, Carlsbad, USA) containing 20% fetal bovine serum (FBS; Greiner
Bio‐One), 10% horse serum (HS; Invitrogen), 1% chicken embryo extract (CEE; United
States Biological, Massachusetts, USA), 100 000 IU/l penicillin and 100 mg/l
streptomycin (Lonza), and 4 mM L‐glutamine (Lonza). Cells were passaged every 3 days
at 30% confluency and grown in 1 mg/ml MatrigelTM‐coated (BD Biosciences, Alphen a/d
Rijn, the Netherlands) flasks.
C2C12 (passage 20) and MPCs (passage 3) were used to create mBAMs according
to the protocol of Gawlitta and co‐workers (Gawlitta et al. 2008) and previously
described by Vandenburgh and co‐workers (Vandenburgh et al. 1996). Briefly, cells were
harvested and seeded into gel constructs at 4∙106 cells/ml. The gel mixture consisted of
collagen type I and MatrigelTM (both BD Biosciences). Cells were centrifuged and
resuspended in a mixture consisting of 39.5% GM, 50% collagen type I (3.2 mg/ml), 2.5%
NaOH (0.25 M; Sigma‐Aldrich), and 8% MatrigelTM (BD Biosciences).
Before addition of the cell‐gel suspension, house‐shaped pieces (approximately
5x7 mm) of Velcro with ‘rooftops’ facing each other, functioning as anchoring points for
the muscle constructs, were glued (Silastic MDX4‐4210, Dow Corning, USA) onto the
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silicone membrane of each of the wells of a 6‐well BioFlex culture plate (Flexcell
International, Hillsborough, USA). Well plates were sterilized by dipping in 70% ethanol
and exposure to UV for 30 minutes.
After preparation of the well plates, 375 µl of the cell/gel mixture was molded
into shape between the anchoring points. One hour after molding the mBAMs into and
between the anchoring points, 5 ml of growth medium was added to the constructs.
C2C12 cells were kept in growth medium for 24 hours, after which medium was replaced
by differentiation medium (DM). C2C12 DM consisted of growth medium in which fetal
bovine serum was replaced by 2% horse serum (Invitrogen). MPC mBAMs were cultured
in DM directly after molding. MPC DM consisted of growth medium without CEE.

4.2.2 Electrical stimulation
The C‐Pace Culture Pacer (IonOptix Corporation, Milton, USA) was used for
bipolar field stimulation. Cells underwent a 48‐hour pulsed electrical stimulation
protocol consisting of 4 V/cm, 6 ms pulses at a frequency of 2 Hz (adapted from Thelen
and co‐workers 1997). Before use, electrodes were sterilized with 70% EtOH and
subsequently dried under UV in a safety cabinet. Electrodes were positioned in the wells
parallel to the mBAMs for the electrical stimulation regimes. Culture medium was
changed every 24 hours during stimulation. Two electrical stimulation regimes were
applied to different experimental groups of mBAMs: early and late electrical stimulation,
introducing the electrical stimuli on day 2 and 4 after switching to DM respectively. After
48 hours of stimulation, cells were allowed to recover for another 48 hours. Control
cultures did not receive electrical stimulation and were cultured in DM throughout the
experiment.

4.2.3 Immunocytochemistry
To prepare mBAMs for cryosectioning, they were washed 3 times with PBS and
fixed for 1 hour in 10% formalin (Sigma‐Aldrich). Afterwards, they were washed with PBS
and incubated overnight in 30% sucrose (Merck, Schiphol‐Rijk, the Netherlands) in PBS.
Subsequently, mBAMs were dissected from their anchoring points and placed in
cryomolds (Sakura Finetek Europe B.V., Zoeterwoude, the Netherlands), after which
they were snap‐frozen in Tissue‐Tek OCT compound (Sakura Finetek Europe B.V.) using
ice‐cold 2‐methylbutane (Sigma‐Aldrich) and sectioned into 10 µm slices, attached to
poly‐lysine coated glass slides. For the immunohistochemical staining, samples were
permeabilized with 1% Triton‐X‐100 (Merck) in PBS for 20 minutes. Subsequently, they
were incubated twice for 10 minutes with 1% HS in PBS to block non‐specific binding and
washed 2 times 10 minutes with NET‐gel (50 mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA,
0.05% NP40, 0.25% gelatin). Afterwards, they were incubated for 2 hours with
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antibodies against myosin heavy chain (1:300) (MF20; developed by D.A. Fischman and
obtained from the Developmental Studies Hybridoma Bank, maintained by The
University of Iowa) and sarcomeric α‐actinin (1:800) (clone EA‐53; Sigma‐Aldrich) in NET‐
gel with 10% horse serum. Next, sections were washed 6 times 5 minutes in NET‐gel and
incubated for one hour with Alexa Fluor 488‐conjugated goat anti‐mouse IgG2b (1:300)
and Alexa Fluor 555‐conjugated goat anti‐mouse IgG1 (1:200) secondary antibodies
(A21141, A21127; Invitrogen). Subsequently, they were washed 2 times for 5 minutes
with NET‐gel and stained for an additional 5 minutes with DAPI (0.1 µg/ml; Sigma‐
Aldrich) in PBS. Afterwards, sections were washed 4 times 5 minutes in PBS and
mounted on slides with Mowiol (4‐88; Calbiochem, San Diego, USA). Sections were
evaluated using fluorescence microscopy (Axiovert 200M; Zeiss, Göttingen, Germany).

4.2.4 Histology
Frozen sections of mBAMs were thawed for 60 minutes at room temperature.
Afterwards, they were fixed with ice‐cold acetone for 5 minutes. Next, sections were
incubated in Mayer’s hematoxylin solution (Sigma‐Aldrich) for 10 minutes and washed
for 15 minutes in slowly running tap water. Subsequently, sections were stained with
acidified aqueous eosin Y solution (Sigma‐Aldrich) for 30 seconds and washed for 5
minutes in slowly running tap water. Next, sections were dehydrated by 10 dips in 70%
ethanol, 10 dips in 96% ethanol and 3 times 10 dips in 100% ethanol, followed by 2
times 3 minutes xylol (Merck). Finally, sections were mounted with entallan, covered,
and left to dry. Sections were evaluated by light microscopy (Observer Z1; Zeiss).

4.2.5 Quantitative PCR
Total RNA was isolated according to the manufacturer’s instructions (RNeasyTM,
Qiagen, Venlo, the Netherlands). mBAMs were first ground in RLT buffer containing 1%
β‐mercapto‐ethanol using the Ultra‐Turrax® T8 (IKA® Werke GmbH & Co. KG, Staufen,
Germany). Synthesis of cDNA was carried out using 0.5 mM dNTPs (Invitrogen), 2 µg/ml
random primers (Promega, Madison, USA), 10 mM DTT (Invitrogen), 4 IU/µl M‐MLV
(Invitrogen), M‐MLV buffer (Invitrogen), and ddH2O. Control reactions without M‐MLV (‐
RT) were performed to screen for genomic DNA contaminations. The temperature
profile of the cDNA synthesis protocol was as follows: 6 minutes at 72C, 5 minutes at
37C (subsequent addition of M‐MLV), 60 minutes at 37C, and 5 minutes at 95C.
Samples were stored at 4C until use for quantitative PCR (qPCR). Stability of reference
genes was investigated using a geNorm reference gene selection kit (PrimerDesign,
Southampton, UK). The two most stable reference genes were glyceraldehyde‐3‐
phosphate dehydrogenase (GAPDH) and β‐2 microglobulin (B2M). Primer sets for MyoD,
myogenin, MRF4, MLP, sarcomeric actin, α‐actinin, MHC‐IId/x, MHC‐IIa, MHC‐IIb (Sigma‐
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Aldrich), and perinatal MHC (MHC‐pn; PrimerDesign) were developed and validated for
qPCR (Table 3.1 and 4.1). The qPCR reaction (MyiQ; Bio‐Rad, Hercules, USA) was
performed using SYBR Green Supermix (Bio‐Rad), primers (0.5 mM), ddH2O, and 1 µl
cDNA. The temperature profile was as follows: 3 minutes 95C, 40x (20 seconds 95C, 20
seconds 60C, 30 seconds 72C), 1 minute 95C, 1 minute 65C, followed by a melt curve
analysis. Target gene expression was evaluated using the comparative method
(Schmittgen and Livak 2008). Results were normalized for reference genes and
compared to corresponding control cultures. Values for CT of target genes were
subjected to statistical analyses comparing electrically stimulated cultures with their
corresponding controls and control cultures over time.

Table 4.1 Primers for qPCR amplification of target genes.
Target gene

Gene
symbol

Accession
number

Primer sequences

MHC‐IId/x

MYH1

NM_030679

Sense: 5’‐GCGACAGACACCTCCTTCAAG‐3’

Amplicon
size

158 bp
Antisense: 5’‐TCCAGCCAGCCAGCGATG‐3’
MHC‐IIa

MYH2

NM_001039545

Sense: 5’‐GCAGAGACCGAGAAGGAG‐3’
121 bp
Antisense: 5’‐CTTTCAAGAGGGACACCATC‐3’

MHC‐IIb

MYH4

NM_010855

Sense: 5’‐GAAGGAGGGCATTGATTGG‐3’
140 bp
Antisense: 5’‐TGAAGGAGGTGTCTGTCG‐3’

4.2.6 Statistical analysis
All data are presented as averages and their standard deviations. Quantitative
PCR analyses are for n=6 and immunocytochemical analyses were performed twice for
n=2. A two‐tailed, unpaired Student’s t‐test was used to compare gene expression levels.
One‐way ANOVA was performed to compare differences over time in the non‐
stimulated controls. Differences were considered significant for P values <0.05.

4.3 Results
To gain more insight into the early steps of muscle maturation and the effects of
electrical stimulation over time, we evaluated the mBAMs at different levels. Maturation
was evaluated by examining active contractions during electrical stimulation, myotube
alignment and cross striations, and RNA expression of myogenic regulatory factors
(MRFs) and sarcomere proteins.
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4.3.1 Spontaneous alignment of myotubes as a result of mere culturing
in a 3D constrained model system
The 3D model system we used to create mBAMs proved to be very successful in
the creation of mature muscle tissue by mere culturing of the cells in the gels with
anchoring points. This model system allowed for the generation of tension by the cells
which resulted in compaction of the tissue and subsequent alignment of myotubes. As
early as 24 hours after creation of mBAMs, compaction was macroscopically obvious by
a decrease in width (Figure 4.1, panel A). Myotubes were homogeneously localized
throughout the mBAM, showing alignment in the direction of attachment (panels Ba and
Bb).

Figure 4.1 Macroscopic image of mBAMs cultured for 24h (A) and typical examples of
histological analysis (hematoxylin and eosin) on frozen sections of C2C12 (Ba) and MPC
(Bb) mBAMs.

Figure 4.2 Immunohistochemical analyses of frozen sections showing muscle
development in non‐stimulated C2C12 and MPC mBAMs after 2 days (panels A and C)
and 8 days (panels B and D) of differentiation. Sections were stained for sarcomeric α‐
actinin (red), sarcomeric myosin (green), and nuclei (blue).
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Over time and upon electrical stimulation, synchronous contractions of regions
within MPC mBAMs were observed. In addition, spontaneous and irregular contractions
were observed in both control and stimulated constructs after switching off stimulation.
By contrast, no contractions were observed within any of the C2C12 mBAMs,
demonstrating a lower maturation level compared to MPC mBAMs.

4.3.2 More mature cross striations in MPC mBAMs over C2C12
Muscle maturation was analyzed in frozen sections of mBAMs by
immunofluorescent staining for the sarcomere components α‐actinin and myosin
(Figures 4.2 and 4.3). On day 2, the non‐stimulated samples of C2C12 and MPC mBAMs
were similar. By contrast, a clear difference existed between the two cell sources at the
end of the culture period (day 8): non‐stimulated C2C12 mBAMs displayed only a slight
increase in amount and length of myotubes on day 2 versus day 8 of differentiation
(Figure 4.2, panels A and B), while in MPC mBAMs, length and number of myotubes had
increased (panels C and D).
Besides the macroscopic observations of myotube development and alignment in
sections of the mBAMs, we also evaluated sarcomere assembly in these samples, with
typical examples given in Figure 4.3. Myotubes in C2C12 mBAMs displayed α‐actinin
cross striations from day 4 onwards. At that time, the amount of α‐actinin cross‐
striations was clearly higher in electrically stimulated samples than in non‐stimulated
controls, suggesting advancement of maturation. However, C2C12 myotubes never
showed myosin cross striations. In MPC mBAMs, α‐actinin cross striations were
invariably present in high amounts in all samples. Myosin cross striations were visible in
MPC mBAMs from differentiation day 4 onwards, and were more abundant in
stimulated samples.

4.3.3 Fasttoslow MHC isoform transition upon electrical stimulation in
MPC mBAMs only
Expression levels of genes encoding for muscle differentiation and maturation
markers were quantified for the mBAMs. As illustrated by Figures 4.4 and 4.5,
expression levels in C2C12 and MPC mBAMs diverged noticeably. As expected, a
decrease over time was observed for MyoD and myogenin expression in non‐stimulated
mBAMs of both cell sources (Figure 4.4, panels A and B). In addition, an increase over
time was observed for the late muscle regulatory factor MRF4 in non‐stimulated C2C12
and MPC mBAMs (panel C). However, expression levels of genes separately differed
between the two cell sources.
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Figure 4.3 Cross striations in C2C12 (A) and MPC (B) mBAMs. Frozen sections were
stained for sarcomeric α‐actinin (red), sarcomeric myosin (green), and nuclei (blue).
Panels Aa‐Ab and Ba‐Bb show magnifications of boxed areas in panels A and B for α‐
actinin (red) and sarcomeric myosin (green).

As a result of late electrical stimulation, the expression levels of MRF4 decreased
in both C2C12 and MPC mBAMs, which persisted during the 48‐hour recovery period.
Early electrical stimulation resulted in a similar decrease in MRF4 expression in both
C2C12 and MPC mBAMs, but this appeared transient in C2C12 mBAMs. In addition, MLP
expression was markedly increased after early electrical stimulation in MPC mBAMs
only. These results suggest that, as both MRF4 and MLP are late differentiation markers,
electrical stimulation resulted in advanced maturation in both C2C12 and MPCs mBAMs,
with a higher efficiency in MPCs mBAMs.
The expression of sarcomere proteins was also investigated to evaluate muscle
maturation over time and upon electrical stimulation. In general, time‐dependent
upregulated expression of sarcomere proteins was observed in both C2C12 and MPC
non‐stimulated mBAMs, except for α‐actinin expression in MPC mBAMs, which was
already high on day 2 (Figure 4.5).
Early electrical stimulation resulted in increased expression levels of sarcomeric
actin in C2C12 mBAMs, whereas late electrical stimulation resulted in a decrease in actin
expression (Figure 4.5, panel A). This effect appeared transient, while no effect of
electrical stimulation was observed in actin expression of MPC mBAMs. Strikingly, early
electrical stimulation triggered an increase in α‐actinin expression in MPC mBAMs,
whereas a decrease was observed in C2C12 mBAMs after both early and late electrical
stimulation (panel B).
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Figure 4.4 Expression levels (2‐ΔCT, y‐axis) of myogenic regulatory factors MyoD (A),
myogenin (B), MRF4 (C), and MLP (D) over time and with ES. mBAMs of C2C12 and MPCs
were subjected to early and late ES protocols. Recovery samples (early ES (rec), late ES
(rec)) were taken 48 hours after the 2‐day pulsed ES protocols. Asterisks indicate
significant differences between ES and corresponding control (* P<0.05), and pound signs
refer to comparisons of control constructs with respect to day 2 (# P<0.05).

The most noticeable differences between C2C12 and MPC mBAMs upon
electrical stimulation were found in the expression levels of myosin heavy chain (MHC)
isoforms MHC‐IId/x (MYH1), MHC‐IIa (MYH2), MHC‐IIb (MYH4), and perinatal MHC
(MYH8). Overall, MHC expression was much higher in MPC mBAMs than in C2C12
mBAMs, and in both cell sources expression increased over time. MYH1 expression was
unaffected by stimulation in both C2C12 and MPC mBAMs (panel C). No remarkable
effects of electrical stimulation were observed for MYH2 and MYH4 expression in C2C12
mBAMs (panels D and E). In contrast, in MPC mBAMs, electrical stimulation did strongly
affect these two MHC isoforms. MYH2 was upregulated in all stimulated MPC mBAM
samples and this upregulation even persisted after the recovery periods. By contrast,
MYH4 expression was downregulated in these samples, suggesting the initiation of a
fast‐to‐slow transition in MHC expression by electrical stimulation.
Expression of MYH8 was also downregulated by electrical stimulation (panel F).
However, the expression profiles were different for the two cell sources. In C2C12
mBAMs downregulation occurred by early electrical stimulation and was transient,
whereas in MPC mBAMs, this effect occurred later and was persistent.
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Figure 4.5 Expression levels (2‐ΔCT, y‐axis) of sarcomere components actin (A), α‐actinin
(B), MYH1 (C), MYH2 (D), MYH4 (E), and MYH8 (F) over time and with ES. mBAMs of
C2C12 and MPCs were subjected to early and late ES protocols. Recovery samples (early
ES (rec), late ES (rec)) were taken 48 hours after the 2‐day pulsed ES protocols. Asterisks
indicate significant differences between ES and corresponding control (* P<0.05), and
pound signs refer to comparisons of control constructs with respect to day 2 (# P<0.05).

4.4 Discussion
We addressed the kinetics and transcriptional events of electrical stimulation of
cultured muscle constructs, and compared primary muscle progenitor cells (MPCs) with
the established murine myoblast cell line C2C12. Electrical stimulation resulted in
accelerated assembly of sarcomeres and increased expression of late muscle maturation
markers, both in C2C12 and MPC mBAMs. In addition, our 3D model system resulted in
fast maturation of myotubes, as was evidenced by the early presence of cross striations
in α‐actinin. Strikingly, MPC mBAMs were more mature than C2C12 mBAMs and were
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more susceptible to the electrical stimulation as was shown by a transition in MHC
isoform expression towards slower isoforms.
The advantages of cell culture in 3D gels became apparent from histological
analyses. The gel was cast between two anchoring points, mimicking the function of
tendons. In this set up, the cells created a tension in the constructs that was oriented in
the direction of attachment. In accordance with other studies (Vandenburgh et al. 1996;
Dennis et al. 2001; Gawlitta et al. 2008), the myotubes aligned in the direction of stress
as was histologically confirmed. The uniform alignment of myotubes is important for the
final architecture of tissue engineered muscle, as it supports maximal force generation
upon contraction.
An important observation in this study is the appreciable difference in response
between C2C12 and MPCs, both in control samples and upon electrical stimulation. The
mBAMs that were created with MPCs were much more mature than the ones created
from C2C12 myoblasts: MPC mBAMs had mature cross striations of α‐actinin and myosin,
whereas C2C12 mBAMs only displayed α‐actinin cross‐striations. Others previously
showed that C2C12 myotubes display α‐actinin cross striations (Fujita et al. 2007) but
only form myosin cross striations after long culture periods and under special
circumstances (Engler et al. 2004; Park et al. 2008). In contrast, and in accordance with
our results, myosin cross striations are easily formed by MPCs (Boonen et al. 2009). In
addition, expression levels of myogenic regulatory factors and sarcomere proteins were
generally higher in MPC mBAMs. The high expression of MyoD in MPC mBAMs
compared to C2C12 mBAMs can be explained by the difference in myosin heavy chain
expression, as MyoD has been shown to be associated with myosin heavy chain isoform
switches. In addition, MyoD is highly sensitive to electrical activation in muscle cells
(Legerlotz and Smith 2008). Additionally, in 3D MPC mBAMs, stimulation caused a shift
in the expression levels of myosin heavy chain isoforms which was absent in C2C12
mBAMs; MYH2 was upregulated, whereas MYH4 was downregulated upon electrical
stimulation, which indicates a switch to a slower isoform. Finally, we observed
contractions in MPC mBAMs and not in C2C12 mBAMs. This effect could be a result of
the higher number of myotubes present in MPC mBAMs compared to C2C12 mBAMs.
The fact that active contractions were observed in this 3D model system, verifies the
effectiveness of the given electrical stimulus.
Differences between the two cell sources can be explained by the fact that MPCs
are primary cells, designated to regenerate skeletal muscle, whereas C2C12 cells are a
long standing cell line. Genetic make‐up may account for better and faster maturation
into muscle in MPCs. In addition, the cell harvest of MPCs was likely not completely pure.
Although it contained mostly myoblasts, some co‐isolated fibroblasts may have
contaminated the culture. It was previously shown that such a heterogeneous mixture of
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cells is preferable for both differentiation and generation of peak force, as opposed to a
homogeneous population of myogenic cells (Brady et al. 2008).
Finally, we conclude that MPCs are preferred over the established C2C12 cell line
for the purpose of tissue engineered muscle, because of their excellent capabilities to
develop into mature muscle tissue over time. Moreover, the MPCs reacted to the
electrical stimulation by a switch in expression of MHC isoforms, while expression levels
remained unchanged in C2C12 mBAMs. Fine tuning of MHC isoform expression by
electrical stimulation might be beneficial for the final texture of tissue engineered
muscle.
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5.1 Introduction
Skeletal muscle is an appealing topic for tissue engineering because of its variety
in applications for regenerative medicine (Levenberg et al. 2005), in vitro physiological
model systems (Gawlitta et al. 2007) and meat production (Van Eelen et al. 1999). To
improve in vitro differentiation, our working hypothesis is to recreate the in vivo “niche”
of muscle progenitor cells (MPCs) (Boonen et al. 2009). An important niche factor is
mechanical stimulation. Muscles are stretched either because of the action of
antagonistic muscles or by eccentric contractions (Atherton et al. 2009). Of all tissue
types exposed to mechanical stimuli in vivo, skeletal muscle shows the most obvious and
rapid response to altered load, with hypertrophy after strength‐training programs, and
atrophy in the absence of adequate mechanical stimulation (Benjamin and Hillen 2003).
Stretch also causes muscle hypertrophy in in vitro cultures (Vandenburgh and Karlisch
1989), improves functionality of engineered muscle tissue (Moon et al. 2008), and
increases myoblast proliferation, while it suppresses differentiation (Kook et al. 2008a;
Kook et al. 2008b). Furthermore, a uniaxial ramp stretch facilitates myotube alignment
(Vandenburgh and Karlisch 1989; Vandenburgh et al. 1991).
Overall, reported results on mechanical stimulation in vitro seem contradictory,
possibly depending on the differentiation level of the cells at the start of the mechanical
stimulation protocol and the environment these cells are cultured in. For instance, cells
in a monolayer react differently from those in a 3D environment. The first are attached
to a coated flexible membrane unilaterally, while cells incorporated in 3D constructs are
attached to the protein matrix and surrounding cells. A difference in force transduction
in monolayers and 3D constructs will therefore most likely exist. We therefore
investigated the effects of mechanical stimulation on muscle development both in cells
cultured in 2D monolayers and in 3D fibrin constructs. The specifics of mechanical
stimulation protocols that have been applied to muscle cells and constructs in culture
may also determine the outcome. According to Vandenburgh and co‐workers (1991), we
used an intermittent dynamic stretch protocol preceded by a ramp stretch and kept the
stretch levels below 10% to avoid muscle damage (Schultz and McCormick 1994).

5.2 Materials and Methods
5.2.1 Cell culture
MPCs were prepared from single fibers from intact mouse hind limb muscles
(EDL, TP, TA and soleus) as described in Boonen et al. (2009). Growth medium (GM)
consisted of Dulbecco’s modified Eagle medium (DMEM) Advanced (Invitrogen,
Carlsbad, USA) containing 20% fetal bovine serum (FBS; Greiner Bio‐One, Frickenhausen,
Germany), 10% horse serum (HS; Invitrogen), 1% chicken embryo extract (CEE; United
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States Biological, Massachusetts, USA), 100 000 IU/l penicillin and 100 mg/l
streptomycin (Lonza, Walkersville, USA), and 4 mM L‐glutamine (Lonza). MPCs were
passaged every 3 days at 30% confluency and grown in 1 mg/ml MatrigelTM‐coated (BD
Biosciences, Alphen a/d Rijn, the Netherlands) flasks.
C2C12 (ECACC, Porton Down, UK) murine myoblasts were cultured in GM,
consisting of high glucose DMEM (Invitrogen), with L‐glutamine, 15% FBS (Greiner Bio‐
One), 20 mM HEPES buffer (Lonza), 0.1 mM non‐essential amino acids (Lonza) 100 000
IU/l media of penicillin and 100 mg/l streptomycin (Lonza). C2C12 cells were passaged
every 2‐3 days at 75% confluency. Cells were seeded in Uniflex® culture plates with
different coatings (Flexcell International, Hillsborough, USA) at a density of 25 000
cells/cm2 (both MPCs and C2C12): C2C12 myoblasts were cultured on laminin, collagen I
and ProNectin (synthetic equivalent of fibronectin) and MPCs were cultured on laminin
and collagen I. MPCs were induced to differentiate after seeding by switching to
differentiation medium (DM; growth medium without CEE). C2C12 differentiation was
initiated after 3 days by switching to DM. C2C12 DM consisted of GM in which FBS was
replaced by 2% HS (Invitrogen). After 1 day in differentiation medium (when small
myotubes had formed), the mechanical stimulation protocol was started.

5.2.2 Construct engineering
Fibrin constructs were created according to a protocol adapted from Matsumoto
et al. (2007). Briefly, MPCs (passage 3) and C2C12 myoblasts (passage 20) (4∙106
cells/ml) were seeded into constructs by resuspension in a thrombin solution (2 IU/ml;
Sigma‐Aldrich), mixed with a fibrinogen solution (3 mg/ml; Sigma‐Aldrich) in a 1:1 ratio,
containing 1.0 mg/ml ε‐aminocaproic acid (ε‐ACA) to prevent fibrinolysis. House‐shaped
pieces (approximately 5x7 mm) of Velcro with ‘rooftops’ facing each other, were glued
(Silastic MDX4‐4210, Dow Corning, USA) onto the silicone membrane of each of the
wells of uncoated BioFlex culture plates (Flexcell International), and sterilized by dipping
in 70% ethanol and exposure to UV for 30 minutes. 375 µl of the cell/gel mixture was
molded into shape between the anchoring points. After one hour, GM with ε‐ACA, was
added to the culture. C2C12 constructs were kept in GM for 24 hours, after which
medium was replaced by DM. This time, C2C12 DM with ε‐ACA was supplemented with
0.4% Ultroser G (BioSepra, Cergy‐Saint‐Christophe, France) instead of HS since this is
preferred for myotube maturation in 3D culture systems (Gawlitta et al. 2008). MPC
constructs were cultured in DM (with ε‐ACA) directly after molding. One day after
switching to DM, the mechanical stimulation protocol was started. Medium was
replaced every 48 hours, provided with fresh ε‐ACA.
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5.2.3 Mechanical stimulation
Uniaxial mechanical stimulation was applied using the Flexercell FX‐4000T
straining device (Flexcell International) in combination with UniFlex (2D experiments)
and BioFlex (3D experiments) culture plates. The protocol consisted of a 2‐day uniaxial
ramp stretch of 0‐2%, followed by a uniaxial intermittent stretch regime of 2‐6%
dynamic stretch (3 hours on, 3 hours off) (Figure 5.1).

Figure 5.1 Mechanical stimulation protocol, consisting of a 2‐day uniaxial ramp stretch
(0‐2%) period, proposed to initiate myotube alignment, and a 4‐day uniaxial intermittent
dynamic stretch (2‐6%) period to enhance myotube maturation. Cyclic stretch was
applied for 3 hours at a frequency of 1 Hz, after which a resting period of 3 hours was
introduced.

5.2.4 Immunocytochemistry and immunohistochemistry
Cells were washed 2 times with PBS (Sigma‐Aldrich) and fixed for 10 minutes in
10% formalin (Sigma‐Aldrich). Fibrin constructs were washed 3 times with PBS and fixed
for 1 hour in 10% formalin. Afterwards, constructs were washed with PBS and incubated
overnight in 30% sucrose (Merck, Schiphol‐Rijk, the Netherlands) in PBS. Subsequently,
constructs were dissected from the Velcro anchoring points and placed in cryomolds
(Sakura Finetek Europe B.V., Zoeterwoude, the Netherlands), after which they were
snap‐frozen in Tissue‐Tek OCT compound (Sakura Finetek Europe B.V.) using ice‐cold 2‐
methylbutane (Sigma‐Aldrich). Constructs were then sectioned into 10 µm slices,
attached to poly‐lysine coated glass slides. Cells and sections were permeabilized with
1% Triton‐X‐100 (Merck) in PBS for 20 minutes. Subsequently, they were incubated
twice 10 minutes with 1% HS in PBS and washed 2 times 10 minutes with NET‐gel (50
mM Tris pH 7.4, 150 mM NaCl, 5 mM EDTA, 0.05% NP40, 0.25% gelatin). Afterwards,
they were incubated 2 hours with antibodies against myosin heavy chain (1:300) (MF20;
developed by D.A. Fischman and obtained from the Developmental Studies Hybridoma
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Bank, maintained by The University of Iowa) and sarcomeric α‐actinin (1:800) (clone EA‐
53; Sigma‐Aldrich) in NET‐gel with 10% HS. Next, they were washed 6 times 5 minutes in
NET‐gel and incubated one hour with Alexa Fluor 488‐conjugated goat anti‐mouse IgG2b
(1:300) and Alexa Fluor 555‐conjugated goat anti‐mouse IgG1 (1:200) secondary
antibodies (A21141, A21127; Invitrogen). Subsequently, they were washed 2 times 5
minutes with NET‐gel and stained 5 minutes with DAPI. Afterwards, they were washed 4
times 5 minutes in PBS and mounted on slides with Mowiol (4‐88; Calbiochem, San
Diego, USA). Sections and cells were evaluated using fluorescence microscopy (Axiovert
200M; Zeiss, Göttingen, Germany).

5.2.5 Whole mount staining
Constructs were washed 3 times with PBS and fixed 1 hour in 10% formalin
(Sigma‐Aldrich). Afterwards, they were washed with PBS and permeabilized 30 minutes
in 1% Triton‐X‐100 (Merck) in PBS. Subsequently, they were incubated twice for 10
minutes with 1% HS in PBS and washed 2 times 10 minutes with NET‐gel. Next,
constructs were stained 40 minutes with phalloidin‐FITC (1:200; Sigma‐Aldrich).
Afterwards, they were washed 3 times 10 minutes with PBS and mounted between
slides with Mowiol (Calbiochem). Constructs were evaluated using 2‐photon confocal
laser scanning microscopy (LSM 510 META, connected to an inverted Axiovert 200M;
Zeiss).

5.2.6 Quantitative PCR
Total RNA was isolated according to manufacturer’s instructions (RNeasyTM;
Qiagen, Venlo, the Netherlands). Cells were washed 3 times with PBS and lysed in RLT
buffer containing 1% β‐mercapto‐ethanol. Constructs were ground in RLT buffer
containing 1% β‐mercapto‐ethanol using the Ultra‐Turrax® T8 (IKA® Werke GmbH & Co.
KG, Staufen, Germany). cDNA synthesis was carried out using 0.5 mM dNTPs
(Invitrogen), 2 µg/ml random primers (Promega, Madison, USA), 10 mM DTT
(Invitrogen), 4 IU/µl M‐MLV (Invitrogen), M‐MLV buffer (Invitrogen), and ddH2O. Control
reactions without M‐MLV (‐RT) were performed to screen for genomic DNA
contaminations. The temperature profile of the cDNA synthesis protocol was: 6 minutes
72C, 5 minutes 37C (subsequent addition of M‐MLV), 60 minutes 37C, and 5 minutes
95C. Samples were stored at 4C until use for quantitative PCR (qPCR). Stability of
reference genes was investigated using a geNorm reference gene selection kit
(PrimerDesign, Southampton, UK). The two most stable reference genes were
glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) and β‐2 microglobulin (B2M).
Primer sets for MyoD, myogenin, MRF4, MLP, sarcomeric actin, α‐actinin, MHC‐IId/x,
MHC‐IIa, MHC‐IIb (Sigma‐Aldrich), and perinatal MHC (MHC‐pn; PrimerDesign) were
developed and validated for qPCR (Table 3.1 and 4.1). The qPCR reaction (MyiQ, Bio‐Rad,
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Hercules, USA) was performed using SYBR Green Supermix (Bio‐Rad), primers (0.5 mM),
ddH2O, and 1 µl cDNA. The temperature profile was: 3 minutes 95C, 40x (20 seconds
95C, 20 seconds 60C, 30 seconds 72C), 1 minute 95C, 1 minute 65C, followed by a
melt curve analysis. Target gene expression was evaluated using the comparative
method (Schmittgen and Livak 2008).

5.2.7 Statistical analysis
All data are presented as averages and their standard deviations. Quantitative
PCR analyses were n=3 for the 2D experiments, and n=6 for the 3D experiments.
Fluorescent staining and histology were performed twice. In the 2D experiments two‐
way ANOVA was performed to investigate the effect of mechanical stimulation and
coating. In the 3D experiments, a two‐tailed, unpaired Student’s t‐test was used to
compare gene expression levels between mechanically stimulated and non‐stretched
control constructs. One‐way ANOVA was performed to compare differences over time in
the non‐stretched controls. Differences were considered significant for P values <0.05.

5.3 Results
The effects of mechanical stimulation on myotube formation, presence of cross
striations, and expression levels of myogenic regulatory factors (MRFs) and sarcomere
proteins were evaluated over time.

5.3.1 Stretch in 2D
C2C12 myoblasts and MPCs readily formed myotubes on all coated membranes,
both in mechanically stimulated and non‐stimulated control cultures. Cross striations of
α‐actinin in C2C12 myotubes were found only on laminin‐coated membranes (Figure 5.2,
panels Aa‐Ab), whereas myosin cross striations were never observed in these cells
(panel Ac). MPC myotubes displayed cross striations in both myosin and α‐actinin
(panels Ba‐Bc), independent of coating. Sarcomere development in mechanically
stimulated cultures was similar (data not shown) to the non‐stimulated control cultures
as shown in Figure 5.2.
Over time, even in the absence of mechanical stimulation, muscle differentiation
and maturation took place in the C2C12 and MPC cultures, as shown by upregulated
expression of MRFs and sarcomere components. The influence of stretch was
investigated after the total stretch period (Table 5.1) for the different coatings. MRF4
and MYH4 were downregulated by stretch in both C2C12 and MPC myotubes, whereas
MYH1 was upregulated in C2C12 myotubes only.
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Figure 5.2 Cross striations in C2C12 and MPC myotubes on laminin‐coated membranes
(non‐stretched controls). Panels Aa and Ba show combined pictures of the myosin
(green), α‐actinin (red), and DAPI (blue) staining in C2C12 and MPCs respectively. Panels
Ab and Bb show magnifications of boxed areas in panels Aa and Ba for α‐actinin (red)
and panels Ac and Bc for sarcomeric myosin (green).

Coating also had an effect on gene expression. In C2C12 myotubes, only
expression levels of MyoD, myogenin, MYH4 and MYH8 were unaffected by coating.
Expression of MLP and actin were highest in myotubes on collagen type I, expression of
MRF4 was highest in myotubes on laminin, and expression of α‐actinin, MYH1 and MYH2
were highest in myotubes on ProNectin. By contrast, in MPC myotubes, all genes but
myogenin were higher in myotubes cultured on laminin than on collagen type I.

Figure 5.3 Control samples at day 4 of differentiation. Panels A and B show constructs of
C2C12 and MPCs respectively.
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Table 5.1 Summary of qPCR results on day 8 for C2C12 and MPC 2D cultures subjected to
ramp stretch followed by intermittent dynamic stretch. Values of ΔCT for all genes were
subjected to a two‐way ANOVA for each cell source, to investigate a possible effect of
coating (L: Laminin, C: Collagen I, Pr: ProNectin). The effect of stretch is illustrated with
arrows (↓) or (↑) for down‐ or upregulation respectively. P values are depicted for every
significant difference.

C2C12

Stretch

MyoD

Myogenin

MRF4

MLP

Actin

α‐Actinin

MYH1

MYH2

MYH4

MYH8

‐

‐

↓

‐

‐

‐

↑

‐

↓

‐

P<0.05
Coating

MPC

Stretch

‐

‐

‐

‐

P<0.05

P<0.01

C<L>Pr

L<C

Pr<C

C<Pr

C<Pr

C<Pr>L

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.01

↓

‐

‐

‐

‐

‐

P<0.05
Coating

L>C

‐

P<0.05

‐

‐

↓

‐

P<0.05

L>C

L>C

L>C

L>C

L>C

L>C

L>C

L>C

P<0.01

P<0.01

P<0.01

P<0.01

P<0.01

P<0.01

P<0.01

P<0.01

5.3.2 Stretch in 3D
C2C12 constructs formed a dense, opaque structure, whereas MPC constructs
remained lightly transparent and were less compact (Figure 5.3). Myotubes were
observed in the whole mount staining of both types of constructs after 2 days of
differentiation (Figure 5.4, panels Aa and Ba).
Over time, myotube development progressed and was faster in the MPC
constructs (Figure 5.4, panels Ab and Bb). However, the longitudinal orientation of
myotubes between the attachment points was more pronounced in the C2C12
constructs (panel Ac). This alignment appeared absent in the MPC constructs (panel Bc).
No additional effect of stretch on the alignment of cells was observed in both C2C12 and
MPC constructs.
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Figure 5.4 Whole mount cytoskeletal actin staining of C2C12 (Aa‐Ac) and MPC (Ba‐Bc)
non‐stretched control constructs at day 2, 4 and 8 of differentiation. The direction of the
samples, and the direction of attachment between the anchoring points, is from top to
bottom, indicated by the arrow.

Figure 5.5 Cross striations in C2C12 (Aa) and MPC (Ba) constructs. Frozen sections were
stained for sarcomeric α‐actinin (red), sarcomeric myosin (green), and nuclei (blue).
Panels Ab‐Ac and Bb‐Bc show magnifications of boxed areas in panels Ab and Bb for α‐
actinin (red) and in panels Ac and Bc for sarcomeric myosin (green).
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Sarcomere development differed remarkably between C2C12 and MPC
constructs. Only in C2C12, cross striations were observed as early as day 4 of
differentiation. By 8 days of differentiation both constructs had mature α‐actinin cross
striations, but only MPC constructs showed myosin cross striations (Figure 5.5).
Mechanical stimulation did not affect sarcomere development in C2C12 constructs, but
did inhibit the formation of cross striations in MPC constructs.

Figure 5.6 Gene expression levels of myogenic regulatory factors MyoD (A), myogenin
(B), MRF4 (C), and MLP (D) over time and upon stretch. 3D constructs of C2C12 and MPCs
were analyzed at day 2 (before ramp stretch), day 4 (after ramp stretch), and day 8
(after intermittent dynamic stretch). Asterisks indicate significant differences between
stretched and corresponding control constructs (* P<0.05), and pound signs refer to
significant differences in comparisons of control constructs with respect to day 2 (#
P<0.05).

Similar to the 2D cultures, the expression levels of MyoD and the late MRFs
(MRF4 and MLP) increased over time in the C2C12 control constructs (Figure 5.6). By
contrast, non‐stretched MPC constructs had decreased expression of myogenin and MLP
over time. The ramp stretch protocol, evaluated at day 4, had very little effect on gene
expression in both C2C12 and MPC constructs. Only a small decrease was observed for
MRF4 in C2C12 constructs. Intermittent dynamic stretch caused a remarkable decrease
in the expression of MyoD and myogenin in both C2C12 and MPC constructs. MRF4 was
strongly reduced in C2C12 constructs but was unaffected in MPC constructs (Figure 5.6).
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By contrast, MLP expression was downregulated upon stretch in MPC constructs, which
was not observed in C2C12 constructs.

Figure 5.7 Gene expression levels of sarcomere proteins actin (A), α‐actinin (B), MYH1
(C), MYH2 (D), MYH4 (E), and MYH8 (F) over time and upon stretch. 3D constructs of
C2C12 and MPCs were analyzed at day 2 (before ramp stretch), day 4 (after ramp
stretch), and day 8 (after intermittent dynamic stretch). Asterisks indicate significant
differences between stretched and corresponding control constructs (* P<0.05), and
pound signs refer to significant differences in comparisons of control constructs with
respect to day 2 (# P<0.05).

Over time, the expression of MYH1, MYH2, and MYH4 was significantly increased
in both C2C12 and MPC non‐stretched constructs (Figure 5.7). The expression of actin, α‐
actinin and MYH8 increased in C2C12 constructs only, whereas the expression of actin
slightly decreased in MPC constructs, again suggesting a higher maturation level in
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C2C12 constructs compared to MPC constructs. After ramp stretch, only small changes
were found: In C2C12 constructs, expression of actin and α‐actinin was increased, and in
MPC constructs, expression of MYH4 was decreased. Intermittent dynamic stretch,
however, induced significant decreases in the sarcomere proteins: downregulation of
MYH 2‐8 in both C2C12 and MPC constructs, and downregulated actin expression in
MPC constructs (Figure 5.7).
This reduction of maturation by dynamic stretch was not accompanied by an
increase in proliferation, as Ki‐67 positive cells were absent in both control and
stretched constructs (data not shown).

5.4 Discussion
This study aimed at tackling some of the controversies that are associated with
the use of stretch in skeletal muscle tissue engineering strategies. While stretch is
obviously an important niche parameter in the maintenance and adaptation of muscle
tissue in vivo (Benjamin and Hillen 2003), its value for skeletal muscle tissue engineering
purposes still needs to be proven.
We kept stretch levels below 10%, since up to 10% stretch is thought to mimic in
vivo mechanical stimulation. More than 15% stretch causes injury to the myotubes
(Schultz and McCormick 1994), which we believe is unsolicited for skeletal muscle tissue
engineering strategies. Our protocol was based on the rationale of Vandenburgh and co‐
workers (1991), but we extended the periods of stretch and relaxation based on the
results found by Rubbens and co‐workers (2009) in cultured myofibroblasts. We propose
that cells have the tendency of adapting to a situation of mechanical activity and
therefore require a sufficient period of rest before yet again responding to a stimulus.

5.4.1 Stretch in 2D
Ramp stretch did not result in alignment of myotubes in our experiments; after 2
days, myotubes were randomly oriented on the membrane. The maturation level of
myotubes of both cell sources was also not influenced by the ramp stretch. These results
suggest that the ramp stretch as used in our experiments might not be perceived as a
stimulus by the cells.
Also intermittent dynamic stretch did not provoke assembly of cross striations in
C2C12 and MPC myotubes, and negatively affected the expression levels of MRFs and
sarcomere proteins, independent of coating. This points to a decrease in maturation
level of the cells, in accordance with other studies (Kook et al. 2008a; Kook et al. 2008b;
Atherton et al. 2009), but at odds with observations made when using continuous
dynamic stretch (Vandenburgh and Karlisch 1989; Moon et al. 2008). These different
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observations suggest that the choice of protocol largely influences the outcome of
mechanical stimulation studies. In addition, in a 2D culturing environment myotubes
bind to the rather stiff substrate unilaterally, which may result in non‐uniform stretch
distribution, hence non‐physiological damaging tension in the myotubes (Ingber 2006).

5.4.2 Stretch in 3D
The same combined mechanical stimulation protocol was applied to C2C12
myoblasts and MPCs in fibrin constructs. The ramp stretch did not affect maturation of
C2C12 and MPC constructs significantly. However, orientation of myotubes in the
direction of attachment between the anchoring points was present in both stretched
and control constructs, but most prominent in C2C12 constructs. This orientation is
thought to be caused by the constrained culturing method.
Intermittent dynamic stretch inhibited the formation of cross striations in MPC
constructs. Further support for impediment of maturation by stretch was the notable
decrease in expression levels of all MRFs and sarcomere proteins in constructs of both
cell sources (Matsumoto et al. 2007; Kumar et al. 2004). In contrast, other studies using
higher percentages of stretch, report MHC isoform switches to more adult forms
(Sakiyama et al. 2005; Kurokawa et al. 2007).
In our hands, 3D constructs reacted very similar to 2D cultures in response to
stretch, with either no effect or a reducing effect on maturation. A possible mechanism
behind the inhibiting effect of our stretch protocol may be found in the formation of
focal adhesion complexes. Both in the 2D and 3D mechanical stimulation experiments,
dynamic stretch may have resulted in an impaired formation of focal adhesion
complexes, which is known to be closely regulated by the GTPase Rho and its
downstream targets Rho‐associated kinase (ROCK) and mDia (Riveline et al. 2001).

5.4.3 MPC versus C2C12
The two cell sources in this study reacted differently to stretch and coating. In
the 2D setting, the influence of substrate coating on the maturation level of the control
cultures was considerable. Sarcomere assembly of C2C12 myotubes was only present on
the laminin‐coated membranes. By contrast, cross striations were invariably present in
MPC myotubes. Overall and in accordance with previous results (Cimetta et al. 2009;
Boonen et al. 2009), we suggest that laminin induces maturation best. As these cells are
satellite cell derived and in close contact with the basal membrane that consists for 80%
of laminin, they are presumably well equipped to interact with laminin (Girgenrath et al.
2005; Boppart et al. 2006). Both collagen I and fibronectin are not in direct contact with
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satellite cells and are therefore thought to have a less strong effect on maturation of
myotubes in vitro.
Although in MPC constructs myotube formation was faster, the amount of
myotubes eventually was higher in C2C12 constructs. In addition, cross striations were
formed earlier in C2C12 constructs compared to MPC constructs. We believe this is
caused by the ECM protein‐dependency of MPC proliferation and differentiation (Melo
et al. 1996; Osses and Brandan 2002). MPCs are traditionally expanded in MatrigelTM‐
coated flasks and lose their differentiation potential when cultured in conventional poly‐
lysine coated flasks (personal observations). The effects of mechanical stimulation
resulted in similar trends in expression levels of sarcomere proteins in constructs of both
cell sources: no relevant changes after ramp stretch, but downregulation after 4 days of
intermittent dynamic stretch. The inhibiting effect of dynamic stretch on the
differentiation of myotubes was also demonstrated by Kook and co‐workers (2008a).
However, we did not observe a change in proliferation level of the constructs after the
stretch period. Both the control constructs and stretched constructs revealed 0%
proliferating cells for both C2C12 and MPCs. Since our constructs consisted mainly of
myotubes during the dynamic stretch protocol, we propose that therefore the decrease
in maturation level could not be counteracted by proliferation of the cells.

5.4.4 Conclusion
In conclusion, this research showed that a combined mechanical stimulation
protocol in the physiological range is restricting maturation into functional muscle fibers
both in 2D monolayers of cells cultured on coated flexible membranes, and in fibrin
constructs of C2C12 and MPCs. We therefore conclude that this mechanical stimulation
protocol is not recommended for tissue engineering.
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Cell tension and ROCK signaling
are essential for skeletal muscle
maturation

This chapter is based on: Marloes L.P. Langelaan, Daisy W.J. van der Schaft, Mark J. Post
and Frank P.T. Baaijens (2010). “Cell tension and ROCK signaling are essential for skeletal
muscle maturation.” (submitted)
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6.1 Introduction
Tissue engineering of skeletal muscle has been proposed as a promising
technique with a broad variety of applications. Engineered skeletal muscle constructs
can function as excellent model systems for drug testing (Vandenburgh et al. 2008) or to
study for example the etiology of deep pressure injury (Gawlitta et al. 2007). In addition,
regenerative medicine applications to repair muscle defects are under investigation
(Borschel et al. 2006; Boldrin et al. 2007). A technologically challenging and emerging
application with high societal impact is cultured meat for consumption (Edelman et al.
2005; Langelaan et al. 2010a).
In spite of major progress in for instance ex vivo vascularization of muscle
constructs (Levenberg et al. 2005; Borschel et al. 2006), incorporation of muscle
constructs into the host (Boldrin et al. 2008), and optimization of force production
(Dennis and Dow 2007), the success of tissue engineered skeletal muscle remains
limited. The maturation into fully functional skeletal muscle constructs with the
capability to produce forces in the physiological range is still problematic. Biophysical
cues are, among others, important in culturing and differentiating muscle progenitor
cells and muscle constructs (Powell et al. 2002; Fujita et al. 2007). In addition to
mechanical and electrical stimulation, the importance and benefits of culturing cells on
substrates with a stiffness similar to their native environment has become evident
(Griffin et al. 2004; Engler et al. 2006; Boonen et al. 2009; Cosgrove et al. 2009). In 2D,
myotubes only formed cross striations on substrates with a stiffness in the range of 3‐12
kPa (Griffin et al. 2004; Boonen et al. 2009). Surprisingly, muscle formation and
sarcomerogenesis is successful in hydrogel based 3D model systems, while the stiffness
of these constructs is typically one order of magnitude lower (0.38 ± 0.12 kPa (Cox et al.
2008)) than the required stiffness for sarcomerogenesis in 2D.
To understand these differences between muscle cells cultured in 2D and 3D, we
propose an underlying mechanism based on the development of cell tension, as
opposed to substrate stiffness itself, to be predominant in the formation of cross
striations. We hypothesize that the ability of cells to generate tractional forces and
thereby increasing their internal tension is important for the formation of cross
striations in both 2D and 3D culture systems of muscle progenitor cells. This implies that
in 3D the stiffness of the substrate may be less relevant than the tension that can be
generated in the construct, for instance by constrained culture methods. The formation
of focal adhesion complexes, the anchoring points of the cells to their environment,
likely plays an important role in this mechanism, since myofibril assembly and
sarcomerogenesis are known to be initiated at sites of membrane contacts with the
extracellular matrix (Epstein and Fischman 1991; Quach and Rando 2006). Focal
adhesion complexes are mainly composed of aggregated integrins, vinculin, and focal
adhesion kinase, connecting the actin cytoskeleton to the extracellular protein networks
(Burridge et al. 1997; Alberts et al. 2002). Force induced assembly of these focal
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adhesions is mediated by the GTPase Rho and its downstream target Rho‐associated
kinase (ROCK) (Riveline et al. 2001). We therefore investigated the role of ROCK signaling
and the development of cell tension, referenced to sarcomere formation in primary
muscle progenitor cells (MPCs). This effect was demonstrated in 2D and 3D settings in
which cell tension was influenced by culturing on a stiff versus a soft substrate (2D) and
in a constrained versus unconstrained hydrogel (3D). Cell cultures and engineered
murine bioartificial muscles (mBAMs) were evaluated for the development of focal
adhesions and cross striations, as well as for the expression of muscle maturation
markers.

6.2 Materials and methods
6.2.1 Cell culture
MPCs were prepared from single fibers from intact mouse hind limb muscles
(EDL, TP, TA and soleus) as described by Boonen and co‐workers (Boonen et al. 2009).
Growth medium (GM) consisted of Dulbecco’s modified Eagle medium (DMEM)
Advanced (Invitrogen, Carlsbad, USA) containing 20% fetal bovine serum (FBS; Greiner
Bio‐One, Frickenhausen, Germany), 10% horse serum (HS; Invitrogen), 1% chicken
embryo extract (CEE; United States Biological, Massachusetts, USA), 100 000 IU/l
penicillin and 100 mg/l streptomycin (Lonza, Walkersville, USA), and 4 mM L‐glutamine
(Lonza). MPCs were passaged every 3 days at 30% confluency and grown in 1 mg/ml
MatrigelTM‐coated (BD Biosciences, Alphen a/d Rijn, the Netherlands) flasks. For the 2D
experiments, MPCs (passage 3) were seeded at 20 000 cells/cm2 on glass coverslips
(13 mm; Menzel, Braunschweig, Germany) coated with a collagen/MatrigelTM mixture
(see mBAM engineering section) or on collagen/MatrigelTM gels (thickness = 1.2 mm)
that were attached to aminosilanized (with (3‐aminopropyl)trimethoxysilane (Sigma‐
Aldrich)) glass coverslips, activated with 0.5% gluteraldehyde in PBS (Sigma‐Aldrich) for
attachment of the gels to the coverslips. Cells were cultured for 2 days in GM, after
which medium was replaced by differentiation medium (DM; growth medium without
CEE). The ROCK inhibitor Y27632 (10 µM; Sigma‐Aldrich) was added to the culture
medium 2 days after switching to DM. Medium was replaced every 2 days.
The elastic modulus of the gels without cells was determined by indentation tests
(Cox et al. 2008). Indentation was applied with a spherical indenter to the center of the
gels, while measuring force and indentation depth. Afterwards, a numerical model was
iteratively fitted to the measured data using a parameter estimation algorithm. The
modulus measured for the collagen/MatrigelTM gels was 0.12±0.03 kPa.
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6.2.2 mBAM engineering
MPCs (passage 3) were used to create mBAMs according to the protocol of
Gawlitta and co‐workers (Gawlitta et al. 2008) and previously described by Vandenburgh
and co‐workers (Vandenburgh et al. 1996). Briefly, cells were harvested, centrifuged,
and resuspended at 2∙106 cells/ml in a mixture consisting of 39.5% GM, 50% collagen
type I (3.2 mg/ml; BD Biosciences), 2.5% NaOH (0.25 M; Sigma‐Aldrich), and 8%
MatrigelTM (BD Biosciences).
House‐shaped pieces (approximately 5x7 mm) of Velcro with ‘rooftops’ facing each
other functioned as anchoring points for the muscle constructs and were glued (Silastic
MDX4‐4210, Dow Corning, USA) onto the silicone membranes of a 6‐well BioFlex culture
plate (Flexcell International, Hillsborough, USA). Well plates were sterilized by dipping in
70% ethanol and exposure to UV for 30 minutes. After preparation of the well plates,
the cell/gel mixture was molded into shape between the anchoring points, resulting in
the axially constrained 3D model system. The unconstrained 3D model system was
produced by gently pipetting of the cell/gel mixture onto uncoated glass coverslips. One
hour after molding, GM was added to the mBAMs for 48 hours, after which medium was
replaced by DM. Similar to the 2D experiments, the ROCK inhibitor Y27632 (10 µM;
Sigma‐Aldrich) was added to the culture medium on day 2 after switching to DM.
Medium was replaced every 2 days, provided with fresh Y27632.

6.2.3 Immunocytochemistry and immunohistochemistry
To prepare mBAMs for cryosectioning, they were washed 3 times with PBS and
fixed for 1 hour in 10% formalin (Sigma‐Aldrich). Afterwards, they were washed with PBS
and incubated overnight in 30% sucrose (Merck, Schiphol‐Rijk, the Netherlands) in PBS.
Subsequently, mBAMs were dissected from their anchoring points and placed in
cryomolds (Sakura Finetek Europe B.V., Zoeterwoude, the Netherlands), after which
they were snap‐frozen in Tissue‐Tek OCT compound (Sakura Finetek Europe B.V.) using
ice‐cold 2‐methylbutane (Sigma‐Aldrich) and sectioned into 10 µm slices, attached to
poly‐lysine coated glass slides.
For the immunocytochemical staining of 2D cultures and frozen sections of 3D
mBAMs, samples were permeabilized with 1% Triton‐X‐100 (Merck) in PBS for 20
minutes. Subsequently, they were incubated twice for 10 minutes with 1% HS in PBS to
block non‐specific binding and washed 2 times 10 minutes with NET‐gel (50 mM Tris pH
7.4, 150 mM NaCl, 5 mM EDTA, 0.05% NP40, 0.25% gelatin). Afterwards, they were
incubated for 2 hours with antibodies against vinculin (1:400) (V9264; Sigma‐Aldrich) or
myosin heavy chain (1:300) (MF20; developed by D.A. Fischman and obtained from the
Developmental Studies Hybridoma Bank, maintained by The University of Iowa) and
sarcomeric α‐actinin (1:800) (clone EA‐53; Sigma‐Aldrich) in NET‐gel with 10% horse
serum. Next, samples were washed 6 times 5 minutes in NET‐gel and incubated for one
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hour with an Alexa Fluor 555‐conjugated goat anti‐mouse IgG1 (1:200) secondary
antibody (A21127; Invitrogen) and phalloidin‐FITC (1:200; Sigma‐Aldrich) or Alexa Fluor
488‐conjugated goat anti‐mouse IgG2b (1:300) and Alexa Fluor 555‐conjugated goat
anti‐mouse IgG1 (1:200) secondary antibodies (A21141, A21127; Invitrogen).
Subsequently, they were washed 2 times for 5 minutes with NET‐gel and stained for an
additional 5 minutes with DAPI in PBS. Afterwards, samples were washed 4 times 5
minutes in PBS and mounted on slides with Mowiol (4‐88; Calbiochem, San Diego, USA).
Samples were evaluated using fluorescence microscopy (Axiovert 200M; Zeiss,
Göttingen, Germany).

6.2.4 Quantitative PCR
Total RNA was isolated according to manufacturer’s instructions (RNeasyTM;
Qiagen, Venlo, the Netherlands). Constructs were ground in RLT buffer containing 1% β‐
mercapto‐ethanol using the Ultra‐Turrax® T8 (IKA® Werke GmbH & Co. KG, Staufen,
Germany). cDNA synthesis of the axially constrained mBAMs was carried out using 0.5
mM dNTPs (Invitrogen), 2 µg/ml random primers (Promega, Madison, USA), 10 mM DTT
(Invitrogen), 4 IU/µl M‐MLV (Invitrogen), M‐MLV buffer (Invitrogen), and ddH2O. Control
reactions without M‐MLV (‐RT) were performed to screen for genomic DNA
contaminations. The temperature profile of the cDNA synthesis protocol was: 6 minutes
72C, 5 minutes 37C (subsequent addition of M‐MLV), 60 minutes 37C, and 5 minutes
95C. Samples were stored at 4C until use for quantitative PCR (qPCR). RNA of all other
experimental groups was amplified and converted to cDNA using the QuantiTectTM
whole transcriptome amplification (Qiagen) consistent with the handbook. Linear
amplification was validated. cDNA of amplified samples was stored at ‐30°C until use for
qPCR.
Stability of reference genes was investigated using a geNorm reference gene
selection kit (PrimerDesign, Southampton, UK). The two most stable reference genes
were glyceraldehyde‐3‐phosphate dehydrogenase (GAPDH) and β‐2 microglobulin
(B2M). Primer sets for MyoD, myogenin, MRF4, MLP, sarcomeric actin, α‐actinin, MHC‐
IId/x, MHC‐IIa, MHC‐IIb (Sigma‐Aldrich), and perinatal MHC (MHC‐pn; PrimerDesign)
were developed and validated for qPCR (Table 3.1 and 4.1). The qPCR reaction (MyiQ;
Bio‐Rad, Hercules, USA) was performed using SYBR Green Supermix (Bio‐Rad), primers
(0.5 mM), ddH2O, and 1 µl cDNA of the axially constrained mBAMs and 2 µl 50x diluted
cDNA of all other experimental groups. The temperature profile was: 3 minutes 95C,
40x (20 seconds 95C, 20 seconds 60C, 30 seconds 72C), 1 minute 95C, 1 minute
65C, followed by a melt curve analysis. Target gene expression was evaluated using the
comparative method (Schmittgen and Livak 2008).
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6.2.5 Statistical analysis
Immunocytochemical and immunohistochemical analyses were performed for
n=2. Quantitative PCR analyses were performed for n=3. Two‐tailed, unpaired Student’s
t‐tests were carried out to compare gene expression levels of control and ROCK inhibitor
treated cultures as well as control cultures over time. One‐way ANOVA, with Bonferroni
post‐hoc tests, was carried out to compare gene expression levels in the different model
systems. Differences were considered significant for P values <0.05.

6.3 Results
In the 2D and 3D model systems, the effects of cell tension and ROCK signaling
were investigated by focal adhesion and stress fiber analyses, referenced to the
development of cross striations and gene expression of muscle maturation markers.
Cultures and mBAMs were evaluated on day 4 and 8 of differentiation.

6.3.1 Focal adhesions form on a stiff substrate only and are absent in 3D
In 2D, MPCs readily formed myotubes on both the stiff and soft substrate. MPCs
cultured on the stiff coverslips displayed a spread out morphology (Figure 6.1, panel Aa),
whereas MPCs on the soft gels showed a more rounded cell periphery (panel Ab). As
expected, in the 3D constrained hydrogel system, mBAMs formed between the Velcro
attachment points. This model system resulted in alignment of the cells between the
attachment points and compaction of the mBAMs, macroscopically obvious by a
decrease in width (panel Ac). The unconstrained hydrogel system resulted in spherically
shaped mBAMs over time (panel Ad), since tissue compaction was not constrained in
one direction. No macroscopic differences were observed with the addition of the ROCK
inhibitor Y27632 in both 3D model systems (data not shown).
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Figure 6.1 Panel A: Observations of MPCs on day 8 of differentiation under different
culture conditions: in 2D on a stiff (coverslip; Aa) and soft (collagen/MatrigelTM gel; Ab)
substrate and in 3D in an axially constrained (Ac) and unconstrained (Ad) hydrogel
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system. The arrow indicates a spherically shaped mBAM. Panel B: Focal adhesion and
stress fiber analysis of MPCs cultured in 2D on a coverslip (Ba‐Bb) and
collagen/MatrigelTM gels (Bc‐Bd). Pictures show cells on day 8 of differentiation, cultured
with (Bb, Bd) and without (Ba, Bc) ROCK inhibitor and stained for vinculin (red), F‐actin
(green), and nuclei (blue). Arrows refer to focal adhesion complexes. Focal adhesions are
better visible in the magnification of the boxed area in panel Ba, displaying vinculin and
nuclei. Panel C: Focal adhesion and stress fiber analysis of MPCs in an axially constrained
(Ca‐Cb) and unconstrained (Cc‐Cd) 3D hydrogel. Pictures show cryosections of constructs
on day 8 of differentiation, cultured with (Cb, Cd) and without (Ca, Cc) ROCK inhibitor and
stained for vinculin (red), F‐actin (green), and nuclei (blue). Arrows refer to the direction
of attachment between Velcro anchoring points.

In MPCs on a stiff substrate (coverslip), vinculin was incorporated in elongated
focal adhesions at the periphery of the cells (Figure 6.1, panel Ba and insert). As
expected, when MPCs were cultured with the ROCK inhibitor Y27632, this elongated
pattern disappeared and vinculin was present in a diffuse pattern throughout the cells,
with a higher density around the nucleus (panel Bb). In addition, the ROCK inhibitor
strongly reduced stress fiber formation in the cells. Differences in cytoskeletal
morphology were observed when MPCs were cultured on a soft substrate
(collagen/MatrigelTM gel). Although some cells had developed stress fibers on the gels
(upper left, panel Bc), they were less pronounced and not observed in all cells. In
addition, vinculin was not incorporated in elongated focal adhesions, but was present in
a mere diffuse pattern (panel Bc). No stress fibers were observed in the MPCs cultured
on the gels in the presence of the ROCK inhibitor. A ruffled cytoskeleton and a diffuse
vinculin staining were observed in these cells (panel Bd).
In 3D, no evidence of elongated focal adhesion complexes was observed in
cryosections of the mBAMs. Vinculin was present in a diffuse pattern both in the
constrained and unconstrained set‐up (Figure 6.1, C). Differences in myotube alignment
were observed between the constrained and unconstrained set‐up. In the constrained
hydrogel system myotubes were aligned in the direction of attachment between Velcro
anchoring points (Figure 6.1, panels Ca‐Cb), whereas in the unconstrained set‐up
myotubes were bended by the spherical shape of the mBAMs (panels Cc‐Cd). Myotubes
were formed in mBAMs cultured with and without the ROCK inhibitor. The ROCK
inhibitor had an effect on stress fiber organization in the constrained gels; stress fibers
were better organized without the ROCK inhibitor. By contrast, no differences in stress
fiber organization upon ROCK inhibition were observed in the unconstrained gels.
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6.3.2 Formation of cross striations depended on ROCK signaling in 2D
and 3D
The presence of cross striations was evaluated over time by immunofluorescent
staining for sarcomeric α‐actinin and myosin. Typical examples of observed cross
striations in 2D and 3D are shown in Figure 6.2. In 2D, cross striations of α‐actinin, but
not myosin, were present in the MPCs cultured on the stiff substrate (coverslip) from
day 4 onwards. By contrast, no cross striations were observed in MPCs cultured with the
ROCK inhibitor, although myotube formation was obvious. When cultured on a soft
substrate, MPCs never displayed cross striations. These results suggest the involvement
of ROCK signaling in the formation of cross striations and that the ability to develop
cellular tension is important in sarcomerogenesis.

Figure 6.2 Examples of cross striations in MPC myotubes cultured in 2D (A) and 3D (B).
Panels A‐B show cells and cryosections of constructs cultured for 8 days, stained for α‐
actinin (red), myosin (green), and nuclei (blue). Panels Aa‐Ba show details of the α‐
actinin staining of boxed areas, and panels Ab‐Bb show details of the myosin staining.
Arrows indicate cross striations.

In the mBAMs, cross striations were present from day 4 onwards in the axially
constrained gels, while cross striations were only found on day 8 in the unconstrained
gels. Culturing mBAMs in an axially constrained set‐up thus resulted in an acceleration of
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sarcomere formation. In addition, cross striations of both α‐actinin and myosin were
found in the 3D constrained and unconstrained gels (panels Ba‐Bb), indicating a higher
level of maturity compared to myotubes cultured in 2D on coverslips.

6.3.3 Differences in expression levels of maturation markers between
2D and 3D
In addition to the cross striation analyses, a more detailed analysis of muscle
maturation was performed at the transcriptional level. For qPCR analyses, only the
samples that developed cross striations over time were used, i.e. from 2D coverslips and
from 3D experiments. Expression levels of the muscle maturation markers α‐actinin,
actin, MRF4, and muscle LIM protein (MLP) (Figure 6.3) and myosin heavy chain (MHC)
isoforms MYH1 (MHC‐IId/x), MYH2 (MHC‐IIa), MYH4 (MHC‐IIb), and MYH8 (MHC‐
perinatal) (Figure 6.4) were quantified. MRF4 and MLP are expressed during the
maturation phase of myotubes.
The expression levels of all muscle maturation markers, as presented in Figure
6.3, were lower in the cells cultured in 2D on the coverslips compared to the 3D
experiments. In addition to the less mature sarcomeres that were observed in 2D, these
results indicate that maturation levels of the myotubes were lower in 2D. MRF4 was not
expressed in any of the 2D coverslip samples, whereas MLP was only expressed in the
2D control cultures. In addition to the inhibitory effect of the ROCK inhibitor on MLP
expression in 2D, actin was also downregulated by the inhibitor on day 4.
In the 3D experiments, ROCK inhibition had most noticeable effects in the
constrained gel system. Expression of all maturation markers, except actin, was inhibited
in the constrained gels on day 8 when cultured with the ROCK inhibitor. ROCK inhibition
in the unconstrained gels only had an inhibitory effect on MRF4 expression on day 4.
Other maturation markers remained unchanged by ROCK inhibition in the unconstrained
gels. We conclude that expression levels of maturation markers were remarkably lower
in 2D compared to 3D and ROCK inhibition negatively influenced these expression levels,
most noticeably in 2D and the 3D constrained gels.
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Figure 6.3 Effects of ROCK inhibition on the expression levels of muscle maturation
markers α‐actinin (A), actin (B), MRF4 (C), and muscle LIM protein (MLP; D) on day 4 and
8 of differentiation in different model systems: 2D coverslip, 3D constrained, and 3D
unconstrained. Fold changes were calculated by normalizing ROCK inhibitor treated
cultures to their corresponding control cultures. Asterisks indicate significant effects of
the ROCK inhibitor (* P<0.05), and X‐marks refer to absence of gene expression.

Differences in expression levels of MHC isoforms were also found between 2D
and 3D experiments (Figure 6.4). The expression of adult MHC isoforms was very low in
2D: MYH1 and MYH2 were only expressed at a low level in the control cultures, and
absent with the ROCK inhibitor, while MYH4 was not expressed at all in 2D. However,
the perinatal MHC isoform (MYH8) was expressed in 2D, once again indicating that
maturation was less advanced in 2D. Maturation was most advanced in the 3D
constrained model system, since increased expression levels of MYH2, MYH4 were
observed over time and the expression levels of these isoforms were higher compared
to the 3D unconstrained model system.
The effects of the ROCK inhibitor were most prominent in the 3D constrained
model system: MYH1 and MYH2 expression was inhibited by the inhibitor on day 8.
Surprisingly, in the unconstrained 3D model system MYH1 was upregulated by the ROCK
inhibitor on day 4. As opposed to a negative effect of ROCK inhibition in the constrained
gels, a positive trend in expression levels of MHC isoforms was observed in the
unconstrained gels.
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Figure 6.4 Expression levels of myosin heavy chain isoforms MYH1 (A), MYH2 (B), MYH3
(C), and MYH4 (D) on day 4 and 8 of differentiation in different model systems: 2D
coverslip, 3D constrained, and 3D unconstrained. Asterisks indicate significant
differences between control samples and samples cultured with the ROCK inhibitor (*
P<0.05), pound signs refer to comparisons with respect to day 4 (# P<0.05), and X‐marks
refer to absence of gene expression.

6.4 Discussion
In a quest to reveal environmental cues that are important in the maturation
process of muscle progenitor cells, we investigated the influence of substrate
mechanical characteristics in a two‐and three‐dimensional model system. We aimed at
unraveling the differences that exist between 2D and 3D culture conditions considering
the impact of substrate stiffness on the formation of cross striations. Whereas in 2D a
minimal stiffness of 3kPa is required for sarcomerogenesis, this threshold was not found
in soft 3D hydrogel‐based model systems in which cross striations were readily formed.
We sought to explain differences in muscle maturation on the basis of their inherent
capacity to attach to the surrounding matrix through focal adhesions and develop
tension through formation and alignment of stress fibers. Therefore the effect of Rho
kinase was studied by way of pharmacologic inhibition. We observed that the
dependency of muscle maturation on substrate stiffness was lost in 3D gel based
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constructs. ROCK inhibition prevented muscle maturation suggesting that indeed
tension development by focal adhesion mediated attachment to the matrix is an
important driver.
In this study, we used primary MPCs for 2D myotube cultures and 3D mBAM
formation as these cells are designated to repair and regenerate skeletal muscle in vivo.
Above all, a primary cell source is preferred for regenerative medicine applications, and
results obtained from studies using for example the conventional C2C12 cell line can be
difficult to translate to a primary cell source as they may respond differently to
environmental cues (Maley et al. 1995; Boontheekul et al. 2007).

6.4.1 2D versus 3D
Our study underlined the importance of using a physiologically more relevant 3D
model system to investigate environmental cues that influence muscle maturation,
instead of conventional 2D systems that may create an artificial stiffness gradient from
the basal to apical surface of the cell (Griffin et al. 2004; Engler et al. 2006; Boonen et al.
2009; Wilschut et al. 2010). While 2D model systems of MPCs cultured on substrates
with a different elasticity may be highly relevant in optimizing the proliferation capacity
and differentiation of these cells, the dependency of muscle maturation on substrate
stiffness was lost in 3D. Cross striations that were formed in an equal amount of time in
2D and 3D were more mature in the 3D model system, since these contained both
myosin and α‐actinin. Most relevant differences in maturation level between 2D and 3D
were observed in the expression levels of the muscle maturation markers and MHC
isoforms. Expression levels of these genes were higher in 3D, which coincided with the
more mature cross striations formed in this model system.

6.4.2 Importance of ROCK signaling
In both the 2D and 3D model systems, we demonstrated the relevance of ROCK
signaling in the formation of cross striations, as no cross striations were formed in the
presence of the specific ROCK inhibitor Y27632. This inhibitor was added to the culture
medium after small myotubes had already formed. The influence of the inhibitor on
differentiation and fusion of myoblasts was therefore eliminated. ROCK inhibition is
known to enhance cell fusion by murine satellite cells (Castellani et al. 2006). Once
myotubes were formed however, ROCK inhibition impaired maturation, as has also been
demonstrated in 2D cultures of C2C12 (Formigli et al. 2007).
The results on reduced expression of late myogenic regulatory factors and
sarcomere proteins confirm impairment of maturation by ROCK inhibition. This effect
was most apparent in the MPCs cultured on coverslips and in the 3D constrained model
81

Chapter 6
system. Apparently, cell adhesion was strongest in these model systems and therefore a
reduction in baseline cytoskeletal tension that is achieved by the ROCK inhibitor results
in dramatic impairment of muscle maturation (Matthews et al. 2006). Additionally, we
observed delayed formation of cross striations in the 3D unconstrained model system,
indicating that the maturation process is accelerated by cell tension resulting from
constrained culture methods.
Our observations that MPCs cultured on coverslips had elongated focal
adhesions, indicative of strong cell adhesion, is in accordance with findings by Discher
and co‐workers (Discher et al. 2005). Focal adhesions were not observed in MPCs
cultured on a soft substrate or in the 3D hydrogel systems. Other studies have also
indicated that 3D‐adhesions, as found in vivo, differ from the focal adhesions that are
observed in 2D studies on stiff substrates (Cukierman et al. 2001). Additionally, the
adhesion sites of myotubes in in vitro 3D model systems may be different from 2D, since
muscle fibers in vivo are attached to their extracellular matrix at costameres that are
rich in vinculin (Griffin et al. 2004; Quach and Rando 2006). Although we observed
striated patterns of α‐actinin and myosin in the 3D constrained hydrogel system, no
striations of vinculin were observed as previously shown by Quach and co‐workers
(Quach and Rando 2006). Prolonged culture periods may be required for
costamerogenesis in our 3D model system.
In conclusion, we have shown that the ability to develop cellular tension is
essential for the formation of cross striations, rather than substrate stiffness itself. Our
study also demonstrated the importance of 3D culture methods in myotube maturation,
since more mature cross striations were observed in 3D compared to 2D. Additionally,
ROCK signaling played an important role in the formation of cross striations in 2D and 3D
experiments.
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7.1 Introductory remarks and most important findings
The emerging field of tissue engineering has developed quickly in the past
decade, with applications mainly in regenerative medicine of a wide variety of tissues
and organs (Bach et al. 2004; Guilak et al. 2004; Mol et al. 2005). Skeletal muscle tissue
engineering in particular is investigated for different purposes. Engineered skeletal
muscle can be used to repair muscular defects that exceed the limits of self‐renewal of
the tissue (Boldrin et al. 2008), but it can also function as a model system for drug
screening (Vandenburgh et al. 2008) and pathophysiological studies as for instance in
pressure sores (Gawlitta et al. 2007). Besides these well known applications of tissue
engineered skeletal muscle, a new field of interest with high societal impact has arisen.
Since skeletal muscle is the main component of consumption meat, tissue engineered
skeletal muscle can also be used to produce meat in vitro (reviewed in Chapter 2).
The demand for meat continues to grow worldwide, and will be doubled by 2050,
according to the Food and Agricultural Organization of the United Nations (FAO 2006).
This growing demand results in increased numbers of livestock that need to be kept,
with an associated increase in environmental burden, animal suffering, and zoonoses. A
reduction in intensive land and water usage as well as greenhouse gas emissions can be
achieved by culturing meat in vitro. Additionally, food borne illnesses will be strongly
reduced, since the process of culturing meat in vitro can be carefully monitored.
Despite these promising applications for tissue engineered skeletal muscle,
success of culturing functional and mature muscle tissue remains limited. An important
hurdle that has to be overcome is the inability of skeletal muscle cells to develop into
fully mature muscle fibers within engineered muscle constructs. Although biochemical
stimuli may be important in the initial differentiation process, biophysical stimuli are
indispensable in the maturation towards functional skeletal muscle tissue with native‐
like properties (Kosnik et al. 2003). The main goal of this thesis was to improve the
maturation process of tissue engineered skeletal muscle and aimed at mimicking the
niche in which muscle progenitor cells reside in vivo. We hypothesized that different
biophysical niche components are essential to mimic the regenerative process in vitro,
which is necessary to create mature, functional muscle constructs.
Nerve stimulation, for example, is known to be a prerequisite for myotube
formation in vivo (Wilson and Harris 1993). By applying an electrical stimulus to cultured
muscle cells, this biophysical stimulus can be mimicked in vitro where it stimulates de
novo sarcomere assembly (Fujita et al. 2007) and expression of myosin heavy chain
(MHC) (Dusterhoft and Pette 1990; Wehrle et al. 1994; Bayol et al. 2005). We therefore
investigated this biophysical stimulus with the aim to improve and accelerate muscle
maturation over time (Chapter 3 and 4). To gain more insight into the early steps of
muscle maturation and the potential accelerating effect of electrical stimulation, we first
investigated the optimal timing of electrical stimulation during the differentiation
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process of skeletal muscle cells in a 2D setting with the conventional C2C12 cell line
(Chapter 3). We found that timing of electrical stimulation during the differentiation
process of myoblasts and myotubes is delicate. If the electrical stimulation was started
at the time when small myotubes had already formed, an advanced assembly of
sarcomeres was observed. Starting electrical stimulation too early had negative effects
on muscle maturation.
The optimal electrical stimulation protocol was also investigated in a 3D hydrogel
system (Chapter 4), to provide a better representation of the in vivo niche. Besides the
translation to a 3D model system, we also compared the conventional C2C12 cell line
with primary muscle progenitor cells (MPCs) in their responses to electrical stimulation,
since this is the desired cell source for future applications of tissue engineered skeletal
muscle. The 3D model system proved to be successful for the differentiation and
maturation of C2C12 and primary MPCs. On top of that, electrical stimulation resulted in
an overall acceleration of sarcomere assembly in both cell sources. For engineered
muscle constructs of primary MPCs in particular, electrical stimulation resulted in a shift
of MHC expression towards slower isoforms, which may be important for the texture
and bite of engineered skeletal muscle.
Mechanical cues also play an important role in muscle development in vivo.
During embryogenesis, for example, developing muscles are continuously and
dynamically stretched by growth and active movements of the embryo (Vandenburgh et
al. 1991). In the adult, it is well known that strength‐training programs result in
hypertrophy of the muscles. In vitro studies have also indicated that mechanical
stimulation is essential in skeletal muscle tissue engineering (Powell et al. 2002; Moon et
al. 2008). To improve the maturation process of skeletal muscle cells in culture, we
investigated a combined uniaxial mechanical stimulation protocol consisting of a period
of ramp stretch, followed by intermittent dynamic stretching (Chapter 5). Again, these
protocols were investigated in a 2D and 3D setting and C2C12 cells were compared with
MPCs. The ramp stretch was hypothesized to result in alignment of myoblasts, but failed
to do so. In addition, intermittent dynamic stretching was found to evoke a decrease in
myotube maturation both in 2D and 3D, by a downregulation of muscle maturation
markers and a delay in the formation of cross striations. This mechanical stimulation
protocol is therefore not recommended for skeletal muscle tissue engineering purposes.
The 3D hydrogel systems we presented in this thesis have resulted in adequate
formation of muscle tissue and faster sarcomerogenesis when compared to
conventional 2D model systems. Surprisingly, the relatively low stiffness of the
surrounding matrix in these 3D hydrogel systems, typically ranging from 0.25‐0.40 kPa
(Georges et al. 2006; Cox et al. 2008), does not seem to influence the formation of cross
striations in a 3D environment, as is the case for 2D cultures. In 2D, a minimum stiffness
of 3 kPa is required for the formation of cross striations and myotubes are preferentially
85

Chapter 7
cultured on a stiffness that is near native skeletal muscle tissue (Engler et al. 2004;
Engler et al. 2006; Boonen et al. 2009). This phenomenon was further investigated in
Chapter 6, in which we hypothesized that cell tension is an important prerequisite for
muscle formation in 2D and 3D, as opposed to substrate stiffness itself. We
demonstrated that Rho‐associated kinase (ROCK), which plays an important role in the
formation of focal adhesion complexes and cytoskeletal contractility, is required for the
formation of cross striations in both 2D and 3D model systems. We also showed that
when cells can increase tension within 3D hydrogel systems by constrained culture
methods, sarcomere formation is accelerated.
In summary, of all biophysical cues investigated in this thesis, electrical
stimulation resulted in acceleration of the maturation process of tissue engineered
skeletal muscle. Mechanical stimulation protocols as implemented in our study,
however, resulted in impaired muscle maturation. Most importantly, the importance of
3D culture methods was emphasized by our results. MPCs should be incorporated in a
matrix that is rich in laminin, and collagens I and IV, while the ability of cells to generate
tension in one direction helps to accelerate the process of muscle formation.

7.2 Biophysical
engineering

stimulation

in

skeletal

muscle

tissue

Conventional methods to differentiate muscle progenitor cells into mature
muscle fibers have focused on biochemical conditioning. Indeed, growth factors have
been identified that influence both proliferation and differentiation of these cells (Florini
et al. 1996; Hannon et al. 1996; Gawlitta et al. 2008). However, regarding the poor
development of sarcomeres in vitro, additional cues from the niche of muscle progenitor
cells are necessary. This niche is composed of, among others, extracellular matrix
proteins, but also substrate stiffness and other biophysical cues such as mechanical
stimulation and electrical stimulation play a role. Substrate stiffness, for example, can
influence satellite cell proliferation: on a stiffness of 21 kPa, which is close to the
physiological stiffness of skeletal muscle, MPCs proliferate better than on other
stiffnesses. For differentiation of MPCs into myotubes, however, the coating on which
the cells are cultured seems to be important, with best results obtained on a laminin
coating (Boonen et al. 2009).
Most important improvements can be attained in the maturation process of early
myotubes into mature cross striated myotubes. It has already been shown that
substrate stiffness and protein coating influence this maturation process in 2D (Griffin et
al. 2004; Boonen et al. 2009). We showed in this thesis that biophysical stimuli such as
electrical and mechanical stimulation also influence the maturation process of early
myotubes into cross striated myotubes. Most importantly, we found that the ability of
86

General discussion
cells to develop tension is essential for muscle maturation. Our findings are summarized
in Figure 8.1.

7.2.1 Electrical stimulation
In vivo, skeletal muscle cells are constantly triggered to contract by nerve signals
that are transmitted to the muscle tissue through the neuromuscular junctions.
Depolarization of the membrane causes the release of calcium ions from the
sarcoplasmic reticulum and consequently results in contractions of the sarcomeres
(McComas 1996). Without these nerve signals, muscle development is impaired (Wilson
and Harris 1993). We (Chapter 3 and 4) and others have demonstrated that sarcomere
formation is enhanced by applying such an electrical stimulus to 2D and 3D cultures of
C2C12 and primary MPCs (Fujita et al. 2007). Most importantly, we showed that timing
of the electrical stimulation within the differentiation process of myoblasts into mature
myotubes is delicate, as has also previously been demonstrated in rat cardiomyocytes
(Radisic et al. 2004). In our studies, differentiation of C2C12 cells was impaired when
electrical stimulation was started too early. Electrical stimulation only resulted in
accelerated sarcomere assembly and therefore in advanced maturation, when small
myotubes had already been formed. These results are promising, since the formation of
cross striations was already present on day 4 of differentiation in the electrically
stimulated cultures, which is traditionally known to be difficult in C2C12 myotubes under
conventional culture conditions (Engler et al. 2004; Griffin et al. 2004). However, starting
electrical stimulation after prolonged culture periods in 2D cultures of C2C12 had no
additional effect. This phenomenon is likely an artifact of the 2D model system, as
contractions that become increasingly vigorous over time result in detachment of
myotubes from the rigid substrates.
The soft matrix of a 3D hydrogel based model system allows these vigorous
contractions of myotubes and we therefore investigated both early (started when small
myotubes had formed) and late (started after further progression of myotube
formation) electrical stimulation protocols in this set‐up. In addition, we compared the
C2C12 cell line with primary MPCs in this study. Similar to the results found in 2D,
sarcomere formation was accelerated after early electrical stimulation for both cell
sources. Both early and late electrical stimulation had the most noticeable effect on
MHC isoform expression in the MPCs. A shift towards slower MHC isoforms was
observed, implying that this stimulus can be used to tune MHC isoform expression in
skeletal muscle tissue engineering, which is important for the final quality of cultured
meat (Chang et al. 2003; Park et al. 2009). Previous studies have shown a relationship
between MHC isoforms and meat quality, in which slow‐oxidative fibers were found to
positively associate with tenderness (Chang et al. 2003).
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An important finding of our electrical stimulation experiments was the striking
difference in maturity between C2C12 and MPC mBAMs. Overall, MPC mBAMs were
more mature, based on cross striations in both myosin and α‐actinin, whereas C2C12
mBAMs displayed only cross striations in α‐actinin. Additionally, only contractions of
MPC mBAMs were observed upon electrical stimulation. The primary MPCs are
therefore the desired cell source, but their proliferative capacity remains limited, making
them a difficult cell source for extensive in vitro studies. The conventional C2C12 cell
line, that is readily accessible and easy to culture and differentiate, therefore provides
an excellent practical and suitable model system for pilot studies to design stimulation
protocols and 3D culture methods. The results obtained from the C2C12 cell line were
easily translated to the primary MPCs.

7.2.2 Mechanical stimulation
While stretch is an important stimulus in the maintenance and adaptation of
muscle tissue in vivo (Benjamin and Hillen 2003), mechanical stimulation protocols that
were applied to cultured muscle cells and constructs have resulted in conflicting
outcomes (Vandenburgh et al. 1991; Kumar et al. 2004; Grossi et al. 2007; Kook et al.
2008a). Differences in cell sources used for these studies, different model systems, as
well as details of the applied protocols may have influenced these contradictory results.
Although studies have observed myotube alignment after a period of ramp stretch and
muscle fiber hypertrophy after dynamic stretch protocols, our mechanical stimulation
protocol, however, had no favorable effect on muscle maturation. We investigated a
combined mechanical stimulation protocol, consisting of a 2‐day period of ramp stretch,
followed by a 4‐day period of intermittent dynamic stretch. Strain levels were kept
below 10%, since this is thought to mimic in vivo mechanical stimulation, and strains of
15% and above cause damage to myotubes (Schultz and McCormick 1994). A new 3D
hydrogel system was chosen for the mechanical stimulation experiments, since the
collagen/MatrigelTM gels that were used in the electrical stimulation experiments did not
possess the appropriate material properties to withstand the mechanical strain required
in our combined mechanical stimulation protocol. Previous studies indicated that fibrin
gels are better suited for mechanical stimulation experiments (Matsumoto et al. 2007).
The stiffness of the fibrin hydrogels we used was within the range of the
collagen/MatrigelTM hydrogels: 0.25 kPa for fibrin (Georges et al. 2006) and 0.38±0.12
kPa for collagen/MatrigelTM mBAMs (Cox et al. 2008).
Our combined mechanical stimulation protocol, however, did not result in
improved muscle maturation or hypertrophy and similar results were observed in the 2D
and 3D experiments. The 2‐day ramp stretch did not result in alignment of myotubes in
the direction of stretch. The dynamics of this protocol were apparently not perceived by
the cells. On the other hand, the intermittent dynamic stretch period was indeed
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perceived by the cells but resulted in impaired muscle maturation. Consequently, the
mechanical stimulation protocol that we investigated is not useful for skeletal muscle
tissue engineering.

7.2.3 Cell tension
Another essential biophysical cue for muscle maturation that was investigated in
this thesis is cell tension. The fact that myotubes only develop cross striations in 2D on
substrates with a minimum threshold can be attributed to the phenomenon that cell
tension is important for myofibril assembly, which is related to strong focal adhesions on
stiff substrates (Epstein and Fischman 1991; Quach and Rando 2006). We demonstrated
that ROCK is required for the formation of cross striations on these stiff substrates. This
phenomenon was also observed in our 3D model system, as increased cell tension due
to constrained culture methods accelerated the formation of sarcomeres (Chapter 6).
The dependency of muscle maturation on substrate stiffness was lost in the 3D model
system.

Figure 7.1 Schematic overview of the effects of different physiological and biophysical
cues on proliferation, differentiation, and maturation of satellite cells into mature
myotubes (adapted from (Boonen 2009))
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7.3 Model systems
The success of tissue engineered skeletal muscle is strongly dependent on the
model systems chosen for research in this area. The model system is composed of the
right cell source and the adequate 3D environment in which skeletal muscle maturation
can be established.

7.3.1 Cell line versus primary MPCs
The benefits of working with an established cell line, such as C2C12 (Blau et al.
1985), are obvious: easy expansion and differentiation into myotubes upon serum
deprivation. Evidently, this cell line can only function as a model system since future
regenerative medicine purposes or the in vitro production of meat require a native
muscle stem cell. In addition, due to modifications of this immortal cell line, differences
with primary MPCs may be observed, for instance in their response to environmental
cues (Maley et al. 1995; Boontheekul et al. 2007).
In our experiments, the most important differences between C2C12 and MPCs
were observed in the maturation level and in the response to electrical stimulation in a
3D model system. The MPCs resulted in more mature mBAMs compared to C2C12 in the
collagen/MatrigelTM hydrogel system, whereas in the fibrin hydrogel system C2C12
mBAMs were more mature. These conclusions were based on the development of cross
striated myotubes in these model systems. MPC myotubes readily formed cross
striations of both myosin and α‐actinin in the collagen/MatrigelTM hydrogels, whereas
C2C12 myotubes never displayed myosin cross striations; only α‐actinin cross striations
were observed in the cell line. Surprisingly, maturity of MPC mBAMs was considerably
lower in the fibrin hydrogels compared to C2C12. The fibrin environment is most likely
too poor for the MPCs, which are preferentially cultured and passaged in MatrigelTM‐rich
environments. In vivo, muscle fibers are linked to the surrounding basement membrane
by integrins, with integrin α7 as the main isoform in mature skeletal muscle (von der
Mark et al. 1991; Huijbregts et al. 2001; Schiaffino and Partridge 2008). This isoform
binds the muscle fibers to laminin and is upregulated during regeneration. An
environment that is rich in laminin is therefore most likely also necessary for successful
tissue engineered muscle constructs of primary MPCs. C2C12 cells were less sensitive to
the composition of their environment as similar maturation levels were observed in both
collagen/MatrigelTM and fibrin hydrogels, which is in agreement with other studies
indicating that C2C12 cells are less sensitive to environmental cues compared to primary
muscle cells (Boontheekul et al. 2007). We also found that MPC mBAMs displayed a
more pronounced response to electrical stimulation compared to C2C12 mBAMs. A shift
towards slower MYH isoforms was observed upon electrical stimulation in the MPC
mBAMs, but not in the C2C12 mBAMs.
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7.3.2 3D model system
We have shown that different cues from the muscle progenitor cell niche play
important roles in muscle maturation over time. In addition to the accelerating effect of
electrical stimulation on muscle maturation, culturing in a 3D environment has proven
to be important. The hydrogel based 3D model systems as described in Chapter 4 and 5
resulted in faster development of cross striations than in 2D, for both C2C12 and
primary MPCs.
The advantages of using hydrogels are evident: they allow for dense cell
entrapment, while cell alignment is achieved by constrained culture methods
(Vandenburgh et al. 2008). In addition, hydrogel networks with a controllable
architecture can be created (Bian and Bursac 2009). A drawback of hydrogel systems,
however, is their stability over time. Since MPCs do not extensively produce extracellular
matrix that can take over the load bearing function of the hydrogel, other 3D model
systems composed of biodegradable polymers should also be investigated.
Biodegradable polymer scaffolds that are commonly used consist of organized
fibers of for example polycaprolactone (PCL) (Williamson et al. 2006), polyglycolic acid
(PGA) (Boland et al. 2001; Saxena et al. 2001), polylactic acid (PLA) (Huang et al. 2006),
and co‐polymers of PGA/PLA (Levenberg et al. 2005; Boldrin et al. 2007) or PCL/collagen
(Choi et al. 2008). Each of these polymers possesses different degradation properties,
elasticity, and cell attachment capabilities. Combinations of polymers with their
distinctive properties can be fabricated to accommodate the specifics of an ideal model
system.
A widely used fabrication method to produce polymer scaffolds is
electrospinning. Electrospinning is a promising technique to produce well‐defined
scaffolds with prescribed morphologies and mechanical properties. Polymers are
dissolved in designated solvents, placed in a syringe, and spun under high voltage onto a
collector plate. By altering parameters of the electrospinning process, one can adjust the
fiber thickness and porosity of the scaffolds. Most importantly, a recently developed
modification of the electrospinning process – low‐temperature electrospinning (LTE) –
has resulted in ultra‐porous structures and offers the ability to control the void spaces in
3D meshes (Simonet et al. 2010).

7.4 Ethical considerations
Environmental burden and animal suffering caused by meat production through
livestock is considerable in present‐day society. Not only can in vitro cultured meat
contribute to less greenhouse gas emissions and water and land usage, but most
importantly, it can dramatically improve animal welfare. The first steps towards in vitro
cultured meat are already technologically feasible. However, the quality of the
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engineered muscle constructs so far does not meet the requirements of in vitro cultured
meat: mature, functional muscle tissue of considerable dimensions. Fundamental
research is needed to develop the technologies that are the foundation for successful in
vitro cultured meat. Our research has contributed to the development of these
technologies. However, the stem cells that are the preferred cell source for in vitro
cultured meat because of their replicative capacity and the potential to differentiate into
multiple lineages were not available yet. Satellite cells were therefore isolated from
murine muscle tissue. Before being allowed to use mice for our research, the Dutch
institutional animal care and usage committee evaluated the necessity of the research
and approved our proposals. Animal discomfort was relatively low in our experiments,
since the mice were euthanized before isolation of the muscle tissue.

7.5 Future perspectives and recommendations
In this thesis we have presented biophysical cues to improve the maturation
process of tissue engineered skeletal muscle. Electrical stimulation is an important
stimulus to accelerate sarcomere formation and to tune the expression of MHC
isoforms, important for the quality of cultured meat. Additionally, a 3D environment is
crucial for muscle maturation over time and is preferred over 2D model systems to
investigate the influence of different biophysical cues. Although tissue engineered
muscle constructs were created that displayed cross striations in α‐actinin and myosin,
the maturation level of these constructs is still low compared to native skeletal muscle
tissue, based on the texture and myofibril content of the constructs. Other studies have
shown that contractility of tissue engineered muscle constructs is low with forces
generated being 2‐8% of in vivo adult skeletal muscle tissue (Dennis et al. 2001). Force
generation is an important parameter to evaluate muscle maturation at a functional
level and should therefore be included in future experiments. Most importantly, force
production by tissue engineered muscle constructs should be strongly improved for
applications in regenerative medicine and the in vitro production of meat. Mechanical
stimulation has been shown to contribute to higher tetanic and twitch contractile
responses in engineered muscle constructs (Moon et al. 2008). However, our mechanical
stimulation protocol in which we applied lower strain levels but increased stretch‐
relaxation cycles compared to Moon and co‐workers is, in its current form, not useful for
this purpose.
Another important parameter that is associated with maturation of skeletal
muscle tissue is the presence of costameres. The costameres represent the connections
of the muscle fiber to the sarcolemma, situated at the Z‐discs of sarcomeres (Figure 8.3).
We showed that muscle maturation can be monitored over time by measuring the
expression levels of muscle regulatory factors and sarcomere proteins. However, the
decisive parameter for muscle maturation still remains the formation of cross striations.
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The next step would be to observe costamerogenesis, which is associated with
maturation of muscle fibers. This can be observed by a striated pattern of vinculin,
located at the Z‐discs of sarcomeres (Quach and Rando 2006). Unfortunately, we have
not observed costamerogenesis in any of the samples.

Figure 7.2 Costameres in mature muscle fibers, situated at the Z‐discs of sarcomeres.
Although the MPCs we used are the preferred cell source for muscle maturation
studies and future applications in regenerative medicine or for the in vitro production of
meat, their proliferative capacity still remains limited. These cells can be passaged only a
few times before they differentiate into myoblasts and fuse to form myotubes. Previous
studies have shown that proliferation of MPCs is optimal on substrates with a stiffness
of 21 kPa (Boonen et al. 2009). Future culture methods should therefore include this
stiffness during passaging of the MPCs.
For the purpose of in vitro meat production in particular, optimization of the
culture processes is inevitable for cost‐efficient production methods. We have shown
that electrical stimulation and cell tension can accelerate muscle development and are
therefore important parameters in the first step towards up‐scaling of skeletal muscle
tissue engineering. Also the creation of larger muscle constructs is important for in vitro
meat production. This requires incorporation of a vascular network in the engineered
muscle constructs to improve the supply of nutrients and the removal of waste
products, which is currently limited by diffusion through the hydrogel. Co‐cultures of
muscle cells and endothelial cells have already resulted in vessel formation in
biodegradable polymer scaffolds (Levenberg et al. 2005) and should be further
employed towards culturing constructs of considerable size. Culturing MPCs and mBAMs
in medium without animal derived substances is also an important step in the
development towards future applications. The culture medium we currently use
contains serum of bovine and equine origin, which should be replaced by a mixture of
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essential growth factors that can be produced through recombinant technology (Halasz
and Lasztity 1990).
To summarize, the challenges that have to be met towards applications of tissue
engineered skeletal muscle in the field of regenerative medicine or for the in vitro
production of meat are: improved force generation and costamerogenesis, optimization
of the proliferative capacity of MPCs, incorporation of a vasculature, and serum‐free
culture medium. We believe that eventually tissue engineering of mature skeletal
muscle constructs is feasible. Further research initiatives regarding the in vitro
production of meat should be encouraged, considering the high societal impact of
improving environmental issues as well as animal welfare by an alternative method for
meat production.
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Samenvatting
Het tissue engineeren van skeletspier weefsel is interessant vanwege de
veelzijdige toepassingen. Het meest voor de hand liggend is de toepassing in de
regeneratieve geneeskunde, om spierdefecten en spierdystrofie te behandelen. De
gekweekte spierconstructen kunnen ook gebruikt worden als modelsysteem voor
bijvoorbeeld het screenen van geneesmiddelen of het bestuderen van spierfysiologie en
de ontwikkeling van doorligwonden. Daarnaast is er een nieuw interessegebied ontstaan
voor gekweekt spierweefsel dat een grote invloed kan hebben op onze samenleving.
Aangezien spierweefsel het belangrijkste bestanddeel is van consumptievlees, kunnen
de gekweekte spierconstructen gebruikt worden voor de in vitro productie van vlees.
Het op grote schaal houden van vee in de hedendaagse samenleving brengt grote
risico’s met zich mee voor het milieu en de gezondheid van mens en dier. Het in vitro
kweken van vlees kan zorgen voor een aanzienlijke vermindering van de milieuschade,
de kans op dierlijke infectieziekten en voor een verbetering van het welzijn van dieren.
Hoewel er al substantiële vooruitgang plaats heeft gevonden op het gebied van
skeletspier tissue engineering blijft de maturiteit van de gekweekte spieren nog onder
de maat. De eisen waaraan de gekweekte spierconstructen moeten voldoen voor de
regeneratieve geneeskunde en voor de in vitro productie van vlees zijn gelijk: er is
volwassen, functioneel spierweefsel nodig dat krachten kan ontwikkelen van
fysiologische omvang. Onze focus lag op het verbeteren van de ontwikkeling van spier‐
voorlopercellen tot volwassen dwarsgestreepte spiervezels. Wij hebben daarbij
biofysische prikkels onderzocht uit de in vivo omgeving van deze cellen, waarvan bekend
is dat ze een rol spelen bij de regeneratie van spierweefsel. Deze biofysische prikkels zijn
onderzocht in een conventionele 2D kweekomgeving, maar ook in een fysiologisch meer
representatief 3D model systeem.
Een van de biofysische prikkels die wij onderzocht hebben is elektrische
stimulatie, vanwege de relevantie van zenuwstimulatie voor de ontwikkeling van
spiervezels in vivo. Wij hebben in 2D en 3D experimenten aangetoond dat elektrische
stimulatie zorgt voor een versnelling van de ontwikkeling van sarcomeren, de
contractiele elementen van de spiervezels. Ook zorgde elektrische stimulatie voor een
toename in de expressieniveaus van skeletspier markers. Deze effecten zijn gevonden in
de conventionele C2C12 cellijn, maar ook in primaire spier‐voorlopercellen (muscle
progenitor cells: MPCs). In de MPCs resulteerde elektrische stimulatie in een
verschuiving in de expressie van verschillende isotypes van het contractiel eiwit
myosine. De verdeling van de verschillende myosine isotypes in spierweefsel is van
belang voor de textuur en kwaliteit van het weefsel. Elektrische stimulatie is daarom een
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belangrijke factor bij het kweken van spierweefsel om deze verhouding te optimaliseren
en de spierontwikkeling te versnellen.
Ook mechanische prikkels spelen een belangrijke rol in de in vivo
spierontwikkeling tijdens zowel de embryonale fase als in volwassen spierweefsel. Rek
zorgt voor hypertrofie van skeletspierweefsel en kan daarom zorgen voor een
verbetering van de textuur van gekweekte spieren. Echter, het mechanische stimulatie
protocol dat wij onderzocht hebben, waarin de rekken overeenkwamen met
fysiologische waarden, zorgde voor een verslechtering van de spierontwikkeling. Dit
protocol is daarom niet bruikbaar voor tissue engineering van skeletspier.
Een belangrijk resultaat dat wordt gepresenteerd in dit proefschrift is dat de 3D
omgeving waarin de MPCs gekweekt worden de snelheid en mate van differentiatie
bepaalt. De vorming van sarcomeren verliep, vergeleken met conventionele 2D
kweekmethoden, sneller in een 3D omgeving die bestond uit een hydrogel. Ook de
mechanische eigenschappen van de omgeving spelen hierbij een rol. In voorgaand
onderzoek was aangetoond dat de sarcomeervorming in 2D optimaal is op een substraat
waarvan de stijfheid gelijk is aan die van spierweefsel in vivo (3‐12 kPa). Hoewel de
stijfheid van de 3D hydrogelen in onze experimenten aanzienlijk lager was dan deze
waarden, vond er toch adequate spierontwikkeling plaats. Wij concluderen dat niet de
stijfheid zelf een rol speelt in deze processen, maar dat de mogelijkheid om interne
celspanning te ontwikkelen essentieel is voor de vorming van sarcomeren. Wij hebben in
zowel een 2D als 3D setting aangetoond dat Rho‐kinase een belangrijke rol speelt in dit
proces, aangezien er geen sarcomeer vorming plaatsvond wanneer Rho‐kinase geremd
werd. Ook zorgen 3D kweekmethoden waarin een toename aan celspanning
gerealiseerd kan worden voor een versnelling van spierontwikkeling.
Ook heeft het gebruik van verschillende celbronnen geleid tot een verschil in de
volwassenheid van de gekweekte spieren: primaire MPCs resulteerden in meer
volwassen spierweefsel dan de C2C12 cellijn. Daarom zijn deze primaire cellen de
gewenste celbron voor toepassingen in skeletspier tissue engineering. De proliferatie
capaciteit van deze cellen is echter nog niet optimaal voor deze toepassing. Tot het
moment dat deze eigenschappen geoptimaliseerd zijn, kan er wel gebruik gemaakt
worden van de C2C12 cellijn voor het ontwikkelen van 3D kweekmethoden en het
testen van biofysische prikkels.
Concluderend kan gesteld worden dat verschillende biofysische prikkels van
belang zijn voor de ontwikkeling van volwassen spierweefsel in vitro. Deze biofysische
prikkels zullen daarom ook aanwezig moeten zijn in een te ontwikkelen bioreactor voor
het kweken van skeletspierweefsel. Daarnaast hebben de resultaten gepresenteerd in
dit proefschrift een belangrijke bijdrage geleverd aan de technologie die het mogelijk
maakt om in de toekomst vlees in vitro te produceren.
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