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complex mechanical forces generated in the growing embryo play an
important role in organogenesis. computerized application cf
similar forces to differentiating skeletal muscle myoblasts 1n
vitro generate three dimensional artificial muscle organs. Tnese
organs contain parallel networks of long unbranched myof1bers
organized 1into fascicle-like structures. Tendon developrent is
initiated and the muscles are capable of performing directed,
functional work. Kinetically engineered organs provide a new method

for studying the growth and development of normal and diseased

skeletal muscle.
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pDifferentiation and maintenance of specific cell phenotypes in
vitro require supplying the proper extracellular matrix, nutrients,
and growth factors. Even under optimal culture conditions,
extensive intercellular interactions rarely occur which lead to the
organization of the cells into three dimensional organs comparable
to their in vivo counterpart. Spatial and chemical gradients play
important roles in early organization of embryonic tissues (1, 2)
while mechanical forces generated in the enlarging embryo by the
growing skeleton, contracting muscles, and fluid movements
stimulate subsequent organogenesis (3). These mechanical forces,
missing in normal static cell cultures, play important growth
regulatory roles in bone (4), cartilage (5), connective tissue (6),
endothelial tissue (7), epithelial tissue (8), lung (9), cardiac
muscle (10), smooth muscle (11), skeletal muscle (12), and nerve
(13).

Oorganogenesis occurs in some monolayer cultures when growth
conditions allow the development of internally generated mechanical
forces (14-16). The development of c;mputerized mechanical cell
stimulators for tissue cultured cells allows the additional
application of in vivo-like external forces to monolayer cultures
(17,18). In this report complex mechanical forces which simulate
embryonic skeletal growth and the repetitive tensions generated in
actively contracting muscles are applied to monolayers of
mononucleated embryonic avian skeletal muscle cells. These

externally applied forces induce muscle organogenesis and lead to



the formation of in vivo-like three dimensional functional organs.
Applying mechanical forces to tissue cultured cells is another step
toward complete simulation of the in vivo environment and may
induce organogenesis of functional organs from many different cell
types for in vitro study or in vivo transplantation.

Embryonic mononucleated avian pectoralis muscle cells are
isolated by standard culture techniques and grown attached to a
collagen-coated elastic substratum (17). Under static culture
conditions these cells undergo the first stages of myogenesis (19).
The myoblasts proliferate and fuse into multinucleated myotubes
which become striated and contractile. The myotubes which form are
an unorganized network of short, branching cells incapable of
performing functicnal i.e. directed work. During the same
developmental period in vivo, myotubes organize into parallel
arrays of long, unbranched fibers grouped into small mosaic
fascicles capable of generating tension via the tendons against the
attached bones (20). The passive and active mechanical forces
generated in vivo by the rapidly enlarging skeleton and by active
muscle contractions, respectivély, help to regulate muscle growth
and organizatiop in vivo (12, 21) but are missing in static cell
cultures.

The proliferating mononucleated muscle cells growing on the
elastic substratum in vitro are mechanically stimulated over a
three to four week period by varying activity patterns (Figure 1).
The cell monolayer is stretched and relaxed in a horizontal

mechanical cell stimulator by holding one end of each elastic



culture well stationary while the other end moves in 33 um step
increments (18). A direct relationship exists between the percent
of substratum stretch and the percent of cell stretch in this model
system (22, 23). Initial substratum movement (18-54 h postplating)
is a unidirectional stretching pattern (Fig. 1, Phase I) to
simulate the rapidly elongating bone during early embryogenesis.
The rate of movement (0.33 mm/h) is comparable to the most rapid
rate of limb elongation in the chick embryo [Stages 18-30] (24).
This unidirectional substratum stretching stimulates cell
proliferation, myoblast fusion, and orients the developing myotubes
in the direction of stretch (17, 25). By Day 5 postplating the
oriented myotubes are 2 to 4 times longer (1-4 mm) than unoriented
myotubes grown under static culture conditions (0.5-1.0 mm) while
myotube diameters are similar in the two groups (18). Rates of
unidirectional substratum stretching faster or slower than 0.14 to
0.33 mm/h do not orient the cells as well (25). Also, repetitive
stretch/relaxation of the substratun during this pericd of myoblast
proliferation and fusion orients the developing myotubes
perpendicular to the direction of movement rather than parallel to
it (18).

The monolayer of oriented myotubes is maintained in a
quiescent state for several days (Fig. 1, Phase II). During this
period, the myotubes develop the structural strength to withstand
subsequent intense repetitive stimulations for several weeks
without myofiber damage (26, 27). Repetitive stretch/relaxation of

the cultured myotubes soon after their formation without this rest



period results in irreversible damage to the cells (26, 27).
Quiescent growth periods also exist during embryonic growth in vivo
although not for such an extended period (28). The process of
nmyotube formation in vitro is much more rapid than in vivo (29) and
myotubes in vivo have more time to develop an extensive
extracellular matrix coat before rigorous repetitive mechanical
forces begin (20). In initial experiments, the myotubes were
embedded in a three-dimensional collagen matrix during this rest
period to stimulate the formation of an extracellular matrix around
the individual myotubes (30, 31). In the experiments reported here,
the muscle cultures are grown at high cell densities (2.9-4.7 X
10*/mm?) without exogenous collagen. These cultures contain many
fibroblasts which are essential for the synthesis and organization
of the extracellular matrix (30) and are adequate for preparing the
developing myofibers for mechanical stimulation.

Repetitive stimulation initiated on Day 7-8 postplating
consists of five 5% to 20% substratum stretches/relaxations during
a 20 sec period, followed by a 10 secC rest; this pattern repeats
three times, followed by a 5 to 30 min rest period (Figure 1, Phase
III insert). At the same time unidirectional substratum stretching
is also initiated (0.25-1.0 mm/24 h). These stimulation patterns
continue for two to three weeks and partially simulate the complex
perinatal muscle movements initiated in vivo as the skeleton
continues to enlarge at a slower rate (24, 32). The repetitive
stretching pattern begins as a low intensity (5%

stretch/relaxations) and infrequent (30 min rests) stimulus, and




its intensity and frequency increase with time in culture to 20%
stretch/relaxations with 5 min rest periods by the third week in
culture. Unidirectional substratum stretching continues throughout
this period. After six to ten days of this activity, the monolayer
of cells detaches from the elastic substratum along its entire
length and is held in place, under tension, at its ends by
stainless steel wire mesh incorporated into each rectangular
culture well at the start of an experiment. The proliferating cells
grow and attach to these support structures during the first week
of culture. The tissue is thus floating in the culture medium by
two weeks of culture. Over the next 7 to 14 days the outer
longitudinal edges of the monolayer roll upward and inward as
mechanical stimulation continues, integrating into the central
portion of the monolayer to form a solid rod-like structure. The
tissue is always under tension since it rapidly retracts from an
initial length of 30 to 35 mm to 20 to 25 mm when one end is cut
free of the wire mesh.

Three to four weeks of repetitive mechanical activity results
in muscle organs approximately 30-35 mm in length and 1-2 mm in
diameter (Fig. 2). Muscles can be kinetically generated to varied
lengths with different stimulation patterns. The ends of the muscle
can also be modified in shape by changing the geometry of the
attachment wire mesh (unpublished observations). Unstretched
control cultures 3 to 4 weeks of age have typically unorganized,
branching myofibers (Fig. 34) averaging 0.5 mm to 1.0 mm in length.

In contrast, mechanically stimulated cultures contain parallel



arrays of long unbranched cells (Fig. 3B). By 3 to 4 weeks of
culture, many of the organized myofibers are greater than 10-15 mm
in length. Visualized in cross section, the folded monolayer has
integrated into a solid tissue with a well defined epimysium made
up of mononucleated fibroblasts (Figure 4A, arrow). Fibroblasts
play an active role in organizing premuscle masses into individual
muscles in vivo (33, 34), and in vitro stream from the epimysium
into the muscle tissue, dividing it into fascicle-like groups of
muscle fibers (Fig. 4A and B). The muscle cells in cross section
begin to display a polygonal checkerboard pattern similar to that
seen in vivo, with both primary and secondary-like myofibers (Fig.
4B, arrow). The myofibrillar proteins are well organized within the
nyofibers (Figure 4C). The tissue thus displays many
characteristics of a newly developed in vivo muscle.

Nonmuscle mesenchymal cells help guide muscle tendon
development in vivo, laying down the proper extraceililular matrix
components by which the muscle fibers attach to the skeletal system
(33-37). Collagen, fibronectin, and laminin evenly distribute
throughout the length of the developing muscle’s extracellular
matrix whereas the myotendinous antigen, tenascin, concentrates in
the extracellular matrix at the myotendinous junction (38, 39).
Interstitial fibroblasts synthesize the majority of tenascin in
muscle tissue and tenascin serves as a good marker for myotendinous
junction development (38, 39). In static muscle cultures, both
fibronectin and tenascin have a random distribution (38, 39).

Static 20 to 28-day-old control cultures grown in the mechanical




cell stimulator culture wells also stain uniformily throughout the
muscle length for both fibronectin and tenascin (data not shown).
Twenty to twenty-eight-day kinetically generated muscles stain
uniformly for fibronectin but tenascin staining concentrates at the
stationary end of the muscle (Fig. 5A). In cross section, the
extracellular matrix surrounding the myofibers at the stationary
end is much thicker and more intensely stained with tenascin
antibody than the middle or moving end of the muscle (Figure 5C and
D). The end of the muscle which stains most intensely with tenascin
is also the end in which the cells are under the greatest tension
in the mechanical cell stimulator (18). Mechanical stimulation of
the cultured muscle cells is thus able to initiate myotendinous
development in vitro, based on tenascin 1localization, and
mechanical force may be one of the environmental signals in the
embryo which helps to initiate this process.

Continuous repetitive mechanical stimulation of the muscle
organs results in an increase in the amount of work performed by
the cells, based on lactate production measured with a YSI Model
2000 Glucose/Lactate Analyzer. In a typical experiment, cells
mechanically stimulated from Days 16 to 24 postplating have a mean
(+ S.D.) lactate efflux of 1.40 ¢ 0.37 g/mg noncollagenous
protein/day while static control cells produce only 0.71 * 0.24
g/mg noncollagenous protein/day of lactate (P < .001). Conversely,
we determined whether these muscles could perform functional work
by generating increased tension in the longitudinal axis of the

organ in response to an external stimulus. Resting tension in four




individual 20-26 day old muscles is 149 *+ 47 mdynes/muscle at 4°C
(40). Elevation of extracellular potassium to 75 mM induces rapid
contraction of the muscles and increases longitudinal axial tension
to 285 + 53 mdynes/muscle within 30-60 seconds. This represents a
mean increase of 91% in tension development in the muscles (P<.001)
and these artificial organs can thus perform directed, functional
work in response to an external stimulus.

Kinetically generated skeletal muscles provide a new model
system for studying the basic processes by which mechanical forces
help to regulate skeletal muscle organogenesis and growth. They
also may be useful for analyzing human skeletal muscle disorders in
vitro. Under normal static monolayer culture conditions human
muscle cells maintain their embryonic characteristics and often the
diseased muscle cells do not express the phenotype of their
disorder (41). With the more complete organogenic development
induced when muscle cells undergo in vivo-like mechanical
stimulation, phenotypic expression of the human muscle disorder is
more likely to occur in vitro. Mechanical stimulation of cultured
human skeletal muscle cells may be of particular interest in the
study of Duchenne muscular dystrophy whe:e the defective gene
product dystrophin may be a structural support protein (42, 43) or

regulator of stretch sensitive ionic channels (44).
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IGUR EGEND

Figure 1. Mechanjcal activity patterns which stimulate skeletal

muscle organcgenesis in tissue culture. Avian skeletal muscle cells

are stretched and relaxed while differentiating on an elastic
substratum (Silastic™). Mechanical activity is regulated by a
computer controlled stepper motor attached to the elastic culture
wells (18). ase - 33 um unidirectional stretch every 6 min for
36-40 h, representing rapid skeletal growth and the resultant
stretching of the attached muscle mass. In vitro, this pattern
results in myotube orientation and longitudinal growth in the
direction of movement. Phase II - A quiescent mechanical period in
which extracellular matrix components strengthen the myotubes.

Phase III - Repetitive stretch/relaxation of the substratun

conmbined with unidirectional stretching, representing the start of
active embryonic movements together with continued enlargement of
the embryo at a slower rate. Upward spikes graphically represent
repetitive stretches and relaxations (see insert) of the tissue and

do not represent frequency or intensity of actual stimulation. See

text for details.

Figqure 2. Artificial skeletal muscle organs generated by mechanical

forces. Twenty-four day postplating mnuscle organs in elastic
culture wells. Tissue is dark brown from immunocytochemical
staining for different muscle proteins. The muscles are floating in

the medium, attached at each end to stainless steel wire mesh.
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Upper aluminum bar remains stationary in the mechanical cell
stimulator while lower bar is stretched and relaxed in the
horizontal plane by the pattern in Figure 1. Arrows indicate

direction of movement and bar is 8 mm.

Figure 3. OQrientation and growth of skeletal myofibers with

mechanical stimulation. Higher magnification of the ends of

unstretched static control muscles (A) and mechanically stimulated

muscles (B) from Figure 2. Myotubes are stained with a monoclonal
antibody against embryonic avian myosin heavy chain (EB165). Bar

represents 0.5 mm.

Fiqure 4. Organization of myofibers and myofibrillar precteins

within the artifjcial muscle organs. (A and B) Toluidine blue

stained cross sections of the central portion of a 28 day
postplating muscle. One-half of the muscle is shown in (A) with a
well developed epimysium (arrow) and groups of darkly stained
peripheral myofibers and 1lightly stained interior myofibers.
Fibroblasts are dividing the myofibers into groupings (white
arrow). Bar represents 120 pm. At higher magnification (B) the
mosaics of myotubes with primary and secondary-like myofibers
(arrow) are seen. Bar represents 15 um. (C) Electron micrograph of
portions of two muscle fibers showing a well organized basal
lamina, caveolae, T-tubules, and myofibrillar proteins. Bar

represents 2.0 um.
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Fiqure 5. Initiation of tendon development in kinetically generated

muscles. (A) Whole muscles 24-28 days postplating
immunocytochemically stained with monoclonal antibodies for either
fibronectin (upper muscle), or the myotendinous antigen tenascin
(lower muscle). Double headed arrow indicates direction of
mechanical stimulation. The left end of each muscle was attached to
the moving aluminum bar while the right end was held stationary.
Fibronectin staining is uniform from one end of the muscle to the
other while tenascin staining.is greater at stationary end of
muscle (arrowhead). (B - D) Cryostat sections immunocytochemically
stained for embryonic myosin heavy chain (B), or tenascin at the
moving end (C) or stationary end (D) of the muscle. Note greater
thickness and more intense staining cf endomysium in (D) than in

(C). Bar represents 5.0 mm in A.

16



v

! |

1L 1NTJ NI SAVA
Uc 9l

| !

| | | |

mwﬁ 3 14

] |

Oorli o0OZL oO0L OB 09 oy oz 0

] | | f | |

(spuooas) INIL

poliad 531 4

206 /W G°Z = JUBLIDAON JO 8IDY

|

HO13¥1S TvIOL

[11 [

ALINATLIVY TIVIOINYHIGNW

. TU {3 HOUNENAQNYA

[ 20214

[N

Ao e



-t

i
::g’.s
¢
1

S s g S T 8T S T B L]

vandenburgh et al. "Computer Aided Mechanogenesis of Skeletal
Muscle Organs from Single Cells In Vitro"

[———

- - ar o
AL ST R S

v

e -t
R
- P, e




Vandenburgh et al. "Computer Aided Mechanogenesis of Skeletal
Muscle Organs from Single Cells In Vitro"

YL e A CApAPAL P T A S ST AT A M bl iy
A p it PPN

Ryt Aeyang 14 Au




bl

&
4
2
%
*

P ' e

N ‘ . . . e
L SPNITPRY BTSSR SR PR S IS O RPN~ Sal 2

b PEcTES 4y |
L. \‘;’im‘fﬁv;f:'. , gt f SNE, TN

Lok y e FRNv e S Y LI 2 N A d
e ool R B I et AL S i

Yo - ' o A - LY - . T -

2 - " - -— - |
* - .-.. .. ‘—-'
1 -, b . ooy - P

Vora? | e Tl Gaeeoey g
T T N >
R A Ytk s

> 3 )
-
APt “acs]

B 4,
> 2 :?’”J,(b'),u ¥y i

/0 [
X A e S S
A ot i ;;’—ﬁétjﬁ;uet: "
! 4 i P 4
Eeyrisbions fipr v, (n Lo 116,
93.'}:'\ t:"a,,i 5 P re i el .

vandenburgh et al. "Computer Aided Mechanogenesis of Skeletal
Muscle Organs from Single Cells In Vitro"




Fv:"" N BRSNS I AT T Y e T
. R Ve R .

R T Y T R N TR e B

Vandenburgh et al. "Computer Aided Mechanogenesis of Skel
Muscle Organs from Single Cells In Vitro"

LY

(TSR 28 Ry




