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Abstract. Primary and clonal culture systems have
been devised and refined for animal-derived satel-
lite cells. Satellite cell (SC) culture development
includes efficient cell isolation techniques, estab-
lishment of effective plating and growth conditions,
formulation of media requirements and thorough
evaluation of experimental limitations. As the field

of muscle cell culture has expanded, the number of
animal species from which satellite cells have been
isolated has increased. The focus of this paper is to
compare and contrast SC culture conditions presently
used by a variety of researchers and to introduce a
new source of SC from wapiti (elk).
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Abbreviations: CS = chick serum; DMEM = Dulbecco’'s Modified Eagle Medium; DM SO = dimethyl sul-
foxide; EGF = epidermal growth factor; EMEM = Eagle Minimal Essential Medium; FBS = fetal bovine
serum; FGF = fibroblast growth factor; FN = fibronectin; GH = growth hormone; HS = horse serum; IGF
(I & 1) = insulin-like growth factors; ITT = insulin, T, transferrin; ITT-CF = insulin, T, transferrin, hydro-
cortisone, FGF; PBS = phosphate buffered saline, pH 7.08; PDGF = platelet-derived growth factor; PS = pig
serum; PSG = pigskin gelatin; P/S = penicillin/streptomycin; SC = satellite cell; TGF-[3 = transforming growth
factor-3

1. Introduction Table 1. Summary of animal satellite cell research with

reference to different areas of study

Mauro and Katz independently reported the existence
of SC [53, 58], leading to numerous electron micro-
scopic studies to elucidate characteristics of these
cells [69, 70]. Satellite cells lie juxtaposed to
myofibers and facilitate postnatal skeletal muscle
growth [19] and regeneration [78]. After initial post-

Research area Reference

Review papers [7, 8, 14, 19, 28,
29, 49, 79, 80, 82]

Animal species

natal muscle growth, SC remain in a quiescent state g;teﬁg %gi 4212 ig] 661
[4, 14, 22] until they are stimulated to proliferate, Turkey [33: 59’—61]
either by muscle injury or after being induced by Chicken [37, 62, 90]
regulatory factors [8, 15, 49, 82]. Following prolif- Horse [38, 44, 45, 82]
eration, SC either contribute their DNA to existing Pig [30-32]
myofibers or fuse together to form new myofibers Fish [55, 57, 71, 73, 87]
[4, 13]. Several excellent papers have been published Rate [5, 17, 69, 70]
on animal-derived SC structure, function, regulation In vitro characteristic
and culture (Table 1). The development and use of b. Activitation [5, 22, 50-52]

c. Proliferation [3, 6, 12, 16, 21,

SC culture systems has increased our knowledge of
the mechanismsinvolved in postnatal skeletal muscle
growth.

Animal models. Rat SC were first isolated and grown
in primary cell culture by Bischoff [11]. Isolation and
culture methods were subsequently defined for
numerous animals, and resulting cultures were used
to investigate mechanisms involved in SC activation,
proliferation, differentiation and regeneration [18,

31, 34, 41, 63, 74]

d. Diferentiation [26, 32, 41, 54, 73,

88]
e. Cell to cell interactions
satellite cell to satellite cell [57, 62, 67, 74]
satellite cells from
different animals [6, 25]
satellite cells to other cells [16, 27, 86]
In vivo manipulations [9, 10, 17, 56]
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74]. In vitro growth, viability [47, 57] and response
to growth regulators [25, 41, 60] varies among SC
from different species or sources (Table 2).

Culture methods. Regardless of which animal SC
culture system is employed, vigilance is required in
order to use the system in the correct manner [89].
Animal type [6, 25], muscle source [62], methods
used to harvest SC [12, 23, 24, 30, 73, 90], culture
physiology [1, 9, 16, 27, 56] and treatment conditions
[3, 26, 51, 63] must be thoroughly designed and
evaluated with an appropriate end point in mind. For
example, the rat SC system has been useful for some
studies of SC activation [5], but rodent SC systems
may not be the best choices for examining SC
involvement in facilitating all aspects of postnatal
muscle growth. Metabolism is different in ruminant
animals in comparison to rats, and these differences
appear to extend to the SC level [25]. This paper
provides a comparative description of steps in SC
isolation and culture for specific types of in vitro
experimentation.

In order to isolate sufficient numbers of SC from
rats for experimentation, muscles from the back and
hind limbs of many animals must be processed [6].
This time-consuming effort may be viewed statisti-
cally as being reasonable, especially as experimental
units (animal numbers) are high. However, satellite
cellsisolated from different muscles possess different
capabilities to proliferate [6, 55, 73], differentiate
[25, 62, 66] or be regulated by growth modifiers[29].
During isolation, the satellite cell fraction from
certain muscles may overwhelm those from others.

Alternatively, there may be a loss of some SC
populations [2], which may interject variability into
the types and numbers of SC isolated [7, 14]. In
contrast to the rat system, only one muscleis required
for SCisolation if larger animals are used as the SC
source [6, 23, 24].

Regardless of animal and muscle source, enzymes
are used to liberate SC from cleaned [23, 24, 59, 73]
and minced [11, 23] muscle. Pronase [11, 23, 24, 30,
44, 59, 73] and trypsin [11, 71] are effective enzymes
for this purpose, because they are assumed to easily
destroy components of the basal lamina and sar-
colemma, allowing the liberation of SC and other
intact cells of muscle. However, because these
enzymes are also destructive to SC [11], tempera-
ture [55, 57, 71, 73] and length of exposure of the
minced muscle to the enzymes [30] must be moni-
tored during each isolation procedure (Table 3).

Once the enzyme treatment liberates SC from their
encapsulated position juxtaposed to the myofiber
[58], enrichment of the SC fraction may be accom-
plished through a variety of techniques. Differential
centrifugation and preplating the total cell suspen-
sion on uncoated plastic dishes for short time inter-
vals allow nonmyogenic cells to attach, thereby
increasing the relative numbers of SC that are
available for subsequent uses [23]. Another technique
for SC enrichment is to use Percoll gradients to
separate myogenic cells from other cell types [99].
A variety of other SC enrichment methods are
available including use of afluorescent activated cell
sorter or differential lifting of (lightly) attached cells
from culture plates and replating these cells to other

Table 2. Differences of animal models used in satellite cell cultures

SC source Characteristics References

Rat Easy to obtain and maintain [3, 5,7, 11, 25]
SC from several muscles are commonly pooled for experiments

Turkey and chicken Feathers must be plucked, increasing the chance of contamination [29, 33, 36,
The pectoralis muscle has small amounts of connective tissue 59-63, 90]
Selective breeding may have changed the physiology of these animals
May possess different subclasses of satellite cells
Pig serum is toxic to SC

Sheep and cattle Hard to maintain in general academic setting [23-26, 29, 43,
Only one muscle is used 6668, 88|
Ruminant physiology may have an effect on SC activity
Depreciation of carcass value should be considered

Horse Difficult to obtain [38, 44, 45, 82,
Only one muscle is used 83]

Fish Glycoprotein covering and scales must be removed [55, 57, 71, 73]
White, epaxial muscle may have different subpopulations of SC
Has a unique nervous system that may affect SC activity

Pig Live animal is hard to maintain in general academic setting [21, 30-32, 34]

Only one muscle is used
Chicken serum is toxic to SC




Table 3. Comparisons of animal satellite cell culture conditions

Animals  Muscle location Isolation enzyme® Culture Defined media Serum source Defined media References
conditions
Collagenase  Trypsin  Pronase  substratum Proliferation Differentiation

Rat Back and leg X X X® Fibronectin DMEM/EMEM HS, FBS X [2, 4-7, 11-13]

Cattle Sternomandibularis X X PSG DMEM FBS X [24, 43]

Pig Semimembranosus X¢ PSG MEM FBS X [29-32]

Sheep Semimembranosus, X PSG McCoy’s 5A, FBS, HS X [23, 25, 26, 66,

Semitendinosus DMEM 67]

Chicken  Pectoralis major X X X PSG HAMS F-10, HS [36, 37, 90]
DMEM

Turkey Pectoralis major X PSG McCoy’s 5A, HS, FBS, CS X [59-62]
DMEM

Horse Semimembranosus X PSG DMEM HS [38, 44, 45]

Fish White epaxial X X X© Matrigel Leibovitz’s L-15, FBS, HS [57, 71, 87]
DMEM

Wapiti Sternomandibularis X! PSG DMEM HS

& Enzymatic digestion was for 60 minutes at 37 °C, and cellular isolation was by differential centrifugation except where indicated.
® Differential centrifugation and sedimentation.
¢ 40 minutes at 37 °C.
4 10-60 minutes at 37 °C, differential centrifugation and percoll gradients.

¢ 30-90 minutes at 11 °C-35.5 °C, differential centrifugation and percoll gradients.
40 minutes at 37 °C.
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cultures. All of these methods reduce nonmyogenic
cell contamination and, therefore, increase the
number of SC in the initial isolate.

Isolated SC are either plated onto cultureware with
a substratum coating [23, 24, 59, 73, 90] or cryop-
reserved [67]. While selection of substratum type is
dependent on the animal source [26, 87], commonly
used substrata are Matrigel” [87], FN [24, 26] and
PSG [26, 30, 44, 59]. Matrigel”, a solubilized
basement membrane preparation produced from
mouse sarcomas, has been used to facilitate myaoblast
attachment [87]. However, Matrigel” preparations
contain other factors that stimulate the growth of SC,
and cells attached to Matrigel” are hard to release for
counting purposes. Although expensive, fibronectin
is commonly used as a substratum coating, because
it is acomponent of the basal lamina associated with
muscle fibers [24] and is monodispersed in solution.
PSG (denatured collagen) has been used as a sub-
stratum support in studies on SC proliferation [26,
30, 45] and differentiation [59, 88].

If SC are to be cryopreserved, the following
general conditions should be employed: SC are first
placed into a preservation medium containing
DMEM + 20% HS and 10% DMSO and then
aliquoted into cryovials with an average of 1.0 x 10°
cells per vial. The vials are placed into a —80 °C
biofreezer overnight, then transferred to liquid
nitrogen [67]. When needed for experimental use, SC
are thawed in a 37 °C waterbath.

After the SC have attached to a substratum
coating, their viability [26, 87] and activity are
influenced [59] by the use of a synthetic medium
designed to supply the requisite vitamins, minerals,
amino acids and inorganic salts [7]. Such media
furnish an artificial environment to SC that not only
provides nutrients to the cells but also allows waste
products of the SC to be removed from the imme-
diate area around the cells. The importance of using
the correct medium cannot be over emphasized,
because cell function and survival depend on this
critical fluid.

There are two major types of media: serum-con-
taining media[2, 14, 80] and defined media[29, 85].
Serum is commonly added to a basal medium as a
source of growth factors and other metabolic agents
[24, 26, 30, 59]. Horse [26, 30, 44, 73] and fetal
bovine sera[24] are commonly used, although certain
other sera have had beneficial effects on specific SC
systems [59]. Although serum-containing media are
useful for stock plates [11, 23, 24, 44, 59, 73, 90],
serum contains numerous unknown mitogenic
factors, which make it unsuitable for use in most
mechanistic studies [25, 27, 43, 47, 60, 67, 88].
Defined treatment media have been developed for
these latter applications [3, 25]. Florini and Roberts
[39] formulated an initial defined medium that
supported L6 myoblast growth. Since that time,
defined media have been designed that sustain SC

proliferation [3, 31, 43, 63] and differentiation [32,
38, 61, 88]. These defined media have many con-
stituents in common [reviewed in 29], but the con-
centration of components varies between species
[25].

Application of culture methods. Primary [11, 23, 24,
30, 44, 55, 59, 73, 90] and clonal [3, 25, 32, 45, 47,
61, 63, 90] cultures have been used to define growth
characteristics of SC. Primary SC cultures are
derived directly from muscle tissue. As such, the in
vitro properties exhibited by primary cultures of SC
more closely reflect their in vivo properties than those
exhibited by cloned SC [2], even though both cell
systems lack nerve signals and the myriad of other
factors that would influence the cellsin vivo. Primary
SC cultures, however, do possess hon-myogenic cells
[11, 23]. Even if enrichment techniques are used to
decrease the presence of nonmyogenic cells in
primary cultures, remaining nonmyogenic cell
contamination in these SC culture systems makes it
difficult to interpret regulatory influences of specific
treatments. M echanisms and regulation of SC attach-
ment [26, 71, 73], proliferation [26, 30, 55, 59, 71,
73] and differentiation [24, 26, 30, 41, 55, 59, 71, 73]
were originally obtained from primary SC culture
systems.

Clonal culture systems have been produced from
isolated SC populations from muscles of a number
of different animals[31, 43, 47, 65, 88, 90]. Satellite
cell clones are propagated from single cells, and their
use eliminates many of the problems associated with
primary SC cultures. For example, the paracrine
effects between non-myogenic cells and SC [29] are
eliminated with the use of cultures of cloned SC.
Defined media used with clonal cultures have greatly
expanded information on the regulation of SC
activity by extrinsic factors [25, 27, 31, 43, 60, 65,
88].

The advent of clonal SC culture systems has
opened up new research questions. Data from
experiments using sheep SC clones has been inter-
preted to suggest that heterogeneous populations of
SC [67] may exist in vivo. Co-culture is another
example of a new research focus being addressed by
the use of SC clones [16, 27, 48, 86]. Co-culture
systems were developed to examine regulatory
interactions between myoblasts and adipocytes [27,
48], SC and macrophages [16], and SC and neurons
[86]. In many of these co-culture systems the cells
are intermixed together in monolayers [16, 86].
However, in the myoblast and adipocyte co-culture
system, the cells are physically separated by a micro-
porous insert [27], which allows the detection of cell
to cell communication/regulatory factors. Other SC
culture systems have also been devised to define SC
activity in vitro. A single fiber [12, 13, 77] system
was developed to determine if the parental myofiber
regulates SC activity [12, 13, 77]. This system has



subsequently been modified to alow different
myofiber types to be examined and for greater ease
in manipulating fibers while in culture [77].

Satellite cell culture systems have also been
adapted for the study of SC involvement in muscle
regeneration following an injury [40, 50, 64, 83] or
due to muscle disease [9, 10]. Muscle regenerative
properties seem to be influenced by the nature of the
injury [9, 10, 16, 18, 54, 72] and/or the type of
myofibers damaged [15, 20, 50, 56, 68, 81]. Rapid
regeneration of mixed myofibers can be observed by
simply cutting or crushing muscles [20]. More exten-
sive regeneration studies often require whole muscles
to be injured by the injection of myotoxic agents
[50], freezing with liquid nitrogen [10], or disrupting
their vascular [17] or neural [9, 18, 54, 72] supplies
either experimentally or by transplantation [17, 56,
81]. These injuries have been inflicted on muscles
of known myofiber type to observe how the SC of
specific myofibers respond to certain types of injury
[15, 19, 85, 91].

Differences and limitations of SC culture systems.
Most SC culture systems have added to our under-
standing of postnatal skeletal muscle growth [25, 30,
55, 59, 73]. Some SC culture systems are restricted
in their adaptability, however [6, 31, 44, 71, 88]. For
example, fish display muscle hyperplasia after
hatching. Growth of hatched fishisin part correlated
to environmental temperature [57]. As such it is
reasonable that isolated fish SC activity may also be
influenced by incubator temperature [57]. Con-
sequently, trout SC are incubated at 20-22 °C [87],
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and SC from catfish are incubated at 37—40 °C [71],
and one should not expect exceptional growth of the
SC at the alternative temperature. Also, observations
of ruminant systems [23, 24] have documented dif-
ferent SC responses to specific substrata types [26]
(Table 4).

Satellite cells from different species not only vary
in response to culture methods but also to the same
treatments [21, 22, 25]. With the use of clonal
cultures and defined media formulations, SC from
specific species had variable responses to the same
regulatory factor [25, 31, 45, 47, 60, 90] (Table 5).
Also, responses to specific doses of regulatory factors
may differ among animal systems [25]. Similar
increases of insulin dosages promote differentiative
effectsin rat SC and proliferative eventsin sheep SC
[25].

The use of defined media has been valuable in
determining extrinsic regulation of SC. Most defined
media have been formulated for a specific SC system,
but there have been instances in which the SC of one
animal actually perform better in the defined media
originally formulated for another species. This was
observed when rat SC functioned better when
exposed to defined media originally formulated for
sheep SC [25], and when ITT, amedium designed for
non-myogenic cells, enhanced differentiation of
sheep SC [88] (Table 4).

Though variations between systems exist, SC
cultures are powerful tools in addressing questions
about muscle growth. Use of SC cultures has
increased our understanding of the differences
between embryonic and postnatal myogenesis [60,

Table 4. Similarities and differences between SC systems in their responses to culture treatments

Treatments Effects References
Proliferation Differentiation
Increase Decrease Increase Decrease
Substrata type
PSG S, P S P [26, 30]
FN B [24]
Matrigel” F F [87]
Media formulations
DMEM TP B,ST,P [24, 30, 59]
McCoy's 5A ST [26, 59]
Serum type
HS ST B,S T [24, 59]
FBS P P [30]
PS cC5T CT [59, 90]
CS T P T P [30, 59]
Defined media
ITT S [88]
ITT-CF He [38]

3B = Cattle; ® S = Sheep; ©C = Chicken; T = Turkey; ¢P=Pig; ' F=Fish; 9H = Horse.
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Table 5. Similarities and differences in response of SC culture systems to regulatory factors®

Treatments Effects References
Proliferation Differentiation Additional
effects
Increase Decrease Increase Decrease
Factors
Testosterone P° [32]
Insulin B2 S, C° C, TP S= |PD [25, 75, 84]
T, P C, T=1GU
IGF-I B,C T, H B,C T, S P=1PS" [31, 34, 36,
P, F, HY S=1PD 37, 43, 45,
C, T=1GU 48, 55, 65]
FGF B, S, C, H [21, 31, 42
T,PH 43, 45, 63]
GH H H
TGF-B B, T,P,H B,SC T, H [21, 43, 45, 47]
EGF P S S=1PS [76]
S=1PD
PDGF C,T,P [21, 31]
Glucocorticoids ST, P [25, 63, 35]
Vitamin D, C C C=1PS [35]

B = Cattle; b S = Sheep; © C = Chicken; 4T = Turkey; © P = Pig; " F = Fish;  H = Horse; " PS = Protein synthesis;
" PD = Protein degradation; ! GU = Glucose uptake; “ Adapted from [29].

61, 75]. Application of SC cultures has also led to
explanations of how regulatory factors influence
muscle growth [5, 21, 31, 36, 40, 42, 47, 65, 84] and
how SC activity may be altered by other cell types
[16, 27, 48, 86]. Data generated from SC cultures
have helped broaden the study of muscle regenera-
tion [9, 17, 50, 74, 79].

2. A new SC system

Many wild animals [46] and most fish undergo
seasonal bouts of growth throughout their lifespans.
This phenomenon offers an opportunity to examine
a variety of SC properties at markedly different
stages of development. In this paper we report
methods for SC isolation from adult male wapiti
(Cervus elaphus) using adaptations from previous
techniques [23, 24].

Materials

A. Equipment
1. Laminar flow hood, Model EG-4252.1
2. Small meat grinder (1.5 mm plate), Cat. No.
793.83.2
3. Balance (top loading), Cat. No. A-160.3
4. Vortex.
5. 37 °C waterbath, Cat. No. 185.4

6.
7.
8
9

1
2.

3.
4.

5.

Centrifuge, tabletop, Model TJ-6, Cat. No.
14400.5
Pipette Aid, Cat. No. 174.%

. 37 °C incubator (5% CO,), Model 6000, Cat.

No. 35909-750."
Diaphot phase-inverted microscope.®

. S.upplies

15 cm plastic culture plates, Cat. No. 168381.°

Sterile, 50 ml conical, centrifuge tubes, Cat.

No. 2098.%°

Surgery pans (size as needed).

Surgical instruments

a. 13 cm straight dissecting scissors, Cat. No.
25878-048."

b. Specimen hemostats, Cat. No. 25729-627."

c. Tissue forceps, Cat. No. 25729-864."

Buckets, Polypropylene, 250 ml and 1000 ml,

Cat. No. 1393, 1396.%

6. Surgical gloves, disposable, Cat. No. 7825.%

7. Assorted bottles (one or two liter as needed).
. Reagents

1. PBS + Antibiotics

— 10.0 g Sodium chloride, Cat. No. S-5886."

— 0.25 g Potassium chloride, Cat. No. P-
5405.1

— 1.44 g Sodium phosphate, monobasic, Cat.
No. S$-5136.*

— 0.25 g Potassium phosphate, monobasic,
Cat. No. P-5655.%
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— Distilled water, bring to volume (1 liter),
pH to 7.08.

— Antibiotic-antimycotic mix (Penicillin,
10,000 U/ml; streptomycin, 10 mg/ml;
Fungizone, 25 pg/ml), Cat. No. 15140-122,
15240-013.*

PSG

— 0.1 g PSG/500 ml distilled water, Cat. No.
G-1890."

DMEM + 10% HS + Antibiotics

— DMEM, 13,5 g, Cat. No. 12800-017.%

— 3.7 g Sodium bicarbonate, Cat. No. S-
5761.

— Distilled water, bring to volume (1 liter), pH
=7.08.

— HS, 100 mi/885 ml DMEM, Cat. No.
16050-122.%

— Penicillin/streptomycin mix, 10 mI/985 ml
DMEM + HS, Cat. No. P-0781.*

— Gentimicin, 5 ml/995 ml DMEM + HS +
P/S, Cat. No. G-1272.*

Protease: type X1V, bacterial

— 1 mg Pronase/l ml PBS, Cat. No. P-
51470.

Ethanol (70%)

Procedures

A. Preparation of muscle (aseptic techniques are
required for all steps).

1

Sternomandibular muscles (200 to 400 g) are
surgically removed [24] and placed into sterile
PBS (22 °C) for transport to the cell culture
|aboratory.

Muscle is quickly washed numerous times in
sterile PBS (37 °C) + antibiotics.

Large pieces of connective tissue are removed.
Cleaned muscle (100 g) is ground in a small,
sterile meat grinder.

B. Isolation of satellite cells

1

Ground muscleis distributed into 15 ml/50-ml
centrifuge tubes, and pronase (1 mg/ml PBS)
is added to a total volume of 35 ml per tube.
Tubes are placed in a 37 °C water bath for
40 min, with agitation every 10 min.

Tubes are centrifuged for 4 min at 1500 xg
(2700 rpm). The supernatant (enzyme) is dis-
carded and replaced with PBS to a total
volume of 35 ml per tube. Each tube is
vortexed briefly.

Tubes are then centrifuged for 10 minutes at
400 xg (1000 rpm) three times, and the
supernatants from each cycle are saved and
pooled into sterile 50 ml centrifuge tubes.
Supernatant tubes are centrifuged for 6
minutes at 1500 xg (2700 rpm), and the
resulting supernatants are discarded.

12 ml of medium (DMEM + 10 % HS +
antibiotics) are added to each tube containing
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a cell pellet, and the tubes are vortexed for
0.5 min.

7. The cell suspensions from the initial muscle
sample (step 6) are pooled into a single
centrifuge tube.

C. Plating of cells

1. 10-12 ml of the pooled cell suspensions are
aliquoted into PSG-coated 15 cm culture
plates. Media (DMEM + 10 % HS + anti-
biotic) is added to each plate to bring the total
volume to 35 ml per plate.

2. Plates are incubated for 24 hours in a
humidified 37 °C, 5 % CO, incubator.

3. Cultures are washed with DMEM until the
majority of nonmyogenic debris has been
removed.

4, DMEM 10 % HS-containing medium is
applied for the specific times required to allow
proliferation of the cells to the point of use in
an experiment. Alternatively, cells can be
lifted off the plate with trypsin, counted with
a hemocytometer and plated into treatment
wells for use in an experiment (Figure 1).

r "
A L

Figure 1. Wapiti satellite cells were isolated, cultured and
allowed to proliferate and differentiate in vitro. (a) Newly
isolated wapiti satellite cells (arrow; 40x magnification).
(b) Wapiti SC-derived myotubes (arrow) at 120 hours in
vitro (20x magnification). Pictures were taken with a
Nikon Diaphot phase contrast microscope.
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3. Summary

After SC were identified within muscle tissue,
numerous microscopic studies confirmed their
function in association with skeletal myofibers.
Satellite cells are isolated from muscle tissue through
the use of enzymes, differential centrifugation and
other pre-culture techniques and are maintained in
basal media plus serum. Certain levels of sera have
been observed to facilitate SC proliferation and
differentiation. However, because serum contains a
number of unknown factors, defined media that are
permissive to SC proliferation and differentiation
were developed for a number of SC culture systems.
Animal and muscle type, isolation procedures, serum
concentrations and defined media formulations must
be individually tailored when developing specific SC
culture systems. Primary SC cultures exposed to
serum-containing media provide a system to gauge
initial proliferation and differentiation dynamics of
SC, but the use of defined media with clonal SC
cultures has greatly expanded the understanding of
SC regulation. Modifications to the primary and
clonal SC cultures have led to the development of
other SC culture systems, such as co-culture and the
single fiber system for use in evaluating SC involve-
ment in muscle growth and regeneration. To date,
research on agricultural animals and traditional
laboratory animals such as mice and rats has been
emphasized. The development of new systems, like
the wapiti system, can further illuminate develop-
mental differences in muscle growth, as mediated by
SC.
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11. VWR Scientific, Seattle, WA, USA

12. Nalgene Co., Rochester, NY, USA

13. Ansell Incorporated, Dothan. AL, USA

14. Sigma Chemical Co., St. Louis, MO, USA

15. GIBCO Laboratories, Grand Island, NY, USA

CoNOOA~WNE

References

1

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

Allbrook DB, Han MF, Hellmuth AE (1971).
Population of muscle satellite cells in relation to age
and mitotic activity. Pathology 3(5): 223-245.

Allen RE (1987). Muscle cell culture as a tool in
animal growth research. Fed Proc 46: 290-294.
Allen RE, Dodson MV, Luiten LS, Boxhorn LK
(1985). A serum free medium that supports the growth
of cultured skeletal muscle satellite cells. In Vitro Cell
Dev Biol 21(11): 636-640.

Allen RE, Merkel RA, Young RB (1979). Cellular
aspects of muscle growth: Myogenic cell proliferation.
J Anim Sci 49: 115-127.

Allen RE, Sheeltan SM, Taylor RG, Kendall TL, Rice
GM (1995). Hepatocyte growth factor activates
quiescent skeletal muscle satellite cellsin vitro. J Cell
Physiol 165: 307-312.

Allen RE, Rankin LL, Greene EA, Boxhorn LK,
Johnson SE, Taylor RG, Pierce PR (1991). Desminis
present in proliferating rat muscle satellite cells, but
not in bovine muscle satellite cells. J Cell Physiol 149:
525-535.

Allen RE, Temm-Grove CJ, Sheehan SM (1995).
Skeletal muscle satellite cell cultures. In: CP Emerson,
HL Sweeney (eds), Methods In Cell Biology 52:
155-175.

Allen RE, Rankin LL (1990). Regulation of satellite
cell during skeletal muscle growth and development.
PSEMB 194: 81-86.

Anzil AP, Wernig A (1989). Muscle fiber loss and
innervation after long term denervation. J Neurocyto
18(6): 833-845.

Baranska W, Baran W, Skopinski P, Ziemba H (1997).
Quantitative ultrastructure evaluation of satellite cells
in the soleus muscle from rats kept in hypokinesia.
Exp Mol Path 64: 13-21.

Bischoff R (1974). Enzymatic liberation of myogenic
cells from adult rat muscle. Anat Rec 180: 645-662.
Bischoff R (1986). Proliferation of muscle satellite
cells on intact myofibers in culture. Dev Biol 115:
129-139.

Bischoff R (1989). Analysis of muscle regeneration
using single myofibers in culture. Med Sci Sports
Exerc 21(5): S164-S172.

Bischoff R (1994). The satellite cell and muscle
regeneration. In: Engel AG, Franzini-Armstrong C
(eds), Myology, pp 97-118.

Carlson BM, Faulkner JF (1983). The regeneration of
skeletal muscle fibers following injury: A review. Med
Sci Sports Exerc 15: 187-198.

Cantini M, Carraro U (1996). Control of cell prolif-
eration by macrophage myoblast interactions. Basic
Appl Myol 6(6): 485-489.

Carlson BM, Faulkner JF (1989). Muscle transplan-
tation between young and old rats: Age of the host
determines functional recovery. Am J Physiol 256:
C1262-1266.

Carlson BM (1995). Factors influencing the repair and
adaptation of muscles in aged individual: Satellite
cells and innervation. J Geron Age 50A: 96-100.
Campion DR (1984). The satellite cell: A review. Int
Rev Cyt 87: 225-251.

Church JC (1970). Cell populations in skeletal muscle



21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

after regeneration. J Embryol Exp Morphol 23(2):
531-537.

Cook DR, Doumit ME, Merkel RA (1993). TGF-Beta,
basic FGF and platelet-derived growth factor-BB
interact to affect proliferation of clonally derived
porcine satellite cells. J Cell Physiol 157: 307-312.
Cornelison DW, Wold BJ (1997). Single-cell analysis
of regulatory gene expression in quiescent and acti-
vated mouse skeletal muscle satellite cells. Dev Biol
191: 270-283.

Dodson MV, McFarland DC, Martin EL, Brannon MA
(1986). Isolation of satellite cells from ovine skeletal
muscle. J Tiss Cul Meth 10(4): 233-237.

Dodson MV, Martin EL, Brannon MA, Mathison BA,
McFarland DC (1987). Optimization of bovine
satellite cell-derived myotube formation in vitro.
Tissue and Cell 19(2): 159-166.

Dodson MV, Mathison BA (1988). Comparison of
ovine and rat muscle-derived satellite cells: Response
to insulin. Tissue and Cell 20(6): 909-918.

Dodson MV, Mathison BA, Mathison BD (1990).
Effects of medium and substratum on ovine satellite
cell attachment, proliferation and differentiation in
vitro. Cell Diff Dev 29: 59-66.

Dodson, MV, Vierck JL, Hossner KL, Byrne K,
McNamara JP (1997). The development and utility of
adefined muscle and fat co-culture system. Tissue and
Cell 29(5): 517-524.

Dodson MV, Vierck J, Velleman S, Koumans J
(1995). Status of satellite cell research in agriculture.
Basic Appl Myol 5: 5-10.

Dodson MV, McFarland DC, Grant AL, Doumit ME,
Velleman SG (1996). Extrinsic regulation of domestic
animal-derived satellite cells. Dom Anim Endocrin
13(2): 107-126.

Doumit ME, Merkel RA (1992). Conditions for the
isolation and culture of porcine myogenic satellite
cells. Tissue and Cell 24(2): 253-262.

Doumit Me, Cook DR, Merkel RA (1993). Fibroblast
growth factor, epidermal growth factor, insulin-like
growth factor and platelet-derived growth factor-BB
stimulates proliferation of clonally derived porcine
myogenic satellite cells. J Cell Physiol 157: 326-332.
Doumit ME, Cook DR, Merkel RA (1996).
Testosterone up-regulates androgen receptors and
decreases differentiation of porcine myogenic satellite
cellsin vitro. Endocrin 137(4): 1385-1394.

Doumit ME, McFarland DC, Minshall RD (1990).
Satellite cells of growing turkeys: Influence of donor
age and sex on proliferation and differentiation in
vitro. Exp Cell Res 189: 81-86.

Doumit ME, Merkel RA (1991). Influence of IGF-I
and insulin on proliferation and differentiation of
porcine satellite cells. J Anim Sci 69(1): 316.
Drittani L, deBoland AR, Boland R (1989).
Modulation of DNA synthesisin cultured muscle cells
by 1,25-dihydroxy-vitamin D-3. Biochim Biophys
Acta 1014: 112-119.

Duclos MJ, Chevalier B, Merchand-Brustel YL, Tanti
JF, Goddard C, Simon J (1993). IGF-I stimulated
glucose transport in myotubes derived from chicken
muscle satellite cells. J Endocrin 137: 465-472.
Duclos MJ, Chevalier B, Goddard C, Simon J (1993).
Regulation of amino acid transport and protein

38.

39.

40.

41.

42.

43.

45,

46.

47.

48.

49,

50.

51.

52.

53.

54,

55.

59

metabolism in myotubes derived from chicken muscle
satellite cells by IGF-I. J Cell Physiol 157: 650-657.
Erickson S, Welter C, Cakins D, Vierck J,
Krabbenhoft L, Byrne K, Greene E, Dodson MV
(1998). Fusion of equine myogenic satellite cells in
vitro. East Oragon J 14: 10-14.

Florini JR, Roberts SB (1979). A serum-free medium
for the growth of muscle cells. In Vitro Cell Dev Biol
15: 983-992.

Floss T, Arnold HH, Braun T (1997). A role for FGF-
6 in skeletal muscle regeneration. Genes Dev 11:
2040-2051.

Gal-Levi R, Leshem Y, Aoki S, Nakamura T, Halevy
O (1998). Hepatocyte growth factor plays a dual role
in regulating skeletal muscle satellite cell prolifera-
tion and differentiation. Biochem Biophys Acta 1402:
39-51.

Gospodarowicz D, Wesemaen J, Moran JS, Linstrom
J (1976). Effects of FGF on the division and fusion
of bovine myoblasts. J Cell Biol 70: 395-405.
Greene EA, Allen RE (1991). Growth factor regula-
tion of bovine satellite cell growth in vitro. J Anim
Sci 69: 146-152.

Greene EA, Raub RH (1992). Procedures for har-
vesting satellite cells from equine skeletal muscle.
Equine Nut Phys Soc 12(1): 33-35.

Greene EA, Raub RH, Krabbenhoft EA, Brannon BA,
Sullivan JM, Hossner KL, Dodson MV (1995). Initial
observations on the growth factor regulation of equine
satellite cells in vitro. Basic Appl Myol 5(1): 21-26.
Haigh JC, Hudson RJ (1993). Reinhardt R (ed),
Farming Wapiti and Red Deer. Mosby Press.
Hathaway MR, Pampusch MS, Hembree JR, Dayton
WR (1994). Transforming growth factor-Beta |
facilitates established clonal populations of ovine
muscle satellite cells. J Anim Sci 72: 2001-2007.
Hossner KL, Yemm R, Vierck J, Dodson MV (1997).
Insulin-like growth factor (IGF)-I and -Il and IGFBP
secretion by ovine satellite cell strains grown alone or
in coculture with 3T3-L1 preadipocytes. In Vitro Cell
Dev Biol — Animal 33: 791-795.

Husmann |, Soulet L, Gautron J, Martelly I, Barritault
D (1996). Growth factors in skeletal muscle regener-
ation. Cyto Growth Factor Rev 7(3): 249-258.
Jacobs SCIM, Wokke JHJ, Bar PR, Bootsma AL
(1995). Satellite cell activation after damage in young
and adult rats. Anat Rec 242: 329-336.

Johnson SE, Allen RE (1995). Activation of satellite
cells and the role of fibroblast growth factor recep-
tors. Exp Cell Res 219: 449-453.

Joubert Y, Tobin C (1995). Testosterone treatment
results in quiescent satellite cells being activated and
recruited into cell cyclein the rat levator ani muscle.
Dev Biol 169: 286-294.

Katz, B (1961). Philosophic Transact Royal Soc
London Ser B 243: 221-240

Koishi K, Zhang M, McLennan IS, Harris AJ (1995).
Myo D protein accumulates in satellite cells and is
nuerally regulated in regenerating myotubes and
skeletal muscle fibers. Dev Dyn 202: 244-254.
Koumans LTM, Akster HA, Dulos GJ, Osse JWM
(1990). Myosatellite cells of Cyprinus carpio
(Teleostei) in vitro: isolation, recognition and differ-
entiation. Cell Tissue Res 261: 173-181.



60

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Lawson-Smith MJ, McGeachie JK (1997). Experi-
mental skeletal muscle grafts as a model of regener-
ation. Aust NZ J Surg 67: 35-39.

Matschak TW, Stickland NC (1995). The growth of
Atlantic salmon (Salmo salar L.) myosatellite cells
in culture at two different temperatures. Experientia
51(3): 260-266.

Mauro A (1961). Satellite cells of skeletal muscle
fibers. Biophys Biochem Cytol 9: 493-495.
McFarland DC, Doumit ME, Minshall RD (1988). The
turkey myogenic satellite cell: Optimization of in vitro
proliferation and differentiation. Tissue and Cell
20(6): 899-908.

McFarland DC, Pesall JE, Gilkerson KK (1993). The
influence of growth factors on turkey embryonic
myoblasts and satellite cells in vitro. Gen Comp
Endocrin 89: 415-424.

McFarland DC, Pesall JE, Gilkerson KK, Ferrin NH
(1991). Comparison of the proliferation and differen-
tiation of myogenic satellite cells and embryonic
myoblasts derived from the turkey. Comp Biochem
Physiol 100A(2): 439-443.

McFarland DC, Gilkerson KK, Pesall JE, Ferrin WH,
Wellenreiter RH (1997). In vitro characteristics of
myogenic satellite cells derived from the pectoralis
major and biceps femoris muscles of the chicken.
Cytobios 91: 45-52.

McFarland DC, Pesall JE, Norberg JM, Dvoracek MA
(1991). Proliferation of the Turkey myogenic satel-
lite cell in serum-free medium. Comp Biochem
Physiol 99A: 163-167.

McLennan IS, Koishi K (1997). Cellular localization
of transforming growth factor- beta 2 and — beta 3
(TGF-beta2, TGF-beta3) in damaged and regenerating
skeletal muscle. Dev Dyn 208: 278-289.

Minshall RD, McFarland DC, Doumit ME (1990).
Interaction of insulin-like growth factor | with turkey
satellite cells and satellite cell-derived myotubes. Dom
Ani Endocrin 7(3): 413-424.

Molnar G, Dodson MV (1992). Characterization of
sheep semimembranosus muscle and associated
satellite cells: Expression of fast and slow myosin
heavy chain. Basic Appl Myol 2(3): 183-190.
Molnar G, Dodson MV (1993). Satellite cellsisolated
from sheep skeletal muscle are not homogenous. Basic
Appl Myol 3(3): 173-180.

Molnar G, Ho ML, Schroedl NA (1996). Evidence for
multiple satellite cell populations and a non-myogenic
cell type that is regulated differently in regenerating
and growing skeletal muscle. Tissue & Cell 28(5):
547-556.

Moss FP, Leblond CP (1970). Nature of dividing
nuclei in skeletal muscle of growing rats. J Cell Biol
44: 459-462.

Moss FP, Leblond CP (1971). Satellite cells as the
source of nuclei in muscles of growing rats. Anat Rec
170: 421-435.

Mulvaney DR, Cyrino JEP (1995). Establishment of
channel catfish satellite cell cultures. Basic Appl Myol
5(1): 65-70.

Ontell M (1974). Muscle satellite cells: a validated
technique for light microscopic identification to
quantify study of changes in their population fol-
lowing denervation. Anat Rec 178: 211-228.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

Powell RL, Dodson MV, Cloud JG (1989). Cultivation
and differentiation of satellite cells from skeletal
muscle of the rainbow trout Salmo gairdner. J Exp
Zool 250: 333-338.

Rantanen J, Hurme T, Lukka R, Heino J, Kalimo H
(1995). Satellite cell proliferation and the expression
of myogenin and desmin in regenerating skeletal
muscle: Evidence for two different populations of
satellite cells. Lab Invest 72(3): 341-347.

Ridpath JF, Huiatt TW, Trenkle AH, Robson RM,
Bechtel PJ (1984). Growth and differentiation of
chicken embryo muscle cell cultures derived from
fast- and slow-growing lines: Intrinsic differences in
growth characteristics and insulin response. Diff 26:
121-126.

Roe JA, Harper JMM, Buttery PJ, (1989). Protein
metabolism in ovine primary muscle cultures derived
from satellite cells-effects of selected peptide
hormones and growth factors. J Endocrin 122:
565-571.

Rosenblatt JD, Lunt Al, Parry DJ, Partridge TA
(1995). Culturing satellite cells from single muscle
fiber explants. In Vitro Cell Dev Biol — Animal 31:
773-779.

Sadeh ME (1988). Effects of ageing on skeletal
muscle regeneration. J Neurol Sci 87: 67—74.
Schultz E, Lipton BH (1982). Skeletal muscle Satellite
cells: Changes in proliferation potential as a function
of age. Mech Age Dev 20: 63-72.

Schultz E, McCormick KM (1994). Skeletal muscle
satellite cells. Rev Phys Biochem Pharm 123:
213-257.

Soukup T, Thornell L (1997). Expression of myosin
heavy chain isoforms in regenerated muscle spindle
fibers after muscle grafting in young and adult
rats-plasticity of intrafusal satellite cells. Diff 62:
179-186.

Stewart NT, Krabbenhoft EA, Foss M, Carraro U,
Cantini M, Byrne K, Greene EA, Dodson MV (1996).
Invited review: Clinical aspects of muscle regenera-
tion: The satellite cell-macrophage connection. The
Equine Athlete 9(6): 1, 7-11.

Stewart NT, Foss M, Carraro U, Cantini M, Byrne K,
Vierck JL, Chen Y, Greene EA, Dodson MV (1997).
Muscle regeneration is modulated by satellite cell-
macrophage interactions at the site of muscle injury:
Prospective clinical applications. J Equine Vet Sci
17(4): 172-177, 217-219.

Straus DS (1989). Regulation by insulin of cellular
growth and proliferation: Relationship to the insulin-
like growth factors. In: Draznim B, Melmed S,
LeRoth, D (eds), Insulin Action, pp 143-152. New
York: Alen R Liss, Inc., Publishers.

Strohman RC, Kardami F (1986). Muscle regenera-
tion revisited: Growth factor regulation of myogenic
cell replication. Prog Clin Biol Res 226: 287-296.
Teraux JP, Portalier P (1996). Cultures of striatal
cholinergic neurons: Phenotypic changes in the
presence of muscle fiber. Basic Appl Myol 6(6):
549-468.

Venkateswaran V, Brackett EJ, Vierck J, Cloud JG,
and Dodson MV (1995). Substratum is an important
determinant in growth factor regulation of trout-
derived satellite cells. Basic Appl Myol 5(3): 297-304.



88.

89.

90.

91.

Vierck JL, McNamara JP, Hossner KL, Dodson MV
(1995). Characterizations of ovine skeletal muscle
satellite cell strains in a defined culture medium
formulated to enhance differentiation: Fusion and the
IGF-I system. Basic Appl Myol 5(1): 11-20.

Vierck JL, Dodson MV (1999). Proper interpretation
of cell culture phenomenon. Meth Cell Sci submitted.
Y ablonka-Reuveni Z, Quinn LS, Nameroff M (1987).
Isolation and clonal analysis of satellite cells from
chicken pectoralis muscle. Dev Biol 119: 252—-259.
Yu K, Czech MP (1984). The type | insulin-like

61

receptor mediates the rapid effects of multiplication-
stimulating activity on membrane transport systemsin
rat soleus muscle. J Biol Chem 259(5): 3090-3095.

Address for correspondence: M. V. Dodson, Ph.D., Muscle
Biology Laboratory, Department of Animal Sciences,
Washington State University, Pullman, WA, 99164-6351,
USA

Phone: 509-335-9644; Fax: 509/335-1082

E-mail: dodson@wsu.edu



