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Abstract

Myoblasts from fetal (day 11) chicken fast pectoral (PM) and from fast/slow adductor (AD)
muscles were injected into regenerating fast and slow muscles of adult chicken. We show that
the injected myoblasts remain viable and contribute myonuclei to new fibers which are formed
following muscle cold injury. Myosin heavy chain (MyHC) expression was studied im-
munocytochemically in the injected, regenerating muscles 7 and 14 days post-injection using
MyHC isoform specific monoclonal antibodies. We demonstrate that MyHC expression was
unaffected in the regenerating muscles containing heterologous myoblasts. However, if the
endogenous population of satellite cells was first suppressed with irradiation, slow MyHC
isoforms not typically found in fast muscle were expressed in the regenerating fibers in fast
irradiated muscle injected with adductor myoblasts, and neonatal and adult fast MyHCs, which
are not expressed in slow muscle fibers, were found in regenerating fibers of a slow muscle
injected with fetal pectoral muscle myoblasts. These results are consistent with previous
studies which indicate that myoblasts from presumptive fast and slow muscles are programmed
to express different MyHC subsets and thus may represent different myogenic lineages.
However, commitment to MyHC expression is not irreversible and may still be altered by
extrinsic factors during myogenesis.
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Sckeletal muscle development has been an area of intense
scrutiny for many years. Describing the process by which
primordial cells become committed to a myoblast lineage
and the regulatory mechanisms involved in this
developmental transition have led to a more general under-
standing of cellular differentiation.

Much of what has been postulated about myoblast
lineage has been inferred from studies of myosin protein
expression in developing myotubes in vivo and in cell
culture. Both light and heavy chain myosin proteins have
been studied extensively in avian and mammalian species
(cf. 2 and 60 for extensive reviews). Although much diver-
sity exists among species with respect to specific myosin
protein expression, a generalized pattern of myosin heavy
chain (MyHC) isoform transitions during development has
emerged.

MyHCs may be classified as either fast or slow, a desig-
nation which is a reflection of its associated ATPase activ-
ity, contractile speed, and electrophoretic mobility on
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native and SDS-PAGE [3, 4, 28, 38, 39, 40, 53, 55, 59].
Avian fast and slow MyHCs have been further defined. A
subset of 5 fast MyHC isoforms which appear during
development and are the products of a multi-gene family
have been termed embryonic, neonatal, and adult isoforms
[42, 43, 48, 54]. Slow MyHCs are designated slow myosin
heavy chain 1 (SM,) which appears in embryonic and
neonatal stages of development and disappears with age
and slow myosin heavy chain 2 (SM,) which is the pre-
dominant adult form [15, 16, 17, 28, 36]. In addition to
these 7 fast and slow MyHCs, two additional cardiac
isoforms have been identified in chicken. One is predom-
inantly expressed in the adult ventricle [5, 7, 70], and the
other found predominantly in the atria [69]. However, each
one of these isoforms has been found to be expressed
transiently in newly differentiated skeletal muscle cells
both in vivo and in vitro [6, 7, 49, 61]. The atrial isoform
has also been referred to as SM; because it appears to be
expressed early in presumptive slow muscle fibers [49].
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Differential expression of MyHC isoforms in myotubes
and myofibers formed from presumptive myoblasts of
varying sources [12, 13, 14, 18, 20, 26, 27, 37, 38, 39, 40,
41, 52, 57], combined with differing media requirements
of certain populations of muscle precursor cells in culture
[58, 66], has led to the hypothesis that myoblasts may be
committed to several different lineages. Although the bulk
of evidence supports the theory of distinct myoblast
lineages for the expression of fast and slow MyHCs, some
investigators have found no evidence for differential ex-
pression of MyHCs in vitro [19] or in vivo [29]. Some have
proposed that myofiber diversity arises only subsequent to
myotube formation and that presumptive myoblasts are not
committed to distinct lineages [29, 61]. Thus a key ques-
tion that remains unanswered in myogenesis is when and
via what mechanism does commitment to fast or slow
MyHC expression occur.

Myoblast transfer is used in this study to determine if
specific fast or slow MyHC expressing myoblasts are
present in fetal chicken muscles (day 11 in ovo) and
whether these specific myoblast lineages would maintain
their MyHC expression in a foreign, adult regenerating
environment. Myoblast transfer is a protocol in which
donor myoblasts, which have been harvested elsewhere,
are introduced into a growing or regenerating host muscle
[30, 35, 50]. If host myogenic activity is sufficient, the
transferred myoblasts will fuse to endogenous myoblasts
and form mosaic fibers with myonuclear domains derived
from both host and donor tissue or the implanted myoblasts
will fuse to each other and form homogeneous myotubes.
Myofibers derived from donor cells can be traced by
labeling the donor myoblasts with genetic or histological
markers such as 5-Bromo-2’deoxyuridine (BrdU), which
can later be visualized with immunological staining tech-
niques [62] or by transferring cells whose phenotypic
expression (eg. glucose-6-phosphate isomerase, phospho-
rylase kinase, etc.) is different from that of the host [23, 31,
32,33, 34, 44, 45, 46, 47, 51, 64, 65, 68].

It has been known for some time that irradiation admin-
istered at a proper dosage is very effective in suppressing
proliferation and fusion of myogenic stem cells in skeletal
muscle, especially satellite cells [1, 24, 46, 63, 67]. In this
study we tested the myogenic potential of injected pre-
sumptive myoblasts in both non-irradiated and in ir-
radiated adult muscles and have found that suppression of
endogenous satellite cells was required in order to detect
differences in MyHC expression.

Materials and Methods

Animal model

isogenic chicken embryos. All procedures were approved
and monitored by the University of California, Davis de-
partment of Environmental Health and Safety and Animal
Health and Welfare’s Animal Use and Care Administra-
tive Advisory Committee.

BrdU labelling

Myoblasts were labeled in the embryonic chick via in-
jection of 200 ul of a 10 mM BrdU (5-Bromo-2’deoxy-
uridine) solution in phosphate buffered saline into the
airspace of each egg, 14-16 hours prior to cell harvest.
BrdU labeled all cells undergoing mitosis. The presence of
BrdU was detected in fixed tissue sections and cell cultures
via reactivity with a commercial monoclonal anti-BrdU
primary antibody.

Myoblast preparation and muscle cell culture

Myoblasts were prepared as previously described [6] and
were either injected into an adult chicken host muscle or
plated for cell culture. Myoblasts were derived from 11
day-old fetal, presumptive fast twitch pectoralis major
(PM) and slow tonic/fast twitch adductor complex (pre-
sumptive medial and lateral adductor (AD) muscles). The
fetal muscles were removed, placed in 10 mis of Ham’s
F-10 (Irvine Scientific) and finely minced. The media was
replaced with 10 mls of 0.05% to 0.1% Trypsin in Hanks
BSS and incubated at 37°C. After 4-8 minutes, trypsiniza-
tion was stopped by transferring the cell suspension into a
polypropylene centrifuge tube containing 30-40mls of
20% donor horse.serum (Hazleton) in Ham’s F-10. The
cells were pelleted by centrifugation at 1200g for approxi-
mately 4-5 minutes, the supernatant discarded and the
pellet resuspended in 10-12 mls of media composed of

- 80% Ham’s F-10, 15% horse serum (Gibco), 1% CaCl,

All myoblast injection, cold injury and irradiation studies ‘

were carried out in 6 month to 1 year-old White Leghorn
(Line 03) adult chickens originating from University of
California, Davis flocks. A total of 6 chickens were in-
jected in the non-irradiated studies and 4 chickens in the
irradiation experiments. Myoblasts for cell culture and
myoblast transfer were derived from 11 day-old fetal [25]
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(100mM), 0.5% Glutamine (100mM) and 3% embryo
extract. The suspension was filtered through 2 layers of
Nitex mounted in Swinney filters. Mononucleated cell
concentration (which includes fibroblasts as well as myo-
blasts) was determined via a Coulter Counter and the
suspension was diluted with additional media to deliver
approximately 100,000 cells in 0.1 ml per injection site in
the non-irradiated experiments and 500,000 per 0.1 ml per
injection site in the irradiation studies. The number of
mononucleated cells delivered to each injection site was
increased in the irradiated experiments in order to compen-
sate for the lack of endogenous satellite cells at the injury
site in these muscles. To check for viability, cells were
plated for culture in collagen coated 35mm dishes at ap-
proximately 300,000 cells per plate and routinely checked
for the appearance of myotubes. The cell cultures were
allowed to incubate for 4 days.

Irradiation of host muscle

In some of the experiments, host muscles were irradiated
just prior to cold injury to suppress regeneration of endo-
genous satellite cells [1]. Adult chickens were intubated
and maintained by inhalation anesthesia with 0.2% iso-
flourane. An incision was made in the skin overlying the
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muscle so that the exact location of the muscle could be
verified and the field to be irradiated could be marked
directly on the muscle. The muscle was exposed to a Cobalt
source of gamma irradiation in a uniform field measuring
4x4cm for pectoralis major (PM), and 4x5.5cm for the
anterior latissimus dorsi (ALD, another slow tonic
muscle). The ALD was chosen for these experiments due
to the difficulty in accessing the medial adductor (MA)
with the irradiation source (See Cold Injury section
below). Dosages ranging from 1500 rads to 5000 rads were
applied to the PM muscle to determine the optimal radia-
tion dose. All muscles were irradiated for 20 minutes. In
some cases the irradiation source was moved varying
distances from the chicken to modify the dosage. The
dosage sufficient to suppress the endogenous regenerative
response to cold injury was typically 4500 rads for ap-
proximately 20 minutes. Radiation doses in excess of 5000
rads damaged the non-injured, adult myofibers.

Cold injury

Cold injury was performed on host muscles in order to
induce regeneration of non-irradiated muscles and en-
courage incorporation of injected donor myoblasts into
developing myofibers. Cold injury of irradiated muscles
was used in order to provide a favorable regenerative
environment for the injected donor cells. In the non-ir-
radiated birds, cold injury was performed 3 days prior to
myoblast injection on the PM and Medial Adductor (MA,
adult slow specific) muscles. The MA was chosen for these
initial non-irradiated experiments because it is derived
from the fetal AD complex, whichis alarger source of fetal
cells than the ALD and because the MA is a larger adult
muscle than the ALD. The birds were anesthetized with
Sodium Pentobarbital and the skin over the PM incised.
The incision was large enough to allow access to the MA
muscle as well. A metal rod, 1 cm in diameter, was cooled
in liquid nitrogen and pressed lightly to the muscle surface
for approximately 10 seconds. Four to 6 spots were injured
on each PM muscle and 2-3 areas on each MA muscle. In
the irradiated muscles, cold injury was performed at the
time of irradiation (anesthesia described above). Four sites
were injured on each PM muscle. The ALD muscle (used
as hostinstead of MA, see above rationale in the Irradiation
of host muscle section) had 2 injury sites on one side, the
other side serving as a control. In the non-irradiated study,
muscles were allowed to regenerate for 7 days post-injec-
tion for a total of 10 days post cold-injury. Irradiated
injected muscle regenerated for 7 and 14 days post collec-
tive trauma.

Tissue preparation and Immunocytochemistry

Tissue preparation and cryosectioning was performed as
previously described [9]. Seven to 14 days post trauma, the
injured/injected portions of the host muscles, as identified
by superficial round white spots of necrotic tissue, were
excised and quick frozen in Freon [22] cooled in liquid
nitrogen. As many of the originally cold injured sites were
frozen and assayed as possible. Occasionally, tissue blocks
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Table 1. The specificities reported here are based on a com-
bination of ELISA and data from western blots and
immunocytochemistry.

THE SPECIFICITY OF ANTI-MYHC

MONOCLONAL ANTIBODIES
ANTIBODY SPECIFICITY
HVI11 ventricular MyHC
EB165 embryonic and adult fast MyHC isoforms
B103 embryonic and neonatal fast MyHC isoforms
2E9 neonatal fast MyHC only
ABS adult fast MyHC only
NA1 SM2 MyHC only
NA2 SM1 and SM2 MyHC isoforms
NA3 SM2 MyHC only
NAS8 SM2 and Atrial (or SM3) MyHC isoforms

were rejected due to extensive connective tissue infiltra-
tion or unsuccessful injection attempts as evidenced by a
lack of BrdU staining at the injection site or lack of an
injection bolus as visualized with hematoxylin and eosin
staining in the irradiated studies. Typically 2-4 sites were
assayed from the PM muscles and 1-2 sites from the MA
and ALD muscles. Tissue blocks were stored at -80°C. Ten
micrometers thick tissue sections were cut on a Slee cryo-
stat and mounted on gelatin coated coverslips. Immunocy-
tochemical staining has been previously described [6].
Sections reacted with BrdU primary antibodies (Becton-
Dickinson) were initially fixed in methanol for 10 minutes
and rinsed with PBS, followed by immersion in 2N HCI
for 10-20 minutes to denature the DNA. All tissue sections
were blocked for 15-30 minutes in a 2% horse serum in
PBS solution, then incubated with primary antibodies
ranging in concentration from 1:1000 to 1:5000 (1:20 for
BrdU) in a 1% horse serum PBS for 1 hour at room
temperature or overnight at 4°C. Incubation with biotiny-
lated rabbit anti-mouse IgG for 30 minutes was followed
by biotin-avidin-peroxidase complex in 1% horse serum
PBS for an additional 30 minutes according to a Vecta
Stain ABC kit (Vector Laboratories). Antibody staining
was visualized with 0.2 mg diaminobenzidine (DAB) in
100mM Tris Buffer and 0.01% H,0,. Standard ethanol and
xylene rinses allowed for permanent mounting (Per-
mount). Cell culture plates were doubly stained with DAB
and 4-Chloro-1-napthol as previously described [8]. My-
onuclei were reacted with antiBrdU antibodies and were
visualized with DAB as described above. DAB staining
was immediately followed by treatment of the cultures
with 0.1M glycine (brought to pH 2.8 with HCI) for 10
minutes in order to remove bound IgG. The cultures were
reblocked with 2% horse serum, incubated with anti-my-
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Figure 1. Muscle cell culture of day 11 fetal chick myoblasts derived from presumptive PM (a,c,e) and AD complex (b,d.f).
Cultures were fixed at 4 days and were double immunostained for BrdU (nuclei, arrows a-f) and MyHCs (myofibers
a-f). Cultures prepared from the PM and the AD reacted with HV11 ventricular/embryonic antibody (a,b) and
EBI65, embryonic fast antibody (c,d). No staining with NAI adult slow antibody was observed in cells derived from
the presumptive fast PM (e), however, some cells in the AD cultures reacted with the antibody. Magnification 450X.
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osin monoclonal antibodies as described above; however,
myosin staining was visualized with 4-Chloro-1-napthol
in 0.1M Tris buffer ph 7.4 resulting in a light purple stain.
Photomicrographs were taken on a Nikon Diaphot micro-
scope with Tri-X pan film.

Antibody specificity

Antibody specificities have been described elsewhere [6,
8,9]. Table 1 summarizes the specificity of the monoclonal
antibodies used in this study.

Results

BrdU labelling and myoblast viability

In order to identify myoblasts injected into non-ir-
radiated host muscle, embryos were incubated with 5-
Bromo-2’Deoxyuridine (BrdU). Cells isolated from these
embryos were viable and both fibroblasts and myoblasts
exhibited BrdU labelling. Myoblasts from both the PM and
the AD muscles of 11 day fetal chicken were able to
proliferate and fuse to form myotubes which expressed
MyHCs. All cultures reacted with the BrdU specific anti-
body (Figure 1, arrows). Myotubes formed in cultures
derived from PM cells reacted with HV11 and EB165
(Figure 1a, c). No staining was observed with NA1 anti-
body (Figure le). The number of myotubes formed was

similar to control cultures prepared from cells not labeled
with BrdU suggesting that the level of BrdU incorporation
did not have a significant impact on myogenesis. Cultures
derived from adductor muscle cells displayed similar reac-
tivity with HV11 and EB 165 antibodies (Figure 1b, ¢} and
afew fibersreacted with NA1 (Figure 1f). When cells from
the PM and AD of BrdU labeled embryos were injected
into cold-injured muscle, the anti-BrdU antibody reacted
with the majority of the myonuclei incorporated into re-
generating myofibers (Figures 2a, 3a arrows). These re-
sults indicate that the BrdU labeled cells remain viable and
retain their myogenic potential.

Myoblast transfer into cold injured adult muscle

Localized cold injury stimulates endogenous satellite
cells to divide mitotically and produce new myotubes [9,
56]. Adult chicken PM and MA muscles were cold injured
3 days prior to injection and muscle precursor cells
harvested from fetal AD and PM muscles were injected
into the adult cold injured site. Regenerated muscle sites
were analyzed 7 days post injection, a total of 10 days after
cold injury.

Myonuclei in regenerating PM muscle injected with
BrdU labeled fetal myoblasts derived from the AD muscle
complex reacted with the BrdU specific antibody (Figure
2a, arrows). In addition, fibers reacted with HV11, EB165,

Figure 2. Serial sections of regenerating, cold injured PM muscle 7 days post-injection with fetal AD myoblasts. Centrally
placed myonuclei in regenerating muscle fibers reacted with BrdU antibody (a, arrows). Myofibers (see fibers
labeled 1,2,3) reacted with ventricular HV11 (b), embryonic fast EB165 (c), BI103 (d), neonatal fast 2E9 (e), and
adult fast AB8 (f) MyHC antibodies. No fibers were observed that reacted with slow MyHC specific antibodies NA2

(g) or NAI (h). Magnification 250X.
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B103, 2E9, and AB8 (Figures 2b-f). However, no fibers
were observed that reacted with slow MyHC specific
antibodies NA2 or NA1 (Figure 2g, h).

Myonuclei in regenerated MA muscle injected with
BrdU labeled fetal muscle precursor cells derived from the
PM reacted with the BrdU specific antibody (Figure 3a,
arrows). Fibers that reacted with HV11, EB165, and B103
antibodies were observed (Figure 3b, c, d), but no fibers
were found to react with 2E9 and AB8 antibodies (Figure
3e,f). Thus many regenerating fibers expressed ventricular
and embryonic fast MyHCs, but none went on to express
neonatal or adult fast isoforms. Most fibers reacted with
slow MyHC specific NA2 and NA1 antibodies (Figure
3g,h).

Irradiation of adult muscle

In order to reduce the contribution of activated endo-
genous satellite cells in regenerating muscle, host muscles
were irradiated prior to cold injury. Irradiated muscles
showed a reduced regenerative response. Since HV11
antibody only reacts with newly formed myotubes in
skeletal muscle [6], the reactivity of the antibody with
myotubes following cold-injury is a marker for muscle
regeneration. Cold-injured PM muscle shown at extremely
low magnification 7 days after irradiation exhibited a

graded response as the radiation dose increased from 0-
4500 rads (Figure 4a-d, small stained cells are regenerating
myofibers). It was not possible to reduce regeneration in
the ALD to the same extent as in the PM (Figure 4e, f).
Attempts at doses higher than 5000 rads often resulted in
adult myofiber degeneration (data not shown). The
suppressed regenerative response was maintained for at
least 14 days after irradiation (data not shown). An optimal
dose level of 4500 rads was set for all experimental
muscles, although suppression of endogenous ALD satel-
lite cells was incomplete.

Adult irradiated PM muscles injected with AD myo-
blasts

Irradiated aduit PM muscles were injected with myo-
genic cells derived from the 11-day fetal AD and analyzed
at 7 days post injection. Unlike uninjected controls, a
strong reactivity with HV11 antibody in the cold-injured
zone was observed (Compare Figures 4d and 5a). Serial
sections of the cold injury site shows fibers staining with
EB165 (adult fibers also stained, designated af) and B103
antibodies (Figure 5b, ¢) and a small population of cells in
the regenerative zone reacting with 2E9 (Figure 5d). Vir-
tually no reactivity was seen with AB8 in the regenerating
zone, although adult fibers (af) showed positive staining

Figure 3. Serial sections of regenerating, cold injured MA muscle 7 days post-injection with fetal PM myoblasts. Centrally
placed myonuclei in regenerating muscle fibers reacted with BrdU antibody (a, arrows). Myofibers (see fibers
labeled 1,2,3) reacted with ventricular HVI11 (b), embryonic fast EBI65 (c), and a few with B103 (d) MyHC
antibodies. No reactivity was observed with neonatal fast 2E9 (e) or adult fast AB8 (f) MyHC antibodies. Typical
of regenerating MA, myofibers stained with slow MyHC specific antibodies NA2 (g) or NAI (h). Magnificd?ian

250X.
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Figure 4. PM and ALD muscles examined 7 days after cold injury and irradiation. The entire regenerating zone is shown
at this magnification (20X). Newly forming myotubes are visualized as small dark staining cells in the regenerating
zone (arrows). Non-irradiated control PM (a) and ALD (e) muscles demonstrates typical regeneration after cold
injury as visualized with HV11 antibody staining (arrows). Administration of irradiation for 20 minutes at 1500
rads (b), 3500 rads (c), and 4500 rads (d) shows increased suppression of regeneration with higher doses of
radiation. Suppression of regeneration in the ALD muscle was not equivalent at 4500 rads (f).

Figure 5. Serial sections of regenerating, cold injured PM muscle 7 days post-injection with fetal AD myoblasts.
Regenerating myofibers reacted with ventricular HV11 (a), embryonic fast EB165 (b), B103 (c) MyHC antibodies.
Sparse staining was observed with neonatal fast 2E9 (d) and no clearly labeled cells in the regenerating zone were
seen at this magnification stained with adult fast AB8 (e) MyHC antibodies. Adult non-regenerating fibers (af)
showed positive staining with EB165 and AB8 antibodies (b,e). However, some reactivity with slow MyHC specific
antibodies NA2 (f) or NA8 (g) was observed in a small population of regenerating myofibers. No reactivity was seen
with NAI (h) at this time period. Magnification 20X.
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(Figure Se). Contrary to the results in non-irradiated
muscle, there was clear labeling of regenerating myofibers
with slow MyHC specific antibodies NA2 and NAS8 (Fig-
ure 5f, g), butno labeling was found with NA 1, an antibody
to SM, MyHC (Figure 5h). Higher magnification shows
fibers that reacted with slow MyHCs also reacted with
HV11 antibody (Figure 6a,f,g); however, there was very
little co-labeling of the fibers that reacted with 2E9 and
slow MyHC antibodies (Figure 6d, f, g).

Irradiated adult PM muscles injected with myoblasts
from fetal AD analyzed at 14 days post injection exhibited
antibody reactivity similar to that shown at 7 days. Label-
ling with ventricular/embryonic MyHC antibodies HV11,
EB165 and B103 was still apparent (Figure 7a, b, ¢) in the
regenerating zone. Adult fibers (af) reacted with EB165 as
well (Figure 7b). Reactivity with neonatal fast specific 2E9
is increased over that seen at 7 days (Figure 7d). Similar to
7 days post injection, at 14 days, very little staining is seen
with AB8 adult fast MyHC specific antibody except in the
non-regenerating adult fibers (af) (Figure 7e). Some reac-
tivity is seen with slow specific MyHC antibodies NA2 and
NAS (Figure 71, g).

Adult irradiated ALD muscles injected with PM myo-
blasts

Irradiated and cold injured adult ALD muscles were
injected with myoblasts from the fetal PM and analyzed 7
days post injection. Because the ALD is a thin muscle, the
extent of the cold injury and regenerative area often
spanned the width of the muscle section (Figure 8). Re-
generating myofibers reacted with ventricular/embryonic
MyHC specific antibodies HV11, EB165 and B103 (Fig-
ure 8a, b, ¢). Some myofibers in the regeneration zone also
reacted with slow MyHC specific antibodies NA2, NA&
and NA1 typical of slow muscle regeneration (Figure 8f,
g, h). Most significantly, myofibers reacted with 2E9 anti-
body specific for the neonatal fast MyHC (Figure 8d).
Although labeling is very sparse, some fibers also reacted
with adult fast MyHC specific AB8 antibody as well
(Figure 8e). At higher magnification, co-labeling of re-
generating myofibers with HV11, EB165, B103, and 2E9
can be more clearly observed (Figure 9a,b,c,d arrows). No
reactivity with AB8 is seen in this section (Figure 9e).
Regenerating fibers labeling with NA8 and NA1 antibo-
dies are shown as well ( Figure 9f, g, arrows).

Figure 6. Serial sections of regenerating, cold injured PM muscle 7 days post-injection with fetal AD myoblasts shown at
ahigher magnification. Myofibers markedwith arrows indicate the same fiber throughout the sections. Regenerating
myofibers reacted with ventricular HV11 (a), embryonic fast EB165 (b), B103 (c) MyHC antibodies. Staining was
observed in the regenerating zone with neonatal fast 2E9 (d) and slight staining with adult fast AB8 (e) MyHC
antibodies. Adult non-regenerating fibers (af) showed positive staining with EB165 and AB8 antibodies (b,e). At
this magnification, myofibers are clearly labeled with slow MyHC specific antibodies NA2 (f) and NA8 (g) and some
co-labeling is seen with fibers also stained with HV11 and 2E9 (arrows). No reactivity was seen with NAI Th).

Magnification 100X.
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Figure 7. Serial sections of regenerating, cold injured PM muscle 14 days post-injection with fetal AD myoblasts.
Regenerating myofibers reacted with ventricular HV11 (a), embryonic fast EB165 (b), B103 (¢) MyHC antibodies.
Reactivity with neonatal fast specific 2E9 antibody (d) is increased over that seen at 7 days (compare to Figure 5d).
Few clearly labeled cells in the regenerating zone were seen at this magnification which reacted with adult fast
ABS8(e) MyHC antibody. Adult non-regenerating fibers (af) showed positive staining with EB165 and AB8 antibodies
(b,e). However, some reactivity with slow MyHC specific antibodies NA2 (f), NAS, (g) was observed in a small
population of regenerating myofibers. Magnification 20X.

Figure 8. Serial sections of regenerating, cold injured ALD muscle 7 days post-injection with fetal PM myoblasts.
Regenerating myofibers reacted with ventricular HV11 (a), embryonic fast EBI65 (b), B103 (c) MyHC antibodies.
Staining was observed with neonatal fast 2E9 (d) and very sparse reactivity was seen with adult fast AB8 (e) MyHC
antibodies. Some reactivity with slow MyHC specific antibodies NA2 (f), NA8 (g), and NAI was observed in a small
population of regenerating myofibers and adult fibers (af). Magnification 20X.
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Irradiated and cold injured adult ALD muscles were
injected with myoblasts from the fetal PM and analyzed at
14 days post injection. Regenerating fibers in the ALD
muscles continued to react with ventricular/embryonic
MyHC antibodies (Figure 10a, b, ¢) and neonatal MyHC
fast specific antibody, 2E9 (Figure 10d). Adult fast MyHC
specific ABS8 labeling was minimal, but present (Figure
10e). Slow specific myosins continued to be expressed as
indicated by labeling with NA8 and NA1 (Figure 10f, g).
Discussion

In this report, we demonstrate that cells isolated from
fetal chicken muscles are viable when injected into re-
generating muscles in adult chickens. However the muscle
origin of the injected cells had no detectable effect on
MyHC expression in the regenerating muscle fibers unless
the endogenous satellite cell population was first
suppressed by irradiation prior to donor cell injection. The
ability of donor cells to determine MyHC expression in
regenerated fibers is consistent with previous studies sug-
gesting that avian myoblasts are committed to distinct
programs of MyHC expression [60].

In the experiments where muscle precursor cells were
injected into host regenerating muscle that had not been
previously irradiated, regenerating fibers only expressed
MyHC isoforms typical of the regenerating fast or slow

muscle fiber. These results are similar to other studies
where the phenotypic expression of MyHC was charac-
teristic of host muscle [29, 37]. In our studies it appears
likely that the injected cells fused with endogenous satel-
lite cells forming “mosaic” fibers [47, 65] containing
donor (BrdU-labeled) and host derived (umlabeled) my-
onuclei. While we cannot rule out the possibility that the
incorporated myonuclei labeled with BrdU are not ex-
pressing any MyHCs, BrdU-labeled myoblasts are com-
petent to differentiate in culture and produce myotubes
which express MyHCs similar to unlabeled control myo-
blasts. Since we were not able to detect any atypical
isoforms in the injected muscles, it is possible that factors
produced by the endogenous satellite cell derived myonu-
clei may regulate MyHC expression of the fetally derived
myonuclei in the syncytia of the hybrid fibers. If this is
correct, then the commitment of myoblasts to specific
patterns of MyHC expression seen in vivo and in vitro can
be altered. However, we can notrule out the possibility that
the viability of the injected myoblasts was too low to affect
MyHC expression. Despite the donor myoblasts’ ability to
differentiate in vitro, their viability may have been
decreased because of immune attack at the host injection
site due to their suspension in horse serum. Low viability
coupled with competition from the endogenous satellite
cells may have rendered any atypical MyHC expression

Figure 9. Serial sections of regenerating, cold injured ALD muscle 7 days post-injection with fetal PM myoblasts shown
at a higher magnification. Myofibers marked with arrows indicate the same fiber throughout the sections.
Regenerating myofibers reacted with ventricular HV11 (a), embryonic fast EB165 (b), B103 (c) MyHC antibodies.
Slight staining was observed with neonatal fast 2E9 (d) and no reactivity with adult fast AB8 (e) MyHC antibodies
in these sections. Some myofibers are also labeled with slow MyHC specific antibodies NA2 (f) and NA8 {(g).

Magnification 100X.
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Figure 10. Serial sections of regenerating, cold injured ALD muscle 14 days post-injection with fetal PM myoblasts.
Regenerating myofibers reacted with ventricular HV11 (a), embryonic fast EB165 (b), B103 (c) MyHC antibodies.
Reactivity with neonatal fast specific 2E9 antibody (d) is similar to that seen at 7 days. Few cells were seen that
stained with adult fast AB8 (e) MyHC antibody. Some reactivity with slow MyHC specific antibodies NAS(f), NA1,
(g) was observed in a small population of regenerating myofibers and adult fibers (af). Magnification 20X.

from the injected cells impossible or undetectable with our
antibodies. It may also be possible that atypical MyHCs
were expressed transiently, at earlier time periods which
were notexamined. Clearly any early expression of foreign
MyHC:s did not persist to seven days post-trauma.

In contrast to the above results, injection of muscle
precursor cells from the fetal AD muscle into the irradiated
PM muscle resulted in fibers in the PM that expressed fast
and slow MyHCs as demonstrated by immunocytochem-
istry with isoform-specific monoclonal antibodies. Re-
generating fibers in the PM have not been shown
previously to produce slow MyHCs even in the absence of
innervation [9]. Since cold-injured irradiated PM muscle
showed almost no regeneration, these newly formed myo-
fibers are most likely predominantly derived from injected
myoblasts. The MyHC expression pattern of these fibers
is consistent with the source of the donor myoblasts, since
the AD muscle contains both a slow (medial) and a fast
(lateral) component, and cell cultures derived from these
cells formed myotubes producing predominantly fast and
a few slow myotubes. In a similar manner, injection of
muscle precursor cells from the fetal PM into the irradiated
ALD muscle resulted in regenerated fibers in the ALD that
contained neonatal and adult fast MyHCs, fast isoforms
not previously detected in regenerating slow muscle. We
also observed regenerating fibers expressing stow MyHCs
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in the ALD. However because we were unable to
completely suppress the endogenous satellite cell popula-
tion, we cannot determine whether these isoforms were
produced from donor or host myonuclei. In both cases,
while there was extensive myogenesis as detected by
ventricular MyHC expression in the cold injured areas
following cell injection, the appearance of atypical MyHC
isoforms derived from the donor cells was not widespread.
This might suggest that fetally-derived muscle precursor
cells might not readily replace adult satellite cell derived
myoblasts as a source of new fibers in adult muscle. This
would be consistent with recent studies indicating that
satellite cells and fetal myoblasts represent distinct myo-
genic lineages as determined by MyHC expression in vitro
[10, 11, 21, 26, 27]. The low amounts of atypical MyHC
expression may also be due to Jow viability of the injected
cells at the trauma site. However, because there is less
competition with endogenous satellite cells in irradiated
muscle, even a severely decreased population of myoblasts
might be capable of producing a detectable amount of
donor MyHCs.

Irradiation of host muscle prior to donor cell injection
has previously been used to suppress endogenous satellite
cells [1, 24, 46, 63, 67]. In the PM muscle we could
essentially completely inhibit muscle regeneration as de-
monstrated by the absence of newly formed myofibers that
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reacted with HV11 antibody [6]. However, in our studies
we were unable to completely eliminate regeneration in the
ALD muscle unless irradiation doses which resulted in
damage to existing muscle fibers were used (data not
shown). Although the molecular basis for the differential
susceptibility of the two populations of satellite cells is
unclear, it is another example of differences between satel-
lite cells in fast and slow muscles [20, 22].

Our results demonstrate that the source of donor myo-
blasts can affect the expression of MyHC isoforms in the
muscle fibers they form in vivo. Since transfer of normal
myoblasts into diseased muscle has demonstrated the
feasibility of correcting muscle genetic defects [31, 32, 33,
34, 44, 45, 46, 47, 51] it will be important to ensure that
the donor cells do not alter the myosin phenotype and thus
the contractile properties of the myofibers they that popu-
late.
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