ABSTRACT: Studies on the effects of time and passage on porcine pri-
mary muscle cell cultures and methods to purify myoblasts were conducted
using flow cytometry and fluorescence-activated cell sorting (FACS). Pri-
mary muscle cells cultured on single plates revealed a small cell (<10 mm
diameter) population consisting of 90% desmin-positive myoblasts and a
large cell (=10 mm diameter) population containing desmin-positive myo-
blasts and nonmyoblasts. The small myoblasts were detectable up to 28
days but after cell sorting and passage, they became indistinguishable from
the large myoblast population. This indicates that pig muscle contains small
self-renewing myoblasts similar to humans, that become larger when in-
duced to proliferate. A human myoblast-specific monoclonal antibody allows
FACS of both large and small myoblasts from primary cells within 2 days of
culture and independent of passage. These characteristics of porcine myo-
blasts indicate that the pig may be a suitable large animal model for myo-
blast-mediated gene transfer.
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Swine are a suitable large animal model for human
biomedical research because their organs and tissues
are similar in size and function to adult humans. Pigs
have been used to evaluate gene therapy for repair
of vascular smooth muscle using adenoviral vectors’
and for myocardial repair by myoblast transplanta-
tion."® A transgenic pig model has recently been de-
veloped for retinitis pigmentosa.'' An additional ad-
vantage to using pigs in biomedical research is that
contemporary pigs can grow to greater than 100 kg
within 10 months from conception. This phenom-
enal growth rate and the accompanying skeletal
muscle hypertrophy is supported by a population of
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muscle satellite cells (myoblasts) located between
the basal lamina and the sarcolemma. These myo-
blasts will fuse and donate nuclei to existing muscle
fibers during hypertrophy and muscle repair.'® This
study was initiated to develop the pig as a large ani-
mal model for myoblastmediated gene transfer to
study growth and development.

A major limitation in developing a porcine
model is the isolation and purification of myoblasts.
Primary muscle cell preparations are often contami-
nated with a significant number of nonmyogenic
cells, such as fibroblasts."'®> Myoblasts are capable of
finite proliferation in Vitro,17 and traditional clonal
isolation techniques will expend much of the pig
myoblasts’ limited proliferative capacity (unpub-
lished observations). Webster et al.'” utilized a
muscle-specific antibody'® for fluorescence-activated
cell sorting (FACS) of myoblasts from primary hu-
man muscle cell after in vitro culture. Barrafio et al.?
developed a technique to isolate human satellite
cells from mixed primary human muscle cell prepa-
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rations without cell culture using the forward angle
light scatter (FALS) and 90° light scatter (90°LS)
characteristics detected by a flow cytometer.

We investigated the effects of time in cell culture
and passage on myoblast yield and morphology in
mixed primary muscle cell cultures using flow cytom-
etry. The results from these experiments indicated
the presence of two populations of myoblasts in pig
skeletal muscle and led to the development of meth-
ods to isolate porcine myoblasts using FACS based
on either cell size or myoblastspecific antibodies.
The ability to purify pig myoblasts that retain the
majority of their proliferative capacity will enable de-
velopment of the pig as a large animal model for
myoblast-mediated gene transfer.

MATERIALS AND METHODS

Mixed Primary Cell Preparation. Primary muscle
cells were prepared by pronase digestion (Calbio-
chem, San Diego, CA) of the semimembranosus
from 2—-4-week-old male pigs as described by Doumit
and Merkel* in accordance with Purdue University
animal care and use guidelines. Isolated cell pellets
were resuspended in growth medium consisting of
minimal essential medium (MEM; Lifetechnologies
Inc., Gaithersburg, MD) containing 10% fetal bovine
serum (FBS; Harlan Bioproducts, Indianapolis, IN),
1% antibiotic/antimycotic (Sigma Chemical Co., St.
Louis, MO), and 0.1% gentamycin (Calbiochem,
San Diego, CA). Cell suspensions were filtered
through a 250-pm mesh prior to plating on culture
dishes coated with 0.1% Type A porcine gelatin
(Sigma Chemical Co.).

Clonal Line Isolation and Characterization. Myo-
blast and fibroblast clonal lines were isolated to vali-
date myoblast-specific antibody binding and to de-
termine flow cytometry parameters for purification
of myoblasts from mixed primary cultures. Single
cells were isolated from mixed primary porcine
muscle cell preparations by a Quixell robotics cell
manipulator (Stoelting Co., Wood Dale, IL) and
transferred to a 96-well plate. Once clonal lines had
established growth, they were transferred to 10-cm
tissue culture plates and allowed to proliferate until
70-80% confluent. Clonal cells were grown and split
into three culture aliquots for use in fusion assays
(first aliquot) and reverse transcriptase-polymerase
chain reaction (RT-PCR, second aliquot); the third
aliquot was allowed to proliferate in culture and fro-
zen in liquid nitrogen for future flow cytometric
analysis. The first aliquot was cultured in the pres-
ence of growth medium until 60-80% confluent, at
which time medium was replaced with myotube fu-
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sion medium consisting of MEM containing 107°
mol/L insulin for 4 days. Monolayers were stained
with Geimsa (Sigma Chemical Co.) and myotubes
were defined as cells containing three or more nu-
clei. Fusion index was determined in three micro-
scopic fields and calculated by dividing the total
number of nuclei in myotubes by the total number
of nuclei in the field.

Poly A+ messenger RNA (mRNA) was isolated
from the second culture aliquot and used for RT-
PCR to determine the presence of myogenin, a-
skeletal actin, and myoD mRNA. Primers for glycer-
aldehyde-3-phosphate dehydrogenase were used as a
positive control for mRNA isolation and comple-
mentary DNA synthesis.

Flow Cytometric Analysis. For analysis of live cells
by flow cytometry, adherent cells were removed from
plates via a 15-min incubation in a 0.5 mol/L edetic
acid (EDTA)—phosphate-buffered saline (PBS) solu-
tion. To reduce cell clumping, cells were incubated
in a 0.53 mmol/L EDTA-PBS solution for 30 min,
centrifuged for 5 min at 500 g and finally resus-
pended in MEM prior to analysis. Some muscle cell
preparations were analyzed using a myoblast/
myotube-specific monoclonal antibody 5.1H11'*'®
obtained from the Developmental Studies Hybrid-
oma Bank (The University of Iowa, Iowa City, IA).
Tissue culture plates containing primary prepara-
tions were blocked with 5% bovine serum albumin in
PBS for 30 min, followed by a 30-min incubation with
5.1H11. This was followed by a 30-min incubation
with a phycoerythrin-conjugated goat antimouse sec-
ond antibody. To remove cells from the tissue cul-
ture plate without disrupting antibody binding,
plates were incubated for 15 min in a calcium phos-
phate-free PBS solution containing 0.53 mmol/L
EDTA. Cells were then centrifuged for 5 min at 300
g and resuspended in MEM prior to FACS analysis.
Propidium iodide was added to all cell suspensions
to detect nonviable cells.

A Coulter EPICS Elite flow cytometer (Coulter
Corp., Hileah, FL) with a 488nm argon laser was
used to detect FALS, 90°LS, and phycoerythrin emis-
sions at 590 nm of antibody-labeled porcine cells.
Fluorescent beads of 10-, 20-, and 40-pm diameters
(Fluorospheres Fullbright, Coulter Corp.) were used
to calibrate FALS for cell size measurements. Elec-
tronic compensation was used to decrease back-
ground interference. Following sorting, cells were
plated on 10-cm gelatin-coated tissue culture plates
for 24 h. The presence of myoblasts in sorted popu-
lations was determined by the myotube fusion assay
as described above and the presence of the muscle-
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specific intermediate filament protein, desmin.” Cell
monolayers were fixed with 1:1 methanol:acetone
and incubated with a desmin monoclonal antibody
(ICN Biomedical, Costa Mesa, CA) for 1 h, washed
extensively in PBS, and then incubated with a fluo-
rescein isothiocyanate (FITC)-conjugated goat anti-
mouse secondary antibody. Fluorescent cells and to-
tal cells were counted in five microscope fields to
determine percentage of desmin-positive cells.

RESULTS

Clonal myoblast lines were identified by the pres-
ence of muscle-specific mRNA for myoD, myogenin,
and o-skeletal actin, as well as their ability to form
myotubes. Nonmyoblast clonal lines were not fur-
ther characterized. Once clonal myoblasts and non-
myoblasts had been established, fourth and sixth
passage cells were analyzed by flow cytometry. The
parameters of cell size and nuclear/ cytoplasmic ratio
were ‘determined by FALS and 90°LS, respectively.
When clonal myoblasts and nonmyoblasts were ex-
amined individually they produced similar distribu-
tions of FALS and 90°LS (Fig. 1A and B). When
clonal myoblasts and nonmyoblasts were mixed to-
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gether, the two separate cell types could not be dis-
tinguished (Fig. 1C).

To investigate the possibility that extended
growth in cell culture or passage may have changed
cell morphology, flow cytometric analysis was con-
ducted on primary porcine preparations prior to
first passage and following second passage. The ef-
fect of time in cell culture was tested by incubating
mixed primary muscle cell preparations on a single
plate for 2, 3, 4, 5, 10, 15, and 28 days prior to analy-
sis. Tissue culture plates had become 100% conflu-
ent by day 10 and two separate populations were
detected by 90°LS and FALS at all time points. The
results for days 2, 5, and 28 are shown in Figure 2
(A—C). The small cell population was composed of
cells less than 10 pm in diameter, whereas the large
cell population was composed of cells greater than
10 pm and less than 20 pm diameter as determined
by presized fluorescent beads. Over time, the pro-
portion of cells in the small cell population de-
creased and the large cell population increased. To
determine if passage would affect cell morphology,
mixed primary muscle preparations were split and
replated two times at a density of 10* cells per square

Cell Count

FIGURE 1. Three-dimensional contour plot of porcine clonal muscle cell lines using 90°LS, FALS, and cell count parameters for (A) fourth
passage clonal myoblasts, (B) fourth passage clonal nonmyoblasts, and (C) mixed fourth passage clonal myoblasts and nonmyoblasts.
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FIGURE 2. Three-dimensional contour plot of mixed primary porcine muscle cell preparations using 90°LS, FALS, and cell count for
analysis of cells cultured on a single plate for (A) 2 days, (B) 5 days, and (C) 28 days and (D) second passage mixed muscle cell cultures.
Forward angle light scatter and 90°LS indicate a small cell (<10 um: dark shading) population whose numbers decrease relative to the
large (=10pum: no shading) population. After passage, the small cell population was not detected.

centimeter. After the second passage, only the large
cell population could be detected (Fig. 2D).

An antidesmin antibody assay and myotube fu-
sion assay were used to determine the proportion of
cells in each population that were myogenic. The
large and small cell populations were sorted into
separate 10-cm tissue culture plates on days 2, 4, 5,
and 28. After all incubation periods, the small cell
population formed large multinucleated myotubes.
Representative myotubes from days 2 and 28 are
shown in Figure 3 (A-B). The proportion of the
small cell population that fused into myotubes was
greatest on day 2 and progressively decreased
through day 28 (Table 1). Desmin staining of sorted
cell populations confirmed the myotube fusion assay
data and indicated that greater than 90% of the cells
within the small cell population were myoblasts
(Table 2). The majority of the cells in the large cell
population detached from the plate or died when
cultured in fusion medium, which is indicative of
nonmyoblast cell types. Some cells from the large
cell population did survive and formed a few multi-
nucleated myotubes, indicating that the large cell
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population did contain some myoblasts. More than
half of the cells in the large cell population ex-
pressed desmin, indicating that these cells were a
mixture of myoblast and nonmyoblast cell types
(Table 2). The proportion of desmin-positive cells
was higher in the prefusion large cell population
than the postfusion large cell population. This may
be the result of losing some myoblasts along with
nonmyoblasts in fusion medium.

The 5.1H11 monoclonal antibody was tested for
cross-species reactivity to porcine cells using clonal
myoblasts and nonmyoblast cells. The antibody
bound to four different clonal myoblast cell lines
(Fig. 3D) but did not bind to three different clonal
nonmyoblasts cell lines (Fig. 3F). The 5.1H11 anti-
body was subsequently tested in conjunction with
FALS and 90°LS for isolation of myoblasts from pri-
mary, second passage, and fourth passage muscle
cell cultures. Fluorescence-activated cell sorting of
4-day primary cultures showed that both the large
and small cell populations were 5.1H11-positive (Fig.
4A) and greater than 80% of all cells were selected
(Table 3). Greater than 95% of the two sorted popu-
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FIGURE 3. Myotube fusion assay of sorted small cell populations isolated from (A) 2-day and (B) 28-day primary porcine muscle cell
preparations. Following sorting, cells were allowed to attach and grow until cultures became 70% confluent at which time fusion medium
was added. To detect myotubes, cells were fixed and stained with giemsa. (C) Light field view and (D) fluorescent detection of clonal
myoblasts incubated with 5.1H11 and FITC-conjugated second antibody. (E) Light field view and (F) fluorescent detection of clonal
nonmyoblasts incubated with 5.1H11 and FITC-conjugated second antibody.
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Table 1. Myotube fusion percentages for cells sorted by
light scatter.”

Small cellt Large cellt
population population
Day 2t 92% 14%
Replicates = 10° cells 2 1
Day 4+ 90% 12%
Replicates = 10° cells 2 2
Day 5% 88% 5%
Replicates = 10° cells 2 1
Day 28 78% —
Replicates = 10° cells 1 —

*Seventy- to eighty-percent confluent cultures were incubated in fusion
medium for 4 days. Fusion percentage = total number of nuclei count
in myotubes/total number of nuclei.

t+Small cell population = cells sorted from small cell population; large
cell population = cells sorted from large cell population.

FNumber of days cells were incubated in a single plate prior to cell
sorting.

lations were positive for desmin (Table 2), confirm-
ing that the 5.1H11 antibody can select porcine myo-
blasts from a mixed population of primary muscle
cells. There was a progressive decline in the propor-
tion of 5.1H11-positive cells after the second and
fourth passage of mixed cultures (Table 3), but only
a 2-3% reduction in the proportion of sorted cells
that were desmin-positive. In agreement with light
scatter measurements (Fig. 2), the relative cell num-
bers of the small cell population decreased with in-
creased passage number (Table 3). However, in

fourth passage mixed cultures, a small amount of
material was detected in the size range of the small
cell population. After sorting and replating, cells
failed to grow from this fraction, indicating that this
was cell debris rather than the small cell population
(Fig. 4B).

Our previous experiments had shown that the
small myoblast population declined as a proportion
of total cells with time in culture and disappeared
after passage of cells to new plates. To determine if
the small cells had a longer cell cycle time, or were
not dividing, the large and small myoblast popula-
tions were sorted and replated separately. Both myo-
blast populations were capable of proliferation and
after three passages the cells were reexamined using
90°LS and FALS parameters. The cells derived from
the small myoblast population had become greater
than 10 pm in diameter and indistinguishable from
the large cell population (Fig. 4C). Furthermore,
greater than 90% of the cells were desmin-positive.
This indicated that the decline of the small myo-
blasts over time or passage was due to differentiation
of the cells into the large myoblast phenotype. How-
ever, when the large cell population was examined
after three passages it had maintained the original
size distribution (data not shown).

DISCUSSION

In this study we demonstrate that clonal myoblasts
have essentially the same distribution of cell size and
cytoplasmic/nuclear ratio as other clonal cell types
isolated from primary muscle cell preparations.

Table 2. Percent desmin-positive cells following sorting.?

Cell sorting Small cell Replicates Large cell Replicates
parameters® < 10 um = 10° cells =10 um = 10° cells
Light scatter
Prefusion® 90.7+£1.0 2 63.5+38 2
Postfusion? 92.0+0.0 1 48.0 £ 0.0 1
Fluorescence and light scatter
Prefusion®
Primary cultures® 95.7 +0.9 2 95.5 + 0.2 2
Second passage’ 93.2+0.3 2 91.2+45 2
Fourth passage? —— — 939+24 3
Sorted small cells” — — 920+ 1.8 2
Postfusion®
Primary cultures® 91.0+ 0.0 1 93.0+ 0.0 1
Second passage’ 94.0+0.0 1 92.0+0.0 1

2Percentage of cells positive for desmin, mean + standard error.

b/ jght scatter = 90°LS and FALS. Fluorescence and light scatter = 5.1H11, 90°LS and FALS.

°Prefusion = cells analyzed for presence of desmin 24 h following sorting.

9Postfusion = cells analyzed for presence of desmin following a 4-day incubation period in fusion medium.

®Primary cultures = cells analyzed by flow cytometry 3 days following isolation.

’Second passage = cells analyzed by flow cytometry following a growth period which required replating one time.
9Fourth passage = cells analyzed and sorted by flow cytometry following a growth period that required replating 3 times.
hSorted small cells = cells sorted from small cell population at zero passage, allowed to grow through four passages, and then reexamined.
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FIGURE 4. Three-dimensional contour plot of porcine muscle cell isolations using the muscle-specific monoclonal antibody 5.1H11 on (A)
zero passage, (B) fourth passage, and (C) fourth passage cells derived from the small cell population.

However, when primary porcine muscle cell prepa-
rations were maintained on a single plate, two sepa-
rate populations were found. The small cell popula-
tion consisted of mostly myoblasts whereas the large
cell population was comprised of both myoblasts and
nonmyoblasts. Interestingly, if the primary cell
preparation was passaged to a new cell culture plate,
the small cell population was lost and myoblasts and
nonmyoblasts were indistinguishable by cell size and
cytoplasmic/nuclear ratio.

The use of the 5.1H11 antibody allows selection
of myoblasts independent of passage and indicates
that about 80% of the total mononucleated cells in a
muscle preparation are myoblasts. Both methods
produce myoblasts with greater than 90% purity af-
ter a single sorting step. The neural cell adhesion
molecule is the reactive antigen for the 5.1H11 an-
tibody'® and labels human fetal myoblasts and myo-
tubes but not fibroblasts.'"” The antigen is weakly
expressed on proliferating human fetal myoblasts
and signal amplification was required for FACS.!”
The 5.1H11 antigen was not expressed in freshly dis-
sociated human muscle biopsies and required 2
weeks of culture time for maximum expression.”
However, we found that the 5.1HI1 antigen was

Porcine Myoblasts

readily detectable on porcine myoblasts as early as 2
days following primary isolations, and it was ex-
pressed on both the large and small myoblast popu-
lations.

The behavior of the small myoblasts on a single
plate over time and their morphological change af-
ter replating at low density suggests that these cells
are self-renewing myoblasts as described by Barrafio
et al.® Self-renewing myoblasts maintain a minimal
cell size and remain relatively quiescent until sur-
rounding densities become extremely low, at which
time they reenter the cell cycle and become larger,

Table 3. Percentage of cells sorted by 5.1H11 antibody.*

Small Large
cell cell Combined
populationt populationt populations

Replicates = 10° cells 2 2 2

Primary cultures 86.3+09 863+24 845+23
Second passage 64.5 + 0.1 69.1+09 679=x06
Fourth passage — 578+23 578+23

*Percentage of cells isolated from a mixed primary porcine preparation
using muscle-specific antibody 5.1H11, mean + standard error.

TSmall cells = cells sorted from small cell population; large cell =
sorted from large cell population.
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presumably due to the increase in protein accretion
associated with cell activity. In the pig mixed primary
cultures, the small myoblast population was the pre-
dominant cell type at 2 days after isolation. As the
cells proliferate in culture, most of the small myo-
blasts become larger proliferating myoblasts but a
population of small myoblasts remain as long as the
cells are cultured on a single plate. After passage of
mixed cells or sorting of small myoblasts and replat-
ing at low density, the quiescent small myoblasts re-
enter the cell cycle and become large proliferating
myoblasts. After a second passage and proliferation,
the small myoblasts become undetectable. Barrafio
et al.® showed that the percentage of self-renewing
myoblasts decreased with each passage but that they
could be recovered from clonal cell lines by induc-
ing myotube fusion and reisolation of the nonfusing
myoblasts. Our clonal cell lines were replated either
two or four times and extensively proliferated with-
out myotube fusion so the small myoblasts became
undetectable.

Mouse models have been employed extensively
to examine muscle development and disease, but the
mouse model is limited by size and muscle develop-
ment patterns.”>!%!2 Our present results show that
the pig has two distinct myoblast populations, similar
to humans, so the role of both the small and large
myoblast populations in muscle hypertrophy or
muscle repair can be studied from the fetus to the
adult. Pig myoblasts can be isolated by FACS at
greater than 90% purity without clonal analysis and
extensive in vitro proliferation. This will allow myo-
blast-mediated gene transfer studies to be more
readily extended to the pig. Finally, the relatively
short development time and the mature size of pigs
make them a suitable model for development of
myoblast-mediated gene therapies for human medi-
cine.
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