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Abstract. The effects of nutrient deprivation on normal and Duchenne muscular dystrophy
fibroblasts were examined. The requirements for Ca>* and fetal bovine serum were assessed by
their effects on the cells’ ability to support viral replication, and by ability of the cells to divide in
the presence of low levels of these nutrients. When grown in Ca®*-deficient media, Duchenne
fibroblasts supported viral replication at a rate 2- to 2.5-fold greater than did normal fibroblasts.
At normal Ca®* levels, Duchenne fibroblasts supported viral replication at levels slightly lower
than their normal counterparts. After 48 hr in medium containing 0.2 mM Ca?*, the growth of
normal cells was arrested, while Duchenne fibroblasts were relatively unaffected. When grown
in medium containing either 0.2 or 2.0% serum, the growth of normal cells was arrested within
48 hr, with cell death occurring within 72 hr. Duchenne fibroblasts continued to divide at these
serum levels for 72 hr, reaching higher cell densities than normal cells. These results suggest that
a defect related to Ca®" metabolism may be part of the Duchenne phenotype, which could be

used to identify Duchenne muscular dystrophy cells.

Medicine.
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Duchenne muscular dystrophy is an X-
linked disease which results in severe muscle
wasting and early death in affected males (1).
Although the primary defect responsible for
this disease has not been identified, several
cellular and biochemical abnormalities have
been associated with the dystrophic pheno-
type, and have been reviewed recently (2).

Much evidence suggests the presence of an
abnormality in the sarcolemma of DMD
muscle cells. Mokri and Engel (3) described
the presence of lesions in the sarcolemma
observable by electron microscopy. These le-
sions were associated with areas of increased
permeability to horseradish peroxidase. In
addition, evidence of Ca®?* overloading in
dystrophic muscle has been presented (4). It
is generally believed that an increase in
membrane permeability allows for an abnor-
mal influx of Ca®* into the muscle cell. The
resulting increase in cytosolic Ca®?* sets in
motion a series of events, including a Ca**-
induced mobilization of Ca** from intracel-
lular stores, and the activation of a Ca?*-
dependent protease, which probably con-
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tributes to the destruction of the affected
muscle (5-7).

It has been demonstrated that abnormali-
ties associated with DMD are expressed in
cells other than muscle, including fibroblasts
and erythrocytes (8, 9). Fingerman et al. de-
scribed the use of herpes simplex virus thy-
midine kinase (HSV-TK) to probe the me-
tabolism of DMD fibroblasts (10). Their re-
sults pointed to a defect in Ca?* metabolism,
which permitted the correct identification of
DMD fibroblasts after exposure to low ex-
tracellular Ca®* concentrations.

This study was intended to continue to ex-
plore the metabolic differences between dys-
trophic and normal fibroblasts. Metabolic
changes were induced by nutrient depriva-
tion, and monitored using a viral plaque
assay and measurments of cell growth. The
results presented confirm those of Finger-
man et al. (10), and suggest than an abnor-
mality in Ca®>* metabolism is present in dys-
trophic cells which could contribute to the
disease process.

Materials and Methods. Cells. The major-
ity of the fibroblasts used in this study were
obtained from Eileen Fingerman, formerly
with Dr. A. B. Pardee, Dana Farber Cancer
Institute (Boston, MA). The normal fibro-
blasts have the following designations:
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JF027, GM2987, GM498, GM097B, GM-
5756, GM5388, and FS2. Dystrophic fibro-
blasts included MD3781, MD4978, CM008,
MD3604, PN007, and HBO17 (isolated from
a female carrier of the disease). A human
fetal foreskin fibroblast HFF was obtained
from Dr. R. Mirkovic, formerly of Texas
Tech University Health Sciences Center.
Cells were maintained in Eagle’s minimal
essential medium (EMEM) (GIBCO, Grand
Island, NY) supplemented with 0.25% gen-
tamicin sulfate (Sigma Chemical Co., St.
Louis, MO), 25 mM Hepes (Research Or-
ganics, Cleveland, OH), and 10% fetal bo-
vine serum (FBS, HyClone, Logan, UT).
Cells were grown at 37°C in 5% CO, and
100% humidity. Calcium-free EMEM
(GIBCO) supplemented with the indicated
amount of CaCl, (Malinkrodt, St. Louis,
MO) was used for all experiments dealing
with the effects of Ca?* on cell metabolism.
Fetal bovine serum was present at a concen-
tration of 10% unless otherwise indicated.
Prior to use, the FBS was dialyzed in cellu-
lose dialysis tubing (Sargent Welch, Dallas,
TX) against 4 liters of phosphate-buffered
saline (PBS) containing 138 mAM NaCl, 1.47
mM KH,PO,, and 8.1 mAM Na,HPO,) until
no Ca?* was detectable using cresolpthalene
complexone. For experiments dealing with
the effect of serum on cell growth. EMEM
containing 1.8 mA/ CaCl, was supplemented
with the indicated concentrations of FBS.
Viral plaque reduction assay. Normal and
DMD fibroblasts were grown in 96-well tis-
sue culture clusters (Costar, Cambridge, MA)
until confluent. Initial plating density was 1
X 10* cells per well. The media were aspi-
rated from the wells, and the cells were
washed twice with 200 ul of PBS. Fresh me-
dium containing the indicated amount of
CaCl, was added, and the cells were incu-
bated for 24 hr. At this time, the media were
removed and replaced with 50 ul of Ca-free
media containing 20-40 plaque-forming
units of vesicular stomatitis virus. Virus was
allowed to adsorb for 1 hr. The media were
removed, and the cells were overlaid with
0.5% methyl cellulose (Fisher, Fair Lawn,
NJ) in EMEM containing the appropriate
amount of CaCl,. The cells were incubated
until viral plaques were evident upon micro-
scopic examination. At this time, the cells
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were stained with 1% crystal violet in 80%
methanol, and the plaques were counted. To
assess the effect of a Ca?* antagonist on viral
replication, verapamil (Sigma) was added to
the media at a concentration of 2 X 1077 M,
24 hr prior to challenge with virus,

Cell growth assay. Cells were plated in 24-
well tissue culture clusters (Becton-Dickin-
son, Oxnard, CA) at 1 X 10? cells per well
and allowed to attach overnight. The media
were removed, the cells were washed twice
with 500 ul of PBS, and medium containing
the indicated amount of CaCl, or FBS was
added. At the indicated times, the cells were
removed from the wells by trypsinization,
diluted to 10 ml in PBS, and counted in a
Coulter Model ZBI counter.

Statistical analyses. The data are ex-
pressed as means + SEM. All comparisons
between control and experimental groups
were performed using a grouped Student ¢
test. All P values <0.05 were considered sig-
nificant.

Results. Viral replication in calcium-defi-
cient medium. These studies utilized a total
of 13 fibroblast cell strains isolated from
normal and dystrophic patients and affected
fetuses. Viral replication in normal and
DMD fibroblasts was compared in regular
(1.8 mAM Ca?") and Ca?* free medium. When
grown in medium containing normal levels
of Ca?*, normal cells consistently supported
viral replication at a greater level than did the
dystrophic cells, as demonstrated by viral
plaque numbers (Table I). The values in
Table I represent the pooled results obtained
from at least three experiments with each of
the cell strains. When deprived of Ca?* for 24
hr, plaque numbers in normal cells decreased
by an average of 65%, compared to a 25%
reduction in dystrophic cells. Verapamil, a
Ca** channel blocker, caused a further re-
duction in viral plaque numbers, but failed
to exacerbate the differential effect of Ca**
starvation on viral plaque numbers (data not
shown).

Cell growth in calcium-deficient medium.
Growth of two normal (HFF and MRC-5)
and two DMD (MD3781, and CMO008) fi-
broblast strains was compared in medium
containing normal (1.8 mA) Ca’>* concen-
tration, and Ca?*-deficient (0.2 mAM/) me-
dium (Fig. 1). The cells were seeded at low
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TABLE L. VIRAL PLAQUE REDUCTION FOLLOWING
Ca?" STARVATION

Calcium concentration

%

Cell strain 1.8 mM 0 mM Reduction
EGO!1 (N)¢ 225+09% 11.5+09 51
JF027 (N) 27.4+£0.7 122+ 09 56
GM5388 (N) 26.5+0.8 92+0.3 65
GMO97B (N) 29.4 £0.5 6.8 +£0.8 77
GM5756 (N) 326+1.5 6.1 +0.4 81
GM498 (N) 31.1+£09 10.6 £ 0.6 66
PN007 (DMD)* 21.7+£0.7 174 £0.8 20
MD4978 (DMD)  23.6 + 0.8 152 +0.5 36
MD3781 (DMD) 229 +0.7 20.6 £ 0.8 10
CM008 (DMD) 21.2£0.5 123+ 1.7 12
HBO017 (DMD)? 21.7+0.3 156 £0.5 28

%N, normal.

® Number of viral plaques + SEM; P < 0.001 for all cell strains
except MD3781, for which P < 0.03.

¢ DMD, Duchenne muscular dystrophy.

4 DMD carrier.

densities to ensure that contact inhibition
would not be a factor in controlling the rate
of cell division. The growth of the normal

300

[0 MRC50.2

1 MRC52.0 mM
HFF 0.2 mM
2004 E HFF2.0mM

% INCREASE IN MEAN CELL NUMBER

TIME IN HOURS

300
M MD3781 0.2 mM
1 MD378120mM

2004 [A CM0080.2mM

B cmoo82.0mM

kb

-100

% INCREASE IN MEAN CELL NUMBER

TIME IN HOURS

FIG. 1. Growth of normal (HFF, MRC-5) and DMD
(MD3781, CMO008) fibroblasts in medium containing
2.0 and 0.2 mM Ca?*. Graphs illustrate results from a
representative experiment. All SEM were <1.0.
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cells was partially arrested after 48 hr in
Ca’*-deficient media. Some variability was
seen in the sensitivity of the different cell
strains to Ca?* deprivation; however, the
growth of the normal cells was consistently
suppressed. In all DMD cell stains examined,
growth levels in Ca’*-deficient media were
equal to or better than that seen in medium
containing normal Ca’* concentrations. In
addition, dystrophic cells reached higher cell
densities than did the normal cells at low
Ca®* levels. These results are representative
of those obtained with the other cell strains
tested.

Serum requirements for cell growth. Fibro-
blasts normally require 10% FBS for optimal
growth in vitro. Serum starvation causes a
rapid arrest of cell division, followed by cell
death. The effect of serum starvation on the
growth of normal and DMD fibroblasts is
illustrated in Fig. 2. When grown in normal
medium (1.8 mM Ca®*) containing 10%
FBS, normal and dystrophic fibroblasts grew
at approximately the same rate over a 96-hr
period. By reducing the FBS concentration
to 2%, growth of normal cells was arrested
within 48 hr, followed by cell death. Dystro-
phic fibroblasts continued to divide for 72 hr,
albeit at a slower rate than seen in medium
containing 10% FBS, after which cell death
occurred. Similar results were obtained with
medium containing 0.2% FBS. Again, nor-
mal cells were growth arrested within 48 hr,
while dystrophic cells continued to divide for
the first 72 hr before dying off. Dystrophic
fibroblasts consistently achieved higher cell
densities than their normal counterparts at
serum concentrations of 2% or less.

Discussion. A role for Ca** in the patho-
genesis of DMD has been suggested (4, 6).
However, disturbances in Ca** homeostasis
are believed to be a secondary manifestation
of an as yet unidentified genetic abnormality.

Fingerman et al. (10) were the first to de-
scribe the use of viral replication to probe the
metabolism of DMD fibroblasts in vitro.
Using ['*°I] iododeoxycytidine incorporation
by herpes simplex thymidine kinase in in-
fected cells, they found that Ca?* deprivation
had a stimulatory effect on the incorporation
of label in infected DMD cells while sup-
pressing incorporation of label in normal
cells. The authors concluded that this differ-
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F1G. 2. Growth of normal (GM498, JF027) and DMD
(MD3781, CMO008) fibroblasts in medium containing
10% (A), 2% (B), an 0.2% (C) fetal bovine serum. Graphs
illustrate results from a representative experiment. All
SEM were <1.0.

ential effect was due to abnormally high in-
tracellular Ca** concentrations in the DMD
cells. This hypothesis was further supported
by results obtained with Ca** ionophores
and antagonists. It must be noted, however,
that increases in cytosolic Ca?* has not been
described in DMD fibroblasts. On the con-
trary, Statham and Dubowitz (11) were un-
able to detect any differences in the uptake
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and overall concentration of *Ca** between
normal and dystrophic cells. In affected
muscle, increases in intracellular Ca’* are
seen, as evidenced by Ca®* precipitates and
Ca?*-positive fibers in histological prepara-
tions of dystrophic muscle (4, 12).

The present study utilized a plaque assay
with vesicular stomatitis virus (VSV) as a
probe to identify differences in calcium re-
quirements between normal and dystrophic
cells. This RNA virus is capable of infecting a
wide variety of cells, and forms well-defined
plaques within 36 hr after infection. The re-
sults obtained with VSV demonstrate the
sensitivity of this assay for monitoring cell
metabolism.

The results presented in this study support
the hypothesis of Fingerman et al. (10). It
should be emphasized that the cells used in
this study were supplied by these investiga-
tors. The precise site of isolation of the cell
strains tested was not readily available. Most
of the cells were obtained originally from
NIGMS Human Genetic Mutant Cell Repo-
sitory (Camden, NJ), while others were iso-
lated independently from affected individ-
uals. While biochemical differences exist be-
tween fibroblasts isolated from different
locations, the manifestation of the dystro-
phic phenotype appears to be a general one
which is expressed by many different cell
types, regardless of origin (3, 8, 10).

It was found that DMD fibroblasts were
significantly more refractory to the effects of
Ca?* and serum deprivation than were nor-
mal cells. It is interesting to note that at nor-
mal Ca?* concentrations (1.8 mM), DMD
cells consistently supported less viral replica-
tion than normal cells. This could be an indi-
cation of Ca**-induced stress in the DMD
cells is due to higher intracellular Ca?" con-
centrations. In addition, the growth of DMD
fibroblasts appeared to be stimulated by low
extracellular Ca®* levels. Whether these re-
sults were due to an increase in membrane
permeability to Ca** or to other factors re-
mains to be determined. Abnormalities in
the ability of the sarcoplasmic reticulum to
sequester Ca’* have been demonstrated in
dystrophic muscle cells (13, 14). This obser-
vation could indicate that the abnormality is
one of insufficient buffering of cytosolic
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Ca*. In nonmuscle cells, Ca* is sequestered
by the mitochondria and endoplasmic retic-
ulum, as well as by being bound by cytosolic
proteins (15). These organelles would be
likely candidates for further study.

It is reasonable to assume that if the de-
crease in the requirement for extracellular
Ca”" is due to a defect in the plasma mem-
brane, then requirements for other nutrients
might be decreased as well. This was shown
to be the case with serum requirements as
well. Normal fibroblasts required 10% serum
for optimal growth in vitro. When the serum
concentration was lowered, cell growth was
rapidly arrested. Dystrophic fibroblasts dis-
played a significant decrease in their require-
ment for serum, as evidenced by their ability
to divide at serum concentrations as low as
0.2%. This effect, as well as the decrease in
the requirement for Ca®*, parallels those seen
in transformed cells. However, growth of
both normal and DMD fibroblasts remained
contact inhibited.

Growth rates of dystrophic cells have been
examined by other investigators with con-
flicting results. Leichti-Gallati et al. (16) re-
ported a significant increase in the doubling
times of DMD fibroblasts when compared
with those of normal cells, while Wertz and
Roses (17) found no significant differences in
doubling times. These discrepancies have yet
to be resolved. Contact inhibition plays a sig-
nificant role in the division of cultured fibro-
blasts. Initial cell densities could be an expla-
nation for the differences in growth rates. For
the experiments presented in this study, cells
were plated at a low density to ensure that
contact inhibition played a minimal role in
suppressing cell division over the course of
the experiments. In spite of this, however,
growth rates varied among the cell strains
from experiment to experiment but the final
results were consistent.

It appears that the manipulation of extra-
cellular Ca®* levels can be used to identify
DMD fibroblasts by a variety of methods.
While this approach could form the basis of a
prenatal diagnostic test for DMD, it may not
be necessary because of recent advances in
the isolation of the gene believed to be re-
sponsible for this disease. The gene has re-
cently been identified and cloned (18). It is
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hoped that this will allow the production of a
DNA probe to identify the DMD abnormal-
ity unambiguously. Identification of the gene
product cannot be far behind, and a rational
therapy for treatment of DMD may be pos-
sible.

Note added in proof. It is worthy to note that two
recent reports have described the identification and sub-
cellular localization of the product of the DMD gene
locus. Hoffman et al. has identified a 400-kDa protein
product called Dystrophin which is absent in the mus-
cles of DMD-affected individuals (19). This protein ap-
pears to be a constituent of the triads of skeletal muscle
which are responsible for the regulation of Ca?* mobili-
zation in the muscle cell (20). It is postulated that the
absence of dystrophin in DMD-affected muscle results
in a continuous leakage of Ca®* from intracellular stores,
which sets in motion a series of events resulting in the
destructon of the muscle cell.
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