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Increased Activity of Calcium Leak Channels in
Myotubes of Duchenne Human and mdx Mouse Origin

PEYING FONG, PAUL R. TURNER, WILFRED F. DENETCLAW,

RICHARD A. STEINHARDT*

Elevated free Ca®* concentrations found in adult dystrophic muscle fibers result in
enhanced protein degradation. Since the difference in concentrations may reflect
differences in entry, Ca®* leak channels in cultures of normal and Duchenne human
myotubes, and normal and mdx murine myotubes, have been identified and character-
ized. The open probability of leak channels is markedly increased in dystrophic
myotubes. Other channel properties, such as mean open times, single channel
conductance, ion selectivity, and behavior in the presence of pharmacological agents,
were similar among myotube types. Compared to the Ca** concentrations in normal

human and normal mouse myotubes, intracellular resting free Ca** concentrations

([Ca®*];) in myotubes of Duchenne and mdx origin were significantly higher at a time
when dystrophin is first expressed in normal tissue. Taken together, these findings
suggest that the increased open probability of Ca** leak channels contributes to the
elevated free intracellular Ca®>* concentration in Duchenne human and mdx mouse

myotubes.

DULT dx SINGLE SKELETAL FIBERS

have higher levels of intracellular

free Ca?" than normal mouse skele-
tal fibers; these elevated Ca®" concentra-
tions correlate with increased protein degra-
dation rates in the dystrophic condition (1).
The defective gene responsible for Du-
chenne muscular dystrophy in humans and
the dystrophic condition of the mdx mouse
results in the absence of dystrophin in mus-
cle cells and brain tissue (2—4). Dystrophin
is localized primarily to the sarcolemma of
skeletal muscle fibers (5, 6). The dystrophin
NH,-terminal coding sequence is similar to
that of a-actinin and may be involved in the
anchorage of F-actin filaments to cell mem-
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branes (7, 8). Dystrophin is associated with
the cell membrane by attachment to an
integral membrane protein (9, 10). We hy-
pothesized that the basic mechanism under-
lying the pathology of muscular dystrophy
could involve the modulation of Ca®* leak
channels whose properties are altered by the
absence of dystrophin.

Higher concentrations of free [Ca2+],-
measured in freshly dissected intact skeletal
muscle fibers from mice, as well as in 3-
week-old cultured human myotubes, corre-
lated with the absence of dystrophin (1, 11).
Before we could test any hypothesis of how
[Ca?*], becomes elevated in dystrophic tis-
sues, it was necessary to establish that the
defect in Ca** regulation was present in the
myotube stages being compared. Dystro-
phin expression is detectable after myoblast
fusion and shows a predominantly sarcolem-
mal distribution within a few days of myo-

200 1

150

100 1

50

0 T T
-5 0 5

™

10 15 20 25 30 35

Time (min)
Fig. 1. Intracellular free Ca** estimated by fura 2
fluorescence in normal and dystrophic myotubes
after a tenfold extracellular Ca** increase. (A)
Normal mouse ((J) and mdx mouse (H) myotubes
and (B) normal human (0O) and Duchenne hu-
man (M) myotubes. From 6 to 15 days after
myoblast fusion, ratio images of myotubes were
recorded over a 30-min period at the indicated
time points (+1.5 min). At time 0, myotubes
were bathed in a Ringer solution containing 1.8
mM extracellular Ca>* (138 mM NaCl, 2.7 mM
KCl, 1.8 mM CaCl,, 1.06 mM MgCl,, 12.4 mM
Hepes, and 5.6 mM glucose, pH 7.2). Myotubes
were then exposed to a Ringer solution contain-
ing 18.0 mM calcium. The mean [Ca®"],
(nM =+ SEM) is shown. Free Ca** was calculated
as described (21).

tube formation (12-14). We therefore com-
pared [Ca®*]; in normal versus dystrophic
myotubes from human and mouse 6 to 15
days after myoblast fusion. Resting [Ca®*];
values for normal mouse and human myo-
tubes were 82 7 nM (mean = SEM)
(n =45) and 55 = 5 nM (n = 78), respec-
tively (Fig. 1); the analogous values for
myotubes from the mdx mouse and Du-
chenne human were already significantly
clevated [110 = 7 nM (n = 64) and 76 £ 5
nM (n = 78), respectively]. Exposure to a
tenfold increase in extracellular Ca?* (18
mM) showed [Ca*']; in normal mouse
myotubes to be tightly regulated, whereas
[Ca**); rose dramatically in mdx myotubes
(Fig. 1A). Unlike [Ca®*]; in normal mouse
myotubes, [Ca?*]; in normal human myo-
tubes increased under these conditions.
However, the rate of increase of [Ca?" ]; was
significantly higher in the Duchenne human
myotubes (Fig. 1B). Thus, the ability to
regulate free [Ca?"]; was impaired in myo-
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tubes of dystrophic origin.
Calcium-selective leak channels, which are
active at resting membrane potentials, may
constitute a major pathway by which Ca®*
can enter myotubes (15-18). To test this
possibility, we used patch techniques to
record Ca* leak currents (19). In the cell-
attached recording configuration, inward
Ba’* currents (Fig. 2) were observed at
resting and hyperpolarized membrane po-
tentials in myotubes bathed in a low-Ca**
(0.18 mM) Ringer solution. Leak channel
activity was present in ~50% of seals re-
corded for both normal and dystrophic
myotubes from human and mouse (Fig. 2).
This activity occurred in bursts (Fig. 2), a
finding consistent with previous observa-
tions in cardiac ventricular myocytes (18).
Because the channel activity persisted in
inside-out patches, we conclude that adeno-
sine triphosphate (ATP)-activated Ca®*
channels were not the source of the currents
measured (15). Single-channel conduc-
tances, determined from current-voltage
plots of the data, were about 10 pS (Fig. 3).
As expected for Ba?* currents under these
recording conditions, the extrapolated re-
versal potentials were always positive. Iden-
tical results were obtained when we used the

A Normal human
= Y LA BN A Y Y= “Yre
- T T 1) Ty T Al
-~ Y Y k| me—
= LANRES a4 LY o

8pA

77ms
B Normal mouse

= Y

- ~ Ty

o T
mdx mouse

- - e

- — N —r——
8 pA

77 ms
674

3

1T T T T T
-140 -

PR

1T 1771

1 mV
140

2
-

B
:g

=2 1

-3

B pA
3_
2
1.
| S e e e e e e s o s e W 4 174
-140 7 140
44
0/0/(
vy 21
34

Fig. 3. Current-voltage relations for Ca®* leak channels in excised patches from (A) Duchenne human
and (B) mdx mouse myotubes. A least-square fit of the data was performed (dotted lines). The average
reversal potential was +43 + 4.7 mV, and slope conductance was 9.87 + 0.59 pS in eight excised
patches of human and mouse origin. Channels recorded in the cell-attached configuration exhibited the
same properties (22 patches). Upon formation of an on-cell seal, the membrane potential was gradually
hyperpolarized in 20-mV increments and held at these steady-state levels until channel activity was
observed and recorded. Patches were excised at a holding potential of —50 mV, and the protocol was

repeated.

physiologically relevant divalent cation,
Ca’*, as the charge carrier. We also mea-
sured these currents with standard low-Ca?*
Ringer in the pipette, and the currents were
unchanged when the Na* was reduced to 70
or 10 mM by the equimolar substitution
with N-methyl-p-glucamine. These channel
characteristics, which were identical in nor-
mal and dystrophic myotubes from human
and mouse, closely resembled those of other
Ca’* leak or Ca?* background channels
(15-18).

We found that, although the mean leak
channel open times were roughly similar in
normal and dystrophic preparations (Fig.
4A), the mean closed times for channels
from Duchenne and mdx myotubes were

Fig. 2. Representative recordings of episodic
Ca®" leak channel activity made in (A) normal
and Duchenne human and (B) normal and mdx
mouse myotubes. The normal mouse record
shows multiconductance states seen occasionally
in both normal and mdx myotubes. Records are
from cell-attached patches, with Ba®* as the
charge-carrying species. Holding potentials (110
mV) were calculated with an estimated resting
potential of —50 mV. Inward current is depicted
as a downward deflection of the trace. Recordings
were filtered at 2000 Hz (—3 dB, four-pole Bessel
low-pass filter), then filtered again on playback at
a frequency of 500 Hz. Myotubes were in a low-
Ca2* Ringer solution (140 mM NaCl, 2.7 mM
KCl, 0.8 mM CaCl,, 1.06 mM MgCl,, 12.4 mM
Hepes, and 5.6 mM glucose, pH 7.2) for record-
ing, to minimize the chance of spontaneous con-
tractions. Patch pipettes were fire-polished to
resistances of 5 to 13 megohms and filled with 96
mM BaCl,, 12.4 mM Hepes, pH 7.2. All solu-
tions were passed through 0.22-uM filters (Gel-
man Scientific, Ann Arbor, Michigan). Data were
acquired with an Axopatch 1-C patch clamp
amplifier (Axon Instruments, Foster City, Cali-
fornia). Seals were formed by the release of
positive pressure, and resistances ranged from 1 to
30 gigohms. After cell-attached recording, patch-
es were excised. Experiments were at 24°C.
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Fig. 4. (A) Mean open times for Ca>* leak
channels from normal (black bars) and Duchenne
(white bars) human myotubes, and normal (gray
bars) and mdx (striped hars) mouse myotubes.
Data were analvzed bv comruter (pClamp; Axon
Instruments). Mean on~ .o (= SEM) were
1.6 £ 0 1% ins in data from 8 normal human
patches, and 1.0 + v.2! ins from 6 Duchenne
human patches (P > 0.10, not significant); and
1.2 # 0.11 ms in 18 normal mouse patches and
1.3+0.10 ms in 23 mdx mouse patches
(P > 0.10, not significant). (B) Mean leak chan-
nel closed times were 55.5 * 10.28 ms in 6
normal human patches, and 19.4 * 4.96 ms in 8
Duchenne human patches (P < 0.001, highly
significant); 158.4 * 35.7 ms in 15 normal
mouse patches and 64.4 + 13.77 ms in 19 mdx
mouse patches (P < 0.01, highly significant).
Closed and open time distributions have been
fitted, and time constants calculated as described
(22).

significantly shorter than normal values
(Fig. 4B). Channel closed times from dys-
trophic myotubes were about one-third of
those from normal myotubes. The calculat-
ed open probability (P,) was 0.028 in nor-
mal human leak channels and 0.085 in Du-
chenne human leak channels. The P, was
0.008 in normal mouse and 0.020 in mdx
mouse (Fig. 5, A to D). Such a 2.5- to 3-
fold increase in channel P, could account for
the increased basal free [Ca?*]; in dystro-
phic myotubes. No voltage-dependent vari-
ation in closed times was seen for this
channel type. The difference in P, between
normal and dystrophic channels is unlikely
to be the result of cytoplasmic factors, as
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open and closed times in inside-out excised
patches were similar to those in the cell-
attached patches from which they were de-
rived. In addition, under our recording con-
ditions of 0.18 mM extracellular Ca**, cyto-
plasmic [Ca**]; measured in dystrophic
preparations was not significantly different
from normal (1).

The absolute closed time values appeared
to be related to the ability to regulate
[Ca%*];. Normal mice, which showed the
least Ca®" leak channel activity (Fig. 4B),
were best able to tightly regulate [Ca®*];
levels after exposure to increased levels of
extracellular Ca?* (Fig. 1A). Normal human
and mdx mouse myotubes, which had simi-
lar higher levels of Ca®* leak channel activi-
ty, were less able to regulate [Ca’*]; in
response to a tenfold increase in extracellular
Ca’* (Fig. 1). The Duchenne human Ca*
leak channels were by far the most active and
these myotubes were the least able to regu-
late [Ca®*];, as judged by the rate of increase
in [Ca?*]; when challenged with high Ca®".
This may explain in part why muscle necro-
sis in Duchenne humans is usually eventual-
ly fatal, whereas the mdx mouse rebounds
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from the initial degenerative insult.

We tested modulators of voltage-gated
and leak Ca?* channels. Cadmium (0.5
mM), Co®* (2 mM), Bay K 8644 (10 pM),
and nifedipine (10 nM) were each added to
the pipette solutions before patch formation
and subsequent excision. At these concen-
trations, neither Cd>* nor Co®* significant-
ly altered Ca®* leak channel activity in either
normal or mdx mouse myotubes. It has been
reported that these inorganic ions, which
block voltage-gated Ca?* channels, have no
effect on the rat ventricular myocyte Ca?*
leak channels, whereas the 1,4-dihydropyri-
dine (DHP) analogs Bay K 8644 and ni-
trendipine enhance channel activity (18). In
our experiments, both the DHP agonist,
Bay K 8644, and the DHP antagonist,
nifedipine, increased channel activity in nor-
mal mouse myotube leak channels, demon-
strating that the myotube leak channel has
pharmacological properties similar to those
of the Ca®" leak channel described in ven-
tricular myocytes (18). Since nifedipine
could act as an agonist for these Ca®* leak
channels, we tested its effect on [Ca®"];.
Nifedipine (10 wM), which increased P,

80

1.7-fold in normal mouse myotubes, also
increased [Ca®*]; as expected in myotubes,
from a resting value of 119 = 3 nM to
144 + 5 nM (n = 4), a highly significant
difference (P < 0.001). Single fibers from
normal adult flexor digitorum brevis muscle
responded in similar fashion to nifedipine;
10 pM nifedipine increased [Ca’*]; from
124 + 3nMto 137 £ 2nM (n = 3) (P <
0.01). These results support our interpreta-
tion that the Ca?* leak channels described
here are influencing the levels of [Ca**]; in
both myotubes and adult muscle. A recent
report has described stretch-inactivated
channels that are more abundant in mdx
mouse myotubes and that could also con-
tribute to higher levels of [Ca?*]; (20).

In conclusion, the results presented here
suggest that an increase in Ca’* leak channel
activity in myotubes of both mdx mouse and
Duchenne human origin could contribute to
the observed elevation of [Ca®*];. These
findings, and our previous demonstration of
a relation between [Ca’*]; and protein deg-
radation rates in dystrophic muscle (1), sug-
gest that increased Ca®* entry through Ca**
leak channels may lead to the pathology of
dystrophic muscle.
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Fig. 5. Channel P, values were calculated using the relationship (mean open time)/(mean open
time + mean closed time). The increase in P, occurred over the entire range of channel activity. The
average P, values were (A) for normal mouse, 0.008; (B) for mdx mouse, 0.020; (C) for normal human,

0.028; and (D) for Duchenne human, 0.085.
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An Unusual Form of Lipid Linkage to the

CD45 Peptide

AKIKO TAKEDA* AND ABBY L. MAIZEL

Some protein -kinases and phosphatases are myristoylated on their amino terminus,
which perhaps contributes to subcellular localization or regulation. Glycoprotein
CD45, a hematopoietic tyrosine phosphatase, was examined for fatty acid content. The
CD45 protein incorporated [*H]myristate, but little [*H]palmitate. The label was not
metabolized and reincorporated into amino acids or saccharides, as revealed by peptide
maps of CD45 labeled with [*H]myristate, '*C-labeled amino acids, [**S]methionine,
or %I, and glycosidase treatments, respectively. The myristate label was resistant to
mild alkaline methanolysis and was found in fatty acid and sphingosine, indicating an
unusual form of lipid attachment to CD45.

D45 [aLso DEsIGNATED T200,

B220, Ly5, and the leukocyte com-

mon antigen (LCA)] is a transmem-
brane glycoprotein of most hematopoietic
cells (7). Several isotypes of CD45 may be
variably expressed in a lineage- and develop-
mental stage—specific manner as a result of
differential usage of extracellular, NH,-side
exons (2). The intracellular portion contains
phosphorylated serine residues (3) and tyro-
sine phosphatase activity (4) that, in turn,

activates T cell tyrosine kinase p56'** (5).
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CD45 is also involved in signal transduction
(6).

Because some NH,-terminal myristoylat-
ed proteins are protein kinases or phospha-
tases (7), we examined myristic acid incor-
poration into CD45. It has been suggested
that myristoylation exerted regulatory roles
by directing the juxtaposition of acylated
proteins with other cellular components
such as membranes and other peptides. A
Moloney leukemia virus—induced murine
(A/Sn), CD4*8~ T lymphoma line, YAC-1
(8), was cultured overnight in the presence
of [*S]methionine, [*H]myristic acid, or
[*H]palmitic acid, and the cell lysates were
immunoprecipitated with monoclonal anti-
bodies (MADbs) to an invariable segment of

CD45 (1), the transferrin receptor, or actin,
and then analyzed by one-dimensional
SDS—polyacrylamide gel electrophoresis
(SDS-PAGE) (9) (Fig. 1A). The incorpo-
ration of the myristic acid label into CD45
was comparable to the incorporation into
the transferrin receptor and actin, a repre-
sentative fatty acylated protein (10) and an
N-acetylated protein (11), respectively. The
incorporation of palmitic acid into the trans-
ferrin receptor was as efficient as that of
myristic acid. In contrast, palmitic acid was
poorly incorporated into CD45 and actin.
When a duplicate gel was treated with mild
alkaline methanol (Fig. 1B), the fatty acid
label incorporated into the transferrin recep-
tor disappeared almost completely, while
the treatment only slightly affected the label
incorporated into CD45 and actin. Alkaline
methanolysis releases fatty acyl groups from
thio- as well as hydroxy-ester linkages with-
out affecting peptide bonds (12); according-
ly, the treatment did not alter the methio-
nine label for any of the molecules examined
(13).

The incorporation of the fatty acid label
into actin was probably due to degradation
of fatty acid into the acetyl form, which
could be amide-linked to the NH,-terminus
of actin. The myristic acid label incorporated
into the transferrin receptor may be in a
palmitoyl form because of fatty acid chain
elongation. However, in a cell-free system,
either palmitate or myristate can be cova-
lently attached to the transferrin receptor
(14). A significant degree of fatty acid turn-
over into amino acids is unlikely, because
the label incorporated into the transferrin
receptor was labile to mild alkaline methan-
olysis, indicating that the label was indeed
incorporated as the fatty acyl-thioester
form.

In order to confirm that the [*H]myristic
acid incorporated into CD45 had not been
converted into amino acids, we analyzed
tryptic peptides of CD45 by two-dimen-
sional (2-D) “mapping.” CD45 immuno-
precipitates were prepared from YAC-1 cells
which were cultured in the presence of
either [*H]myristic acid, a "C-labeled ami-
no acid mixture, or [**S]methionine, or
were surface-radioiodinated with 2T (15).
CD45 was isolated from excised gel pieces
of preparative SDS-PAGE by electroelution,
digested with trypsin overnight, and sub-
jected to electrophoresis in the first dimen-
sion and chromatography in the second
dimension (3, 16) (Fig. 2). Clearly, the fatty
acid label was not incorporated in a form of
amino acids, because in that event *H- and
14C-labeled peptides should have shared a
similar distribution pattern. Instead, virtual-
ly all *H-labeled peptides were found along
the electrophoresis axis, whereas only ap-
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