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ABSTRACT  Myotonic muscular dystrophy (MyD) is an inher-
ited human disease involving skeletal muscle as well as many other
organ systems. We have approached the study of this disorder by
growing normal and diseased human muscle in a primary tissue
culture system and investigating some of the electrical properties
of the resulting myotubes. The most distinctive abnormality noted
in MyD myotubes was an increased tendency to fire repetitive ac-
tion potentials. A decreased action potential afterhyperpolariza-
tion amplitude and the presence orgepolarizing afterpotentials
were also noted, as were a decreased resting membrane potential,
decreased action potential. amplitude anﬁ overshoot, and de-
creased outward-going rectification. Although the ionic basis of
these abnormal properties in vitro is not clearly defined, changes
in the slow outward-going potassium current offer the best expla-
nation. Furthermore, MyD cell culture offers a valuable model for
ﬁrift.ical analysis of the molecular mechanisms underlying MyD
eficits.

Myotonic muscular dystrophy (MyD) is an inherited human dis-
ease with muscle wasting, weakness, and stiffness as prominent
clinical manifestations. Other systems may also be involved,
and patients may experience cardiovascular, ophthalmologic,
endocrine, and gastrointestinal problems. The primary meta-
bolic defect in MyD is not known.

One of the clinical hallmarks of this disorder is myotonia,
which is manifested as stiffness and difficulty in relaxing a mus-
cle after voluntary contraction (1). Electromyographically, myo-
tonia is characterized by repetitive bursts of activity, which in-
crease and decrease in frequency (2). Myotonia is seen not only
in MyD but also in other syndromes such as human myotonia
congenita (3, 4), which resembles myotonia in goats and appears
to be related to a decrease in muscle membrane chloride con-
ductance (5, 6). However, a decreased chloride conductance has
not been demonstrated in MyD and the cause of myotonia in
MyD remains undetermined.

Recent studies of erythrocytes (7, 8) and muscle (9) from pa-
tients with MyD suggest abnormalities in the surface mem-
branes of different tissues. In biopsied MyD' muscle fibers,
these membrane abnormalities are expressed as a decreased
resting membrane potential (4, 10-12) and an increased ten-
dency to fire repetitive action potentials (11). The presence of
denervation, degeneration, fat and connective tissue infiltra-
tion, and the decreased viability of biopsied tissue limit the pos-
sible electrophysiological analyses.

We have approached the study of human muscle disease by
growing normal and diseased human muscle in a primary tissue
culture system. Tissue culture has many advantages over the in-
tact muscle preparation, but it has a major difficulty in that the
abnormality underlying the disease may not be propagated in
culture. Many human neuromuscular diseases (oculocranioso-
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FiG. 1. Photomicrographs of control human myotubes 3—4 weeks
in culture, showing variations in morphology. Myotubes had a diam-
eter of 10-20 um and variable length (50 um to. over 1000 um) and
often underwent extensive bifurcation. No differences in morphology -
or rate of cell fusion have been detected in cultured myotubes. (A) Low-
power phase-contrast photomicrograph showing variations in mor-
phology of myotubes. (B) High-power phase-contrast photomicrograph
of portion of myotube showing striations and peripheral nuclei (with
nucleoli). (C) High-power polarized-light photomicrograph of portion
of myotube showing birefringence. All calibration bars are 50 um.

matic neuromuscular syndrome with ragged red fibers, acid-
maltase deficiency, and unusual myopathy with “cabbage” bod-
ies) can be reproduced in culture (13). However, other investi-
gators, as well as ourselves, have found no consistent morpho-
logical abnormalities in cultured dystrophic muscle (14, 15).
This paper demonstrates that MyD muscle grown in culture
possess abnormalities in some fundamental electrical proper-

Abbreviations: MyD, myotonic muscular dystrophy; RP, resting poten-
tial; AP, action potential; DAP, depolarizing afterpotential.
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ties. These abnormalities are remarkably similar to those ob-
served in muscle fibers from biopsied specimens. A preliminary
report of this work has appeared in abstract form (16).

METHODS

Muscle biopsies were obtained from the vastus lateralis muscle
with the consent of control patients or patients with electromyo-
graphic evidence of myotonia and clinical features of MyD.
These studies were carried out between February and Novem-
ber 1979. The cultures were prepared from biopsy specimens
by trypsin dissociation using a modification of a technique de-
scribed by Yasin (17). Well-developed myotubes were grown
from both control and MyD biopsy specimens after 3-5 weeks
in culture (Fig. 1) We have observed no morphological differ-
ences in the rate of development, maturity (e.g., appearance of
striations), or size of control and MyD myotubes at the light mi-
croscope level.

Individual cultures were studied 3-5 weeks after plating, us-
ing standard electrophysiological techniques. The Ringer’s so-
lution contained 148 mM NaCl, 4.5 mM KCIl, 2.0 mM CaCl,,
1.0mM MgCl,, 10.0 mM glucose, 0.44 mM NaH,PO,, and 12.0
mM NaHCO; and was bubbled with 5% CO, to maintain a pH
of 7.2. All experiments were performed at room temperature,
20 + 1°C, to ensure constant temperature of cultures and per-
fusing solutions and to prolong the life of the cultures.

Microelectrodes had a tip diameter of 1 um or less and were
filled with 3 M KCl, producing a dc resistance of 30-50 MQ.
Myotubes were impaled with single microelectrodes and dem-
onstrated stable resting potentials and stable high input resis-
tance (usually greater than 50 MQQ), suggesting that the myo-
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tubes were not damaged by penetration. Due to their small
size, myotubes could be penetrated routinely by only a single
microelectrode. The membrane potential was simultaneously
monitored during current injection by using a chopped cur-
rent injection method (18). Measurements of properties that
required membrane polarization, such as steady-state cur-
rent voltage plots and effects of membrane polarization on ac-
tion potential characteristics, were performed on “short” myo-
tubes. Short myotubes have been defined by linear cable anal-
ysis, which has demonstrated that myotubes shorter than ap-
proximately 200 um can be considered to be isopotential and
uniformly polarized during current injection (unpublished ob-
servations).

RESULTS

Resting Potential (RP) and Action Potential (AP) Abnormal-
ities. One of the most conspicuous abnormalities noted in MyD
myotubes was an approximately 10-mV-decreased RP (Table 1).
A previous study (10 controls and 6 MyD biopsies, not shown)
also demonstrated an approximate 10-mV-decreased RP for
MyD cultures (RP difference = 9.7 mV, P < 0.0005).

Both control and MyD myotubes generated all-or-none over-
shooting APs followed by an afterhyperpolarization when stim-
ulated by a short depolarizing current pulse or by anode break
excitation (unpublished data; cf. refs. 19 and 20). AP character-
istics were examined at the myotube’s normal RP by anode
break stimulation with a hyperpolarizing pulse 50 ms in duration
with an amplitude sufficient to evoke an all-or-none AP. It was
not possible to study the AP characteristics at a standard mem-
brane potential because the majority of myotubes were too long

Table 1. Average RP and AP characteristics of cultured myotubes

Half-
AP amplitude
Biopsy RP, Afterpotential, amplitude, Overshoot, duration,
specimen n mV mV n mV mV ms
Controls
1 14 -469+1.7 -29=+08 13 772+22 309+23 10.0 + 0.6
2 22 -491+14 -6.7+20
3 14 -583+29 -44+0.7 5 940+ 3.0 332+5.1 7.0
4 9 -548+12 —6.1+04
5 34 -582+1.8 -78+0.9 22 97124 365+1.3 88+04
6 4 -545+26 -74+04 4 96.3+49 43.7+178 83+0.5
7 12 -489+13 -3.7+06 12 862+19 373+1.7 11.8+04
8 11 -51.6 +2.0 -68=05 10 818+28 31.3+28 129+04
Mean + SEM
and totals 120 -528+1.5 -5.7+06 66 883+34 355+2.0 9.8+0.9
MyD
1 16 -39.8+28 -43+08 19 64.7+39 263+23 7604
2 9 —-35.0+43 -4.0%=1.0 12 65.0+3.5 26.8 +2.2 7.4+05
3 15 -39.5+1.7 -03+12 16 76335 35.7+3.0 83+0.7
4 10 —469 25 -3.7%0.7 1 71.8+42 248 +3.7 7504
5 10 -452+1.8 -61x11 24 74.0 + 2.2 315+ 20 7102
6 37 -434*1.1 -1.0+0.8 35 66.0 2.2 229+1.6 10.7 £ 0.7
7 47 -45.7x11 -2.0+0.8 43 83.1%22 39.1+14 9.7+x0.5
8 16 -342%26 +2.0+20
9 17 —-50.6 £2.7 +06+21 4 86.3+24 21.7+178 85+0.5
Mean + SEM
and totals 177 —-423+18 -21.+0.9 164 734+29 28.6 + 2.2 84+04

_ AP amplitude, peak amplitude of AP measured with respect to the RP; afterpotential, maximal amplitude of AP afterpotential (hyper- or depolar-
izing) measured with respect to the RP; overshoot, AP amplitude expressed with respect to 0 mV; and half-amplitude duration, duration of AP mea-
sured at half AP amplitude. Measurements were made from 2-10 cultures prepared from each biopsy specimen and averaged, giving equal weight to
each measurement value; * indicates SEM. n is the total number of fibers sampled from each biopsy (n on the left refers to RP and afterpotential
measurements and 7 on the right refers to the remaining AP measurements). APs were evoked from the myotube’s normal RP with 50-ms hyperpo-

larizing pulses sufficiently large to evoke an all-or-none AP.
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Fic. 2. Comparison of control (A) and MyD (B) activity in response to single anode break stimulus. Numbers associated with each trace refer to
the RP of the cell under conditions of no current injection. The duration of the anode break stimulus was not found to affect the resulting firing
activity. Control myotubes typically fired a single AP followed by an afterhyperpolarization of variable magnitude and duration. The activity re-
sulting from stimulating MyD myotubes was much more variable than observed in control myotubes. Many MyD myotubes had depolarizing after-
potentials (DAPs, Fig. 2 BI and B2). Sometimes, MyD myotubes were seen to repetitively fire APs continuously (Fig. 2B3) with no.stimulus. No
correlation was seen between RP and repetitive firing. As can be seen, control and MyD myotubes with similar RPs often had very different repetitive

firing and afterpotential characteristics.

to uniformly polarize with artificial current injection.

In MyD myotubes the AP amplitude was reduced by 14.9 mV
(P < 0.005) and the AP overshoot was reduced by 6.9 mV (P <
0.05). No significant differences were detected in AP half-am-
plitude duration. The AP afterhyperpolarization amplitude of
MyD myotubes was significantly less than the afterhyperpolar-
ization amplitude of control myotubes (—5.7 = 0.6 for control
and —2.1 = 0.9 mV for MyD, P < 0.005). Cells from two MyD
biopsies possessed average positive afterpotentials (MyD pa-
tients 8 and 9). It is clear that measurements of both the ampli-
tude of the AP and its afterhyperpolarization could be influ-
enced by the decreased RP.

Specifically, the decreased RP of MyD myotubes could be
expected to increase the amplitude of the afterhyperpolarization
and decrease the amplitude of the AP. To study these effects, we
depolarized the membrane potential of control “short” myo-
tubes that were considered to be uniformly polarized during
current injection. Depolarization from —55 mV to —35 mV in-
creased the afterhyperpolarization amplitude by approximately
5 mV, decreased the AP amplitude by approximately 20 mV,
but did not significantly affect'the AP overshoot. Therefore,

the reduction in afterpolarization amplitude of approximately:

3.5 mV in MyD myotubes is probably an underestimate, and al-
though the AP overshoot appears independent of RP, at least
part of the decrease in AP of MyD myotubes may be due to the
decreased RP.

Increased Repetitive Firing and Decreased Outward-Going
Rectification Abnormalities. Another conspicuous difference
between control and MyD myotubes in culture was the ten-
dency of MyD myotubes to fire multiple APs upon stimulation
(Fig. 2 B2 and B3). Of the 360 control and 370 MyD myotubes
examined, approximately 20% of the MyD myotubes and 2% of
the control myotubes fired more than one AP when stimulated
by anode break excitation. The increased repetitive firing be-
havior of MyD myotubes is not believed to be due primarily to
their decreased RP because: (i) no correlation was seen between
repetitive firing behavior and RP (compare frame 2 of Fig. 2A
and frames 2 and 3 of Fig. 2B1 with frame 2 of Fig. 2B2); and (ii)
steady-state depolarization of the membrane potential of control
or MyD myotubes with large RPs did not increase the likelihood
of repetitive firing upon stimulation.

The AP afterpotential of control myotubes was typically hy-
perpolarizing (Fig. 2A), in contrast to the MyD afterpotential,
which exhibited much more variability (Fig. 2B). Approxi-
mately 50% of the MyD myotubes exhibited a normal or re-
duced AP afterpotential that was hyperpolarizing. The remain-
ing 50% of the MyD myotubes exhibited either a depolarizing
afterpotential (DAP; e.g., Fig. 2B1, frames 4 and 5) or a small,
short, afterhyperpolarization followed by a delayed DAP (e.g.,
Fig. 2B1, frames 2 and 3). Myotubes that fired multiple APs
when stimulated (Fig. 2 B2-and B3) had conspicuous DAPs.

MyD myotubes that did not fire multiple APs in response to
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Fic. 3. Comparison of steady-state current—voltage (I-V) plots
and repetitive firing behavior of control and MyD myotubes. Both myo-
tubes were short (approximately 200 um) with similar diameters (ap-
proximately 25 um). (A) Upper, representative steady-state I-V plot
from control myotube. The steady-state voltage response (abscissa) is
plotted versus the magnitude of a long (approximately 1 s) rectangular
current pulse (ordinate) injected into the myotube. Inward-going rec-
tification is seen in the membrane potential region near RP (arrow 2)
and well-developed outward-going rectification (arrow 1) is seen at de-
polarized membrane potentials (RP = —45 mV). Lower, a single AP is
elicited by anode break stimulation (left) as well as by the depolarizing
phase of a slowly varying current ramp (right). The ramp was adjusted
so that its most positive phase reached the myotube’s normal RP. Upper
traces, membrane potential; lower traces, injected current. (B) Upper,
representative steady-state I-V plot of MyD myotube. The MyD I-V
plot shows a region of inward-going rectification compared to control
myotube I-V plots (RP = —39 mV). Lower, anode break stimulation of
a MyD myotube elicits a single AP (left) but a slowly varying current
ramp injected into the same myotube elicits multiple APs (right).

anode break stimulation could often be made to fire repetitively
in response to a slowly depolarizing current ramp (Fig. 3B). A
ramp frequency of 0.3 Hz was most effective in producing re-
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petitive firing activity. Approximately 30% of the MyD myo-
tubes and 10% of the control myotubes that fired a single AP
with anode break stimulation could be made to fire two or more
APs with the ramp test. The ramp test was found to be particu-
larly effective in producing multiple AP firing in MyD myo-
tubes that demonstrated a reduced afterhyperpolarization or a
DAP with anode break stimulation.

The relationship between afterpotential amplitude and re-
petitive firing behavior was further examined in MyD myotubes
by correlating the number of APs evoked during the ramp test
and the peak amplitude of the hyper- or depolarizing afterpo-
tential after a single AP (evoked by anode break stimulation).
This analysis demonstrated a highly statistically significant cor-
relation between the number of APs and the afterpotential am-
plitude (correlation coefficient = 0.60, P < 0.01 and n = 40 myo-
tubes). It is expected that this correlation coefficient is an
underestimate because myotubes with afterhyperpolarizations
greater than —2 mV usually fired only a single AP with the ramp
test, which would have the effect of decreasing this correlation.

Steady-state current-voltage (I-V) plots of control and MyD
fibers were compared in order to examine the slow current pro-
cesses that are expected to underlie the repetitive firing behav-
ior seen in many MyD myotubes. Control steady-state I-V plots
typically exhibited a region of inward-going rectification at
membrane potentials slightly depolarized from rest and well-
developed outward-going rectification at more depolarized
membrane potentials (Fig. 3A). Control steady-state I-V plots
were similar to one another, whereas MyD I-V plots exhibited
considerable variability. Approximately one-fourth of the MyD
I-V plots were indistinguishable from control plots; however,
the majority of MyD I-V plots exhibited significantly decreased
outward-going rectification (Fig. 3B). The outward-going rec-
tification properties of individual control and MyD myotube
I-V plots were estimated by measuring the increase in slope
conductance between the two standard membrane potentials of
—50and 0 mV. The slope conductance ratio, therefore, provides
a quantitative measure of the degree of outward-going rectifi-
cation of an I-V plot (measured at —50 mV). This procedure to
quantify the outward-going rectification in muscle fiber steady-
state I-V plots has also been used by other investigators (21).
The slope conductance ratio of MyD I-V plots (2.3 = 0.3, n =
13, I-V plots) was found to be significantly (P < 0.001) less than
the slope conductance ratio of control I-V plots (5.0 = 0.7, n =
11, I-V plots). Thus, I-V plots obtained with MyD myotubes
have approximately half the slope conductance ratio of I-V plots
obtained with control myotubes.

DISCUSSION

These studies have demonstrated abnormalities in some of the
fundamental electrical properties of cultured muscle from MyD
patients. The abnormalities in electrical properties include: (i)
decreased average RP (ii) decreased AP amplitude and over-
shoot; (iti) decreased AP afterhyperpolarization amplitude; (iv)
decreased outward-going rectification; and (v) increased ten-
dency to fire repetitive APs. These abnormalities in cultured
muscle are remarkably similar to abnormalities observed in in-
tact muscle studied immediately after biopsy. Several investi-
gators have noted a decreased RP in intact MyD muscle (4,
10-12), and Gruener (11) reported that intact MyD muscle fi-
bers have a decreased overshoot and fire trains of APs in re-
sponse to the injection of a depolarizing current ramp unlike
control muscle fibers. Thus, although the expression of the
MyD defect inculture may be influenced by the culturing pro-
cess itself, the physiological abnormalities demonstrated in cul-
tured MyD myotubes suggests similarities of the intact fiber and
tissue culture systems.
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Of the five changes noted above, the tendency to fire repeti-
tive action potentials would appear to be the most significant,
because myotonia is the hallmark of skeletal muscle in this dis-
order in vivo. Of the other abnormalities in electrical proper-
ties, the decreased AP afterhyperpolarization amplitude may
well be of primary importance, and the decreased RP may be of
secondary importance. The secondary importance of the RP is
pointed out by its lack of correlation with repetitive firing and
the observation that depolarizing MyD or control myotubes
does not increase their tendency to fire repetitive APs.

The increased tendency of MyD myotubes to fire repetitive
APs is a reflection of the hyperexcitability characteristic of adult
MyD muscle and appears to be closely associated with the prop-
erties of the AP afterpotential. Many MyD myotubes exhibited
DAPs, which were particularly pronounced in those myotubes
that repetitively fired, in response to either a single stimulus or
a slowly depolarizing ramp. Such DAPs are indicative of nerve
and muscle preparations that fire repetitive APs and have been
observed in systems such as spinal motoneurons (22, 23), hip-
pocampal neurons (24), molluskan neurons (25), and lobster
stretch receptors (26).

The AP afterhyperpolarization typical of control myotubes
(and some MyD myotubes) would be expected to repolarize the
membrane potential below the RP, preventing a new AP from
being evoked. However, a DAP after an AP would prevent the
membrane potential from hyperpolarizing to the RP and would
provide a sufficiently large depolarizing current to evoke a new
AP, producing repetitive firing.

Either an increase in a slow time course inward current or a
decrease in a slow time course outward current can be expected
to underlie the depolarizing afterpotential. Of the two possibil-
ities, we postulate that a defect in slow outward K* current is
involved, because the defective MyD membrane properties
such as AP afterhyperpolarization and outward-going rectifica-
tion are most likely dependent on slow K* currents. This de-
crease in slow K* outward current could be due either to a K*
conductance abnormality or to a decrease in K* equilibrium po-
tential. The decreased RP could also be explained by a defective
K* conductance, defective K* equilibrium potential, or both,
especially because the resting permeability of the control myo-
tubes is primarily dependent upon K* (Na* permeability to K*
permeability ratio = 0.14 = 0.06, unpublished observations).

Although a defect in K* permeability and associated currents
could cause all of the observed MyD abnormalities, alterations
in other membrane currents could also explain the defects. For
example, a defect causing delayed Na* current inactivation is
known to be capable of reducing AP afterhyperpolarization am-
plitude and producing repetitive firing (27, 28). In order to dis-
tinguish between alterations in the K* and Na* currents it will
be necessary to understand the defects in terms of the ampli-
tude of the currents as well as their kinetics, especially their in-
activation kinetics.

Regardless which specific current represents the primary de-
fect, our demonstration of altered electrical properties provides
cogent evidence that functional abnormalities characteristic of
MyD can be expressed in isolated MyD myotubes grown in vi-
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tro. Additionally, these studies support the usefulness of cell
culture as a valuable model for critical analyses of the molecular
mechanisms underlying MyD deficits.
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