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n absence of utrophin in muscle

from mdx mice prolongs the open
time of single mechanosensitive channels.
On a time scale much longer than the
duration of individual channel activa-
tions, genetic depletion of utrophin pro-
low frequency oscillations of
channel open probability. Oscillatory
channel opening occurred in the dystro-

duces

phin/utrophin mutants, but was absent
in wild-type and mdx fibers. By contrast,
small conductance channels showed ran-
dom gating behavior when present in the
same patch. Applying a negative pressure
to a patch on a DKO fiber produced a
burst of mode II activity, but channels
subsequently closed and remained silent
for tens of seconds during the maintained
pressure stimulus. In addition, simulta-
neous opening of multiple MS channels
could be frequently observed in record-
ings from patches on DKO fibers, but
only rarely in wild-type and mdx muscle.
A model which accounts for the single-
channel data is proposed in which
utrophin acts as gating spring which
maintains the mechanical stability a cav-
eolar-like compartment. The state of this
compartment is suggested to be dynamic;
its continuity with the extracellular sur-
face varying over seconds to minutes.
Loss of the mechanical stability of this
compartment contributes to pathogenic
Ca®" entry through MS channels in
Duchenne dystrophy.

Introduction

The dystrophin-associated glycoprotein
complex in skeletal muscle links the
extracellular matrix to the intracellular
actin cytoskeletal network.' Contraction-
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induced stresses are generated both longi-
tudinally as well as laterally. Lateral
stresses disrupt alignment of sarcomeres
and orientation of the t-tubular system,
which reduce muscle force generation.&8
Evidence suggests the dystrophin-glyco-
protein complex stabilizes lateral stresses
by linking intracellular actin to laminin in
the extracellular matrix at costameres,
transverse circumferential structures over-
lying the Z bands.*'® In addition, skeletal
muscle possesses excess membrane reserves
such as caveolae, small dome-shaped
indentations of the surface membrane,
that prevent damage to the sarcolemma
during muscle fiber elongation by provid-
ing a source of membrane when the fiber
is stretched.'!

Mutation in the dystrophin gene leads
to the absence or reduced expression of
dystrophin, which is the primary defect in
Duchenne muscular dystrophy.'*" An
early event in the pathogenesis of Duch-
enne dystrophy is an increase in intracellu-
lar Ca®" levels as a result of increased
Ca®" influx across the cell membrane.
There is now strong evidence showing
mechanosensitive (MS) ion channels con-
tribute to pathological Ca*" entry in dys-
trophic skeletal muscle.'*?® Recent work
suggests MS channels in skeletal muscle
are formed from TRPV4 proteins,
although the precise subunit composition
remains to be determined.?*

The mechanisms by which MS chan-
nels transduce mechanical forces in skele-
tal muscle are only beginning to be
understood. The simplest hypothesis is
that dystrophin acts as a gating spring that
controls membrane force transmission to
MS channels. Alternatively, dystrophin
may stabilize local membrane surface
structure, composition, and/or geometry
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through interactions with the sub-mem-
brane actin cytoskeletal network. Other
mechanisms are possible. It is clear, how-
ever, MS channels are part of a complex
protein interactome, the muscle mechano-
some, whose function depends on mem-
lipid and bulk

properties, as well as interactions between

brane composition
various cytoskeletal, scaffolding and sig-
naling molecules. High time resolution
recordings of single MS channels in mus-
cle with genetic mutations in different
components of the dystrophin-glycopro-
tein complex can provide insight into the
mechanism of MS channel gating and the
resulting changes in membrane Ca*"
fluxes which contribute to the pathogene-
sis of muscular dystrophy.

The mdx mouse lacks full-length dys-
trophin and has been used as a model for
studying the pathogenesis of Duchenne
dystrophy in humans.”>*" The mdx
mild

disease compared with humans with

mouse, however, has a rather
Duchenne dystrophy. The reduced sever-
ity of disease in mdx mice is thought to be
due to increased expression of utrophin,
an autosomal gene product with signifi-
cant homology to dystrophin.?®*? In sup-
port of this idea, transgenic mice lacking
both dystrophin and utrophin have severe
muscle disease that more closely resembles
Duchenne dystrophy’®?! and increased
transgenic expression of utrophin reduces
the muscle pathology in the
mouse.>*

mdx

In a preceding paper, we showed that
genetic depletion of utrophin in muscle
fibers from mdx mice produces a gene dose-
dependent increase in the opening probabil-
ity of single MS channels in recordings from
membrane patches.®® The increase in MS
channel opening in the utrophin mutants
lasted seconds rather than milliseconds.
These openings, termed mode II activity,
appeared as a sudden shift to high levels of
channel activity followed by abrupt channel
closure. Mode II activity was often followed
by periods lasting tens of seconds to minutes
in which channels remained silent. In addi-
tion, MS channels in utrophin mutants
showed changes in single-channel conduc-
tance and subconductance state occupancy,
suggesting dynamic coupling of individually
gating channel subunits to form functional
multimeric channels.”
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In this paper, I describe MS channel
gating in dystrophic muscle on a time
scale that is much longer compared with
the time course of individual MS channel
activations. Time series analysis of MS
channel activity reveals low frequency,
periodic oscillations of MS channel open
probability in mdx muscle lacking utro-
phin, but most prominenty in muscle
from double knockout (DKO) mice. The
results also show cooperative or coupled
gating of MS channels in which multiple
channels open and close simultaneously.
In some patches, exponential relaxation of
the single-channel current preceded pro-
longed mode II activity. Relaxation of the
single-channel current could be explained
as dynamic changes in the access resistance
to an MS channel-containing membrane
domain. The data suggest a model in
which dynamic changes in access to
restricted membrane domains contribute
to the changes in MS channel gating
recorded from dystrophic muscle.

Results

Figure 1 shows a recording of single
MS channel activity from a cell-attached
patch on a wild type FDB fiber. Figure 1a
shows single-channel currents representing
~16 s of continuous channel activity at a
patch holding potential of ~60 mV and
the electrode pressure set to 0 mmHg. MS
channel activity appears as short bursts of
openings separated by longer closed peri-
ods.">** The short horizontal bar at the
top of the first record in Figure la indi-
cates the burst of single-channel activity
shown at the bottom on an expanded time
scale. Single MS channel activity appears
as rapid opening and closings with excur-
sions to distinct subconductance levels.*?
Figure 1b shows the histogram of channel
open times obtained by measuring chan-
nel open times using a threshold detection
algorithm. The open time histogram was
fitted as the sum of 2 exponential compo-
nents using a maximum likelihood fitting
routine. In this recording from a fiber
from a wild-type mouse there was a major
component with a time constant of
1.8 ms and a much smaller component
with a time constant of 15 ms (see 35).
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It is possible that the level of MS chan-
nel activity fluctuates over long time peri-
ods, either due to random variations in
membrane mechanical properties or, per-
haps, non-random forces generated by
contractile elements or patch adhesion to
the electrode.**” Alternatively, MS chan-
nels may diffuse within the patch itself to
the region where the cell membrane forms
a seal with the electrode glass.36 In the first
set of experiments, I tested whether MS
channel activity represents a simple sto-
chastic process that is more or less con-
stant over time using time series analysis
of channel gating parameters. Figure 1lc
shows measurements of MS channel open
probability as a function of time during
the experiment. Each bar represents open
probability measured during successive
and equal intervals of time during ~5
minutes of a continuous recording. To
analyze the correlation of channel open
probability during successive time points,
the autocorrelation function was calcu-
lated and plotted as a function of the lag
k, the time interval between successive
data points (details in Methods).
Figure 2d shows the autocorrelation func-
tion had a simple form in which the auto-
correlation is high for very short lags, but
then drops to a low level and approaches
zero as lag k increases. The form of the
autocorrelation function indicates that
there is little correlation between channel
events with increasing separation in time
and that gating of channel in wild-type
muscle represents a stochastic process.

Figure le shows an experiment where I
looked for correlation between channel
open times measured in the same experi-
ment. Figure le shows channel open
times plotted sequendally as a function of
time during the recording. There was no
obvious grouping or abrupt changes in
channel open times during the ~5 minute
recording period. Figure 1f shows the
autocorrelation function of channel open
times as a function of the lag 4 between
successive observations. The autocorrela-
tion function of channel open times
resembled that of open probability
(Fig. 1d), except that open times showed
somewhat more correlation at short lags.
This likely reflects the fact that channels
open as bursts in which each burst con-
tains groups of individual openings.
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Nonetheless, the autocorrelation
function declined monotonically
toward zero with increasing sepa-
ration between observations as
expected for a random gating
process. In subsequent experi-
ments, | restricted the analysis of
autocorrelation to measurements
of channel open probability to
avoid experimental errors associ-
ated with incomplete openings
and subconductance gating of
MS channels.”

Figure 2 shows recordings of
single MS channel activity that
lasted several minutes on patches
from an mdx and mds/utrn™'~
DKO muscle fiber. Figure 2a
shows sequential 100 ms records
of single-channel activity with the
patch potential held at —60 mV
and the electrode pressure set to 0
mmHg (mdx fiber, left records;
DKO fiber, right records). The
corresponding plots of channel
open probability as a function of
time during the recording are
shown in Figure 2b and c. Note
the prevalence of MS channel
mode I activity in the mdx fiber.
By contrast, MS channels in
DKO muscle show both mode 1
and II activity. In Figure 2c,
mode II activity in
the DKO fiber begins during the
fourth trace and continues during
the fifth trace. The recording
from the DKO fiber showed MS
channels were open continuously
for 10 seconds and these periods
of intense mode II activity were
interspersed with low open prob-
ability mode I events. Subse-
quently, channels failed to open
during the later half of the
recording period. This could
result from movement of the
channel into an electrically iso-
lated space such as a vesicle/mem-
brane compartment or
within the region
where the cell membrane comes

movement

in contact with the recording
electrode.®® Alternatively,

mutant may promote an inactivation or
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Figure 1. Time series analysis of MS channel activity recorded from a wild-type FDB fiber. (a) Single channel
currents recorded from an FDB muscle fiber. The records represents ~20 seconds of continuous single-chan-
nel activity. The period of channel activity marked by horizontal bar is shown on an expanded time scale at
the bottom of the records. Currents were sampled at 5 kHZ and filtered at 2 kHz. The single-channel conduc-
tance was 22 pS. The patch holding potential was —-60 mV and the pressure in the electrode was set to 0
mmHg. (b) Histogram of MS channel open times. Data is from the same experiment as the records in (a). The
open time distribution was fit as the sum of 2 exponential components with 1, = 1.8 and 15 ms, amplitudes
0.99 and 0.01. (c) Channel open probability plotted as a function of time during the recording. The data repre-
sents approximately 5 1/2 minutes of continuous channel activity at -60 mV. (d) Autocorrelation function of
channel open probability (details in Methods). () MS channel open times plotted as a function of time during
the recording. (f) Autocorrelation function of channel open times.

changes
membrane tension within the patch in the

in desensitization process, which occurs in Figure 2d shows the autocorrelation
function plotted as a function of lag 4

for channel open probability in the

the absence of an applied pressure
stimulus.
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Figure 2. Time series analysis of MS channel open probability in mdx and mdx/utrn™~ DKO fibers. (a) Single-
channel currents recorded from cell-attached patches from an mdx (left traces) and a DKO fiber (right traces.
Note that MS channel currents showed only mode | gating in the mdx fiber, while in the DKO fiber there were
both mode | and Il openings. (b) MS channel open probability as a function of time during the recording
from the mdx fiber. (c) MS channel open probability as a function of time during the recording from the DKO
fibers. The figures represent ~2.5 minutes of continuous channel activity at a holding potential of -60 mV
with the pipette pressure set to 0 mmHg. (d) Autocorrelation function of channel open probability as a func-
tion of time for channel activity in the mdx fiber plotted as a function of lag k. (e) Power spectra of the auto-
correlation function of channel open probability vs time in the mdx fiber. (f) Autocorrelation function of
channel open probability as a function of time in the DKO fiber plotted as a function of lag k. (g) Power spec-
tra of the autocorrelation function in (f).

function MS channel open
probability is qualitatively dif-
ferent from that in wild-type or
mdx fibers. The autocorrelation
showed an initial maximum,
but then declined; subsequently,
it showed pronounced oscilla-
tions in amplitude with major
peaks at lag # = ~50 and 100.
Figure 2g shows the power
spectrum of the autocorrelation
function of MS channel open
probability in the DKO fiber
(Fig. 2f). There were 2 main
peaks in the power spectrum at
0.01 and 0.02 Hz. There were
also 2 minor peaks at somewhat
higher frequencies. This differs
from the power spectrum mea-
sured for channel activity in the
mdx fiber, which was essentially
flat (Fig. 2e). Evidently, gating
of MS channels in DKO mus-
cle over longer time periods
shows periodic rather than a
simple stochastic behavior.
Figure 3a compares MS chan-
nel activity recorded from 2 dif-
ferent patches on DKO fibers.
The two patches differed in the
pattern of MS channel activity.
Figure 3a (left) shows a record-
ing from a patch on a DKO
fiber in which MS channels
showed only mode I type activ-
ity. Figure 3a (right), by con-
trast, shows an example where
MS channel activity consisted
mostly of mode II events. These
examples represent the variability
in MS channel activity in differ-
ent recordings of single-channel
activity from membrane patches
on DKO fibers.>> Variability in
MS channel gating in DKO
muscle may reflect the spatial
distribution of MS channels on
the sarcolemma in relation to
local membrane domains and/or

recording from the mdx fiber. The auto-
correlation function decreased mono-
tonically with increasing lag 4, similar
in form to that measured in recordings
from wild-type fibers (Fig. 1d). How-
ever, the amplitude at every lag & was
higher. The

larger values of the
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autocorrelation function likely reflect
the longer burst durations of MS chan-
nels in mdx compared with wild-type
muscle.”” Figure 2f shows the autocor-
relation of MS channel open probability
at increasing lag 4 in the DKO fiber. In

this experiment, the autocorrelation

Channels

proximity to cytoskeletal structures as
well as variability in intrinsic patch ten-
sion and geometry. This issue is taken up
in the Discussion.

Figure 3b and ¢ shows MS channel
open probability as a function of time
during the recordings on the 2 DKO

Volume 9 Issue 3



fibers. Figure 3b shows that open proba-
bility in this experiment consisted entirely
of low open probability mode I activity.
Figure 3¢ shows a different pattern in
which MS channel activity in the DKO
appears almost exclusively as bursts of
mode II activity separated by rela-
tively long periods in there was no
channel activity. Figure 2d and ¢
show the autocorrelation function
and power spectrum for the
recording in which MS channel
activity consisted primarily of
mode I activity (Fig. 1b). Except
for very short time intervals, there
was little correlation of channel
open probability as a function of
lag k. This is reflected in the
power spectrum (Fig. 3e), which
essentially flat. Figure 3f
shows, by contrast, the autocorre-

was

lation function of channel open
probability in the patch in which
mode II activity dominated the
single-channel activity. The auto-
correlation function showed many
large amplitude peaks. Figure 3g R

shows the power spectrum of the

open probability ©

autocorrelation function. Over the
frequency range shown there are at
least 7 distinct peaks in the power
spectra at frequencies between
~0.01-0.05 Hz. Evidently, mode
IT activity in DKO muscle is peri-
odic. On the other hand, MS chan-
nel mode I activity in wild-type,
mdx, or DKO muscle shows no
evidence of periodicity and
behaves more or less as a stochastic
process. A tentative conclusion is
that utrophin may act as a gating

autocorrelation

spring to dampen oscillations that
arise from non-random changes in
membrane tension and/or struc-

0.0
ture. However,

the absence of
utrophin is necessary but not suffi-
cient to reveal periodic behavior.
This suggests that utrophin may
stabilize or interact with a tension-
generating system such as the sub-
membrane cytoskeleton.

We previously showed loss of
a single utrophin allele in the
mdx/utrn™"~ heterozygotes pro-
duced an intermediate MS chan-
nel gating phenotype similar to

www.tandfonline.com

bl i )

0.5+

that observed in DKO muscle, but with
less frequent mode II activity.”” Loss of a
single utrophin allele also increased the
probability of MS channel occupancy of
small subconductance states in a manner
similar to that seen in DKO muscle.
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These observations suggested that partial
depletion of utrophin in heterozygotes
would produce oscillatory mode II gating
in some, but not all, patches. This was
tested in the
Figure 4.

experiment shown in
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Figure 3. The autocorrelation function and power spectra for MS channel open probability in DKO fibers. (a)
Single-channel currents recorded from a DKO fiber that exhibited primarily mode | gating (left records) or
mode Il gating (right records). (b) MS channel open probability plotted as a function of time during the
recording for mode | gating in a DKO fiber. (c) MS channel open probability plotted as a function of time dur-
ing the recording for mode Il gating in a DKO fiber. (d) Autocorrelation function plotted as a function of lag k
for the plot of DKO mode | open probability as a function of time during the recording. (e) Power spectra
obtained from the autocorrelation function in (d). (f) Autocorrelation function plotted as a function of lag k
for the plot of mode Il gating of MS channels in a DKO fiber. (g) Power spectra of the autocorrelation function
of mode Il gating from (e). Note that mode Il gating is associated with oscillations in the autocorrelation
function and 6-7 discrete peaks in the power spectra.
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Figure 4 shows the results obtained
from 3 separate recordings on muscle fibers
from madx/utrophin heterozygotes. The top
graphs (Fig. 4a-c) show MS channel open
probability plotted as a function of time
during each recording. Figure 4d-f show
the corresponding autocorrelation func-
tions and power spectra (insets) for the
plots of open probability versus time. In 15
recordings from utrophin heterozygotes,
only 3 patches showed oscillatory MS
channel activity. Figure 4f is an example
of a recording in which the autocorrelation
function of channel open probability devi-
ated from the simplest autoregressive
model and exhibited periodicity. In this
example, the oscillations appeared some-
what more compressed at lower frequen-
cies and the peaks in the power spectra
were sharper and had a smaller amplitude.
On the other hand, the majority of patches
on utrophin heterozygotes were similar to
those shown in Figure 4a and b, in which
the autocorrelation of open probability as a
function of time showed little correlation

between adjacent time points (Figs. d,e)
and the power spectrum was flat (insets).
Evidently, one utrophin allele is sufficient
to suppress the highly periodic behavior of
MS channels seen in DKO muscle.

Figure 5 summarizes the key findings
of the time series analysis of MS chan-
nel gating in mdyx, mdx/utrophin hetero-
zygous, and DKO muscle. Figure 5a
shows the fraction of patches in which
MS channels showed periodic gating.
Periodic activity was rare in recordings
from mdx muscle (1/15). Periodic gat-
ing could be detected somewhat more
frequently in utrophin heterozygotes (3/
13), but was still relatively infrequent.
The presence of mode II activity was,
apparently, necessary but not sufficient
to produce periodic gating in recordings
from utrophin heterozygotes. On the
other hand, ~70% of patches on DKO
muscle with MS channel activity (8/12)
showed periodicity that was highly cor-
related with the presence of mode II
openings (data not shown). The results

suggest the presence in muscle of a sin-
gle utrophin allele is sufficient to sup-
press periodic mode II channel activity.
Figure 5b shows the combined results
obtained from the spectral analysis of the
autocorrelation function in all the record-
ings from utrophin heterozygotes and
DKO fibers. The amplitude of each peak
in the power spectrum for each experiment
is plotted as a function of frequency. Open
symbols represent experiments on utro-
phin heterozygotes; filled symbols repre-
sent experiments on DKO fibers. Different
shaped symbols correspond to different
experiments. The combined data show the
spectral components of periodic gating
were shifted toward lower frequencies in
recordings from DKO muscle compared
with utrophin heterozygotes. In addition,
the amplitude of the spectral components
tended to be greater in DKO muscle,
although there was some variability, with
one recording from a heterozygote show-
ing relatively large amplitude spectral com-
ponents. Taken together, however, the
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Figure 4. Time series analysis of MS channel open probability in mdx/utrn
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the experiments shown in a-c. Note that peaks in the power spectra of MS channel gating in the utrophin heterozygotes are seen only when bursts of
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results indicate complete loss of utrophin
in DKO muscle unmasks low frequency
oscillations of MS channel opening.

The effects of pressure on MS channel
opening in utrophin mutants are complex.
In some patches on DKO fibers, pressure
activates MS channels, but the relation-
ship between channel open probability
and pressure is shifted to larger negative
pressures compared with wild-type and
mdx fibers (ref 35, Fig. 6). In other
patches, pressure failed to
increase channel open probability (not
shown). One possibility is that the absence
of both dystrophin and utrophin in DKO

muscle renders MS channels more sensi-

however,

tive to an inactivation process. In this
view, dystrophin/utrophin have a gating
spring-like action which maintains mem-
brane tension and prevents viscoelastic
relaxations or other types of membrane
changes that would alter mechanical force
the
Alternatively, the patch membrane on
DKO fibers may be more compliant and/
or have more labile infoldings of the sur-
face membrane that absorb changes in
patch tension.

transduction membrane.

through

In a number of patches on DKO
muscle, MS channel activity was high at
the beginning of the experiment, but
then declined abruptly and the patch
remained silent for the remainder of the
recording period. This process was pro-
nounced when the patch membrane was
subjected to a constant pressure stimu-
lus applied to the electrode. Figure 6
shows an example of MS channel inac-
tivation in response to the application
of a constant pressure stimulus to the
patch membrane. Figure 6a shows con-
secutive records of single MS channel
activity. In this experiment, the patch
electrode  pressure was set to -20
mmHg shortly after seal formation and
was held constant for 2 minutes. The
first 2 sweeps show characteristic mode
I bursts of channel activity. Note that
at the beginning of the third sweep
(first asterisk) the inward single-channel
current relaxes toward zero (second
asterisk). The amplitude of the single-
channel current subsequently increases
again to the open state. The noise in
the single-channel records likely reflects
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Figure 5. Spectral components of MS channel gating in mdx, mdx/utrn*/~ heterozygotes, and DKO
fibers. (a) Fraction of patches showing oscillations in the autocorrelation function of MS channel
open probability. The values were 0.12, 0.25, and 0.67 for patches on mdx, mdx/utrn™’~ heterozy-
gotes, and DKO (n = 7, 12, and 13 patches, respectively). (b) Combined data from the analysis of
the power spectra showing power as a function of frequency from analysis of open probability
time series from heterozygous (open symbols) and DKO fibers (filled symbols). Each symbol is from
a different patch. The recording from an mdx patch showing oscillatory behavior is off-scale, below

transitions between multiple subconduc-
tance states.”>?’

In this sweep and subsequent sweeps,
the single-channel current decreased in
amplitude, but recovered to the fully open
state. In the last record, the channel
returns abrupty to the closed state.
Figure 6b shows channel open probability
as a function of time during this record-
ing, which lasted about a minute and a
half. The bar at the top represents the
period from which the records in Fig-
ure 6a were taken. Note that after the
final closure, there is no MS channel activ-
ity for the remainder of the recording even
though the pressure was held constant at
—20 mmHg. Applying a larger pressure at
later times also failed to elicit MS channel
activity (data not shown). Artifacts such as
irreversible formation of a membrane bleb

Channels

in the electrode can be ruled out because
it was possible to record voltage-activated
Na™ and K™ currents in response to volt-
age steps (data not shown). Evidently, MS
channel opening in response to pressure is
transient and the channel does not reopen.
The present experiments do not provide
information on the precise mechanism for
the loss of activity during maintained pres-
sure. Additional experiments will be
required to determine the relative role of
and membrane
mechanics in the observed inactivation

channel  properties
process.

In a number of recordings from DKO
muscle, the inward single-channel current
showed a pronounced relaxation toward
zero current. Often this relaxation pre-
ceded transition to mode II activity as
shown in Figure 6a (asterisks). The time
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Figure 6. Inactivation of an MS channel showing mode Il gating in a DKO fiber during maintained a
pressure stimulus. (a) Records of single-channel activity recorded from a DKO fiber with the patch
potential held at -60 mV and the pipette pressure set to —~20 mmHg. The first 2 sweeps show chan-
nel opening occur initial as short mode | bursts followed by a period of mode Il activity starting at
the first asterisk in the third sweep. The channel returns to the closed state during the last sweep.
Note the relaxation of the single-channel current from the open toward the closed state between
the 2 asterisks at the beginning of sweep 3. (b) MS channel open probability plotted as a function
of time with the pipette pressure set to ~20 mmHg for the entire 100 seconds of this segment of
channel activity. The bar above the period of high open probability represents the time period
from which the sweeps in (a) were taken. Despite the maintained pressure stimulus, MS channel
open probability was zero for the remaining time. (c) Analysis of the relaxation of the single channel
current bewteen the 2 asterisks above sweep 3 in the records in (a). The current is shown inverted
on a fast time scale and is fit with a single exponential with a time constant t = 11.5 seconds.

course of the inward current transient can

not be explained by any obvious artifact,
such as depolarization of the patch
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membrane potential, which would reduce
the single-channel current by reducing the
driving force for ion entry. In these

Channels

experiments, the muscle fiber was bathed
in an isotonic K solution and so the mus-
cle membrane potential is set to zero mV.
On the other hand, a transient increase in
a resistance that is in series with the patch
membrane could give rise to an exponen-
tial current relaxation. In this case, a vari-
able fraction of the applied voltage would
fall across this series resistance. The source
of such a series resistance is uncertain. The
processes giving rise to the change in series
resistance would have to be reversible
because the single-channel current subse-
quently returns to the open level. A more
trivial artifact involving irreversible forma-
tion of a membrane bleb within the patch
electrode seems unlikely because single-
channel activity persists for several seconds
after the transient. In addition, single volt-
age-gated Na' and K' channels can be
recorded al later times in the same patch
when MS channels are silent (data not
shown).

The inward current transient preceding
mode II activity can be explained if it is
assumed there is a membrane compart-
ment that lies just beneath or is attached
to the sarcolemma but remains electrically
isolated from the extracellular surface.
Such a compartment may correspond to a
submembrane vesicle, such as those that
insert glucose transporters into the sarco-
lemma or those involved in membrane
repair mechanisms. Alternatively, the
compartment may correspond to small
caveolae in which the neck region that
attaches the lumen to the sarcolemma is
constricted or in a closed state.

Figure 6¢ shows the inward current
transient inverted on an expanded time
scale. The line through the current is the
fit to a single exponential with a time con-
stant T = 11.5 ms. The results in Figure 6
suggest pressure may cause changes in the
continuity of a submembrane compart-
ment with the extracellular surface. Incor-
poration of such a compartment to the
surface membrane would be expected to
add additional surface area which could
reduce tension in the membrane and lead
to a reduction in MS channel activity.
Although the present data is entirely con-
sistent with such a hypothesis, additional
experiments are clearly needed to establish
a role of membrane trafficking events in
MS channel gating.
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Previous studies from this laboratory
suggest that MS channels are multimeric
proteins and individual subunits may be
restricted in their spatial distribution to
local membrane domains. Localization to
membrane domains may account for both
subconductance gating23 as well as large
conductance MS channels in utrophin
mutants.>> The next series of experiments
investigated some possible consequences
of the localization of MS channel subunits
to restricted membrane domains in DKO
muscle. Figure 7 shows that MS channels
in DKO muscle undergo “coupled” gating
in which the opening of more than one
channel occurs simultaneously. Figure 7a
shows records of MS channel activity
recorded from a DKO fiber. Each record
is ~1.8 seconds long. The patch potential
was held at —60 mV and the electrode
pressure was set to 0 mmHg. The first
record shows characteristic mode I bursts
in which the channel opens from the
closed (c) to the fully open (o) state. At
this compressed time scale, subconduc-
tance transitions are not resolved. The sec-
ond record shows simultaneous opening
and closing of 2 MS channels in the same
recording. In this example, there is a single
brief opening at the beginning of the
record, followed by a transition from the
closed state to an open level with an
amplitude that is roughly twice the size of
that in the first record. The two channels
remain open and, subsequently, close
simultaneously. Note, there are no clo-
sures from the doubly open state (02) to
the singly open level (ol). The graph
below is an all points histogram of the
amplitude of the single channel current
for the entire recording, which included
both the closed state and 2 open states (01
and 02), each with an amplitude of
~ —1.4 pA. The “coupling ratio,” which is
a measure of the deviation from the bino-
mial distribution, is 0.07 (See Methods
for details). A coupling ratio << 1 indi-
cates a high degree of coupling of the gat-
ing of individual MS channels in this
patch.

Figure 7b shows records of MS chan-
nel activity from the same experiment, but
on an expanded time scale. To the right of
each record is the amplitude distribution
of the single-channel current. The distri-
bution is plotted with the axes switched so
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Figure 7. Coupled gating of MS channels in DKO muscle. (a) Single-channel currents recorded on a
slow time scale from a DKO fiber. The patch potential was -60 mV and the pipette pressure was set
to 0 mmHg. The top trace shows mode 1 bursts of single-channel openings. The bottom trace
shows the simultaneous opening and closing of 2 channels each with a single-channel current i =
~1.4 pA. Below is the all point distribution of current amplitudes for the entire segment of channel
activity which lasted ~2 minutes. The amplitude distribution was fit as the sum of 3 Gaussian com-
ponents representing the closed state with a peak at 0 pA and either one or 2 channels fully open
with amplitudes of —1.4 pA and -2.8 pA, respectively. (b) Records from the experiment in (a) shown
on an expanded time scale. The graphs on the right show the all point distribution of current ampli-
tudes for each trace of 100 ms. The arrow in trace 2 indicates the simultaneous opening of 2 chan-
nels and there is a corresponding shift in the open channel current to a value twice that of the first
trace in which opening of only one channel is detected. The simultaneous opening of 2 channels
persists until the fourth trace when both channels close. (c) The simultaneous open of 2 channels
in trace 2 indicated with an arrow and shown at high time resolution. The two channels open simul-

the x-axis is the number of points and the
y-axis is the amplitude of the single-chan-
nel current (pA). The first record shows a
brief mode 1 event. The amplitude distri-
bution to the right shows a large peak at 0
pA corresponding to the closed channel

Channels

current and a smaller peak at the fully
open level of ~ -1.4 pA. The second
sweep shows the simultaneous opening of
2 channels (arrow). The amplitude distri-
bution to the right shows the open chan-
nel level is twice that of the first record
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indicating simultaneous opening of 2
channels. The two channels remain open
continuously and then close together fol-
lowing a somewhat slower time course
than the opening transition in the fourth
record. In the last record, only a single
MS channel opens in a mode I burst.
Figure 7c shows the simultaneous open-
ing of 2 channels from Figure 7b at high
time resolution. The arrow corresponds to
the time of coupled opening in the record
in Figure 7b. Note the 2 channels open
within 500 s, which is at the time resolu-
tion of the patch recording system. The

single-channel current rises from the fully
closed to the open level corresponding to
2 channels. At high resolution, it is not
possible to discern opening of one channel
prior to the other. Thus, coupled opening
of MS channels in DKO muscle occurs
within 500 ws. By contrast, MS channels
in wild-type and mdx muscle often open
by first passing through relatively long-
lived subconductance states before reach-
ing the fully open level.” In mdx muscle,
in particular, the dwell time in a small
subconductance state during opening can
last 1-5 ms. Coupled opening of MS
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Figure 8. Coupled gating of MS channels in the different muscle genotypes. (a) Records of single-
channel activity recorded from cell-attached patches on FDB fibers of the indicated genotypes.
Each sweep is 100 ms. (b) Fraction of patches containing channels that gate in a cooperative man-
ner. Wild-type fibers were not included because MS channel opening probability was low and there
were insufficient points in the amplitude distribution corresponding to opening of 2 channels to

calculate a coupling ratio.
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channels in Figure 7 occurs almost 100
times faster than subconductance transi-
tions between subunits.

Coupled gating was also detected in
muscle isolated from mice of other geno-
types. It occurred rarely in wild-type and
mdx muscle and so there were insufficient
numbers of coupled events during a
recording to calculate a coupling ratio. In
addition, global open probability was
much lower in wild-type and mdx muscle
than in the utrophin mutants so that most
points in the amplitude histogram corre-
sponded to the closed channel level.
Figure 8 shows examples of coupled gat-
ing of MS channels in wild-type, madkx,
utrophin heterozygous and DKO muscle.
In wild-type muscle, there was only weak
coupling in that opening of the second
channel did not occur simultaneously
with the opening of the first channel. In
the second record from an mudx fiber,
channels open and closed simultaneously,
although opening of the second channel
occurred after a brief, but finite delay. In
utrophin heterozygous (third record) and
DKO muscle, openings and closings
occurred more or less simultaneously,
although during a portion of the record
only one channel was open. Figure 8b
shows the fraction of patches that showed
coupled opening as determined by analysis
of the all-points distribution of current
amplitude. Wild-type recordings were not
included because there were insufficient
numbers of coupled events and long peri-
ods in which channels were closed. In madx
fibers, only 1/12 patches showed coupled
gating; in heterozygotes, 2/14 showed
coupled gating with coupling ratios of
0.03 and 0.2; in DKO muscle 6/12
patches showed coupled gating, with
ratios 0.07, 0.14, 0.33, 0.4 (2 patches did
not have sufficient points at the doubly
open level to analyze the complete ampli-
tude distribution. The conclusion that can
be drawn is that a single utrophin allele is
sufficient to suppress coupled gating in
much the same manner as only a single
utrophin allele is needed to suppress oscil-
latory gating.

In a previous paper,35 we showed that a
small conductance channel, which is likely
TRPC1, shows greatly prolonged open
times in utrophin mutants, but not wild-
type or mdx muscle. Prolongation of the
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open time depended on prior stimulation
of the patch by applying a pressure stimu-
lus. Figure 9 shows an example of the
induction of prolonged opening of the
small conductance channel in response to
a negative pressure applied to a patch on a
DKO fiber that also contained an MS
channel. Fig. 9 (top) shows records of sin-
gle-channel activity with -20, -30, —40,
and —50 mmHg applied to the patch elec-
trode. Note that applying pressure from
—20 to 40 mmHg produced only a small
change in MS channel opening consistent
with a reduced sensitivity to pressure of
MS channels in DKO muscle.”> With a
pressure stimulus of —50 mmHg opening
of a smaller conductance channel can be
seen. In this experiment the patch poten-
tial was —60 mV. Figure 9b shows the sin-
gle-channel i-V relation for the small
conductance channel and the slope gave a
value of 7 pS.

After induction of the opening of the
small conductance channel by the pressure
stimulus, channels became highly active.
Figure 10 data  from the
same recording as Figure 9. Figure 10a
shows sequential records of the opening

shows

and closing of 2 small conductance chan-
nels after the electrode pressure was
returned to 0 mmHg. Note that channels
open to either the ol level or the 02 level
where 2 channels were simultaneously
open. Figure 10b shows the open proba-
bility of the small conductance channel
plotted as a function of time during the
recording, which lasted a littde over 100
seconds. Since there are 2 channels pres-
ent, the y-axis is the global open probabil-
ity or Np,. Figure 10c and d shows the
autocorrelation function and power spec-
trum for the plot of channel open proba-
bility as a function of time in Figure 10b.
The autocorrelation declines monotoni-
cally to zero with increasing lag & showing
little periodicity. The larger values of the
autocorrelation function at longer lags
results from channel open times that are
long compared to the duration of the time
bin interval. This would produce a higher
correlation between adjacent time points.
The power spectrum is flat at all frequen-
cies with no evidence of periodicity. The
coupling ratio for the 2 channels in this
experiment was calculated from the all
points amplitude histogram (Fig. 10e).
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Figure 9. Effects of pressure on a patch containing both an MS channel and a small conductance
channel. (Top) An example of a patch containing an MS channel (~22 pS) and a small conductance
channel (7 pS). Note that increasing the pressure in the patch electrode produced only a small
increase in MS channel opening in this patch. Applying pressures larger than ~30 mmHg was asso-
ciated with appearance of the small conductance channel (bottom record at -40 mmHg). (Bottom)
Single-channel current-voltage relation of the small conductance channel.

The amplitude histogram showed clear
peaks corresponding to 0, 1 and 2 chan-
nels. The coupling ratio calculated from
the areas under each peak of the amplitude
histogram gave a value of 1.5. A coupling
ratio greater than 1 indicates 2 indepen-
dently gating channels with different open
probabilities. The conclusion to be drawn
is that small conductance channels show
neither oscillatory nor coupled gating.

Channels

This difference exists even when the 2
types of channels coexist in the same

patch.

Discussion
This paper extends the analysis of MS

channel gating behavior in DKO muscle
to long time periods. The main findings

155



a DKO

1

.0
) ’-H_h m%’m
0.0 = I
0 50

duration (s)

probability (xN) ©

100

du
2 e
g = 1004 : ;
20 N i Coupling ratio = 1.5
c L ©
% g 50 % 20—
p -
© 5] Q
g 10 - o 04 lﬁw 'g
>
8 00 02 04 =
3 frequency (Hz)
0 T T 2 T T T
40 80 -2 -1 0

lag k current (pA)

Figure 10. Time series analysis of small conductance channel gating in DKO muscle. The patch potential was
-60 mV and the pressure was set to 0 mmHg. The data is from the same patch as Figure 9. (a) Records of sin-
gle-channel activity of the small conductance channel showing multiple openings. Each sweep is ~4 seconds
long. Note there appears to be one channel with a long open time and a second with a shorter open time.
The sweeps are consecutive records. (b) Channel open probability plotted as a function of time for ~2
minutes of single-channel activity. Each bin corresponds to one sweep. (c) Autocorrelation function of channel
open probability as a function of time plotted as a function of lag k. The autocorrelation function shows con-
siderable persistence but drops monotonically to zero. The high degree of correlation at small lags represents
the fact that channel open time is long compared to the bin width so that channel opening extends through
several time bins. (d) Power spectra calculated from the autocorrelation function of channel open probability
versus time. Note the power spectrum is flat showing no peaks in amplitude. (e) Distribution of the amplitude
of the single-channel current in the entire recording which lasted ~2 minutes. The amplitude distribution was
fit as the sum of 3 Gaussian components with peaks corresponding to 0, 1, or 2 channels open with peak
amplitudes of -0.2, 0.8, and -1.6 pA and relative areas of 0.54, 0.41, and 0.05. The calculated coupling ratio
was 1.5 indicating the presence of 2 independently gating channels having different open probabilities.

156 Channels

are as follows: (1) Genetic deple-
tion of utrophin in muscle from
dystrophin-deficient mdx mice
produces periodic oscillations of
MS channel open probability in
~70% of patches. (2) Applying a
maintained pressure to the patch
membrane on DKO fibers evokes
a burst of MS channel opening
lasting seconds. Bursts of mode II
activity are often followed by a
period of tens of seconds to
minutes during which channels
remain unavailable for opening.
(3) Inward single-channel cur-
rents exhibit exponential relaxa-
tions toward zero current,
suggesting dynamic changes in
the access resistance of a mem-
compartment. (4) MS
channels in DKO muscle fre-

brane

quently exhibit coupled gating in
which multiple channels open
and close simultaneously. (5)
Small conductance channels,
which colocalize with MS chan-
nels in the same patch, fail to
show either periodic oscillations
in open probability or coupled
gating. The discussion below con-
siders the role of dystrophin/utro-
phin in the gating of MS
channels and presents a simple
mechanical model that reflects
the known structural organization
of the dystrophin-associated gly-
coprotein network and its interac-
tion with the sarcolemma.
Consideration will be given to
the behavior of MS channels in
wild-type, madx, and DKO, since
utrophin heterozygotes show an
intermediate phenotype.”® The
intermediate phenotype of utro-
phin

salient features of mechanosome

heterozygotes  obscures
function revealed by complete
depletion of utrophin in DKO
muscle.

There is considerable variabil-
ity in MS channel gating behavior
in DKO muscle compared with
wild-type and mdx muscle. MS
channel activity may appear more
or less exclusively as either mode
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I or mode II activity (see Fig. 3, left and
right records). Some patches, however,
show both forms of channel activity.
Mode 1II activity is generally periodic as
shown by the autocorrelation function of
channel open probability vs. time. In this
paper, experiments were done with the
patch pressure set to 0 mmHg. Under this
condition, tension in the patch membrane
depends primarily on adhesive forces
between the membrane and glass elec-
trode,’**® in addition to any membrane
deformation forces produced by cytoskele-
tal elements.”® The extent to which cyto-
skeletal forces contribute to membrane
deformations in DKO muscle is unclear.
It seems reasonable, however, to assume
cytoskeletal elements exert mechanical
forces on membrane patches, although the
effects of these interactions are likely to
vary in the different genotypes.

Variability in MS channel gating in
DKO may reflect the fact that MS channels
localize to spatially distinct regions of the
sarcolemma. It seems unlikely oscillatory
mode II activity reflects oscillatory changes
in the concentration of a diffusible intracel-
lular messenger, since the concentration of
such a messenger would be expected to be
more or less spatially uniform. Instead, it is
assumed MS channels are more or less uni-
formly distributed, but that differences in
channel behavior reflect the local mem-
brane composition and surface morphol-
ogy within the patch. For example, MS
channels may be found both at costameric
and extra-costameric locations. One possi-
bility is that a population of MS channels
is localized within costameric caveolae.”
Because caveolae have a small radius of cur-
vature, MS channels in caveolae will expe-
rience an intrinsically higher membrane
tension than if they were embedded in flat-
tened surface membrane and have a greater
open probability. According to this view,
variability in the extent of caveolar opening
to the extracellular surface would produce
variations in MS channel activity. Addi-
tionally, low activity MS channels may be
localized to extra-caveolar sites.

The structural dynamics of the muscle
membrane surface are poorly understood.
Electron microscopic studies show caveo-
lac as deep indentations of the plasma
membrane or as more flattened struc-
tures.'' Morphological studies have not

www.tandfonline.com

been able to determine the extent to which
caveolar continuity with the extracellular
surface varies.** Moreover, there is little
information on the extent to which the
diameter of the caveolar neck region might
vary over rapid time scales. Figure 7 shows
relaxation of the inward single-channel
current that suggests formation of a com-
partment with high access resistance. The
time constant of this relaxation would be
determined by the constants of the series
RC circuits that describe the membrane
patch and compartment as wells as the
series and seal resistances.*!

A hypothetical model for modal gating
of MS channels in DKO muscle is shown
in Figure 11. Mode II activity occurs
when the internal compartment becomes
electrically continuous with the extracellu-
lar solution. In this case, mode II activity
occurs via the increased membrane tension

on the compartment because of its high
radius of curvature. Alternatively, the lipid
composition or presence of adaptor pro-
teins may favor the open state. Upon flat-
tening of the compartment so that it
becomes continuous with patch mem-
brane, changes in membrane tension favor
mode I gating, which is largely determined
by adhesive forces of the membrane patch.
On the other hand, constriction of the
neck connecting the membrane compart-
ment to the surface would electrically
isolate channels in the patch from
the extracellular surface and lead to an
absence of detectable single-channel activ-
ity (mode 0). It is also possible loss of
channel activity represents diffusion
of MS channels into the interface between
the patch membrane and electrode.

The mechanism that gives rise to low fre-
quency oscillations of MS channel open

patch membrane

mode 0 mode |

—
——

electrode

electrode

Figure 11. A simple compartment model for membrane dynamics associated with modal gating of
MS channels in dystrophic muscle. In this diagram, MS channels are localized to either infolded
membrane compartments with high (left) or low (right) access resistances or an expanded, flat-
tened membrane. During silent periods (mode 0), MS channels are localized to a compartment that
is electrically isolated from the cell surface. Upon expansion of the neck region of the compartment,
continuity is established with the external surface and the composition and/or tension of the vesic-
ular compartment favors prolonged opening (mode lI). Flattening of the compartment and its
incorporation into the patch membrane favors mode | gating. Alternatively, mode | gating occurs
when the MS channels localize to the non-compartmentalized membrane. Loss of channel activity
can also occur by diffusion of the channel into the interface between the membrane and glass
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probability is not known. Oscillations occur
in the range of ~0.1 to ~.003 Hz (1 cycle
every 10-200 seconds). These estimates
were obtained during recordings lasting sev-
eral minutes and so there could be even
slower spectral components. It is unlikely
low frequency oscillations represent the time
course of the rise and fall of a chemical medi-
ator, although the results cannot exclude
such a process. Oscillations of MS channel
activity may reflect dynamic mechanical
processes within the patch membrane. This
hypothesis is attractive because it suggests
dystrophin/utrophin act as gating springs
that dampen mechanical forces within the
sarcolemma. Such forces may be produced
by the actin/spectrin cytoskeletal network or
by caveolin 3 and other structural/adaptor
proteins. Association of dystrophin/utro-
phin with caveolae would suggest that loss
of this interaction would render the mem-
brane more susceptible to variations in ten-
sion associated that produce an instability of
surface membrane invaginations in DKO
muscle. Further studies are required to
determine the role of utrophin on mem-
brane domain structure and dynamics and
its role in mechanotransduction.

Methods

Experimental animals

Experimental animals were identical to
those described  previously.”>*>  Mdx
(C57BL/10Scn-mdx) mice were obtained
from the Jackson Laboratory (Bar Har-
bour, ME, USA). Utrophin-deficient
mice (strain B6.129-Utrntm1]Jrs) were
obtained from the Mutant Mouse
Regional Resource Center (MMRRC) at
the University of California, Davis. Dou-
ble knockouts were obtained by breeding
female mdx mice with male utrophin
homozygotes. Male F1 offspring (X" y)
utrn™'7) were mated with mdx females
X7 X g Y giving an F2 genera-
tion of mdxlutrn™'™
These mice were mated to produce mdx/

utrn'~ DKOs; mdxlutrn™'~
I+

mice of both sexes.

utrophin

heterozygotes,  mdxlutrn utrophin
wild-type. Genotyping was performed
using PCR to identify the dystrophin
mutation, the utrophin wild-type gene
and the neomycin insert used to produce
the knockout

utrophin  transgenic
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(Transnetyx Corp, Memphis, TN). Mice
were sacrificed at 2-3 weeks of age. Meth-
ods for isolating single flexor digitorum
brevis (FDB) muscle fibers were identical
to those described in previous stud-
ies.!>?33° Dissociated fibers were incu-
bated in oxygenated culture media at
34°C prior to use.

Electrophysiological methods

Single-channel currents were recorded
with an EPC-9 patch clamp amplifier
(HEKA Instruments, Southboro, MA)
using Pulse® (HEKA) software for stimu-
lus generation and data acquisition. Pres-
sure was applied to the patch electrode
using a pressure clamp device (HSPC-1,
ALA Scientific). Patch electrodes were
pulled from borosilicate capillaries and
the tips heat polished to give a final resis-
tance of ~1.5 — 1.7 MQ with the elec-
trode filled with normal saline and
immersed in bathing solution containing
isotonic KJr—aspalrtate.15’16’23 The elec-
trode solution contained (in millimolar):
150 NaCl, 5 KCI, 1 MgCl,, 10 EGTA,
10 HEPES, and 17 glucose. The bathing
solution contained (in millimolar): 150
potassium aspartate, 5 MgCl,, 10 EGTA,
10 HEPES, and 10 glucose. The pH of
both solutions was adjusted to 7.4 with
TEA-OH. Single MS channel currents
were recorded at a patch holding potential
of =60 mV unless otherwise noted. At var-
ious times during a recording, voltage-
activated Na® and KV currents were
recorded in response to step changes in
membrane potential from a holding
potential of <90 mV. Macroscopic Na™
and K™ currents were obtained by averag-
ing patch currents evoked by 10 identical
voltage steps. Patch currents were digitized
at either 2.5 or 50 kHz, filtered at 1 or
10 kHz, and stored directly on the hard
disk of a Macintosh computer. Digitized
currents were exported into IgorPro®
(Wavemetrics, Portland, OR) or TAC®
(Bruxton Corporation, Seattle, WA) for
analysis.

Data analysis

MS channel open probability was mea-
sured in consecutive 100 ms segments as a
function of time in recordings that lasted
1-5 minutes. Open probability was mea-
sured with TAC® event detection software

Channels

using a half-threshold detection algorithm
for event idealization. The autocorrelation
function? was calculated to determine the
extent of non-randomness of channel
open probability during recordings that
lasted minutes. Given sequential measure-
ments of MS channel open probability,
i, Y5, ..., Yyat times Xj, X5, ..., Xn,
the lag £ autocorrelation function, 7, is

defined as

ST

i=1
Iy = N

> -

where Y; is the channel open probability at

each time point and Y is the mean open
probability over N observations. The
autocorrelation function was plotted as a
function of lag 4. The autocorrelation was
symmetrical for positive and negative val-
ues of 4 so only values for positive lag
are plotted. The 95% confidence limits of
the autocorrelation function can be esti-
mated as

2/VN

where N = the number of observations.
The autocorrelation function at all values
of lag # was well within this limit. A fast
Fourier transform was performed on the
autocorrelation function after correction
for the number of time points to obtain
the power spectra of the underlying time
series. The amplitude and frequency of
the major spectral components were
obtained directly from the power spectra.

To examine the extent to which chan-
nels open cooperatively, I followed the
procedure described by Porta et al to
determine cooperative openings of ryano-
dine receptor channels in skeletal mus-
cle.*® As described in Porta et al, if there
are N channels in a patch, each with an
identical probability P, of being in the
open state, then the probability of finding
n channels open at any given time (®,,)
can be obtained from the binomial distri-
bution

®,N!/n!(N — n)!P"(—P,)" "

where © @, = 1 and p, is the channel
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open probability. To obtain @, for each
level of the single-channel current, the all-
point distribution of current amplitudes is
measured from a record of single-channel
activity sufficiently long to have a suffi-
cient number of points at each current
level. It was generally not possible to
obtain sufficient numbers of points in the
amplitude histogram corresponding to
multiple channel openings in wild-type
and mdx muscle. This was because there
were long periods in which channels were
closed and openings were brief.

From the binomial distribution, it can
be shown that

D, kD, /D1y ¥ g

This term is independent of the open
probability P, of each individual channel.
For an experiment in which there are 2
active channels in the patch (N = 0,1, and
2) the coupling ratio, CR, is defined as

Cqu)l *(I)l * (k— 1)/(1)0 *CD(Z) * 2k

When CR = 1, channels have identical
open probabilities and open indepen-
dently of one another; when CR >1,
channels have different open probabilities
and also gate independently; when
CR < 1, channels open and close in a
cooperative or coupled manner, with
CR = 0 indicating all channels open and
close simultaneously and indistinguishable
from the gating of a single channel protein
with twice the unitary conductance.
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