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Utrophin regulates modal gating of mechanosensitive ion
channels in dystrophic skeletal muscle
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Key points

� Loss of the cytoskeletal protein dystrophin leads to muscle degeneration in Duchenne muscular
dystrophy. The mdx mouse lacks dystrophin but muscle disease is mild, in part because
upregulation of utrophin compensates for dystrophin. Evidence suggests that Ca2+ entry
through mechanosensitive (MS) ion channels contributes to disease pathogenesis, but the role
of utrophin in regulating Ca2+ entry has not been studied.

� Depletion of utrophin in mdx mice produces a gene dose-dependent increase in MS channel
open probability, single-channel conductance in some patches, and an increase in the pressure
required to MS channels. The overall effect of loss of utrophin is increased Ca2+ entry.

� The results suggest utrophin organizes local membrane microdomains containing MS channels.
Disruption of these domains causes changes in membrane composition, which favour channel
open states and subunit aggregation. Utrophin-replacement therapies may act by correcting
MS channel gating, and specific MS channel inhibitors have the potential to prevent disease
progression.

Abstract Dystrophin is a large, submembrane cytoskeletal protein, absence of which causes
Duchenne muscular dystrophy. Utrophin is a dystrophin homologue found in both muscle and
brain whose physiological function is unknown. Recordings of single-channel activity were made
from membrane patches on skeletal muscle from mdx, mdx/utrn+/– heterozygotes and mdx/utrn–/–

double knockout mice to investigate the role of these cytoskeletal proteins in mechanosensitive
(MS) channel gating. We find complex, gene dose-dependent effects of utrophin depletion in
dystrophin-deficient mdx muscle: (1) increased MS channel open probability, (2) a shift of
MS channel gating to larger pressures, (3) appearance of modal gating of MS channels and
small conductance channels and (4) expression of large conductance MS channels. We suggest a
physical model in which utrophin acts as a scaffolding protein that stabilizes lipid microdomains
and clusters MS channel subunits. Depletion of utrophin disrupts domain composition in a
manner that favours open channel area expansion, as well as allowing diffusion and aggregation
of additional MS channel subunits.
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Introduction
Skeletal muscle possesses a highly structured cyto-
skeletal lattice designed to prevent membrane damage
by contraction-induced stresses (Lynch, 2004). A main

component of this protein assembly is dystrophin, a
427 kDa cytoskeletal protein, absence of which causes
Duchenne muscular dystrophy (DMD) in humans.
Dystrophin is held tightly to the membrane by a
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glycoprotein complex composed of six sarcoglycans (α,
β, δ, γ, ε, ω) and two dystroglycans (α and β),
syntrophin and dystrobrevin (reviewed by Ervasti, 2007).
The glycoprotein complex binds to laminin in the
extracellular basement membrane and the entire complex
links the extracellular matrix to the intracellular actin
cytoskeletal network. While much is known about the
organization of the dystrophin–glycoprotein complex,
few studies have addressed the precise physiological
function of this complex cystoskeletal–membrane protein
interactome.

The mdx mouse lacks full-length dystrophin and has
been used extensively as a model for human DMD
(Dangain & Vrbova, 1984; Tanabe et al. 1986; Carnwath &
Shotton, 1987). A body of evidence shows an increase
in intracellular calcium concentration ([Ca2+]i) is an
early stage of disease pathogenesis. We and others
have reported that mechanosensitive (MS) ion channels
in muscle from mdx mice show prolonged openings
that probably contribute to increased resting Ca2+
fluxes (Franco & Lansman, 1990b; Franco-Obregon &
Lansman, 1994; De Backer et al. 2002; Suchyna & Sachs,
2007; reviewed by Lansman & Franco-Obregon, 2006;
Lansman, 2007). In addition, pharmacological blockers
of MS channels block an early rise in [Ca2+]i in mdx
skeletal muscle fibres and prevent contraction-induced
membrane damage (Yeung et al. 2005; Whitehead et al.
2006).

We recently reported evidence that transient receptor
potential vanilloid 4 (TRPV4) contributes to the MS
channel in skeletal muscle (Ho et al. 2012). TRPV4 is
expressed in mouse skeletal muscle where it contributes to
resting Ca2+ influx (Pritschow et al. 2011). Other studies,
however, suggest that transient receptor potential channel
1 (TRPC1) contributes to Ca2+ entry in normal and mdx
muscle (Vandebrouck et al. 2002; Millay et al. 2009; Zhang
et al. 2012). In addition, TRPV2 contributes to Ca2+ entry
and contraction-induced injury in mdx muscle (Iwata
et al. 2003; Zanou et al. 2009). Given the diversity of TRP
channel proteins in skeletal muscle (reviewed by Gailly,
2012), the relative contributions of various TRP channel
proteins to Ca2+ entry in normal and dystrophic muscle
remain of debate.

While the mdx mouse has been a useful model for
studying the pathogenesis of muscular dystrophy, it is
limited by the fact that disease progression is much less
severe than in human DMD. Although there is some
degeneration of muscle in mdx mice, overall muscle
performance and life expectancy are mostly normal. The
mild disease phenotype of the mdx mouse may result from
compensation for the loss of dystrophin by an increased
expression of utrophin, an autosomal gene product with
significant homology to dystrophin (Love et al. 1989;
Tinsley et al. 1992; Deconinick et al. 1997). Utrophin is

highly expressed in the membrane of fetal and regenerating
muscle, but its expression is markedly reduced at birth
and, subsequently, it is found localized mainly at the
myotendinous and neuromuscular junctions of adult
muscle (Gramolini & Jasmin, 1999; Weir et al. 2002,
2004; reviewed by Blake et al. 2002). In the mdx mouse,
utrophin binds to several dystrophin-associated proteins
(Matsumura et al. 1992). Utrophin is also expressed in the
brain in choroid plexus, blood vessels and neuronal soma,
although the precise function is not understood (reviewed
by Perronnet & Vaillend, 2010).

Although knockout of utrophin produces
phenotypically normal mice with only minor structural
abnormalities at the neuromuscular junction (Grady et al.
1997), mice lacking both dystrophin and utrophin have
severe muscle disease that more closely resembles DMD
in humans (Deconinck et al. 1997; Grady et al. 1997). The
double knockout mice weigh less, show marked deformity
and impaired mobility, have difficulty breathing, and
die within 8–10 weeks. Increased transgenic expression
of utrophin reduces muscle pathology in the mdx
mouse (Squire et al. 2002) and efforts to discover a
treatment for DMD have focused on genetic approaches
to replace or increase expression of utrophin (reviewed
by Fairclough et al. 2013). Despite more than 15 years
of research on utrophin, its physiological function is
unknown.

In this paper, we examine the effects of genetic
depletion of utrophin on the behaviour of single MS
channels in skeletal muscle from mdx, mdx/utrn+/–

heterozyotes and mdx/utrn–/– double knockout (DKO)
mice. Patch recordings provide high spatial resolution and
information on single molecule dynamics of MS channels
reflecting its coupling to the dystrophin-associated
glycoprotein network. Our first goal was to test whether
an absence of utrophin in mdx muscle influences ion
fluxes through MS channels to provide support for a
role in the pathogenesis of muscular dystrophy. We
find, however, much more complex effects of genetic
depletion of utrophin in mdx muscle. Loss of only
a single utrophin allele in mdx muscle modifies MS
channel gating behaviour so that channels enter a
prolonged opening mode. We also find an increased
single-channel conductance of MS channels in some
patches. In addition, depletion of utrophin leads to
changes in pressure-dependence of channel gating and
the probability of occupancy of subconductance states
during single activations. The results suggest a model
in which utrophin stabilizes membrane microdomains
containing MS channels. Genetic depletion of utrophin
may cause breakdown of domain structure, allowing
bilayer expansion which favours both MS channel
opening, as well as recruitment and clustering of
individually gating channel subunits.
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Methods

Experimental animals

mdx (C57BL/10Scn-mdx) mice were obtained from
the Jackson Laboratory (Bar Harbour, ME, USA).
Utrophin-deficient mice (strain B6.129-Utrntm1Jrs) were
obtained from the Mutant Mouse Regional Resource
Center (MMRRC) at the University of California, Davis,
and were originally donated by Dr Joshua Sanes. DKO
mice were obtained using the following breeding scheme:
female mdx mice were mated with male utrophin-deficient
mice. Male F1 offspring (XmdxY/utrn+/–) were mated
with mdx females (XmdxXmdx/utrn+/+) to produce an F2
generation consisting of mdx/utrn+/+ and mdx/utrn+/–

mice of both sexes. Mating male and female F2
mdx/utrn+/– mice produced progeny that were 25% double
knockout mdx/utrn–/–; remaining progeny were either
mdx/utrn+/– (50%) or mdx/utrn+/+ (25%). Genotyping
was performed by Transnetyx Corp. (Memphis, TN, USA)
from tail samples using PCR to identify the dystrophin
mutation, the utrophin wild-type gene and the neomycin
insert used to produce the utrophin transgenic knockout.
DKO mice could be distinguished at about 2–3 weeks
of age by their small size compared with normal sized
mdx littermates. All experiments were performed on mice
between 2 and 4 weeks of age. Mice were killed after iso-
flurane anaesthesia according to a protocol approved by
the UCSF Committee on Animal Research. Methods for
isolating single skeletal muscle fibres and general electro-
physiological methods are identical to those described
in previous studies (Franco-Obregón & Lansman, 1994,
2002: Vasquez et al. 2012). Dissociated single fibres were
incubated in oxygenated culture media at 34°C. After each
experiment, we rinsed the experimental chamber with
normal saline and added a fresh aliquot of cells that were
stored in incubation media.

Electrophysiological methods

Patch electrodes were pulled in two steps from borosilicate
capillaries (Custom 8520, Warner Instruments, Hamden,
CT, USA), the shanks coated with Sylgard (Dow Corning,
Midland, MI, USA) close to the tips, and the tips heat
polished to give a resistance of 3–5 M� when filed with a
physiological saline solution and immersed in an isotonic
K+-aspartate bathing solution. The electrode solution
contained (mM): 150 NaCl, 5 KCl, 1 MgCl2, 10 EGTA,
10 Hepes and 17 glucose. The pH was adjusted to 7.4
by adding tetraethylammonium hydroxide (TEA-OH).
The isotonic K+ bathing solution contained (mM): 150
potassium aspartate, 5 MgCl2, 10 EGTA, 10 Hepes and
10 glucose. The pH was adjusted to 7.4 with TEA-OH.
The high K+ bathing solution was used to zero the cell’s
membrane potential so the patch potential would be the

same as the voltage command. Excision of the membrane
patch from the cell at the end of an experiment indicated a
voltage error <5 mV. Experiments in which the electrode
potential drifted by more than 5 mV at the end of an
experiment were not used for analysis. We also excluded
patches in which the uncorrected leakage current exceeded
5 pA.

Single-channel currents were recorded with an EPC-9
patch clamp amplifier (HEKA Instruments, Southboro,
MA, USA) using Pulse (HEKA) software for stimulus
generation and data acquisition. Pressure was applied
to the patch electrode using a pressure clamp device
(HSPC-1, ALA Scientific, Farmingdale, NY, USA). During
an experiment, the tip of the electrode was gently placed
on the surface of an isolated muscle fibre and negative
pressure of −3 to −5 mmHg applied to the electrode via
the pressure clamp. Gigaohm seals formed within �30 s
after the pressure was returned to 0 mmHg.

Data analysis

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 Power Mac G4. Digitized currents were
exported into Igor Pro (Wavemetrics, Portland, OR,
USA) or TAC (Bruxton Corp., Seattle, WA, USA) for
analysis. Subconductance transitions were analysed by
compiling amplitude histograms of the open channel
current. Cursors were set by visual inspection to mark
the period during which the channel was open and to
exclude transitions to the fully closed level. Data points
were accumulated from a large number of openings in
an experiment. The accuracy of this procedure depends
critically on subtraction of linear leakage current. We
corrected records of single-channel activity by fitting a line
through neighbouring records without channel activity
and subtracting the fitted line from the record. The base-
line correction was updated throughout the recording
and was checked by forming an amplitude histogram
of closed channel noise and fitting it with a single
Gaussian to ensure the peak corresponded to zero current
(±0.05 pA). Amplitude histograms of the open channel
current were fit with the sum of Gaussian components.
The number of components was determined with use
of a maximum-likelihood routine which fitted all points
in the distribution of current amplitudes (see Vasquez
et al. 2012). An additional component was fitted to the
distribution if it maximized likelihood values by 5 units or
more. The starting parameters were changed several times
for each fit to ensure we obtained the best fit as judged by
convergence and maximization of likelihood values.

Open times and burst durations were measured with
TAC event detection software using a threshold detection
algorithm for event idealization. We set the threshold for

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



3306 N. Tan and J. B. Lansman J Physiol 592.15

event detection at 60–70% of the fully open current.
While this approach misses short events, it excluded
small openings that fail to reach the fully open state
(see Vasquez et al. 2012). Setting a high threshold also
excluded most false events triggered by baseline noise
fluctuations. Because MS channels fluctuate between sub-
conductance levels, threshold detection captures only
transitions between the fully closed and fully open
states and larger subconductance levels. However, the
threshold detection procedure captures longer closings
with sufficient accuracy to identify bursts of openings.
In this study, we did not analyse closed times because
of patch to patch variability in brief spike-like openings,
which may arise from acetylcholine receptor channels or
other cation channels. We defined a burst as a group of
openings separated by a closed period greater than 10 ms.
Channel closings shorter than this were included as part of
the burst duration. Short bursts with a duration less than
5 ms were excluded from the histograms. Burst duration
histograms were well fitted with a single exponential in
recordings from mdx fibres. In recordings from fibres iso-
lated from mdx/utrn+/– heterozygotes and DKO muscle,
an additional exponential component was needed to fit
the burst duration histogram. Values of channel open
probabilities and kinetic parameters were averaged from
different experiments and a Wilcoxon signed rank test was
used to determine significance between mean values.

Results

Figure 1 shows three separate recordings from
cell-attached patches on skeletal muscle fibres isolated
from wild-type (top), mdx (middle), and mdx/utrn–/–

DKO mice at a low time resolution. In recordings from
wild-type flexor digitorum brevis (FDB) fibres with
normal saline in the patch electrode and the pressure
set at 0 mmHg, single-channel activity appeared as brief
bursts of openings (Fig. 1, top traces). A recording from
an mdx fibre under similar conditions (Fig. 1, middle
traces) shows an increase in the duration of individual
bursts of openings, as described previously (Vasquez
et al. 2012). Recordings from muscle fibres isolated
from mdx/utrn–/–DKO mice, however, often showed a
qualitatively different pattern of activity (Fig. 1, bottom
traces). Channel openings appeared as short bursts, like
those in recordings from wild-type and mdx fibres.
Subsequently, channels entered a prolonged open state
characterized by rapid, unresolved transitions. Entry into
the prolonged open state is characteristic of a modal gating
mechanism in which the channel shows abrupt shifts in
kinetic behaviour.

Modal gating of MS channels in DKO muscle differed
from modal gating of MS channels previously described
in cultured mdx myotubes (Franco & Lansman, 1990a;

Franco-Obregon & Lansman, 2002): (1) the high open
probability gating mode was not maintained, but was
interspersed with periods of low open probability gating;
and (2) it was not terminated by a pressure stimulus (data
not shown). Subsequent experiments examined modal
gating of MS channels in FDB fibres from mdx mice

wild-type

mdx  

mdx/utrn-/-DKO   

.2 s
2 pA

Figure 1. Examples of single-channel activity recorded from
cell-attached patches on FDB fibres isolated from mdx (top),
mdx/utrophin heterozygous (middle) and mdx/utrophin DKO
mice (bottom)
The patch holding potential was −60 mV and the pressure in the
electrode was set to 0 mmHg. Currents were sampled at 2.5 Hz and
filtered at 1 kHz.
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and from mdx mice lacking either a single (mdx/utrn+/–

heterozygotes) or both utrophin alleles (mdx/utrn–/–

DKO).
Figure 2 shows the combined results of recordings

from experiments on muscle fibres isolated from mdx,
mdx/utrophin heterozygotes (het) and mdx/utrophin DKO
mice. Figure 2A shows the distribution of single-channel
conductances measured for channel activity recorded in

different experiments on fibres isolated from each of
the three mouse genotypes. In mdx muscle, the pre-
dominant single-channel activity was from MS channels
with a single-channel conductance of �22 pS. Smaller
channels with conductances of �10 and �15–17 pS
were also detected (Vasquez et al. 2012). Surprisingly,
the distribution of single-channel conductances differed
in muscle from mdx/utrophin heterozygotes and DKOs.
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Figure 2. Conductance and open probability of single-channel activity recorded from muscle fibres
isolated from mdx, mdx/utrophin heterozygotes and DKO mice
A, distribution of single-channel conductances determined by measurements of muscle fibres of the indicated
genotype. B, box plots of channel open probability measured during the first 60 s of channel activity recorded
from patches on mdx, mdx/utrophin heterozygotes and DKO muscle fibres. The values of mean open probability
were 0.05 ± 0.04 (n = 13), 0.11 ± 0.1 (n = 18), and 0.25 ± 0.20 (n = 16) for experiments on mdx, utrophin
heterozygotes and DKO fibres, respectively. A value of 0.4 was determined for wild-type fibres in an earlier study
(Franco-Obregon & Lansman, 1994). Mean open probabilities are significantly different at α = 0.05 using a
two-sample t test for mdx versus heterozygotes and heterozygotes versus DKOs, giving P values of 0.016 and
0.017. In this and all experiments, each recording was from a different fibre that was kept incubated in dissociation
media at 37°C. C, percentage of patches showing single-channel activity in recordings from patches on muscle
fibres of the indicated genotype (0.65, mdx; 0.56, mdx/utrophin heterozygotes; and 0.57, DKO).
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Notably, single channels with conductances exceeding
�30 pS were observed in utrophin heterozygous and
DKO muscle fibres. Despite the limited sample size, the
results suggest a gene dosage-dependent increase in the
occurrence of both small and large conductance channels
with depletion of utrophin.

In addition to differences in single-channel
conductance in the different genotypes, the number
of utrophin alleles expressed in mdx muscle strongly
influenced channel open probability. Figure 2B shows
MS channel open probability measured in recordings
from muscle of each genotype. There was considerable
variability in resting MS channel activity in all three
genotypes. For example, several patches from DKO
fibres showed low levels of channel activity. By contrast,
none of the patches on mdx fibres showed high levels of
MS channel activity seen in heterozygotes and DKOs.
The mean MS channel open probability in mdx fibers
measured in this study was 0.05, close to the value of
0.07 measured in an earlier study (Franco-Obregon &
Lansman, 1994). Despite the patch to patch variability,
many recordings from heterozygous and DKO fibres
showed long lasting periods during which the channel
was open continuously (see Fig. 1, bottom records).
The combined results from many recordings show
that MS channel open probability increased with
genetic depletion of utrophin. Although there were
clear genotype-dependent differences in single-channel
conductance and open probability, Fig. 2C shows MS
channel density, as measured by the fraction of recordings
showing channel activity, was roughly the same in each
genotype (�60% of patches). Evidently, MS channel
functional expression remained unchanged despite the
loss of utrophin.

In an earlier study, high open probability gating
was not detected in recordings from mdx FDB fibres
(Franco-Obregon & Lansman, 1994). Here, we observed
two patches on mdx fibres which showed reversible entry
into a high open probability gating mode. Figure 3A shows
an example of a recording from a patch on an mdx fibre
that contained a single MS channel that opened to either
a small (�17 pS, left records) or large (�21 pS, right
records) conductance level. We previously showed that
openings to different conductance levels reflects gating
of a single-channel as determined by a statistical test for
serial, non-random gating (Vasquez et al. 2012). This
behaviour was interpreted as a change in the number
of independently gating MS channel subunits that open
during a single activation. The mechanism which controls
the number of open subunits during a single activation
is not known, although this question is considered later.
In this example, short bursts of openings were followed
by periods in which the channel entered a high open
probability gating mode. We refer to the short bursts of
openings as mode I and the longer openings as mode II, a

simple convention first adopted for gating of L-type Ca2+
channels in heart muscle (Hess et al. 1984)

Figure 3B and C shows the amplitude distributions of
the open channel currents for both conventional mode
I gating as well as for mode II gating observed in this
recording. The gating transitions within a mode II burst
were too fast to be measured as opening and closings to
discrete levels. Figure 3B (top) shows that the amplitude
distribution of the open channel current for small mode I
events is well fit with the sum of four Gaussian components
with the channel spending most of the time in the
fully open state. Figure 3C (top) shows the amplitude
distribution of large mode I events fit as the sum of five
Gaussian components, again with the channel spending
most of the time in the fully open state. Compared with
the smaller events, large mode I events have a larger
contribution from a sub-state smaller than the fully open
one. The amplitude distributions of small and large mode I
events are consistent with the opening of either four or five
independently gating subunits. By contrast, the amplitude
distribution of the open channel current for mode II gating
was best fit with three Gaussian components for small
events and only a single major Gaussian component for
the larger events. The smaller mode II events probably
reflect rapid transitions between three conductance states.
By contrast, large conductance mode II events represent
rapid, partially unresolved fluctuations between the two
largest conductance states. Consequently, large mode II
events appear as prolonged openings with an increase in
the open channel noise. Qualitatively, the results show two
types of mode II gating for MS channels in mdx muscle:
one involving smaller, rapid opening and closing trans-
itions and the other involving a shift to a larger open state.

Recordings from fibres from mdx/utrophin
heterozygotes and DKO mice showed much more
frequent mode II gating than recordings from mdx
muscle. We found �40% of patches on fibres from both
heterozygotes and DKO mice have MS channels showing
prolonged openings characteristic of mode II gating. In
addition, mode II gating of MS channels in DKO muscle
lasted much longer than in utrophin-containing mdx
muscle. Nonetheless, the fraction of patches showing
mode II gating was the same whether muscle contained
either one or no utrophin alleles. By contrast, mode II
charge transfer was greater in DKO muscle than in muscle
from utrophin heterozygotes, as described below.

Figure 4 shows examples of modal gating of MS
channels in recordings from the utrophin deletion
mutants. Figure 4A shows records of single-channel
activity recorded from an mdx/utrophin heterozygous fibre
(left records) and from a DKO fibre (right records). The
patch potential was –60 mV and the pressure in the
electrode was set to 0 mmHg. In both patches, short
bursts of channel openings were followed by a prolonged
period of mode II activity in which the channel was

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society
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open continuously, but subsequently closed and returned
to mode I low open probability gating. Compared with
mode I bursts in the heterozygote (Fig. 4A, left records),
mode I bursts in DKO muscle were short and infrequent
(Fig. 4A, left records). However, the duration of mode I
bursts was highly variable from patch to patch. Figure 4B
and D shows plots of channel open probability during
the entire recording period. The open probability plots
show �5 min of continuous MS channel activity at a fixed
holding potential.

Figure 4B shows that in the utrophin heterozygote,
episodes of mode II gating were relatively infrequent
and most episodes of channel activity occurred as low
open probability mode I bursts. Figure 4D shows, by
contrast, that high open probability mode II gating in
the recording from DKO muscle was much more frequent
and persisted for a greater length of time. Figure 4C and
E shows the amplitude distribution of the open channel
current for mode I (low open probability) and mode II
(high open probability) gating for single-channel activity
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A, records of single-channel activity showing small (left) and large (right) openings of a single MS channel in an
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held at –60 mV. Note that in this recording mode I openings are very brief and so the probability plot shows very
little channel activity except for the long clusters of mode II activity. E, amplitude distribution of the open channel
current for mode I (top) and mode II (openings) in the recording from the DKO fibre. The amplitude distributions
for mode I and mode II openings were fit with the sum of four Gaussian components. Because mode I openings
were relatively infrequent and brief in this recording, the amplitude distribution of the open channel current is not
completely resolved.
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Figure 5. Kinetic analysis of MS channel activity recorded from cell-attached patches on mdx,
mdx/utrophin heterozygous and mdx/utrophin DKO mice
Recordings were made at a patch holding potential of −60 mV and with the electrode pressure set to 0 mmHg.
A, histograms of channel open times (left) and burst durations (right) obtained from a recording on an mdx fibre.
A single exponential was fit to each distribution with the time constant indicated to the right of the histogram. B,
histograms of channel open times (left) and burst durations (right) obtained from a recording on an mdx/utrophin
heterozygous fibre. The histograms of open times and burst durations were each fit as the sum of two exponential
components with the time constants indicated. C, histograms of channel open times (left) and burst durations
(right) obtained from a recording of a DKO fibre. The histograms of open times and burst durations were each
fit as the sum of two exponential components with the indicated time constants. D, compiled values of the open
time constants obtained from the exponential fits to the open time histograms plotted as box plots (right) and the
amplitudes of each component plotted as a simple bar graph (left). The values for τo1 were 4.3 ± 2.8 (n = 7),
4.7 ± 2.3 (n = 11) and 4.4 ± 3.2 (n = 14) with amplitudes, a1, of 1, 0.87 ± 0.12 (n = 11) and 0.83 ± 0.2
(n = 14) for mdx, utrophin heterozygous and DKO muscle, respectively. The values for τo2 were 63.8 ± 50
(n = 10) and 43.8 ± 77 (n = 10) with amplitudes, a2, of 0.11 ± 0.15 (n = 10) and 0.25 ± 0.2 (n = 10) for
utrophin heterozygotes and DKOs, respectively. The relative amplitudes of τo2 for heterozygotes and DKOs were
significantly different at α = 0.05 with a P value of 0.03. E, compiled values of channel burst durations obtained
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recorded from the utrophin heterozygote (Fig. 4C) and
the DKO (Fig. 4E). As shown previously, mode I activity
shows discrete transitions between five conductance levels
(Vasquez et al. 2012 and Fig. 3). By contrast, the
distribution of current amplitudes for mode II openings
is generally dominated by higher conductance levels.
However, the noise in the open channel during mode
II gating makes it difficult to distinguish discrete sub-
conductance states and therefore the Gaussian fits to mode
II activity are complicate by fast, unresolved transitions
between multiple subconductance levels. Nonetheless, the
results suggest depletion of utrophin produces a gene
dose-dependent increase in high open probability mode II
gating. To investigate this in more detail, we analysed the
single-channel kinetics in muscle fibres of each genotype.

Figure 5 shows the analysis of the kinetics of MS
channel gating in muscle fibres of all three genotypes.
We restricted the analysis to channel open times and burst
durations. Analysis of closed times was subject to errors
from the presence of brief (<2 ms) channel openings
that varied from patch to patch. These brief openings
may arise from unliganded acetylcholine receptors or
other cation channels present in skeletal muscle. Analysis
of channel open times and burst durations, however,
provides information on MS channel charge transfer in
the different cytoskeletal mutants.

The distributions of channel open times and burst
durations are shown in Fig. 5A–C for channels in
mdx, mdx/utrophin heterozygotes and DKO muscle,
respectively. Measurement of open times provides only
an approximate fit to the single-channel currents because
of the presence of subconductance fluctuations in the
open channel (see Methods for details). Figure 5A shows
the distribution of open times and burst durations
obtained from a recording on an mdx fibre was well
fit with a single exponential component. By contrast,
at least two exponential components were required to
fit the distributions of open times and burst durations
in recordings from utrophin heterozygotes and DKOs
(Fig. 5B, C). This presence of a large slow component to
the histograms of open times and burst durations reflects
the higher frequency of mode II gating in the utrophin
mutants.

Figure 5D and E shows the combined kinetic
measurements obtained from many recordings from each
genotype shown as box plots (see figure legend for
details). The longer open time constant for channels

in utrophin heterozygotes and DKO muscle varied over
a wide range and there was no statistical difference
between the two (Fig. 5D). By contrast, the amplitude
of the slow component of the open time histogram
was greater in recordings from DKO muscle than from
utrophin heterozygotes. This was also the case with the
distribution of channel burst durations: while the slower
component of the fit to the burst duration distribution
was similar in heterozygotes and DKOs, the amplitude
of the slow component was greater in DKOs than in the
utrophin heterozygotes (Fig. 5E). The combined results
show that genetic depletion of utrophin causes a gene
dose-dependent increase in the number, rather than the
duration, of long openings, as well as an increase in the
number of mode II bursts. Evidently, loss of utrophin
results in increased charge transfer and Ca2+ entry through
MS channels as a result of an increase in the number of
long MS channel openings and bursts.

Although MS channel activity was detected in �60%
of patches on muscle from all three genotypes, we
found considerable patch to patch variability in the
response to pressure stimuli. Pressure steps applied to
some patches failed to increase single-channel activity,
despite the presence of bursts of activity in the absence of
a pressure stimulus. In other patches, pressure steps only
increased channel activity at pressures exceeding �−30
to −40 mmHg and patches often ruptured with large
pressure steps. An increased threshold for MS gating,
in addition to an apparent increase in the fragility of
membrane patches on DKO fibres, prevented a detailed
analysis of pressure-dependent channel gating. However,
in a few experiments we were able to obtain a complete set
of current records in response to step increases in patch
electrode pressure. Figure 6 shows an example of one such
experiment recorded from a DKO fibre.

The records in Fig. 6 show the MS channel current
recorded from a DKO fibre in response to pressure steps to
−10, −20 and −30 mmHg. Note that the pressure steps to
−10 and −20 mmHg evoked little channel activity. During
the pressure step to −30 mmHg, there was a large, but
delayed increase in MS channel activity. Mean MS channel
open probability during a pressure step was measured and
plotted as a function of the electrode pressure (Fig. 6,
bottom graph). The dashed and dotted lines are the
pressure–open probability relationships measured for MS
channels in wild-type and mdx FDB fibres, respectively,
in an earlier study (Franco-Obregon & Lansman, 1994,

from the exponential fits to the burst durations histograms plotted as box plots (right) and the amplitudes of each
component plotted as a simple bar graph (left). The values for τb1 were 17.6 ± 11 (n = 7), 12.0 ± 5.8 (n = 11)
and 18.4 ± 26 (n = 14) with amplitudes, ab1, of 1, 0.79 ± 0.29 (n = 11) and 0.80 ± 0.28 (n = 14) for mdx,
utrophin heterozygous and DKO muscle, respectively. The values for τb2 were 83.3 ± 79 (n = 10) and 121 ± 121
(n = 7) with amplitudes, ab2, 0.25 ± 0.20 (n = 9) and 0.57 ± 0.20 (n = 7) for utrophin heterozygotes and DKOs,
respectively. The relative amplitudes ab2 of τo2 for heterozygotes and DKOs were significantly different at α = 0.05
with a P value of 0.015.
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see figure legend for details). Comparing the gating curves
shows that a pressure step to −20 mmHg fully activates
MS channels in wild-type muscle, but only �50% of MS
channels in mdx muscle and less than 20% of channels
in DKO muscle. The relationship between pressure and
channel open probability in the DKO fibre was shifted to
larger negative pressures compared with wild-type and
mdx fibres. The results indicate complete depletion of
utrophin in DKO muscle alters MS gating by shifting
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Figure 6. Pressure-dependent gating of the 22 pS MS channel
recorded from a cell-attached patch on a muscle fibre isolated
from a DKO mouse
An example of an experiment in which single MS channel activity
was recorded from a cell-attached patch at −60 mV with the
pressure set to the indicated values. The data points represent
channel open probability as a function of pressure (mmHg) on the
x-axis. The data points were fitted with a Boltzmann relation of the
form po = pmax/{1 + exp(P − P1/2)/π} where po is the channel
open probability, pmax is the maximum channel open probability, P is
the pressure applied to the electrode (mmHg), P1/2 is the pressure
required for po = 0.5, and π is the steepness of the relation (mmHg).
The fit to the DKO data gave P1/2 = −26 mm Hg and
π = −4 mmHg. The dashed and dotted curves are from MS
channels in wild-type and mdx muscle, which were drawn with
P1/2 = −14 and −20 mmHg and π = −3 and −5 mmHg,
respectively (Franco-Obregon & Lansman, 1994).

gating to higher pressures. Possible explanations for this
shift are considered in the Discussion.

In a recent study, we showed that MS channels in
wild-type muscle show well-resolved transitions between
distinct subconductance states (Vasquez et al. 2012).
Furthermore, an absence of dystrophin in muscle from
mdx mice was associated with reduced occupancy of
the fully open state, with MS channels spending a
greater fraction of the time at well-defined, smaller sub-
conductance levels. These findings suggested that MS
channels are composed of multiple subunits that gate
independently. Sukharev et al. (1999) described sub-
conductance transitions in the large conductance bacterial
MS channel but concluded only the transition from the
closed state to the smallest subconductance state involved
a channel conformational change. By contrast, the analysis
of Gil et al. (2001) for MS channels in oocytes suggested
a model in which subunit transitions are not coupled but
may occur independent of one another.

As a first approximation, we considered the MS channel
in muscle to be composed of five subunits, each with an
individual probability P of opening. Assuming a binomial
distribution of sub-state occupancy, a fit to the sub-state
occupancy data gave the binomial parameter P = 0.8
and 0.5 for MS channels in wild-type and mdx fibres,
respectively. Thus, the absence of dystrophin in mdx
muscle reduces subunit opening probability. This might
occur if dystrophin contributes to force transmission to
individual subunits. If this were the case, depletion of
utrophin would be expected to produce further changes
in opening of individual MS channel subunits. In sub-
sequent experiments, we measured sub-state occupancy
of the open channel current in the utrophin heterozygous
and DKO muscle to test whether (1) utrophin participates
in individual MS channel subunit gating and (2) the shift
in the pressure dependence of MS channel gating in DKO
muscle reflects a reduced probability of individual subunit
gating.

Figure 7 shows the results of experiments investigating
subconductance transitions within individual activations
of the 22 pS MS channel. Figure 7 (top records) shows
the single channel activity recorded from mdx (top),
mdx/utrophin heterozygous (middle) and DKO (bottom)
muscle fibres at high time resolution. The amplitude
distribution of the open channel current is shown to
the left of each record. The amplitude histograms were
measured from many channel activations in a single
patch, excluding all transitions to the fully closed level.
As can be seen, the amplitude distributions are highly
skewed, indicating the contribution of multiple Gaussian
components. The amplitude distributions were fit with
the sum of five Gaussian components, which included the
fully open state and four subconductance levels. These
are indicated by dashed lines in the records. A maximum
likelihood fitting method was used as described previously
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Figure 7. Amplitude distribution analysis of subconductance states of MS channels in mdx,
mdx/utrophin heterozygotes and mdx/utrophin DKO mice
A, amplitude distribution of the open channel current measured in a recording from an mdx fibre. All amplitude
distributions were fit with the sum of five Gaussian components which included the fully open state and four
subconductance levels. B, amplitude distribution of the open channel current measured in recording from an
mdx/utrophin heterozygous fibre. C, amplitude distribution of the open channel current measured in recording
from a DKO fibre. D, occupancy probability of subconductance levels in MS channels from fibres isolated from
mice of the indicated genotype. Each bar represents the fraction of time MS channels spent in the fully open state,
O, and either of four subconductance levels, S1, S2, S3 and S4. Open bars are from mdx muscle; filled bars are

C© 2014 The Authors. The Journal of Physiology C© 2014 The Physiological Society



J Physiol 592.15 Utrophin regulates MS channel gating modes 3315

(Vasquez et al. 2012). The fits show that MS channels in
mdx muscle spend approximately equal amounts of time
in the fully open state and the next smaller subconductance
level. This contrasts with MS channels in wild-type muscle,
in which channels occupied the fully open state most of
the time (Vasquez et al. 2012). By contrast, Fig. 7 shows
that genetic depletion of dystrophin in heterozygotes and
DKOs reduced occupancy of the fully open state even
further, so that channel activations occurred primarily to
the largest subconductance level S1.

Figure 7 (bottom) shows the combined results obtained
from 7–10 patches. The graph shows the probability of
occupying the fully open state (O) or subconductance
states S1, S2, S3 or S4. The combined results show a striking
reduction in occupancy of the fully open state, O, with an
increase in occupancy of the largest subconductance state,
S1. The fit to a binomial distribution gave a P value of �0.2,
assuming each subunit gates independently. Surprisingly,
the change in MS channel sub-state occupancy probability
is roughly the same in recordings from muscle containing
either one or no utrophin alleles. Evidently, even partial
depletion of utrophin in the heterozygote is sufficient to
reduce MS channel occupancy of the fully open state.
Complete loss of utrophin in the DKO muscle, however,
produces no further change in subconductance state
occupancy. The results show partial genetic depletion of
utrophin is sufficient to alter the probability of subunit
gating and suggest that utrophin partially compensates
for a reduction in the probability that a single subunit
opens in dystrophin-deficient muscle.

Recordings from muscle from utrophin heterozygotes
and DKO muscle showed the presence of novel, large
conductance MS channels (�30–42 pS). Large channels
showed MS gating, although this was not studied in
detail because large conductance channels were relatively
rare and patches tended to rupture with pressure
stimuli. Figure 8A shows an example of a high time
resolution recording of the activity of a large conductance
channel from a DKO muscle fibre. The amplitide of
the single-channel current was �4 pA at −60 mV with

a single channel conductance of �40 pS (Fig. 8B, C),
significantly larger than MS channels in wild-type and
mdx muscle (Franco & Lansman, 1990a; Franco-Obregon
and Lansman, 1994; Vasquez et al. 2012).

Inspection of the current record in Fig. 8A shows
multiple subconductance levels. In this record, at least
seven subconductance levels can be seen, in addition to
the fully open level, which the channel enters for only a
very brief time. We hypothesized that large conductance
MS channels may be produced when additional subunits
in close proximity aggregate to form a functional channel.
Figure 8B shows the amplitude distribution of the open
channel current obtained from a large number of openings
in this experiment. We fit the distribution as the sum
of multiple Gaussian components. We began using four
components and then increased the number of Gaussian
components to maximize the log likelihood of the fit
of the amplitude distribution. The best fit was obtained
with eight Gaussian components, which included the fully
open state and seven subconductance states. The fit was
consistent with the number of subconductance levels that
could be detected by visual inspection of the current
records. Visual inspection of many records like that shown
in Fig. 8A provided examples of well-resolved sojourns at
each subconductance level that lasted at least 3–5 ms.

In a previous paper, we described small single-channel
events that appeared to be produced by MS channels
that failed to reach the fully open state (Vasquez et al.
2012). These ‘partial openings’ occurred more frequently
in mdx than in wild-type skeletal muscle. An alternative
explanation is that these small events are individual
MS channel subunits that open independently and that
variations in MS channel conductance depend on dynamic
aggregation of individual subunits. This could occur, for
example, by clustering of subunits within a membrane
microdomain. Large conductance MS channels in DKO
muscle would then represent MS channels composed of
a larger number of subunits. In this view, each sub-
unit contributes a fixed conductance to the multi-subunit
channel.

from mdx/utrophin heterozygous and DKO fibres. Currents were measured during channel openings recorded at
a constant holding potential of –60 mV with the pressure set to 0 mm Hg. Closed channel levels were excluded
from the measurements. The single-channel amplitudes for O, S1, S2, S3 and S4 states were −1.63 ± 0.22,
−1.36 ± 0.18, −1 ± 0.17, −0.6 ± 0.19 and −0.22 ± 0.10 pA (mean ± SD; n = 9) for MS channels in
mdx muscle; −1.66 ± 0.20, −1.4 ± 0.20, −0.87 ± 0.10, −0.47 ± 0.13 and −0.13 ± 0.10 (n = 7) for MS
channels in mdx/utrophin heterozygous muscle; and −1.9 ± 0.30, −1.6 ± 0.30, −1.2 ± 0.20, −0.73 ± 0.18 and
−0.24 ± 0.10 (n = 6) for MS channels in mdx/utrophin DKO muscle. The normalized single-channel amplitudes
were 1.0, 0.83, 0.61, 0.37 and 0.1; 1, 0.86, 0.53, 0.29 and 0.1; and 1, 0.84, 0.63, 0.38 and 0.13 for channels in
mdx, mdx/utrophin heterozygotes and mdx/utrophin DKO mice. The state probabilities for O, S1, S2, S3 and S4
were 0.45 ± 0.05, 0.35 ± 0.06, 0.12 ± 0.03, 0.05 ± 0.02 and 0.04 ± 0.01 (mean ± SD; n = 9) for MS channels
mdx muscle; 0.19 ± 0.09, 0.63 ± 0.09, 0.08 ± 0.02, 0.04 ± 0.02 and 0.05 ± 0.02 (n = 7) for MS channels in
mdx/utrophin heterozygous muscle; and 0.18 ± 0.04, 0.56 ± 0.12, 0.10 ± 0.05, 0.07 ± 0.02 and 0.06 ± 0.02
(n = 6), for MS channels in mdx/utrophin DKOs. Occupancy probabilities of the O and S1 levels are significantly
different at α = 0.05 using a two-sample t test mdx versus heterozygotes and DKOs giving P values of 0.002 and
0.002.
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To test the possibility that large conductance channels
are composed of higher order subunit aggregates, we
fitted the amplitude distribution of the open channel
current for all single-channel recordings obtained from
muscle of all three genotypes. The single-channel activity

included the full range of MS channel conductances,
which ranged from 15 to 40 pS. Figure 8C shows a
plot of the number of Gaussian components versus the
single-channel conductance (each symbol represents a
different patch). The relationship was linear, consistent
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Figure 8. Subconductance states in a large conductance MS channel recorded from a DKO muscle fibre
A, single-channel activity of a large conductance MS channel recorded from a membrane patch on a DKO fibre
at high time resolution. The dashed lines indicate subconductance levels. Well-resolved long-lasting transitions to
the larger S4, S5, S6 and S7 levels can be seen in the record. The channel opens only briefly to the fully open state,
O. B, amplitude distribution of the open channel current measured from many openings of the large conductance
channel from the same experiment from which the record in A was taken. This amplitude distribution of the open
channel current was fit as the sum of eight Gaussian components which included seven subconductance states
(S1–S7) and the fully open state (O). The eight Gaussian fit was determined by maximizing the likelihood value
of the fit using different numbers of Gaussian components. The inset shows the single-channel I–V relationship
of the large conductance channel in the DKO fibre. The slope gave a conductance of �40 pS. C, plot of the
number of subconductance states versus the single-channel conductance in recordings from muscle fibres of all
three genotypes. Open circles, mdx; open triangles, mdx/utrophin heterozygotes; open diamond, DKO. The line
was fit to all the data points using a least squares algorithm with correlation coefficient 0.9 and slope 8 pS.
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with linear summation of subunit conductance with a
value of �8 pS per subunit.

Recordings from membrane patches on skeletal muscle
fibres also showed the existence of a small conductance
channel of �10 pS in a small fraction of patches (Fig. 2A).
There is increased expression of the �10 pS channel in
DKO muscle, although the small number of 10 pS channels
makes it difficult to test this statistically. Zanou et al.
(2010) showed a small conductance channel in skeletal
muscle was absent in TRPC1 knockout mice. Zanou et al.
(2010) also showed the small conductance channel was
relatively insensitive to changing the pressure applied to
the membrane patch, indicating it was not mechano-
sensitive. Although Zanou et al. (2010) used somewhat
different ionic solutions in the patch electrode, it is
likely that the small conductance channel detected in our
electrophysiological recordings is TRPC1 based on their
recordings from TRPC1 knockout mice.

Figure 9A shows the activity of the small conductance
channel recorded from a cell-attached patch on an
mdx (left) and a DKO (right) fibre. In the recording
from an mdx fibre, channel events occurred as more
or less discrete, relatively brief transitions between the
closed state and a fully open state. Figure 9B shows
the amplitude distribution of the open channel current,
which confirms the existence of a single conducting
open state, although there was a minor small component
to the amplitude distribution. The single-channel
current–voltage relationship gave a conductance of 11 pS
in this experiment. Figure 9C shows the histogram of
channel open times, which was well fitted with a single
exponential giving a mean open time of �16 ms. By
contrast, the small conductance channel showed a very
different pattern of activity in recordings from DKO
muscle. Channel activity appeared as very long openings
and there was evidence of multiple channels in the patch
as seen as superimposed openings (Fig. 9A, second record
in right panel). Figure 9D shows that the amplitude of
the open channel current was well fitted with a single
Gaussian component and the slope of the I–V relationship
gave a single-channel conductance of 10 pS. Figure 9E
shows the histogram of channel open times obtained from
the open durations measured from activity of the 10 pS
channel in the DKO fibre. The open time distribution
was well fitted with a single exponential with a time
constant of 900 ms, more than 50 times longer than in
mdx muscle. Evidently, openings of small conductance
channels are greatly prolonged in muscle lacking both
dystrophin and utrophin, suggesting a role of the small
conductance channel in pathogenic Ca2+ entry in DKO
muscle. This pattern was observed in three recordings
from mdx muscle and five recordings from DKO muscle.
In some patches on DKO fibres, the small conductance
channel initially exhibited short openings, like those in
mdx muscle. However, applying pressure to the electrode

during the recording produced an irreversible shift to a
gating mode with greatly prolonged openings. Mode II
gating of the small conductance channel in DKO fibres was
not altered by applying pressure to the electrode. However,
the behaviour more closely resembled the irreversible,
pressure-induced induction of mode II gating of MS
channels in mdx myotubes (Franco-Obregon & Lansman,
2002).

Discussion

This paper presents the first recordings of single MS
channel activity from muscle lacking both dystrophin
and utrophin. The possibility that utrophin compensates
for dystrophin in mdx muscle has made it difficult to
determine the extent to which dystrophin participates in
mechanotransduction and changes in MS channel open
probability. The data in this paper confirm a role for
MS channels in pathogenic Ca2+ entry in dystrophic
muscle. MS channel open probability increases with
genetic depletion of utrophin (Fig. 3B), consistent with
Ca2+ entry through MS channels contributing to disease
severity.

Most studies have focused on differences in muscle
function between mdx and DKO mice. DKO mice show
greater muscle weakness, more extensive degeneration
and fibrosis, and greater fatigue at 6–8 weeks than mdx
mice (Connolly et al. 2001). More recently, comparison
of mdx, mdx/utrophin heterozygotes and DKO mice has
shown greater functional impairment in the utrophin
heterozygotes than in mdx mice (van Putten, 2012).
There is also increased expression of genes involved in
regeneration, inflammation and fibrosis in heterozygotes
compared with mdx mice. Apparently, loss of just a single
utrophin allele is sufficient to worsen the pathology of
the mdx mouse. Heterozygotes, however, do not die pre-
maturely nor do they show the severe disease of DKO mice.
Our finding of a utrophin gene dose-dependent effect
on the behaviour of single MS channels suggests a close
correlation between utrophin expression and changes in
membrane ion permeability that are an early stage in the
pathogenesis of muscular dystrophy.

Genetic depletion of utrophin in dystrophin-deficient
mdx muscle produces complex effects on MS channel
behaviour. These include: (1) an increase in channel open
probability and mode II gating; (2) an increase in MS
channel conductance in some patches; (3) an increase in
the pressure required to activate MS channels; and (4)
an increase in sub-state occupancy in utrophin mutants.
Except for the change in sub-state occupancy, these effects
are utrophin gene dose-dependent. The changes in MS
channel gating showed considerable cell to cell variability
within each genotype. For example, in many patches
on muscle fibres from DKO mice, MS channel open
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probability was low and there was little mode II activity. In
addition, there was a range of single-channel conductances
in the utrophin mutants with only a small proportion of
patches containing large conductance channels.

The variability of MS channel properties in the
utrophin mutants would seem generally inconsistent
with global changes in either the level of an intra-
cellular second messenger or the loss of a regulatory
protein. The results would be more consistent with
utrophin deficiency causing discrete and more localized
changes in the membrane cytoskeletal lattice, which
influences local membrane structure or composition. For
example, a reduced sensitivity to pressure and increased
occupancy of smaller sub-states would be consistent
with an increase in hydrophobic mismatch produced by
accumulation of longer chain membrane lipids at the
boundary of the channel protein–membrane interface
(Markin & Sachs, 2004). Alternatively, there may be a loss
of direct protein–protein interactions involved in force
transmission in the utrophin mutants. The present data do
not provide direct information on the precise mechanism
for changes in MS gating in utrophin mutants. However,
the structural organization of dystrophic muscle in the
mutants provides some insight into possible mechanisms.

An absence of dystrophin in skeletal muscle from
mdx mice disrupts the normal costameric organization
of the β-spectrin cytoskeletal lattice. There are also
corresponding changes in the sarcolemmal distribution of
utrophin, vinculin and other proteins (Williams & Bloch,
1999). In addition, dystrophin deficiency in mdx muscle
is associated with a loss of costameric actin (Rybakova
et al. 2000), as well as disorganization of the micro-
tubule lattice (Prins et al. 2009; Belanto et al. 2014). The
variability in the disruption of the cytoskeletal lattice in
mdx muscle observed in morphological studies may be
related to differences in contractile activity and mechanical
loading of individual fibres prior to isolation from the
animal for study. It seems likely that the observed patch
to patch variability in MS channel behaviour reflects
the local variability of cytoskeletal disruption in the
various mutants and the corresponding variations in local
membrane lipid and protein composition.

As utrophin partially compensates for dystrophin, it
would be expected that loss of utrophin would cause more
extensive disruption of the submembrane cytoskeletal
lattice in skeletal muscle. These cytoskeletal changes
would be expected to be associated with marked changes
in the surface morphology of the sarcolemma, as well
as changes in the lipid/protein composition of local
membrane microdomains. We suggest that the changes
in MS channel behaviour described here reflect changes in
the local structure and composition of membrane micro-
domains in which channels are embedded. The domain
hypothesis provides a simple physical model that explains
how loss of utrophin leads to increased MS channel open

probability and mode II gating. For example, loss of
local membrane domain structure may cause a change
in the lipid composition of the membrane adjacent to MS
channel proteins. Alternatively, loss of domain structure
may alter adaptor or scaffolding protein availability. In
either case, a change in domain compliance may provide a
favourable lipid environment that stabilizes open channel
conformational states. As we find only �40% of patches on
utrophin mutants show mode II gating, MS channels may
be more uniformly distributed on the sarcolemma and
the effects of utrophin depletion on channel properties
occur only at specific sites. It is possible that these sites
coincide with costameres based on the known localization
of dystrophin and utrophin in skeletal muscle, but we
cannot rule out that utrophin-ordered domains have a
wider sarcolemma distribution.

Anishkin and Chung (2013) recently suggested a
similar model in which MS channels are embedded in
stiffened, cholesterol-rich domains. Their model focused
on cadherin and integrin stabilized domains consisting
of cholesterol and sphingomylin, which produce a more
ordered bilayer structure. MS channels embedded in
stiff domains would suppress channel conformational
fluctuations, for example, by preventing tilting of α-helical
domains of the channel or other open channel structural
rearrangements associated with an increase in protein
area.

In skeletal muscle, cavelolin 3 organizes cholesterol-rich
domains and interacts with β-dystroglycan (Sotgia
et al. 2000). Dystrophin, through its interaction with
β-dystroglycan, probably contributes to the stability
of cholesterol-rich domains by binding actin. In end-
othelial cells, utrophin-associated protein complexes exist
in both caveolar and non-caveolar lipid microdomains
(Ramirez-Sánchez et al. 2012). Huang et al. (2013) recently
reported localization of MS currents in caveolae in
skeletal muscle myotubes. Huang et al. (2013) focused
on macroscopic currents and did not investigate the
single-channel properties of caveolar MS currents. Several
MS channel proteins appear to be associated with caveolar
domains, including TRPC1 and TRPV4 (Saliez et al. 2008;
reviewed by Sabourin et al. 2009). Localization of MS
channels to caveolar microdomains may be associated
with a high local density of channel proteins. Clustering of
channels may explain the appearance of large conductance
MS channels in the utrophin mutants. Experimental and
theoretical work on the bacterial MscL channel suggest
closely clustered channels may lead to coupled gating
in which conformational changes in one channel affect
the gating of adjacent channels through elastic inter-
actions in the bilayer (Ursell et al. 2007; Grage et al.
2011; Haselwandter & Phillips, 2013; Mika et al. 2013).
Further studies of reconstituted mammalian MS channels
are required to test the role of bilayer elastic interactions
in coupled gating.
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Alternatively, clustering may lead to increases in MS
channel conductance via direct interactions between
specific structural domains on channel-forming sub-
units. In acetylcholine and other ligand-gated channels,
a conserved cytoplasmic MA helix in each subunit
appears as a ‘hanging gondola’ beneath the channel
pore and mutations in this region alter single-channel
conductance (Unwin, 2005; Peters et al. 2010). GABAA

receptor channels show changes in sub-state gating and
single-channel conductance when clustered rather than
when dispersed at low densities, presumably through MA
domain interactions between adjacent channels (Tierney,
2011). MS channels in embryonic stem cells show trans-
itions between three current levels both within single
activations and also as isolated events (Soria et al. 2013).
Soria et al. (2013) suggested a ‘gondola’ type model to
explain sub-state transitions that arise from changes in
ion permeation through protein–protein interactions.

It is possible that clustering of MS channel subunits
in localized domains in skeletal muscle favours direct
interactions involving a ‘gondola-like’ cytoplasmic helical
domain that regulates single-channel conductance. In this
view, depletion of utrophin would favour occupancy of
smaller subconductance levels if it reduced domain inter-
actions. On the other hand, depletion of utrophin might
allow aggregation of channel subunits and coupled gating
by direct interaction of MA-like domains in a less ordered
domain if channels remain clustered. However, there is
no evidence for the existence of MA-like domains in
mammalian MS channels. Despite the precise mechanism,
we find a clear linear correlation between the number
of MS channel subconductance states and single-channel
conductance. It is of interest that channel clustering has
been shown to produce coupled gating associated with
incremental increases in single-channel conductance in
Na+ channels (Huang et al. 2012), K+ channels (Molina
et al. 2006) and Ca2+ channels (Navedo et al. 2010).

The identity of the MS channel in skeletal muscle
has been subject to considerable controversy. We pre-
viously presented evidence that MS channels in skeletal
muscle are composed of TRPV4 subunits: MS channels
are blocked by TRPV antagonists, insensitive to the
TRPC and Orai antagonist 2-aminoethoxydiphenyl borate
(2-APB), activated by hypotonic solutions and absent
from skeletal muscle from TRPV4 knockout mice (Ho
et al. 2012). However, the single-channel conductance of
MS channels in skeletal muscle is substantially smaller
than recombinant TRPV4 (�22–24 vs. 83–95 pS, Ma
et al. 2011). The present results suggest that MS channel
conductance may be substantially larger depending on the
state of cytoskeleton-organized microdomains and extent
of subunit coupling.

Our results also show changes in a small (�10 pS)
channel in muscle from DKO mice which result in
irreversible entry into a high open probability gating

mode. The small conductance channel is likely to be
TRPC1 based on its absence from TRPC1 knockout mice
(Zanou et al. 2010). As shown in Fig. 3A, the small
conductance channel was detected infrequently in muscle
from mdx and mdx/utrophin heterozygous mice, but
somewhat more frequently in muscle from DKO mice.
Because small conductance channels were detected only
infrequently, they could not be studied in any detail. The
available data, however, showed that modal gating of these
channels, which we consider to be TRPC1 based on the
results of Zanou et al. (2010), differed in important ways
from that of TRPV4 MS channels. First, entry into the
high open probability gating mode was not reversible.
Prolonged open times (Fig. 9, τo = 900 ms in DKO
muscle vs. 16 ms in mdx muscle) persisted for the duration
of the recording. Second, in some patches irreversible
entry into high open probability mode II gating could
be induced by applying a strong pressure pulse (data not
shown). This is similar to the irreversible conversion of
MS channels by strong pressure stimuli in mdx myo-
tubes grown in tissue culture from precursor myoblasts
(Franco-Obregon & Lansman, 2002). Third, we found no
evidence of mode II gating of small TRPC1 channels in
the heterozygotes, indicating that the changes in TRPC1
gating require complete loss of utrophin. These results lead
to two conclusions: (1) TRPV4 and TRPC1 MS channels
may be localized to different membrane domains and (2)
TRPC1 may contribute to pathophysiological Ca2+ entry.
Our findings suggest that therapeutic strategies to replace
utrophin in patients with muscular dystrophy may act by
stabilizing membrane domains and reducing Ca2+ entry
through both TRPV4 and TRPC1 MS channels by pre-
venting both open channel conformational transitions
favoured by compliant lipid domains and aggregation
of TRPV4 subunits. Further experiments are required
to understand the precise localization of TRPV4 and
TRPC1 channels in relation to dystrophin, utrophin and
other costameric proteins in the various mouse models of
muscular dystrophy.

Finally, our results suggest a general physical mechanism
that would explain modal gating of other ion channel
proteins. Modal gating has been detected in a wide range
of ion channel proteins, including Na+, K+, Ca2+ and
N-methyl-D-aspartate receptor channels. Modal gating
in ion channels has generally been described in terms
of discrete kinetic models with multiple open states
and with stochastic transitions into a long-lived open
state (e.g. Hess, Lansman, & Tsien, 1984). In these
models, transitions between gating modes is a random
process determined by a fixed set of rate constants.
The data presented here suggest that stochastic models
may be insufficient to explain modal gating of single
ion channels. We suggest that modal gating arises from
dynamic changes in membrane composition and/or
structure in channel-containing microdomains such that
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open channel conformation states are thermodynamically
favoured. Such changes would occur in response to
mechanical forces in the membrane that lead to trans-
ient changes in domain structure. These changes may be
produced by contractile proteins, adhesive interations of
the membrane with the extracellular matrix and, perhaps,
movements of adaptor proteins that act to stabilize
domain structure. Future experiments need to focus of the
structure and physiology of membrane microdomains.
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