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Evidence TRPV4 contributes to mechanosensitive

ion channels in mouse skeletal muscle fibers
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We recorded the activity of single mechanosensitive (MS) ion channels from membrane patches on single muscle
fibers isolated from mice. We investigated the actions of various TRP (transient receptor potential) channel blockers
on MS channel activity. 2-aminoethoxydiphenyl borate (2-APB) neither inhibited nor facilitated single channel activity
at submillimolar concentrations. The absence of an effect of 2-APB indicates MS channels are not composed purely of
TRPC or TRPV1, 2 or 3 proteins. Exposing patches to 1-oleolyl-2-acetyl-sn-glycerol (OAG), a potent activator of TRPC
channels, also had no effect on MS channel activity. In addition, flufenamic acid and spermidine had no effect on the
activity of single MS channels. By contrast, SKF-96365 and ruthenium red blocked single-channel currents at micromolar
concentrations. SKF-96365 produced a rapid block of the open channel current. The blocking rate depended linearly on
blocker concentration, while the unblocking rate was independent of concentration, consistent with a simple model of
open channel block. A fit to the concentration-dependence of block gave k=13 x 10°M's" and k .= 1609 sec’ with K =
~124 WM. Block by ruthenium red was complex, involving both reduction of the amplitude of the single-channel current
and increased occupancy of subconductance levels. The reduction in current amplitude with increasing concentration of
ruthenium red gave a K, = ~49 WM. The high sensitivity of MS channels to block by ruthenium red suggests MS channels
in skeletal muscle contain TRPV subunits. Recordings from skeletal muscle isolated from TRPV4 knockout mice failed
to show MS channel activity, consistent with a contribution of TRPV4. In addition, exposure to hypo-osmotic solutions
increases opening of MS channels in muscle. Our results provide evidence TRPV4 contributes to MS channels in skeletal

muscle.

Introduction

The ability to sense and respond to mechanical forces is a fun-
damental property of all living organisms, but remains the least
understood of all sensory processes. Mechanosensitive (MS)
ion channels are likely to function as the primary molecu-
lar transducers for sensing touch, distension, shear stress and
osmotic gradients in vertebrate and other animal cells." There is
a large and growing body of research showing that alterations
in intracellular and/or extracellular proteins that contribute
to membrane mechanical properties can give rise to defects in
mechanotransduction that alter intracellular signaling pathways.
Mechanotransduction defects contribute to the pathogenesis of
various diseases including cardiac hypertrophy, muscular dystro-
phy, kidney disease, glaucoma, and cancer.?

Duchenne muscular dystrophy (DMD) is a devastating and
tragic genetic disease affecting 1 in 3,500 male births. DMD
is caused by an absence of the cytoskeletal protein, dystrophin,
which is held tightly to the sarcolemma by a glycoprotein com-
plex in normal muscle.? The glycoprotein complex binds to lam-
inin in the extracellular basement membrane and provides a link
between the intracellular actin-based cytoskeleton and extra-
cellular matrix. The structure and localization of this complex

*Correspondence to: Jeffry B. Lansman; Email: jefflansman@ucsf.edu
Submitted: 04/17/12; Revised: 05/09/12; Accepted: 05/10/12
http://dx.doi.org/10.4161/chan.20719

246 Channels

suggest it plays a role in stabilizing the surface membrane from
the forces developed during muscle contraction. Although the
molecular basis of DMD is well understood, there is still con-
siderable uncertainty as to how an absence of dystrophin causes
muscle degeneration.

Studies of the pathogenesis of muscular dystrophy have made
use of the mdx mouse, a mouse model for human DMD that
lacks full-length dystrophin.*> Recordings of single-channel
activity from skeletal muscle isolated from mdx mice showed
dystrophin-deficiency to be associated with increased activity of
MS channels.®” In support of a role of MS channels in the patho-
genesis of dystrophin-deficiency, pharmacological inhibitors of
MS channels block an early rise in resting [Ca*]. in mdx muscle
fibers produced in response to mechanical stress.”” In addition,
exposing muscle fibers to specific MS channel antagonists pre-
vents contraction induced membrane damage,' suggesting that
abnormal MS channel activity is an eatly event responsible for
pathogenic Ca** entry.

Interest has focused on identifying the proteins that contrib-
ute to MS channels in skeletal muscle. The family of TRP cation
channels is widely expressed in virtually all cell types. Several
TRP channels have been shown to be sensitive to mechanical

stimulation, including TRPC1 and 6, TRPV2 and 4, TRPM3,
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Figure 1. Effects of TRP channel blockers on MS channels. (Top) MS
channel currents recorded with a patch electrode containing physi-
ological saline (control) or physiological saline containing either 1000
.M 2-APB, 40 M ruthenium red or 200 .M SKF-96365. Currents were
sampled at 10 kHz and filtered at 3 kHz. The histogram of current ampli-
tudes for each record is shown to the right. MS channel current-voltage
relations measured in the presence of physiological saline (control) or
physiological saline containing 1000 M 2-APB, 40 .M ruthenium red or
200 M SKF-96365. The single-channel conductance was obtained by

a least squares fit to the data points with slope conductances of 22 pS,
control, 2-APB, spermidine, flufenamic acid; 15.6 pS, 200 uM SKF-96365
and 11.4 pS, 40 pM ruthenium red.

TRPAIL and TRPP2.”? Skeletal muscle expresses TRPC, TRPV
and TRPM proteins.'> There is evidence that TRPCI is the MS
channel in vertebrate cells' and that TRPCI contributes to Ca**
entry in 7dx muscle.”' The importance of TRPCI in the dystro-
phic process is further supported by studies showing expression
levels are higher in mdx muscle with greater signs of damage."”
In addition, muscle from mdx mice with a dominant negative
TRPC transgene show reduced Ca?* entry and less severe dystro-
phy'® and muscle from TRPC1 knockout mice show less contrac-
tion-induced injury than wild-type muscle.”” On the other hand,
several studies show TRPV2 and TRPV4 contribute to Ca**
entry and stretch-induced injury in mdx muscle.'>* Evidently,
the precise molecular identity of the MS channel responsible for
Ca?* entry in dystrophic skeletal muscle remains uncertain.

In this paper, we used patch clamp recording methods to study
the block of MS channels by TRP channel antagonists at the level
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of single-channels. Our goal was to compare the pharmacological
properties of the MS channels in skeletal muscle with the known
pharmacological properties of recombinant TRP channel pro-
teins. We find activators and inhibitors of TRPC channels have
no effect on the activity of single MS channels recorded from
membrane patches. By contrast, the TRPV antagonists, ruthe-
nium red and SKF-96365, strongly block MS channels in skel-
etal muscle. Our results suggest MS channels in skeletal muscle
have pharmacological properties that resemble TRPV channels.
Other experiments showed an absence of MS channel activity in
muscle from TRPV4 knockout mice and MS channel activation
by hypotonic extracellular solutions. Together, these results sug-
gest TRPV4 contributes to MS channels in skeletal muscle.

Results

To test whether TRPC contributes to the MS channel in skeletal
muscle, we exposed membrane patches to 1-oleoyl-2-acetyl-sn-
glycerol (OAG, 100-200 wM) while recording single-channel
activity. OAG activates TRPC1 and 3 channels in native and
recombinant systems**?* and TRPC4,6,7.* Exposure of
membrane patches to OAG added to the patch electrode had
no effect on the activity of MS channel activity recorded from
cell-attached patches (25/25 patches, data not shown). OAG also
had no detectable effects on single-channel activity when added
directly to the bathing solution. The absence of an effect of OAG
suggests the skeletal muscle MS channel is not composed of
TRPC subunits.

Figure 1 shows the effects of a variety of TRP channel
antagonists on the activity of single MS ion channels. Two ami-
noethoxydiphenyl borate (2-APB) blocks recombinant TRPC
channels at low micromolar concentrations.?** In our recordings
from membrane patches, 2-APB produced no discernible effect
on MS channel activity in skeletal muscle at concentrations up to
1 mM in the electrode solution. The record at the top of Figure
1 shows a MS channel activity recorded in the presence of 500
M 2-APB. The graph to the right of the figure is the distribu-
tion of current amplitudes plotted with the amplitude shown on
the vertical axis. The record was obtained at a holding potential
of —60 mV. At this potential, peak inward current was approxi-
mately 1.5-1.7 pA under control conditions in the absence of any
blocker. The presence of 500 wM 2-APB had no effect on either
the amplitude of the single-channel current nor on the apparent
gating of the single channel over a wide range of concentrations.
Figure 1 also shows that 200 wM of either spermidine or fluf-
enamic acid had little effect on the activity of single MS chan-
nels. By contrast, Figure 1 shows that SKF-96365 and ruthenium
red blocked the single-channel current. Block appeared as both
a reduction in the amplitude of the single-channel current and a
change in the gating transitions that occur within the open chan-
nel. Subsequent experiments examined the mechanism of block
of MS channels by SKF-96365 and ruthenium red in more detail.

Figure 2 shows the effect of the concentration of SKF-96365
added to the patch electrode on the single-channel activity.
With 25 wM SKF-96365 in the electrode, there were few clo-

sures within a channel opening, similar to the channel activity
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recorded in the absence of blocker. The few brief closures in the
presence of 25 uM SKF-96365 could represent channel block-
ing events or conformational transitions of the channel protein.
At higher concentrations of SKF-96365, there was a clear dose-
dependent increase in the number of rapid closings. Adding 100
M to the electrode produced far more fast closures when com-
pared with the record obtained with 50 pM SKF-96365. With
200 wM SKF-96365 in the electrode, flickery block of the open
channel increased to a point where the amplitude of the uni-
tary current was difficult to discern. These observations suggest
a simple model in which SKF-96365 acts as an open channel
blocker in which the open and closed times represent the entry
and exit of the drug from the channel pore.?®?' The predictions
of the open channel block model were tested in the next set of
experiments.

Figure 3 shows the analysis of the block of single MS channels
in skeletal muscle by SKF-96365. Figure 3A and B shows the
distribution of open and closed times within a single activation
of the channel in the presence of either 50 uM (A) or 100 pM
(B) SKF-9635 in the patch recording electrode. The histograms
of open and closed times were fit with a single exponential, con-
sistent with the presence of a single open and single closed state.
Figure 3C shows the inverse of the mean open time (blocking
rate) plotted as a function of the concentration of SKF-96365 in
the patch electrode. The inverse of the mean open time increased
with concentration of SKF-96365 in the electrode. As predicted
by a simple two-state blocking model, the blocking rate depended
linearly on the concentration of SKF-96365.

The slope of the relation between the inverse of the mean
open time and the concentration of SKF-96365 gave a second-
order rate coefficient k = 13.3x10° M's™. As shown in Figure
3D, the brief closed times (unblocking rate) decreased somewhat
with increasing concentration of blocker. However, resolution of
rapid closures was difficult and there was considerable scatter in
the measured values of blocked times. A linear fit to the data
gave mean blocked time k. = 1609 sec”. This value is not precise
as there was considerable variability in the measured durations
of blocked time, particularly at lower blocker concentrations
where channel closing events outnumber blockages. The ratio
of unblocking and blocking rates, k /k_, gives a dissociation
constant K, = ~124 uM. The results support the interpretation
that SKF-96365 produces the rapid transitions between open and
closed channel levels by acting as an open channel blocker in
which it rapidly enters and exits the channel pore.

In the next set of experiments, we examined the blocking
actions of ruthenium red on MS channel in skeletal muscle.
Figure 4 shows records of MS channel activity in the presence
of different concentrations of ruthenium red. Ruthenium red
had complex effects on the single-channel current. Increasing
the concentration of ruthenium red from 5 pM (top record) to
40 wM (bottom record) clearly reduced the amplitude of the
single-channel current. The amplitude of the single-channel
current, however, was not constant but varied between several
distinct levels. We interpreted this as ruthenium red causing a
change in the probability of occupancy of the subconductance
levels.
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Figure 2. Records of single MS channel currents in the presence of
increasing concentrations of SKF-96365. Records show single MS chan-
nel currents recorded in the presence of increasing concentrations of
SKF-96365. SKF-96365 was added directly to the patch electrode filling
solution. Each record is from a different patch. The holding potential
was -60 Mv. Currents were digitized at 10 kHz and filtered at 3 kHz.

The effects of ruthenium red on MS channels resemble the
block of MS channels by aminoglycoside antibiotics, in which
blocker reduced both the amplitude of the single-channel cur-
rent and increased occupancy of a subconductance level.?? Block
differed, however, in that aminoglycosides cause channels to
fluctuate between the fully open state and a single subconduc-
tance level. By contrast, gating in the presence of ruthenium red
appeared to involve transitions between several subconductance
levels. We analyzed the subconductance behavior in the presence
of ruthenium red by analyzing the distribution of current ampli-
tudes open channel current, excluding all transitions to the fully
closed state. The results of this analysis are shown in Figure 5.

Figure 5A shows single-channel currents recorded in the pres-
ence of either 10 pM (left) or 40 wM (right) ruthenium red. In
the presence of 40 M ruthenium red, the single-channel current
is reduced, but the open channel current varies between several
levels. We formed histograms of the amplitude of the open chan-
nel current by setting cursors within a channel opening event that
excluded transitions to the fully closed, zero current level. Data
points for the histograms were obtained from multiple channel
openings within an experiment. The distribution of the ampli-
tudes of the open channel current were skewed and could not be
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fit with a single Gaussian, as would be expected for a single open
state with constant conductance. The skew can be seen in Figure
5A for the amplitude distribution for single-channel activity with
10 pM ruthenium red, where there is a “tail” extending toward
zero current. We chose to fit the amplitude distribution of the
open channel current as a sum of three Gaussian components,
representing the fully open state (O) and two subconductance
levels (S1 and S2). These levels are indicated with dotted lines in
the records of single-channel activity. The fit to a sum of three
Gaussian components was made using a maximum likelihood
fitting routine.
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Figure 3. Analysis of the effect SKF-96365 on the mean open and
closed times within a single opening. Histograms of open and closed
times measured from records of single-channel activity recorded in the
presence of either 50 M (A) or 100 M (B) SKF-96365. The histograms
of open and closed times were fit with a single exponential function.

(€) Plot of the reciprocal of the mean open time obtained from the
single exponential fit to the open time distribution as a function of the
concentration of SKF-96365 in the electrode. The data were fit with a
straight line with slope = 13.3 and y-intercept -363.5, r* = 0.9. The fit was
not constrained to go through zero, so the negative y-intercept is an
artifact of the variability of the resolution of the open time measure-
ments. (D) Plot of the reciprocal of the mean blocked times obtained
from the single exponential fit of the closed time histogram. Data
points obtained in the presence of 25 wM SKF-96365 were omitted
from the plot, since at low concentrations of blocker the number of true
channel closures far exceeds the number of blockages. The data were
fit with a straight line with slope =-5.4 and y-intercept of 1608.7, r> = 0.3,
indicating little dependence of blocked time on blocker concentration.

Figure 5B shows that increasing the concentration of ruthe-
nium red from 10-40 pM, reduced both the amplitude of the
fully open state O as well as the probability of being in O, which
was measured as the integral of the single Gaussian fit to O
divided by the total area. We measured the distribution of cur-
rent amplitudes for a number of experiments in which the patch
electrode contained either 10, 15, 20 or 40 WM ruthenium red,
as shown on the x-axis of Figure 5B. Figure 5B shows a plot of
the probability of occupancy of O and the subconductance levels
(S1 and S2) as a function of the ruthenium red concentration.
The data shows that occupancy of state O decreases with blocker
concentration, while there is an increase in the occupancy of Sl
and S2. Figure 5B (inset) shows the amplitude of the fully open
state plotted as a function of ruthenium red concentration. The
fit data were fit with a simple expression for binding to a single
site with a K, of 49 wM. These results show ruthenium red
blocks MS channels by both reducing occupancy probability of
state O with increased probability of S1 and S2 as well as reduc-
ing the amplitude of the fully open state. Similar behavior has
been observed for the block of MS channels by aminoglycoside
antibiotics.** Ruthenium red differs from aminoglycosides, such
as neomycin, in having a greater potency (-49 pM vs. 200-300
wM, respectively. Thus, ruthenium red is a high affinity antago-
nist for MS channels in skeletal muscle.

Figure 6 shows that subconductance fluctuations in the pres-
ence of ruthenium red depend on membrane potential. In this
experiment, the patch electrode contained 20 pM ruthenium red.
Single channel activity was recorded at a constant holding poten-
tial of either —70, -50 or —30 mV. The amplitude distributions of
the open channel current were obtained at each holding potential
and the distribution fit as the sum of three Gaussian components.
Inspection of the amplitude distributions measured at each volt
age in the presence of a constant concentration of ruthenium red
shows progressive reduction in the occupancy of the fully open
state O, with a corresponding increase in occupancy of the next
sublevel, S1. The results suggest subconductance fluctuations
produced by ruthenium red are voltage-dependent and likely
contribute to the blocking mechanism at depolarized membrane
potentials. Further studies are required to analyze the precise
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mechanism of block of MS channels by ruthenium red in skeletal
muscle and are not considered further in this paper.

The pharmacological analysis shows MS channels in skeletal
muscle are insensitive to 2-APB, but blocked by SKF-96365 and
ruthenium red, properties consistent with TRPV channels. The
absence of a potentiating effect of 2-APB on MS channels sug-
gests MS channels are not TRPV1, 2 or 3. A possible candidate
is TRPV4, which shows mechanosensitive gating in mammalian
cells.?*** In addition, TRPV4 knockout mice have reduced sen-
sitivity to pressure stimuli,*® central osmoreception,® and minor
abnormalities in auditory processing,* but are otherwise pheno-
typically normal. The defects in various forms of mechanosen-
sation in the TRPV4 knockout suggests TRPV4 may function
as a mechanosensitive ion channel. We recorded single-channel
activity from skeletal muscle fibers from TRPV4 knockout mice
to test the hypothesis TRPV4 contributes to MS channels.

FDB fibers were isolated from TRPV4 knockout mice and
single-channel activity recorded from membrane patches.
Recordings were made with physiological saline in the patch
electrode at a holding potential of —60 mV. Patch currents were
recorded for 1-5 min at —60 mV and then the holding poten-
tial was changed in 10 mV increments from —60 to —10 mV. We
recorded patch currents at each holding potential for 1-3 min.
MS channel open probability increases with depolarization®”
and so recordings at potentials more positive than —60 would
increase the likelihood of observing channel activity. Despite the
long recording times at both negative and more depolarized volt-
ages, we failed to detect either spontaneous MS channel activity
or activity induced by applying suction to the patch electrode in
21 out of 21 recordings from membrane patches on FDB fibers
from TRPV4" mice. Previous work shows ~70% of recordings
from membrane patches on wild-type FDB fibers show robust
MS channel activity.” Therefore, the probability of observing no
MS channel activity in our experiments if channels were present
is negligibly small.

Vriens et al. showed that hypotonic solutions activate TRPV4
in response to cell swelling*® Skeletal muscle fiber volume
increases linearly with the inverse of the extracellular osmotic
strength over the range 77-1100 mOsms, indicating fibers
behave as a freely distensible, semipermeable bag containing a
fixed amount of solute.” There is evidence hypotonic solutions
increase single channel activity in normal and dystrophic human
myotubes.*® Therefore, we performed experiments examining the
effects of hypotonic solutions on the activity of single MS chan-
nels in skeletal muscle.

Figure 7 shows an example of an experiment where the normal
extracellular solution was switched to a hypotonic solution (250
mOsms). In these experiments, muscle fibers were exposed to
the hypotonic solution while recording from membrane patches.
Figure 7 shows reducing the osmolarity from 350-250 mOsms
was associated with the appearance of a 25 pS channel. In this
experiment, the channel showed prolonged open times, consis-
tent with a hypo-osmotic activation mechanism. This behavior
was observed in 3 out of 10 patches. In some of the experiments,
exposure to a hypotonic solution was associated with the appear-
ance of a larger conductance channel of ~35-38 pS (data not
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Figure 4. Records of single MS channel currents in the presence of
increasing concentrations of ruthenium red. Ruthenium red was added
directly to the patch electrode filling solution. Each record is from a dif-
ferent patch. The concentration of ruthenium red is indicated by each
record. The holding potential was -60 mV. Currents were digitized at
10 kHz and filtered at 3 kHz.

shown). The results suggest that MS channels may be activated
by hypotonic solutions.

Discussion

The main finding of this paper is that ruthenium red blocks MS
channels in mouse skeletal muscle with relatively high affin-
ity (K, = 49 uM). SKF-96365 also blocks MS channels, but
with lower potency (K = ~129 uM). Block of MS channels by
SKF-96365 follows the predictions of a simple open channel
blocking model: mean open and closed times are exponentially
distributed; the inverse of the mean open time depends linearly
on concentration; the inverse of the mean blocked times is inde-
pendent of blocker concentration. Ruthenium red, by contrast,
has a more complex blocking mechanism, involving both a
reduction in the amplitude of the single-channel current and
occupancy of subconductance levels. In contrast to the relatively
high affinity block of MS channels produced by ruthenium red
and SKF-96365, we find 2-APB, flufenamic acid, and spermi-
dine have little or no effect on the single-channel currents up
to concentrations approaching one millimolar. In the discus-
sion below, we first compare the biophysical and pharmacologi-
cal properties of MS channels with those of recombinant TRP
channels. We then discuss our results in relation to previous
studies of the role of TRP channels in Ca** entry in normal and
dystrophic muscle.
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Figure 5. Analysis of the effect of ruthenium red on the amplitude of the single-channel current.
(A) Single channel currents recorded in the presence of either 10 wM (left) or 40 wM (right) ruthe-
nium red. The graph below each single-channel current shows the amplitude distribution of open
channel current. Histograms were constructed by including data points from 5-20 channel open-
ings during an experiment, excluding periods when the channel closed to the zero current level.
The amplitude distributions were fit as the sum of three Gaussian components by a maximum
likelihood fitting routine. (B) Plot of the occupancy probability of the fully open state,

O and subconductance states ST and S2. Occupancy probabilities were measured as the integral
of each Gaussian component divided by the total area under all three curves. Data were fit
straight line by linear regression. (Inset) Plot of the amplitude of the fully open state, O, as a
function of ruthenium red concentration in the patch electrode. The data were fit with a simple
expression for binding to a single site, with K, , =49 pM.

MS channels in skeletal muscle share certain biophysical prop-
erties with TRPV channels. For example, MS channels in skel-
etal muscle have a Ca®* permeability, P **/P, = ~7.”? The Ca**
permeability is within the range of 1-10 measured for TRPV1,
2, 3 and 4. In addition, MS channels have a monovalent

www.landesbioscience.com Channels

cation selectivity sequence (Rb > K > Na
> Cs > Li)® that corresponds to Eisenman
sequence III, indicating an ion binding
site with a relatively weak field-strength.
This sequence is quite similar to TRPV4,
which has a cation selectivity sequence
corresponding to Eisenman sequence 1V,
and also a weak field-strength binding
site.! In addition, MS channels in skeletal
muscle are very sensitive to block by the
lanthanide cation, Gd**: Gd*>* blocks both
stretch-activated and stretch-inactivated
MS channels in normal and mdx muscle
with virtually identical affinities (K = ~6
wM).%4? The high affinity block by Gd**
is similar to that reported for TRPV4 (-1
puM). 4

2-APB  strongly activates current
through TRPV1, 2 and 3 channels.®%
The absence of facilitation of MS chan-
nel activity by 2-APB in this study sug-
gests TRPVI, 2 and 3 do not contribute
to the MS channels in skeletal muscle.
We cannot, however, rule out there are
2-APB-insensitive TRPV1, 2 or 3 variants
in skeletal muscle. This possibility is sug-
gested by the finding that a recombinant
human TRPV2 channel is insensitive to
2-APB.® TRPV2 is highly expressed in
skeletal muscle where it resides in an intra-
cellular compartment and translocates to
the sarcolemma in response to membrane
stretch.” However, the blocking poten-
cies of ruthenium red and SKF-96365 for
recombinant TRPV2 channels (EC, = 7
and 21 pM, respectively) are somewhat
greater than their potency in blocking MS
channels (K = ~49 and 147 pM).® Taken
together, the results suggest MS channels
in skeletal muscle are not TRPV2. In sup-
port of this interpretation, we failed to
observe an effect of elevated temperature
(~45°C) on single MS channels in skeletal
muscle (unpublished data).

The biophysical properties of MS chan-
nels also differ considerably from TRPM,
since MS channels are relatively insensi-
tive to changes in extracellular pH* and
intracellular Mg?* (unpublished data). In
addition, we find flufenamic acid failed to
inhibit MS channels in muscle (Fig. 1),

although one study found that it inhibits recombinant TRPM2
and 3 in a heterologous expression system.” This same study
found a relatively potent block of TRPV4 channels by flufenamic
acid (EC,, = ~41 uM).” However, this experiment used calcium
imaging in TRPV4 transfected cells and the blocking actions of
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flufenamic acid on intracellular calcium signals may be more dif-
ficult to interpret than direct electrophysiological recordings of
single-channel activity.

The available data lead us to conclude TRPV4 is a likely
candidate for the MS channel in skeletal muscle. Recordings of
single-channel activity provide direct information on the phar-
macological properties of MS channels. The results, however, are
limited in that more extensive electrophysiological experiments
are necessary to investigate a much wider range of TRPV4 activa-
tors and inhibitors. Nonetheless, activation of MS channels by
hypotonic extracellular solutions and the absence of MS channel
activity in muscle from TRPV4 knockout mice suggests TRPV4
contributes to the MS channel in skeletal muscle.

On the other hand, single-channel recordings from muscle
isolated from TRPC1 knockout mice show the absence of a
mechanically-insensitive, small conductance channel. Zanou
et al. also reported activity of a larger conductance channel in
the TRPC1 knockout.'® The properties of the large conductance
channel, however, were not studied. In particular, its response
to mechanical stimulation was not described. Nonetheless, these
results suggest TRPCI is not the mechanosensitive channel in
muscle. Despite this conclusion, there is good evidence for a role
of TRPCI in Ca* entry and muscle damage in normal and dys-
trophic muscle from mdx mice.”?

These observations for a functional role of TRPCI in the
pathogenesis of dystrophin-deficiency suggest either TRPCI acts
as an independent source of Ca** entry contributing to the dys-
trophic phenotype or that MS channels represent a novel variant
formed by heteromeric subunit assembly TRPV4 subunits. %
Ma et al. showed TRPV4 and TRPCI coassemble to form het-
eromeric TRPV4-C1 channels.® The properties of these chan-
nels, however, are different from MS channels in having a much
larger single-channel conductance (-83 pS) and a cation selectiv-
ity sequence corresponding to a strong, rather than weak, field-
strength cation binding site. In addition, TRPP2 has been shown
to form a heterotetramer with TRPV4.! The possibility that MS
channels exist as heteromeric proteins containing TRPV4 and
other TRP channel subunits remains to be tested.

Materials and Methods

Methods for isolation of skeletal muscle fibers from mice and gen-
eral electrophysiological methods are identical to those described
in previous studies.”” Wild-type mice (C57BL) were obtained
from a local supplier. TRPV4 knockout mice were generously
provided by Dr. Nigel Bunnett (UCSF). Mice were sacrificed
after isoflurane anesthesia according to a protocol approved by the
UCSF Committee on Animal Research. Single muscle fibers were
isolated from the flexor digitorum brevis following treatment of an
isolated muscle bundle with 0.25% collagenase B (Worthington
Biochemical) in DMEM-H16 medium for 20 min. The treated
muscle was rinsed in DMEM-H16 containing 0.5% horse serum
and single fibers dispersed by passing the muscle bundle through
the tip of a heat-polished Pasteur pipette. Dissociated single fibers
were placed on a glass coverslip forming the bottom of an experi-
mental chamber that was attached to the stage of an inverted
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Figure 6. Voltage-dependence of the subconductance transitions in
the presence of ruthenium red. Experiment showing the block of the
single-channel current produced by 20 wM ruthenium red at a constant
holding potential of either =70, =50 or —30 Mv. The graph below each
record is the amplitude distribution of the open channel current
measured at the indicated membrane potential. Each amplitude
distribution was fit with the sum of three Gaussian components using a
maximum likelihood fitting routine.

microscope. Electrophysiological recordings were made from
intact cells that adhered to the glass coverslip.

Patch electrodes were pulled in two stages from borosili-
cate capillaries (Custom 8520, Warner Instruments), coated
with Sylgard® (Dow Corning) near the tips, and heat polished
to give a final resistance of 2—-4 M{) when filed with a physi-
ological saline solution and immersed in an isotonic K*-aspartate
bathing solution. Single-channel currents were recorded with an
EPC-9 patch clamp amplifier (HEKA Instruments) using Pulse®
(HEKA) software for stimulus generation and data acquisition.
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Figure 7. Hypo-osmotic activation of the MS channel in skeletal muscle.
Experiment showing the effect of hypotonic solution on MS channels

in skeletal muscle fibers. Recordings was made from a cell-attached
patch and the extracellular solution (345 mOsm) replaced with a dilute
extracellular solution (250 mOsm). There was no channel activity prior
to exposure of the cell to the hypotonic solution. Currents were digi-
tized at 2.5 Khz and filtered at 500 Hz. Bottom shows the single-channel
current-voltage relationship.

Currents were digitized at either 2.5 or 10 kHz, filtered at 0.5 or
3 kHz, and stored directly on the hard disk of a Power Mac G4.
Digitized currents were exported into IgorPro® (Wavemetrics) or
TAC® (Bruxton Corporation) for analysis.

The electrode solution contained (in millimolar) 150 NaCl,
5 KCI, 1 MgCl,, 10 EGTA, 10 HEPES and 17 glucose. The pH
was adjusted to 7.45 by adding tetracthylammonium hydroxide
(TEA-OH). The isotonic K* bathing solution contained (in mil-
limolar) 150 potassium aspartate, 5 MgCl,, 10 EGTA, 10 HEPES
and 10 glucose. The pH was adjusted to 7.45 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 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.

The drugs, 2-aminoethoxydiphenyl borate (2-APB), ruthe-
nium red, SKF-96365, and 1-oleolyl-2-acetyl-sn-glycerol (OAG)
were obtained from Sigma-Aldrich. 2-APB and OAG were pre-
pared as a concentrated stock solutions in dimethyl sulfoxide
(DMSO) which was diluted with the experimental saline solu-
tion to give the final desired concentration. The concentration of
DMSO in the experimental solutions was < 1%. In these experi-
ments, drugs were added directly to the patch electrode filling
solution. Drug solutions were prepared freshly on the day of the
experiment.
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