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Abstract
To examine potential mechanisms for the reduced resting membrane potentials (RP) of mature
dystrophic (mdx) muscle fibers, the Na+ - K+ pump inhibitor ouabain was added to freshly
isolated nondystrophic and mdx fibers. Ouabain produced a 71% smaller depolarization in mdx
fibers than in nondystrophic fibers, increased the [Na+]i in nondystrophic fibers by 40%, but had
no significant effect on the [Na+]i of mdx fibers, which was approximately double that observed in
untreated nondystrophic fibers. Western blots indicated no difference in total and phosphorylated
Na+ - K+ ATPase catalytic α1 subunit between nondystrophic and mdx muscle Examination of the
effects of the NF-κB inhibitor pyrrolidine dithiocarbamate (PDTC) indicated that direct
application of the drug slowly hyperpolarized mdx fibers (7 mV in 90 minutes) but had no effect
on nondystrophic fibers. Pretreatment with ouabain abolished this hyperpolarization, and
pretreatment with PDTC restored ouabain-induced depolarization and reduced [Na+]i
Administration of an NF-κB inhibitor that utilizes a different mechanism for reducing nuclear NF-
κB activation, ursodeoxycholic acid (UDCA), also hyperpolarized mdx fibers. These results
suggest that in situ Na+ - K+ pump activity is depressed in mature dystrophic fibers by NF-κB
dependent modulators, and that this reduced pump activity contributes to the weakness
characteristic of dystrophic muscle.
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INTRODUCTION
Our rationale for examining the influence of ouabain and NF-κB inhibitors on the resting
potential (RP) of isolated dystrophic (mdx) muscle fibers originated from several studies
demonstrating that the RP is reduced in freshly isolated and untreated dystrophic fibers [1–
5], and with results showing that long term in vivo treatment with the NF-κB inhibitor

Correspondence to: C. G. Carlson.
Publisher's Disclaimer: This is a PDF file of an unedited manuscript that has been accepted for publication. As a service to our
customers we are providing this early version of the manuscript. The manuscript will undergo copyediting, typesetting, and review of
the resulting proof before it is published in its final citable form. Please note that during the production process errors may be
discovered which could affect the content, and all legal disclaimers that apply to the journal pertain.

NIH Public Access
Author Manuscript
J Neurol Sci. Author manuscript; available in PMC 2012 April 15.

Published in final edited form as:
J Neurol Sci. 2011 April 15; 303(1-2): 53–60. doi:10.1016/j.jns.2011.01.015.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



pyrrolidine dithiocarbamate (PDTC) increased the RP in mdx muscle fibers [6]. In this
laboratory, the mean RP in mouse Ringer solution obtained from mature (6 to 24 months)
mdx costal diaphragm fibers (−57. 3) was 4.5 mV less negative (p<0.001) than the RP in
mature nondystrophic fibers [5]. In younger mice (5 to 7 weeks), the RP in mdx costal
diaphragms (−67.8 mV) was approximately equal to that observed in nondystrophic costal
diaphragms [5]. Using freshly excised intercostal fibers from adult patients with limb girdle
and facioscapulohumeral dystrophy, Ludin [1] observed an average RP of −71 to −73 mV,
which was approximately 8 mV more depolarized than in corresponding nondystrophic
biopsies. This investigator further indicated that the dystrophic resting potential at several
extracellular K+ concentrations was consistently more positive than that predicted from the
Nernst potential. Similarly, Sakakibara et al. [2] reported RP values (approximately - 72.5
mV) in freshly excised external intercostal fibers from Duchenne patients that were about 2
to 3 mV less negative than the lower limit of RPs observed in nondystrophic patients. Nagel
et al. [3] indicated an average RP in the mdx costal diaphragm (−60 mV; 2.5 weeks to 9
months of age) that was approximately 3 mV less negative than the corresponding resting
potential of nondystrophic fibers. While the individual determinations of RP vary between
different muscle preparations and laboratories, these results consistently indicate that, under
normal ionic conditions, the RP of freshly isolated intact mature adult dystrophic fibers is
approximately 3 to 8 mV less negative than that in age-matched nondystrophic fibers.

Although the reduction in RP characteristic of adult dystrophic muscle fibers may seem
small, it could very well contribute to muscle weakness by reducing the electrochemical
driving force for Na+ influx and the density of fast Na+ channels available for voltage
activation. In fact, recordings from human dystrophic (limb girdle, faciosacapulohumeral
dystrophy) intercostal muscle fibers indicated a highly significant 13% reduction in action
potential amplitude and a 14% reduction in the rate of rise of action potentials in comparison
to nondystrophic controls [7]. These effects on action potential amplitude and rising phase
are consistent with what would be expected from a decrease in driving force and an increase
in Na+ channel inactivation, and would produce a reduction in sarcoplasmic Ca2+ release
and a corresponding reduction in force generation. Such effects would act in series with
previously observed reductions in Ca2+ release from the sarcoplasmic reticulum of voltage
clamped dissociated mdx fibers [8], and would therefore amplify any impairments in
excitation–contraction coupling that may exist in dystrophic fibers. Based on these
considerations, the purpose of the present study was to improve our current understanding of
the mechanisms responsible for the reduced RP characteristic of dystrophic muscle [1–6].

A slight depolarization of the RP could be the result of an increase in resting inward ionic
current such as that produced by resting Ca2+ influx through Ca2+ leakage and nonselective
cation channels [9,10]. However, several independent lines of evidence argue against this
possibility. First, fluorometric studies of Mn2+ quench rate indicated that resting Ca2+ influx
is not increased in adult dystrophic fibers [11,12]. Additional support for this conclusion was
obtained from studies showing that concentrations of Gd3+ sufficient to block resting Ca2+

influx through nonselective cation channels and Ca2+ leakage channels had no effect on the
resting potential of either nondystrophic or mdx muscle fibers [6]. In the mdx costal
diaphragm, the reduced RP was associated with a significant increase in fiber input
resistance (Rin; [5]). In contrast, reduced RP’s produced solely by increases in resting Na+ or
Ca2+ conductance would be associated with corresponding reductions in Rin. These results
from fluorometric and electrophysiological studies are inconsistent with the hypothesis that
the reduced RP of dystrophic fibers is due to increases in resting inward current produced by
increases in either Ca2+ leakage or nonselective cation channel activity [5,6,11,12]. An
alternative possibility for the reduced RP in dystrophic fibers is that in situ Na+-K+ ATPase
pump activity is reduced in adult dystrophic fibers. In the present study, this possibility was
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directly examined by comparing the effects of ouabain exposure on the RP in age-matched
mdx and nondystrophic muscle fibers.

Previous experiments in this laboratory indicated that long term in vivo administration of
pyrrolidine dithiocarbamate (PDTC) substantially increased the resting potential (RP) in
mdx triangularis sterni (TS) fibers [6]. Since PDTC is an NF-κB inhibitor [13] that increased
cytosolic IκB-α in the mdx costal diaphragm, these results initially suggested that long term
inhibition of the NF-κB pathway had beneficial effects on dystrophic (mdx) muscle [6].
Several studies from this and other laboratories now provide substantial evidence that
inhibition of the NF-κB pathway has both morphological and functional benefits for
dystrophic muscle [6,14–20].

The influence of PDTC in improving the RP of mdx TS fibers [6] could be due to indirect
effects in reducing fiber necrosis or increasing fiber regeneration. Alternatively, the drug
may have more direct effects that improve the RP in dystrophic fibers. To examine this
possibility, PDTC was administered directly to freshly isolated mdx fibers in vitro. The
results indicated that PDTC produced a slow hyperpolarization of mdx muscle fibers, but
had no effect on the RP of age-matched nondystrophic fibers[21].

The purpose of the present study was to determine the ouabain sensitivity and the effects of
direct exposure to NF-κB inhibitors on mature adult mdx fibers. The results indicate that
ouabain produced significantly smaller changes in RP and [Na+]i in mdx TS fibers than in
age-matched nondystrophic fibers, that untreated mdx fibers exhibited [Na+]i levels that
were approximately double those observed in untreated nondystrophic fibers (cf [22,23]),
and that the overall cellular expression and phosphorylation of the Na-K ATPase alpha
subunit was not significantly altered in mdx muscle. Pretreatment with ouabain abolished
the hyperpolarizing influence of PDTC on the RP of mdx fibers. Conversely, pretreatment
with PDTC restored the depolarizing influence of ouabain on the RP of mdx fibers, and
reduced the [Na+]i in mdx fibers.

To further evaluate the potential role of the NF-κB pathway, the effect of ursodeoxycholic
acid (UDCA) on nuclear p65 activation and RP was examined. UDCA inhibits nuclear
activation of NF-κB by a mechanism distinct from that mediated by PDTC, and directly
reduces nuclear NF-κB trans-activation by interacting with glucocorticoid receptors [24].
Direct treatment of isolated mdx muscle with UDCA reduced the nuclear activation of p65
and hyperpolarized the RP. In summary, these results provide new evidence that the reduced
RP of intact mature adult mdx muscle fibers is associated with negative modulation of
resting Na+-K+ pump activity, and that inhibition of the NF-κB pathway increases the RP by
reducing or counteracting this negative modulation.

MATERIALS AND METHODS
Intracellular recording

Mdx (C57Bl10SnJ-mdx) and nondystrophic (C57BL/10 SnJ) mice were obtained from
Jackson laboratories (Bar Harbour, ME) and bred at local animal facilities under IACUC
approved conditions. The left TS muscle was removed as previously described [6,12,20] and
placed in a muscle chamber containing mouse Ringer solution (in mM: 125 NaCl, 5 KCl, 2
CaCl2, 24 NaHCO3, 1 NaH2PO4, 11 glucose, pH 7.35; room temperature). The solution was
continually re-circulated and bubbled with 95% O2/5% CO2. Only one TS muscle was
removed from each mouse used in this study.

Conventional glass microelectrode (3M KCl; R = 20–70 MΩ) techniques were used to
record RP as previously described [5]. The voltage deflection observed upon impalement
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and withdrawal of the electrode from each cell was noted, and the maximum of these two
values was defined as the RP. The RP’s were obtained at room temperature from the caudal
TS region of 7 to 9 month old nondystrophic and mdx mice. Signals were amplified using a
Warner Instrument Model IE201 electrometer and displayed on an oscilloscope. Rin was
determined using the Wheatstone bridge circuit component of the Warner Instrument Model
1E201 as described in Carlson and Roshek [5]. Fibers with an RP less than −15 mV were
not included in the analyses. In general, RP was sampled from individual fibers at a rate of
approximately 10 fibers in 20 minutes. The incubation periods that are reported in this study
therefore represent the time to the beginning of a sampling interval in which approximately
10 fibers are sampled in 20 minutes.

PDTC was administered in mouse Ringer at a concentration of 100 μM using mouse Ringer
(pH 7.35) as a vehicle control, while UDCA was added to a final concentration of 200 μM
from a stock solution containing 200 mM UDCA (mouse Ringer plus NaOH, pH 9.8) using
the appropriate vehicle (mouse Ringer plus NaOH, pH 9.8) as a control.

Intracellular Na+ concentration
Muscle fibers were loaded at room temperature with the acetylmethoxy ester of benzofuran
isophthalate (SBFI-AM; Sigma-Aldrich #129423-53-6) at a final concentration of 10 or 50
μM in HEPES Ringer solution (in mM: 147.5 NaCl, 5 KCl, 2 CaCl2, 11 glucose, 5 HEPES,
pH 7.35). After a 2 hour incubation in the dark, the preparation was rinsed several times
with HEPES Ringer and mouse Ringer solution before measurements were obtained at room
temperature in mouse Ringer solution bubbled with 95% O2/5% CO2. An Olympus IMT2F
microscope equipped with an APO UV 20× objective, an IMT2-DMU dichroic mirror, and a
PTI Model 104 photometer attached to the side port of the microscope were used. Excitation
was provided by the excitation monochromator of an SLM Aminco 8000C
spectrofluorometer and a PTI fiber optic cable (Model 060–8003). The aperture setting
provided measurements of emission (> 490 nm) from a rectangular area (approximately
40,000 μm2) that included 2 to 4 fibers oriented longitudinally within the plane of focus (cf.
[12]). Each experiment used the same settings for aperture, magnification, signal gain, and
voltage. Full excitation spectra (300 to 450 nm, 5 nm increments, 4 nm bandwidth) were
obtained periodically to monitor the overall signal intensity. Fibers in the caudal region of
the TS were sampled exclusively.

In cells loaded with SBFI, the ratio of fluorescent intensities obtained at excitation
wavelengths of 340 and 380 nm is correlated with the [Na+]i [25,26]. Since freshly isolated
skeletal muscle fibers exhibit autofluorescence within this range of wavelengths, the
fluorescent intensity of unloaded fibers (Fa) was measured at excitation wavelengths of 340
nm and 380 nm in each preparation before loading with SBFI-AM (cf. [12]). The
background (or solution) fluorescence at the same plane of focus (Fb) was also measured
and subtracted from the corresponding intensity of the unloaded fibers to obtain the
autofluorescence corrected for background at 340 and 380 nm excitation wavelengths
(F340acb = F340a − F340b; F380acb = F380a − F380b). Fluorescent intensities of the loaded
fibers (FS) were similarly corrected for background fluorescence (FSb) to correct for any
potential leakage of SBFI (F340Scb = F340S − F340Sb; F380Scb = F380S − F380Sb). For
each of the sampled areas, the fluorescence produced by the binding of Na+ to intracellular
SBFI (F340Na, F380Na) was determined by subtracting the mean autofluorescence corrected
for background (Mean F340acb, Mean F380acb) from the background corrected intensities of
the loaded fibers (F340Na = F340Scb − Mean F340acb; F380Na = F380Scb − Mean F380acb).
Areas that had F340Scb or F380Scb values that were less than 20% higher than the
corresponding autofluorescence determinations (Mean F340acb, Mean F380acb) were not
included in the analyses. The [Na+]i for each sampled area was determined from the F340Na/
F380Na ratio and a standard curve relating F340Na/F380Na to [Na+]i in situ.
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Standard curves were obtained with solutions similar to those used by Diarra et al [25].
Fibers loaded with 10 μM SBFI-AM in HEPES Ringer were exposed to 5, 10, or 20 mM
NaCl at room temperature in HEPES (5 mM) buffered saline (pH 7.35 adjusted with KOH)
containing 2.0 mM CaCl2 and 11.0 mM glucose. The [KCl] in the [Na+] standard solutions
was adjusted to make the sum of the [K+] plus [Na+] equal to the corresponding value in
HEPES Ringer solution. Each solution contained 10 μM gramicidin D and 1 mM ouabain to
promote Na+ flux across the membrane and inhibit the Na+-K+ ATPase. Additional control
experiments to measure autofluorescence in these solutions were used to obtain the F340Na
and F380Na values. Since the F340Na and F380Na values from nondystrophic and mdx
preparations exposed to standard [Na+] solutions were not significantly different, the data
were combined to obtain an empirical standard curve that was used to convert the F340Na/
F380Na ratio from each sampled area to a value of [Na+]i. The [Na+]i of mdx fibers loaded
with 50 μM SBFI-AM were determined using a separate set of standards at 20, 25, 30, and
40 mM [Na+] (10 μM gramicidin D,1 mM ouabain, [KCl] adjusted such that [KCl] + [NaCl]
= 152.5 mM; 2 mM CaCl2, 11 mM glucose, pH 7.35 adjusted with KOH).

Cell Extraction
Whole cell lysates (WCL) and nuclear extracts were obtained using the techniques
developed in this laboratory by Singh et al [27]. Briefly, whole cell extracts were prepared
by homogenization in isotonic lysis buffer (WCLB: 20 mM Tris-HCl, 150 mM NaCl, 1 mM
Na2EDTA, 1 mM EGTA, 1% Triton, 2.5 mM sodium pyrophosphate, 1 mM beta-
glycerophosphate, 1 mM Na3VO4, 1 mM phenylmethylsulfonyl fluoride, 1 mM
dithiothreitol, 4μl/ml protease inhibitor cocktail, 10μl/ml phosphate inhibitor, pH 7.5; 15 μl
per mg tissue), freeze-thawing (two freeze/thaw cycles; 5 minute freeze on dry ice),
vortexing (10 seconds), and centrifugation (6 minutes, 13,000 rpm, 4°C). The supernatant
containing the whole cell lysate was stored at −80°C until used in the Western blot
determinations of phosphorylated and total Na+-K+ ATPase α1 subunit.

Nuclear extracts were used to assess the efficacy of UDCA in reducing p65 trans-activation
in freshly isolated mdx costal diaphragm preparations. Mdx costal diaphragms exposed to
UDCA or vehicle in HEPES Ringer solution were flash frozen and homogenized in low salt
lysis buffer (LSLB: 10 mM HEPES, 10 mM KCl, 1.5 mM MgCl2, 0.1 mM EDTA, 0.1 mM
EGTA, 1 mM dithiothreitol, 1.0 mg/ml benzamidine, 0.5 mM phenylmethylsulfonyl
fluoride, 4.0 μl/ml protease inhibitor cocktail Sigma # 8340, 10μl/ml phosphatase inhibitor
Sigma # P2850, pH 7.9, 1 mg wet weight per 18 μl). Cytosolic extracts were obtained after
freeze-thaw lysis on dry ice followed by centrifugation (13,000 rpm, 20 seconds, 4°C). The
remaining pellets were washed twice in LSLB (50 μl) to remove any remaining cytosolic
components, and re-suspended in ice-cold high-salt lysis buffer (HSLB: 20 mM HEPES (pH
7.9), 420 mM NaCl, 1 mM EDTA, 1 mM EGTA, 25% glycerol, 1 mM dithiothreitol, 0.5
mM phenylmethylsulfonyl fluoride, 1.0 mg/ml benzamidine, 4μl/ml protease inhibitor
cocktail, 10μl/ml phosphate inhibitor; 4μl/mg wet weight; 30 min incubation). After mixing
vigorously (5 seconds, vortex) several times while incubating on ice (30 minutes), the
suspension was centrifuged (13,000 rpm, 6 min, 4°C), and the resulting supernatant
containing the nuclear extract was stored at −80°C. Protein concentrations for all cell
extracts were determined using the Bradford assay (Bio-Rad 500-0006) in a standard 96 well
plate.

Western blot determinations of total cellular α1 Na+-K+ ATPase subunit and α1 subunit
phosphorylated at Tyr 11 and Ser 18

Western blots were obtained from whole cell lysates using procedures similar to those
described in Singh et al [27]. Muscle proteins (20 μg) were separated by SDS-PAGE under
reducing conditions, transferred to PVDF membranes (Bio-Rad), and blocked with 5% non
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fat dehydrated milk in Tris buffered saline containing Tween 20 (TBST; 25 mM Tris, pH
7.4, 137 mM NaCl, 2.7 mM KCl, 0.1% Tween20; 1 hr, room temperature). The membranes
were incubated with primary antibodies in TBST (5% BSA) overnight at 4°C, followed by
secondary antibody horseradish peroxidase (HRP) conjugated anti-rabbit IgG (Jackson
Laboratory; 111-035-003) in TBST (5% non-fat dehydrated milk or 5% BSA) for 1 hr at
room temperature. The immunoblot detection was performed using the ECL detection
system (Amersham, UK) according to the instructions of the manufacturer.

Equal loading of proteins was evaluated by stripping and developing a blot for GAPDH
(Cell Signaling,14C10; # 2118). The primary antibody used for the detection of Na-K
ATPase α1 subunit was obtained from Cell Signaling (# 3010; 1:1000). Percent
phosphorylated α1 subunit was determined in parallel samples by first developing the
membrane for phosphorylated α1 subunit (Tyr10 - Cell Signaling # 3060 or Ser23 - Cell
Signaling # 4006 - corresponds to Ser18 of mature α1 subunit; 1:500) to determine the
density of phosphorylated signal, and then stripping and exposing the membrane to the Na-
K ATPase α1 subunit antibody (Cell Signaling; # 3010, 1:1000). Densitometric analysis to
obtain percent phosphorylated α1 subunit and total expression of α1 subunit relative to
GAPDH were performed using Image J, Sigma Stat and Sigma Plot. The results were
obtained from age (7 to 12 months) and gender matched nondystrophic and mdx mice.

DNA binding activity
DNA binding of p65 was determined in nuclear extracts from freshly isolated mdx costal
diaphragms exposed to various concentrations of UDCA or vehicle in HEPES Ringer
solution for 2 hours. The TransAM™ NF-κB p65 assay kit (ActiveMotif, Carlsbad, CA) was
used in accordance with the manufacturer’s instructions (cf [27]). Sample absorbance was
directly compared between individual muscle preparations on individual plates and
normalized to the absorbance of a standard positive control (2.5 μg Jurkat nuclear extract).

Statistical Evaluation
The results were analyzed using SAS statistical software 9.0 (ANOVA, linear regression) or
SigmaStat v 2.03 (t-test, Mann-Whitney rank sum test) and are presented as the mean ±
SEM. Multiple group comparisons were obtained using ANOVA followed by multiple
pairwise comparisons (Tukey’s test). Direct comparisons between mdx and nondystrophic
preparations were assessed by t test. Significance was defined at p < 0.05.

RESULTS
Differential effect of ouabain on the RP of freshly isolated nondystrophic and mdx muscle
fibers

The mean RP of untreated fibers in the caudal region of the severely dystrophic mdx TS
muscle [20] at 7 to 9 months of age (−54.8 ± 0.9 mV, N = 208 fibers, 19 muscles) was 4.2
mV less negative (p<0.01, Mann-Whitney Rank Sum Test) than that observed in
nondystrophic TS muscles (−59.0 ± 0.7 mV, N= 128 fibers, 12 muscles). Fibers from a
cohort of nondystrophic mice (7 to 9 month) were depolarized by 14.7 mV (from −61.1 to
−46.4 mV; N= 80 fibers, 8 muscles) following a 30 minute exposure to 1 mM ouabain (Fig.
1). In contrast, the same ouabain exposure produced a significantly (p<0.001) lower
depolarization of only 4.3 mV (from −56.3 to −52.0 mV; Fig. 1; N = 160 fibers, 8 muscles)
in mdx fibers. These results provide the first evidence that the influence of ouabain-sensitive
Na-K+ ATPase pump activity on the RP is greatly diminished in intact, mature adult
dystrophic fibers.
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Intracellular Na+ [Na+]i is elevated and ouabain-sensitivity is reduced in dystrophic muscle
fibers

Fluorometric evaluation of [Na+]i provided further evidence that Na+-K+ ATPase pump
activity is reduced in freshly isolated intact mdx TS fibers. The mean [Na+]i in untreated
mdx TS fibers (22.5 ± 2.3 mM) was significantly (p<0.001; Mann Whitney Rank Sum Test)
higher than that observed in nondystrophic TS fibers (11.5 ± 1.0 mM). Nondystrophic TS
fibers exposed to ouabain (1 mM) for 30 minutes exhibited significantly (p< 0.01, Mann
Whitney Rank Sums test) elevated [Na+]i levels of 16.1 ± 1.9 mM. In contrast, the same
treatment of mdx TS fibers had no effect on [Na+]i (Table 1). The elevated [Na+]i and the
lack of influence of ouabain on [Na+]i in mdx fibers provides additional confirmatory
evidence that ouabain-sensitive Na+-K+ ATPase pump activity is reduced in situ in mature
adult dystrophic muscle fibers.

The expression and phosphorylation of the α 1 subunit of the Na+-K+ ATPase is unaltered
in mdx skeletal muscle

To examine the possibility that the reduced resting potentials, reduced ouabain sensitivity,
and elevated Na+ levels were secondary to reduced expression of Na+ - K+ ATPase in mdx
muscle, Western blots were obtained from both nondystrophic and mdx muscle to assess the
relative expression of the catalytic α subunit, and the phosphorylation of the α subunit at two
sites that are known to regulate Na+ - K+ ATPase activity (Tyr10, Ser18; [28–32]). The
results indicate equal levels of expression of the catalytic α1 subunit and phosphorylated α1
subunit in mature adult nondystrophic and mdx costal diaphragm (Fig. 2), and suggest that
the depressed efficacy of ouabain in intact mdx fibers (Fig. 1, Table 1) is secondary to
negative modulation of ouabain-sensitive activity that is independent of the level of
phosphorylation at either Tyr10 or Ser18.

Direct exposure to PDTC increases the RP in mature adult freshly isolated mdx TS muscle
fibers

The effect of PDTC on the RP was examined by comparing the effect of a 90 minute
exposure to the drug on nondystrophic and mdx TS muscle fibers. In the cohort of
preparations used for this study, the RP prior to PDTC administration ranged between −51
and −73 mV, with no significant difference between mdx and nondystrophic preparations
(overall mean = −59.7 mV). The addition of PDTC had no effect on the RP in nondystrophic
fibers, but significantly (p<0.001) hyperpolarized mdx fibers by approximately 7 mV (p<
0.001; Fig. 3). In a separate group of experiments, the RP was sampled at various time
periods after the administration of PDTC. Mdx TS fibers exhibited a slight, but significant
(p < 0.05; r2 = 0.0333), positive correlation between PDTC incubation time and RP, while
nondystrophic TS fibers exhibited highly stable RPs with no significant correlation over a 2
hour recording period. To examine whether the PDTC-induced increase in RP was
associated with a change in resting conductance, a third study was conducted to examine the
effect of PDTC on Rin. In this smaller study, the 90 minute treatment with PDTC increased
the RP in mdx fibers by 10.6 mV (from a mean of −44.8 to −55.4 mV; p < 0.05, Mann-
Whitney Rank Sums test, 2 mdx TS muscles, N = 20 untreated fibers, N = 23 PDTC treated
fibers), but had no significant effect on the input resistance (untreated - Rin = 4.4 ± 0.7 MΩ,
N = 20 fibers; PDTC treated – Rin = 4.0 ± 1.4 MΩ, N = 20 fibers). These results provide the
first evidence that an inhibitor of the NF-κB pathway [6] directly hyperpolarizes the resting
plasma membrane of intact, mature adult dystrophic fibers.
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Exposure to ouabain eliminates the hyperpolarizing effect of PDTC on the RP of mdx
caudal TS muscle fibers

To examine the possibility that the membrane hyperpolarization induced by PDTC was
produced by an increase in ouabain sensitive Na+-K+ ATPase pump activity, mdx TS fibers
were exposed to PDTC after first inhibiting the pump with ouabain. Since these experiments
involved exposing preparations to PDTC in the presence of ouabain, it was necessary to first
determine the effects of ouabain on the RP in the absence of PDTC. The control group,
therefore, consisted of preparations that were exposed to ouabain alone for 120 minutes. The
RP was determined in these control preparations after both 30 and 120 minutes of ouabain
exposure.

In the experimental group, mdx fibers were exposed to 1mM ouabain for 30 minutes before
treating the preparation with PDTC (100 μM) in the continued presence of ouabain for
another 90 minutes. The RP in the experimental group was obtained after 30 minutes (before
PDTC) and 120 minutes (after PDTC) of ouabain exposure. If PDTC had a hyperpolarizing
influence on the RP of the ouabain treated preparations, then the actual depolarization in the
continued presence of ouabain and PDTC would be smaller than the depolarization in the
presence of ouabain and the absence of PDTC. In contrast, the results indicated that the
mean change in RP between 30 and 120 minutes of ouabain exposure in the PDTC treated
preparations (+19.2 mV) was approximately equal to the corresponding change in the
ouabain treated preparations that were not exposed to PDTC (+19.3 mV; Fig. 3; mdx
ouabain pretreated). These results indicate that PDTC had no effect on the RP of mdx
preparations pretreated and continually exposed to ouabain.

Exposure to PDTC restores the effect of ouabain on the RP and decreases the [Na+]i in
mdx caudal TS muscle fibers

To further examine whether PDTC treatment increases ouabain-sensitive Na+-K+ ATPase
pump activity in mdx fibers, the effect of ouabain on the RP was determined in mdx fibers
that were pretreated with PDTC. Mdx TS preparations were first exposed to 100 μM PDTC
for 90 minutes before determining the RP in a sample of 10 fibers per preparation and
exposing the preparation to 1 mM ouabain. In contrast to the untreated mdx TS fibers that
were depolarized by an average of about 4 mV following 30 minutes of ouabain exposure,
the PDTC treated fibers were depolarized by 15.8 mV (from −66.1 to −50.3 mV; Fig. 1,
mdx PDTC pretreated), a value that was not significantly different from the ouabain-induced
depolarization in nondystrophic fibers (14.7 mV). These results indicate that PDTC
hyperpolarizes dystrophic fibers by increasing ouabain-sensitive Na+-K+ATPase pump
activity.

The effect of PDTC on [Na+]i was consistent with an action of the drug in increasing
ouabain sensitive Na+-K+ ATPase pump activity. Control mdx TS fibers exposed to SBFI-
AM in HEPES Ringer for a period of 2 hours exhibited an average [Na+]i of 25.4 ± 1.8 mM
when subsequently bathed in mouse Ringer solution (N= 46 fibers, 2 preparations).
Experimental fibers treated with SBFI-AM for 30 minutes and 100 μM PDTC in the
presence of SBFI-AM for 90 minutes exhibited a significantly reduced average [Na+]i of
17.4 ± 1.1 mM (N=77 fibers, 3 preparations; p<0.001) when subsequently bathed in mouse
Ringer solution containing 100 μM PDTC. These effects of PDTC in restoring ouabain
sensitivity (Fig. 1) and reducing [Na+]i indicate that the drug increases basal Na+ - K+

ATPase pump activity in mature adult mdx muscle fibers.
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Exposure to the NF-κB inhibitor UDCA reduces nuclear p65 activation and hyperpolarizes
dystrophic (mdx) muscle fibers

Previous experiments in this laboratory and others indicated that PDTC increased cytosolic
IκB-α [6] and reduced nuclear NF-κB activation in mdx limb muscle [14]. The mechanism
of action of PDTC does not depend on reductions in intracellular reactive oxygen species
(ROS), but instead involves inhibition of the ubiquitin ligase responsible for regulating the
subsequent proteasomal degradation of phosphorylated IκB-α [13]. In contrast, UDCA does
not increase cytosolic IκB-α, but instead directly reduces the nuclear activation of NF-κB by
interfering with DNA binding after interacting with membrane glucocorticoid receptors [24].
To assess whether inhibition of the NF-κB pathway was sufficient to improve the RP in mdx
fibers, p65 activation was determined in nuclear extracts from freshly isolated mdx costal
diaphragms exposed to various concentrations of UDCA or vehicle for 2 hours.

The results indicated that a concentration of 200 μM UDCA, which significantly (p<0.05)
reduced nuclear p65 activation to approximately 35% of the levels observed in vehicle
treated preparations (Fig. 4A), produced a significant (p<0.01), 7 mV increase in the RP
(from −50.5 to −57.5 mV) that was not observed after exposure to the vehicle solution (RP
= −50.1 mV before vehicle and −49.9 mV after vehicle; Fig. 4B). These results indicate that
two chemically distinct NF-κB inhibitors that act by independent mechanisms to reduce
nuclear NF-κB activation produce similar effects in hyperpolarizing the resting plasma
membrane of intact, mature adult dystrophic muscle fibers.

DISCUSSION
Mature mdx fibers exhibit substantially reduced sensitivity to ouabain in the presence of
normal Na+-K+ ATPase α1 subunit expression

The results indicate that freshly isolated, intact, mature adult dystrophic (mdx) fibers which
exhibit elevated nuclear NF-κB activation [27] also exhibit reduced RPs, elevated [Na+]i
(Table 1; cf. [22,23]), and reduced sensitivity to ouabain (Fig. 1;Table 1), but have normal
cellular expression and phosphorylation (Tyr10, Ser18) of the α1 Na+-K+ ATPase catalytic
subunit (Fig. 2). Previous studies had indicated increased Na+-K+ ATPase activity in
isolated plasma membrane fractions from mdx muscle [33], and increases in the number of
ouabain binding sites in younger 5 to 6 month old mdx muscle fractions [34]. The present
study provides the first direct immunochemical evidence in mdx muscle regarding the total
cellular expression of the α1 subunit of the Na+-K+ ATPase, and indicates that total cellular
expression is unaltered in mature adult mdx costal diaphragm (Figure 2A). Since the earlier
investigation examining total ouabain binding was conducted on whole muscle homogenates
from back and leg muscles [34], it is possible that differences in muscle preparation may
account for these apparent differences in Na+ - K+ ATPase expression. Nevertheless, the
present results clearly indicate that the reduced RP, elevated [Na]i, and reduced sensitivity to
ouabain are each produced by a reduction in ouabain sensitive Na+ - K+ pump activity in the
presence of normal cellular expression of the catalytic α1 subunit (Fig. 2A).

The activity of Na+-K+ ATPase in situ is regulated by increases or decreases in the
translocation of the enzyme to the plasma membrane, increases in the synthesis and
assembly of Na+-K+ ATPase molecules in a readily available store that can be rapidly
transported to the plasma membrane, or by more direct alterations to the activity of existing
Na+-K+ ATPase molecules in the plasma membrane [35,36]. Two prominent sites on the
catalytic subunit have been implicated in regulating activity. Insulin increases
phosphorylation on Tyr10 [30] and, in skeletal muscle, increases Na+-K+ ATPase activity by
enhancing the translocation of active enzyme to the plasma membrane [31]. In contrast,
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dopamine increases phosphorylation on Ser18 and decreases activity by promoting
endocytosis of active enzyme [29] and reducing K+ affinity [28].

To examine whether the reduced ouabain sensitivity of dystrophic muscle was secondary to
changes in the basal rate of phosphorylation at either of these sites (Tyr10, Ser18), the
proportion of phosphorylated α1 subunit at each site was examined in nondystrophic and
mdx costal diaphragm. The results indicate that untreated nondystrophic and mdx muscle
exhibit equivalent degrees of phosphorylation at both the Tyr10 and Ser18 sites (Fig. 2B, C),
and that the in situ reductions of ouabain sensitivity in dystrophic muscle are therefore
secondary to reductions in activity that are independent of phosphorylation at these sites.

Alternative explanations for the reduced ouabain sensitivity in intact mature dystrophic
muscle include a wide array of possibilities ranging from reductions in available
intracellular ATP, oxidative stress, differential expression and assembly of various α and β
isoforms [35], altered cytoskeletal interactions, conformational alterations that reduce
ouabain binding, increases in the levels of endogenous ouabain [37], and chronic effects of
prolonged cytokine exposure and subsequent withdrawal. The reduced sensitivity to ouabain
observed in the present study is, however, consistent with previous results indicating that red
cell ghosts from patients with Duchenne muscular dystrophy had reduced Na+-K+ ATPase
activity and an abnormal positive response to ouabain [38–40] that was mediated by a
modulator present in the dystrophic circulation [40]. The results of the present study
showing that a brief period of ouabain exposure failed to alter the [Na+]i of mdx fibers
(Table 1) are generally consistent with these previous results showing reduced hydrolysis of
ATP in dystrophic red cell membrane preparations [38–40]. Nevertheless, mdx fibers must
have residual ouabain sensitive Na+-K+ pump activity in order to maintain electrochemical
gradients for Na+ and K+ or, alternatively, a store of relatively inactive Na+ - K+ ATPase
molecules that are insensitive to exogenous ouabain. Although additional experiments are
required to determine the mechanism(s) responsible for reduced ouabain sensitivity in mdx
skeletal muscle (Fig. 1, Table 1), the present results provide strong evidence for the novel
hypothesis that basal Na+ - K+ pump activity in dystrophic muscle is reduced by a
mechanism that does not involve alterations in the cellular expression of the catalytic α1
subunit or phosphorylation at either Tyr11 or Ser18 (Fig. 2).

Inhibitors of the NF-κB signaling pathway increase the resting potential, reduce [Na+]i, and
enhance ouabain sensitivity in mature adult dystrophic (mdx) fibers

The initial results showing that long term treatment with PDTC substantially improved the
RP in the mdx TS muscle [6] were further examined by exposing freshly isolated
nondystrophic and mdx TS muscles to PDTC in vitro. The results indicate that PDTC
produced a significant hyperpolarization of the plasma membrane in mdx TS fibers over an
interval of 90 minutes (Fig. 3). To determine whether the increase in RP may have been
produced by a reduction in the resting conductance to Na+, Ca2+, or Cl−, Rin was determined
before and after PDTC exposure. A reduction in resting conductance to these ions would
produce an increase in Rin. In contrast, fibers exposed to PDTC exhibited a slightly reduced
Rin that was not significantly different from the value in untreated mdx fibers. The
hyperpolarizing influence of PDTC was, however, associated with a reduction in [Na+]i and
the restoration of normal ouabain sensitivity (Fig. 1), and was abolished by pretreatment
with ouabain (Fig. 3). These results indicate that PDTC improves the RP in dystrophic fibers
by increasing resting, ouabain-sensitive, Na+-K+ pump activity.

PDTC inhibits the NF-κB signaling pathway by stabilizing cytosolic IκB-α [6,13,14], and
improves mdx limb tension generation by about 12% when administered in vivo to mature
mdx mice [19]. Results from this laboratory indicate that UDCA is more efficacious than
PDTC in reducing nuclear p65 activation in the mdx costal diaphragm [19], which exhibits
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substantially higher proportional increases in nuclear p65 activation than mdx limb muscle
[27]. UDCA produced a 21% increase in limb tension after 30 days of treatment [19]. The
mechanism of action for UDCA does not involve increases in cytosolic IκB-α, but instead
involves more direct inhibition of DNA binding and trans-activation [24]. In the present
study, UDCA (100 to 200 μM; 2 hours) inhibited nuclear p65 activation in the mdx costal
diaphragm to levels of approximately 35% of vehicle-treated levels (Fig. 4A). Exposure to
200 μM UDCA for 90 minutes produced a significant (p<0.01) hyperpolarization of the RP
in mdx TS muscle fibers (Fig. 4B).

Both of the NF-κB inhibitors used in this study have been shown to exert direct anti-oxidant
effects in reducing reactive oxygen species (ROS) and it is therefore possible that the
restorative effects of these agents on the RP may be partly mediated by reductions in
intracellular ROS. However, a study directly examining the efficacy of UDCA in
scavenging O2 using the nitroblue tetrazolium reduction (NBT) assay indicated small (11%)
decreases in NBT reduction at a concentrations of 500 μM UDCA and no effect on NBT
reduction at 100 μM [41]. Interpolating these results [41], one would expect that a
concentration of 200 μM UDCA would decrease the rate of NBT reduction by
approximately 3%. Since 100 to 200 μM produced roughly 65% inhibition of nuclear p65
activation in the present study (Fig. 4A) and was relatively ineffective at reducing NBT
reduction [41], it is quite unlikely that reductions in ROS played an important role in
improving the RP in the present study. Although the precise role of nuclear NF-κB
activation in modulating Na+-K+ ATPase activity in dystrophic muscle will require
additional studies using a broad array of NF-κB inhibitors, the present results showing
similar hyperpolarizing effects of two NF-κB inhibitors that have distinct mechanisms of
action strongly suggest that the induced hyperpolarization is secondary to inhibition of the
NF-κB signaling pathway.

In summary, the results indicate that ouabain sensitive Na+-K+ pump activity and the RP are
reduced in freshly isolated mature mdx muscle fibers, and are enhanced by two distinct
inhibitors of the NF-κB signaling pathway. Although the results suggest that an NF-κB
dependent modulator suppresses ouabain sensitive Na+-K+ ATPase pump activity in
dystrophic fibers (cf. [42,43]), it is possible that the positive effects of inhibiting the
pathway in dystrophic muscle are independent of the negative modulation of ouabain
sensitive activity in untreated dystrophic fibers. More importantly, however, these results
indicate that ouabain sensitive Na+-K+ ATPase pump activity in mature dystrophic fibers is
labile, and may be rapidly modulated by agents that affect cell signaling.

Since small reductions in RP could be responsible for reductions in the amplitude and time
course of action potentials in dystrophic muscle [7] that would in turn reduce the quantity of
Ca2+ released from the sarcoplasmic reticulum, the reduction in RP and ouabain sensitivity
of dystrophic fibers likely contributes to the muscle weakness characteristic of dystrophic
muscle. Previous results from voltage-clamped, dissociated mdx flexor digitorum fibers
indicated defects in the sarcoplasmic release of Ca2+ [8] that would act in series with a
reduced action potential to produce reductions in active tension development. The reduced
RP and elevated [Na]i seen in the present study would produce reductions in action potential
amplitude that would therefore have a multiplicative effect in further reducing sarcoplasmic
Ca2+ release in intact mature adult mdx fibers, and would thus contribute to weakness in
intact dystrophic muscle. Additional studies to elucidate the signaling pathways that
influence the Na+-K+ ATPase pump activity of dystrophic muscle would therefore be quite
useful in designing new treatments to improve muscle function in Duchenne and related
muscular dystrophies.
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Figure 1.
The RP of mdx fibers exhibit reduced ouabain sensitivity that is reversed by exposure to the
NF-κB inhibitor PDTC. Shown is the effect of a 30 minute exposure to ouabain (1 mM) on
the RP of untreated nondystrophic fibers, untreated mdx fibers, and mdx fibers pretreated
and exposed to PDTC. The change in RP was determined for each preparation by
subtracting the mean RP obtained after the 30 minute ouabain exposure from that obtained
immediately prior to the addition of ouabain. N is the number of TS preparations. ***
indicates p<0.001 in comparison to nondystrophic TS.
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Figure 2.
The expression of the α1 catalytic Na+-K+ ATPase subunit and the corresponding degree of
phosphorylation at Tyr11 and Ser18 are unaltered in the mdx costal diaphragm. (A) Relative
densitometric expression of α1 subunit (α1 subunit/GAPDH). (B) Relative phosphorylation
of α1 subunit at Tyr10. (C) Relative phosphorylation at Ser18. Insets show representative
blots. N equals the number of costal diaphragm preparations (1 per mouse).
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Figure 3.
PDTC increases the RP of mdx fibers by a mechanism that requires a functional Na+- K +
ATPase pump. Shown is the effect of a 90 minute exposure to 100 μM PDTC on the RP of
untreated nondystrophic, untreated mdx, and mdx muscle fibers pretreated and exposed to
ouabain (1 mM). N is the number of TS muscle preparations. *** indicates p < 0.001 in
comparison to nondystrophic TS.
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Figure 4.
UDCA decreases nuclear p65 activation and hyperpolarizes mdx TS fibers. (A) Nuclear
activation of p65 in mdx costal diaphragms exposed to vehicle or UDCA for 2 hours.
Relative nuclear absorbance is the absorbance of the sample normalized to that of a positive
control consisting of 2.5 μg Jurkat nuclear extract. ANOVA indicated a significant (p<0.01)
effect of UDCA dose on relative nuclear absorbance. * indicates p<0.05 in comparison to
vehicle control (Tukey). (B) The effect of 200 μM UDCA (90 minute exposure) on the
resting potential of mdx TS muscle fibers. ** indicates p<0.01 in comparison to vehicle
treated preparations. N is the number of TS muscles (1 per mouse).
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Table 1

[Na+]i in untreated and ouabain–treated (1 mM) nondystrophic and mdx caudal TS muscle fibers loaded with
10 μM SBFI-AM.

[Na+]i (untreated fibers) [Na+]i (ouabain treated fibers)

Nondystrophic 11.5 ± 1.0 mM N=62, 7 16.1 ± 1.9 mM** N=38, 4

Mdx 22.5 ± 2.3 mMτττ N=63,7 21.4 ± 4.2 mM N=31,9

τττ
indicates p<0.001 in comparison to untreated nondystrophic fibers.

**
indicates p<0.01 in comparison to untreated nondystrophic fibers.

N is the number of muscle fibers, number of TS preparations.
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