Fenfen Wu, PhD

Wentao Mi, MD, PhD

Stephen C. Cannon, MD,
PhD

Correspondence to
Dr. Cannon:
steve.cannon@utsouthwestern.edu

1110

Bumetanide prevents transient decreases

in muscle force in murine hypokalemic
periodic paralysis

ABSTRACT

Objective: To test the hypothesis that inhibition of the Na-K-2Cl transporter with bumetanide will
reduce the susceptibility to decreases in muscle force in a mouse model of hypokalemic periodic paral-
ysis (HypoPP).

Methods: In vitro contraction tests were performed on soleus muscle isolated from mice with knock-in
missense mutations that result in HypoPP (sodium channel NaV1.4-R669H) or hyperkalemic periodic
paralysis (HyperPP; sodium channel NaV1.4-M1592V).

Results: Bumetanide prevented the development of weakness in 2 mM K* and also restored force
during an established attack of HypoPP. Stimulation of the Na-K-2Cl transporter via induction of
hyperosmolality exacerbated the weakness seen in low K* and was also prevented by bumetanide.
Bumetanide was more efficacious than acetazolamide for preventing weakness in low K* conditions.
Decreases in force in HyperPP muscle exposed to 10 mM K+ were not prevented by treatment with
bumetanide.

Conclusions: The Na-K-2Cl inhibitor bumetanide was highly effective in preventing attacks of weak-
ness in the NaV1.4-R669H mouse model of HypoPP and should be considered for management of
patients with HypoPP due to sodium channel mutations. Dehydration may aggravate HypoPP by stim-
ulating the Na-K-2Cl transporter. Neurology® 2013;80:1110-1116

GLOSSARY
ACTZ = acetazolamide; HyperPP = hyperkalemic periodic paralysis; HypoPP = hypokalemic periodic paralysis.

Familial hypokalemic periodic paralysis (HypoPP) is a disorder of skeletal muscle excitability that
presents with recurrent episodes of weakness, often triggered by exercise, stress, or carbohydrate-rich
meals." The transient decrease in muscle excitability during an attack is caused by sustained depo-
larization of the resting potential, arising from mutations in voltage-gated calcium®* or sodium™®
channels. Management of symptoms' involves avoidance of activities that provoke attacks, potas-
sium supplements, or prophylactic use of the carbonic anhydrase inhibitors acetazolamide (ACTZ)”
or dichlorphenamide.® These interventions are moderately effective for some patients, but those with
sodium channel mutations often receive no benefit or may even have worsening of symptoms.”'°

New insights into the mechanism of depolarization that produces an attack of HypoPP'''?
support a prior hypothesis that inhibition of the sodium—potassium—2-chloride transporter
(Na-K-2Cl) may reduce susceptibility to episodes of weakness.'* Influx of K*, Na*, and 2 CI~
ions in each cycle of the Na-K-2Cl transporter carries no net current,” but has a depolarizing
influence on the resting potential by increasing myoplasmic chloride levels. The Cl™ effect is
substantial because of the high membrane conductance to Cl™ in resting muscle. More importantly,
the paradoxical depolarization of the resting potential from low levels of K* was predicted to be less
likely if myoplasmic Cl~ does not increase via flux through the Na-K-2Cl transporter.'

In the present study, we tested whether inhibition of the Na-K-2Cl transporter by bumeta-
nide administration decreases the susceptibility to low-K*—induced reductions of muscle force
in our sodium channel (NaV1.4-R669H) knock-in mutant mouse model of HypoPP.'®
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METHODS This study was approved by the UT Southwestern
Medical Center Institutional Animal Care and Use Committee.
Genetically engineered mice with targeted knock-in mutations of
the NaV1.4 sodium channel were used as models for HypoPP
(NaV1.4-R669H) and hyperkalemic periodic paralysis (HyperPP)
(NaV1.4-M1592V), as previously described.'®'” For the NaV1.4-
R669H mice, heterozygous mutant animals, R669H ™", and homo-
zygous R66IH""" animals were available for study. Wild-type litter-
mates (+/+) served as controls, and all mouse colonies were
maintained in the 129/Sv strain. Mice were killed using isoflurane
inhalation and cervical dislocation. All studies were performed on
isolated soleus muscles, excised from the hind limb of mice.
Measurements of muscle force were obtained by direct field stim-
ulation of the soleus muscle maintained at 37°C in an oxygenated
organ bath (Myobath, World Precision Instruments Inc., Sarasota,
FL). The organ bath contained curare (0.25 uM) to block neuro-
muscular transmission from distal branches of motor axons. Tetanic
stimuli (80 mA, 1 ms pulses, 100 Hz, n = 40) were applied with a
pair of parallel wire electrodes. The bath was continuously bubbled
with 95% O,/5% CO, and contained 118 mM NaCl, 4.75 mM
KCl, 1.18 mM MgSOy, 2.54 mM CaCl,, 1.18 mM NaH,PO,,
24.8 mM NaHCOj3, 10 mM glucose, and 0.02 U/mL insulin. Test
solutions containing low (2 mM) or high (10 mM) KCI levels were

prepared with commensurate changes in NaCl to maintain a constant

concentration of total monovalent cations and of Cl~. The standard
bath solution was 288 mOsm, and a hypertonic test solution was
made by titration with sucrose (approximately 50 mM) to achieve a
measured osmolality of 325 mOsm. Some experiments were per-
formed in Cl-free conditions in which Cl~ was replaced by metha-
nesulfonate, and 9-anthracene carboxylic acid (9-AC, 100 M) was
added to block CIC-1 chloride channels. Solutions with bumetanide
(75 wM) were prepared from a 60-mM stock solution in 100%
ethanol, and those with ACTZ (100 M) from a 1-M stock solution
in a 1:1 mixture of 95% ethanol and dimethyl sulfoxide. Control
experiments with vehicle alone had no effect on muscle force. Test
solutions were prewarmed and applied by 8 exchanges of the bath

volume over 1 minute. Data are displayed as the mean + SEM.

RESULTS Bumetanide prevented decreases in force in
HypoPP muscle. Stimulation with 40 pulses at 100 Hz
produced a fused tetanic contraction, as shown for the
soleus muscle from a heterozygous RG69H*"” mouse
(figure 1A). Peak force during tetanic stimulation applied
every 2 minutes was stable (figure 1B, 0—30 minutes).
Reduction of the bath K™ from 4.75 mM to 2 mM K,
however, caused a dramatic 90% decrease in force for
homozygous R669H"”” muscle and a 60% loss of force
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[ Figure 1 Bumetanide prevents reduction in force in low K+ conditions ]
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(A) Force recorded during a tetanic contraction of the soleus muscle from a heterozygous R669H*/™ mouse in 4.75 mM K* bath solution (left), 20 minutes
after switching to 2 mM K* (middle), and 12 minutes after application of bumetanide (BMT) (right). Stimulus (blue) is shown below each force response. (B)
Peak tetanic force was measured every 2 minutes and normalized to the amplitude in the 4.75 mM K* bath solution. Exposure to 2 mM K* elicited 90%
decrease in force for R669H™™ muscle (black squares, n = 8), a 60% decrease in R669H*/™ (gray squares, n = 7), and only a 30% decrease in WT (open
squares, n = 8). The partial recovery in force between 50 and 60 minutes for R669H™™ is due to spontaneous oscillations with cyclical recovery and
weakness.® Addition of 75 uM BMT produced a full recovery of tetanic force. (C) Application of BMT at the onset of a 2 mM K* exposure prevents decreases
in force. Washout of BMT caused a large reduction in force for R669H™™ muscle.
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for heterozygous R669H " muscle which is homol-
ogous to the mutant gene dosage in human HypoPP
(figure 1A, middle, figure 1B, 30—60 minutes). Wild-
type (+/+) muscle had a much smaller reduction of
30%. Application of bumetanide (75 wM) in the con-
tinued presence of 2 mM K* produced a large sus-
tained recovery of force for R669H and WT muscle
(figure 1A, right, and figure 1B, 60-90 minutes).
When bumetanide was added coincident with the
onset of the 2 mM K challenge (figure 1C), decreases
in force were completely prevented for WT and
R669H" muscle and only a mild 10% reduction
occurred in homozygous R669H™” muscle at the
end of a 30-minute exposure. Washout of bumetanide
led to a precipitous decrease in force in R66IH"™
muscle, but force was maintained for WT and

R6GIH ™.

Hyperosmolality exacerbated low-K*—induced decreases in
force. Prior studies using W' mouse muscle have shown
that hypertonicity activates the Na-K-2Cl transporter,
which in turn promotes solute influx to establish a trans-
cellular osmotic balance. This sequence of events in-
creases Cl™ concentration of the myoplasm,'® resulting
in a positive shift in the equilibrium potential for Cl (E¢y)
and depolarization of the fiber resting potential.'*" A
lower resting potential reduces fiber excitability and peak
tetanic force, as seen for WT soleus exposed to a 325-
mOsm bath (figure 2A, 30-60 minutes). A larger reduc-
tion in tetanic force was observed for heterozygous
R669H*" soleus muscle. More importantly, a super-
imposed low-K* challenge triggered a profound decrease
in muscle force (figure 2A, 60~90 minutes). These data

show synergy between hyperosmolality and hypokalemia
for eliciting attacks of weakness. Bumetanide is a potent
blocker of the Na-K-2Cl transporter, and pretreatment
with the drug prevented force reduction caused by both
hyperosmolality and low K* levels (figure 2B). The 15%
increase in peak tetanic force produced by bumetanide in
the standard bath (figure 2B, 15-30 minutes) was most
likely caused by hyperpolarization and enhanced excita-
bility under control conditions.

Protection from force reduction in a low-K* environment
by bumetanide was dependent on chloride. The beneficial
effect of bumetanide on the preservation of force in Hy-
poPP muscle during a low-K* challenge is thought to
result from prevention of myoplasmic Cl~ accumulation
that results from inhibition of the Na-K-2Cl trans-
porter." To test this hypothesis, we removed the influ-
ence of Cl™ on the resting potential by using a Cl™-free
bath solution and blocking efflux of myoplasmic Cl~
through the CIC-1 chloride channel with the addition
of 9-AC. These Cl -free conditions enhanced muscle
excitability which was discernible by 2 changes. First,
the reduction of force was noticeably slowed at the end
of a tetanic stimulation (figure 3A, inset) due to myo-
tonia caused by the reduced Cl~ conductance. Second,
HypoPP muscle was much less susceptible to reductions
in force in a low-K" challenge. Exposure to 2 mM K*
induced only a 10% decrease in force in heterozygous
R669H*" soleus muscle (figure 3A), compared to a
60% loss in normal Cl™ conditions (figure 1). For
homozygous R669H"” muscle, a 2 mM K* challenge
caused an 80% reduction in force, but this was followed

by large spontaneous fluctuations in peak force with

[ Figure 2 Hyperosmolality-induced decreases in force that were aggravated by low K+ conditions and prevented by bumetanide ]
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(A) Soleus from R669H*/™ mice (n = 6) was more susceptible to reductions in force due to hyperosmolar challenge as compared to WT (n = 6). A concomitant
reduction in K* levels from 4.75 to 2 mM resulted in a complete loss of force for R669H*/™ soleus. (B) Pretreatment with bumetanide (BMT) (75 uM)
prevented decreases in force.
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[ Figure 3 Beneficial effect of bumetanide was Cl- dependent
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Tetanic contractions were measured in Cl--free conditions. Peak forces recorded from the left and right soleus in separate tissue baths are superimposed.
Both muscles were exposed to 2 mM K+ starting at 10 minutes, and only one preparation had bumetanide (BMT) (75 uM) applied at 40 minutes (red squares).
(A) For soleus from a heterozygous R669H*/™ mouse, the low-K* challenge induced only a small decrease in force. Application of bumetanide did not produce
recovery. Myotonia was evident from the slowed relaxation after a contraction (inset, contractions recorded before and after replacement of CI- by
methanesulfonate). (B) Low K* triggered a large decrease in force for the soleus muscle from a homozygous R669H™™ mouse. Spontaneous fluctuations
in peak force occurred during continuous exposure to 2 mM K*, but the addition of BMT (40 minutes, red symbols) did not prevent subsequent transient

decreases.

transient recovery over 10 to 20 minutes (figure 3B).
More importantly, application of bumetanide did not
result in any recovery of force nor did it prevent subse-
quent fluctuations with profound decreases in force dur-
ing these episodes in a low-K* environment (figure 3,
red squares). The lack of benefit from bumetanide in
Cl™ -free conditions is markedly different from our expe-
rience in a standard bath containing 128 mM Cl7; in
the standard bath scenario, muscles isolated from more
than 25 HypoPP mice always showed marked protec-
tion from weakness in the presence of bumetanide.

Bumetanide was superior to ACTZ in preventing low-K*—
induced decrease in force for NaV1.4-HypoPP muscle. The
carbonic anhydrase inhibitor ACTZ is the most widely
used prophylactic agent to reduce the frequency and
severity of attacks of weakness in HypoPP.”* The effi-
cacy of ACTZ in humans is lower, or its administration
may even be deleterious, in cases of HypoPP caused by
mutations of the NaV1.4 sodium channel compared to
those with mutations in the CaV1.l calcium chan-
nel.'™*! In the present study, there was only a modest
benefit shown for pretreatment with ACTZ; low-K*—
induced reductions in force were only 8% less than with
no drug (p > 0.3, NS). In order to directly compare the
efficacy of ACTZ to that of bumetanide at therapeutic
levels, we performed a sequential test with 2 low-K*
challenges in the same muscle preparation: one using
pretreatment with 100 uM ACTZ and the second with
0.5 pwM bumetanide. ACTZ showed no significant

protection against reductions in force for soleus muscle
from R669H """ females or males (figure 4). On the
other hand, even after a preceding episode of weakness,
a bath containing 0.5 M bumetanide protected against
force reductions in 2 mM K. The beneficial effect of
0.5 pM bumetanide was consistently greater in muscle
from females than males (p < 0.01, n = 3), and bumet-
anide was supetior to no drug treatment for both sexes
(females p < 0.0005, n = 3, males p < 0.01, n = 3).

Bumetanide was not effective in preventing high-K*—
induced decreases in force in HyperPP. The mechanism
by which bumetanide reduces susceptibility to an
attack of HypoPP is most likely analogous to the
reduced susceptibility of normal muscle to paradoxical
depolarization in low K*; under such conditions, inhi-
bition of the Na-K-2Cl transporter shifts the transition
point of paradoxical depolarization to lower concen-
trations of K*.'* On the other hand, susceptibility to
attacks of weakness in HyperPP occurs at high K*
levels, where an anomalous persistent inward current
conducted by mutant Na* channels produces marked
depolarization of the resting potential.*> Because the
mechanisms for aberrant depolarization of the resting
potential are very different in HypoPP vs HyperPP,
we predicted that bumetanide would not be effective
in preventing anomalous depolarization and decreases
in force in HyperPP muscle. We tested this hypothesis
using a high-K* challenge for soleus muscle isolated
from NaV1.4-M1592V  mice with HyperPP."”

Neurology 80 March 19, 2013 1113



[ Figure 4 Bumetanide was superior to acetazolamide in preventing decreases in force under low K+ conditions ]
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Sequential 2-mM K* challenges were applied to soleus from heterozygous R669H*/™ female (left) or male (right) mice. In each trial, a pair of muscles from the same
animal was tested in separate tissue baths. The control had no drug applied (gray) while the other muscle was pretreated with acetazolamide (ACTZ) (100 wM) (red)
in the first low-K* challenge and bumetanide (BMT) (0.5 .M) before the second challenge. The modest improvement with ACTZ was not significantly different from
untreated (p > 0.3, n = 6). BMT prevented decreases in force in females, and substantially reduced such decreases in males (p < 0.01, n = 3).

Exposure to 10 mM K" elicited a 35% decrease
in tetanic force that was not affected by addition of
75 pM bumetanide (figure 5).

DISCUSSION The rationale for testing whether
bumetanide might be efficacious in reducing the
severity of weakness in HypoPP was based on experi-
mental studies demonstrating well-known but curious
bistability of the resting potential for skeletal muscle in

Figure 5

Bumetanide was not effective in preventing reductions in force in

hyperkalemic periodic paralysis
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Peak tetanic force in soleus muscle of M1592V hyperkalemic periodic paralysis mice decreased
by 35%, when challenged with 10 mM K* (n = 6). Application of 75 uM bumetanide (BMT) did not
produce a recovery, whereas return to 4.75 mM K* resulted in complete recovery.
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low K*conditions.'*!#?3 When the extracellular K*
concentration is decreased from the normal 4 mM, as
expected, the resting potential initially becomes more
negative (hyperpolarized), due to the negative shift in
the K* Nernst potential (Ex) caused by a steeper ion
gradient [K*];,/[K" ], At a very low range of about
1.5-2.0 mM K, however, the resting potential may
assume either of 2 possible values: the expected level of
about —95 mV or a paradoxically depolarized value of
about —60 mV. At even lower K* concentrations, only
the depolarized resting potential exists.

The resting potential in normal muscle is a few mV
more positive than Ey, primarily because myoplasmic
Cl™ accumulates to levels higher than would be attained
by passive equilibrium.'® The mechanism for Cl™ accu-
mulation above equilibrium in muscle is influx via the
Na-K-2Cl transporter. Inhibition of the transporter with
bumetanide causes a reduction in myoplasmic Cl~ levels
and hyperpolarization of the resting potential.'” More
importantly, inhibition of the Na-K-2Cl transporter also
decreases the critical extracellular K* concentration,
leading to the bistable resting potential.'*

These experimental observations in normal mamma-
lian muscle fibers led to the suggestion that bumetanide
might be effective in preventing attacks of transient weak-
ness in HypoPP.'* The fundamental problem for muscle
susceptible to attacks of weakness in HypoPP is that the
critical K* level for paradoxical depolarization is shifted
and occurs in the lower end of the normal physiologic
range (2.5-3.5 mM).” This susceptibility occurs because
of the leakage “gating pore” current in mutant NaV1.4
or CaV1.1 channels.""'"> Although there are no published



studies or even anecdotal descriptions regarding the use
of bumetanide in patients with periodic paralysis, the
studies presented here using a mouse model of HypoPP
caused by a missense mutation in NaV1.4 show that
bumetanide was highly effective at preventing the reduc-
tions in force in low K conditions. Moreover, bumet-
anide application restored force in muscle that was
profoundly weak due to prior exposure to 2 mM K*.
The beneficial effect of bumetanide was Cl™ dependent,
consistent with the notion that the mechanism of action
involved inhibition of the Na-K-2Cl transporter and not
some off-target effect. Bumetanide was clearly superior to
ACTZ, and may be the treatment of choice for the 20%
of HypoPP patients with a NaV1.4 mutation.

Our in vitro studies using muscle from NaV.14
HypoPP mice demonstrate a proof of principle that
bumetanide may be highly effective for both prevention
and treatment of episodes of weakness in HypoPP.
Chronic use of bumetanide to reduce attack severity
and frequency in patients with HypoPP may be limited
by increased urinary excretion of K*, but acute admin-
istration may still be effective for promoting recovery
from an ongoing attack (figure 1B). Because the mech-
anism for destabilization of the resting potential under
conditions of low K" is similar for HypoPP resulting
from mutations in NaV1.4 and CaV1.1, we predict
bumetanide will be effective in patients with either
channel mutation. In the present study, females showed
a more favorable response than males (figure 4); how-
ever, a modest increase in drug concentration to 1.0 wM
produced a comparable level of benefit in muscle iso-
lated from either sex. Activation of the Na-K-2Cl trans-
porter by hyperosmolality resulted in increased weakness
(figure 3) and implies that patients with HypoPP should
avoid treatments/activities that result in elevated osmo-
lytes (e.g, hyperglycemia) or dehydration. Finally,
because the mechanism for depolarization-induced loss
of muscle excitability is fundamentally different in
HyperPP* and our mouse model of HyperPP showed
no beneficial effect from even a high dose of the drug
(75 wM), we predict that bumetanide will not be ben-
eficial in patients with HyperPP.
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