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Lower Ca2+ enhances the K+-induced force
depression in normal and HyperKPP mouse muscles
Francine Uwera1*, Tarek Ammar1*, Callum McRae1, Lawrence J. Hayward2, and Jean-Marc Renaud1

Hyperkalemic periodic paralysis (HyperKPP) manifests as stiffness or subclinical myotonic discharges before or during periods
of episodic muscle weakness or paralysis. Ingestion of Ca2+ alleviates HyperKPP symptoms, but the mechanism is unknown
because lowering extracellular [Ca2+] ([Ca2+]e) has no effect on force development in normal muscles under normal
conditions. Lowering [Ca2+]e, however, is known to increase the inactivation of voltage-gated cation channels, especially when
the membrane is depolarized. Two hypotheses were tested: (1) lowering [Ca2+]e depresses force in normal muscles under
conditions that depolarize the cell membrane; and (2) HyperKPP muscles have a greater sensitivity to low Ca2+-induced force
depression because many fibers are depolarized, even at a normal [K+]e. In wild type muscles, lowering [Ca2+]e from 2.4 to
0.3 mM had little effect on tetanic force and membrane excitability at a normal K+ concentration of 4.7 mM, whereas it
significantly enhanced K+-induced depression of force and membrane excitability. In HyperKPP muscles, lowering [Ca2+]e
enhanced the K+-induced loss of force and membrane excitability not only at elevated [K+]e but also at 4.7 mM K+. Lowering
[Ca2+]e increased the incidence of generating fast and transient contractures and gave rise to a slower increase in unstimulated
force, especially in HyperKPP muscles. Lowering [Ca2+]e reduced the efficacy of salbutamol, a β2 adrenergic receptor agonist
and a treatment for HyperKPP, to increase force at elevated [K+]e. Replacing Ca2+ by an equivalent concentration of Mg2+

neither fully nor consistently reverses the effects of lowering [Ca2+]e. These results suggest that the greater Ca2+ sensitivity of
HyperKPP muscles primarily relates to (1) a greater effect of Ca2+ in depolarized fibers and (2) an increased proportion of
depolarized HyperKPP muscle fibers compared with control muscle fibers, even at normal [K+]e.

Introduction
Hyperkalemic periodic paralysis (HyperKPP) is an autosomal
dominant disease with nearly complete penetrance. The disease
manifests as stiffness or subclinical myotonic discharges before
or during periods of episodic muscle weakness or paralysis.
Weakness and paralysis are prominent in the limbs, which can
incapacitate patients for hours at a time, with the frequency of
attacks ranging from 3 to 28 per month (Gamstorp et al., 1957;
Miller et al., 2004; Charles et al., 2013). Paralysis is associated
with an increased plasma [K+] in some, but not all, cases
(Gamstorp et al., 1957; Poskanzer and Kerr, 1961). A key hallmark
of the disease is the precipitation of paralytic attacks after po-
tassium ingestion (Gamstorp et al., 1957; Poskanzer and Kerr,
1961; Wang and Clausen, 1976).

HyperKPP is caused by missense mutations in the SCN4A
gene that encodes the α-subunit of the skeletal muscle Nav1.4
Na+ channel, which is responsible for generating and propa-
gating action potentials (Cannon, 2006). The mutations cause
three major functional defects in the Nav1.4 channel. First, the

steady-state activation curve shifts toward more negative
membrane potentials (Rojas et al., 1999), which lowers action
potential threshold. Second, the steady-state slow inactivation
shifts toward less negative membrane potentials, decreasing the
extent of NaV1.4 channel inactivation when the membrane is
depolarized (Hayward et al., 1999). Under voltage clamp, fast
inactivation upon depolarization is impaired in mutant NaV1.4
channels when extracellular K+ ([K+]e) is increased to 10 mM, an
effect not observed in normal NaV1.4 channels (Cannon et al.,
1991). As a consequence of the first two defects, Nav1.4 channels
open at greater frequency at rest and contribute to a large Na+

influx that depolarizes the cell membrane; this may largely ex-
plain why the mean resting membrane potential (resting EM) is
significantly less negative in HyperKPP compared with wild
typemuscle fibers (Clausen et al., 2011; Lucas et al., 2014; Ammar
et al., 2015). Less slow inactivation, greater depolarization, and
the more negative firing threshold combine to facilitate exces-
sive triggering of action potentials (i.e., myotonic discharges). As
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several action potentials are generated, the [K+]e increases,
causing further depolarization that eventually renders the
membrane less excitable. Given that HyperKPP muscles have a
greater sensitivity to the K+-induced membrane depolarization
and force depression compared with normal muscles (Hayward
et al., 2008; Clausen et al., 2011; Lucas et al., 2014; Ammar et al.,
2015), the ensuing depolarization may eventually trigger muscle
paralysis. The reason as to why paralytic attacks last a few mi-
nutes to hours, on the other hand, is not fully understood.

Serum levels of Mg2+ and Ca2+ influence symptoms in pa-
tients affected by channelopathies. Myotonia caused by defec-
tive or blocked ClC-1 Cl− channels worsens when extracellular
Ca2+ ([Ca2+]e) or Mg2+ ([Mg2+]e) concentrations are lowered
(Skov et al., 2013, 2015). Hypocalcemia has been reported during
a paralytic attack in an individual with HyperKPP (Dyken and
Timmons, 1963). In another report, a 3-mo period of hypomag-
nesemia and hypocalcemia associated with severe HyperKPP
symptoms was successfully treated with Mg2+ supplementation
that normalized blood Ca2+ and Mg2+ levels and alleviated the
symptoms (Mankodi et al., 2015). Ingestion or intravenous in-
fusion of Ca2+ can also alleviate paralytic symptoms in Hy-
perKPP patients (Herman and McDowell, 1963; Pearson, 1964).

Reducing [Ca2+]e or [Mg2+]e has two major effects on voltage-
gated ion channels, including the NaV1.4 channel. The first effect
involves a hyperpolarizing shift of the steady-state activation
curve that shifts the action potential threshold closer to more
negative resting EM (Frankenhaeuser and Hodgkin, 1957;
Frankenhaeuser andMeves, 1958; Costantin, 1968; Campbell and
Hille, 1976; Kostyuk et al., 1982; Hahin and Campbell, 1983). This
is consistent with the observation that low [Ca2+]e and/or [Mg2+]e
enhances myotonic discharges in individuals suffering of myo-
tonia (Skov et al., 2013, 2015). The second effect is a hyper-
polarizing shift of the steady-state inactivation curve that
increases the extent of inactivation of voltage-gated channels
(Frankenhaeuser and Hodgkin, 1957; Hahin and Campbell,
1983). Increased NaV1.4 channel inactivation will exacerbate
muscle weakness in a large number of depolarized fibers.

It has also been proposed that the CaV1.1 channel, the
t-tubular voltage sensor for Ca2+ release, has a Ca2+ extracellular
binding site; the channel inactivates much faster in the absence
of Ca2+ at the site, especially when the membrane is already
depolarized resulting in a decrease in Ca2+ release (i.e., an in-
activation of excitation-contraction coupling; Brum et al., 1988a;
Dulhunty and Gage, 1988; Pizarro et al., 1989). Conceivably, this
might be another mechanism by which lower [Ca2+]e depresses
force during prolonged cell membrane depolarization caused by
an increase in [K+]e.

Partial or complete removal of Ca2+ from solution has little
effect on twitch and tetanic force in normal muscles (Dulhunty
and Gage, 1988; Cairns et al., 1998; Zhao et al., 2005; Cairns and
Lindinger, 2008). However, the studies on force were conducted
using normal muscles under controlled conditions (i.e., normal
resting EM), whereas the Ca2+ effects on ion channels described
above are expected to be more pronounced on force if the cell
membrane is depolarized. Indeed, lowering [Ca2+]e from 1.3 to
0.5 mM increases the force loss at 8 mM in mouse soleus tested
at 25°C (Cairns et al., 2015). Considering that the mean resting

EM is much less negative in HyperKPP than in wild type muscle
(Lehmann-Horn et al., 1983; Ricker et al., 1989; Ammar et al.,
2015), HyperKPP muscles may be expected to be more sensitive
to reduced [Ca2+]e.

The first objective of this study was to test two hypotheses:
(1) lowering [Ca2+]e depresses force in normal muscles under
conditions that cause a membrane depolarization; and (2) Hy-
perKPP muscles have a greater sensitivity to the Ca2+-induced
force depression because their fibers are more depolarized, even
at a normal [K+]e. To test the hypotheses, we exposed wild type
and HyperKPP mouse soleus and extensor digitorum longus
(EDL) muscles to various [K+]e known to depress force and de-
termine whether lowering [Ca2+]e shifts the tetanic force–[K+]e
relationship toward lower [K+]e.

At the present time, treatments for patients suffering of
HyperKPP are not fully effective and sometimes lose efficacy
over time (Clausen et al., 1980; Lehmann-Horn et al., 1983). For
example, inhalation of salbutamol, a β2-adrenergic receptor
agonist, constituted a satisfactory treatment for 6 out of 10
HyperKPP patients, the treatment being inadequate in four
other patients (Clausen et al., 1980). It is possible that one reason
for the lack of full efficacy is related to the patient calcemic state,
for which hypocalcemia lowers treatment efficacy. Considering
this, the second objective of this study was to test a third hy-
pothesis: lowering [Ca2+]e reduces the efficacy of any treatment
for HyperKPP. To test this hypothesis, we measured the effect of
lowering [Ca2+]e on the efficacy of salbutamol to improve force
generation in HyperKPP mouse muscle.

Materials and methods
Animals and approval for animal studies
HyperKPP mice (strain FVB.129S4(B6)-Scn4atm1.1Ljh/J) were gen-
erated by knocking in the equivalent of human missense mu-
tation M1592V into the mouse genome (i.e., at position 1585), as
previously described by Hayward et al. (2008). The FVB strain
was used as wild type mouse. All mice were 1–2 mo old and
weighed 20–25 g. The homozygous mutants generally do not
survive beyond postnatal day 5, so knock-in mice were main-
tained as heterozygotes by crossbreeding with FVB mice. Mice
were fed ad libitum and housed according to the guidelines of
the Canadian Council for Animal Care. The Animal Care Com-
mittee of the University of Ottawa approved all experimental
procedures used in this study. Prior to muscle excision, mice
were anaesthetized with a single intraperitoneal injection of
65 mg ketamine/13 mg xylazine/2 mg acepromazine per kilo-
gram bodyweight and sacrificed by cervical dislocation. EDL and
soleus were then dissected out.

Genotyping
A 2-mm tail piece was incubated overnight with 500 µl tail di-
gestion buffer (0.2 mM Na2EDTA and 25 mM NaOH, pH 12.3)
and 50 µl Proteinase K (1 mg/ml) at 56°C. DNA extraction in-
volved the addition of 650 µl of 1:1 phenol/chloroform:isoamyl
alcohol (CIA) and centrifuged at 12,000 g for 10 min. Twice,
650 µl CIA was added to the pellet and centrifuged before sus-
pending the resulting pellet in 750 µl isopropyl alcohol. After
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10 min, the solution was centrifuged 15 min at 15,000 g. The
alcohol was removed and the pellet was suspended in 750 µl 70%
ethanol and centrifuged. After removing the alcohol, the pellet
was left to dry for 30 min before addition of 200 µl TE buffer
(10 mM Tris and 1 mM EDTA, pH 8.0) and incubated at 65°C for
2 h. PCR was then completed using the previously extracted
DNA and the following primers: NC1F (forward), 59-TGTCTA
ACTTCGCCTACGTCAA-39; NC2R (reverse), 59-GAGTCACCCAGT
ACCTCTTTGG-39. PCR products were digested 6 h using the
restriction digest enzyme NspI. The mutation that is knocked
into HyperKPP mice causes the removal of one NspI cut site that
is easily detected by agarose gel electrophoresis; two bands were
visualized for wild type mice, which carry the cut site on both
alleles, and three bands were seen for heterozygous HyperKPP
mice harboring one normal allele and one mutant allele.

Physiological solutions
Control solution contained (inmM) 118.5 NaCl, 4.7 KCl, 2.4 CaCl2,
3.1 MgCl2, 25 NaHCO3, 2 NaH2PO4, and 5.5 D-glucose. Solutions
containing different K+ concentrations were prepared by adding
the appropriate amount of KCl. In one series of experiments, we
tested the effect of a hypocalcemic condition; solutions con-
taining lower [Ca2+]e (i.e., 1.3 and 0.3 mM) were prepared by
adding less CaCl2. In a second series of experiments at 0.3 mM
Ca2+, MgCl2 was increased to 5.2 mM to maintain the divalent
cation content constant. Solutions containing 5 µM salbutamol
were prepared by adding the proper amount of salbutamol.
Solutions were continuously bubbled with 95% O2/5% CO2 to
maintain a pH of 7.4. Experimental temperature was 37°C. Total
flow of solutions in the muscle chamber was 15 ml/min being
split just above and below the muscle in order to prevent any
buildup of reactive oxygen species, which is quite large at 37°C
and deleterious in terms of force generation (Edwards et al.,
2007).

Stimulation
Electrical stimulations were applied across two platinum wires
(4 mm apart) located on opposite sides of the fibers. They were
connected to a Grass S88X stimulator and a Grass stimulation
isolation unit (Grass Technologies/Astro-Med). Tetanic con-
tractions were elicited with 200 ms trains of 0.3 ms and 10-V
(supramaximal voltage) pulses at 140 and 200 Hz for soleus and
EDL, respectively.

Force measurement
Muscles were positioned horizontally in a Plexiglas chamber.
One end of the muscle was fixed to a stationary hook, while the
other end was attached to a force transducer (model 400A;
Aurora Scientific Canada). The transducer was connected to a
KCP13104 data acquisition system (Keithley), and data were
recorded at 5 kHz.

Muscle length was adjusted to give maximal tetanic force
while muscles were stimulated every 100 s. After a 30 min
equilibrium period, the time interval between contractions was
increased to 5 min while determining how changes in [K+]e,
[Ca2+]e, [Mg2+]e, and salbutamol affected tetanic contractions.
Two protocols were used.

Protocol 1: Effects of Ca2+ on the tetanic force–[K+]e relationship
Following the equilibrium period in the presence of 4.7 mM K+

and 2.4 mM Ca2+, [Ca2+]e was either maintained at 2.4 mM Ca2+

or decreased to 1.3 or 0.3 mM. After 45 min, [K+]e was increased
to various levels (between 6 and 14 mM), while 5 µM salbutamol
was added 45 min later. To determine the reversibility of the K+

and Ca2+ effects, muscles were exposed to the original conditions
of 4.7 mM K+ and 2.4 mM Ca2+.

Protocol 2: Effects of K+ on the tetanic force–[Ca2+]e relationship
Following the equilibrium period, [K+]e was either maintained at
4.7 mM or increased to 8 or 12 mM for 45 min, and [Ca2+]e was
decreased to 1.3 mM and later to 0.3 mM.

Tetanic force, defined as the force developed during a tetanic
contraction, was calculated as the difference between the max-
imum force during a contraction and the force measured 5 ms
before the contraction was elicited. Unstimulated force, or the
force generated in the absence of any electrical stimulation, was
defined as the force measured 5 ms before a stimulation and
calculated as the difference in unstimulated force before a
contraction and the unstimulated force at the start of an ex-
periment. Fade, defined as the decrease in force during the
plateau phase after force had reached a peak, was calculated as
the difference in force at 200 ms (the time of the last stimula-
tion) and peak force, and expressed as a percentage of peak force
within the same contraction.

Resting EM and action potential measurements
Resting EM and action potential were measured using glass mi-
croelectrodes. Microelectrodes tip resistances were 7–10 MΩ
and that of the reference electrode was ∼1 MΩ. All electrodes
were filled with 3 M KCl. A recording was rejected when the
change in potential upon penetration was not a sharp drop or
when the microelectrode potential did not return to zero upon
withdrawal from the fiber. Stimulating electrodes for force
measurements were disconnected. Instead, single action po-
tentials were elicited using fine platinum wires 2 mm apart
placed as close as possible to the surface fibers and moved lat-
erally to stimulate fibers in the region where the microelectrode
was positioned. This approach was used to reduce the extent of
contracting fibers and prevent the breaking or dislodging of
microelectrodes. To further reduce the number of contracting
fibers, action potentials were triggered using a single 2–10-V,
0.3-ms square stimulating pulse; a low voltage was usually
enough to trigger an action potential at 4.7 mM K+, while higher
voltages were necessary at high [K+]e and/or low [Ca2+]e. When
an action potential was not triggered, voltage was always in-
creased to 10 V to properly verify that the fiber was unexcitable.
Data were digitized using a KCP13104 data acquisition system
(Keithley) at 400 kHz.

Protocol 3: Effects of Ca2+ and K+ on membrane potential
All muscles were first exposed to 4.7 mM K+ and 2.4 mM Ca2+

(equilibrium period of 30 min). [Ca2+]e was either maintained at
2.4 mM or reduced to 0.3 mM for 30 min. [K+]e was increased to
10 mM K+ and later to 5 µM salbutamol. Data for salbutamol
were divided into early measurements (first 10 min) and late
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measurements (15–30 min) because the increase in force
reached a peak within 10 min and decreased thereafter (Fig. 1).
The reversibility of the K+ and Ca2+ effects was tested by re-
turning to the initial conditions (i.e., 4.7 mM K+ and 2.4 mM
Ca2+).

The number of excitable fibers, resting EM, action potential
overshoot, and maximum rate of depolarization (dV/dt) were
determined in 10–20 fibers in each muscle and for each exper-
imental condition. Overshoot was taken from the action poten-
tial peak, while dV/dt was first calculated by linear regression
analysis of every 10 data points and taken from the peak value.
Values from the same muscle were averaged, and the final mean
was calculated from the muscle average values. For these pa-
rameters, the number of samples is reported as “number of
tested fibers/number of muscles used.”

Statistics
Data are expressed as mean ± SE. The Fisher exact test was used
to determine whether shifts in the frequency distribution of
resting EM by changes in [K+]e, [Ca2+]e, and salbutamol were
significant. For all other measurements, split-plot ANOVA de-
signs were used to determine statistical differences, because as a
consequence of the experimental design, we had two error terms
(Steel and Torrie, 1980). Comparisons between wild type and
HyperKPP involved muscles from different mice, and thus, the
data were independent from one another. In this case, the SE
for statistical differences was the population SE (whole plot).

Comparisons between [K+]e, [Ca2+]e, [Mg2+]e, and salbutamol
involved data from the same muscles, and thus, data were not
independent from one another. In this case, the SE for statistical
differences was the SE betweenmuscles (split plot). Calculations
were made using the GLM (general linear model) procedures of
Statistical Analysis Software version 9.4 (SAS Institute). When a
main effect or an interaction was significant, the least square
difference (LSD) was used to locate the significant differences.
The word “significant” refers only to a statistical difference
(P < 0.05).

Results
Effect of lowering [Ca2+]e on tetanic force at normal [K+]e
All muscles were initially exposed to 4.7mMK+ and 2.4mMCa2+.
Under those conditions, the mean ± SE tetanic force values of
wild type and HyperKPP EDL muscles were 37.8 ± 1.4 and 36.8 ±
1.6 N/cm2, respectively; for wild type and HyperKPP soleus,
mean ± SE values were 34.8 ± 1.0 and 31.7 ± 1.0 N/cm2, respec-
tively. After a 30-min equilibrium, [Ca2+]e was either maintained
at 2.4 mM or decreased to 1.3 or 0.3 mM for 45min (the effects of
lowering [Ca2+]e while [K+]e is 4.7 mM is described in the next
section).

Increasing [K+]e from 4.7 to 10 mM depressed mean tetanic
force of wild type soleus by 55% at 0.3mMCa2+, a decreasemuch
greater than the 13% decrease at 2.4 mM Ca2+ (Fig. 1, A and B).
For HyperKPP soleus, the decreases were even greater, being

Figure 1. Lowering [Ca2+]e enhanced the K+-induced force depression in wild type and HyperKPP soleus and EDL, the effects being greater in
HyperKPP. After 45 min at 4.7 mM K+ and 2.4, 1.3, or 0.3 mM Ca2+, [K+]e was increased to 10 mM. All muscles were later exposed to 5 µM salbutamol (SAL;
protocol 1 in Materials and methods). (A, C, E, and G) Examples of tetanic force traces. (B, D, F, and H) Changes in mean tetanic force over time. To clearly
show the Ca2+ effects on the K+-induced force depression, mean tetanic force is expressed as a percent of the force measured at the [Ca2+]e just before the
increase in [K+]e. Vertical bars represent the SE for five or six muscles.
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27%, 50%, and 90% at 2.4, 1.3, and 0.3 mM Ca2+, respectively
(Fig. 1, C and D). A similar situation was observed for EDL. In-
creasing [K+]e to 10 mM reduced mean tetanic force of wild type
EDL by 2% at 2.4 mM Ca2+ and 14% at 0.3 mM Ca2+ (Fig. 1, E and
F), while the decreases for HyperKPP EDL were 9%, 48%, and
93% at 2.4, 1.3, and 0.3 mM Ca2+, respectively (Fig. 1, G and H).
After 45 min at elevated [K+]e, muscles were exposed to 5 µM
salbutamol. As previously reported (Clausen et al., 2011), the
salbutamol addition allowed for a full force recovery inwild type
soleus and EDL at 2.4 mM Ca2+. However, at 0.3 mM Ca2+, re-
covery was only partial. For HyperKPP muscle, force recovery
was almost complete at 1.3 and 2.4 mM Ca2+, but not at 0.3 mM.

The major effect of lowering [Ca2+]e was a significant shift of
the tetanic force–[K+]e relationship toward lower [K+]e, the ef-
fect being greater in HyperKPP than in wild type soleus and EDL
(Fig. 2). Notably, the K+-induced force depressions in HyperKPP
muscles at 1.3 mM Ca2+ were often as large as those in wild type
muscles but at 0.3 mM Ca2+. For example, at 10 mM K+, mean
tetanic force of HyperKPP soleus had decreased by 50% at
1.3 mM Ca2+ (Fig. 2 C) compared with 55% for wild type soleus,
but at 0.3 mM Ca2+ (Fig. 2 A). Similarly at 10 mM, the force
decrease for HyperKPP EDL at 1.3 mM Ca2+ was similar to that

for wild type EDL at 0.3 mM (Fig. 2, E and G). Salbutamol al-
lowed for force recovery at all [K+]e (Fig. 2, B, D, F, and H). On
the one hand, salbutamol reduced the difference in the tetanic
force–[K+]e relationships between [Ca2+]e. On the other hand,
the lower [Ca2+]e, the less effective salbutamol was. As a final
note, the K+-induced force depression at a given [Ca2+]e was
always greater for HyperKPP than in wild type EDL, as previ-
ously reported (Hayward et al., 2008; Clausen et al., 2011;
Ammar et al., 2015).

Effect of increasing [K+]e on the [Ca2+]e–tetanic
force relationship
To further appreciate the effects of a reduction in [Ca2+]e, we
performed other experiments in which [K+]e was kept at 4.7 mM
or increased to either 8 or 12 mMwhile [Ca2+]e was 2.4 mM, and
then [Ca2+]e was lowered from 2.4 to 1.3 to 0.3 mM. For each [K+]e,
mean tetanic force at 1.3 and 0.3 mM [Ca2+]e was expressed as
a percentage of the force at 2.4 mM [Ca2+]e. At 4.7 mM K+, mean
tetanic force of wild type EDL and soleus decreased to only
90–91% when [Ca2+]e was lowered to 1.3 mM and to 85–87% at
0.3 mM (Fig. 3, A and C). The depressing effect of lowering
[Ca2+]e was accentuated when [K+]e was increased. This was

Figure 2. Lowering [Ca2+]e significantly shifted the tetanic force-[K+]e relationship toward lower [K+]e, the effect being greater for HyperKPP than
wild type soleus and EDL. Changes in [K+]e and [Ca2+]e were as described for protocol 1. To clearly show the Ca2+ effects on the K+-induced force depression,
mean tetanic force is expressed as a percentage of the force measured after a 45-min exposure period to 2.4, 1.3, or 0.3 mM Ca2+; that is, just before the
increase in [K+], as shown in Fig. 1. The tetanic force–[K+]e relationship (no salbutamol; A, C, E, and G) was obtained using the force measured 45 min after the
increase in [K+]e (time 50 min; Fig. 1). The tetanic force–[K+]e relationship in the presence of 5 µM salbutamol (B, D, F, and H) was obtained using the force
measured 10 min after salbutamol addition. For clarity, the relationships in the absence and presence of salbutamol were separated. The dashed horizontal line
indicates 100%. Vertical bars represent the SE of five to ninemuscles. *, Force–[K+]e relationship was significantly shifted to lower [K+]e compared with 2.4mM
Ca2+. †, Mean tetanic force of HyperKPPmuscles was significantly different from that of wild type. ¥, Force–[K+]e relationship was significantly shifted to higher
[K+]e by salbutamol. ANOVA and LSD, P < 0.05.
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especially evident at 12 mM K+; at 0.3 mM Ca2+, mean tetanic
force had decreased to 39% for EDL and 19% for soleus.

The [Ca2+]e effects were significantly greater in HyperKPP
EDL and soleus muscles (Fig. 3, B and D). For example, at 4.7 mM
K+, lowering [Ca2+]e from 2.4 to 0.3 mM Ca2+ reduced mean
tetanic force of HyperKPP soleus to 44% compared with 86% for
the wild type counterpart. A similar situationwas observed for 8
and 12 mM K+. Similar to wild type muscles, an increased [K+]e
accentuated the depressing effect of lowering [Ca2+]e, but the
decreases were significantly greater in HyperKPP muscles.

Effects of lowering [Ca2+]e on the plateau phase
As shown in Fig. 1 E, EDL force in wild type EDL increased
rapidly during a tetanus, reaching on average a peak at 103 ±
2 ms. Thereafter, a small decrease in force occurred until the
stimulation was stopped. Fade represents the force drop after
peak force had been reached andwas calculated as the difference
in force between peak force and the force at 200 ms (end of the
stimulation period). At 4.7 mMK+, fade in wild type EDL was 3%
at both 0.3 and 2.4 mM Ca2+ (Fig. 4 A). Fade increased as [K+]e
was raised, becoming significantly different from that at 4.7 mM
K+ when [K+]e reached 8 and 12mMK+ while [Ca2+]e was 0.3 and
2.4 mM, respectively. In general, fade appeared smaller in Hy-
perKPP (Fig. 4 B) than in wild type EDL. However, peak force
often occurred late during a tetanus in HyperKPP EDL (Fig. 1 G).
On average, time to peak force was 172 ± 5 ms and often became
longer at elevated [K+]e (data not shown), and therefore the time
difference between time to peak and 200 ms was much shorter,
giving rise to an apparent smaller fade. Contrary to tetanic force,
the addition of 5 µM salbutamol had little alleviating effect on
fade with very few significant effects. In regard to wild type and
HyperKPP soleus, peak force occurred very late during a tetanus
(Fig. 1, A and C), and thus little or no fade was observed for those
muscles (data not shown).

Effect of lowering [Ca2+]e on unstimulated force
and contractures
Another aspect of lowering [Ca2+]e was increases in force be-
tween elicited contractions (i.e., in the absence of any electrical
stimulation). Two types of force increase were observed. The
first type was a slow and continuous increase in baseline, named
here as unstimulated force, that was either very small (Fig. 5 A)
or quite large (Fig. 5 B). The second type was a fast and transient
increase in baseline, here named contracture (Fig. 5 B). Addition
of 5 µM salbutamol was always followed by a rapid decrease in
unstimulated force. At 2.4 mM Ca2+, the occurrence of un-
stimulated force was small when [K+]e was increased in wild
type and HyperKPP soleus and EDL (Fig. 6, A and B). A much
greater number of muscles generated unstimulated force when
[K+]e was increased from 4.7 to 6–14 mMK+ when [Ca2+]e was 1.3
mM; that is, all (27 of 27) HyperKPP solei and 6 out of 14 EDL
(43%). At 0.3 mM Ca2+, an increase in [K+]e resulted in 7 of 23
(30%) wild type solei, 21 out of 23 (91%) wild type EDL, all Hy-
perKPP solei, and 18 out of 20 (90%) HyperKPP EDL generating
unstimulated force. The occurrence of contractures was much
smaller than for unstimulated force and was prominent only in
HyperKPP soleus at 0.3 mM Ca2+.

Effects of lowering [Ca2+]e on membrane excitability
Fiber excitability
An excitable fiber was defined as a fiber generating an action
potential upon stimulation (Fig. 7 A, i and ii), even when the
action potential peak is just −30 mV (Fig. 7 A iii). An unexcitable
fiber was defined as a fiber for which the membrane potential
did not change at all following a stimulation (Fig. 7 A iv). As
previously reported (Ammar et al., 2015), mean excitability was
significantly less in HyperKPP than in wild type fibers regard-
less of [K+]e and [Ca2+]e (Fig. 7). At 4.7 mM K+ and 2.4 mM Ca2+,
all penetrated wild type soleus fibers generated an action

Figure 3. Increasing [K+]e significantly en-
hanced the tetanic force depression at low
[Ca2+], the effect being greater for HyperKPP
thanwild type soleus and EDL. Changes in [K+]e
and [Ca2+]e were as described for protocol 2.
To clearly show how K+ affects the Ca2+–tetanic
force relationship, mean tetanic force is ex-
pressed as a percent of the force measured after
a 45-min exposure to 4.7, 8, or 12 mM K+; that is,
just before the decrease in [Ca2+]e. Vertical bars
represent the SE of three to five muscles. §,
Mean tetanic force significantly different from
100%. *, Mean tetanic force significantly differ-
ent from that at 4.7 mMK+. †, Mean tetanic force
of HyperKPP muscles significantly different that
of wild type (same [K+]e and [Ca2+]e). ANOVA
and LSD, P < 0.05.
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potential, whereas mean excitability of HyperKPP fibers was
85%, a mean significantly less than for wild type (Fig. 7 B i).
Lowering [Ca2+]e to 0.3 mM caused a small but significant de-
crease in mean excitability to 89% in wild type but a substan-
tially larger decrease to 29% for HyperKPP. An increase in [K+]e
to 10 mM significantly reduced membrane excitability to a
greater extent at 0.3 than at 2.4 mM Ca2+, completely abolishing
excitability in HyperKPP fibers at 0.3 mM Ca2+ (Fig. 7 B, ii and
iii). Considering that the increase in force following the addition
of 5 µM salbutamol reached a peak within 10min and is followed

by a slow decline (Fig. 1), the salbutamol effect on membrane
excitability was measured first within 10 min and then between
15 to 30 min. Adding 5 µM salbutamol resulted in small but
significant transient increase excitability of wild type (2.4 mM
Ca2+ only) and HyperKPP (0.3 and 2.4 mM Ca2+) fibers. At the
end of all experiments, [K+]e and [Ca2+]e were respectively re-
turned to 4.7 and 2.4 mM Ca2+. For fibers constantly exposed to
2.4 mMCa2+, mean excitability completely returned to the initial
mean measured at the start of the experiment (Fig. 7 B iv).
However, for fibers exposed to 0.3 mM Ca2+, mean excitability

Figure 4. Lowering [Ca2+]e reduced the capacity of wild type and HyperKPP EDL to maintain a plateau phase at elevated [K+]e. Fade represents the
force drop after peak force had been reached, was calculated as the difference in force between peak force and the force at 200 ms (end of the stimulation
period), and was expressed as a percentage of the peak force. Changes in [K+]e and [Ca2+]e were according to protocol 1. The control fade–[K+]e relationship
(i.e., no salbutamol [SAL]) was obtained using the force measured 45 min after the increase in [K+]e (time 50 min; Fig. 1). The fade–[K+]e relationship in the
presence of 5 µM salbutamol was obtained using the force measured 10 min after the salbutamol addition. Vertical bars represent the SE of five to nine
muscles. §, [K+]e at which mean fade became significantly greater than at 4.7 mM K+. *, Mean fade was significantly different from that at 2.4 mM Ca2+. ¥,
Significant effect of salbutamol. ANOVA and LSD, P < 0.05.

Figure 5. Examples of force increase between elicited contractions in HyperKPP soleus when [K+]e was increased from 4.7 to 6 mM while [Ca2+]e
was 0.3 mM. (A) Example of a slow increase in unstimulated force being in this case small and late after the increase in [K+]e. (B) Example of a fast and
transient contracture (see arrow) followed by a large and slow increase in unstimulated force. Notice the decrease in unstimulated force following the addition
of 5 µM salbutamol. The chart recorder trace was generated by averaging three data points every second for the baseline and drawing a vertical line from the
minimum to the maximum force when a contraction was elicited.
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increased but remained significantly less than the mean values
measured at the start of the experiments. Overall, lowering
[Ca2+]e increases the extent of fiber inexcitability to a greater
extent in HyperKPP than in wild type soleus.

Resting EM
Mean resting EM was significantly less negative in HyperKPP
than in wild type fibers regardless of [K+]e and [Ca2+]e (Fig. 8), in
agreement with previous reports (Lehmann-Horn et al., 1983;
Ricker et al., 1989; Ammar et al., 2015). At 4.7 mM K+, mean
resting EM of wild type fibers was not affected by a decrease in
[Ca2+]e from 2.4 to 0.3 mM, as the mean values were −76 and −77
mV, respectively (Fig. 8 A). In HyperKPP fibers, on the other
hand, mean resting EM became significantly less negative at
0.3 mM Ca2+ as mean values changed from −70 to −61 mV.

Increasing [K+]e to 10 mM caused significant depolarizations,
which were greater at 0.3 than at 2.4 mMCa2+ for both wild type
and HyperKPP fibers (Fig. 8, B and C). Adding salbutamol re-
sulted in a significant transient repolarization for HyperKPP,
but not wild type, fibers at 2.4 mMCa2+, whereas at 0.3 mMCa2+

salbutamol caused a permanent repolarization for bothwild type
and HyperKPP fibers. Returning [K+]e to 4.7 mM was followed
by a full recovery of mean resting EM in fibers only exposed to
2.4 mM Ca2+, whereas an incomplete recovery was observed
when fibers had been exposed to 0.3 mM Ca2+ (Fig. 8 D).

Resting EM was also divided in bins of 5 mV to determine the
frequency distribution. At 4.7 mM K+, Ca2+ did not affect the
distribution of resting EM in wild type soleus fibers (Fig. 9 A),
whereas the frequency distribution for HyperKPP fibers was
significantly shifted to less negative EM at 0.3 mMCa2+ (Fig. 9 B).

Figure 6. Lowering [Ca2+]e increased the occurrence frequency of unstimulated force and contractures. Occurrence frequency of unstimulated force
and contractures in soleus (A) and EDL (B). Numbers at the top of the bars represent the range of [K+]e (in mM) that we observed an unstimulated force/
contracture and the number of muscles that generated unstimulated force/contractures over the total number of muscles tested. Mean unstimulated force of
soleus (C) and EDL (D). Unstimulated force was calculated from muscles that generated it and is expressed as a percentage of the tetanic force measured at
4.7 mM K+ and 2.4 mM Ca2+. Data from different [K+]e were pooled, because the magnitude of the unstimulated forces were not significant. *, Frequency of
unstimulated force or contractures (A and B) was significantly different from that at 2.4 mM Ca2+. §, Mean unstimulated force was significantly different from
that at time 0 min (C and D). †, Mean unstimulated force of HyperKPPmuscles was significantly different that of wild type (C and D). ANOVA and LSD, P < 0.05.
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Moreover, the numbers of wild type fibers with resting EM less
negative than −62mV (mean resting EM of wild type unexcitable
fibers; Table 1) were 7–8%, while the numbers of HyperKPP fi-
bers with resting EM less negative than −57 mV (mean resting
EM of HyperKPP unexcitable fibers; Table 1) at 2.4 and 0.3 mM

Ca2+ were 21% and 59%, respectively. At 10 mM K+, lowering
[Ca2+]e to 0.3 mM significantly shifted the frequency distribu-
tion toward less negative EM for both wild type and HyperKPP
fibers. The number of wild type fibers with resting EM less
negative than −63 mV was 66% at 0.3 mM Ca2+, a value

Figure 7. Lowering [Ca2+]e significantly en-
hanced the K+-induced depression of mem-
brane excitability to a greater extent in
HyperKPP than in wild type soleus. (A) Exam-
ples of action potential traces generated by
excitable fibers upon stimulation. Resting EM:
−80 mV (i), −61 mV (ii), −54 mV (iii), −52 mV (iv);
the last trace being an example of an unexcitable
fiber that failed to generate an action potential.
The little square change in EM preceding action
potential was the stimulation artifact. (B) Mean
fiber excitability expressed as a percentage of the
number of fibers tested. Changes in [K+]e and
[Ca2+]e were as described in protocol 3. Data for
salbutamol (SAL) were divided into early meas-
urements (first 10 min, E) and late measurements
(15–30 min, L). The reversibility of the K+ and
Ca2+ effects was tested by returning to the initial
conditions (i.e., 4.7 mM K+ and 2.4 mM Ca2+).
Vertical bars represent the SE of 71–144 fibers/
5–6 muscles for high [K+]e, 277 fibers/26 muscles
for wild type and 273 fibers/18 muscles for Hy-
perKPP at 4.7 mM K+ and 2.4 mM. §, At similar
[Ca2+]e, mean excitability significantly different
from that at 4.7 mM K+ measured at the begin-
ning of an experiment (i.e., in B ii). *, At similar
[K+]e, mean excitability at 0.3 mM Ca2+ signifi-
cantly different from that at 2.4 mM. †, At similar
[K+]e and [Ca2+]e, mean excitability of HyperKPP
fibers significantly different from that of wild type.
¥, Significant effect of salbutamol. ANOVA and LSD,
P < 0.05.

Figure 8. Lowering [Ca2+]e significantly en-
hanced the K+-induced membrane depolariza-
tion in both wild type and HyperKPP soleus.
Mean resting EM values were calculated from all
tested fibers (mean resting EM of unexcitable and
excitable fibers are respectively given in Tables
1 and 2). All [K+]e and [Ca2+]e conditions are as
described in Fig. 7. Data for salbutamol are divided
into early measurements (first 10 min, E) and late
measurements (15–30 min, L). The reversibility of
the K+ and Ca2+ effects was tested by returning to
the initial conditions (i.e., 4.7 mM K+ and 2.4 mM
Ca2+). Vertical bars represent the SE of 71–144
fibers/5–6 muscles for high [K+]e, 277 fibers/26
muscles for wild type and 273 fibers/18 muscles
for HyperKPP at 4.7 mM K+ and 2.4 mM. §, At
similar [Ca2+]e, mean resting EM significantly dif-
ferent from that at 4.7 mM K+ measured at the
beginning of an experiment (i.e., in A). *, At similar
[K+]e, mean resting EM at 0.3 mMCa2+ significantly
different from that at 2.4 mM. †, At the same [K+]e
and [Ca2+]e, mean resting EM of HyperKPP fibers
significantly different that of wild type fibers. ¥,
Significant effect of salbutamol. ANOVA and LSD,
P < 0.05.
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significantly greater than the value of 35% at 2.4 mM Ca2+ (Fig. 9
C). The situation was worst for HyperKPP fibers as the number
of fibers with resting EM less negative than −57 mV was 86% at
both [Ca2+]e (Fig. 9 D). Salbutamol did not affect the frequency
distribution of wild type resting EM at 10 mM K+ and 2.4 mM
Ca2+ (Fig. 10 A), which is in agreement with the lack of effect on
the mean resting EM. At 10 mM K+, salbutamol increased the
number of wild type fibers with resting EM between −65 and
−70 mV from 11% to 26% (Fig. 10 B). For HyperKPP fibers, a
frequency shift toward more negative EM was significant in the
presence of salbutamol at 10 mM K+ and at both 2.4 and 0.3 mM
Ca2+ (Fig. 10, C and D).

Overshoot
At 4.7 mM K+, reducing [Ca2+]e to 0.3 mM significantly reduced
mean action potential overshoot in both wild type and Hy-
perKPP fibers (Fig. 11 A). A similar situation was observed at
10 mM K+, except that no overshoot was observed, as the action
potential peak remained negative (Fig. 11, B and C). Interest-
ingly, the lower action potential peaks at 0.3 mM Ca2+ were not
associated with less negative mean resting EM among excitable
fibers (Table 2). Salbutamol improved action potential peak of
wild type fibers, but only at 0.3 mM Ca2+ (Fig. 11 B). Contrary to
wild type, salbutamol improved action potential at 2.4 mM Ca2+

in HyperKPP (Fig. 11 C). None of the tested HyperKPP fibers
generated action potential at 0.3 mM Ca2+ and 10 mM K+, but a
few did with very small amplitude following the addition of
salbutamol.

Replacing Ca2+ with Mg2+

The experiments described so far were carried by only de-
creasing [Ca2+]e because in HyperKPP patients a decrease in Ca2+

is not necessarily associated with an increased Mg2+. According
to the surface potential theory, lowering the concentration of a
divalent cation, such as Ca2+, can set up a local negative potential
at the surface of the cell membrane that can then bias the sen-
sors of voltage-gated channels; this effect can be suppressed if
Ca2+ is replaced by another divalent cation, such as Mg2+ (Hille,
2001). Therefore, experiments at 0.3 mM Ca2+ were repeated
while [Mg2+]e was increased from 3.1 to 5.2 mM to maintain
constant the divalent cation concentration. At 4.7 mM K+, the

Figure 9. Lowering [Ca2+]e significantly increased the number of wild type soleus fibers exposed to 10 mMK+ and HyperKPP fibers exposed to both
4.7 and 10 mM K+ with resting EM less negative than the mean resting EM of unexcitable fibers. Resting EM values were divided in bin of 5 mV, and the
number of fibers in each bin is expressed as a percentage of the total number of fibers tested. Mean resting EM of unexcitable wild type and HyperKPP fibers
was −62 and −57 mV, respectively (Table 1), and is represented by a vertical dark yellow line. *, Frequency distribution at 0.3 mM Ca2+ significantly shifted
compared with 2.4 mM Ca2+. Fisher test, P < 0.05.

Table 1. At 10 mM K+, mean resting EM of unexcitable fibers was less
negative for HyperKPP soleus fibers than wild type fibers

[Ca2+]e (mM) [Mg2+]e (mM) Wild type soleus HyperKPP soleus

2.4 3.1 −63.6 ± 1.3 (38/11) −56.1 ± 1.2 (37/6)a

0.3 3.1 −61.7 ± 2.2 (62/8) −55.1 ± 1.8 (75/6)a

0.3 5.2 −59.4 ± 1.3 (54/6) −56.4 ± 1.1 (98/6)a

Unexcitable fibers were fibers that did not generate an action potential upon
stimulation. Mean resting EM values are expressed as mean ± SE (number of
fibers/number of muscle). There was no significant effect of 5 µM
salbutamol on mean resting EM of unexcitable fibers at 10 mM K+ (data not
shown). ANOVA, P > 0.05.
aMean resting EM of unexcitable HyperKPP soleus fibers significantly different
from that of wild type. ANOVA and LSD, P < 0.05.
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decreases in tetanic force of wild type soleus and EDL at 0.3 mM
Ca2+ were not different between 3.1 and 5.2 mM Mg2+, whereas
for the HyperKPP muscles the force decreases were less at
5.2 mMMg2+ (Fig. 12, A and B). The K+-induced force depression
at 10 mM K+ was significantly less at 5.2 mM than at 3.1 mM
Mg2+ for wild type soleus and HyperKPP EDL (Fig. 12, C and D).
Interestingly, this also significantly worsened the K+-induced
force depression in wild type EDL.

Overall, an increase in [Mg2+]e had small effects, few being
significant, on membrane excitability (Fig. 13 A), resting EM
(Fig. 13 B), and action potential overshoot (Fig. 13 C). Notably,
increasing [Mg2+]e to 5.2 mM significantly improved membrane
excitability and overshoot of wild type soleus at 10 mMK+ in the
absence and presence of salbutamol as well as all three param-
eters of HyperKPP soleus at 4.7 mM K+ and 10 mM K+ in the
presence of salbutamol.

Figure 10. Salbutamol (SAL; 5 µM) at 10mMK+ significantly shifted the frequency distribution of resting EM towardmore negative potential only in
HyperKPP solei. Resting EM values were divided in bin of 5 mV, and the number of fibers in each bin is expressed as a percent of the total number of fibers
tested. Mean resting EM of unexcitable wild type and HyperKPP fibers was −62 and −57 mV, respectively (Table 1), and is represented by a vertical purple line.
¥, Salbutamol significantly shifted the frequency distribution of resting EM. Fisher test, P < 0.05.

Figure 11. Lowering [Ca2+]e significantly en-
hanced the K+-induced overshoot depression in
both wild type and HyperKPP soleus. All [K+]e
and [Ca2+]e conditions are as described in Fig. 7.
Data in the presence of salbutamol were divided
into early measurements (first 10 min, E) and late
measurements (15–30 min, L). The reversibility of
the K+ and Ca2+ effects was tested by returning to
the initial conditions (i.e., 4.7 mM K+ and 2.4 mM
Ca2+). Vertical bars represent the SE of 71–144 fi-
bers/5–6 muscles for high [K+]e, 277 fibers/26
muscles for wild type and 273 fibers/18 muscles for
HyperKPP at 4.7 mM K+ and 2.4 mM. §, At similar
[Ca2+]e, mean overshoot significantly different from
that at 4.7 mM K+ measured at the beginning of an
experiment (i.e., in A). *, At similar [K+]e, mean
overshoot at 0.3 mM Ca2+ significantly different
from that at 2.4 mM. †, At the same [K+]e and [Ca2+]e,
mean overshoot of HyperKPP fibers significantly
different that of wild type fibers. ¥, Significant effect
of salbutamol. ANOVA and LSD, P < 0.05. No AP, no
action potential.
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The maximum rate of depolarization (dV/dt) has been used
as a measure of the inward Na+ current during an action po-
tential (Hodgkin and Katz, 1949). To have a better insight on how
Ca2+ and Mg2+ affect Na+ channels, resting EM was separated in
bins of 5 mV and resting EM and dV/dt were averaged for each
bin. Lowering [Ca2+]e at 4.7 mM K+ caused a significant decrease
in mean dV/dt of wild type soleus in the range of −75 and
−60 mV (Fig. 14 A). Fitting the data to a sigmoidal curve dem-
onstrates that lowering [Ca2+]e shifted the dV/dt–EM relation-
ship toward more negative EM. Increasing [Mg2+]e from 3.1 to

5.2 mM while [Ca2+]e was 0.3 mM allowed for a full recovery of
dV/dt to a level similar to that of 2.4 mM Ca2+. Furthermore, the
dV/dt–EM relationships between the two conditions were basi-
cally the same. At 2.4 mM Ca2+, mean dV/dt of HyperKPP soleus
did not decrease at resting EM between −70 and −60 mV and
became significantly greater than the mean values for wild type
soleus (Fig. 14 B). At 2.4 mM Ca2+, the dV/dt–EM relationship of
HyperKPP occurred at less negative EM than for wild type. At
similar EM, mean dV/dt values of HyperKPP fibers at resting EM
between −75 and −65 mV were significantly higher than those
for wild type, although the difference in the dV/dt–EM rela-
tionship was small (Fig. 14 B, inset). Increasing [Mg2+]e signifi-
cantly improved mean dV/dt in HyperKPP soleus, and even
became significantly greater than in wild type soleus.

Discussion
The major findings of this study were (1) in wild type muscles, a
decrease in [Ca2+]e from 2.4 to 0.3 mM had little effect at 4.7 mM
K+ on tetanic force and membrane excitability, whereas it sig-
nificantly enhanced the K+-induced depression of force and
membrane excitability; (2) in contrast, lowering [Ca2+]e nega-
tively altered the capacity of HyperKPP muscles to generate
tetanic force and action potentials at both 4.7 and 10 mM K+; (3)
lowering [Ca2+]e reduced the capacity of both wild type and
HyperKPP EDL to maintain a plateau phase during a tetanus; (4)

Table 2. Mean resting EM of excitable fibers was not affected by
lowering [Ca2+]e

Mouse [K+]e (mM) 2.4 mM Ca2+ 0.3 mM Ca2+

Wild type 4.7 −76.7 ± 0.9 (89/11) −78.1 ± 1.2 (87/9)

10.0 −69.2 ± 1.8 (106/11) −68.5 ± 3.5 (39/7)

HyperKPP 4.7 −74.9 ± 1.4 (79/6) −74.2 ± 1.0 (79/6)

10.0 −60.2 ± 1.5 (67/6) —

Excitable fibers were fibers that generated an action potential upon
stimulation. No action potential could be recorded at 10 mM K+ and 0.3 mM
Ca2+ in HyperKPP fibers. Mean resting EM values are expressed as mean ±
SE (number of fibers/number of muscle). There was no significant difference
in mean resting EM of excitable fibers between 0.3 and 2.4 mM Ca2. ANOVA,
P > 0.05.

Figure 12. At 4.7 mM K+, replacing Ca2+ by Mg2+ significantly im-
proved mean tetanic force of HyperKPP soleus and EDL, while at
10 mM K+, it improved force for wild type soleus and HyperKPP
EDL. Changes in [K+]e and [Ca2+]e were as described in protocol 1, ex-
cept that the 0.3 mM Ca2+ solution also contained 5.2 mMMg2+. (A and
B) Tetanic forcemeasured at 4.7 mM K+ and 0.3 mMCa2+ with either 3.1
or 5.2 mM Mg2+ and expressed as a percentage of the tetanic force at
4.7 mM K+ and 2.4 mM Ca2+. (C and D) Tetanic force measured at
10 mM K+ and 0.3 mM Ca2+ and expressed as a percentage of the force
measured just before [K+]e was increased (i.e., 4.7 mM and 0.3 mM
Ca2+). Horizontal dash black lines indicate the position of the mean
values at 2.4 mM Ca2+. Vertical bars represent the SE of five muscles. ‡,
Mean tetanic force at 5.2 mMMg2+ was significantly different from that
at 3.1 mM. *, Mean tetanic force at 0.3 mM Ca2+ was significantly dif-
ferent from that at 2.4 mM, ANOVA and LSD, P < 0.05.
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lowering [Ca2+]e increased the generation of fast and transient
contractures or a slow increase in unstimulated force when [K+]e
was increased to 6–14 mM K+; and (5) replacing Ca2+ by an
equivalent amount of Mg2+ improved mean tetanic force of
HyperKPP muscles at 4.7 mM K+ and of wild type soleus and
HyperKPP EDL at 10 mM K+.

Mechanism of action of lowering [Ca2+]e in wild type muscles
Tetanic force
As previously reported (Dulhunty and Gage, 1988; Cairns et al.,
1998; Zhao et al., 2005; Cairns and Lindinger, 2008), lowering
[Ca2+]e from 2.4 to 0.3 mM Ca2+ had little effect on the tetanic
force of wild type soleus and EDL. Lowering [Ca2+]e, however,
significantly shifted the tetanic force–[K+]e relationship to lower
[K+]e increasing muscle sensitivity to the K+-induced force

depression. Conversely, the depressive effect of low Ca2+ was
small at 4.7 mM K+ and pronounced at high [K+]e. Lowering
[Ca2+]e had no effect on resting EM at 4.7 mM K+, whereas it
accentuated the K+-induced membrane depolarization by 6 mV
at 10 mM K+ (Fig. 8). Membrane depolarization has also been
reported in rat EDL and toad sartorius when [Ca2+]e is lowered
(Ishiko and Sato, 1957; Ruff et al., 1988). Associated with the
depolarization was a decrease in the number of excitable fibers
(Fig. 7), as more fibers had resting EM less negative than −61 mV
(Fig. 9), the mean resting EM of unexcitable fibers (Table 1). So, a
first mechanism for the effect of low [Ca2+]e is greater mem-
brane depolarization leading to more unexcitable fibers, which
no longer generate force.

It is well established that a K+-induced membrane depolari-
zation (Yensen et al., 2002) increases NaV1.4 channel inactivation

Figure 13. Replacing Ca2+ byMg2+ improvedmembrane excitability in wild type and HyperKPP soleus fibers at 0.3 mMCa2+ but did not allow for full
recovery toward values at 2.4 mM Ca2+. All measurements were performed while [Ca2+]e was 0.3 mM and [Mg2+]e either 3.1 or 5.2 mM. Horizontal black
lines and arrows indicate the position of the mean values when [Ca2+]e was 2.4 mMCa2+ at the indicated [K+]e. Vertical bars represent the SE of 77–107 fibers/6
muscles. ‡, Mean value at 5.2 mMMg2+ was significantly different from that at 3.1 mM. *, Mean value at 0.3 mM Ca2+ was significantly different from that at 2.4
mM; ANOVA and LSD, P < 0.05.; ANOVA and LSD, P < 0.05.
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(Hodgkin and Huxley, 1952), resulting in lower action potential
amplitude (Yensen et al., 2002), and any decrease in action
potential amplitude results in lower Ca2+ release (Zhu et al.,
2014) and force (Godt and Nosek, 1989). Lowering [Ca2+]e
from 2.4 to 0.3 mM Ca2+ resulted in smaller action potential
amplitude of 8 and 17 mV at 4.7 and 10 mM K+, respectively.
Lowering [Ca2+]e shifts the steady-state inactivation curve of
NaV1.4 channels toward more negative EM (Frankenhaeuser
and Hodgkin, 1957; Vogel, 1974; Hahin and Campbell, 1983).
To our knowledge, no study has shown how Ca2+ between 0 and
2.5 mM affects mammalian muscle NaV1.4 channel inactivation.
However, the maximum rate of depolarization (dV/dt) can
provide an index of the inward Na+ current during an action
potential (Hodgkin and Katz, 1949). More importantly, differ-
ences between wild type and HyperKPP muscles for the rela-
tionship between dV/dt and resting EM can be explained by
differences in NaV1.4 channel steady-state slow inactivation
properties.

At 2.4 mM Ca2+, dV/dt barely decreased in HyperKPP soleus
when resting EM became less negative than −70 mV, whereas it
decreased by more than threefold in wild type soleus. From −70
to −60 mV, steady-state slow inactivation of wild type NaV1.4
channels decreases from 0.69 to 0.52 (25% decline) compared
with a change from 0.78 to 0.69 (12% decline) for the channel
carrying the M1592V mutation (Hayward et al., 1997). The lack
of large decrease in the dV/dt at resting EM less negative than
−70 mV in HyperKPP muscles then most likely results from a
greater Na+ inward current in the context of less slow inacti-
vation. At 0.3 mM Ca2+, mean dV/dt values between resting EM
of −75 and −65 mV were significantly greater in HyperKPP than
in wild type soleus fibers, which would suggest a similar shift in
the dV/dt–resting EM relationship toward less negative EM for
HyperKPP muscles. However, fitting the data to a sigmoidal
relationship demonstrated that such shift is smaller at 0.3 than
at 2.4 mM Ca2+. Considering that lowering [Ca2+]e shifted the
dV/dt–resting EM curve toward more negative EM, we therefore
suggest that (1) the low Ca2+ effect on dV/dt is most likely related
to a hyperpolarizing shift in steady-state inactivation of NaV1.4
channels, as shown in other excitable tissues; and (2) the de-
crease in action potential amplitude of wild type muscles at low

[Ca2+]e involves greater NaV1.4 channel inactivation. The next
two questions are (1) what is the relative contribution of the
membrane depolarization and greater NaV1.4 channel inactiva-
tion to the decrease in excitability at low Ca2+? and (2) what
causes the increase in inactivation?

At 2.4 mM Ca2+, resting EM changed from −75 to −67 mV
when [K+]e is increased from 4.7 to 10 mM. Using the estimated
sigmoidal dV/dt–EM relationship (Fig. 14 A), such change in
resting EM reduces dV/dt to 68% of the value at 4.7 mMK+. Using
the same resting EM of −67 mV but the dV/dt–EM curve at
0.3 mM Ca2+, the estimated dV/dt becomes 42%; i.e., the hy-
perpolarizing shift of the curve at 0.3 mM Ca2+ causes a further
26% decrease in dV/dt. Now, at 0.3 mM Ca2+ and 10 mM K+,
resting EM was not −67 mV but −62 mV. For the latter EM, using
the curve at 2.4 mM Ca2+, dV/dt is estimated at 43%; i.e., the low
Ca2+-induced depolarization also causes a 25% decrease in dV/dt.
If the low Ca2+–induced depolarization and hyperpolarizing shift
in the dV/dt–EM curve are additive, then the estimated dV/dt at
0.3 mM Ca2+ and 10 mM K+ is 18% (0.42 × 0.43), a value close to
the estimated value of 14% from the dV/dt–EM curve using a
resting EM of −62 mV and the relation at 0.3 mM Ca2+. It is thus
concluded that the larger decrease in tetanic force and fiber
excitability from 2.4 to 0.3 mM Ca2+ (at 10 mM K+) is due to an
additive effect of low Ca2+–induced depolarization and hyper-
polarizing shift of the steady-state NaV1.4 channel inactivation.

Mean resting EM from all fibers (i.e., excitable and unexcit-
able fibers; Fig. 8) became less negative at low [Ca2+]e; this would
suggest that the increased in Na+ channel inactivation would be
due to the extra depolarization. However, mean resting EM of
wild type excitable fibers at 4.7 and 10 mM K+ was −77 and −69
mV, respectively, regardless of [Ca2+]e (Table 2). This indicates
that the increased channel inactivation at low [Ca2+]e is not due
to greater membrane depolarization of the excitable fibers, at
least not as measured with microelectrodes. Another factor
contributing to inactivation stems from the surface charge po-
tential theory (Hille, 2001). The cell membrane surface bears
negative charges allowing Ca2+ binding. As [Ca2+]e is reduced
and the number of bound Ca2+ decreases, a local negative surface
potential influences the electrical field within the membrane,
which becomes less than the measured potential and may bias

Figure 14. Replacing Ca2+ by Mg2+ improved
the maximum rate of action potential depo-
larization in wild type soleus and HyperKPP
soleus. Resting EM values were divided in bins of
5 mV and mean resting EM and maximum rate of
depolarization were averaged. Lines were drawn
from a sigmoidal nonlinear regression analysis
(except for the 5.2 mMMg2+ in A because a good
fit could not be obtained). The inset in B is to
illustrate the difference in the relationship at
0.3 mM Ca2+ between wild type and HyperKPP
muscles. Horizontal and vertical bars represent
the SE of 6–47 fibers/6 muscles. *, Mean maxi-
mum rate of depolarization significantly different
from that at 2.4 mM Ca2+. †, Mean maximum rate
of depolarization of HyperKPP soleus signifi-
cantly different from that of wild type. ANOVA
and LSD, P < 0.05.
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voltage sensors of ion channels. Replacing Ca2+ byMg2+ prevents
this effect for NaV1.4 channels (Kostyuk et al., 1982; Hille, 2001).
Furthermore, replacing Ca2+ by Mg2+ allowed for a full recovery
of dV/dt. Thus, a second mechanism for the depressing effect of
low Ca2+ involves an increased Na+ channel inactivation, pos-
sibly because of a change in surface charge potential, resulting in
lower action potential amplitude and muscle force.

For wild type muscles, increasing [Mg2+]e to 5.2 mM when
[Ca2+]e was 0.3 mM did not result in any tetanic force recovery
at 4.7 mM K+, while at 10 mM K+ the tetanic force of soleus
recovered from 45 to 80%, a 35% difference. Despite full re-
covery of dV/dt under those conditions, membrane excitability
improved by only 11% and action potential peak from −25 to −18
mV. It therefore appears that the recovery of membrane excit-
ability with Mg2+ is too small to fully explain the 35% force re-
covery. Membrane depolarization to 0 mV or removal of Ca2+

from the extracellular space inactivates CaV1.1, reducing the
charge movement within CaV1.1 and abolishing Ca2+ release in
frog muscles; normal charge movement and Ca2+ release is re-
established by repolarizing the membrane or adding Ca2+ in the
extracellular space (Brum et al., 1988a; Dulhunty and Gage, 1988;
Pizarro et al., 1989). Of significance are the effects of lowering
[Ca2+]e while the cell membrane is partially depolarized. For
example, half-maximum Ca2+ release occurs near −60 mV at
7.5 mM Ca2+ and −90 mV at 0.010 mM Ca2+ with no Ca2+ release
at −60 mV (Brum et al., 1988b). While in normal [Ca2+]e and [K+]e
none of the CaV1.1 are inactivated in frog muscles, there is
evidence that they are partially inactivated in mouse muscle
(Ferreira Gregorio et al., 2017); i.e., mouse muscles are expected
to be more sensitive to changes in [Ca2+]e than frog muscles.
Therefore, a third mechanism for the depressive effect of low
[Ca2+]e on tetanic force may involve a hyperpolarizing shift for
the inactivation of CaV1.1 and Ca2+ release as less Ca2+ is bound to
CaV1.1.

It is unlikely that the surface charge potential is important
for the inactivation of CaV1.1 and Ca2+ release for two reasons.
First, lowering [Ca2+]e has little effect on the voltage depen-
dence of activation, while it significantly shifts the voltage
dependence of inactivation (Lüttgau and Spiecker, 1979; Brum
et al., 1988b). Second, dimethonium, a cation capable of
screening negative fixed charge on the surface of lipid bi-
layers, fails to prevent the inactivation observed when [Ca2+]e
is lowered (Pizarro et al., 1989). Mg2+, on the other hand, has
been shown to be effective at replacing Ca2+ at the Ca2+-
binding site on CaV1.1, allowing a partial recovery of Ca2+ re-
lease (Pizarro et al., 1989). Considering that at 0.3 mM Ca2+

improvement of membrane excitability and action potential
by Mg2+ cannot fully explain the increase in wild type soleus
tetanic force at 10 mM K+, we suggest that decreases in Ca2+

release via an inactivation of CaV1.1 is an important mecha-
nism for the force depression at low [Ca2+]e, especially when
the membrane is depolarized.

Taken together, our results suggest three mechanisms to
explain the enhanced K+-induced force depression at low [Ca2+]e:
(1) a greater membrane depolarization that increases the num-
ber of unexcitable fibers; (2) a shift of the steady-state inacti-
vation of NaV1.4 channels toward more negative EM, lowering

action potential amplitude; and (3) a shift of the steady-state
inactivation of CaV1.1 also toward more negative EM, resulting
in lower Ca2+ release.

Unstimulated force
Another effect of low [Ca2+]e includes the force measured be-
tween contractions (i.e., unstimulated force). At 2.4 mMCa2+, an
increase in [K+]e rarely caused an increase in unstimulated force
in wild type soleus and never caused an increase in EDL. At
0.3mMCa2+, all EDL and 30% of solei generated an unstimulated
force. Intracellular [Ca2+] ([Ca2+]i) increases at elevated [K+]e
(Quiñonez et al., 2010; Pedersen et al., 2019). Low [Ca2+]e causes
a hyperpolarizing shift in the Na+ channel steady-state activa-
tion, resulting in a more negative threshold (Frankenhaeuser
and Hodgkin, 1957; Costantin, 1968; Campbell and Hille, 1976;
Kostyuk et al., 1982; Hahin and Campbell, 1983). This effect is
actually a mechanism that causes myotonic discharge when
blood [Ca2+] decreases in patients suffering of myotonia con-
genita (Skov et al., 2013, 2015). As wild type muscles are not,
however, prone to myotonic discharge and none of them gen-
erated fast and transient contractures, it is unlikely that un-
controlled action potential generation was the cause for
unstimulated force.

Another possibility is an activation of the Ca2+ release as the
membrane is depolarized by increases in [K+]e and decreases in
[Ca2+]e. Resting EM at which Ca2+ starts to be released is ap-
proximately −50 mV (Sandow et al., 1965). Low [Ca2+]e also
shifts the inward Ca2+ current versus EM toward more negative
potentials (Kostyuk et al., 1982), rendering the mechanical
threshold even more negative. The number of fibers with rest-
ing EM near or less negative than −50 mV increased when [K+]e
was raised to 10 mM while [Ca2+]e is 0.3 mM. Taken together,
these results suggest that the increase in unstimulated force a
high [K+]e and low [Ca2+]e is most likely related to a small acti-
vation of inward Ca2+ current that results in a small activation of
Ca2+ release.

Salbutamol effects
As previously reported (Wang and Clausen, 1976; Clausen
et al., 1980, 2011), exposing muscles to salbutamol allows for
large force recovery at elevated [K+]e as it shifts the tetanic
force–[K+]e relationship toward higher [K+]e. Exposing mus-
cles to β2-adrenergic receptor agonists results in 4–10-mV
hyperpolarization at normal [K+]e (Clausen and Flatman,
1977; Clausen and Flatman, 1980; van Mil et al., 1995). It has
been proposed that the hyperpolarization is linked to an ac-
tivation of the electrogenic Na+ K+ ATPase pump via the
cAMP/PKA pathway (Clausen and Flatman, 1977). However,
this study shows no hyperpolarization and no shift in the
frequency distribution of resting EM by 5 µM salbutamol at
10 mM K+ and 2.4 mM Ca2+; this is in agreement with previous
studies reporting hyperpolarization of just 1–2 mV at 10 mM
K+(Kuba and Nohmi, 1987; Cairns et al., 1995; van Mil et al.,
1995). Despite the lack of hyperpolarization, tetanic force
largely increased upon the salbutamol addition. At 0.3 mM
Ca2+, salbutamol exposure caused a 3-mV hyperpolarization
and an increase in the number of fibers with resting EM
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between −65 and −70 mV. The hyperpolarization was associ-
ated with small increases in membrane excitability and
action potential amplitude that are too small to explain the
large force recovery. Activation of β2-adrenergic receptors also
leads to CaV1.1 channel and ryanodine receptor phosphorylation
(Curtis and Catterall, 1985; Suko et al., 1993; Cairns and Borrani,
2015), resulting in greater Ca2+ release (Cairns et al., 1993;
Bruton et al., 1996; Liu et al., 1997; Rudolf et al., 2006; Cairns
and Borrani, 2015). It is therefore most likely that most of the
force recovery at high K+ in the presence of salbutamol is due to
greater Ca2+ release and to a lesser extent to a hyperpolariza-
tion (at 0.3 mM Ca2+).

Ca2+ sensitivity of HyperKPP skeletal muscles
Tetanic force
The lower tetanic force, greater fiber inexcitability, less
negative resting EM, and lower overshoot of HyperKPP mus-
cles compared with their wild type counterpart reported here
are similar to previous reports where the cause has been fully
discussed (Hayward et al., 2008; Clausen et al., 2011; Lucas
et al., 2014; Ammar et al., 2015; Khogali et al., 2015). This study
now reveals the extent of which HyperKPP muscles are more
Ca2+ sensitive than wild type muscles. At 4.7 mM K+, lowering
[Ca2+]e from 2.4 to just 1.3 mM depressed tetanic force of
HyperKPP muscles to a similar (EDL) or greater (soleus) ex-
tent than that observed for wild type muscles exposed to 0.3
mM. Similarly, the K+-induced force depression at 1.3 mM
Ca2+ for HyperKPP muscles was the same or greater than at
0.3 mM Ca2+ for wild type muscles.

As explained in the Introduction, HyperKPP muscle fibers
are depolarized compared with their wild type counterpart
even when [K+]e is 4.7 mM K+ because of leaky M1592V NaV1.4
channels. For example at 1.3 mM Ca2+ (Ammar et al., 2015), the
majority of wild type soleus muscle fibers (∼66%) have resting
EM ranging between −85 and −70 mV, whereas for HyperKPP
fibers, the majority (∼71%) ranges between −65 and −55 mV.
We now show a similar situation at 2.4 mM Ca2+ (Fig. 9, A and
B). As explained above for wild type muscles, depolarized fi-
bers are more sensitive to the low Ca2+–induced membrane
depolarization. Furthermore, while the number of wild type
soleus fibers at 4.7 mM K+ with resting EM more negative than
−70 mV is the same at 2.4 and 0.3 mM Ca2+ (i.e., 80% and 79%,
respectively; Fig. 9 A); for HyperKPP fibers, the numbers were
54% and 33% (Fig. 9 B). Ca2+ is known to block Na+ channels
with an increased magnitude as EM becomes more negative
(Yamamoto et al., 1984; Armstrong and Cota, 1991; Santarelli
et al., 2007). For example, Na+ current measured at −70 mV
(measured immediately once the channels had been opened
with a brief depolarization) increased by 36% when [Ca2+]e is
reduced from 2 to 0.2 mM; the increase becomes 46% at −80
mV. A reduction in Ca2+ blocking at low [Ca2+]e is not expected
to affect resting EM of wild type fibers because very few
NaV1.4 channels are opened. HyperKPP fibers, on the other
hand, have more NaV1.4 channels opened at rest as a result of
the M1592V mutation. Therefore, when [Ca2+]e is lowered,
fewer NaV1.4 channels are blocked by Ca2+, resulting in an
increase in Na+ influx and further depolarization even at

4.7 mM K+. Thus, one mechanism as to why HyperKPP mus-
cles are more sensitive to the low Ca2+-force depression is
because of a greater number of depolarized fibers and further
depolarization when [Ca2+]e decreases that enhances the de-
gree of NaV1.4 channel inactivation.

Similar to wild type muscles, lowering [Ca2+]e shifted the dV/
dt–EM relationship toward more negative EM, except that the
shift was considerably more pronounced in HyperKPP than wild
type soleus, suggesting a more Ca2+ sensitive steady-state inac-
tivation for the M1592V than wild type NaV1.4 channel. At
10 mM K+ and 0.3 mM Ca2+, the estimated dV/dt of HyperKPP
soleus at −60 mV was only 4% of that at 4.7 mM K+ and 2.4 mM
Ca2+. It is therefore not surprising that no action potential could
be measured at 10 mM K+ and 0.3 mM Ca2+. One may then ask
the question as to how tetanic force at 10 mM K+ and 0.3 mM
Ca2+ was 39% of the force under control conditions. At high [K+]e,
some but not all stimulations during a train trigger action po-
tentials; some fibers generate action potentials at the beginning
of the train, while in other cases the first nine stimulations
failed to trigger one, at least in frog muscle (Renaud and Light,
1992). That is, while twitch force is expected to be completely
abolished at 10 mM K+ and 0.3 mM Ca2+, enough action po-
tentials are generated during the stimulation train to allow some
tetanic force to be generated.

Again as observed for wild type muscles, divalent replace-
ment with Mg2+ at low [Ca2+]e was effective in reducing force
loss, improving fiber excitability, and hyperpolarizing resting
EM in HyperKPP soleus at 4.7 mM K+, which suggest that the
mechanisms by which low Ca2+ affects membrane excitability
and force are the same in wild type and HyperKPP muscles.
Divalent replacement was, however, ineffective at 10 mM K+,
probably because under those conditions soleus muscles are too
severely affected, as noted with the lack of any action potential
measurement and the very low estimated dV/dt.

Altogether, this study demonstrates that the mechanisms
responsible for the low Ca2+–induced force depression in Hy-
perKPP muscles are the same as those for wild type; that is, the
low Ca2+ effect is an intrinsic property of mammalian muscle
and not some unique feature of HyperKPP fibers. The apparent
greater Ca2+ sensitivity of HyperKPP muscles is because Hy-
perKPP fibers are more depolarized than normal, an effect en-
hanced by low Ca2+, and a more Ca2+-sensitive steady-state
inactivation, at least for the M1592V mutation.

Unstimulated force
HyperKPP muscles generated slow increase in unstimulated
force at low [Ca2+]e and high [K+]e, but unlike wild type muscles,
they also generated fast transient contracture. It is very likely
that the fast transient contractures are due to uncontrolled
generation of action potentials because (1) HyperKPP muscle
fibers are prone to myotonic discharge, as they are more depo-
larized and closer to threshold due to a hyperpolarizing shift of
the steady-state activation of Na+ channel; and (2) the latter is
further shifted by low Ca2+. On the other hand, the slow increase
in unstimulated force is most likely related to a small inward
Ca2+ current through CaV1.1 channels as discussed above for wild
type muscles.
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Perspectives for HyperKPP
The next two questions are (1) how relevant are the Ca2+ effects
for HyperKPP patients, and (2) can they explain the alleviation
of symptoms following treatment with calcium gluconate?
Normal total blood Ca2+ ranges between 2.1 and 2.6 mM, while
free ionized [Ca2+] ranges between 1.1 and 1.3 mM (Copstead and
Banasik, 2013). Many case studies primarily report blood Na+

and K+ levels (for example, Streeten et al., 1971), while fewer
report Ca2+ levels as normal (Gamstorp et al., 1957; Poskanzer
and Kerr, 1961). One study (Mankodi et al., 2015) reported the
case of one patient suffering of both hypomagnesemia (0.5 mM)
and hypocalcemia (1.9 mM, total) due to cyclosporine treat-
ments. Mg2+ supplementation alone allowed for a recovery of
normalMg2+ (0.8 mM) and Ca2+ (2.4 mM, total) levels associated
with large decrease in paralytic attacks. In another study
(Herman and McDowell, 1963), paralysis occurred while total
blood Ca2+ was 2.6 mM; an intravenous 180 mg Ca2+ injection
raised the blood Ca2+ to 3.1 mM, fully alleviating the paralysis
within 10min. Thus, while a small variation in Ca2+ serum levels
is not expected to affect muscle force in wild type muscles, it
does in HyperKPP patients between free [Ca2+]e of 1.3 and 2.4
mM, and it explains how small increases can alleviate symp-
toms. The case study on hypomagnesemia and hypocalcemia and
this study suggest that increasingMg2+ intakemay be a potential
treatment to alleviate HyperKPP symptoms.

Modulation of the salbutamol effects by Ca2+

Similar to the situation in wild type, the addition of salbutamol
allowed for force recovery at elevated [K+]e. Furthermore, it
reduced the Ca2+-depressing effect, especially for HyperKPP
soleus. Finally, it reduced the slow increase in unstimulated
force observed at elevated [K+]e. While hyperpolarization was a
potentially small mechanism involved in the force recovery in
wild type muscles, it is very likely to play a greater role in Hy-
perKPP muscles in all three conditions (0.3, 1.3, and 2.4 mM
Ca2+). As observed with wild type soleus at 0.3 mM Ca2+, the
hyperpolarization was only 3–4 mV, but this hyperpolarization
occurs in the most critical range of resting EM (−55/−60 mV) for
which most of the decrease in force occurs, because mean
resting EM at 10 mM K+ was −55/−57 mV and increased to −59/
−63 mV upon addition of salbutamol. This hyperpolarization
then improved membrane excitability and action potential am-
plitude. Of course, an effect on the Ca2+ release mechanism as
discussed for wild type muscles is also expected to play a major
role. Finally, hyperpolarization may also allow closure of CaV1.1
channels, resulting in a decrease in unstimulated force.

Another important aspect is how Ca2+ modulates the effec-
tiveness of salbutamol. For example, at 10 mM K+ and 2.4 mM
Ca2+, the mean tetanic force of HyperKPP EDL increased from
91.3% to 111.2% upon salbutamol addition. This gave rise to a
force of 41 N/cm2, which is comparable to the mean tetanic force
of wild type EDL (i.e., 38 N/cm2). At 1.3 mMCa2+, HyperKPP EDL
tetanic force increased from 52% to 88%, giving a force of 27 N/
cm2, a value that is much lower than for wild type EDL.
Therefore, Ca2+ can strongly impact the effectiveness of salbu-
tamol in treating HyperKPP patients, considering that the nor-
mal range of blood free [Ca2+] is 1.1–1.4 mM. Replacing Ca2+ by

Mg2+ had a major effect in HyperKPP EDL. Therefore, salbuta-
mol, and likely other treatments as well, is expected to be more
efficient in the setting of elevated blood Ca2+.

In conclusion, this study demonstrates that lowering [Ca2+]e
has a major impact on force development in normal muscles
when the cell membrane is depolarized. HyperKPPmuscle fibers
have a greater Ca2+ sensitivity not because there is a difference
in the low Ca2+ mechanism of action compared with wild type
but rather because their fibers are more depolarized than their
wild type counterparts. Three major mechanisms are proposed
for the Ca2+ effects: (1) a greater membrane depolarization in-
creasing the number of unexcitable fibers, (2) a hyperpolarizing
shift of the steady-state inactivation of NaV1.4 channels lowering
action potential amplitude, and (3) a decrease Ca2+ release as
CaV1.1 channels are inactivated at low Ca2+. Replacing Ca2+ by
Mg2+ allows for some force recovery, but inmost cases not to the
level observed at 2.4 mMCa2+. The effectiveness of salbutamol at
allowing force recovery is seriously impaired by lowering [Ca2+]e
to just 1.3 mM in HyperKPP muscles, a [Ca2+] concentration
within the normal range of blood free [Ca2+]. It may be infor-
mative to monitor serum Ca2+ levels more closely in HyperKPP
patients, especially during paralytic attacks. More clinical ob-
servations may help to establish whether Ca2+ (or Mg2+) sup-
plement would help these patients.

Acknowledgments
Eduardo Rı́os served as editor.

This study was supported by a Canadian Institutes of Health
Research grant (#375151) to J.-M. Renaud.

The authors declare no competing financial interests.
Author contributions: F. Uwera: measurements of force; T.

Ammar: measurements of force and membrane potential and
writing of manuscript; C. McRae: measurements of force and
membrnae potential and writing of manuscript; L.J. Hayward:
generation of HyperKPP mouse model and writing of manu-
script; J.M. Renaud: experimental design, statistical analyses,
and writing the manuscript.

Submitted: 8 October 2019
Revised: 18 February 2020
Accepted: 21 March 2020

References
Ammar, T., W. Lin, A. Higgins, L.J. Hayward, and J.M. Renaud. 2015. Un-

derstanding the physiology of the asymptomatic diaphragm of the
M1592V hyperkalemic periodic paralysis mouse. J. Gen. Physiol. 146:
509–525. https://doi.org/10.1085/jgp.201511476

Armstrong, C.M., and G. Cota. 1991. Calcium ion as a cofactor in Na channel
gating. Proc. Natl. Acad. Sci. USA. 88:6528–6531. https://doi.org/10.1073/
pnas.88.15.6528

Brum, G., R. Fitts, G. Pizarro, and E. Rı́os. 1988a. Voltage sensors of the frog
skeletal muscle membrane require calcium to function in excitation-
contraction coupling. J. Physiol. 398:475–505. https://doi.org/10.1113/
jphysiol.1988.sp017053
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