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Abstract

It is generally thought that muscle excitability is almost exclusively controlled by currents
responsible for generation of action potentials. We propose that smaller ion channel currents that
contribute to setting the resting potential and to subthreshold fluctuations in membrane potential
can also modulate excitability in important ways. These channels open at voltages more negative
than action potential threshold and are thus termed subthreshold currents. As subthreshold currents
are orders of magnitude smaller than the currents responsible for the action potential, they are hard
to identify and easily overlooked. Discovery of their importance in regulation of excitability opens
new avenues for improved therapy for muscle channelopathies and diseases of the neuromuscular
junction.
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The inherited muscle channelopathies are a family of disorders arising from mutations of ion
channels that are critical for regulation of muscle excitability. The primary symptoms of
muscle channelopathies are myotonia and attacks of weakness. In the channelopathies with
myotonia, delayed relaxation of muscle is a prominent symptom. Myotonia is caused by
either downregulation/loss-of-function of the muscle chloride channel (CIC-1)} or gain-of-
function mutations of the muscle Na channel®: 6. The primary approach to treating myotonic
channelopathies is block of Na* channels using drugs such as mexiletine’-9. However, many
patients suffer side effects or incomplete symptom resolution; thus there is a need for
improved therapy.

The periodic paralyses are a subgroup of muscle channelopathies caused by gain-of-function
mutations of Na* and CaZ* channels or by loss-of-function mutations in K* channels such as
Kir 2.1 (KCNJ2) 6. 10-13  Attacks of weakness are triggered by changes in extracellular K,
either elevations (hyperkalemic periodic paralysis) or reductions (hypokalemic periodic
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paralysis)8 1417 Recently, a carbonic anhydrase inhibitor, dichlorphenamide, was approved
by the FDA for treatment of both hypo- and hyperkalemic periodic paralysis’-19. The
mechanism whereby inhibition of carbonic anhydrase improves weakness in periodic
paralysis remains incompletely understood’, and the benefits appear to be greater in hypo-
vs. hyperkalemic periodic paralysisl’- 18,

While the mutations responsible for muscle channelopathies have largely been identified, a
complete understanding of how these mutations cause dysregulation of muscle excitability
remains elusive. As some mechanisms remain unknown, identification of these mutations
has not led to significant advances in therapy. One difficulty is that an effective therapy for a
muscle excitability disorder must preserve normal muscle function. However, because the
mutated channels are still a necessary element of voluntary movement, they are difficult to
target without affecting normal movement. To develop optimal therapies, it will be necessary
to identify events unique to pathologic muscle excitation so that these mechanisms can be
targeted. Do such events exist?

Normal muscle activation

To identify events unique to pathologic muscle excitation, it is necessary to understand all of
the steps involved in normal muscle excitation. Normal activation of skeletal muscle is
initiated at the neuromuscular junction. An action potential initiated in the motor neuron
leads to release of acetylcholine from the nerve terminal at the neuromuscular junction,
which activates acetylcholine receptors on muscle to cause depolarization?%: 21, The
depolarization of muscle due to opening of acetylcholine receptors is known as the endplate
potential and each endplate potential triggers a single muscle action potential?2: 23,
Depolarization during muscle action potentials is driven by opening of voltage-activated
Nav1.4 channels, and subsequent repolarization is driven by the voltage-activated K*
channels!# 15, Muscle action potentials propagate along the surface membrane
(sarcolemma) and into the transverse tubules (t-tubules), which are invaginations of the
surface membrane?# into the center of the muscle fiber. Action potential propagation into the
t-tubules triggers release of Ca2* from the intracellular sarcoplasmic reticulum compartment
to trigger muscle contraction via a process known as excitation-contraction coupling2>-27,

A key concept to understanding neuromuscular transmission is safety factor?2 23, One
definition of safety factor is the difference between the peak of the endplate potential and the
voltage at which a muscle fiber action potential is triggered (action potential threshold).
Having an adequate safety factor is essential for maintaining neuromuscular transmission
during the repetitive activation of muscle that is necessary for normal voluntary movement

(Fig 1).

Weakness can occur when the safety factor is reduced by either reducing the endplate
potential or by raising action potential threshold. Endplate potential amplitude can be
reduced by either decreasing release of acetylcholine, as occurs in Lambert-Eaton
myasthenic syndrome, or by reducing the number of available acetylcholine receptors, as
occurs in myasthenia gravis?8-32 (Fig 1). If, however, endplate potentials are normal, but
threshold becomes too elevated, endplate potentials will not reach threshold and
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neuromuscular transmission fails in a manner similar to that seen with diseases of the
neuromuscular junction33: 34, To understand how threshold can be elevated, it is necessary to
understand the determinants of threshold. At the action potential threshold, depolarizing
current is equal and opposite to hyperpolarizing current3>: 36, Elevation of threshold occurs
if depolarizing currents are decreased or hyperpolarizing currents are increased, as either
changes the voltage at which the currents are equal and opposite.

Pathologic depolarization in muscle in channelopathies.

As mentioned above, identification of the ion channel mutations responsible for muscle
channelopathies has not led to significant advances in therapy. The reason for this is an
incomplete understanding of the mechanisms responsible for pathologic depolarization. As
an example we will consider in detail how loss-of-function mutations in CI~ channels causes
myotonia (involuntary firing of muscle action potentials). There are both a steady and a
transient depolarization that combine to trigger involuntary firing of muscle action potentials
in myotonia3” (Fig 2). One contributor to steady depolarization is build-up of K in the t-
tubules, which shifts the Nernst potential for K* to cause depolarization of the resting
membrane potential38-41, Normally, CIC-1-mediated CI~ current, which accounts for 70%
-80% of resting muscle membrane conductance, offsets the depolarizing influence of K*
accumulation and thus lessens the steady depolarization? 27: 38, 42,43 \Whether K* build-up
is the sole cause of the steady depolarization remains unknown. The transient depolarization,
however, cannot be due to K* build-up: It occurs during a time when no action potentials are
being fired and therefore there is no efflux of K* from the fiber into the t-tubules.

We recently determined that a Na* persistent inward current (NaPIC) is an important
contributor to the repetitive firing occurring during myotonia3’. NaPIC is present in normal
skeletal muscle and lacks the fast inactivation which is the hallmark of the Na* channels that
are responsible for triggering action potentials**. In muscle, NaPIC is sensitive to low doses
of tetrodotoxin, suggesting it is carried by Nav1.4 channels®’. It is likely that muscle NaPIC
derives from a small subset of Nav1.4 channels that are in a different conformation from
fast-inactivating Nav1.4 channels. This understanding is based on recordings from frog
skeletal muscle, in which single Na* channels shifted modes between a normal, fast-
inactivating mode and a mode lacking fast inactivation#®. For clarity as we move forward,
we will term the Na* channels responsible for action potentials “fast-inactivating Na*
channels” as they stay open for no more than a few milliseconds before inactivating. This is
in contrast to channels in the NaPIC mode, which can stay open for seconds without
inactivating.

The role of channels in the NaPIC mode in regulating excitability has primarily been studied
in neurons. It is well established that channels in the NaPIC mode help maintain repetitive
firing of neurons in response to sustained depolarization*® 47. Neurons have many weak
synapses that are activated asynchronously. Thus, neurons experience steady depolarization
from asynchronous activation of their many inputs, which is converted to repetitive firing.
The greater the depolarization of the neuron, the greater the firing rate. This is known as the
F-I relationship — F represents firing frequency and | represents injected current. In lower
motor neurons, this relationship is one of the primary means of muscle force regulation®’.
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The F-I relationship in motor neurons is governed by currents that are active at membrane
potentials more negative than action potential threshold (subthreshold currents). These
currents consist of both non-voltage gated (leak) currents and voltage-gated currents which
activate at potentials negative to action potential threshold#®: 4°, In neurons, subthreshold
currents include depolarizing currents carried by channels in the NaPIC mode and Ca?*
channels, as well as hyperpolarizing currents carried by K* channels*6: 47, The ratio of
depolarizing to hyperpolarizing current determines whether the neuron will reach threshold
and fire. When the ratio of depolarizing to hyperpolarizing subthreshold current is high,
there is rapid depolarization toward action potential threshold and a high F-I gain (a high
firing rate for a given current injection). When the depolarizing to hyperpolarizing
subthreshold current ratio is low, the F-1 gain is low and, in the extreme case, neurons can
fire a single action potential, but cannot fire repetitively#®. Manipulation of NaPIC in
neurons has a dramatic effect on the F-I relationship and ability of neurons to fire
repetitively4°.

One factor that may affect the percent of channels in the NaPIC mode present in neurons is
the expression level of Nav1.6. Nav1.6, the primary voltage gated Na channel at nodes of
Ranvier, is also present at the axon initial segment, and produces a relatively large
NaPIC30. 51 The NaPIC carried by Nav1.6 at Nodes of Ranvier may play an important role
in sustaining normal repetitive firing of peripheral nerve and could contribute to pathologic
repetitive firing and/or degeneration of peripheral nerve®l: 52,

If NaPIC has a similar function in triggering repetitive firing in muscle, it could play a
central role in triggering myotonia. How does it do this? Part of the answer is that the
“persistent” part of NaPIC’s name can be misleading. Channels in the NaPIC mode have a
more negative voltage dependence of activation relative to fast-inactivating Na channels®4.
Thus, they open at voltages negative to action potential threshold and bring the fiber to
threshold such that an action potential is triggered. The channels then close during
repolarization following the action potential. Therefore, during myotonia, NaPIC is not a
persistent current, but is instead a transient current that contributes to the transient
depolarization that triggers each action potential. This is not to say that NaPIC never
contributes to steady depolarization. Nav1.4 mutations that cause hyperkalemic periodic
paralysis increase the percent of channels in the NaPIC mode and cause both myotonia and
attacks of weakness1” 93. 54, Our interpretation is that, in affected patients, when the
membrane potential is relatively negative between attacks, there is only a slight increase in
the depolarizing to hyperpolarizing subthreshold current ratio. In this setting, this increase
causes myotonia due to transient activation of the NaPIC current as described above. As K*
rises during an attack, the resting membrane potential depolarizes continuously such that
channels in the NaPIC mode become continuously activated (truly persistent). This causes a
large increase in the ratio of depolarizing to hyperpolarizing subthreshold current, which
causes inactivation of fast-inactivating Na* channels, electrical inexcitability, and weakness.
Thus, depending on the membrane potential, NaPIC contributes to either transient or steady
depolarization that causes either myotonia or weakness.
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The ion channels responsible for subthreshold currents in muscle

Subthreshold currents are active at voltages more negative than action potential threshold.
The balance of inward and outward subthreshold currents involves both a) ion channels that
are open at rest and contribute to regulation of resting potential and b) ion channels not open
at rest, which activate in the voltage range between resting potential and action potential
threshold. This second type of ion channel can have profound effects on repetitive firing
without having any effect on resting potential or properties of single action potentials3’: 95,
While subthreshold currents may be small, they can determine whether an action potential
fires, and thus play a major role in regulation of muscle excitability.

We propose that disorders of muscle excitability are caused by an elevation of the
depolarizing to hyperpolarizing subthreshold current ratio. This framework could explain
why mutations in both Na* channels and CI~ channels can trigger myotonia. Either
increasing subthreshold depolarizing current (due to increases in NaPIC caused by mutation
of Na channels®3: 24) or decreasing subthreshold hyperpolarizing current (due to loss-of-
function mutations of CIC-1 CI~ channels?) will increase the depolarizing-to-
hyperpolarizing subthreshold current ratio.

The realization that subthreshold currents are important regulators of excitability makes it
desirable to identify all channels that are responsible for subthreshold currents. There are
few channels that have been well characterized in skeletal muscle that could carry
depolarizing subthreshold currents. As Cav1.1 channels primarily open at membrane
potentials more depolarized than action potential threshold, they likely do not contribute
significantly to depolarizing subthreshold currents. This leaves Nav1.4 channels as the only
well characterized candidate. While fast-inactivating Nav1.4 channels open at potentials
more negative than threshold, they do not stay open long enough to fully account for the
transient depolarization occurring over 20 to 50 ms that triggers myotonia. Nav1.4 channels
in the NaPIC mode, activate significantly at membrane potentials more negative than action
potential threshold3”: 44 and remain open long enough to account for the slow depolarization
to threshold.

Hyperpolarizing subthreshold currents are carried by CI~ and K* channels. Understanding
the role of CIC-1 chloride channels in regulation of muscle excitability is complicated by the
fact that the CI~ reversal potential can be either more depolarized or more hyperpolarized
than the resting membrane potential. Normally, the CI~ reversal potential is slightly more
depolarized than the resting potential®®: 57. This might make one think that CIC-1 channels
function to increase excitability. However, during periods of depolarization, such as at the
end of action potentials and after K build-up in t-tubules, CIC-1 chloride channels function
to hyperpolarize muscle as the ClI- reversal potential is more negative than the depolarized
membrane potential® %8, In this situation, CIC-1 channels are the biggest contributor to
hyperpolarizing subthreshold currents because they are responsible for 70-80% of resting
membrane conductance?2: 59, Unfortunately, opening CIC-1 channels is not generally a
viable option for treatment of myotonia congenita as the disorder is due to loss of function
mutations of CIC-1 channels.
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Opening K* channels is an attractive approach to treatment of both myotonia and
hypokalemic periodic paralysis as the channels are present, and in both situations the K*
reversal potential is negative relative to the membrane potential. A number of types of K*
channels are present in skeletal muscle. Kir channels are open at the resting membrane
potential and are likely carry the largest hyperpolarizing subthreshold current other than
CIC-160. 61 KCNQ type (Kv7) K* channels might also contribute to hyperpolarizing
subthreshold currents. We and others have found that retigabine, an activator of Kv7
channels, can lessen myotonia®® 62, Retigabine has no effect on the number of K* channels
open at rest, nor does it have any effect on excitability that can be identified by measuring
properties of single action potentials®®: 62, Instead it appears likely that, by causing a
hyperpolarized shift in the voltage dependence of Kv7 channel activation®3: 84, retigabine
leads to activation of Kv7 channels only when the membrane potential is relatively
depolarized during runs of myotonia. Unfortunately, retigabine is no longer FDA-approved.
Despite its effectiveness /in vitro, it had no beneficial effect on motor function of mice®.
One potential explanation for the lack of motor improvement is the finding that retigabine
has significant CNS side effects that contribute to motor dysfunction®®. If openers of Kv7
channels that do not cross the blood brain barrier are identified, they might provide effective
therapy for myotonia without the CNS side effects.

Another class of K* channels expressed in skeletal muscle is Katp channels®6: 67, These
channels are thought to play a role in regulation of excitability during repetitive firing and
are opened by drugs such as cromakalim or pinacidil®®-70. It has been shown that treatment
with cromakalim greatly improves the contractile force of muscle fibers from patients with
hypokalemic periodic paralysis’1. Unfortunately, treatment of patients by activating Kapp
channels may be limited by side effects such as hypoglycemia’2. Finally, Ca-activated, large
conductance (BK) K* channels are expressed in skeletal muscle’3: 74. An opener of BK
channels has been developed and found to be safe for use in humans’® such that targeting
these channels might be an option.

It seems unlikely that all subthreshold currents have been identified. A number of members
of the transient receptor potential (TRP) ion channel family are also expressed in skeletal
muscle’® 77, TRP channels depolarize neurons when activated and could also be important
contributors to depolarizing subthreshold currents. TRP channels are opened by a number of
different stimuli, including voltage, Ca2*, pH, muscle stretch, and temperature changes’,
which may help explain phenomena such as stretch- or cold-induced myotonia. Another
channel type that could contribute to involuntary firing are hyperpolarization-activated
cyclic-nucleotide-gated (HCN) channels. HCN channels are responsible for the rhythmic
depolarization in cardiac pacemaker cells and have been implicated in diseases of
excitability such as epilepsy and pain’® 80, Low levels of RNA encoding for various HCN
channels have been found in skeletal muscle8l.
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A novel approach to development of therapy for disorders of muscle

excitability

Identification of the role of subthreshold currents in repetitive firing has led us to
hypothesize that the currents which trigger repetitive firing of voluntary action potentials are
not the same currents which trigger involuntary myotonic action potentials. Voluntary
repetitive firing of muscle fibers is triggered by repetitive depolarization due to opening of
acetylcholine receptors at the neuromuscular junction, as described in Fig 1. At the point
when voluntary contraction ends and myotonia begins, the source of depolarization
triggering action potentials switches from opening of acetylcholine receptors to the
combination of subthreshold currents responsible for steady and transient depolarization

(Fig 3).

The idea that different currents are responsible for voluntary versus myotonic action
potentials changes the way one approaches therapy. The present approach to therapy focuses
on blocking the fast-inactivating Na* channels responsible for generation of action
potentials. This raises action potential threshold to make it harder to fire, which can lead to
weakness (Fig 4). In fact, elevation of action potential threshold is the cause of
neuromuscular transmission failure in patients with congenital myasthenia gravis due to
loss-of-function mutations of Nav1.4 Na* channels33: 34, However, focusing treatment on
subthreshold currents may leave action potential threshold unaltered such that voluntary
contraction is unaffected (Fig 4).

While block of subthreshold depolarization is theoretically attractive as a treatment option,
we do not yet have the right pharmacologic tools. Blocking NaPIC should have profound
effects on the balance of subthreshold currents while having little to no effect on action
potential threshold. Unfortunately, there is currently no drug that is specific for NaPIC.
Available drugs that block NaPIC, such as riluzole and ranolazine, may be partially effective
as therapy®® but as they also partially block the fast inactivating Na channels responsible for
generating action potentials*’- 53. 82 they are not optimal.

Another therapeutic approach would be to increase subthreshold hyperpolarizing currents by
activating K* currents. As mentioned above, this appears to be the mechanism of action of
retigabine. Perhaps another activator of Kv7 channels can be identified that does not cross
the blood brain barrier. Such a drug might effectively treat myotonia without CNS side
effects or detrimental effects on normal muscle excitation.

Subthreshold currents may contribute to neuromuscular transmission

We do not currently know the normal function of subthreshold currents in skeletal muscle.
Given that the subthreshold currents identified to date are voltage-activated and tend to
induce depolarization, it is possible that they contribute to fidelity of neuromuscular
transmission. As described above, the endplate potential normally decrements during
repetitive stimulation. This is especially true at high rates of stimulation. Our studies of
NaPIC37 suggest it is activated during high frequency firing, such that it may boost the
depolarization caused by endplate potentials that would otherwise be subthreshold (Fig 5).
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It was recently discovered that there is failure of neuromuscular transmission in aged mice
that worsens at high rates of stimulation (William Arnold, personal communication).
Measures of presynaptic and postsynaptic function at the neuromuscular junction are
normal, suggesting failure of transmission is due to a problem with muscle fiber excitability.
Further studies of muscle fiber excitability will be needed to determine the mechanism
underlying failure of transmission, but preliminary data favor the possibility that a reduction
in subthreshold current contributes.

The realization that subthreshold currents play a central role in dysregulation of excitability
in the muscle channelopathies leads to a new way of thinking about disorders of muscle
excitability. Identification of new subthreshold currents paves the way for identification of
other channel types to target. This will allow for development of novel therapies that may be
more effective than current options.
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Figure 1:

Neuromuscular transmission in healthy and myasthenia gravis muscle. In normal muscle, the
endplate potentials that trigger muscle action potentials go beyond the muscle fiber action
potential threshold. This extra depolarization is known as the safety factor. During repetitive
firing of the nerve, the endplate potential amplitude undergoes a normal decline in amplitude
such that the safety factor decreases. However, as long as the endplate potential triggers
sufficient depolarization to reach action potential threshold, there is no failure of
neuromuscular transmission. On the right, myasthenia gravis is shown, in which the number
of acetylcholine receptors is reduced. The safety factor is reduced such that, by the sixth
endplate potential, it is insufficient to reach action potential threshold to trigger a muscle
action potential. This failure of neuromuscular transmission is responsible for weakness.
Note, all traces were generated using records from mouse muscle fibers. Since
suprathreshold endplate potentials and action potentials cannot be recorded at the same time,
the recordings in the top and bottom panels were obtained from different fibers. Action
potentials in the traces were triggered by sustained injection of current rather than repeated
brief depolarization as occurs during voluntary activation of muscle. The recordings in the
right column were obtained from healthy wild type muscle and edited to mimic the changes
seen in myasthenia gravis. For example, the endplate potential traces (which were generated
from endplate current recordings) in the right column are the same as those in the left
column but were scaled down 30% and the action potential stimulation was cut short to
mimic failure of neuromuscular transmission.
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Figure 2:
Two contributors to the depolarization that triggers myotonia. On top is an intracellular

recording of action potentials from a normal mouse skeletal muscle fiber. In normal muscle,
as soon as voluntary firing of muscle action potentials stops, muscle hyperpolarizes and
relaxes. On the bottom are action potentials from a myotonic mouse muscle. Unlike normal
muscle, there is continued firing of action potentials following cessation of voluntary firing.
The cause of involuntary firing is a combination of a steadily increasing depolarization
(green) such that the membrane potential does not return to the resting membrane potential
(RMP, indicated by a thin gray line) between action potentials, and a transient depolarization
(red) which occurs prior to each myotonic action potential.
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Figure 3:
Distinct currents trigger repetitive firing during voluntary contraction versus myotonia. The

top trace shows the muscle fiber’s action potentials during voluntary firing vs. myotonia. A
vertical, dotted red line indicates the time at which voluntary firing ceases and myotonia
begins. The bottom trace shows the depolarization type responsible for the repetitive firing
of muscle action potentials. During voluntary contraction, repeated firing of the motor
neuron triggers repeated endplate potentials, each of which triggers a muscle action
potential. When voluntary contraction ends, motor neuron firing stops, as do endplate
potentials. At this time, there is a switch in the type of current responsible for firing the
muscle action potential, from endplate potentials to a combination of steady (green) and
transient (red) depolarizations. The subthreshold oscillations in membrane potential in the
bottom right of the figure were generated from a real recording of myotonia by erasing the
part of the trace more depolarized than action potential threshold and drawing the missing
part of the oscillation by hand.
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Figure 4:
Block of subthreshold depolarization could treat myotonia without causing the weakness

that can accompany block of fast-inactivating Na channels. The top trace shows the effects
of treating myotonia by raising action potential threshold via block of fast-inactivating Na
channels with mexiletine. Note that the action potentials become steadily smaller, due to
reduced muscle excitability, until they fail. This is in contrast to the muscle action potentials
in myasthenia gravis depicted in Fig. 1, which are normal; then suddenly disappear when the
endplate potentials fail to reach threshold. While block of fast-inactivating Na* channels can
effectively eliminate myotonia by raising threshold above the voltage reached by
subthreshold depolarizations, it runs the risk of causing failure of neuromuscular
transmission, such that there is weakness. In the lower trace, myotonia is eliminated by
blocking transient subthreshold depolarization. Alternately, if the steady subthreshold
depolarization could be blocked it would also be possible to eliminate myotonia. As
subthreshold currents play little to no role in setting action potential threshold, activation of
muscle during voluntary contraction is unaffected such that there is no weakness. AP =
action potential.
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Figure5:

A potential role of subthreshold currents in neuromuscular transmission. Shown on the left is
failure of neuromuscular transmission occurring in a situation, such as myasthenia gravis, in
which the endplate potential is not large enough to reach action potential threshold. In the
absence of a subthreshold current, depression of the endplate potential causes failure of
neuromuscular transmission. On the right is shown how gradual activation of a subthreshold
current (shown in red) during repetitive firing of muscle might counteract depression of the
endplate potential to maintain neuromuscular transmission.

Ann Neurol. Author manuscript; available in PMC 2021 February 01.



	Abstract
	Normal muscle activation
	Pathologic depolarization in muscle in channelopathies.
	The ion channels responsible for subthreshold currents in muscle
	A novel approach to development of therapy for disorders of muscle excitability
	Subthreshold currents may contribute to neuromuscular transmission
	Summary

	References
	Figure 1:
	Figure 2:
	Figure 3:
	Figure 4:
	Figure 5:

