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ABSTRACT 

 

 
Title of Dissertation: Optical Recordings of Action Potentials and Voltage Sensing 

Domains 

Quinton Banks, Doctor of Philosophy, 2019 

 
Dissertation directed by: Martin Schneider, Ph.D., Professor 

Department of Biochemistry and Molecular Biology 

 
 

Excitation-contraction coupling (ECC) allows muscle to translate an action potential (AP) 

into muscle contraction. Optical methods for measuring membrane potential changes can 

expand our understanding of excitable cell function. Applying the potentiometric dye Di- 

8-ANEPPS and high-speed confocal microscopy to flexor digitorum brevis (FDB) muscle 

fibers from adult mice we non-invasively measure the electrical properties of these fibers. 

We determined action potential conduction velocity by comparing the time course of 

action potentials initiated at either end of muscle fibers by using alternate polarity electric 

field stimulation. Action potentials propagated longitudinally at a velocity of 0.39 ± 0.02 

m/s. Conduction velocity of calcium transients, using mag-fluo-4, a low-affinity calcium 

indicator, was 0.37 ± 0.03 m/s, similar to Di-8-ANEPPS. We used mag-fluo-4 to examine 

whether our approach could capture conduction changes due to ionic concentrations, fiber 

length, and a lack of dystrophin, and found that we could. A lumped component 

equivalent electrical circuit model of the muscle fiber’s passive properties reproduced the 

observed passive responses of muscle fibers. This method using dyes allows the study the 



action potential propagation in a non-invasive manner in FDB fibers under differing 

physiological conditions and in various disease states. 

In skeletal muscle, AP sensing is governed by Cav1.1. Cav1.1 has 4 voltage sensor 

domains (VSDs) located in the membrane that that move in response to changes in 

membrane potential. During an AP these VSDs shift, initiating calcium release. We have 

not yet elucidated VSD movement in Cav1.1. Here we transfect mouse FDBs with a 

version of Cav1.1 that has a cysteine near the VSD. This allows us to attach a thiol- 

reactive fluorescent probe near the VSD and track its movement. This did not noticeably 

affect trafficking or function of Cav1.1. In resting conditions, our cysteine of interest 

should be embedded in the membrane. Upon depolarization, this cysteine shifts out of the 

membrane, allowing us to detect its movement as a change in fluorescence after changes 

in fluorophore environment. Using field stimulation fluorometry, we observed the shifts 

of Cav1.1 VSDs in response to field stimulation and analyzed how they correspond to 

Ca2+ release in native tissue. 
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Chapter 1: Optical Recordings of Action Potentials 

 
Chapter 1.1: Introduction to Excitability and Action Potentials 

Numerous cells in our body utilize changes in transmembrane voltage to act. 

These cells include neurons, all types of muscle cells, and some endocrine cells (ex. 

pancreatic B-cells, pituitary cells)1-3,4-6. Though these cells have different functionality, 

an action potential (AP) is required for their activity. Due to variation in ion channel 

concentration and expression between these tissues, the time courses and amplitudes of 

APs will vary, but the general process is similar7,8. At rest, these cells are in an inside- 

negative polarized state, maintained by a very specific balance of ionic conductances and 

ion concentrations on either side of the cell membrane9. 

There are two ways to trigger an AP: chemically or electrically. In electrically 

uncoupled cells, ligand will bind to ionotropic receptors, leading to shifts in this ionic 

balance, initializing a depolarizing jump that triggers the AP10,11. Alternatively, in long 

cells or electrically coupled cells, local current spread from neighboring cells or cell 

regions will initiate passive depolarization via local current flow, leading to activation of 

a propagating AP12. In both cases some ion channels will open, allowing their specified 

ions to pass through, tending to bring the relative concentrations of ions inside and 

outside of the cell closer to equilibrium, and altering the membrane voltage. These 

changes in voltage lead to additional voltage-gated ion channels to open, amplifying the 

depolarizing shift7,13. Other ion channels are activated at more depolarized voltages and 

will work to counteract the depolarizing shift. A return to baseline is ultimately achieved 

by active ion pumps and transporters that help shift the ionic balance back to its resting 

state, and in doing so restore the cell to the resting membrane voltage14-16. This process 
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takes only a few milliseconds in skeletal muscle and neurons, but is fundamental to the 

activity of our nervous, muscular, and endocrine systems. 

In skeletal muscle, proper contraction is important for motor skills, eye control 

and breathing, among a plethora of other activities17-19. Conduction velocity has been 

studied for many decades for both exploratory and diagnostic purposes. We will 

summarize the research on conduction velocity in skeletal muscle and the methods used 

to assess it. For a look at the history behind how science progressed to be able to measure 

electrical activity and conduction velocity, please refer to Kazamel and Warrens review 

article20. 

 

 

Action potentials in skeletal muscle 

 

In skeletal muscle the AP begins at the neuromuscular junction (NMJ), where a 

motor neuron forms a synapse on a muscle fiber21,22. When the motor neuron is 

stimulated and the neuron AP reaches the axon terminal it will release acetylcholine that 

will bind to acetylcholine receptors on the muscle fiber23. This will cause an influx of Na+ 

ions into the cell and initiate the AP. The AP will travel in both directions from the NMJ, 

towards the ends of the fiber. 

APs in skeletal muscle are important for a major activity: excitation-contraction 

coupling (ECC). ECC is the process by which an AP leads to muscle contraction24,25. An 

AP will activate dihydropyridine receptors (DHPRs), a voltage-gated calcium-channel, in 

the sarcolemmal and transverse tubule membrane26. These muscle-specific channels are 

intrinsically linked to ryanodine receptor type 1 (RyR1) in the sarcoplasmic reticulum 
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membrane, so activation of DHPR will lead to activation of RyR127. RyR1 is a calcium 

release channel, and upon its activation, calcium is release from the SR into the 

cytoplasm, where it can bind to troponin C, allowing the actin-myosin power stroke to 

occur. Unlike in cardiac muscle, calcium-induced calcium release does not occur under 

basal conditions in skeletal muscle, so the DHPR must signal RyR1 to release 

calcium28,29. This makes AP conduction velocity a crucial factor in skeletal muscle. 

Deficits in skeletal muscle or motor nerve conduction velocity have been 

implicated in ALS30,31, diabetes32-34, and carpal tunnel35,36, to name a few pathologies. 

This slowed velocity could contribute to the muscle weakness patients with these 

conditions exhibit. In addition to pathologies, several drugs, especially under chronic use, 

have muscle weakness as a side effect, with causes that are not fully understood. 

Statins37,38, corticosteroids39, and some antiarrhythmic drugs40,41 are among these drugs. 

 

 

 
Membrane Properties and Conduction Velocity 

 

Hodgkin and Huxley were among the first to examine the membrane ionic 

conductances underlying the electrical activity in axons. Their studies using squid giant 

axons became the foundations for the modern electrophysiological field10. They also 

predicted that there is some sort of “voltage sensor” responsible for turning membrane 

voltage dependent ionic current on or off. They predicted that these sensors contained 

electric charges that would allow the sensor to move in response to changes in trans- 

membrane electric field. That movement could be recorded as gating current. Their 

predictions of gating current based on their results ended up being proven true later42,43. 
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Adrian was among the first to predict the effects of gating current on conduction velocity 

in the giant squid axon based on the measured conduction velocity44. 

Gasser and Erlanger were awarded the Nobel Prize in medicine in 1944 for their 

landmark work on the differential properties of nerve fibers of different thickness. One of 

those findings was that nerve fibers with different diameters have different conduction 

velocities45,46. Since then, many advancements have been made to measure conduction 

velocity in amphibian and mammalian neurons. From extracellular electrodes to the 

microelectrode to the electromyograph (EMG) to fluorescence measurements, the field 

has developed several methods to measure conduction velocity. 

Proper conduction velocity is essential for the ECC process to induce appropriate 

synchronous muscle contraction throughout each muscle fiber47. If the AP travels too 

slowly along the muscle fiber, there may be inappropriate local shortening and/or local 

force generation that would not summate to a useful amount of force production at the 

two tendon insertions of the muscle fiber48. Conduction velocity can be modulated in a 

variety of ways to ensure uniform contraction and proper force production across these 

different sizes. 

Maintenance of specific ionic balances is necessary for proper action potential 

initiation and conduction velocity in all excitable fibers. In conditions where extracellular 

K+ is altered, such as fatigue, conduction velocity is seen to decrease3,49. Any ionic 

alteration should change conduction velocity, and this has also been seen with Na+ 

concentrations as well50. 
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Muscle fiber length and conduction velocity 

 

The length of a muscle fiber, together with the AP conduction velocity, will 

determine the degree of contractile synchrony (i.e. similar time course of contraction 

from all regions of the muscle fiber/group)47,51. A desynchronized contraction could 

reduce whole muscle function and cause muscle damage. 

Fibers of the same type but of differing lengths appear to have a length-dependent 

conduction velocity, with longer fibers having a faster velocity51. Our group has 

suggested that this difference could be due to longer fibers having a greater concentration 

of Nav1.4 along the membrane, as shown by a whole mount stain51. Another group has 

also shown that the extensor digitorum longus (EDL, longer) has a greater concentration 

of Nav1.4 than the flexor digitorum brevis (FDB, shorter) using western blot52. By 

increasing the concentration of these channels, the excitability will increase, and the time 

required for an AP to reach both ends of the fiber will decrease. In neurons, differences in 

Na+ channel concentration along the axon have been related to differences in conduction 

velocity53,54, providing some precedent for this hypothesis. 

 

 
Conduction velocity and diameter 

 

Conduction velocity is known to increase with fiber diameter. Most of the early 

research on this relationship was done in neurons55,56,57,58 but the same principle applies 

to all excitable cells. An increase in diameter results in decreased internal resistance due 

to the increased volume of intracellular electrolyte solution available to carry longitudinal 

current55,59. This will allow for an increase in excitability, allowing the AP to be initiated 

and propagated faster. Passive properties of the cell also contribute to its excitability. In 
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particular, longitudinal conductance of the fiber interior will increase with the square of 

the fiber diameter (d), but membrane conductance per unit length will only increase in 

proportion to d55. Changes in fiber diameter will thus affect the length constant, the 

distance an electrical signal will travel before it decays to 37% of its initial amplitude60. 

As the diameter increases, the signal will travel farther before it decays to 37%. If the 

length constant is large, membrane potential changes at one point will spread further 

down the fiber, bringing more distant regions to threshold faster, increasing the 

conduction velocity. 

 

 

Conduction velocity and fiber type 

 

In addition to fiber length, fiber type has also been associated with differences in 

conduction velocity. Across several studies in various species, slow type skeletal muscle 

has been shown to have a slower conduction velocity than fast type fibers3,49,61. One 

reason this may occur is the differences in Na+ channel current densities along the 

different fiber types. Na+ current density is significantly greater in fast type fibers than 

slow type fibers62,63. Interestingly, if a nerve that was synapsed to a fast-type muscle is 

transplanted to the soleus (slow-type muscle), the muscle begins to transition to a fast- 

type muscle after several weeks and the Na+ current density along the soleus doubles63. 

This is due to the motor nerve maintaining the same activity pattern while synapsed to a 

different muscle, leading to the same effect as stimulating the muscle itself at different 

frequencies. This suggests that motor neuron activity patterns are partially responsible for 

long term control of the AP conduction velocity in vivo or in situ. However, because 

other studies have shown that simulating “fast” and “slow” fiber types at various 
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frequencies can alter the conduction velocity as well, the signaling pathway is thought to 

be intrinsic to the muscle fiber64,65. 

When exercising at increasing intensity, slow-type muscle fibers are recruited 

first, followed by fast-type fibers66-68. When taking surface EMG recordings, the average 

conduction velocity increases with contraction force. Motor neurons to fast-type fibers 

have a higher recruitment threshold than motor neurons to slow-type fibers. When 

measured during an isometric contraction, conduction velocity decreases for a time, then 

increases for a while before decreasing again, indicating that slow-type fibers fatigue a bit 

before fast-type fibers are recruited and fatigue67. 

 

 

Conduction velocity and temperature 

 

A few articles suggest that there is a direct relationship between conduction 

velocity and temperature. As temperature increases, conduction velocity follows suit. In 

excised rat muscle bundles, conduction velocity increases by about 200% when the 

temperature is raised from 22o C to 35o C49. A human study found that ATP turnover and 

conduction velocity are increased during strenuous exercise, which increases the muscle 

temperature. Subjects were asked to perform a 6 second sprint. Before the run, the 

average muscle temperature was 34.2o C and the conduction velocity was measured at 

3.79 m/s. After the run, muscle temperature increased to 37.5o C and the velocity 

increased to 5.5 m/s69. ATP hydrolysis is an exothermic reaction, and that process, along 

with friction are responsible for the increase in muscle temperature and the subsequent 
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rise in conduction velocity. They hypothesized that the increase in conduction velocity is 

responsible for more rapid muscle activation and greater force production. 

Passive increases in temperature also increase muscle conduction velocity. 

 

Murakami and colleagues took conduction velocity measurements from human tibialis 

anterior muscles at room temperature (23o – 26o C), and in either warm-water bath (43o 

C) or a cold-water bath (0o C). The conduction velocities after 30 minutes of warm-water 

exposure were significantly higher those taken at room temperature. Conduction 

velocities after cold-water exposure were significant slower than those taken at room 

temperature. The group also recorded changes in maximum torque and found a strong 

correlation (r = 0.78) with conduction velocity48. Muscle function improves with 

increased temperature within a certain range70,71 and conduction velocity could be a 

contributing parameter. With increases in temperature, sodium channel activation and 

deactivation occur more rapidly72, which could be responsible for the increase in 

conduction velocity. Interesting, in nerve tissue warmer than 44o C, conduction block can 

occur72,73. To the best of our knowledge, this type of conduction block has not been 

reported in skeletal muscle. 

Cooling muscle fibers slows muscle conduction velocity48,74,75. The research 

available has only been performed in humans to the best of our knowledge. Muscle 

output parameters such as force, torque, and fatiguability were also reduced with 

cooling48,74,76,77, though conduction velocity was not measured in all these studies. This 

helps support the hypothesis that a slower conduction velocity contributes to a reduction 

in muscle functionality. Cooling muscle fibers causes a slowed opening and delayed fast 
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and slow inactivation of sodium channels, which affects the conduction velocity and 

current amplitude without affecting the voltage-dependence of either78,79. 

 

 

Aging and conduction velocity 

 

There are a plethora of studies examining how muscle function and size changes 

with age80-84 , however there are few studies looking specifically at how conduction 

velocity changes with age. An experiment on rodent muscle shows significantly reduced 

conduction velocity in aged mice85. This observation may not apply to humans, as a study 

comparing conduction velocity in young and elderly patients did not find any significant 

differences between the muscle fiber conduction velocities86. Other studies show deficits 

in contractile velocity80,87. 

We may be able to infer some additional associations between age and conduction 

velocity from studies on muscle excitability in aging animals and patients. With age, Cl- 

conductance decreases, while membrane capacitance and resistance increase with age81. 

These changes could contribute to a prolonged latency to AP initiation. In addition, a 

different study found that resting membrane potential may be steadily depolarizing with 

age84, potentially affecting AP initiation and propagation. An study using EMG found 

that the AP amplitude is smaller in elderly people compared to young adults, and that this 

difference can be partially mediated by consistent physical training83. 

Additionally, human muscle fiber diameter decreases with age87. As the diameters 

become smaller, the conduction velocity will slow. Total muscle mass peaks at about 24 

years old and is mostly maintained for decades88. After 40 years of age, there is a gradual 
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decline in muscle mass and a loss of power89, but after about 60 years of age, there is a 

significant loss of muscle mass, leading to reductions in muscle function88,90. Studies 

elucidating the difference between fast- and slow- twitch muscle found that fast-twitch 

fibers decrease in size significantly faster than slow-type fibers in aging muscle91,92. This 

decrease in fiber size could be partially responsible for the changes in conduction 

velocity. 

The question remains as to why fast-type fiber size decreases faster with age 

compared to slow-type fibers. A recent single-fiber proteomics study has begun to 

uncover why this difference exists. With age, mitochondrial content (and thus oxidative 

phosphorylation) decreases in both slow- and fast-type fibers93. However, glycolytic 

enzymes are upregulated in slow-type fibers and downregulated in fast-type fibers. 

Additionally, fast-type fibers face slower protein synthesis and folding rates94. Slow- 

fibers may be protected from these issues due to their increase in glycolytic capability93. 

The increase in glycolytic capability in slow-type fibers may partially offset the potential 

loss in ATP production from the decrease in mitochondrial content. 

One commonly suggested reason that overall muscle size decreases is that the 

number of fast-type fibers decreases. However, these findings are not consistent 

throughout the field. In both rats and humans, there have been studies that show no 

difference, decreases, and increases in the fiber type proportion95. 

 

 

Dysregulation of conduction velocity 

 

Some pathologies and conditions are known to affect muscle conduction velocity, 
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like ALS, diabetes, and fatigue states31,34,96-98. An EMG study by Van der Hoeven and 

colleagues utilized an invasive and non-invasive approach to assess conduction velocity. 

In their invasive microelectrode recordings, they found a decreased mean conduction 

velocity in ALS though some recorded velocities were notably higher than the average. 

They suggested that there are fast conducting hypertrophic fibers that help compensate 

for the force lost. However, when using a surface EMG, they observe an increase in 

conduction velocity, but they discuss that surface EMGs only record voluntarily recruited 

fibers (like the fast conduction hypertrophic ones) and that surface EMG is biased 

towards faster conducting fibers31. 

Across several human studies, conduction velocity has been shown to slow with 

repetitive stimulation99-101. Simultaneous recordings of conduction velocity and force 

showed that conduction velocity decreases steadily as fatigue sets in99. However, 

conduction velocity alone cannot explain the changes in fatigued force production. 

Changes in ROS production102-105, ionic shifts inside and outside the cells102,106,107, and 

potential uncoupling of the ECC network108,109 are also at play during fatigue. 

Many drugs are known to cause myopathies, especially with chronic use. Some 

cardiovascular, infectious disease, rheumatologic, psychiatric, and oncological drugs 

cause muscle weakness as a side effect. Muscle weakness can occur for many reasons, 

and excitability alterations are among them. For more on this subject, please refer to Mor 

and colleagues’ article110. 
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Experimental approaches to conduction velocity 

 

Extracellular electrodes were the first approach utilized to examine conduction 

velocity in nerve tissue. Gasser and Erlanger were the first to use silver electrodes to look 

at action potential waveforms111 and later on they examined conduction velocity itself46. 

In this approach a stimulating electrode is place on or near the muscle fiber, and a 

recording electrode is placed a set distance away, without disrupting the fiber. Additional 

studies have used extracellular stimulating and recording electrodes to measure 

conduction velocity. The microelectrode technique has been used numerous times over 

the years112-115. This technique was the standard approach for measuring conduction 

velocity. It involved inserting two to three micropipettes into a muscle fiber or bundle of 

fibers. One of these pipettes would serve as a stimulating electrode, and all the electrodes 

would be recording electrodes. Upon stimulation, an AP would initiate and propagate 

towards the other electrodes. Traces of the signal will be recorded, and by using the 

temporal differences between the traces and the distance between the electrodes, 

conduction velocity can be recorded. This approach has been used in excised muscle 

bundles49, isolated muscle fibers114, human studies113, and in vivo31,116. The intracellular 

microelectrode technique can be damaging to the cell. These electrodes need to impale 

the muscle fiber, which will disrupt the membrane and some of the intracellular 

components, which could affect the obtain conduction velocity recordings. 

EMG studies are often utilized to assess conduction velocity in humans or living 

animals31,61,86,101,117-124. Surface electrodes are placed on a muscle of interest a set distance 

away from each other near the same muscle group. Some studies have subjects voluntarily 

contract that muscle, either maximally or some percentage of maximum, according to the 
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protocol being used. Others will manually stimulate the muscle in question with stimulator 

over a specific nerve. The electrical muscle signals elicited from stimulation are amplified 

and recorded. There are numerous ways to calculate conduction velocity from EMG 

signals. Some have constructed their own algorithms86. Others have used estimates based 

on the distance between the surface electrodes119. These types of studies have been used to 

assess all sorts of parameters, including force, torque, and fractal dimension, a measure of 

motor unit synchronization86. 

Fluorescent dye measurements of conduction velocity have also been utilized to 

measure the electrical properties of muscle. In 1976, Vergara and Bezanilla utilized 

merocyanine to examine changes in membrane voltage in skeletal muscle fibers. They were 

able to obtain fluorescent signals in response to AP generation and electrotonic potentials 

via tetrodotoxin (TTX) application125. To the best of our knowledge, this is the first time a 

potentiometric indicator was used in skeletal muscle fibers. Di-8-ANEPPS, another 

potentiometric dye, has been used to assess T-tubule and sarcolemma126 excitability , but 

can also be used to estimate conduction velocity51. In our studies, we utilized line scan 

imaging of di-8-ANEPPS stained fibers to accomplish that. Because calcium-induced 

calcium release does not normally occur in skeletal muscle, calcium indicators like mag- 

fluo-4 or rhod-2 can also be used to estimate conduction velocity. This approach works in 

both isolated cells and whole muscle. 

A plethora of factors play a role in conduction velocity in skeletal muscle, but in 

recent years this topic has been studied rather infrequently. As propagation speed is 

important for proper functionality of skeletal muscle, further research on this aspect could 

unveil a currently unknown symptom or underlying source of a syndrome. Our work here 



14  

provides a new approach to non-invasively and specifically measure conduction velocity 

in skeletal muscle fibers. This approach also allows us to quickly and reliably measure 

conduction velocity as well as examine the temporal kinetics of APs and Ca2+ transients in 

vitro. 

 

 
 

Duchenne Muscular Dystrophy 

 

Duchenne muscular dystrophy (DMD) is a rare disorder resulting from mutations 

in the DMD gene127,128. This X-chromosome linked disorder mostly affects males, though 

in rare cases it affects females. In the United States, approximately 16 out of 100,000 

males are born with DMD129. The symptoms are typically recognized between ages 1 and 

6. There is delayed motor development, which means that the children take longer to 

learn how to move around on their own. By age 13, most children with DMD need to use 

a wheelchair full time. In the US, the annual average cost of healthcare utilization is 

approximately 10 times higher for DMD patients compared to unaffected people130. The 

life expectancy for those with DMD now reaches into early adulthood, thanks to some 

recent advances in medical treatment131-134. 

Several studies have examined ECC in FDB fibers from mdx mice, a mouse 

model of muscular dystrophy. Excitation-evoked Ca2+ transient amplitude has been 

shown to be reduced in mdx mice compared to WT fibers135-137. The current research on 

mdx mice suggests that one of the culprits of uncoupling the RyR1 from Cav1.1 is μ- 

calpain, a Ca2+ dependent protease. Calpain has been seen to localize near the triadic SR 
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junction138, the [Ca2+] range for the activation of μ-calpain is similar to the range that 

ECC is inhibited139,140, and both [Ca2+] and [calpain] are increased in mdx mice141. 

Junctophilins are another group of proteins that may be impacted in mdx mice142. 

They are thought to help regulate the tight connection between the SR membrane and the 

T-tubules, as they are primarily localized at the triad junction in skeletal muscle 

fibers143,144. Knockout of junctophilin-1 (JP1) results in mice dying postnatally as they 

are unable to suckle effectively143. Junctophilin-1 and junctophilin-2 (JP2) levels have 

been shown to be reduced in younger mdx mice142. Furthermore, suppression of JP1 and 

JP2 results in a decreased [Ca2+] in the SR and increased cytosolic [Ca2+]144. If JP1 & JP2 

deficiency leads to increased [Ca2+] in the cytosol, then μ-calpain could become further 

activated and further the uncoupling process. 

Because 1) muscle weakness is a prevailing symptom of DMD, and 2) Ca2+ 

handling is impaired in skeletal muscle, we inquired whether conduction velocity could 

be impacted in mdx muscle and partially responsible for the loss of force production. It 

could result from the Ca2+ handling deficiencies, or could originate from alterations in 

excitability, as Nav1.4, the primary Na+ channel involved in skeletal muscle excitability, 

has been shown to have reduced expression, but slowed inactivation145. 

 

 

Objectives: Conduction Velocity 

 

Proper conduction velocity is necessary for appropriate muscle contraction. 

Previous approaches to measure conduction velocity have helped the field advance 

tremendously, but there are improvements that can be made to make them more 
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physiologically relevant. There is a need for a non-invasive, cellular specific method for 

testing conduction velocity. For this group of experiments, we have 3 goals: 1) To develop 

and validate our non-invasive method for tracking longitudinal action potential propagation 

using fluorescent dyes and bipolar field stimulation, 2) To test how conduction velocity is 

impacted in the mdx model of Duchenne muscular dystrophy, and 3) To create a model for 

testing the passive properties of skeletal muscle fibers. 

 
 

Chapter 1.2: Results 

 
2-D Visualization of T-Tubule Network 

 

Proper AP propagation requires a uniform, structurally intact t-tubule network, as 

the AP propagates radially through the t-tubules as well as along the sarcolemma. Di-8- 

ANEPPS, a potentiometric dye binds to the cell membrane and the t-system146,147. Thus, it 

can be used to measure transmembrane potentials of both the surface membrane and t- 

tubule network. Figure 1a shows a xy image of the t-tubule network as shown via Di-8- 

ANEPPS. At a 5 µM concentration of Di-8-ANEPPS, the transverse tubules, as well as the 

longitudinal tubules, were well defined. Figure 1b shows a close up of a small section of 

the t-tubule network, and the normal ‘doublet’ spacing between tubules. Figure 1c shows 

the fluorescence intensity profile of Figure 1b, which displays similar spacing. 

 

 
 

Passive and Active Responses to brief (0.5 ms) alternate polarity field stimulation 

 

Using field stimulation to elicit an AP will produce both passive and active 

electrical responses. The passive responses arise from electrotonic polarization of the 
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membrane capacitance and resistance of the resting membrane, while the active responses 

encompass the AP triggered by the electrotonic depolarization. By applying Di-8- 

ANEPPS (Figure 2a), we can optically record both types of membrane responses over 

time (Figure 2b and c). Because signals from Di-8-ANEPPS are small, we averaged a 

total of 6 recordings of each polarity at each acquired location on the fiber to improve 

signal/noise ratios. A total of 30 fibers from 13 mice were included in this section of the 

study. As mentioned earlier, when recording from the ends of a fiber, stimulation will 

cause AP148 initiation at the end of the fiber facing the negative field electrode, and the 

AP will conduct to the opposite end. When recording from the middle however, the 

 

Figure 1. T-Tubule staining with Di-8-ANEPPS. a) Representative confocal 

image of a segment of a FDB fiber stained with Di-8-ANEPPS to visualize the 

T-tubule system. Calibration bar is 5 μm. Transmitted light is shown in the inset. 

b) Zoomed in segment of image in panel a) indicated by white box. c) Graph 

indicates average fluorescence intensity of boxed region shown in b). The space 

between T-tubules is approximately 2 μm. Distance between the troughs 

represents the distance from Z line to Z line. Arrows indicate the location of 

regions of interest that could potentially be used to measure the time course of 

surface action potentials (orange arrow) or core action potentials (blue arrow) 

used in Fig. 2. 
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conduction delay is the same from both ends of the fiber and there is no electrotonic 

polarization prior to the AP. Figure 2b displays example averaged recordings from both 

ends and the middle of the fiber for each polarity of field stimulation. TTX was applied 

after active responses were acquired to block AP initiation or propagation and isolate 

passive hyperpolarizations and depolarizations. Example recordings are displayed in 

Figure 2c. Previous studies have performed Di-8-ANEPPS calibration tests using applied 

voltage steps135,149. Both studies used a holding potential of −90 mV. Based on their 

Figure 2. Potentiometric recordings at 3 locations using Di-8-ANEPPS and alternating 

polarity field stimulation. Averaged (n = 4) Di-8-ANEPPS recordings from opposing ends 

of FDB fibers and the middle of the fiber. a) Example line scans from the same fiber on 

opposing ends. Red and green boxes show ROI’s for the fiber and the background, 

respectively. Yellow arrows mark shows the timing of stimulation. Even though the fiber 

exhibits an appreciable movement shortly after the stimulus, the sampled region of the line 

scan (within the red lines) remains within the fiber. b) Averages recordings from both ends 

and the middle of the same individual fibers. See text for fluorescence to voltage estimation. 

Yellow lines in the fiber cartoon show locations of line scan acquisition, approximately 50 

µm from the ends of the fiber and the middle of the fiber. Note the lack of electrotonic 

potential in the middle recordings. Small movement artifacts can be seen after the end of the 

action potentials in these recordings. Recordings are shown in –ΔF/F0 because Di-8-ANEPPS 

signals become dimmer with depolarization. c) Averaged (n = 2) Di-8-ANEPPS recordings 

from the ends of the fibers in the presence of TTX. By blocking Na+ channels, we can 

measure the passive properties of the muscle cells. 
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studies, they estimated that the amplitude of APs observed through Di-8-ANEPPS is 

approximately between 112 mV and 123 mV. Data from our own lab also suggests that 

Di-8-ANEPPS is an appropriate surrogate for recorded membrane potential. We recorded 

fluorescence and electrical potentials from FDB fibers stained with Di-8-ANEPPS using 

two-electrode voltage clamp. We applied an AP waveform and examined how closely the 

Di-8-ANEPPS signal followed the recorded AP waveform. The results of this experiment 

are shown in Figure 3. This set of experiments shows that we can reliably examine 

changes in membrane voltage with Di-8-ANEPPS. Those recordings were taken in the 

presence of TTX and 4-AP, so perhaps the waveform would be a little different without 

those blockers nearby. 

 

 

 

 

Figure 3. Di-8-ANEPPS and AP dual recordings using two-electrode voltage clamp. The 

Di-8-ANEPPS signal follows the AP waveform very closely, albeit at a slightly slower time 

course. This simultaneous comparison shows that Di-8-ANEPPS can provide a good 

estimation of changes in membrane potential. 
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AP longitudinal propagation velocity calculated from the difference in AP time courses 
 

recorded at the same end of a skeletal muscle fiber for opposite polarity field stimulation 

 

We have shown that we can optically obtain active responses from muscle fibers 

using field stimulation. With remote bipolar electrodes, we stimulated Di-8-ANEPPS 

stained muscle fibers with alternating polarity. As noted earlier, this allowed us to initiate 

 

Parameter Di-8-ANEPPS 

 

Recordings 

Mag-fluo-4 Recordings 

Difference in Time to 

Half Peak 

0.981 ± .07 ms 0.992 ± 0.08 ms 

Conduction Velocity 

with Half Peak 

0.390 ± .02 m/s 0.373 ± 0.025 m/s 

Average Fiber Length 347 ± 11 µm 437 ± 16 µm 

n, m 30, 12 25, 5 

 

 

an AP from either end of the muscle fiber. Utilizing this, we set out to estimate the AP 

conduction velocity by recording from one end and switching the stimulation polarity. 

We calculated the conduction velocity using the difference in t1/2 of the rising phases of 

the AP waveforms recorded at one end of the fiber during alternating polarity stimulation 

and the muscle fiber length. By this method, we calculated the conduction velocity to be 

Table 1. Parameters recorded from isolated WT FDB fibers using Di-8-ANEPPS or 

mag-fluo-4. Parameters are expressed as mean ± SEM where appropriate. Differences 

between recordings of conduction velocity using Di-8-ANEPPS and mag-fluo-4 were not 

significantly different (Two Sample T-test, p = 0.618). 
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0.39 ± 0.02 m/s. The average length of fibers was 446.2 µm (Table 1). 
 

 

 

 

 

To check for run down (decay of signal throughout the experiment), and reproducibility 

during signal averaging, F0 during the first recording was compared to that of the final 

recording to determine the amount of bleaching (Figure 4). This difference in F0 was not 

found to be significant (Mann-Whitney, p = 0.94). Likewise, the peak ΔF/F0 of the first 

and last recordings on each polarity were compared to examine the signal rundown (Fig. 

5). Again, these differences were found to be not significant (Mann-Whitney, + Polarity: 

p = 0.56; − Polarity: p = 0.84). These and the above results help show that the AP 

conduction velocity can be measured optically using Di-8-ANEPPS to record APs at a 

single end of a muscle fiber together with alternating polarity electrical field stimulation 

with bipolar electrodes. 

Figure 4. Box chart displaying data from bleaching examination in Di-8-ANEPPS. 

Boxes show Q1, median, and Q3. Smaller box represents the mean. Whiskers show the 

range of values. No significant difference between the 1st stimulus and final stimulus was 

found (Mann-Whitney, p = 0.935). 
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Calculating AP propagation velocity from action potentials recorded at different locations 
 

with constant polarity field stimulation 

 

In addition to measuring conduction velocity by recording at a single location and 

switching the stimulating polarity, we can also move the recording site along the fiber, 

measure t1/2 at different locations, and use the temporal differences with distance to 

calculate conduction velocity. We can plot t1/2 against the length of the fiber and fit a line 

between those points. The slope of that line allows us to calculate conduction velocity 

Figure 5. Box charts displaying signal rundown between conditions when recording 

using Di-8-ANEPPS. Boxes show Q1, median, and Q3. Smaller box represents the mean. 

Whiskers show the range of values. No significant difference was found between the first and 

last stimulation of either polarity (Mann-Whitney: + Polarity: p = 0.57; − Polarity: p = 0.84). 
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using multiple points along the muscle fiber. Using this multi-point method, we 

calculated conduction velocity to be 0.45± 0.04 m/s, which is not significantly different 

from the velocity we calculated using the one-point method reported above using 

alternating polarity stimulation (Two-sample t-test, p = 0.838, Table 1). An example is 

shown in Figure 6. We assumed that the latency between the pulse and t1/2 is similar at 

each end of the fiber. When comparing these latencies, we did not find that difference to 

be statistically significant (p = 0.47). 

 

 
Location of action potential initiation 

 

For our measurements to be valid, we must ensure that APs are starting at the end 

of the muscle fiber under our conditions, and not some distance away from the end. We 

Figure 6. Recording conduction velocity using multiple points. For each polarity 

orientation (denoted by red or black), t1/2 was recorded and plotted against the distance along 

the fiber. We fit lines to those points and used the slopes to calculate conduction velocity. The 

muscle cartoon with red lines represents initiation from the “left” end of the fiber, and black 

lines from the “right” end of the fiber. 
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took high-speed frame scans of the ends of fibers loaded with mag-fluo-4 while being 

stimulated with either polarity nearby. We observe a clear initiation of the Ca2+ transient 

followed by the movement of the fluorescence out of the end of the fiber near the 

negative electrode at approximately 6.5 ms. In contrast, we see the Ca2+ transient flow 

into the end of the fiber when the fiber is stimulated on the opposite end near the negative 

electrode (data not shown). We also took di-8-ANEPPS recordings from 50 µm and 100 

µm away from the end of the fiber. The recordings look similar but the 100 µm recording 

has a slightly delayed t1/2 compared to the 50 µm recording, suggesting that the action 

potential initiates at the end, or at least within 50 µm from the end (Fig. 7). 
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Figure 7. Di-8-ANEPPS recordings taken from 50 um and 100 um away from the end of 

the fiber initiating APs. By measuring rise time at two different locations, we can infer the 

location of initiation on the muscle fiber. The t1/2 occurs later at 100 um, suggesting that the 

AP initiates closer to the end of the fiber. n = 5. 
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Calculating AP longitudinal propagation velocity using Ca2+ signals for alternating 
 

polarity field stimuli 

 

Voltage recordings with Di-8-ANEPPS produce an observable electrotonic 

potential that will blend into the rising phase of the AP (Fig. 2). Furthermore, the signals 

are relatively small, so signal averaging is needed to increase the signal to noise ratio. In 

contrast, using the low-affinity Ca2+ indicator mag-fluo-4 produces a clear, easily 

observable record of the Ca2+ transient in a single (not averaged) record, without any 

electrotonic potential from the field stimulus. As we have observed with the voltage 

signals, alternating polarity stimulation produces a Ca2+ transient at the fiber end facing 

the negative electrode, which spreads to the opposing end due to the propagation of the 

AP depolarization 150. 

Because of this, we can also use AP-evoked Ca2+ transients to calculate the 

conduction velocity (Fig. 8). A total of 25 fibers from 5 mice were used in this portion of 

the study. We calculated the conduction velocity using the difference in t1/2 of the rising 

phases of the AP-induced Ca2+ transients recorded at one end of the fiber during 

alternating polarity stimulation. The conduction velocity, when measured via Ca2+ 

transients, is 0.37 ± 0.03 m/s. The average length of the fibers for these experiments was 

436.6 µm. The difference in calculated conduction velocity between recordings 

performed using Di-8-ANEPPS and mag-fluo-4 was not found to be statistically 

significant (Two-sample t-test, p = 0.62, Figure 9). Thus, via remote bipolar electrodes 

mag-fluo-4 can also be used to reliably measure the AP conduction velocity and provides 

a much clearer signal without any contribution from the electrotonic potential. In the 

presence of TTX the AP is abolished, but the local electrotonic depolarization (at the end 
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of the fiber facing the negative electrode) is suffficient to elicit a small Ca2+ transient 

(Fig. 8c, TTX w/ Initiation at Near End). 

 

 
Detection of conduction velocity changes: challenge with elevated extracellular 

 

potassium 

 

To test if our method was able to track changes in AP conduction we 

experimentally challenge the muscle fibers to elevated extracellular potassium, a 

Figure 8. Example mag-fluo-4 recordings from one end of an FDB fiber. a) Yellow line 

shows relative location of line scan acquisition. Example line scan is shown with regions of 

interest for the fiber and the background (red and green, respectively). b) Resulting time 

course plots from line scans of one fiber. The time difference between the t1/2 of the transients 

allows us to calculate conduction velocity. Significant differences were found between the 

peak amplitudes of the transients elicited by the positive and negative polarities (Paired 

sample T-test, + Polarity: x = 1.15; − Polarity: 1.26, N = 25, , p = 0.03 x 10-7). c) Ca2+ 

recordings in the presence of TTX. If there is depolarization at the near end, there will be 

local release of Ca2+ due to the passive depolarization, but local release is not observed when 

the opposite end is depolarized. 
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condition that is seen during muscle fatigue151 and one that alters membrane 

potential152,153, sodium channel gating and Na+-K+ pump activity151,154, and slows down 

action potential conduction velocity3. We hypothesized that a slight increase of the 

extracellular potassium concentration could decrease the conduction velocity in skeletal 

muscle. Using mag-fluo-4, we tested the conduction velocity of each selected fiber first 

in our standard recording solution (L-15), which has a 5.7 mM concentration of KCl, then 

switched the media to a modified L-15 solution with 7.5 mM KCl, and tested at 5, 10, 

and 20 minutes after altering the KCl content (Fig. 10a). At 5 minutes, we measured a 

significant decrease in conduction velocity in the elevated KCl group (n = 11) compared 

to control (Mann-Whitney, n = 15, p = 0.00309). This change persisted at 10 (Mann- 

Whitney, p = 0.0002) and 20 minutes (Mann-Whitney, p = 0.0001, Fig. 10b, Table 2). 

Some of the cells became too depolarized to initiate Ca2+ transients at later time points 
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Figure 9. Conduction velocities measured by Di-8-ANEPPS and mag-fluo-4. Box 

represents Q1, median, and Q3. Whiskers show the minimum and maximum values. Smaller 

box displays the mean. No significant difference was found between the two conditions (Two 

sample T-test, p = 0.618). 
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and were removed from the analysis. Fibers exposed to a mock solution change 

(replacing the original 5.7 mM K solution) showed no significant change in conduction 

velocity at 5, 10 or 20 min (representative traces shown in Fig. 10a, full data not shown). 

Interestingly, when we examined the peak amplitudes of the Ca2+ transients, we observed 

no significant differences between the two groups at any time point until 20 minutes 

(Two-Sample T- test, 0 min, p = 0.752; 5 min, p = 0.258; 10 min, p = 0.117; 20 min, p = 

0.00856, Figure 10c). These findings show that we can reliably track changes in 

conduction velocity using our methods. 
 

Condition Conduction velocity measured by mag-fluo-4 

5 mM K+ FDB 0.566 ± 0.05, 10, 3 

7.5 mM K+ FDB – 5 min 0.387 ± 0.04, 10, 3 

7.5 mM K+ FDB – 10 min 0.337 ± 0.03, 10, 3 

7.5 mM K+ FDB – 20 min 0.285 ± 0.03, 10, 3 

Table 2. Conduction velocities of experimental FDB fibers as recorded with mag-fluo-4. 

Conduction velocities are represented as mean ± SEM, n, m. 

 

 

Conduction velocity in longer skeletal muscle fibers 

 

While we can reliably track changes in conduction velocity in FDB muscle fibers 

using our novel methods, we noticed that the speed of propagation is considerably slower 

than what has been reported for previous muscle groups49. We thus wanted to also 

measure conduction velocity in longer muscle fibers. We hypothesize that to maintain 
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Figure 10. Conduction velocity 

and Peak ΔF/F0 measurements 

from WT fibers in 5.7 mM 

and 7.5 mM KCl using mag- 

fluo-4. a) Example Ca2+ 

transients from fibers in 5.7 mM 

and 7.5 mM KCl fibers. Inset 

shows a zoom-in the timing of 

the full-peak between transients 
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versus the end of propagation. 
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Unlike our other recordings using single muscle fibers, we made these recordings 

using the whole excised FDB or EDL muscles, visualizing individual fibers within the 

bundles. This not only allows us to rule out potential deleterious effects of the enzymatic 

fiber isolation but is also more physiologically representative. The EDL fibers examined 

were 1.28 ± .0018 mm long. Using rhod-2, we visualized Ca2+ transients for APs starting 

at either end of the muscle fibers in the whole muscle using alternating polarity electric 

field stimulation. Our results revealed a significantly greater conduction velocity in EDLs 

than in FDBs (One-way ANOVA, p = 0.0001, Figure 11). Importantly, when comparing 

our whole muscle FDB results to our single fiber results, we saw no significant difference 

between the average conduction velocities (Two-sample t-test, p = 0.240, Fig. 12). 

Figure 11. Conduction velocity in FDBs and EDLs. Column graphs showing mean 

velocities in whole FDB and EDL. Recordings were made using rhod-2 in the whole muscle. 

Muscles were dissected out, loaded, and kept in place using a cover slip and silicone grease. 

Bars represent the SEM. EDL conduction velocity was found to be significantly greater than 

that of FDBs (p = .0001). 
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Na+ channel expression levels in fibers of different lengths 

 

Voltage-gated Na+ sodium channels (Nav1.4) play an essential role in skeletal 

muscle and are responsible for the longitudinal and radial propagation of the AP155,156. 

One conceivable explanation for a difference in conduction velocity between shorter and 

longer muscle fibers could be a difference in Nav1.4 expression. Figure 13 shows 

representative confocal images of regions of whole FDB or EDL stained for Nav1.4 

expression. A negative control is shown in Figure 14. After examining at the t-tubule and 

sarcolemmal levels, we observed a significantly higher level of channels on the EDLs 

than the FDBs (Two-sample t-tests, p = .024, p = .005, n = 3, m = 2, Figure 14b). 

Figure 12. Conduction Velocities from FDBs and EDLs under various conditions. The 

measurements on the right were taken using single polarity stimulation and multiple site 

recording, while the 4 other conditions were made using alternating polarity stimulation and 

single site recording. 
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Figure 13. Na+ Channel derived fluorescence from whole mounts of EDL and FDB. a) 

Example images of FDB and EDL whole mount with Na+ channels labeled. Yellow boxes 

indicate example regions of interest on the sarcolemma (rectangular) and in the t-tubule 

(square). b) Column graph showing the mean fluorescence intensities due to Na+ labeling at 

the sarcomere (left) and t-tubule (right). Bars represent the SEM. EDL fluorescence was 

significantly higher than that of FDBs at both the sarcolemma (p = .005) and the t-tubule (p = 

.024). 

A previous study has also shown this difference using Western blots157. These 

findings suggest that a higher concentration of Na+ channels could be at least partially 

responsible for the observed differences we see in conduction velocity between the 

muscle groups. Future studies should examine whether these differences in Nav1.4 

concentration is associated with a difference in Na+ current. With our current findings, 

we are unable to definitively say whether there is any correlation between Na+ channel 
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concentration and Na+ current in skeletal muscle of a similar type. We were unable to 

find any studies that directly compared these two muscles in this way. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Chapter 1.3: Duchenne Muscular Dystrophy Effects on Conduction Velocity 

Conduction velocity in MDX fibers 

 

When we measured conduction velocity using Di-8-ANEPPS, we found no 

significant differences between FDB fibers cultured from mdx mice and wild type mice 

(n = 8, 12; p = 0 .2404, Fig. 15a). In addition, the peak amplitudes of Di-8-ANEPPS 

recordings were also not significantly different between mdx and wild type (n = 24, 30; p 

= .7166 Fig. 15b). However, using mag-fluo-4 for these same measurements, we found a 

significantly slower conduction velocity in mdx fibers compared to wild type fibers (n = 

23, 25, p = 0.0019, Fig. 15c). Likewise, Ca2+ transient amplitude was significantly lower 

in mdx fibers than wild type fibers (n = 46, 50, p = 0.0001, Fig. 15d).

Figure 14. Negative control for Nav1.4 whole mount stain on EDLs. Control muscles were 

incubated with neutralizing peptide along with the primary antibody for Nav1.4. 
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Figure 15. Conduction Velocity and Peak ΔF/F0 in mdx fibers as Recorded with Mag- 

fluo-4 and Di-8-ANEPPS. a) Column graph showing average AP velocities recorded with 

Di-8-ANEPPS between WT and mdx (n = 8, 12; p = 0 .2404). b) Column graph showing 
average ΔF/F0 in Di-8-ANEPPS with stimulation between WT and mdx (n = 8, 15; p = .0166). 

c) Column graph showing average Ca2+ transient velocities between WT and mdx (n = 23, 25, 

p = 0.0019). d) Column graph showing average ΔF/F0 in mag-fluo-4 between WT and mdx (n 

= 46, 50, p = 0.0001). e) Exemplar Ca2+ transients from WT and mdx fibers. Insets show 

temporal separation between transients initiated at one end versus the other. Note the increase 

in the space between the two in the mdx traces compared to the WT traces. 
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Calcium release has been shown to be impaired in mdx muscle135,136,158, but in our hands, 

AP propagation and relative voltage changes are not significantly affected. This suggests 

that although membrane excitability is not notably affected, something in the mdx 

phenotype is leading to reduced contractile force (possibly from a reduction of calcium 

propagations speed) and calcium release. Nav1.4 expression is reduced and inactivation is 

slower in mdx mice, but the overall Na+ current is relatively unaffected145. 

Many muscle proteins are affected in DMD, JP1 & JP2 are among them. JP1 and 

JP2 stabilize the connection between Cav1.1 in the plasma membrane and RyR1 in the SR 

membrane159. Expression of a mutant JP1 plasmid lacking the C-terminus in adult mouse 

muscle lead to significant impairments in Ca2+ transients and specific force160. A 

knockout of JP1 resulted in a reduction in the number of triad junctions, less muscle force 

development, and perinatal lethality143. In a more recent study, 28-day old mdx mouse 

skeletal muscle was shown to have more proteolysis of JP1 and JP2 compared to wild 

type142. These studies together suggest that JP1 and JP2 may be in part responsible for the 

uncoupling seen in younger mdx mice (this difference in JP1 and JP2 proteolysis is not 

seen in 70-day old mdx mice). This difference could help explain why the Ca2+ 

propagation speed is slower than the AP propagation speed. 

 

 
 

Chapter 1.4: Modeling the Passive Properties of an Isolated Muscle Fiber 

Modelling passive response of fiber to electric field stimulation by remote bipolar 
 

electrodes 

 

Our novel method of calculating AP conduction velocity assumes that APs are 

initiated at the end of the muscle fiber facing the negative electrode. We created a model 
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circuit diagram for the passive electrical properties of the muscle fiber to predict the 

pattern of depolarization during field stimulation from remote bipolar electrodes. 

We assume that in the immediate vicinity of a muscle fiber plated in the culture dish the 

following apply: 

(1) The electric field generated in the bath by the remote bipolar stimulating electrodes is 

constant (i.e., the voltage changes linearly with distance along the direction of the field), 

(2) The local electric field generated by the stimulating electrodes is locally spatially 

uniform in the vicinity of the fiber, and 

(3) The presence of the fiber causes negligible change in the voltage generated in the 

bath by the stimulating electrodes. 

Under these assumptions, the voltage outside the fiber will change linearly with 

distance along the fiber. If the fiber is exactly parallel to the field, the voltage gradient 

along the fiber will be the full voltage gradient parallel to the field. If the fiber is at an 

angle to the applied field, the voltage along the fiber will still change linearly with 

distance along the fiber, but voltage change per unit fiber length will be less than the full 

field by a geometric factor which depends on the fiber angle. In the fibers studied here, 

the fiber is within 45 degrees of the field direction, so the field component along the fiber 

is greater than 70% of the total field (see methods). In all cases we use the corresponding 

voltage applied to the low bath resistance to generate a linear voltage change along the 

outside of the fiber. We apply the extracellular voltage profile to a linear cable model of 

the fiber (Fig. 16a) to calculate the fiber membrane potential as a function of time and 

location within the fiber. 

Our analysis considers only fiber polarization due to the component of the applied 
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electric field that is parallel to the long axis of the fiber. Fiber polarization due to the 

transverse component of the electric field is smaller because it only corresponds to a 

shorter distance (the fiber diameter) along the transverse field, in contrast to the fiber 

length which is subjected to the longitudinal component of the electric field. Transverse 

polarization is likely to be seen only in fibers oriented close to perpendicular to the 

applied field150 or in fibers intentionally stimulated transversely using long electrodes 

parallel to the fiber161. 

 

 

Passive cable model of an isolated skeletal muscle fiber in a large bathing solution 

 

We developed a lumped circuit model to simulate the passive electrotonic 

polarization of a muscle fiber due to electric field stimulation. For our simulation we 

divided the fiber into 7 lumped membrane elements, each of which consists of a 

membrane resistance component (Rmemb) in parallel with a membrane capacitance 

component (Cmemb). Each membrane element represents a length l which is 1/7 of the 

total fiber length L. Each membrane element connects the bathing solution, where the 

bath electric field is generated by the applied field stimulus, to the fiber interior. 

Neighboring membrane elements are separated from each other inside the fiber by an 

internal longitudinal resistance element (Rint) and are separated from each other outside 

the fiber by an external longitudinal resistance element (Rext). Note that there are no 

internal resistance units at the two internal ends of the fiber, and that the external 

resistance at the ends of the fiber are connected, via appropriate bath resistances, to the 

field stimulation electrodes (above). The external longitudinal resistance is set very low 

to maintain the constant field in the bath despite the presence of the fiber (condition 3, 

above). 
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For the present simulation, L was assumed to be 490 µm in length, close to the 

average length of fibers in these experiments. Each of the 7 membrane components, and 

each of the internal resistance elements then represents a 70 µm length of fiber, and each 

of the external resistances represents the electrical properties of the bath corresponding to 

70 µm of the fiber. The circuit element values are Rint = ri l, Rmemb = rm / l and Cmemb = cm  

l, where rm and cm are the membrane resistance times unit length and capacitance per unit 

fiber length and ri is the fiber internal resistance per unit length. The values of the circuit 

elements were calculated from values of fiber internal resistance per unit length, 

membrane resistance times the unit length and membrane capacitance per unit length 

determined from papers describing electrical cable properties of mouse EDL skeletal 

muscle fibers162,163. See Fig. 16 legend for values of rm, cm and ri used in our simulations. 

Note that the membrane elements in our cable model of the fiber ignore the effects of 

resistance in series with the t-tubules’ membrane capacitance, which we have not 

considered in our simulations. 

Simulations were done by applying a voltage step across the two end terminals of 

the extracellular series of resistances (Fig. 16a) and calculating the resulting voltage time 

course across each transmembrane element using the circuit solving software PartSim 

(AspenCore, LLC, 2017). For a 0.5 ms pulse applied to the bath via the field stimulating 

electrodes (Fig. 16b, top), the model exhibits a brief (0.5 ms) electrotonic depolarization 

at the fiber end nearest the negative electrode (Fig. 16b, largest positive response), and an 

equal but opposite polarity hyperpolarization at the end closest to the positive electrode 

(Fig. 16b, largest negative response), as is observed when an actual muscle fiber with Na+ 

conductance blocked or eliminated is subjected to alternate polarity 0.5 ms field stimuli 

(Figs. 2 and 16). There is no electrotonic potential across the membrane elements at the 
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fiber center, and successively decreasing polarization (depolarizing or hyperpolarizing) 

moving from the ends to the central elements, respectively. Thus, the field stimulus 

produces graded depolarization over the half fiber facing the negative electrode, and 

graded hyperpolarization over the half facing the positive electrode, with maximum 

polarization at the fiber ends and none at the center. We observe similar depolarization 

and hyperpolarization at opposite ends of the muscle fibers in vitro using our 

experimental system, indicating that our cable model is appropriate (Fig. 16c). At present, 

we have restricted the model to demonstrate the cable properties at seven 70 μm length 

fiber segments (Fig. 16), but we are able to increase the length to test how these 

properties change with an increase in length. This model will help us quickly and reliably 

test the passive properties of different lengths and diameters of skeletal muscle fibers, 

allowing us to estimate what will happen to skeletal muscle fibers in vitro in the absence 

of fiber excitability. 

 

 

Chapter 1.5: Discussion 

 
Optically Recording Conduction Velocity 

 

Our optical non-invasive studies using the potentiometric dye di-8-ANEPPS 

combined with high temporal resolution allows us to directly examine the passive and 

active voltage changes in response to field stimulation. Bipolar stimulation enables us to 

initiate APs at either end of the muscle fiber, which allows us to optically record the AP 

conduction velocity while recording only at a single end of the fiber. In addition, we are 

also able to examine conduction velocity with Ca2+ indicators. Previous research in our 

lab suggests that in the absence of AP initiation, the passive depolarization caused by 

bipolar field stimulation results in localized Ca2+ release at the end of the fiber facing the 
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cathode150. This is dependent on the stimulation polarity, and results from a direct local 

activation of the Cav1.1 channels, the voltage sensors of the excitation-contraction 

coupling, at the depolarized end of the fiber and the subsequent non-propagated Ca2+ 

release150. Our current results support this finding. In our mag-fluo-4 recordings in the 

presence of TTX, a small amount of Ca2+ release can be seen at the fiber end facing the 

cathode (Fig. 8), showing that passive depolarization indeed causes local Ca2+ release. In 

agreement with this observation, our model confirms some features of the electrotonic 

responses seen in the single muscle fibers. External field stimulation causes 

depolarization in the half fiber facing the negative electrode, and hyperpolarization over 

the half facing the positive electrode. 

Because conduction velocity of skeletal muscle is affected by different 

pathological conditions31,34,97,164,165, developing a method that allows for its 

quantification represents an important addition to the battery of tools used to investigate 

muscle function. This approach can be used to quickly and non-invasively obtain details 

about the muscle fiber excitability and AP properties. The advantage of the utilizing 

bipolar electrodes with the field roughly parallel to the fiber is that it elicits AP 

longitudinal propagation that resembles the natural spread of the AP along the fiber in 

situ, in contrast to the quasi-instantaneous longitudinal activation obtained with 
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electrodes running 45⁰ off the longitudinal axis of the fiber161. Manno et al., used FDB 

fibers and high speed imaging  of Di-8-ANEPPS signals, to evaluate AP trajectories  

 

 simultaneously at multiple locations along the t-tubule system and to estimate AP radial 

Figure 16. Circuit diagram for modeling the passive properties of FDB muscle fibers. a) 

Diagram was made via PartSim. Diagram was made to contain 7 identical elements. We have 

also constructed a model of a fiber 10 times longer. In the 10x model, the passive 

depolarization and hyperpolarizations have a larger amplitude closer to the ends, similar to 

this model, but there is a long segment in the middle where no changes in voltage are 

observed (not shown). The measuring points are color coded with the line graph in b, M1-M7; 

M4 is the element in the middle of the fiber. Values used for rm and cm, the membrane 

resistance times unit fiber length and capacitance per unit fiber length, and ri , the fiber 

internal resistance per unit length are rm = 0.25 MegOhm mm, cm = 8.8 10-6 uF/um and ri = 
1.2 Meg Ohm/mm, similar to those reported in refs 28 and 29. b) Example passive responses 

from the 7 element diagram. A 20 V pulse lasting 0.5 ms was applied to the circuit. The end 

of the circuit closer to the battery experiences depolarization, which degrades as the recording 

points move away from the battery. At the halfway point (M4-c), no voltage is recorded, but 

beyond that point a passive hyperpolarization is seen, and increases until the end of the 

circuit. c) Recordings of passive properties at 50 and 100 µm from the end of FDB fibers. 

Passive depolarization, similarly to our model recordings, is lower as we examine closer to 

the middle of the fiber. 
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propagation using shifted excitation and emission ratioing (SEER), which relies on a 

more elaborate setup146. Our system allows for the screening of individual muscle fibers’ 

AP properties occurring at both the surface and t-tubule system. The AP can be 

monitored simultaneously at multiple locations while allowing for high time and spatial 

resolution using a non- ratiometric approach with similar sensitivity than that offered by 

ratiometric approaches. 

Optical recordings have their pitfalls as well. Estimating waveforms and 

conduction velocity from xt line scan images means that our temporal resolution is only 

as high as our line aquisition rate. In some microelectrode amplifiers the sampling rate 

can be similar or higher than in optical recordings. Additionally, the Di-8-ANEPPS signal 

itself is weaker than that of Ca2+ indicators, and while Di-8-ANEPPS is a potentiometric 

dye, it is not very voltage sensitive. A previous report showed that Di-8-ANEPPS only 

has a fluorescence change of 2.5% per 100 mV change166. Using SEER, Manno et al., 

were able to attain di-8-ANEPPS sensitivities between 27% and 35% per 100 mV146. In 

order to improve the signal to noise ratio, we took multiple recordings and averaged them 

(synchronized with the field stimulus pulse). 

Additionally, field stimulation for Di-8-ANEPPS recordings produces a notable 

electrotonic potential. When the AP is initiated at the end of the fiber away from the 

recording point, we observe a hyperpolarizing potential. This potential terminates before 

the AP arrives at the recording site, so it doesn’t blend into and affect our AP 

measurements. However, when we record from the end of the fiber initiating the AP, we 

see a depolarizing electrotonic potential that will blend into the AP waveform. This could 

skew our AP recordings. Our Ca2+ recordings do not suffer from this caveat. 

Mag-fluo-4 is much more sensitive to changes in Ca2+ than Di-8-ANEPPS is to 
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changes in voltage. Mag-fluo-4 provides a much clearer signal, without requiring 

averaging of multiple recordings. However, the propagation speed of Ca2+ transient is a 

derivate estimate of AP conduction. It is possible that as voltage travels along the 

membranes, the delay between the AP and Ca2+ transient could change. Therefore, in 

order for these measurements to maintain strict validity, we must assume that the delay 

between APs and Ca2+ transients is the same at both ends of the fiber. However, the close 

agreement of the conduction velocities mesured with di-8-ANEPPS and Mag-fluo-4 in 

‘healthy wild-type’ fibers indicates that requirement is fulfilled. Caution has to be used 

when working with fibers from disease models in which uncoupling between the AP and 

Ca2+ release could be present, in this case both di-8-ANEPPS, Mag-fluo-4 and 

elcetrophysiological approaches need to be used to explore such possibility. 

Previous studies that have examined sarcolemmal conduction velocity (i.e., the 

longitudinal conduction velocity along the muscle fibers) in humans found much higher 

values, up to 6.4 m/s3,167. The radial and longitunidal conduction velocity in the TT is 

much slower146,161,168. Our values for the AP propagation velocity along the sarcolemma 

are over an order of magnitude larger than the speed of longitudinal propagation along 

the longitudinal TT system (as reported for “skinned” muscle fibers). Since propagation 

of the AP along the sarcolemma is so much faster than propagation along the longitudinal 

TT system, we hypothesize that the determining factor for longitudinal AP conduction 

velocity in intact muscle fibers is the velocity of the sarcolemma AP. 

 

 
 

Parameters that Alter Conduction Velocity 

 

Conduction velocity analyses in frog muscle have shown much higher speeds than 
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what we observed in our studies. A classic study using winter and spring frogs found 

average conduction velocities of 2.44 m/s and 2.05 m/s, respectively115. Conduction 

velocity is known to increase with fiber diameter and length, and the average frog muscle 

is much larger than the mouse muscles we observed in our studies. Studies in rat have 

also shown higher values than what we recorded. A study from Kupa and colleagues 

calculated the conduction velocity in rat EDL fibers to be 3.02 m/s on avarage, and 1.70 

m/s on average in the soleus61. 

The AP conduction velocity of 0.39 m/s obtained here in mouse FDB muscle 

fibers is about an order of magnitude lower than the values 3.5 m/s and 3.8 m/s 

previously reported for mouse sartorius169 and EDL3 muscle fibers. A key difference 

between the fibers studied here and those described in earlier reports is that FDB fibers 

are much shorter than the previously studied fibers. In a much shorter fiber, a 

proportionally slower AP can produce a similarly synchronized depolarization at the fiber 

ends as produced by a proportionally faster AP in a much longer fiber. Thus, slower 

conduction is sufficient for near synchronous activation of the relatively short FDB fibers 

used here. 

In our examination of EDL fibers, we observed a faster conduction velocity 

compared to that of FDBs as recorded under the same experimental conditions, which 

lends support to our hypothesis of the necessity of contractile synchrony. We also found a 

greater expression of Nav1.4 channels on the sarcolemma and in the t-tubule network of 

EDLs, providing one possible explanation for the discrepancy in conduction velocity. A 

slower conduction velocity due to a lower level of membrane Na+ channels would 

decrease Na+ influx, and lower concentrations of Na+ channels have been associated with 
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less fatigability170. We thus hypothesize that short muscle fibers may be specialized to 

use slower propagating APs for energy conservation. 

A lower Na+ channel density in FDB fibers could also explain their relatively high 

sensitivity to K+ depolarization. We have observed a decreased conduction velocity to 

about 49% of control and some failure of excitation for the modest increase of 

extracellular [K+] from 5.7 to 7.5 mM in FDB fibers (Fig. 10). Furthermore, we found 

that 10 mM extracellular [K+] completely eliminated excitability of FDB fibers (not 

shown), which was not observed in reports on longer muscle fibers from mice3. The 

increased susceptibility of FDB fibers to suppression of excitability by elevated 

extracellular K+ would be consistent with a lower level of Na+ channel membrane 

expression in FDB fibers compared to longer muscle fibers. Our recording temperature 

also could have had a significant effect on our obtained values. A previous report showed 

that when rat EDLs are kept at 35o C, conduction velocity is slightly under 3.0 m/s. 

However, if the temperature is reduced to 22o C, the conduction velocity goes down to a 

little over 1.0 m/s171. 

In our experiments with fibers challenged with extracellular elevated K+, we 

observed that conduction velocity slowed in a time dependent manner. In fatigue states, 

where extracellular K+ is elevated, the cell membrane is partially depolarized, the sodium 

permeability is reduced, and the ability to generate APs is decreased. We suspect that 

something similar is happening in our conditions as well, despite the lack of K+ efflux 

from the intracellular milieu. KCl is a known membrane depolarizer, and the 

depolarization effect should occur immediately. Furthermore, a notable percentage of the 

fibers became unable to generate APs, even at just 7.5 mM KCl. This percentage also 
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increased with time. Regardless, these changes demonstrate that we can track alterations 

in conduction velocity using fluorescent dyes coupled with field stimulation. 

 

 
 

Conduction Velocity Measurements Using Di-8-ANEPPS and Mag-Fluo-4 May Not 
 

Always Match 

 

Our recordings with both Di-8-ANEPPS and mag-fluo-4 provided similar values 

for the longitudinal conduction velocity in wild type conditions. The membranes of the t- 

tubule and the sarcoplasmic reticulum (SR) are molecularly coupled172, and t-tubule 

membrane depolarization leads to activation of the SR Ca2+ release channels173. SR Ca2+ 

release cannot occur without t-tubule voltage propagation. Because of the small time 

window between depolarization, Ca2+ release and the mag-fluo-4 signal, and by extension 

Ca2+, we can also use the mag-fluo-4 siganl to estimate the AP conduction velocity. In 

our testing conditions, we observed that both mag-fluo-4 and Di-8-ANEPPS are useful 

tools to measure AP conduction velocity. While we did not observe any significant 

differences between Ca2+ and voltage propagation in wild type fibers, we did see a 

mismatch in mdx fibers. 

Our mdx experiments provide some additional insight on the excitability of mdx 

muscle and the utility of our bipolar field stimulation technique. In our wild type 

conditions, the voltage and calcium conduction velocities were similar, but in our mdx 

experiments, the calcium conduction velocity was shown to be significantly slower than 

that of the voltage conduction velocity. While this finding does seem strange at first 

glance, a previous study has shown that the AP waveform and transverse propagation 
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speed is not greatly affected in mdx mice135. As previously stated, Nav1.4 expression is 

lowered in mdx mice, but the inactivation is slower145. Deficits in calcium release have 

been well noted in mdx muscle135,136,158, as well as uncoupling of Cav1.1 and RyR1 due to 

an increase of [Ca2+]i
174. However, the voltage-dependence of Ca2+ release is not 

noticeably affected in mdx mice135. Additionally, to the best of our knowledge, no 

previous experiment has examined longitudinal calcium conduction velocity in skeletal 

muscle. Further research is needed but this could suggest that the Ca2+ diffusion velocity 

can differ from the voltage conduction velocity, given that there is some uncoupling of 

Cav1.1 and RyR1 or impairment of Ca2+ release. 

DMD is not the only condition that shows ECC deficits. Studies on skeletal 

muscle in central core disease (CCD)175, ALS176, and normal aging177,178 have also shown 

Cav1.1-RyR1 uncoupling. CCD is a congenital myopathy that exhibits muscle weakness 

that does not worsen with time, hypotonia, and bone malformations like scoliosis and hip 

dislocation179,180. The mutations that result in CCD are in RyR1 and lead to a reduction or 

ablation of Ca2+ current through it175,180-182. As Nav1.4 is not affected in CCD, it’s 

possible that, like DMD, the Ca2+ conduction velocity will be severely impacted while 

the voltage conduction velocity will be relatively unaffected. 

ALS is an adult-onset motor neurodegenerative disease that is usually lethal 

within 5 years of diagnosis183,184. Some of the prominent mouse models of ALS 

introduces a mutation in superoxide dismutase 1 (SOD1) to the mouse, as it is mutated in 

human patients as well183,185. The SOD1G93A mutation has been shown to cause 

impairments in skeletal muscle function176,186. Muscle atrophy and reduced specific force 

production occur, as well as a reduction in Ca2+ transient amplitude176. Interestingly, 
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charge movement is also reduced in mice with this mutation and in muscle treated with 

an ALS immunoglobin176,187. It is possible that the reduction in charge movement is 

partially responsible for the reduction in Ca2+ amplitude in ALS. Past reports have shown 

a direct correlation between charge movement and Ca2+ release188. This could lead to a 

change in the Ca2+ conduction velocity. Voltage conduction velocity has been shown to 

be impacted in human patients of ALS31, but the Ca2+ conduction velocity could be 

further impacted due to excitation-contraction uncoupling. 

Aging is associated with a loss of muscle strength, power, and mass178. However, 

the loss of strength is greater than the amount of mass lost can account for189. Aged 

skeletal muscle has a greater ratio of uncoupled RyR1 than young muscle177,178. 

Denervation of skeletal muscle leads to ECC deficits, including reduced charge 

movement190. A reduction in muscle fiber diameter will affect both voltage and Ca2+ 

velocity, but the uncoupling observed in aging could exacerbate the slowdown of Ca2+ 

velocity. 

Overall, while there are conditions that affect voltage and Ca2+ conduction 

velocity similarly, in conditions that show ECC deficits, the two may not match, which 

could be for a variety of reasons. Future experiments can tackle the questions raised by 

our work here. 

 

 
 

Effects of the Electric Field on Isolated Fibers 

 

When field stimulating fibers using remote bipolar electrodes as under these 

conditions, we must take the angle of the fiber relative to the electric field into account. 
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In our diagrams (Figure 24), the fiber is oriented parallel to the line between the 2 

electrodes. When in this orientation, the fiber experiences the largest electrotonic 

electrical polarization during field stimulation. As the fiber rotates away from parallel, 

the amplitude of the electrotonic potentials, decreases until the fiber is perpendicular to 

the electric field, where it is least responsive due to zero electrotonic potential at the fiber 

ends but with a small transverse polarization due to the field which is now across the 

fiber. Using different types of electrode geometry will generate different electric fields, 

eliciting different responses. If we use a focal electrode, we can elicit depolarization from 

any point along the fiber, from which an AP would propagate in both directions150. 

A previous paper from our lab characterized the behavior of fibers that only 

contract and display Ca2+ transients at one end when stimulated with a given polarity150. 

If a fiber only twitches at one end, it cannot be used for conduction velocity 

measurements using mag-fluo-4. There will only be local Ca2+ release at the twitch site, 

and non-propagated AP. However, alternating fibers can still be used to examine the 

passive electrical properties of the fiber using Di-8-ANEPPS. The electrotonic potential 

will still be produced in alternating fibers. Whether using alternating fibers or uniformly 

contracting fibers, our approaches can show the passive and/or active properties of 

skeletal muscle fibers, using either mag-fluo-4 or Di-8-ANEPPS. 

Overall, this approach allows us to attain good signal to noise ratios using Di-8- 

ANEPPS. This approach can also be applied to other cell types, such as cardiac fibers or 

axonal projections. There are some relatively new voltage or Ca2+-sensitive sensors that 

could work very well in tandem with our method. Genetically engineered fluorescent 

probes have been shown to be useful and efficient in measuring membrane potential and 
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Ca2+ changes. ASAP1, a fast voltage sensor191 and G-CaMP, a genetically encoded Ca2+ 

probe192, has been shown to be effective in neurons193, however the time response of Di- 

8-ANEPPS (<1ms) is superior to that of genetically encoded voltage or Ca2+ probes. Yet, 

due to dye uptake and delocalization, Di-8-ANEPPS is not suitable for long-term 

experiments (>4 hours). 

Using individual cells provides the advantage that we are recording from a 

relatively homogenous system each time. When we take our recordings, the only 

difference between them is the location of AP initiation. Provided that the AP waveform 

isn’t affected as it propagates along the muscle fiber, it should lead to a Ca2+ transient at 

the same latency at every point along the fiber. Therefore, it should see possible to see a 

difference between voltage conduction velocity and Ca2+ conduction velocity. The 

differences in other parameters that play into muscle physiology aren’t as relevant in our 

approach. 

Our first novel technique could have more applications than we initially 

considered. Under normal conditions, the potentiometric or Ca2+ approach could tell us 

about the excitability of a fiber. When these two approaches are not in alignment, it could 

give us additional information about where an ECC deficit could be arising from. It could 

be an EC uncoupling event, defective Ca2+ release, or some unknown mechanism that 

leads to a differential propagation speed of Ca2+ and voltage, and this technique could 

help unveil the inner workings of these events. Future applications of this technique could 

also investigate some biophysical properties of skeletal muscle. For example, the idea of 

an alteration of conduction velocity as it travels down the fiber could be addressed. This 

could be affected in various disease states as well. Overall, our novel approach creates an 
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opportunity to reliably initiate APs from a specific end of a muscle fiber, allowing us and 

others to investigate varying biophysical properties of muscle, including conduction 

velocity. 
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Chapter 2: Optical Recordings of Voltage Sensor Domain Movements 

Chapter 2.1: Introduction to Charge Movement and Voltage Sensor 

Domains 

Charge Movement 

 

There are hundreds of different types of voltage-gated ion channels throughout 

the body and their function is necessary for cellular excitability and signaling42. These ion 

channels all respond to changes in voltage via their voltage sensing domains 

(VSDs)25,194,195. These are membrane spanning regions of protein that are densely packed 

with positively charged amino acids (Figure 17). In response to changes in membrane 

voltage, VSDs physically move in and out of the membrane, signaling various protein 

 

activities. The macroscopic movement of VSDs is referred to as charge 

Figure 17. Structure of Cav1.1 α1 subunit. a) A topographical diagram of the Cav1.1 α1 

subunit showing the 4 domain repeats, each repeats’ 6 transmembrane regions, and the points 

of cysteine substitution nearby the voltage sensors (red/yellow stars). Additionally, regions of 

interest for ECC are highlighted (green or boxed). b) Amino acid sequence for the 4 voltage 

sensors, showing the positively charged residues and the points of cysteine substitution 

(red/yellow stars). 
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movement25,42,43,196. 

 
Charge movement is measured as a non-linear capacitive current. In 

electrophysiology, capacitive current refers to a membranes’ potential to separate charge. 

When membrane voltage is rapidly changed, there will be a redistribution of charges 

along the membrane. If ionic currents are not activated, the capacitive current will be 

directly correlated with the change in voltage43. In the range of AP initiation, voltage 

sensors will produce a non-linear response to voltage, though they are in the membrane10. 

Schneider and Chandler were the first to measure charge movement in frog 

skeletal muscle43. They observed that with increased depolarization, the amount of non- 

linear capacitive current increased as well. When the cell was returned to baseline 

voltage, there was an equal and opposite change in the current measurement. This finding 

suggested that VSDs moved outward in the membrane with depolarization and returned 

to their initial position during a return to baseline. Hodgkin and Huxley predicted that 

charge movement would be necessary for any membrane voltage-dependent process, like 

ion channel activation43. In skeletal muscle, charge movement in Cav1.1 is associated 

with calcium release from the sarcoplasmic reticulum (SR). Cav1.1 charge movement 

does this by controlling RyR1 in the SR membrane197. Although Cav1.1 allows the flow 

of Ca2+ ions during activation198, due to the observation that calcium-induced calcium 

release does not occur in skeletal muscle, charge movement must be at least partially 

responsible for activating SR calcium release in that system173. Further research showed 

that charge movement in the Cav1.1 controlled not only that ion channels’ activity, but 

the activity of RyR1 as well. In fact, Ca2+ release from RyR1 is proportional to the charge 

movement activation25,199,200. 
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Cav1.1 is localized to the T-tubules (TT) of the skeletal muscle, and the SR 

membrane is juxtaposed to the TT membrane201. Cav1.1 is a hetero-tetramer, made up of 

an α1 pore-forming unit, along with β1a, α2δ, and γ subunits202. Additional ligands (ex. 

STAC3) are known to help traffic the Cav1.1 to the appropriate locations203-205. The α1 

subunit contains the VSDs within 4 intramembrane domains. Each of the 4 domains has 6 

transmembrane alpha helices (S1-S6), and the 4th one in each (S4) is a VSD206. The 

organization between Cav1.1 and RyR1 is highly regular. Cav1.1 is arranged into tetrads, 

forming a square around one RyR1. While Cav1.1s’ activity is necessary for ECC, ion 

flow through the pore is not critical for muscle contraction29,207. Additionally, the α1 

subunit of Cav1.1 is highly specialized to enable ECC. The α1 subunit also contains the 

cytoplasmic II-III loop, which connects the 2nd and 3rd repeats of the protein208. Through 

chimera studies, studies have shown that residues 720-765 contain the “critical region” 

that is required for skeletal ECC209,210. A cryo-EM structure of the rabbit Cav1.1 is shown 

in Figure 18. 

 

 

Voltage Sensor Movement 

 

More recently, research on the contributions of each individual VSD in an ion 

channel has become of interest. If the VSDs were really an ‘on/off’ switch, why would 

any ion channel need more than one of them? The kinetics and range of movement of 

each VSD could vary, signifying different functions to the ion channel. Studies on VSDs 

have shown that they indeed ‘specialize’ in various functions of the ion channel. For 
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example, a study from 2014 suggests that Cav1.2 domains II and III are shown to be 

preferentially involved in channel activation211. Other studies have shown that the VSDs 

in Nav1.4 may also control different aspects of the channels’ functionality212-214. 

Recently, a few groups have been using fluorometric and electrophysiological 

techniques to attempt to assess and define the kinetic properties of voltage sensitive 

proteins211,215-217. By substituting an amino acid nearby and extracellular to the S4 helix 

for a cysteine, we can tag the cysteine with a thiol-reactive fluorophore and track its 

movement. This approach is shown visually in Figure 17. The thiol-reactive probes we 

use are sensitive to their environment; they will change in fluorescent intensity depending 

on whether they are in an aqueous or lipid-rich environment. Since the S4 helices 

physically move in response to voltage, we hypothesize that the labeled cysteines will 

move as well. At rest, the cysteine in question should be partially or entirely embedded in 

the membrane, but upon depolarization, it should move out into aqueous bath solution, 

Figure 18. Cryo-EM Structure of rabbit Cav1.1 at 3.6 Å1. Originally published in Wu et 

al., 2016. The individual subunits are color coded, and the four homologous repeats of the α1 

subunit are colored with increasingly dark shades of green. The α2δ subunit is shown in teal, 

the β1a subunit is shown in purple, and the C-terminal domain (CTD) is shown in 

maroon. The left image and the right image are 180° rotations of each other. 
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leading to a change in fluorescent intensity (ex: decrease when using MTS-5(6)- 

carboxytetramethylrhodamine [MTS-TAMRA], increase when using 

tetramethylrhodamine [TMRM]211,217,218). The fluorescence should return to baseline 

upon repolarization. By measuring the time course of this fluorescent change, we can 

estimate the kinetics of the 4 different VSDs. In our experiments, we used field 

stimulation to obtain our recordings, but voltage clamp techniques have also been used to 

measure this as well211,212. 

 

 

VSD Movement Models 

 

Over the years, there have been a few theories on how the VSD physically moves 

when activated. The three most prominent models are the paddle model, the transporter 

model, and the helical screw model. 

The paddle model was first suggested by the MacKinnon laboratory219,220. This 

model states that the voltage sensor is on a hinge, and upon depolarization, the VSD will 

make a large (about 20 Å) movement through the membrane. Structural data on the KvAP 

channel suggested that the voltage sensors seem to ‘float’ inside the membrane and 

appear to be only loosely attached to the rest of the structure219. Upon depolarization, the 

voltage sensor would rotate from a horizontal orientation to a more vertical one, signaling 

the channels’ pore to open220. Critics of this model state that it is too energetically costly. 

There is a large dipole potential in a lipid bilayer and moving an S4 segment of a Shaker 

Kv channel (27 residues), would consume a great deal of ATP221. Additionally, the low 

activation energy for charge movement allows for millisecond kinetics, which doesn’t 
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seem to agree with the large movements described by the paddle model221. Furthermore, 

other studies on K+ channel structure show that the extracellular portion of the S4 

segment comes within a few Ångstroms of the pore region, which disagrees with the 

paddle model as it suggests that this same portion is well separated from the pore 

region222. While the paddle model had some support for a while, it doesn’t seem as 

though this model is widely accepted any more. 

The transporter model states that the charges on the S4 region are connected to the 

intracellular solution via a water crevice at rest. When activated, the charges are 

translocated across the transmembrane electric field and become exposed to the 

extracellular solution via another water crevice223,224. In this model, there is no large scale 

movement of the S4 domain, at most 4 Å225. The S4 region remains close to the pore 

region, unlike in the paddle model. Fluorescent label experiments are consistent with this 

model, but not the paddle model224. 

Some fluorescence resonance energy transfer (FRET) measurements have also 

lent some support to this model. Chanda and colleagues used this approach to elucidate 

voltage gating in the Shaker K+ channel. By using dipicrylamine (DPA), a non- 

fluorescent hydrophobic anion on the lipid bilayer along with an S4 domain labeled with 

rhodamine on cysteine substituted Shaker K+ channels, they were able to examine 

whether S4 translocated across the membrane during stimulation. S4 labels were placed 

near the extracellular surface. DPA (a FRET acceptor) is located on either side of the 

bilayer based on membrane potential and they measured the changes in fluorescent 

intensity during stimulation. At rest, DPA (localized to the external surface) fluorescence 
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would be quenched in the non-translocating model and unquenched in the translocating 

model. During stimulation, the fluorescent intensity would change, increasing in the non- 

translocating model, and decreasing in the translocating model. If the change in 

fluorescent intensity was transient, they could assume that the S4 region moved through 

the membrane to unquench DPA again (This concept is shown visually in Figure 19). 

However, they saw no such transient change, and they concluded that there was no 

significant movement of the S4 segment. They hypothesized that tethered arginine 

sidechains may become exposed to either the intracellular or extracellular fluid, signaling 

the channel to activate or deactivate226. 

 

 

Figure 19. Theory behind the DPA experiment as described by Chanda et al., 20058. 

The blue dots are labels on S4 domains, DPA is shown in red, the membrane is labeled 

yellow, and the channel is shown in green. The left shows what would happen if there is 

little to no transmembrane movement of the S4 domain, and the right shows the outcome if 

there is a large transmembrane movement. In the resting state, the low moving S4 would 

have quenched fluorescence, and the large movement model would be unquenched. Upon 

depolarization, the DPA would move from the external to the internal membrane. In the low 

movement model, the signal becomes unquenched, while the opposite happens in the large 

movement model. In the low movement model, the FRET signal stays consistent until 

repolarization, while the change in fluorescent intensity is transient in the large movement 

model and produces another transient response upon repolarization. 
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The helical screw model, also known as the canonical model, says that upon 

depolarization the S4 regions rotate along their long axis and moves a bit towards the 

extracellular fluid in a screw-like fashion. This movement has been proposed to be 

between 9 and 20 Å in distance by different groups225,227,228. This movement is 

accomplished by sequential interactions with negatively charged residues in an aqueous 

protein-lined gating pore after depolarization225,229. Interestingly, it has been proposed 

that not the entire S4 domain that moves upon depolarization, but only an arginine 

sidechain that relocates to the extracellular side of the membrane. The rest of the VSD 

remains relatively undisturbed224. 

Some of the most compelling data in support of this model come from Broomand 

& Elinder’s work on Shaker K+ channels228. Since the S4 region should hypothetically 

slide and rotate next to the S3 region, they substituted a cysteine residue in S3, and 

another one in S4. They wanted to see if these two cysteines could make disulfide bonds 

in open or closed channel states. A disulfide bond is slightly longer than 2 Å230, meaning 

that these two cysteines would have to come very close to each other. The researchers 

introduced cysteines at several locations along the S4 region and observed that many of 

these cysteines could bond to the S3 cysteine. The S4 cysteines were located at various 

depths in the membrane and pointed at different angles, lending great support for a 

helical screw model228. 

Additional support for this model comes from omega current measurements231,232. 

 

Omega or gating pore currents are essentially leak currents that flow through a mutant 

voltage sensor. Omega currents can be induced by mutating the polar amino acids in 

VSDs to smaller, non-polar residues233. If the omega current is present at rest, it can be 
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stopped during depolarization, suggesting that movement of the VSD is occurring to plug 

up the mutation-induced gap231. Based on the data available, the helical screw model 

appears to be the most widely accepted at this time. 

Although the findings on VSD movement in K+ channels can be applied to Na+ 

and Ca2+ channels, there are differences between these channels that should be 

acknowledged. Voltage gated K+ channels are made up of 4 independent protein subunits 

while Na+ and Ca2+ channels are made up of 4 homologous non-identical domains in one 

peptide. Kv channels are formed through homotetramers, so any mutations introduced 

into the protein was replicated 4 times per protein234. Another difference between K+ 

channels and Na+ and Ca2+ channels is that the VSD and the pore domains of the K+ 

channels are separated, and the S4 regions interact more closely with the pore domain of 

the adjacent subunit rather than the same subunit. This may indicate that K+ channel 

VSDs communicate with pore domains of the adjacent subunits to provide a molecular 

basis for a coordinated opening of the ion pore196. 

 

 

Cav1.1 VSDs in Disease States 

 

Cav1.1 VSDs have been implicated in a few disease states, like hypokalemic 

periodic paralysis (HypoPP) and malignant hypothermia (MH)233,235-237. Missense 

mutations in the Cav1.1 VSDs are one of the causes of HypoPP, and currently there are 7 

different known mutations relevant to this pathology233,235. These mutations cause gating 

deficits, meaning that the activation or deactivation of the channel is impaired in some 

way. The majority of these mutations cause the replacement of a charged residue in VSD 
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II with a non-polar amino acid, but a novel mutation has been observed in VSD III235. 

Mutations in Nav1.4 VSDs can also lead to HypoPP, and in those mutations, a “gating 

pore” has been observed. The “gating pore” is essentially a small gap in the channels’ 

structure that allows protons to travel across the membrane away from the central pore 

238,239. Omega currents also occur in HypoPP patients with Cav1.1 mutations232. Patients 

with HypoPP experience occasional attacks of periodic paralysis (described as 

weakness), where they are rendered unable to move for minutes, hours, or days. This can 

be attributed to periodic decreases in serum potassium, and the lack of complete ECC due 

to impaired Cav1.1 gating. It has been suggested that there is a reduced outward current 

of inward rectifying potassium (K+) channels responsible for the hypokalemia observed 

during paralytic attack240,241. However, external factors can influence the onset of an 

attack, like stress, carbohydrate intake, or temperature242,243. Using our second novel 

technique, we could address how the mutation affects the timing of the various VSD 

movements and relate them to how ECC is impacted. 

MH is an autosomal dominantly inherited condition in which, under some 

anesthetics (Ex: isoflurane, halothane) or muscle relaxants (Ex: succinylcholine), patients 

will experience an uncontrollable increase in muscle activity and heat production244,245. 

High fever, acidosis, and tachycardia are also symptoms, and if left unchecked, this 

attack could become life-threatening. Mutations in Cav1.1 or in RyR1 can lead to MH 

susceptibility236,237. The vast majority of cases are due to mutations in RyR1246, however 

the few Cav1.1-related MH cases have been of great interest. 

As of 2013, 5 MH-causing mutations on Cav1.1 have been identified. There are 3 

within the intracellular III-IV loop (R1086C, R1086H, R1086S), 1 on the extracellular 
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pore region of repeat IV (T1354S), and one that occurs on the first VSD (R174W)247. 

Compared to other MH mutations on Cav1.1, the R174W mutation has a more severe 

impact on channel function. In myotubes, Ca2+ influx in R174W-Cav1.1 channels is 

absent, but ECC is relatively unaffected237. Further studies on this mutation showed that 

the gating properties were drastically altered. Very little to no inward calcium current is 

observed in R174W-Cav1.1 myotubes, with no significant difference observed in charge 

movement237. A more recent study found that the voltage-dependence of channel 

activation is rightward shifted by ~60mV with this mutation, and the researchers suggest 

that the resting state of VSD I is stabilized with a R174W mutation248. These findings 

suggest that VSD I at least contributes to Cav1.1 channel activation. 

The R174W mutation leads to MH susceptibility by increasing SR Ca2+ leak237. 

 

Additionally, in R174W-expressing myotubes, myoplasmic Ca2+ levels are elevated 

compared to wild type, and this increase may potentiate RyR1 activation by increasing 

the open probability of RyR1, both under normal conditions and in response to 

pharmaceutical agents such as caffeine or volatile anesthetics237,249. Despite these 

alterations, the R174W mutation is said to not affect ECC198,237,248. 

 

 

Objectives: Voltage Sensor Domains 

 

There are several pathologies that affect ion channel VSDs, and though they have 

been examined in expression systems, our work is the first to examine any VSDs in their 

native tissue. This group of experiments has 2 goals: 1) To develop and demonstrate the 

utility of this approach, introducing a more physiologically relevant way to study VSDs 
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in skeletal muscle, and 2) To figure out which of the Cav1.1 VSDs are necessary for Ca2+ 

release from the SR and channel activation and deactivation via their temporal kinetics. 

 

 

 

Chapter 2.2: Measuring VSD Kinetics in Cav1.1 

 
Voltage Sensor Movement 

 

While the overall effects of charge movement in skeletal muscle are known, to the 

best of our knowledge, no previous study has examined the contributions of individual 

VSDs within its native tissue. Our experiments provide the first recordings of the kinetics 

of the voltage sensor domains in Cav1.1 in skeletal muscle, and first recordings of VSD 

movement in response to an action potential in any system. 

WT mice were electroporated with a plasmid containing a GFP-tagged Cav1.1 

plasmid with a cysteine substitution located before one of the four VSDs (Domain 1: 

L159C, Domain 2: L522C, Domain 3: V893C, Domain 4: S1231C). Around 4 weeks 

later, the mice were sacrificed and their FDBs were dissected out and dissociated. Figure 

20 shows the localization of our Cav1.1-GFP tagged plasmid in the skeletal muscle. WT 

Cav1.1 localized to the TT membrane, where it is closely associated to RyR1 in the SR 

membrane. 

The GFP signal in our transfected fibers is strongest at the TT, as is shown by the 

 

~2 μm separation between the bands of bright GFP fluorescence (shown in white boxes). 

Staining the fibers with TAMRA will label all cysteines on the surface, not just the 

substituted cysteines in our transfected Cav1.1. Notice that TAMRA also stains the 

sarcolemma. 
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We were also concerned that the expression of the transfected Cav1.1 channels 

were inserting itself into the appropriate membrane location or whether it was expressed 

in addition to the endogenous Cav1.1 protein instead of replacing it. Cav1.1 has a very 

regular organization in the TT network201 (See Introduction: Charge Movement). If our 

introduced protein didn’t translocate to the critical junction between Cav1.1 and RyR1, 

Figure 20. GFP and 

TAMRA 

immunofluorescence. 

Example FDB fiber with 

Cav1.1-GFP with L522C 

(Domain II) mutation. Based 

on the 2 μm separation 

between the points of GFP 

fluorescence, we can infer 

that our plasmid successfully 

localized to the TT network. 

Staining with TAMRA 

labels the TT network as 

well as the sarcolemma, due 

to background cysteine 

availability. Fluorescence 

profile is also shown, with 

TT patterning. Though not as 

robust, TAMRA labeling 

shows a strong sarcomeric 

patterning. Bottom images 

show the overlap between 

GFP and TAMRA signals. 

White boxes show where 

fluorescence graphs were 

obtained from. Scale bars are 

10 μm. 
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the VSD signals we would have seen would not have been representative of what occurs 

during ECC. 

To address this question, we fixed FDB fibers from some of our electroporated 

mice and labeled them with a Cav1.1 targeted fluorescent antibody. We hypothesized that 

if endogenous Cav1.1 was being replaced by our Cav1.1-GFP protein, the intensity and 

the localization of Cav1.1 derived fluorescence would not vary between GFP+ and GFP- 

fibers. Indeed, in our immunofluorescence images we see no significant difference in the 

intensity of the Cav1.1 derived signal between GFP+ and GFP- fibers. We also do not 

notice much variation in the pattern of Cav1.1 labeling between these sets of fibers, 

suggesting that the endogenous protein is being replaced with the mutated one, rather 

than being inserted randomly in the membrane (Figure 21), as previously demonstrated 

by others250. 

The day after dissociation, fibers were selected by checking for uniform 

contraction in response to a 1 ms supra-threshold pulse and the presence of a GFP signal. 

Both GFP+ and GFP- fibers were stained with MTS-TAMRA using a depolarizing 

solution to expose cys engineered residues to the extracellular solution211 and recorded 

(GFP- as a control) using high-speed confocal microscopy. Most fibers showed a 

noticeable, large, positive-going movement artifact in response to stimulation. However, 

a faster, negative-going signal was seen before the movement artifact in some of the 

GFP+ fibers. This signal was not observed in the GFP- fibers, or in non-electroporated 

fibers that were stained with MTS-TAMRA. For display purposes we have flipped the 

traces along the x-axis (the VSD signal goes upwards). Previous cut open two-electrode 

voltage clamp studies on similarly modified Cav1.2 L-type calcium channels showed that 
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there is no significant difference in Ca2+ current between oocytes transfected with WT 

and cysteine-substituted channels211. This suggests that our transfected cells are 

Figure 21. Endogenous and electroporated 

Cav1.1 localization. a) Control and fibers 

electroporated with EGFP-Cav1.1 V893C 

labeled with an α-Cav1.1 antibody. 

Fluorescent localization appears to be similar 

between control and electroporated 

conditions (i.e. presence of GFP does not 

affect α-Cav1.1 derived fluorescent 

localization). b) Box & whisker plot showing 

fluorescent intensities of α-Cav1.1 between 

control and electroporated fibers. No 

significant differences were observed. c) Box 

& whisker plot showing differences in GFP 

fluorescence between control and 

electroporated fibers. GFP fluorescence was 

significantly higher in electroporated fibers 

than control fibers. d) Scatterplot comparing 

GFP and α-Cav1.1 derived fluorescence. No 

significant correlation was observed between 

the two variables. 
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functionally similar to WT cells. 

 
We were able to obtain VSD recordings from all 4 domains, indicating that we 

were successfully able to have MTS-TAMRA covalently link to the cysteines nearby the 

VSD in question at the time. Under resting conditions, the cysteines are partially or 

entirely embedded in the membrane, making them inaccessible to MTS-TAMRA in the 

bath solution. Upon application of our depolarizing solution (See Methods: Field 

Stimulation Fluorometry), the VSD will move outward towards the bath solution, moving 
 

the cysteines into the bath solution as well, allowing them to be labeled by MTS- 

TAMRA. The 4 VSDs all have different time courses, which seems to suggest they play 

different roles in ECC (Fig. 22a). 

VSD I has been shown to be important for the voltage-sensitivity of the ion 

channel activation of Cav1.1251, which is slower than Ca2+ release from the SR252. Based 

on our recordings, it appears that VSD I reaches its furthest level of movement after the 

Ca2+ transient has reached its peak and has begun to decline. This suggest that VSD I is 

not critical for ECC (Fig. 22b). Since VSD I is known to be important for Cav1.1 pore 

activation, it may not have as much of a role in activating Ca2+ release. 

Previous work on hypokalemic periodic paralysis (HypoPP) suggests that VSD II 

is critical for Ca2+ release from the SR232, while mutations in this domain also have mild 

to modest effects on ionic current, and significantly slowed activation kinetics253. Our 

data (Fig. 22c) shows that the rapid VSD II activation accompanies Ca2+ release from the 

SR, suggesting that VSD II activity is necessary for this. 
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VSD III appears to be the last of the 4 to reach maximum activation, noticeably 

after the peak of the Ca2+ transient and the maximum change in fluorescence in the other 

3 VSDs (Fig. 22d). Based on its relatively late timing, it could be important for channel 

inactivation. Previous studies have suggested that VSD III could be involved in ECC254, 

but from our results we cannot support that finding. 

VSD IV appears to have similar activation kinetics to VSD I, reaching its 

maximum change in fluorescence at about the same time (Fig. 22e). Alternative splicing 

studies have suggested that VSD IV controls the voltage-dependence of the channel206,252 

and may not contribute to SR Ca2+ release, as pore activation is a much slower process 

than ECC. 

All recordings were done in the presence of BTS, but the amount of BTS was not 

sufficient to eliminate contraction in all fibers. As a control, we took TAMRA recordings 

of WT fibers with no transfected channels, and recordings of FDB fibers with a GFP- 

tagged Cav1.1 to get records of the pure movement artifact. We did not see the fast 

negative-going response in these recordings, indicating that the signal we saw in our 

cysteine substituted Cav1.1 fibers was actually arising from the VSDs movements and not 

a movement artifact. In examining our movement artifact recordings, we found that 

movement started about 5 ms after stimulation on average. Because the majority of the 

Figure 22. Fluorometric Recordings from Cav1.1-GFP with Cys mutations before VSDs. 

a) Fluorescent traces from the 4 VSDs with AP and Ca2+ transient recordings from separate 

populations of FDB fibers. All fibers were treated with a cold depolarizing solution to more 

reliably estimate AP initiation and Ca2+ release during VSD recording. Orange arrow shows 

time of stimulation. b)- e) show traces of individual VSDs in comparison to the same AP and 

Ca2+ transients from a). From our recordings, it seems that VSD II is the first to reach full 

activation, making it the most reasonable activator of Ca2+ release. VSDs I and IV may 

control the activation and voltage-dependence of the pore domain respectively. VSD III is the 

last to reach full activation and may be responsible for the inactivation of the pore domain. 
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We needed to ensure that the signals we observed were from the VSD, and not 

from a movement artifact. As additional controls, we took recordings of TAMRA stained 

fibers under two more conditions: FDB fibers from non-electroporated mice, and fibers 

electroporated with Cav1.1-GFP with no cysteine substitution. In both of these groups of 

fibers, we only observed movement artifacts, and no downward deflecting signal 

indicative of VSD movement (Figure 23). 
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Here we have provided the first recordings of VSD not just of Cav1.1 in skeletal 

muscle, but of any ion channel in its native tissue. The molecular machinery present in 

skeletal muscle could augment the voltage-dependence and the kinetics of the VSDs 

when compared to their measurement in expression systems. Seeing how the VSDs 

respond to APs in muscle is a crucial step in understanding ECC and Ca2+ current into the 

cell. Future experiments can examine how their kinetics change in disease states, like 
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Figure 23. Movement artifact recording in FDB with Cav1.1-GFP and no mutation. 

During recording, the movement artifact causes an opposing change in fluorescence to the 

VSD signal. This difference allowed us to more easily distinguish between the two signals. 

Note that there is no upward going VSD signal in this graph. Orange arrow shows the time of 

stimulation. We did not observe the VSD signal in these controls, WT fibers, or fibers from 

FDBs with a cysteine mutation but not expressing GFP. Note: ΔF/F0 values were multiplied 

by -1, so that the VSD signal would move upward and the movement signal would move 

downward. 
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HypoPP and MH. Additionally, a full gamut of electrophysiological experiments, with 

voltage steps and recordings taken with AP waveforms would give a great deal more 

information about the kinetics and voltage-dependence of the VSDs of Cav1.1. 

 

 

 
 

Chapter 2.3: Discussion 

 
Fluorometric Recordings of Cav1.1 VSDs 

 

Voltage clamp fluorometry has been utilized to observe VSD movements in a few 

other channels211,255. As mentioned earlier, Olceses’ group at UCLA examined the time 

courses and voltage-dependence of Cav1.2 VSD activation. They found that domains II 

and III may be involved in activation, and that IV may be involved in inactivation211. In 

2002, Chanda and Bezanilla showed that domains I-III have a similar time course to 

channel activation, and IV has a similar time course to inactivation in rat voltage-gated 

sodium channels255. 

Our VSD experiments are, to the best of our knowledge, the first to examine the 

temporal kinetics of Cav1.1s VSDs in native tissue (and the first to examine VSD kinetics 

in any native tissue by an AP). Another group has recently elucidated the voltage- 

dependence of a subset of the Cav1.1 VSDs movement using oocytes248. This work has 

provided great insight on the workings of the ion channel, but due to the absence of 

RyR1, it does not provide accurate information about its role in ECC. Additionally, in 

skeletal muscle there are many proteins that interact with Cav1.1 and RyR1 that could 

affect the temporal properties of VSD movement and are not present in the expression 

system. There is some precedent for this, as comparing some studies suggest that 
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depending on the study conditions (age of mice, strain of mice, etc.), differences exist 

between calcium current profiles obtained from myotubes and myoblasts versus those 

obtained from native tissue. Peak calcium current has been measured around +20 

mV198,203,237 and as high as +50 mV251 in myotubes. However, peak calcium current in 

skeletal muscle fibers has been measured at voltages between -20 mV232 and +20 

mV176,256. There is some variation between studies even utilizing the native tissue 

(homologous expression systems), but the differences seem to be greater between those 

using a heterologous expression system. Our work is a step forward in that it gives us a 

much clearer idea of how the VSDs operate in native skeletal muscle during stimulation. 

Out the 4 Cav1.1 VSDs, domain II (L522C) is the only one that completes its 

rising phase at the same time as peak Ca2+ release from the SR. This suggests that VSD II 

is the critical domain for proper ECC. Previous research on Ca2+ release in HypoPP had 

suggested this232, but this is the first study to examine the temporal activity of the VSDs 

in native tissue. Other groups have suggested that VSD III is the critical domain for 

ECC206,210 , but our data shows that VSD III reaches its fluorescent peak noticeably after 

peak Ca2+ release. In fact, it is the last VSD to reach its peak, so it could be involved 

more heavily in a slower channel process, like deactivation. 

Pore activation is a much slower process than ECC via Cav1.1. VSDs I and IV 

have been hypothesized to be responsible for the activation and voltage-dependence of 

the pore domain of Cav1.1 respectively. In our hands, they have similar activation 

kinetics, which lends itself to the hypothesis that they are indeed not necessary for ECC. 

Interestingly, in myotubes, peak activation was measured at around 100 ms after 

stimulation257, much slower than the ~5 ms gap between stimulation and Ca2+ release we 
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observed in out studies. It may be the case that the conformational changes to open the 

pore are much slower than our VSD I and IV recordings suggest. 

A recent unpublished finding from a group at UCLA used oocytes to examine all 

4 VSDs. Their extensive work suggests that Cav1.1 VSD III is responsible for signaling 

RyR1 to release Ca2+ from the SR258. Because their work was done in oocytes, we still 

contend that VSD II is critical for Ca2+ release in native tissue. Interactions with several 

skeletal muscle proteins could affect the kinetics of Cav1.1 VSDs in vitro. 

Unfortunately, we did not obtain recordings of each the four voltage sensors in the 

presence of BTS. Movement seems to begin, on average, around 5 ms after stimulation in 

our conditions, so we can only reliably estimate the kinetics of activation for most of the 

VSDs. During fiber depolarization, fluorescence of MTS-TAMRA attached to the VSD 

becomes dimmer. The movement artifact caused a much larger increase in fluorescence, 

which we were able to distinguish from the VSD signal because of the opposite polarities 

of the 2 signals. Some preliminary experiments were performed with TMRM, which 

would have increased in fluorescence when attached to the VSD and would have been 

more difficult to dissect out from the movement artifact. 

While field stimulation fluorometry is a powerful technique, we did struggle to 

successfully label our GFP+ fibers consistently in our in vitro conditions. To obtain more 

consistent labeling, we could incorporate unnatural amino acids (UAAs) into Cav1.1 

before the VSD and record their fluorescence instead. UAAs may be becoming more 

prominent in the literature for site-specific targeting on an ion channel. 
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UAA incorporation expands the number of building blocks available for protein 

synthesis and are typically incorporated via substitution of an amber (UAG) stop codon 

in an mRNA for a protein of interest and can be fluorescent on their own. The mRNA is 

read by an amber suppressing tRNA that is aminoacylated with the desired UAA, so it 

will incorporate the UAA instead of stopping protein translation. The mRNA and 

aminoacyl-tRNA synthetase can be injected together, leading to production of a protein 

with the desired UAA. UAAs can be used to track different properties of proteins. 

Previous studies have successfully used UAAs in intact mouse models to fluorescently 

label proteins. The approach seems to require regular administration of the UAA in 

question via intraperitoneal injection259 or ingestion via water. Ongoing experiments on 

Cav1.1 can take this approach to achieve more consistent labeling and potentially a more 

robust fluorescent signal from the VSDs. This approach has already been used to 

investigate properties of other ion channels in expression systems260,261. 

In our VSD time course analysis, we focused on the peak change of ΔF/F0. We 

chose this parameter because the peak suggests the completion of a conformational 

change necessary for signaling an ion channels’ activity. However, examining the entire 

time course of activation could unveil additional information as well. There could be 

intermediate or partial signaling processes that happen during the activation, not just at 

the peak. A significant portion of total charge movement occurs before notable Ca2+ 

release and contraction262,263, but it’s possible that there is some other type of signaling 

occurring in the steps leading up to that. 

Because we labeled Cav1.1 outside the voltage sensors themselves, we may be 

capturing a movement secondary to the actual VSD kinetics. A study done in 2013 used 
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both UAAs and voltage clamp fluorometry in Kv channels to examine how labeling the 

cytosolic side of the VSD differs from the extracellular side in terms of activation 

kinetics. From their research they determined that the “upper S4” (near the extracellular 

side) has a slower activation time compared to the “lower S4”264. These findings suggest 

that there are at least two different transitions happening during ion channel activation. 

As we labeled Cav1.1 VSDs on the extracellular side, we may be observing the slower 

movement associated with the “upper S4” instead of the movement associated with 

charge movement. 

Cav1.1 VSDs are impacted in a few disease states, like the periodic paralysis 

syndromes and malignant hypothermia (MH). While previous experimental approaches 

have helped uncover the voltage-dependence of the channel activation and Ca2+ release of 

Cav1.1 in MH237,248, as of the writing of this thesis there is no published work on how the 

kinetics of the individual VSDs are impacted in this condition. Furthermore, we can take 

this opportunity to take a deep dive into the specifics of how a periodic paralysis 

mutation in Cav1.1 affects voltage-dependence as well as VSD kinetics. Our second novel 

technique, looking at VSD movement in skeletal muscle, can be utilized to better 

understand how VSD movement kinetics vary between wild type and diseased muscle. 

Future studies can unveil these differences and examine how a therapeutic intervention 

can potentially rescue them. Additionally, this work could be the first in a long line of 

studies examining VSD properties in native tissue. Our work has show that it is possible, 

and this approach can be adopted for different cell types. Many groups have studied 

VSDs in K+, Na+, Ca2+, and Cl- channels, but none have used native tissue to study them. 
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We hope that in addition to providing some additional clarity to the ECC process, we 

provide a framework for other groups to begin examining VSDs in their native cell types. 
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Chapter 3: General Methods 

 
Ethical Approval 

 

All animals were housed in a pathogen-free area at the University of Maryland, 

Baltimore. The animals were euthanized according to authorized procedures of the 

Institutional Animal Care and Use Committee, University of Maryland, Baltimore, by 

regulated delivery of compressed CO2 overdose followed by cervical dislocation. 

 

 

FDB Fiber Preparation 

 

FDB muscles were isolated from the hindlimbs of female CD1 mice between 4 

and 8 weeks old. A total of 24 mice were used. Fibers were placed in 2 mg/mL type I 

collagenase/minimum essential medium (MEM) (Gibco, Carlsbad, CA, Cat. No. 

11095098) to enzymatically dissociate single fibers for 4 hours. Afterward, FDBs were 

also dissociated via mechanical means using a glass pipette in MEM with 0.1% 

gentamycin (Sigma, St. Louis, MO; Cat. No. G1397) and 10% fetal bovine serum 

(Gemini Bio-Products, West Sacramento, CA, Cat. No. 100-106). Multiple single fibers 

were plated on laminin-coated glass bottomed dishes (Matek Cor. Ashland, MA, Cat. No. 

P35G-1.0-14-C) in MEM with 0.1% gentamycin. Dishes were placed in a 37o C with 5% 

CO2 incubator overnight265. Cells were tested within 48 hours of isolation. 

 

 

 
Whole-Muscle Preparation for Recordings 

 

FDB and EDL muscles were isolated from the hindlimbs of female CD1 mice 
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between 4 and 8 weeks old. A total of 7 mice were used. Muscles were placed in a small 

petri dish containing warm L-15 media (Life Technologies, Carlsbad, CA, Cat. No. 

21083027) supplemented with 0.1% gentamycin and 0.25% albumin. The ionic 

composition of L-15 in mM is: 137 NaCl, 5.7 KCl, 1.26 CaCl2, and 1.8 MgCl2, pH 7.4). 

The muscles were loaded by adding to 20 µM rhod-2 with 100 µM neostigmine, a 

cholinesterase inhibitor, to reduce the rate of cleaving of the dye by extracellular 

esterases266 . After 1 hour of loading, the muscles were transferred to a glass-bottomed 

dish and held down using a plastic cover slip. The cover slip was secured using silicone 

grease (Chemplex 825, Fuchs Lubritech, Harvey, IL, USA). Krebs’ solution (112 mM 

NaCl, 25.7 mM NaCO2, 4.9 mM KCl, 2.5 mM CaCl2, 1.2 mM MgSO4, 1.2 mM KH2PO4, 

11.5 mM glucose, 10 mM HEPES) was then added to the glass-bottom dish. Muscles 

were stimulated using 10 volt/cm, 1 ms pulses while line scans were taken at a rate of 

10,000 lines/sec. Excitation for rhod-2 was provided by a 488 nm laser, and emitted light 

was collected at > 505 nm. Muscles were imaged using either a 10x dry objective or a 

60x water-immersion objective lens. Oxygenated (95% O2, 5% CO2) Krebs’ solution was 

perfused across the dish throughout the recording session. Images were background 

corrected by subtracting an average value recorded outside the cell. The average 

fluorescence before stimulation was used to find F0 (baseline before stimulation), which 

was used to scale the rhod-2 signal in the same ROI to obtain ΔF/F0 (change in 

fluorescence compared to baseline). Experiments were performed at room temperature, 

21-23° C. 
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TT Network Imaging 

 

Isolated cells were stained with 5 µM of Di-8-ANEPPS in MEM for 2 hours. 

Cells were kept in 37° C incubator during this time. Excitation for Di-8-ANEPPS was 

provided by a 543 nm laser, and emitted light was collected at > 560 nm. The laser 

intensity was set to 20%. Cells were examined for structural integrity before being tested. 

Fibers were imaged using a 60x water-immersion objective lens with MEM as the 

recording solution. A set of four scans were taken at 3.5x zoom and averaged to produce 

each frame image. Images were background corrected to better display the t-tubule 

network. 

 

 
 

Whole Mount Muscle Na+ Channel Imaging 

 

Extensor digitorum longus (EDL) and flexor digitorum brevis (FDB) muscles 

were dissected, stored in 4% paraformaldehyde, and labeled in parallel, as previously 

described.  Muscles were permeabilized using 0.5% Triton-X in phosphate buffered 

saline (PBS) for 30 minutes at room temperature. Following permeabilization, muscles 

were blocked with 8% goat serum in PBS for one hour. Muscles were then incubated 

overnight with primary antibodies against Nav 1.4 (rabbit anti-mouse at 1:250, SCN4A, 

Alomone Labs, Jerusalem, Israel) in 2% goat serum in PBS. Samples were washed with 

PBS three times for 10 minutes each. They were then incubated for one hour at room 

temperature with α-bungarotoxin conjugated to Alexa Fluor 488 (1:200, B13422, Thermo 

Fisher Scientific, Waltham, MA, United States) and goat anti-rabbit Alexa Fluor 647 

(1:100, A-21244, Thermo Fisher Scientific). Samples were washed with PBS three times 

for 10 minutes each. Digital images of whole mount muscles were obtained using a 
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confocal laser-scanning microscope (LSM Duo, pinhole size approximately 100 μm, 7.17 

pixels/μm, 63x magnification). All image acquisitions were performed in a blinded 

fashion. Laser power, pinhole diameter, brightness and other confocal microscopy 

parameters were fixed and not altered between samples. Imaging was performed at the 

level closest to the surface for all samples, and approximately midway between the 

neuromuscular junction (labeled by α-bungarotoxin) and the muscle fiber end. Excitation 

for Nav 1.4 and DAPI were provided by 633 nm and 405 nm lasers, respectively, and the 

emitted light was collected at > 650 nm and > 420, respectively. Specificity of the 

antibody to Nav 1.4 was confirmed with muscles (both EDL and FDB) imaged (data not 

shown) with only secondary antibodies (no incubation with primary antibodies to Nav 

1.4) and with Nav1.4 neutralizing peptide (Cat. No.: ASC-020, Alomone Labs, Jerusalem, 

Israel). ROIs were user drawn and kept consistent across fibers. A background image 

containing no fibers was taken to estimate background fluorescence. 

 

 
 

Di-8-ANEPPS Voltage Signal Recording 

 

Isolated fibers were stained with 5 µM of Di-8-ANEPPS (Invitrogen, Carlsbad, 

CA, Cat No. D3167) in MEM for 2 hours. Fibers were kept in 37° C incubator during this 

time. MEM was aspirated and replaced with L-15 directly before testing. Fibers were 

stimulated at 12 volts for 0.5 ms while line scans were taken at rates of either 10,000 

lines/sec or 50,000 lines/sec (512 x 10,000 or 50,000 pixels). Records are an average of 6 

scans from the same fiber at a given location. TTX (Millipore Corp., Darmstadt, 

Germany, Cat. No. 554412) was administered at a 1 µM concentration. TTX was allowed 

10 minutes after application to block Na+ channels and obtain passive responses to 



81  

stimulation. Excitation for Di-8-ANEPPS was provided by a 532 nm laser, and emitted 

light was collected at >550 nm. To improve signal/noise, excitation light intensity was set 

to 20% of the 532 nm laser in the confocal system. To minimize photo damage, 

excitation light exposure was limited to 30 ms, beginning 3 ms prior to the start of the 

field stimulus. Fibers were examined for structural integrity and twitch responses to field 

stimulation before being tested. Fibers were imaged using either a 10x or 60x water- 

immersion objective lens with L-15 as the recording solution. Images were background 

corrected by subtracting an average value recorded outside the fiber. The average 

fluorescence before stimulation was used to find F0 (baseline before stimulation), which 

was used to scale the Di-8-ANEPPS signal in the same ROI to obtain ΔF/F0 (change in 

fluorescence compared to baseline). Experiments were performed at room temperature, 

21-23° C. 

 

 
 

Mag-Fluo-4 Ca2+ Recordings 

 

Isolated fibers were loaded with 1 µM of mag-fluo-4 (Life Technologies, Eugene, 

OR, Cat. No. M14206) in 37o C L-15 (Gibco, Carlsbad, CA, Cat. No. 21083027) with 

0.1% gentamycin and 0.25% albumin (Sigma-Aldrich, St. Louis, MO, Cat No. A8806- 

5G) for 30 minutes. Media was aspirated and replaced with standard room temperature L- 

15 for 30 minutes before testing. Fibers were stimulated at 15 volts for 0.5 while line- 

scans (xt) were taken at a rate of 10,000 lines/sec (512 x 10,000 pixels). Excitation for 

mag-fluo-4 was provided by a 488-nm laser. The emitted light was collected at >505 nm. 

Fibers were examined for structural integrity and twitch response to field stimulation 

before being tested for conduction velocity. Fibers were imaged using either a 10x or 63x 
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water-immersion objective lens with L-15 as the recording solution. Images were 

background corrected by subtracting an average value recorded outside the cell (Figure 

4a). The average fluorescence before stimulation was used to find F0, which was used to 

scale the mag-fluo-4 signal in the same ROI to obtain ΔF/F0. Experiments were 

performed at room temperature, 21-23° C. 

 

 

Alternate polarity electric field stimulation and determination of action potential 
 

conduction velocity 

 

We used the membrane impermeable, potentiometric dye, Di-8-ANEPPS to 

monitor changes in membrane potential in response to alternate polarity electric field 

stimulation. The rationale is as follows. If we optically measure the AP using high time 

resolution (i.e., high-speed line scans) at both ends of the muscle fiber; (Fig. 24a) we can 

record the AP where it is initiated (at the negative facing end of the fiber) and the AP 

after it has propagated along the muscle fiber (at the positive facing end of the fiber). But 

this requires that we move the site of recording between ends of the fiber. Alternatively, 

we can switch the polarity of the bipolar electrodes, and record line scans from the same 

end of the fiber for both negative and positive stimuli (i.e., for both depolarizing and 

hyperpolarizing field stimuli; Figure 24b). As derived in the appendix, we then calculate 

the muscle fiber conduction velocity as: 

Conduction velocity = (L –2 a) / (t1/2(+) – t1/2(-)), 

 
where L is the fiber length, a is the distance of the recording site from the nearby end of 

the fiber, and t1/2(+) and t1/2(-) are the times from start of the stimulus to half peak of the 



83  

action potential for an action potential triggered respectively with the recording site in 
 

 

 

the fiber facing either the positive (Fig. 24c, top) or negative polarity field electrode (Fig. 

24c, bottom). This approach avoids the need to record at 2 different spatial locations 

along the fiber to determine the action potential conduction velocity. 

Figure 24. Effects of electric field generation on isolated muscle fibers. a) Upon 

stimulation from a pair of external remote bipolar electrodes, the two ends of the muscle fiber 

will be affected in opposite ways. The end near the positive pole will be hyperpolarized 

(made more negative; Vm is measured by internal voltage relative to external voltage), while 

the end near the negative pole will be depolarized, and this is where the action potential will 

be initiated. We can change our recording location from one end to the other end, thereby 

examining the initiation and propagation of the action potential. b) Alternatively, by changing 

the polarity of the electrodes, we can cause alternate depolarization of the fibers ends, thus 

alternating the location of the action potential initiation, while recording at the same fiber end, 

allowing for the measurement of propagation velocity of action potentials or action potential 

induced-Ca2+ transients, providing that the fiber length is known. c) Schematic showing 

direction of voltage propagation based on stimulation orientation. Stimulation (lightning bolt) 

will always begin at the side of the fiber near the negative electrode, propagating radially into 

the t-tubules as well as along the sarcolemma. We can record at one point along the fiber 

(green line), and switch the polarity of the electrodes, initiating an AP at either end of the 

fiber. d) A vector diagram showing the effect of the electric field on muscle fibers when they 

are not parallel to each other. If within 45 degrees of the field, fibers will experience at least 

cos(45) = 0.71 of the applied field. 
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As an orthogonal approach, in some fibers action potential conduction velocity 

was determined by using a single polarity field stimulation, but now recording action 

potentials at 3 different locations along the length of the fiber: near the end of the fiber 

facing the negative bath electrode, in the center of the fiber and at the end of the fiber 

facing away from the negative electrode. The reciprocal of the slope of the line fit to t1/2 

values versus distance along the fiber gives the conduction velocity for these 

measurements. 

If a muscle fiber is not oriented parallel to the electric field it will only experience 

a fraction of the full field along its length. Consider a muscle fiber of length X oriented 

parallel to an electric field E. According to Fig. 24d, where X is the radius of a circle, if 

the fiber is oriented at an angle θ to the applied field, the fiber would experience an 

effective fractional component of the field (y/x) equal to cos(θ) along its length, which is 

the effective longitudinal field for the fiber at angle θ to the field. In our experiments we 

only record from fibers with θ < 45 degrees, in which case the fibers experience at least 

cos(45) = 0.71 of the applied field. 

 

 

 
 

Plasmid Generation 

 

pEGFPCav1.1 wild-type was a kind gift of Dr Julio Vergara (UCLA). Cysteine- 

engineered mutants for each of the VSDs (I-V) of Cav1.1 were generated using the 

QuikChange Site-Directed Mutagenesis Kit (Stratagene, Part #: 200519, La Jolla, 

California). A single cysteine was substituted on the extracellular side of each Cav1.1 

VSD (VSD I: L159C, VSD II: L522C, VSD III: V893C, VSD IV: S1231C). 
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Plasmid Purification 

 

xβ1A subunit, STAC3, plasmids were graciously donated by Manu Ben-Johny 

(Columbia University, Ithaca, NY). 5 mL of D5α bacteria were aliquoted into Eppendorf 

tubes and put on ice. 1 μL of DNA from the stock plasmid was added to the bacteria. 

After 10 minutes, the bacteria were heat shocked at 42⁰ C for 30 seconds and put back on 

ice for 2 minutes. 50 μL of SOC media was added to the tube and lightly mixed. Bacteria 

were plated on an agar plate and placed in a 37⁰ C incubator, Agar side up. Plasmid 

purification and amplification were done using the EndoFree Plasmid Mega Kit (Qiagen, 

Cat #.: 12381, Hilden, Germany). 

 

 
 

FDB Electroporation 

 

4-week-old C57/B6 mice were anesthetized using 4% isoflurane in O2. After 

isoflurane induction, anesthetic was maintained using 2.5% isoflurane in O2. Mice were 

eartagged, and the feet were prepared for injection using alcohol wipes. Using a Hamilton 

syringe, the footpad was injected subcutaneously with 20 µL hyaluronidase (4 mg/mL). 

To allow the enzyme to loosen up the tissue, there was a 1 hour wait time between this 

step and injecting plasmid. Mice were allowed to rest in their home cage during this time. 

After said time, mice were induced with isoflurane as before. After wiping feet with 

another alcohol wipe, 20 µL of plasmid was injected (GFP-Cav1.1-cys engineered VSD 

and human STAC3 in 1x PBS). After 5-10 minutes, the feet were electroporated at 120 

V, 20 ms pulses each second for 20 seconds267. This protocol was repeated for a total of 
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two repetitions. Mice were then returned to their home cage. Plasmid was given ≥ 4 

weeks to express before sacrificing the mouse. 

 

 
 

Field Stimulation Fluorometry 

 

MEM was aspirated and Ringers solution (150 mM NaCl,10 mM HEPES, 5 mM 

Glucose, 4 mM KCl, 2 mM CaCl2, 1 mM MgCl2) was added to the dish. Both GFP+ and 

non-expressing fibers were located using a 488 nm excitation laser. Emitted fluorescence 

was collected at 505-525 nm. 5 uM MTS-TAMRA was added to the bath solution while 

preparing for stimulation. Cells were depolarized using a 4⁰ C high potassium solution 

(150 mM K-glutamate, 10 mM HEPES, 2 mM CaOH, pH = 7.4 [balanced using K-OH]) 

during incubation with MTS-TAMRA and N-benzyl-p-toluene sulphonamide (BTS) for 5 

minutes211. 

After depolarization, cells were washed with Ringers and the cells were allowed 

to repolarize. MTS-TAMRA fluorescence was excited using a 532 nm laser and emitted 

fluorescence was collected ≥ 550 nm. Line scan (x-t) images were taken at a rate of 5,000 

lines/sec. To examine the temporal responses of the VSDs with single and repetitive 

stimulation, a single pulse was given, then after a 300 ms delay, a 50 Hz train was given 

for 200 ms. 

To test for recovery of VSD movement, another single pulse was given 600 ms 

after the end of the train. When MTS-TAMRA is embedded in the membrane, the emitted 

fluorescent intensity is lower than when it is in an aqueous solution. Therefore, VSD 

movements were visualized as a downward deflection in fluorescent intensity. A 
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movement artifact may have occurred as well, manifesting as a longer upward increase in 

fluorescent intensity. Once cells showing this signal were identified, BTS was added to 

the bath solution to suppress fiber movement. Additional recordings were taken in an 

attempt to obtain pure VSD movement signals with no movement artifact. 

Because GFP+ cells did not have uniform expression across the cell, recordings 

were taken within the regions of greatest intensity. Because the recording location along 

the fiber was variable, we needed to artificially shift the recordings so they all lined up 

with each other. This approach is expanded upon in ‘Data Analysis.’ 

 

 
 

Immunofluorescence 

 

Cells were rinsed in PBS, and then incubated with 4% PFA in PBS for 20 

minutes. Cells were then rinsed with PBS 3 times. Afterwards, cells were incubated in 

methanol for 20 minutes. Cells were rinsed with PBS 3 times. Plates were aspirated and 

blocked with SuperBlock™ Blocking Buffer in PBS (Product #: 37515, Thermo- 

Scientific, Rockford, IL, USA) for 1 hour on a shaker. Cells were incubated with primary 

antibody for Cav1.1 (Product #: MA3-920, Invitrogen, Carlsbad, CA) at a 1:200 

concentration in SuperBlock™ for >48 hours. Secondary antibody (Product #: A-21235, 

Invitrogen, Carlsbad, CA) was defrosted, spun down at 4⁰ C at 10,000 rpm, and diluted 

(1:250) into SuperBlock™. Cells were incubated with secondary antibody in cold room 

for 3 hours. After incubation, cells were washed 5 times with SuperBlock™. Plates were 

aspirated and L-15 was added to them. Plates were then taken over to a confocal 

microscope for imaging. 
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Data Analysis 

 

Fluorescence time course data were acquired in LSM 5 Live (Zeiss, Jena, 

Germany), processed in Excel (Microsoft, Redmond, WA, USA), and analyzed and 

plotted using OriginPro 2016 (OriginLab Corporation, Northampton, MA, USA). Data 

following a normal distribution are presented as box plots indicating the range, Q1, mean, 

Q3 (solid lines), and median (smaller box), or as a column graph with error bars noting 

the SEM. Where noted, a two-sample t-test or paired-sample t-test was used to test for 

significance (set at p < 0.05). Normality was evaluated using the Shapiro-Wilk test (p < 

0.05: reject normality). For samples that had normality rejected, a Mann-Whitney test 

was performed (set at p < 0.05). Non-parametric data are represented as box plots 

indicating the range, Q1, Q3, (solid lines), and median (smaller box). T-tubule network 

images were acquired using FluoView (Olympus, Center Valley, PA, USA) and were 

processed using ImageJ (National Institutes of Health, Rockville, MD). Where 

mentioned, ‘m’ represents the number of animals used in the experiment. 

As noted above, VSD fluorescent time course data was artificially shifted. This 

was done by taking recordings utilizing our bipolar field stimulation apparatus. By taking 

recordings using APs initiated at both ends, we obtain VSD recordings with slightly 

different initiation times relative to the stimulus time. In order to see our averaged 

estimation of the time course, we shifted the recordings from both ends to the middle of 

their rise times (i.e. split the difference between the recordings). After this was done for 

each fiber, we averaged the fiber averages together to obtain a smoother trace of the VSD 

initiation. 
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Two-Electrode Voltage Clamp 

 

Dissociated FDB fibers were plated in MEM/Gentamycin (0.1%). A Ringers’ 

solution was prepared (see above: Field Stimulation Fluorometry) and had TTX (1 μM), 

and 4-AP (chemical name) (1 mM) added before adding to plated cells. BTS (chemical 

name) (25 μM) was then added to the dish. Sharp glass micropipettes were filled with 2M 

cesium aspartate and placed on the headstages. The micropipettes were used to impale the 

fiber near the end of the selected fiber, and halfway between the middle and the same end 

of the selected fiber. The fiber closer to the middle was used to stimulate, and the one 

closer to the end was used to record268. An Axon™ Digidata® 1550B low-noise digitizer 

was used for data acquisition, and an AxoClamp 900A was used to amplify 

microelectrode signals. Clampex software suite was used to monitor cellular activity, 

administer pulses or current, and record changes in voltage. 
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