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Article

The Na conductance in the sarcolemma and the transverse tubular
system membranes of mammalian skeletal muscle fibers

Marino DiFranco and Julio L. Vergara

Department of Physiology, Geffen School of Medicine, University of California, Los Angeles, Los Angeles, CA 90095

Na (and Li) currents and fluorescence transients were recorded simultaneously under voltage-clamp conditions
from mouse flexor digitorum brevis fibers stained with the potentiometric dye di-8-ANEPPS to investigate the dis-
tribution of Na channels between the surface and transverse tubular system (TTS) membranes. In fibers rendered
electrically passive, voltage pulses resulted in step-like fluorescence changes that were used to calibrate the dye
response. The effects of Na channel activation on the TTS voltage were investigated using Li, instead of Na, be-
cause di-8-ANEPPS transients show anomalies in the presence of the latter. Na and Li inward currents (Iy,, I;; using
half of the physiological ion concentration) showed very steep voltage dependences, with no reversal for depolar-
izations beyond the calculated equilibrium potential, suggesting that most of the current originates from a non-
controlled membrane compartment. Maximum peak Ij; was ~30% smaller than for Iy,, suggesting a Li-blocking
effect. Ij; activation resulted in the appearance of overshoots in otherwise step-like di-8-ANEPPS transients. Over-
shoots had comparable durations and voltage dependence as those of I;;. Simultaneously measured maximal over-
shoot and peak I;; were 54 + 5% and 773 + 53 pA/cm?, respectively. Radial cable model simulations predicted the
properties of I;; and di-8-ANEPPS transients when TTS access resistances of 10-20 Qcm?, and TTS-to-surface Na
permeability density ratios in the range of 40:60 to 70:30, were used. Formamide-based osmotic shock resulted
in incomplete detubulation. However, results from a subpopulation of treated fibers (low capacitance) provide
confirmatory evidence that a significant proportion of I;, and the overshoot in the optical signals, arises from
the TTS in normal fibers. The quantitative evaluation of the distribution of Na channels between the sarcolemma
and the TTS membranes, as provided here, is crucial for the understanding of the radial and longitudinal
propagation of the action potential, which ultimately govern the mechanical activation of muscle in normal and

diseased conditions.

INTRODUCTION

The central role that the transverse tubular system
(TTS) plays in skeletal muscle physiology has been rec-
ognized since the pioneering experiments of Huxley
and Taylor (1958) demonstrating that localized current
stimulation elicited sarcomeric contraction only when a
stimulation pipette was placed at the Z-lines. This is
where the openings of the transverse tubules (T-tubules)
were later confirmed to be located in amphibian mus-
cle fibers (Peachey, 1965; Franzini-Armstrong et al.,
1975; Zampighi etal., 1975). Notable progress was made
later when scientists showed that the TTS can be envi-
sioned as a distributed cable network (Falk and Fatt,
1964; Falk, 1968; Schneider, 1970), which is responsible
for the inward (radial) spread of the depolarization in
the muscle fiber, and that the fibers’ passive electrical
properties are well accounted for by a radial cable
equivalent circuit (Adrian et al., 1969; Falk, 1968). In this
model of the TTS, the transmembrane voltage across
each patch of membrane with a defined radial coordi-
nate is predicted by the integration of a partial differen-
tial equation that takes into account the cylindrical
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geometry of the fiber, the structural properties of the
TTS, the lumen conductivity of the T-tubules, and the
passive resistance of each membrane patch (Adrian et al.,
1969). Additional evidence, obtained in amphibian
muscle fibers, suggested that the TTS is an active mem-
brane network with Na and K conductances contribut-
ing to the radial propagation of an action potential
(AP) toward the center of the fiber (Adrian and Peachey,
1973). These latter authors proposed that, in this prep-
aration, Na and K conductances in the TTS needed to be
scaled down to 1/20th with respect to that at the sarco-
lemma (while sharing the same kinetics), and that an ac-
cess resistance (R,), in series with the TTS, of ~150 Qcm?®
was necessary to be included to prevent unrealistic
secondary notches in the modeled AP (Adrian and
Peachey, 1973).

Because the membrane potential across the TTS
membranes cannot be measured directly by electrical
methods, the experimental confirmation of the existence
of a so-called “T-tubular AP” required the application of

© 2011 DiFranco and Vergara This article is distributed under the terms of an Attribution—
Noncommercial-Share Alike-No Mirror Sites license for the first six months after the publi-
cation date (see http://www.rupress.org/terms). After six months it is available under a
Creative Commons License (Attribution-Noncommercial-Share Alike 3.0 Unported license,
as described at http://creativecommons.org/licenses/by-nc-sa/3.0/).

393



optical methods. This endeavor was made possible by
the development of dye molecules capable of tracking
fast voltage changes (within a few microseconds) when
they stain biological membranes (Salzberg et al., 1973;
Ross et al., 1977). The first report demonstrating the
existence of a T-tubular AP was done in bundles of frog
muscle fibers stained with the fluorescent potentiometric
indicator Merocyanine 540 (Vergara and Bezanilla, 1976).
These were later extended to single fiber measurements
with the use of more efficient absorbance- and fluores-
cence-type indicators such as NK2367, WW781, and,
more recently, di-8-ANEPPS (Kim and Vergara, 1998;
DiFranco et al., 2005). The importance of using poten-
tiometric dyes for the characterization of TTS conduc-
tances was fully realized in voltage-clamp studies of the
inward rectifier K conductance (Kir) in amphibian
muscle fibers (Heiny et al., 1983; Ashcroft et al., 1985).
By contrasting optical data (representing average TTS
voltage changes) with model predictions from the
radial cable model expanded to include the electrical
properties of this conductive pathway, these authors
were able to obtain accurate parameter values for its
relative distribution in the TTS and sarcolemma (Heiny
et al., 1983; Vergara et al., 1983; Ashcroft et al., 1985).
Similarly, in frog muscle fibers where the Na conduc-
tance was intact, as indicated by the presence of promi-
nent Na currents, it was observed that a significant
acceleration of the TTS depolarization (or “escape of
voltage control”) is suggestive of the presence of a
prominent nonlinear Na conductance in the TTS
(Vergara and Bezanilla, 1981; Heiny and Vergara, 1982).
An important corollary of these studies, which has been
confirmed with further experimentation using fluores-
cent electrochromic indicators of high efficiency and
low toxicity (Bedlack et al., 1992; Tsau et al., 1996;
Obaid et al., 1999), is that although potentiometric dye
signals represent average measurements of voltage
changes occurring in radial cable elements of the TTS,
they provide the necessary constraints for the quantita-
tive analysis of the electrical properties of the TTS, in-
cluding the actual value of the access resistance R, (Kim
and Vergara, 1998).

Mostly because of limitations encountered in dissect-
ing intact single mammalian fibers and mounting them
in experimental setups designed to acquire sophisti-
cated electrophysiological and optical data, studies
comparable to those described above have been lacking
in mammalian muscle fibers. In recent years our labora-
tory has demonstrated the feasibility of performing
combined electrical and optical studies in enzymatically
dissociated flexor digitorum brevis (FDB) muscle fibers
and reported specifically the use of di-8-ANEPPS to
demonstrate, using two-photon laser scanning imaging
microscopy, that the TTS is structurally organized in a
distinctive pattern of double columns per sarcomere
(DiFranco et al., 2005, 2007, 2009), which contrasts with
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the single row distribution observed in frog fibers
(Escobar et al., 1994; DiFranco et al., 2002).

The work reported in this paper is part of a long-term
project aiming to determine the ion channel endow-
ment of both the surface and TTS membranes, as this
knowledge is crucial for a thorough understanding of
the electrophysiological behavior of mammalian muscle
fibers. This, in turn, will be required to understand the
mechanisms underlying diseases associated with altered
ion conductances in various channelopathies (Cannon,
2006). We have recently addressed the long-standing
question of the relative distribution of CIC-1 in FDB
fibers (DiFranco et al., 2011a) using an approach simi-
lar to that used to quantify the fraction of gg; presentin
the TTS of amphibian fibers (Heiny etal., 1983; Ashcroft
et al., 1985). In this paper, we focus on the Na channel
of mammalian skeletal muscle fibers (Nayl.4) that,
in spite of the general consensus that it plays a central
role in the excitability of muscle fibers, and that it is
likely to be responsible for the active radial propagation
of the APs in the TTS, has not been characterized in
sufficient detail in intact mammalian fibers. A major
outstanding question, for example, is the relative distri-
bution of the Na permeability between the TTS and
the sarcolemma. We report our successful attempts to
answer this question, comparing experimental data
obtained using mouse FDB muscle fibers bathed in
a reduced external Na (and Li) concentration with the
predictions of an extended version of the radial cable
model that includes a Hodgkin—-Huxley representation
(Hodgkin and Huxley, 1952b) of the Na channel. We
also provide an independent assessment of the pres-
ence of a large Na conductance in the TTS with experi-
ments in partially detubulated fibers after osmotic
shock treatment with formamide (del Castillo and
Escalona de Motta, 1978; Lueck et al., 2010).

MATERIALS AND METHODS

Biological preparation

Animals were handled according to the guidelines of the UCLA
Animal Care Committee. FDB and interossei muscles from 14-15-
wk-old C57BL mice were used. Fibers were enzymatically dissoci-
ated as described previously (Woods et al., 2004; DiFranco et al.,
2011a). The diameter and length of the fibers were 49.5 + 1.2 and
438 + 12 pm, respectively (n = 30).

Solutions

External solutions (composition in mM). Tyrode: 156 NaCl,
10 MOPS, 2 CaCl,, 10 dextrose, 1 MgCly, and 2.5 KCI, pH adjusted
with NaOH. Li-Tyrode: 156 LiCl, 10 MOPS, 2 CaCly, 10 dextrose,
1 MgCl,, and 2.5 KCI, pH adjusted with LiOH. TEA-CI: 145
TEA-OH, 10 MOPS, 10 CsOH, 2 Ca(OH),, 1 Mg(OH),, 5 dextrose,
2 x 107° verapamil, 2 x 107° nifedipine, and 0.4 9-anthacene carbox-
ylic acid (9-ACA), pH adjusted with HCI. Solutions containing
half-Na or half-Li concentrations (hereafter denoted as 1/2Na
and 1/2Li external solutions) were prepared by mixing equal vol-
umes of TEA-Cl and Tyrode (or Li-Tyrode). The final concentration



of Cs, verapamil, nifedipine, and 9-ACA in these external solu-
tions was the same as in TEA-CI.

Internal solution (composition in mM). Cs-internal: 80 aspartic
acid, 20 MOPS, 50 EGTA, 5 ATP-Mg, 5 Nay-creatine phosphate,
and 5 reduced glutathione, pH adjusted with CsOH. The high
EGTA concentration in the internal solution was used to arrest
fiber contraction to avoid movement artifacts in the optical records.

All solutions were adjusted to pH 7.2, and osmolarity was 300 +
5 mOsmol/kg HyO. All chemicals were from Sigma-Aldrich.

Detubulation procedures

The detubulation method was based on the use of formamide
(del Castillo and Escalona de Motta, 1978) and modified from
that described elsewhere (Lueck et al., 2010) for enzymatically
dissociated mouse FDB fibers. After enzymatic digestion and dis-
sociation, muscle fibers were transferred to a 50-ml glass beaker in
which the Tyrode solution was reduced to ~0.5 ml; then, 10 ml of
1.5 M formamide was added. After 10 min, the external volume
was reduced again to ~0.5 ml, and 40 ml Tyrode was quickly
added. Approximately 10 min after the osmotic shock, the excess
external solution was reduced and the fibers were stained with
di-8-ANEPPS as described above. Two criteria were used to eval-
uate the extent of detubulation: (1) reduction of membrane
capacitance, measured after rendering the fiber electrically passive
(see below); and (2) di-8-ANEPPS fluorescence imaging, using a
100x 1.4-NA objective. In some experiments, the detubulation
was acutely performed in a single fiber while voltage clamped.

Electrophysiology

Experiments were performed under voltage-clamp conditions
using a two-microelectrode high voltage amplifier (TEV-200A;
Dagan Corporation) as described previously (Woods et al., 2004;
DiFranco et al., 2005). Two identical electrodes filled with inter-
nal solution were used. To increase the frequency response of
the voltage-clamp amplifier, electrodes were drawn to the largest
possible tip size compatible with the preservation of the fibers’
integrity; also, the electrodes’ capacitance was maximally com-
pensated. The electrodes had resistances in the range of 6-12 MQ
when filled with internal solution and were impaled approxi-
mately midway along the longitudinal axis of the fiber, and ~10 pm
apart. In general, experiments with detubulated fibers required
the use of electrodes with low resistances to improve voltage-
clamp stability. The maximal feedback gain of the voltage-clamp
amplifier was used. To minimize the presence of oscillations at
the pulses’ edges, command pulses were digitally prefiltered at
50 kHz (7 of ~20 ps).

Muscle fibers were first impaled under current-clamp condi-
tions. After a period of ~20 min, which allowed for the equilibra-
tion of the pipette solution and the myoplasm (Woods et al.,
2004), fibers were voltage clamped at a holding potential (Vy;) of
—90 mV. Fibers requiring more than 12 nA to maintain Vy were
discarded. Membrane currents were typically recorded in the
presence of 1/2Na or 1/2Li external solutions. To prevent ionic
currents other than those flowing through Na channels, the inter-
nal solution contained >80 mM Cs (instead of K), and the exter-
nal solution contained TEA (>72 mM) and 10 mM Cs; furthermore,
9-ACA and nifedipine and verapamil were used to block the chlo-
ride (CIC-1) and calcium (DHPR) channels, respectively. To block
currents through the sodium channels (Iy, or Ii;), 1 pM tetrodo-
toxin (TTX) was added to the external solution.

To eliminate the linear capacitive components from membrane
current records, a two-pulse protocol was used: depolarizing
pulses (20-25 ms in duration) were followed after a 40-100-ms
interval by hyperpolarizing pulses of the same duration. To avoid
membrane damage, hyperpolarizing pulses of the same ampli-
tude were applied for depolarizing pulses up to 90 mV; for larger

depolarizations, the amplitude of the hyperpolarizing pulse was
one half that of the depolarizing pulse. To obtain undistorted Na
(Li) currents, nonlinear charge movement currents were further
subtracted from current records. Charge movement current re-
cords were typically obtained at the end of the experiments in
TEA-Cl with TTX as described elsewhere (DiFranco et al., 2011b).
The capacitance of every fiber was measured by integrating lin-
ear capacitive currents during small voltage pulses once the fibers
were rendered electrically passive at the end of the experiments
(DiFranco et al., 2007, 2011a,b). In normal fibers, the average ca-
pacitance per unit surface membrane area was 4.93 + 0.1 pF/cm?
(n=29). Sodium currents were expressed in pA/cm? conversion
to A/F can be readily made using the average specific capacitance.
All experiments were performed at room temperature (20-22°C).

Optical setup for the recording of di-8-ANEPPS signals

The optical methodology used in these experiments is essentially
the same as described elsewhere (DiFranco et al., 2005, 2011b).
In brief, dissociated fibers stained with di-8-ANEPPS (Invitrogen
or Biotium) were placed on 3.5-mm coverslip-bottomed Petri
dishes sitting on the stage of an inverted microscope (IX-71;
Olympus) equipped with a standard epifluorescence attachment,
a cooled CCD camera (ST-402ME; Santa Barbara Instrument
Group, Inc.), and a photo detector consisting of a photodiode
(UV-001; OSI Optoelectronics) connected to a patch-clamp am-
plifier (Axopatch 2A; Molecular Devices). Only fibers displaying a
sharp sarcomere banding and the distinctive double row pattern
of di-8-ANEPPS fluorescence bands, which is typical of TTS stain-
ing (DiFranco et al., 2005, 2007, 2009, 2011b), were used for the
experiments. In addition, for detubulated fibers, only those dis-
playing predominant peripheral di-8-ANEPPS staining were se-
lected. For normal fibers, the illumination spot was normally
adjusted to form a disc ~25 pm in diameter, which was focused
(using a 100x 1.4-NA objective) at the center of the x, y, and z axes
of the fiber. In detubulated fibers, the spot was widened (~25%
more than the fiber’s diameter) to deliberately include the pe-
ripheral di-8-ANEPPS fluorescence. In either case, the illumina-
tion spot was centered at the site where the voltage microelectrode
was impaled. Optical signals were low-pass—filtered (2-kHz) single
sweeps. Optical data are presented as normalized fluorescence
changes (AF/F) as defined elsewhere (Vergara et al., 1978; DiFranco
etal., 2005, 2011a,b).

Radial cable model simulations

The radial cable model is described in the Appendix. Sodium
(lithium) currents at the surface and TTS and TTS membrane
potential were simulated with a radial cable model similar to that
published previously (DiFranco et al., 2011a) but lacking the
chloride conductance and incorporating an H-H formalism for
the Na (or Li) permeability (Py, or Py;; see Appendix). Kinetic
and voltage-dependent parameters are presented in Table Al.
Channels at the surface and TTS membranes were assumed to
behave equally.

Data acquisition and statistical analysis
Voltage, current, and fluorescence records were filtered at 10, 5,
and 2 kHz, respectively, using multiple-pole analogue Bessel fil-
ters. Data points were sampled every 30 ps using a data-acquisition
interface (PCI-6221; National Instruments) and custom software
written in LabView (National Instruments).

Unless otherwise stated, pooled data are expressed as mean +
SEM. Significance was set at P < 0.05.

Online supplemental material

Fig. S1 shows the voltage dependence of steady-state and under-
shoot distortions in di-8-ANEPPS transients in 1/2Na, and how they
are corrected when TEA replaces Na in the external solution.
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Fig. S2 shows comparisons of data and model predictions for Li
currents in a detubulated fiber. Fig. S3 illustrates the effects that
the value of R has on the predictions (by model simulations)
of Ij;, and of the voltage dependence of peak I;; and the over-
shoot. Figs. S1-S3 are available at http://www.jgp.org/cgi/
content/full/jgp.201110682/DC1.

RESULTS

Di-8-ANEPPS signals recorded from electrically

passive fibers

The main goal of this work is to assess the characteristics
and distribution of Na channels between the surface
and TTS membranes of skeletal muscle fibers. As it will
become clear later in the paper, this goal requires that
we are able to establish comparisons between average
membrane potential changes in the TTS, as reported by
the potentiometric indicator di-8-ANEPPS, and corre-
sponding radial cable model predictions. To make this
comparison possible, potentiometric signals from the
TTS must be reliably calibrated in terms of membrane
potential changes. We do this at the end of each experi-
ment by rendering the fibers electrically passive (i.e.,
blocking all the ionic currents) in the TEA-CI-TTX
solution. A typical result of this calibration procedure is
shown in Fig. 1. Fig. 1 A compares actual membrane po-
tential changes as reported by the voltage electrode (top
records) and simultaneously recorded potentiometric

signals (bottom records). It should be noted that to
facilitate the comparison between membrane poten-
tial changes and optical signals, the latter are shown
inverted; i.e., the reduction in fluorescence in response
to depolarizing pulses is shown upwards. It can be ob-
served in Fig. 1 A that although the voltage-clamp steps
are established within a settling time of <60 ps (top rec-
ords), the kinetics of di-8-ANEPPS transients report
the quasi-exponential slower charging process (7 of
~0.5 ms) of the TTS membrane capacitance (bottom
records). In response to either depolarizing or hyper-
polarizing pulses, the potentiometric signals acquired
from electrically passive fibers display two important
features: (1) the fluorescence is stable for the duration
of the pulses, indicating that the membrane potential at
the TTS attains a steady-state value in which bleaching,
or other decay processes, are not significant; and (2) at
the end of the pulses, the fluorescence decays to the
baseline with a similar time constant as for the onset.
Thus, in passive fibers, di-8-ANEPPS responses to step
voltage pulses maintain the step-like appearance with-
out obvious overshoots or decays.

The voltage dependence of the steady-state ampli-
tude of the di-8-ANEPPS transients in Fig. 1 A is
shown in Fig. 1 B. As reported previously for other Vys
(DiFranco et al., 2011a), the fluorescence of this dye
changes linearly with the pulse amplitude, but the
slope in response to hyperpolarizing pulses is steeper

Figure 1. Calibration of di-8-ANEPPS
transients in electrically passive fibers
(TEA-CI + TTX). (A; top) Voltage rec-
ords, acquired from a fiber clamped
at —90 mV, in response to step pulses

of amplitudes ranging from —100 to
+100 mV in 20-mV increments. Depo-
larizing and hyperpolarizing pulses are
shown in red and black, respectively.
The baseline (0 mV) is shown in green.
(Bottom) Di-8-ANEPPS transients (sin-

Pulse amplitude (mV)

0 50 100 R
gle sweeps) acquired in response to the

voltage-clamp pulses shown in the top
panel. Transients elicited in response
to depolarizing pulses are shown in
red, and those elicited in response to
hyperpolarizing pulses are shown in
black. The green trace shows the base-
line noise (0-mV pulse). The arrow in-
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black and red lines (slopes are 14 and —11 [%/100 mV], respectively). (C). Voltage dependence of the amplitude of di-8-ANEPPS
transients recorded from fibers (n = 6) clamped at =90 mV (filled symbols; mean + SD). The slopes of the linear regressions through
the symbols (in [%/100 mV]) are (mean + SD) 14.3 + 1.1 (black line) and —11.5 + 1.2 (red line) for hyperpolarizing and depolarizing

pulses, respectively.
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(14% /100 mV) than to depolarizing pulses (—11%/
100 mV). It is important to note that calibration
curves, such as that in Fig. 1 B, are used to convert the
AF/F of fluorescence signals into TTS membrane po-
tential values while recognizing the actual sign of the
membrane potential change. The average voltage de-
pendence of di-8-ANEPPS signals for a population of
fibers (n = 6) is shown in Fig. 1 C. The relatively small
error bars, which in this case are the SDs of the mea-
surements at every voltage, suggest that the average
slope values for the calibration of optical signals
(0.143 +0.011 and —0.115 + 0.012 [%mV '] for hyper-
polarizing and depolarizing pulses, respectively) are
representative of the overall voltage dependence of
di-8-ANEPPS in skeletal muscle fibers under our ex-
perimental conditions.

Sodium currents from muscle fibers bathed

in 1/2Na Tyrode

We first attempted to record sodium currents in fibers
bathed in Tyrode solution that contains a typical Na
concentration of ~150 mM. We found that, under
these conditions, the maximal peak current exceeded
2 mA/cm?, but also noted that the voltage-clamp am-
plifier was not capable of maintaining adequate con-
trol because the voltage electrode displayed gross
deviations from the step command pulses (unpublished
data). To avoid these problems, and to assure adequate
space-clamp conditions at the surface membrane of
the short fiber preparation (Bezanilla et al., 1982),

we previously measured currents in fibers bathed in
extracellular solutions containing reduced monova-
lent cation (Na or Li) concentrations. As illustrated in
the inset of Fig. 2 A, a reduction to half the [Na] in the
Tyrode solution (i.e., to 78 mM) was sufficient to en-
sure that the transmembrane potential measured by
the voltage electrode lacked significant deviations with
respect to the command pulses. Fig. 2 A shows the cur-
rent records obtained under these conditions, after re-
moving the linear components, in response to various
depolarizations. As expected for Iy,, fast inactivating
inward currents are seen briefly after the pulses’ onset.
The magnitude of the currents abruptly increases for
small depolarizations (to —30 and —25 mV; Fig. 2 A,
black and red traces) while becoming faster and smaller
for larger depolarizations (green to magenta traces).
An outward current is observed for depolarizations
to membrane potentials larger than +60 mV (not de-
picted). It is important to note that, as stated above,
peak currents up to ~1 mA/cm? do not result in prom-
inent current-dependent distortions of membrane
potential as recorded by the voltage electrode (see
inset in Fig. 2 A). Only records in response to depolar-
izations to —25 and —20 mV show small (~1-mV)
glitches that occur at the time that Iy, reaches its peak.
Consequently, the relative abruptness in the voltage
dependence of activation of Iy,, by which increases in
the magnitude of the depolarization as small as 5 mV
result in an almost all-or-none appearance of ionic
current (as illustrated by comparing the magnitude

Figure 2. Sodium currents re-
corded in 1/2Na external so-
lution. (A) Currents obtained
after the subtraction of linear
components from records ob-
tained in response to step de-
polarizations to —30, —25, —20,
—10, 0, 10, 30, and 50 mV (black,
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20 0 40 80 red, blue, green, orange, purple,
dark blue, and magenta, respec-
tively). The membrane poten-
tials recorded by the voltage
electrode are shown in the inset
(same color code). Fiber pa-
rameters: radius, 28 pm; length,
410 pm; capacitance, 5 pF/CmQ.
(B) Voltage dependence of the
peak sodium currents (Iy,) for
the same fiber as in A. (C) Aver-
age peak Iy, plotted as a function
of the membrane potential. Data
were obtained from eight fibers
in 1/2Na external solutions. In
B and C, the symbols are con-
nected with straight lines.
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of the black and red traces in Fig. 2 A), suggests that
a membrane compartment other than the surface
membrane (which is under voltage-clamp control) may
be the main source of the current, at least for these
small depolarizations.

The abruptness in the voltage dependence of peak Iy,
is further illustrated in the I-V plot of the peak inward
current shown Fig. 2 B, where an ~800-41A/cm? jump in
current is observed to occur between —25 and —20 mV;
this is followed by a progressive decrease in magnitude
for further depolarizations. The average voltage depen-
dence of the peak Iy, obtained from nine fibers in
1/2Na external solutions, is illustrated in Fig. 2 C. The
average maximal peak Iy,, recorded at —35 mV, was 941 +
100 pA/cm? It can be observed in Fig. 2 C that, simi-
larly to the results from the individual fiber in Fig. 2
(A and B), the average peak Iy, calculated from data
from a population of fibers also reports an abrupt volt-
age dependence that seems to be incompatible with the
smooth voltage dependence of Nayl.4 currents re-
ported from heterologous expression systems (Taka-
hashi and Cannon, 2001; Wu et al., 2005), and recently
from detubulated mammalian skeletal muscle fibers
(Fuetal, 2011).

% Na

% Na+TTX

-0.16
-0.12
[T

% -0.08

-0.04

0.00

Effects of sodium ions and sodium currents

on di-8-ANEPPS signals

We have demonstrated previously that potentiometric
dye signals from the TTS provide a means to quantita-
tively assess the relative contribution of the inward recti-
fier potassium current and the chloride current arising
from the surface and TTS membranes to the total cur-
rent recorded from muscle fibers (Heiny and Vergara,
1982; Heiny et al., 1983; Ashcroft et al., 1985; DiFranco
et al., 2011a). To extend this approach to the investi-
gation of the Na conductance in mammalian skeletal
muscle fibers, optical data obtained before and after
blocking Iy, with TTX must be compared. Fig. 3 shows
the results of an experiment exploring the effects of Iy,
on di-8-ANEPPS transients. Data were obtained from
the same fiber sequentially exposed to three external
solutions: (1) 1/2Na, which allows for the recording of
a sizable Iy, (Fig. 3, A and G); (2) 1/2Na plus TTX, in
which Iy, was blocked (Fig. 3, B and H); and (3) TEA-CI +
TTX in which sodium channels were blocked in
the absence of external Na (Fig. 3, C and F). It must be
noted that minimal currents are detected in response
to hyperpolarizing pulses; thus, they are not shown. The
most striking difference between di-8-ANEPPS transients

Figure 3. Effects of external
Na on di-8-ANEPPS tran-
sients. (A—C) Di-8-ANEPPS
transients elicited by depo-
larizing pulses of 30, 40, 50,
70, 100, and 140 mV (black,
red, blue, green, orange, and
purple traces, respectively).
The red boxes above each
optical trace indicate the pe-
riod during which measure-
ments of steady-state AF/F
(for Fig. 4 A) were made.
(D-F) Di-8-ANEPPS transients
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for depolarizing pulses used
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current records obtained
| with hyperpolarizing pulses
are not shown. The data in

A, D, and G were obtained in
1/2Na external solutions. The
data in B, E, and H were ob-
tained in 1/2Na + TTX. The
data in C, F, and I were ob-
tained in TEA-CI external solu-
tion + TTX. Fiber parameters:
20 40 radius, 22 pm; length, 416

Time (ms) pm; capacitance, 5.5 pF/cm?.




recorded in 1/2Na with and without TTX (Fig. 3, B and A,
respectively), especially in response to moderate size—
depolarizing pulses, is the appearance of early fast com-
ponents that ride on top of step-like responses (compare,
for example, the blue, green, and orange traces in Fig. 3,
A and B). Although we will carefully characterize (later
in this paper) this extra component in the optical traces
(overshoot), suffice it to say now that it is most promi-
nent for depolarizations above 50-55 mV, which is pre-
cisely the voltage range where Iy, starts being activated
(Fig. 3 G) and becomes less notorious for very large
depolarizations (e.g., to +50 mV; purple trace in Fig. 3,
A and B). It is also quite obvious that the kinetics of the
overshoot components in di-8-ANEPPS transients are
broadly correlated with those of Iy, (Fig. 3 G). Never-
theless, the data in Fig. 3 illustrate that aside from the
overshoot, there are two issues with the optical signals
recorded in 1/2Na that are apparent in the presence or
absence of TTX, but that are more evident when TTX
eliminates the overshoot. First, there are slow decays
during the transients that become quite pronounced

% Na- +TTX
A..
o]
o)
008

-0.04 MWWMW“!

0.00

AFIF

for large depolarizations (e.g., orange and purple
traces in Fig. 3, A and B). This decay is also less appar-
ent for hyperpolarizing than for depolarizing pulses
(compare traces in Fig. 3, B, D, and E). Another issue
is that, after the end of the pulses, di-8-ANEPPS signals
show undershoots, which are more pronounced after
depolarizing than after hyperpolarizing pulses (see ar-
rowheads in Fig. 3 A, B, D, and E). Interestingly, these
undershoots are almost identical in 1/2Na with or with-
out TTX (Fig. 3, B and A, respectively).

Because none of these latter anomalies in the di-8-
ANEPPS transients were observed in Fig. 1, when the
transients were recorded in TEA-C1 + TTX, we decided
to assess in the same fiber of Fig. 3 whether the replace-
ment of the 1/2Na + TTX external solution by TEA-CI
(with TTX) corrected the issues. The results are shown
in Fig. 3 (Cand F). It can be observed that, as expected,
the slow decay and undershoot in the di-8-ANEPPS
transients disappeared in the TEA-Cl external solu-
tions, yielding clean step-like transients very similar as
those shown in Fig. 1. Furthermore, the residual charge

Y Li +TTX
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Figure 4. Sodium replacement by
lithium eliminates anomalies in di-
8-ANEPPS transients. (A and B) Di-
8-ANEPPS transients elicited by
depolarizing pulses of 30, 50, 70, 90, 110,
and 140 mV recorded in 1/2Na + TTX
and 1/2Li + TTX external solutions,
respectively. (C and D) Transients re-

corded under the same conditions as in
A and B, respectively, but in response
to hyperpolarizing pulses (=30, —50,
—70, and —90 mV). Fiber parameters:
radius, 26 pm; length, 365 pm; capaci-
tance, 5.3 pF/cmz. (E) Average steady-
state AF/F values of di-8-ANEPPS
transients recorded in 1/2Na + TTX
(filled circles), 1/2Li + TTX (open
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triangles), and TEA-Cl + TTX (open
squares). (F) Average wundershoot
AF/F values of di-8-ANEPPS transients
L recorded in 1/2Na (black circles) and
1/2Li (open circles). For E and F, the
fibers (n = 3) were bathed sequentially,
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first with 1/2Na + TTX, then with 1/2Li
+TTX, and finally with TEA-CI + TTX.
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movement current records in TTX containing 1/2Na
and TEA-CI external solutions are quite similar (Fig. 3,
H and I, respectively). Thus, they are not able to
explain the presence or absence of the anomalies in the
optical records observed when comparing B and C, re-
spectively, in Fig. 3.

A quantitative assessment of the anomalies of di-8-
ANEPPS signals recorded in the 1/2Na solutions, and
how they are corrected by the replacement of external
Na by TEA, is presented in Fig. S1. Fig. S1 A plots the
voltage dependence of steady-state AF/F measurements
(made just before the end of the pulse, as indicated by
the red boxes in Fig. 3) of di-8-ANEPPS transients in
the three solutions (1/2Na, 1/2 + TTX, and TEA-CI +
TTX). It can be observed in Fig. S1 A that the steady-
state values of transients recorded in 1/2Na solution
(black symbols) are indistinguishable from those re-
corded in the presence of TTX (red symbols). However,
both datasets are smaller than those obtained when Na
was exchanged for TEA (Fig. S1 A, green symbols).
Also, these differences are less prominent for hyperpo-
larizing pulses. Fig. S1 B demonstrates the actual magni-
tude (~1-2%) of the AF/F undershoots, measured
after the end of pulses, for transients recorded in the
presence of external Na. These undershoots are not ob-
servable in TEA-CI + TTX; consequently, they were not
shown. It should also be noted in Fig. SI B that the
AF/F undershoots observed in 1/2Na solutions have a
very weak voltage dependence and are not affected by
the presence or absence of TTX, as opposite to the case
for the overshoot.

Although we do not have a mechanistic explanation
for the anomalies in the di-8-ANEPPS transients de-
scribed above, a practical (and perhaps tantalizing)
conclusion that can be posed is that the presence of Na
ions in the external solution is the only factor responsi-
ble for them.

Replacement of sodium by lithium corrects the anomalies
in di-8-ANEPPS transients

From a practical point of view, the apparent effects of
external Na on the optical signals hinder the possibility
of investigating the effects of Iy, on the TTS membrane
potential, and hence the prospect of assessing the distri-
bution of Na channels between TTS and surface mem-
branes. In our attempt to circumvent these problems,
we reasoned that because the permeability of Na chan-
nels for Li ions is close to that for Na ions (Hille, 1972;
Campbell, 1976), it was worth first attempting the re-
placement of Na for Li in the external solution in the
presence of TTX to investigate whether external Li does
not have deleterious effects on di-8-ANEPPS transients.
The results of such experiments are shown in Fig. 4.
The comparison in Fig. 4 of the di-8-ANEPPS transients
in B and D, with respect to those in A and C, demon-
strates that the replacement of Na by Li actually elimi-
nates the anomalies virtually the same way that TEA
replacement did it in the case of Fig. 3. The effects of
exchanging Na by Li (and later by TEA) on the voltage
dependence of di-8-ANEPPS signals, as observed in three
fibers, are summarized in Fig. 4 (E and F). Fig. 4 E shows
that the steady-state amplitude the signals recorded in

Figure 5. Currents recorded from
fibers bathed in 1/2Li external solu-
tion. (A) Current records elicited by
depolarizing pulses to —45, —40, —30,
—20, 0, +20, +40, and +60 mV. The inset

shows (in an expanded ordinate scale)
the mnonlinear charge movement/
gating currents recorded in TEA-CI +
TTX. (B) Corrected Ij; records once
the charge movement/gating currents

have been subtracted from the records
in A. (C) Voltage dependence of the
peak current in A before (black cir-
cles) and after correction by charge
movement/gating subtraction (red cir-
cles). Fiber parameters: radius, 23 pm;

% length, 491 im; capacitance, 4.9 pF/cm?.
] (D) Voltage dependence of the average
peak I; before (black circles) and after
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1/2Na (filled circles) is smaller than that in both Li
(open triangles) and TEA (open squares), whereas the
two latter are significantly different from each other.
Fig. 4 F also demonstrates that the undershoots ob-
served after the end of the pulses in 1/2Na solution
(filled circles) are virtually eliminated by the replace-
ment of Na by Li. Collectively, these findings strengthen
the idea that the anomalous features of di-8-ANEPPS
signals recorded in the presence of Na are peculiar for
this ion. More importantly, they provide the means to
accurately investigate the effects that currents carried
by Li ions through the skeletal muscle Nayl.4 channel
have on TTS signals, while eliminating the secondary
effects of Na on the potentiometric dye signals.

Lithium currents (1) in fibers bathed in 1/2Li

external solutions

It is well known that Li ions can effectively replace Na
ions as charge carriers through the Na channel in a variety
of excitable cells, including amphibian nodes of Ran-
vier and skeletal muscle fibers (Hille, 1972; Campbell,
1976). To our knowledge, this has not been reported
previously for skeletal mammalian fibers. Fig. 5 shows
our results demonstrating that Li currents (Iy;), similar
to those carried by Na ions (Fig. 2), are recorded in
1/2Li external solution. The family of raw I;; traces
shown in Fig. 5 A illustrates that the kinetics and voltage
dependence of large inactivating currents display the
same characteristics described for Iy, in Fig. 2. Namely,
I;; activates abruptly with voltage (compare black and
red traces in response to pulses differing only by 5 mV
in Fig. 5 A), increases with the depolarization up to a
maximum (green trace), becomes smaller and faster
with stronger depolarizations (orange, purple, and dark
blue traces), and finally reverts in sign for very large de-
polarizations (magenta trace). The majority of the cur-
rent in Fig. 5 A corresponds to Li current through Na
channels because they are completely removed by TTX
(not depicted), or, as shown in the inset of Fig. 5 A, by
the replacement of external Li by TEA + TTX. However,
the residual charge movement/gating currents (Iy)
shown in the inset, although significantly smaller than
those before blockage, have a significant impact in two
aspects of the current records: (1) at the onset of the
pulses, particularly for large depolarizations (e.g., dark
blue and magenta traces in Fig. 5 A); and (2) after the
end of the pulses where they are responsible for the ma-
jority of the tail currents at every voltage, but mostly for
large depolarizations (Fig. 5 A). Consequently, to ob-
tain a more accurate depiction of the actual ionic cur-
rents through the Na channels, we subtracted (one by
one) the records in the inset from those in Fig. 5 A and
obtained the corrected records shown in Fig. 5 B. As ex-
pected, corrected Ij; records are broadly similar to raw Ij;,
except that outward and tail currents have been mostly
removed. The almost perfect removal of tail currents in

corrected Ij; records indicates that, in mammalian skel-
etal muscle fibers, the fast inactivation of Na channels is
mostly complete ~10 ms after the onset of depolarizing
pulses. Although the effects of the corrections in I;; rec-
ords are quite notorious for large depolarizations, they
affect (in variable proportions) the peak currents at every
voltage, as illustrated in the I-V curve of peak I;; shown
in Fig. 5 C. It can be seen that both the uncorrected I-V
(Fig. 5 C, black squares) and corrected (red circles) data-
sets are similar for small depolarizations, but they differ
significantly for larger membrane potentials.

Fig. 5 D shows I-V plots of the average raw and cor-
rected peak Ij; (black and red circles, respectively)
obtained from nine fibers in 1/2Li external solution.
It should be noted that the I-V curve for the raw data
(Fig. 5 D, black circles) is very similar to that shown for
uncorrected Iy, I-V curve in Fig. 2 C. The only differ-
ences are that the maximal average I; (716 + 42 pA/cm?)
occurs at —30 mV (instead of —25 mV for Iy,) and is
~24% smaller (P < 0.05) than that observed in fibers
bathed in 1/2Na solution (Fig. 2 C). As it will be dis-
cussed later, the fact that maximal I;; was detected at a
more positive potential than for Iy, is probably related
to differences in magnitudes between the averages of I;;
and Iy,. It can also be observed in Fig. 5 D that, once
corrected, Ij; approaches asymptotically the abscissa,
rather than showing a distinct reversal potential. Al-
though we did not show it in Fig. 2 G, the correction of
Ina records, by subtraction of charge movement/gating
currents, yields very similar results as those shown in
Fig. 5 D. In principle, the asymptotic behavior of the
corrected ion currents is a surprising result because the
experiments were performed using an internal [Na] of
10 mM, which results (assuming a permeability ratio of
~1 for Na and Li) in an estimated Ey, of 52 mV, a value
more negative than the largest membrane potential
(65 mV) shown in the I-V plot. Thus, a reversal of the
currents should have been observed at very large depo-
larizations. The rest of this paper will be devoted to
finding explanations for this behavior in the I-V curves.

Di-8-ANEPPS transients in fibers bathed in 1/2Li

external solutions

As briefly described above for the case of Iy, (Fig. 3; but
also see Heiny and Vergara, 1982), in contrast with what
happens with the activation of I;, and I (Heiny et al.,
1983; Ashcroft et al., 1985; DiFranco et al., 2011a), the
activation of Ij; results in an excessive depolarization of
the TTS, which is observed as an overshoot in di-8-
ANEPPS signals from the TTS. This is illustrated in
Fig. 6 A, where simultaneous records of di-8-ANEPPS
transients and Ij; allow for a comparative assessment of
the interrelationship between both processes (Fig. 6 A,
Al and A2). For small depolarizations (e.g., up to —40
mV), which do not elicit significant Ij;s (Fig. 6 A, A2,
black and red traces), the optical signals have step-like
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time courses similar to those observed with hyperpolar-
izing pulses of the same amplitude (Fig. 6 A, A3). How-
ever, for slightly larger depolarizations (only 5 mV
larger), the significant I;; record (Fig. 6 A, A2, blue
trace) is associated with a large overshoot in the corre-
sponding di-8-ANEPPS transient (Fig. 6 A, Al, blue
trace); this is not seen for a hyperpolarization of the
same amplitude (Fig. 6 A, A3). Similar to I;;, the over-
shoot in the optical signals apparently increases to a
maximum for a pulse to —35 mV (Fig. 6 A, Al and A2,
green traces). Beyond those voltages, both currents and
overshoots become smaller (Fig. 6 A, Al and A2, purple,
dark blue, and magenta traces). In contrast, hyperpo-
larizing pulses only result in monotonically increasing
step-like optical transients (Fig. 6 A, A3), similar to those
reported previously for electrically passive fibers (Figs. 1
Aand 4 D). To explore the impact that the activation of
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Figure 6.

I;; has on the optical signals, we measured the peak am-
plitude of the latter (or when overshoots were absent,
their steady-state amplitude) and plotted them as a
function of membrane potential (Fig. 6 B). It can be
observed that for membrane potentials more negative
than the activation of Ij;, the magnitude of the optical
signals depended linearly on the membrane potential,
but that there was an abrupt jump in magnitude when
the membrane potential exceeded —35 mV. Finally,
for very large depolarizations, the amplitude of di-8-
ANEPPS transients seemingly resumes its linear depen-
dence on the membrane potential. The tight correlation
between the peak amplitude of the optical transients
and the magnitude of peak I;; is further illustrated in
Fig. 6 C. It can be seen that the supralinear behavior in
the optical signals (Fig. 6 C, top, filled circles) approxi-
mately mirrors the voltage dependence of I; (Fig. 6 C,
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Di-8-ANEPPS signals and I;; in a fiber bathed in 1/2Li. (A; Al) Family of di-8-ANEPPS fluorescence transients recorded in

response to depolarizing pulses to —90 (0-mV pulse), —60, —45, —40, —35, —30, —10, +10, and +30 mV (gray, black, red, blue, green,
orange, purple, dark blue, and magenta traces, respectively). (A2) Family of corrected Ij; records in response to the same pulses as in Al.
(A3) Family of di-8-ANEPPS fluorescence transients recorded in response to hyperpolarizations to —90 (0-mV pulse), —120, —135,
—140, —145, —150, —170, and —180 mV. (B) Voltage dependence of the magnitude (at the peak or steady state) of di-8-ANEPPS tran-
sients elicited by depolarizing (red symbols) and hyperpolarizing (black symbols) pulses for the same fiber as in A. The arrow indicates Vy;.
(G; top) Voltage dependence of the magnitude of di-8-ANEPPS transients elicited in response to depolarizing pulses in 1/2Li (peak values,
filled circles) and in TEA-Cl + TTX (steady-state values, open circles) external solutions. The right ordinate was the calibration of the
TTS membrane potential obtained from steady-state values of di-8-ANEPPS transients in TEA-CI + TTX. The deconvolution of AF/F into
membrane potential (right vertical axis) was done according to the formula:

_(AF/F+ 0.0106)
1.17 x10?

(in mV). (Bottom) I-V plot of the peak I; (filled circles) and residual current after blockage with TEA-Cl + TTX (open circles). Fiber
parameters: radius, 28 pm; length, 470 pm; capacitance, 5.3 pF/ch.
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bottom, filled symbols). Clearly, after blocking I;; (Fig. 6 C,
bottom, open symbols), the optical signals are linear-
ized (Fig. 6 C, top, open symbols). As explained previ-
ously, the linearization of the di-8-ANEPPS transients
after blocking all conductances allowed us to calibrate
(in the same fiber) the fluorescence changes in terms
of the underlying polarization of the TTS. The right
axis of the top panel in Fig. 6 C represents the outcome
of this calibration. Consequently, by extrapolation to
the data before the blockage of I;;, we can estimate, for
example, that for a voltage clamp to —30 mV, the average
TTS membrane potential reached a peak at ~6 mV; this
implies an ~36-mV “escape of control” for this mem-
brane compartment. In all likelihood, this depolarization
is transient because the currents quickly inactivate.

Lithium currents and di-8-ANEPPS transients

in detubulated fibers

We have already suggested that two characteristic features
of Ij; (i.e., the abrupt voltage dependence of peak I-V
plots, and the absence of a distinct reversal potential),
together with the presence of overshoots in di-8-ANEPPS
transients, are demonstrations that the membrane po-
tential in the TTS “escapes” the voltage-clamp control
because of the presence of Na channels in the TTS mem-
branes. To evaluate this hypothesis, we measured I;; and
di-8-ANEPPS signals in detubulated fibers. From a pop-
ulation of 20 fibers subjected to osmotic shock (16 batch
and 4 acute treatments), we found a broadly variable
reduction in specific fiber capacitance. The range went
from fibers that showed no change in capacitance to fibers

displaying values as low as 2 pF/cm® The average capaci-
tance after treatmentwas 3.3 + 1.2 }1F/Cm2 (mean + SD;
n = 20); these values are significantly smaller than those
from normal fibers (4.93 + 0.55 pF/ch; mean *= SD;
n = 29). From this population, we selected fibers with
the lowest specific capacitances (2.5 = 0.28 pF/cm%
n = 4). Epifluorescence images (100x, 1.4 NA) demon-
strated that, in these fibers, di-8-ANEPPS staining was
restricted to the periphery, including not only the sur-
face membrane but (to a variable extent) also the outer-
most regions of the TTS. These observations were
confirmed with two-photon laser scanning microscopy
(not depicted).

The main results in detubulated fibers are summa-
rized in Fig. 7. Fig. 7 A shows a family of Ij; traces ob-
tained after subtraction of linear and nonlinear current
components. There are two notorious differences be-
tween these records and those obtained in normal
fibers (e.g., Fig. 5 B). I ; records reflect a more gradual
voltage dependence of Ij; activation up to the largest
current (Fig. 7 A, black, red, blue, and green traces). In
addition, well-defined outward currents with fast ki-
netics are observed at large depolarizations (Fig. 7 A,
brown, violet, and gray traces). These features are mani-
fested in the voltage dependence of the peak Iy; for this
detubulated fiber, as shown in Fig. 7 B. It can be ob-
served that, although the negative slope region of the
I-V plot is still quite steep, it shows the typical concavity
expected for a relatively well-controlled current at very
small depolarizations. This is in notorious contrast with
equivalent plots in normal fibers (Fig. 5 C). Also, the I-V

p

Figure 7. Lithium currents and
di-8-ANEPPS signals from detu-
bulated fibers. (A) Ij; records

elicited by 25-ms depolarizations
to —70-, —50-, —45-, —40-, —35-,
0-, 20-, 40-, 60-, and 80-mV pulses
(black, blue, red, green, orange,
brown, cyan, magenta, gray, and
purple traces, respectively). Only
the first 5 ms are shown. No cur-
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rents were seen at the pulse off
(not depicted). Fiber param-
eters: radius, 23 pm; length,
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(B) Voltage dependence of peak
I;; for the fiber in A. (C) Voltage
dependence of the average peak
I;; (n=4). Symbols and bars are
the average and SEM. Fiber pa-
rameters: radius, 25.7 £ 1.1 pmy;
length, 421.2 + 40.3 pm; capaci-
tance, 2.5 + 0.28 pF/cm? (D) Di-8-
ANEPPS transients elicited by
20-ms depolarizing pulses of 20,
60, 100, and 140 mV. Spot illumi-
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nation was 50 pm. Data are from
the same fiber as in A.
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plot in Fig. 7 B shows a reversal potential of approxi-
mately —40 mV for I ;, which is in contrast with the ab-
sence of reversal potentials in I-V plots from normal
fibers (e.g., Fig. 5 C). The voltage dependence of aver-
age peak Ij; from detubulated fibers (n = 4) is shown in
Fig. 7 C. Itis clear that the relative smoothness of the I-V
plot for very small depolarizations is lost in the average
population, but that a distinct reversal potential is ob-
served (46 = 5 mV). This value is close to the one pre-
dicted by the Nernst equation (52 mV), assuming
complete equilibration between the myoplasm and the
pipette solution. The maximum peak I;; recorded from
these fibers was —556 + 64 pA/cm? which is ~22%
smaller (P < 0.05) than that from nontreated (normal)
fibers. In one successful acute experiment, we demon-
strated a reduction in capacitance of ~50%, which was
associated with an ~22% reduction in peak Ij;.
Because I;; records from detubulated fibers are ex-
pected to better represent the actual properties of the
Na channels under improved voltage-clamp control,

A B

traces like those shown in Fig. 7 B were used to calculate
the voltage dependence of the characteristic Na chan-
nel kinetic parameters (0ty,, Bm, on, and By), which were
incorporated in the radial model to predict the experi-
mental data (see below and Appendix). A comparison
of the simulated currents (for simplicity, assuming only
surface membrane contributions) and experimental I;;
records for the fiber in Fig. 7 A are presented in Fig. S2.
It can be seen that the model predictions reproduce the
main kinetic features of the experimental currents.
In addition, the peak I-V plot compares well with
the experimental data in Fig. 7 B, except for the re-
maining abruptness in voltage dependence, which we
believe reflects contributions from still-present periph-
eral TTS segments.

Di-8-ANEPPS transients recorded from detubulated
fibers also provide interesting information for under-
standing the impact that Na channels have in the
physiological properties of the TTS. Optical records
from the same fiber as in Fig. 7 A are shown in Fig. 7 D.
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Figure 8.

Quantitative evaluation of the overshoot in di-8-ANEPPS transients recorded in 1/2Li external solutions. (A) Family of

di-8-ANEPPS fluorescence transients recorded, in 1/2Li external solution, in response to depolarizing pulses to —55, —50, —45, —40,
—30, —20, and 0 mV (black, red, blue, green, orange, purple, and dark blue, respectively). (B) Family of di-8-ANEPPS fluorescence
transients (noisy traces) recorded in response to the same pulses as in A, but when the external solution was changed to TEA-CI + TTX.
The smooth lines correspond to single-exponential fits to each of the optical records. (C) Superposition (in an expanded time scale)
of selected traces from A, black (=55 mV), blue (—45 mV), and orange (—30 mV), with the corresponding exponential fits from B.
(D) Time course of the overshoots (in percentage) calculated from the traces in A and B (top), and the simultaneously acquired Iy; rec-
ords (bottom). The same color code was used for A-D. (E) Comparison of the voltage dependence of the magnitude of the overshoot
of di-8-ANEPPS transients (dashed bars) and the peak I;; (filled circles). Fiber parameters: radius, 22 pm; length, 413 pm; capacitance,

4.6 pF/ cm?.
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The fiber was stained after the osmotic shock. Although
there is a marked reduction in the signal-to-noise, as a
result of the reduced membrane area stained, these rec-
ords illustrate remarkable differences with respect to
di-8-ANEPPS transients recorded in normal fibers (Figs. 3
A and 6 A). The most obvious are their faster kinetics
and the marked reduction in the overshoot. An ~15%
overshoot is observed for the 60-mV depolarization
(Fig. 7D, brown trace), which activated a relatively large
I1; (~600 pA/cm?). Also, the rising and falling phases of
the optical signals are greatly accelerated, with time
constants of ~100 ps. Collectively, the observations
from fibers treated with the formamide osmotic shock
suggest that both the optical and current records arise
from membrane areas whose voltage is much better
controlled by the surface membrane voltage clamp. We
infer from these results and from the reduction in fiber
capacitance that both the presence of large overshoots
in the TTS signals and the peculiar behavior of the Iy;
currents observed in normal fibers are significantly con-
tributed by a large proportion of the Na conductance
localized in the TTS membranes.

Quantitative calculation of the overshoot

To allow for a quantitative comparison between experi-
mental transients and current and model predictions,
we needed to develop a method to quantitatively assess
the magnitude of the overshoot component in di-8-
ANEPPS transients. This is outlined in Fig. 8 for a fiber
in 1/2Li external solution. The method is based on the
finding that di-8-ANEPPS transients recorded in the
presence of TTX can be used as a reference for the pas-
sive polarization of the TTS membranes (in the absence
of active conductances). If this is the case, for every volt-
age, the net effect of the activation of the Li current on
the TTS membrane potential can be assessed by sub-
tracting the optical signals recorded after blocking I;;
(Fig. 8 B) from those obtained under control condi-
tions (Fig. 8 A). However, to avoid the excessive noise
that the subtraction process would entail, we chose to fit
the optical transients recorded under passive condi-
tions to single-exponential functions as illustrated in
Fig. 8 B. For example, Fig. 8 C shows the superimposi-
tion of the fitted and control signals obtained in re-
sponse to pulses of 35, 45, and 60 mV. The overshoot,
calculated as the percentage difference between the sig-
nals in Fig. 8 A and the corresponding fitted traces in
Fig. 8 B, is shown in the top panel of Fig. 8 D. The bot-
tom panel of Fig. 8 D shows the I; in the same expanded
timescale. It can be seen that although the kinetics of
the calculated overshoot traces match closely those of
the Ij; records, their peak magnitude differs slightly as a
result of the normalization process. But in general, as
illustrated in Fig. 8 D, these shortliving components of
the optical signals have durations that are not too differ-
ent to that of their corresponding I;; records. Fig. 8 E

shows that the voltage dependence of the peak ampli-
tude of the overshoot (dashed bars), although not iden-
tical, bears a resemblance to that of the peak I;; (filled
circles). A more careful comparison between both mea-
surements, but now obtained from multiple fibers (n=6),
is shown in Fig. 9. The average maximal peak I; for this
set of measurements was 773 + 53 pA/cm? (not signifi-
cantly different from the average shown in Fig. 6;
P> 0.4), and it was also obtained at —30 mV. The maxi-
mal overshoot calculated from the optical data was 54 +
5% at —35 mV. It is likely that the slight mismatch (of
5 mV) between the voltages at which the maxima occur
in both datasets occurs because overshoot calculations
involve a normalization process that tends to magnify
changes obtained at smaller depolarizations. This nor-
malization in the calculation of the overshoot is also re-
sponsible for the steep reduction in its magnitude as a
function of the membrane potential for depolarizations
beyond —35 mV (Fig. 9 A). The corresponding decre-
ment is significantly less steep in the I-V plot of the
peak Ij; (Fig. 9 B). Nonetheless, there is a similarity be-
tween the bar graphs in Fig. 9 (A and B) that clearly in-
dicates the tight correlation between the escape of
control of the membrane potential of the TTS and magni-
tude of ILi~
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Figure 9. Comparison of the voltage dependence of average
overshoot and peak Ij;. (A) Voltage dependence of the average
overshoot calculated from data obtained in six fibers bathed in
1/2Li external solutions. (B) Voltage dependence of the average
peak Ij; in the same fibers as in A.
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Radial cable model simulation predicts the features

of di-8-ANEPPS transients, provided that a significant
fraction of the Na channels is in the TTS

The results described previously demonstrate that the
properties of di-8-ANEPPS transients, in particular early
after the onset of small depolarizing pulses, depend
crucially on the presence or absence of Iy, or Ij;. As
illustrated elsewhere for other conductances of am-
phibian (Heiny and Vergara, 1982; Heiny et al., 1983;
Ashcroft et al., 1985) or mammalian (DiFranco et al.,
2011a) muscle fibers, an accurate way to test the depen-
dence of the TTS voltage changes on the presence of an
intrinsic conductance is to: (a) predict these changes
using a realistic model of the voltage propagation in the
TTS; and (b) compare the optical data with the model
predictions of the optical signals, all while taking into
account the well-documented assumption that the opti-
cal signals represent a weighted average of the TTS volt-
age changes (Heiny et al., 1983; Ashcroft et al., 1985;
Kim and Vergara, 1998; DiFranco et al., 2011a). A de-
tailed description on how step (a) is fulfilled in the

A

9y

current work, including a model for the Na conduc-
tance capable of predicting the properties of Iy, (or I;;)
records, is provided in the Appendix. Fig. 10 illustrates
our attempts to explain the results obtained from a
fiber in 1/2Li external solution. Fig. 10 A shows the di-
8-ANEPPS transients recorded in response to 40-, 50-,
55-, 60-, 70-, and 100-mV voltage-clamp pulses. Fig. 10 D
displays the corresponding ionic current records. The
most relevant features of these experimental records re-
semble those described previously for Fig. 8 (A and D).
Namely, the relatively large transient inward currents
elicited by depolarizing pulses to —35 and —30 mV
(Fig. 10 D, blue and green traces) are associated with
early overshoots in the di-8-ANEPPS signals (Fig. 10 A,
blue and green traces), which are not present for di-8-
ANEPPS transients associated with smaller pulses (e.g.,
to —50 to —40 mV; Fig. 10 A, black and red traces) or
with hyperpolarizing pulses of any magnitude (not
depicted, but see Fig. 6). As illustrated for Fig. 6, to
allow for a comparison with model predictions of aver-
age TTS voltage changes, AF/F values of di-8-ANEPPS
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Figure 10. Comparison between experimental data and radial cable model predictions. (A) Di-8-ANEPPS transients recorded in re-

sponse to 0-, 50-, 55-, 60-, 70-, and 100-mV depolarizing pulses (black, red, blue, green, orange, and purple traces, respectively). The
deconvolution of AF/F (left vertical axis) into membrane potential (right vertical axis) was done according to the regression formula:

_(AF/F+ 0.0111)

V= -
1.24 x10

(in mV). (B) Model predictions of the TTS membrane potential assuming that the Na channel permeability density is 5.64 x 10~* cm/'s
at the TTS membranes (PiNa -TTS) and 3.76 x 10™* cm/s at the surface membrane (Py,-S). The access resistance for the TTS (R,) was
10 Qcm? Other model parameters are listed in Table Al. (C) Model predictions of the TTS membrane potentials assuming that Iy; is
only generated at in the surface membrane ( Py, -TTS =0 and Py, -S=11.1 x 10*). (D) Experimental ionic currents corresponding to
the optical records in A. (E and F) The predicted ionic currents associated with the simulated traces in B and C, respectively. The same
color code was used in A-F. Fiber parameters: radius, 30 pm; length, 572 pm; capacitance, 4.9 pF/ch.
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signals were converted into membrane potential
(Fig. 10 A, right axis) by using the calibration once
the fiber was rendered electrically passive at the end of
the experiment.

Fig. 10 (B and E) illustrates the radial cable model
predictions (of the TTS membrane potential and Iy;, re-
spectively) while assuming, for this particular fiber, an
R, value of 10 Qcm? and a 60:40 relative distribution of
the Na channel permeability density in the TTS with
respect to the surface membrane (P X -TTS/ P., -S). It
can be seen that the most salient features of I;; and di-8-
ANEPPS transients (Fig. 10, A and D, respectively) are
reproduced by the model predictions (Fig. 10, B and E,
respectively). In particular, the model predicts the
abruptness of the appearance of I;; for depolariza-
tions to —35 and —30 mV (Fig. 10 E, blue and green
traces) and, quite remarkably, the existence of current-
dependent overshoots in the TTS membrane potential
at these depolarizations (Fig. 10 B, blue and green traces).
The overall kinetics of the overshoots and the mem-
brane potentials reached at the steady state during the
pulses are also well predicted by the model. In addition
(not depicted), the model predicts accurately the linear
behavior of the TTS voltage changes for hyperpolariz-
ing pulses.

The results shown in Fig. 10 (B and E) are not fortu-
itous. We found that the set of parameters required to
faithfully reproduce the experimental data_was unique
for this fiber, particularly the P, -TTS/ P, -S ratio.
Assigning all the Na (or Li) permeability to the TTS
yielded unstable and unrealistic results (not depicted).
Alternatively, Fig. 10 (C and F) shows the results of
model simulations, assuming that the TTS lacks Na
channels and that all the Na permeability is at the sur-
face membrane. Note that in this case, the absolute
value of PNa S (11.1 x 10" * cm/s) was larger than the
total permeability in the previous simulations (9.4 x
107* cm/s) to compensate for the absence of Py, in the
TTS. The most evident results of these simulations is
that, as illustrated in Fig. 10 F, current records of the
same magnitude of those in Fig. 10 (D and E), are not
associated with overshoots in the simulated TTS voltage
records. Interestingly, the simulated TTS voltage changes
in this case predict instead the properties of di-8-
ANEPPS transients that would be obtained in electri-
cally passive fibers (e.g., Fig. 8 B).

Voltage dependence of model-predicted

overshoots and I;

Because the comparison between model predictions
and experimental data will ultimately set the basis for a
quantitative assessment of the actual distribution of Na
channels between the surface and TTS membranes, it is
important to specifically examine salient features of
model-predicted overshoots and I-V curves. The experi-
mental and predicted di-8-ANEPPS transients presented

in Fig. 10 (A and B, respectively) were used to calculate
overshoot traces (not depicted) as illustrated in Fig. 8;
their peaks are superimposed and plotted as a function
of the membrane potential in Fig. 11 A (filled and open
circles, respectively). It can be observed that the magni-
tude and voltage dependence of overshoots predicted
by model simulations, while using the same parameters
as in Fig. 10, which in turn were specifically tuned to si-
multaneously predict the magnitude and voltage de-
pendence of I;; (Fig. 11 B, filled circles and open stars),
are quite comparable to those calculated from the ex-
perimental data (Fig. 11 A). Both plots display an abrupt
jump, for an ~10-mV voltage change, to a maximum
(Fig. 11 A, filled and open circles, ~51 and 50%, respec-
tively) and become progressively smaller in magnitude
thereafter for larger depolarizations.

The voltage dependence of the peak values of experi-
mental and simulated current records, as is shown in
Fig. 10 (D and F, respectively), is shown with filled cir-
cles and open stars in Fig. 11 B. It is important to note
that the I-V plot of simulated currents (Fig. 11 B, open
stars) to a great extent shares the initial abruptness ob-
served in the experimental data (filled circles). Thus, in
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Figure 11. Voltage dependence of experimental and predicted
overshoots and peak Ij; for the experiment in Fig. 10. (A) Over-
shoots calculated from the transients in Fig. 10 A (filled circles)
and from the predicted TTS voltage transients in Fig. 10 B (open
circles). Model overshoot values were calculated from the peaks
of the normalized subtraction (at every voltage) of TTS transients
with and without I;;. (B) I-V curves of the experimental data
(filled circles) and model-predicted total (open stars), surface
(open triangles), and TTS (filled triangles) currents.
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aspan of ~15 mV, the currents jump from undetectable
values to ~700 pA/cm?. Furthermore, for depolariza-
tions beyond —30 mV, the I-V of both datasets (experi-
mental and simulated) display significantly less steep
voltage dependences. Most importantly, for membrane
potentials close to (or more positive than) calculated
E;; (~45 or 52 mV for 13 and 10 mM [Na];, respec-
tively), both the experimental and predicted currents
do not show a reversal but instead approach asymptoti-
cally the abscissa. We must highlight that the ability of
the model to predict not only the properties of the TTS
optical records but also this peculiar feature of experi-
mentally recorded I;; strongly suggests a link between
the two processes. Namely, as shown by the open trian-
gles in Fig. 11 B, the current from the surface mem-
brane (in this case, a small component that peaks at
~220 pA/cm?) displays a clear reversal potential (Ey;).
This is an intrinsic property of the Na permeability for
every membrane patch in the model, as described in
the Appendix; because the surface membrane is under
voltage-clamp control, the I-V shows the intrinsic prop-
erties of the Na permeability. In contrast, the model
simulations illustrate that the current component aris-
ing from the TTS (Fig. 11 B, filled triangles), which rep-
resents the majority of the current at every membrane
potential, never reaches a reversal potential. More im-
portantly, it can be observed in Fig. 11 B that this cur-
rent component displays almost a discontinuous jump
in voltage dependence, which is responsible for the
abruptness in the I-V of the total current (open stars).
In summary, model simulations demonstrate that the
presence of a substantive Na conductance in the TTS
affords an escape of control of the TTS membrane volt-
age that can be optically measured quantitatively by
recording of di-8-ANEPPS transients, and which is respon-
sible for the peculiar abruptness observed at small de-
polarizations and the lack of reversal potential (and
asymptotic approach to the abscissa) typically observed
in peak I-V plots.

In Fig. S3 we present a comprehensive comparison of
model simulations for R, = 10, 20, and 40 Qcm? with the
experimental data. The model simulations were ob-
tained using specific P, -TTS/ P, _-Sratios that uniquely
predicted the maximal peak Ij; and the 50% overshoot
of the data, as shown in Figs. 10 and 11 for Ry =10 Qcm?.
It can be observed that for R, = 10 and 20 Qcm?, the
model predicts current traces (Fig. S3, A and B) with
voltage-dependent kinetic features that are compatible
with those observed experimentally in Fig. 10 D. In
contrast, it is apparent from Fig. S3 C that for 40 Qcm?,
the predicted traces show exaggeratedly slow and prom-
inent secondary current components (at every voltage,
but particularly observable at small depolarizations),
which are not only incompatible with the experimental
traces shown Fig. 10 but also with all I;; records obtained
in 1/2Li external solution. Furthermore, although the
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peak I-V plots predicted for R, = 10 and 20 Qcm?
(Fig. S3, D and E, red circles) show a reasonable re-
semblance to the experimental I-V plot (black circles),
the one corresponding to 40 Qcm? shows a rightshifted
maximal peak (as a result of the dominance of the sur-
face membrane component; not depicted) and a pecu-
liar bending for larger depolarizations. The features of
the I-V plots of model predictions using a value of
40 Qcm?® for R, are not only unlike the data for this
experiment but also for the average I-V plots shown in
Figs. 5 and 9.

Effects of the Na channel inactivation on

di-8-ANEPPS transients

The correlation between the amplitude of I;; and the
overshoot observed in optical data can be readily dem-
onstrated by taking advantage of the inactivation proper-
ties of Na channels. Fig. 12 shows di-8-ANEPPS transients
(Fig. 12 A) and current records (Fig. 12 C) obtained
from a fiber stimulated with a two-pulse protocol in
which a test pulse to =30 mV (10 ms in duration) was
preceded by conditioning prepulses of variable ampli-
tudes (50 ms in duration). It can be observed that con-
ditioning pulses that change the membrane potential
from —95 to —70 mV, in 5-mV steps (Fig. 12, black, red,
blue, green, orange, and purple traces) did not resultin
detectable currents (Fig. 12 C) and elicited step-like di-
8-ANEPPS transients (Fig. 12 A). These prepulse re-
sponses were followed by signals with significant
overshoots only for prepulse to —95, =90, —85, and —80
mV (Fig. 12, black, red, blue, and green traces). Pre-
pulses to =75 and —70 mV abruptly eliminated the
overshoot components during the test pulses. It can be
seen in Fig. 12 C that these two prepulses effectively
reduced Iy;, whereas smaller prepulses afforded less ef-
fective reductions in Ij;. The currents and the optical
signals shown in expanded time scale in the insets of
Fig. 12 (A and C) allow for a better visualization of these
effects. Fig. 12 (B and D) demonstrates that model sim-
ulations, using parameters similar to those used in Figs. 10
and 11, reproduce the simultaneous effects that Na in-
activation has on the overshoot component of TTS volt-
age changes (Fig. 12 B) and total current predicted.

DISCUSSION

In this paper we present a direct quantitative assessment
of the overall properties of the Na conductance in
intact adult mammalian skeletal muscle fibers. We used
an approach comparable to the one recently reported
to determine the fraction of CIC-1 conductance present
in the TTS of this preparation (DiFranco et al., 2011a).
In short, Na (or Li) currents, and changes in TTS mem-
brane potential, measured using the fluorescent po-
tentiometric probe di-8-ANEPPS (Fluhler et al., 1985;
Rohr and Salzberg, 1994; Kim and Vergara, 1998;
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DiFranco et al., 2005, 2011a), were recorded from volt-
age-clamped muscle fibers bathed in 1/2Na and 1/2Li
external solutions. These data were compared with pre-
dictions from a model of the TTS that includes voltage-
and time-dependent Na channels (see Appendix) to
decide how the presence of Na channels in the TTS
membranes affects the overall properties of electrical
and optical signals. Overall, we demonstrated that the
main features of di-8-ANEPPS transients and current rec-
ords are only predicted by model simulations in which
the relative distribution of Na channels between the
surface and TTS membranes is restricted within a range
that always indicates the substantial presence of Na
channels in the TTS membranes.

Measurement and calibration of TTS membrane potentials
As stated previously, to validate model predictions on
kinetic changes in the average TTS membrane poten-
tial, we rely on indirect measurements of this parame-
ter using optical methods. In the past, our laboratory
has extensively developed this approach in both am-
phibian and mammalian skeletal muscle fibers. Two
properties of the potentiometric indicator di-8-ANEPPS,
its rapid response time (<120 ps), as measured with
total internal refraction microscopy in intact fibers
(Capote et al.,, 2011) and in detubulated fibers (this
work), and its adequate linearity (DiFranco etal., 2005,
2011a), are fundamental for our approach. Thus, cali-
bration curves constructed from data at steady-state con-
ditions (as illustrated in Fig. 1) can be readily applied

to dynamic changes in membrane potential. We have
recently reported the steady-state properties of di-8-
ANEPPS at two Vs of —40 and —20 mV (DiFranco
et al.,, 2011a). However, because changes in the hyper-
polarizing direction are slightly larger than those in the
depolarizing direction, we measured its voltage depen-
dence at —90 mV (Fig. 1). Although the calibration
data presented in Fig. 1 are useful to illustrate the rela-
tively narrow dispersion in the optical data (mainly a
result of noise) from fiber to fiber, we actually calibrated
that optical data for every fiber determined at the end
of the experiment.

An obstacle, which potentially could have majorly im-
paired our ability to complete the assessment of the role
of the Na channels in mammalian muscle fibers, was the
discovery that in this preparation, Na ions alter (seem-
ingly per se) the linear properties of di-8-ANEPPS. By
rendering fibers electrically passive in 1/2Na solution
(by the addition of TTX), we unveiled a nonlinear be-
havior in di-8-ANEPPS transients in response to both
depolarizing and hyperpolarizing pulses. Although out
of the scope of the present work, understanding the de-
tailed mechanism for the intriguing effect of Na ions on
di-8-ANEPPS optical signals from the TTS in muscle
fibers may be worth future efforts by our laboratory.
However, because the anomaly is seen in response to
hyperpolarizing pulses, and disappears upon Na ion re-
moval, it seems unlikely that it arises from surface po-
tential changes as a result of charge movement/gating
of ion channels (Jong etal., 1997).

Figure 12. Effect of steady-state
inactivation of I;; on di-8-
ANEPPS transients. (A) Di-8-

ANEPPS recorded in response

to a two-pulse protocol in which

the test pulse was to —30 mV

and prepulses were from —95 mV

(black trace) to —70 (purple

trace) in 5-mV steps. The inset

shows the transients in an ex-

panded time scale. (B) Predicted
average TTS voltage traces for
the same pulses as in A. The
inset is equivalent to the one
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in A. (C and D) Experimental

I;; and simulated current rec-
ords for the same pulses in A,
respectively. Fiber parameters:
radius, 28 pm; length, 413 pm;
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radius used in model simula-

tions was the same as the fiber.
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The discovery that Na replacement by Li overcomes
the distortion in passive di-8-ANEPPS transients is of
paramount importance because it actually enabled the
straightforward investigation of the role of Na channels
in the TTS, with, of course, the caveat that muscle Na
channels are almost equally permeable to Na and Li
ions (Campbell, 1976). We do not have an explanation
for the differential effects of Na and Li on di-8-ANEPPS
transients, nor have we explored whether other alkali
metals share the effects of Li, but it is well know that Na
and Li have differential interactions with membrane
proteins such as the Na/Ca exchanger and the Na,K
ATPase, which are both expressed in skeletal muscle
fibers. Targets like these proteins may prove important
for the effects of Na; however, a direct interaction be-
tween the dye molecules and Na cannot be discarded.

Na and Li currents in intact mammalian muscle fibers
Previous studies on the effects of nonregenerative con-
ductances (e.g., CIC-1 and gg;;) on the TTS membrane
potentials were made under experimental conditions
designed to optimize the magnitude of the currents
within a range not exceeding ~1 mA/cm? (Heiny et al.,
1983; Ashcroft et al., 1985; DiFranco et al., 2011a).
Larger currents can introduce space-clamp deviations
that result in significant errors in the voltages and cur-
rents recorded (Bezanilla et al., 1982). For the case of
the of the Na conductance, we have found that currents
>2 mA/cm® can be measured in the presence of physio-
logical extracellular Na concentration (not depicted).
Accordingly, to preserve adequate space-clamp condi-
tions, we performed all the experiments in this paper
using 1/2Na and 1/2Li external solutions, a strategy
previously used to demonstrate the presence of Na con-
ductance in the TTS of amphibian fibers (Heiny and
Vergara, 1982). In the current work, we demonstrate
that Iy, of ~900 pA/ cm? can be measured in mamma-
lian muscle fibers without significantly distorting the
controlled surface membrane potential (Fig. 2 A, inset).
In spite of this, as it will be discussed below, Iy, (or Ij;)
records and peak I-V plots suggest that abrupt jumps in
voltage dependence at small depolarizations are likely
consequences of the fact that, although the surface
membrane potential is adequately space clamped and
controlled by the voltage-clamp circuitry, the TTS mem-
brane potential escapes from this control. We already
described this phenomenon in mammalian muscle
fibers bathed in normal Tyrode (DiFranco et al., 2005),
but we noted that adequacy of the voltage control of the
surface membrane under these conditions was not opti-
mal. In this paper, we exploited the same situation to
evaluate the relative Na permeability density in the sur-
face and TTS membrane compartments under unques-
tionably controlled conditions.

Because of the anomaly introduced by external Na
on di-8-ANEPPS transients, most of the emphasis in this
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paper was put in the description of currents carried by
Li ions through the Na channel (I;;). As expected, we
found that the properties of I;; are almost identical to
those of Iy,, except that they are ~30% smaller (com-
pare results in Figs. 2 and 6). This is consistent with re-
sults previously reported for amphibian myelinated
nerve (Hille, 1972) and skeletal muscle fibers (Campbell,
1976). Both in the case of Iy, and Ij;, the amplitude of
the currents jumped abruptly from barely detectable to
maximum values within 5-10 mV of membrane depo-
larizations (Figs. 2, A and C, and 6). As proved by the
optical records, this behavior is suggestive of a regener-
ative process in the TTS being responsible for the
abrupt contribution to the recorded current. Further-
more, we found that after correcting for the contribu-
tions that charge movement/gating currents (Fig. 6,
A and B), peak I-V plots of I;; approached asymptoti-
cally the abscissa without reaching a distinct reversal po-
tential (Fig. 6, C and D). This apparently surprising
result can also be explained by the presence, in intact
muscle fibers, of a substantial inward current contribution
from the TTS, as the membrane potential of this compart-
ment can hardly reach (let alone exceed) the Na (or Li)
reversal potentials. The results of model simulations in
Fig. 11 provide a clear depiction of this phenomenon.

To our knowledge, there are no previous reports in
the literature of Na currents recorded from intact mam-
malian muscle fibers under experimental conditions
comparable to ours. Nevertheless, another laboratory
recently reported (Fu et al., 2011), using detubulated
FDB fibers and very low extracellular Na concentra-
tions, Na currents that have a relatively smooth voltage
dependence and a well-defined reversal potential, un-
like those shown here for Iy, and I; in Figs. 2 and 6, re-
spectively. These differences are precisely what would
be predicted if the regenerative contributions from the
TTS membrane, present in intact fibers, are (at least
partially) eliminated by detubulation.

Detubulation experiments

We observed that treatment of enzymatically dissociated
FDB fibers with the formamide osmotic shock resulted
in cells with widely dispersed characteristics. Although,
on average, their capacitance was significantly reduced
(~67%) with respect to that of normal fibers, the elec-
trical (maximal peak I ;) and optical properties (double-
banded fluorescence TTS pattern and overshoot in
optical records) of the majority of them were not suffi-
ciently different from those in intact fibers to be consid-
ered as a distinct population. Nevertheless, we found
that a small subpopulation of the treated fibers (n = 4),
with an average capacitance of ~2.5 pF/cm?, still
approximately threefold the capacitance of 0.9 pF/cm?
assumed for the sarcolemma in model simulations, was
suitable to address questions regarding the effects of de-
tubulation. These fibers, when stained with di-8-ANEPPS,



reported the existence of TTS remnants in the periph-
ery, which are open to the extracellular space. Our ob-
servations are compatible with electron microscopic
measurements in detubulated frog fibers, suggesting that
the remnant TTS segments open to the extracellular
space are contained in a peripheral ring of ~1/5 to
1/10 of the radius (Franzini-Armstrong et al., 1973).

We believe that incomplete detubulation, even in the
selected population with the lowest measured capaci-
tance, provides a reasonable explanation for our results.
The “stumps” of the TTS network open to the external
solution remaining after osmotic shock likely constitute
a “truncated peripheral network.” We propose that the
voltage distribution in this truncated network, still elec-
trically coupled to the sarcolemma in so-called detubu-
lated fibers, is responsible for most of the optical and
electrical properties observed under these experimen-
tal conditions. Interestingly, we observed in these fibers
a significant reduction in the maximum peak I;; with
respect not only to the overall population of intact fibers
(~20%) but also to the rest of treated fibers (not de-
picted). But how can ~50% reductions in capacitance
result in ~20% reductions in the average maximum
peak I;;? Although the quantitative answer to this ques-
tion necessitates illustration with model simulations
that go beyond the scope of this paper (and that we
intend to extensively report in a future publication),
suffice it to say that the model predicts that, even when
Py. is approximately equally distributed between the
sarcolemma and the TTS, the majority of the I;; arises
from peripheral segments of the TTS that remain con-
nected after partial detubulation. The reason for this is
that these TTS peripheral segments, undergoing volt-
age changes more similar to the voltage-clamp pulses
at the surface membrane, contribute in larger propor-
tions to Ij; than those of more internal segments of
the radial network whose voltage changes “escaped”
control and reached peak amplitudes closer to the Na
equilibrium potential. Di-8-ANEPPS transients recorded
from optimally “detubulated” fibers indicate that volt-
age changes in peripheral TTS remnants, together with
the sarcolemma, show up to 15% deviations from those
commanded by the voltage clamp (Fig. 7 D). This is sig-
nificantly less than what was observed for the entire TTS
network in normal fibers (~54%) but more than what
is expected for the sarcolemma itself. This is in contrast
with the membrane capacitance that, being measured
under passive conditions, reflects more precisely the
proportion of the TTS that remains connected. Collec-
tively, the presence of a still significant membrane
compartment (in addition to the sarcolemma) with an
improved voltage control with respect to that of the
entire TTS network present in intact fibers reasonably
explains why the total Ij; in treated fibers is still quite
large, while showing evidence of a distinct reversal
potential, as illustrated in Figs. 7 C and S2 C.

Our findings about the limited effects of detubula-
tion have some additional implications. On the one
hand, they provide an independent confirmation that a
measurable fraction of Ij; (particularly that observed
at small depolarizations) is contributed by portions of
the TTS that are effectively disconnected from the sur-
face membrane by the treatment. This is only possible
if a relatively large proportion of Nayl.4 channels are
in the TTS membranes. On the other hand, based on
the fact that detubulation is likely to be incomplete, and
that peripheral remnants of the TTS membrane area
may represent an active fraction of the total TTS mem-
branes, caution has to be exercised with the approach
by itself, as it may lead to unrealistic estimates of the
relative distribution of ion channels between the sur-
face and the TTS. Interestingly, though, when used in
conjunction with optical methods (as done here),
osmotic shock treatments may become a useful tool to
assess both the properties of muscle conductances in
their natural environment (under adequate voltage
control) and to confirm the relative distribution be-
tween the surface and TTS membranes of endogenous
muscle conductances.

Di-8-ANEPPS transients in 1/2Li external solutions

As for Iy, (Fig. 3), depolarizations able to activate I;; are
associated with the appearance of prominent overshoots
in di-8-ANEPPS transients (Fig. 7). Once converted into
voltage, the overshoots in optical signals demonstrate
that, in general, the average TTS membrane potential
exceeds that imposed by the voltage clamp at the surface
membrane. Because the magnitude of these TTS poten-
tial changes are current dependent, they are in turn de-
termined by the magnitude of the Na permeability density
in the TTS. Similar effects were found in amphibian
muscle fibers (Heiny and Vergara, 1982), except that the
optical signals associated with Iy, in this preparation
were qualitatively different from those reported here.
Although in mammalian fibers the overshoots are short
spike-like components of the optical signals with dura-
tions not too different from those of the underlying
current records, in frog fibers these components are
significantly longer lasting (Heiny and Vergara, 1982).
These differences probably stem from differences in
fiber radii, permeability densities in the TTS, and access
resistance (R,) to the TTS, between both preparations.
Regarding the latter, it should be noted that mammalian
fibers were obtained by enzymatic digestion of FDB mus-
cles, whereas amphibian fibers were mechanically dis-
sected from frog semitendinosus muscles. In any case, the
model parameters used in this paper (see Appendix)
have been tailored to reproduce the main features of the
current records, I-V curves, and TTS transients recorded
from mammalian muscle fibers, and they differ signifi-
cantly from those reported for amphibian fibers (Heiny
etal., 1983; Ashcroft et al., 1985; Kim and Vergara, 1998).
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Quantitative evaluation of the relationship between
overshoots and currents

Similar to our analysis of the attenuation of di-8-
ANEPPS in the presence of large CIC-1 chloride currents
(DiFranco et al., 2011a), we developed in this paper a
method to quantitatively assess the properties of the
overshoot in di-8-ANEPPS transient recorded in the
presence of relative large Li currents (Figs. 8,9, and 11).
As mentioned above, the accuracy of this procedure
was ascertained when using Li, instead of Na, in the ex-
ternal solution because, in this case, the reference sig-
nals when the Li conductance is blocked by TTX are
indistinguishable from those recorded under passive
conditions. Consequently, model predictions of the
average TTS potential can be quantitatively compared
with experimental measurements of the TTS potential
once the optical data are converted into voltage, as was
done in Fig. 11 A.

Probably the most important finding of the present
work is precisely that, as illustrated in Fig. 10, the overall
properties of di-8-ANEPPS transients, and their over-
shoot in particular (Fig. 11 A), can only be predicted by

TTS/Surface=50/50

TTS/Surface=30/70

model simulations if a large fraction of the Na permea-
bility density is in the TTS membranes. As shown in the
Appendix, the radial cable model equations, stipulating
the existence of an access resistance (R,) in series with
the TTS, were modified from the original equations of
Adrian and collaborators (Adrian et al., 1969; Adrian
and Peachey, 1973) to include time- and voltage-
dependent Na channels similarly to what was done pre-
viously with nonregenerative ionic conductances (Heiny
etal., 1983; Ashcroft et al., 1985; DiFranco etal., 2011a).
In the Appendix, we explain how the radial cable ele-
ments of the TTS include Na channels characterized by
a maximal permeability density (Py,, in cm/s) and typi-
cal Hodgkin—-Huxley gating characteristics (Hodgkin
and Huxley, 1952b), and they are conditioned to take
into account concentration-dependent fluxes assuming
that the independence principle is obeyed (Hodgkin
and Huxley, 1952a). In addition, the model contemplates
a diffusion equation, modified from Barry and Adrian
(1973; Friedrich et al., 2001), to calculate Na (or Li)
concentration changes in the lumen of the T-tubules
resulting from fluxes through the Na channel at each
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Figure 13.  Model predictions of overshoot and currents for various Py, distributions in the surface and TTS membranes. (A-C) Voltage-
dependent overshoots calculated (see Fig. 11 A) using the following p,_-TTS/ PiNd -Sratios: 1 (or 50:50) in A; 0.429 (or 30:70) in B; and
2.333 (or 70:30) in C. The total values of Py, were 12 x 107* cm/s, 13.5 x 107%, and 11 x 10™* for the calculations of the overshoot in A,
B, and C, respectively. In every panel, the filled black symbols are the average values shown in Fig. 9 A; the superimposed open symbols
were obtained with 50:50 (A, red), 70:30 (B, blue), and 30:70 (C, green) S/Py,-TTS, respectively. (D-F) Average peak I-V plots of Ij; as
shown Fig. 9 B (black symbols) are superimposed with model predictions for 50:50 (A, red symbols), 30:70 (B, blue symbols), and 70:30
(C, green symbols) PTIE -TTS/ PT]E -S ratios, respectively. In every panel, open stars represent the total current, filled triangles represent
the TTS current component, and open triangles represent the surface membrane current component. The fiber radius used in model
simulations was the average for all the experiments (25 im), and R, was 20 Qcm®. The rest of the model’s parameters are listed in Tables
Iand II.
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radial segment of the TTS. Both the radial cable model
and diffusion equations were integrated simultaneously
using conventional numerical methods (see Appendix).
It is important to mention that the changes in external
[Na] computed in the model presented here amount
for a few millimolars and do not affect significantly the
results, even for fibers equilibrated with 1/2Na and
1/2Li external solutions.

There is a question that has yet to be addressed: What
are the respective contributions of the sarcolemma
and the TTS membrane Na (or Li) currents to the total Iy,
(or Ij;) records that would still explain the optical data?
Although the question is complex, we already ruled out
the possibility that all of the Na channels are in the sar-
colemma, as it is generally incompatible with the optical
data presented throughout the paper and also reinforced
by detubulation experiments. The other extreme case,
that all of the Na channels are in the TTS, seems unre-
alistic because it is unlikely that the sarcolemma is
entirely deprived of excitability, and because model
simulations suggest extreme instability if this was the
case (not depicted). It might seem that the excellent
predictions by model simulations of ~51% overshoot in
the case of the fiber in Fig. 10, which yielded a large
TTS/surface current ratio for the 60:40 p_ -TTS/P._ -S

. . .. Na a
ratio, have already provided a definite answer about
the issue of permeability distribution. However, this is not
necessarily the case, as we should explore other possi-
bilities to encompass possible fiber-to-fiber variability of
the data. Fortunately, our simultaneous measurements
of the voltage dependence of peak overshoots, and peak
I-V curves, from multiple fibers (Fig. 9) allow us to com-
plete the task. Fig. 13 shows the results from model sim-
ulations using various PNa -TTS/ PNa -S ratios and an R,
of 20 Qcm”® to generate a range of overshoot profiles
while constraining the maximal peak Ij; to be constant.
The resulting simulated I-V plots are superimposed
(Fig. 13, D-F, open stars) with the average experimental
data (Fig. 13, D-F, filled black circles) for comparison.
Fig. 13 A shows the superposition of the experimental
peak overshoot (black circles) with the one predicted
by model simulation assuming a 50:50 P, -TTS/ P, -S
ratio (Fig. 13 A, red open circles). It can be seen that
this assumption provides a very adequate prediction
of the maximum overshoot (~54%) and of the maximal
peak Ij; (~775 pA/cm?) obtained from the population
of fibers. Notably, because the TTS represents the larg-
est of the two-membrane compartments in the muscle
fiber, an equal Py, distribution between the TTS and
surface membranes results in a predicted maximal Iy;
arising from the TTS of ~530 pA/cm?® (at —30 mV and
~0.8 ms after the onset of the pulse). This represents
~70% of the total current at this membrane potential
and time, while the surface membrane contributes the
other ~30% (~226 p.A/ch). Fig. 13 (B and E) shows the
results of simulations in which we deliberately limited

the density of Na channels in the TTS membranes to be
~43% of that at the surface membrane (30:70 ratio). It
can be seen that this ratio predicts that the maximal
TTS voltage overshoot (Fig. 13 B, blue open circles) is
~41% smaller than the one observed experimentally.
Thus, although the peak I-V plot of the total current
(Fig. 13 E, open blue stars) was not too dissimilar to the
one shown in Fig. 13 D, the TTS component (Fig. 13 E,
filled blue triangles) with a maximum of ~400 pA/cm?
(at —30 mV) seems to be too small to explain the ob-
served overshoot in the average population of fibers. In
spite of this, this current component would still contrib-
ute a substantial proportion (~50%) to the total cur-
rent recorded at the same membrane potential. This
type of comparison illustrates the great sensitivity af-
forded by the optical measurements to discriminate be-
tween channel distributions that would give the same
total current but have very different balance between
the surface and TTS current contributions. Without the
information provided by the potentiometric dye rec-
ords about the associated changes in TTS membrane
potential, it would be impossible to decide upon which
is the correct one. Likewise, a 70:30 PNa -TTS/ PNa -S
ratio (Fig. 13, C and F) predicts a peak overshoot of
~63%, which is larger than those recorded. In this case,
the current component arising from the TTS (Fig. 13 F,
filled green triangles) has a maximum of ~631 pA/cm?
at —30 mV, which not only seems to be too large to ex-
plain the optical data, but would also account for >82%
of the total current at that potential. This might possibly
lead to electrical instability of the fiber under normal
conditions, but the point needs to be investigated in
greater detail. The suggestion from this analysis com-
paring experimental data and model simulations at a
fixed total currentin 1/2Li external solutions is that the
distribution of Na channels between the surface and
TTS of mammalian skeletal muscle fibers is probably
constrained to PNa -TTS/ PNa -S ratios in the range be-
tween 40:60 and 60:40.

To further analyze the statistical significance of the
comparison between model predictions and experi-
mental data, we considered the possibility that the vari-
ability in the overshoot optical data may arise principally
from the dispersion in the peak I;;. Thus, we tested the
effects of a range of currents encompassing the disper-
sion in the maximal peak Ij; of the experiments, and
asked the model_to predict the overshoot for these cur-
rents at various PNa -TTS/ PNa -S ratios and R, values of
10 and 20 Qcm? The results are shown in Fig. 14. Fig. 14
A shows that the actual maximum peak I; simulated
with the model for the various PNa distribution scenar-
ios has been maintained to the same average and SEM
values as the data (Fig. 14 A, open bar). Fig. 14 B shows the
overshoot predicted from simulations using R, = 10 Qcm?®
(diagonally hatched bars) and 20 Qcm? (cross-hatched
bars). It can be seen in Fig. 14 B that for simulations
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generated using R, = 10 Qcm?, PNa -TTS/ PNa -S ratios
of 40:60 and 30:70 would predict significantly smaller
overshoots than those recorded experimentally. Alter-
natively, if we assume that R, = 20 Qcm?, then a PNa -
TTS/ PNa -S ratio of 40:60 would still be compatible with
the optical data, but a 30:70 ratio would not. Interest-
ingly, for both R, values, simulations using larger than
50:50 ratios do not result in overshoot predictions sig-
nificantly larger than the experimental data. Collec-
tively, the theoretical predictions shown in Fig. 14 sug-
gest that the magnitude of the overshoots observed in
experiments using 1/2Li external solution are only
compatible with the presence of a significant Na perme-
ability density (most likely centered around an equal
distribution of Na channels) in the TTS with respect to
that at the surface membrane. Whichever the case may
be, and this should be further evaluated in future ex-
periments, the TTS contribution will seemingly exceed
50% of the total Na current recorded in intact muscle
fibers. Importantly, this TTS contribution manifests
itself most significantly at small depolarizations, thus
explaining the abruptness in the I-V plots, regardless
of the value of R, or of other fiber parameters such as
diameter, capacitance, etc.

The values PNa -TTS/ PNa -S that are compatible with
the optical and electrical data reported in this paper
for mammalian fibers are, in general, extremely high
when compared with values of ~1/20, as suggested
on theoretical grounds and AP model simulations, for
frog skeletal muscle fibers (Adrian and Peachey, 1973).
There are significant differences in the geometrical
and passive electrical properties between both types
of fibers that must be taken into account for the under-
standing of their respective overall electrical characteris-
tics. For example, we recently reported a value of 40 Qcm?
for the access resistance to the TTS (R;) in enzymati-
cally dissociated mammalian fibers (DiFranco et al.,
2011a). This value is significantly smaller than the 120-
150 Qcm?® suggested for mechanically isolated amphibian

414 Sodium currents in mammalian skeletal muscle fibers

model
70/30

The empty bars represent the
experimental maximum peak Ij;
(A) and overshoot (B). g—
TTS/ Py, -S ratios are indicated
in the plots. The asterisks indicate
statistical significance (P < 0.05).

DATA

fibers (Adrian and Peachey, 1973; Kim and Vergara,
1998). As shown in Figs. 10 and S3, only small R, values
(10-20 Qcm?) permit to predict simultaneously the
overall kinetics and I-V characteristics of Ij;, and an
overshoot of ~50%. Furthermore, as illustrated in Fig. S3,
even 40 Qcm® predicts the existence of exaggerated
dual peaks in the I;; records and odd I-V plots, which
are not observed under our working conditions. We
believe that the new estimates of R, are more accurate
than previous values (for approximately the same lumen
conductivity Gp); apparently, the rapid kinetics and
peculiar voltage dependence of Li currents are excel-
lent tests for the adequate estimation of this parameter
in model predictions. Although further testing will be
necessary in the future, the possibility that R, values
are lower than the previously reported 40 Qcm® would
reinforce the concept (DiFranco et al., 2011a) that
a large proportion CIC-1 channels are in the TTS of
normal mammalian muscle fibers (not depicted). In ad-
dition, the combined effect of large Py, in the TTS with
small R, values may explain our finding that, under cur-
rent clamp conditions, optically recorded APs in mouse
FDB fibers are almost identical to the electrically re-
corded ones (DiFranco et al., 2005).

In summary, although several model parameters
were adjusted in this paper to explain the various fea-
tures of the experimental data, the one that needed
the most critical attention to predict simultaneously
the properties of Iy, and the optical data is the relative
partitioning of Na permeability density between sur-
face and TTS membranes. An important merit of the
current work is precisely that we succeeded in provid-
ing a quantitative assessment of the narrow range
in the relative distributions of Na channels between
these two membrane compartments that can explain
the experimental data. This is a fundamental contri-
bution for the future assessment of the electrical
properties of skeletal muscle fibers in normal and dis-
eased animals.



APPENDIX

Radial cable model equations for the TTS of mammalian
skeletal muscle fibers, including sodium permeability

and ion diffusion

The radial cable model equations are essentially the
same as those described in detail in the Appendix of
DiFranco et al. (2011a), which in turn followed the no-
menclature reported previously (Ashcroft et al., 1985;
Kim and Vergara, 1998; DiFranco et al., 2007) and the
assumption (Adrian and Peachey, 1973) that the lumen
of the TTS is separated from the extracellular fluid by
an access resistance (R,, in Qcm?).

The partial differential equation that governs the
radial (7) and time (¢)-dependent changes in T-tubule
membrane potential (u(xt)) in response to voltage changes
at the external boundary is (Adrian et al., 1969):

Fu Lo, du (A1)
OR®* ROR dl

where, a 1is the radius of the muscle fiber,
R=r/a, T =G;t/C,a%), and v= a\G,/G,. In these
equations, the parameters C,and G,are the capaci-
tance (in pF/cm®) and conductance (in S/cm?®) of the
tubular membrane per unit volume of muscle fiber, re-
spectively (Cy =Cyp/¢ and Gy =Gyp/g). Also, G, is
the effective radial conductivity (G, =G,po, in S/cm).
As noted elsewhere, numerical integration methods are
necessary to solve Eq. Al, and to predict the voltage
of TTS cable elements, when nonlinear conductances
are assumed to be in parallel with capacitive elements
(Adrian and Peachey, 1973; Heiny et al., 1983; Ashcroft
et al., 1985; DiFranco et al., 2011a). To this end, we re-
place the term v?u in Eq. Al with the more general term

I, (u,r,t
Tty
GL

s

where E(u,r,t) is a generalized current normalized per
volume of fiber. Keeping the same definitions for R and
T, Eq. Al is transformed into:

o*u lau: oIy  Ou (A2)

o ROR " G, oT

For the simulations in this paper, we assumed that
I,(u,R,T) is contributed by a small residual leak cur-
rent, akin to the chloride permeability described in
DiFranco et al. (2011a), but primarily by the flow of Na
ions across the TTS walls through Na channels charac-
terized by a prominent permeability (Py,; see below).

Thus,

TR T)=2 %[, RT)+ I, (wRT)|, (A3
w C Cl Na

where I (u,R,T) and Iy, (u,R,T) are the chloride and
sodium current per cm?® of TTS membrane.

Our approach to simulate the voltage-dependent ki-
netics of Iy, at each radial cable element was to use the
classical Hodgkin and Huxley (HH) m’h approach
(Hodgkin and Huxley, 1952b), while also assuming the
independence principle to account for the effect of ex-
ternal sodium concentration on the ion flow through
the sodium channels (Hodgkin and Huxley, 1952a).

These two conditions are accounted for by the use of
the following equations:

I, (Vo) =Ty, xm>(V,t)x h(V 1), (Ad)

where m and % are the traditional HH activation and
inactivation gates, respectively, and

_ FQ VI
P,V — {[Na]o -[Na],e®" J
RT
_ ’ (A5)
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in which P, represents the maximal sodium permeabil-
ity (in cm/sec), V is the membrane potential at which
each current calculation is made, [Na], and [Na]; are the
external and internal sodium concentrations, respec-
tively, and F, R, and T are the common gas constants
(note that these Rand T constants must be distinguished
from the variables R and T of the radial cable model).

As usual, m and A are calculated from the differential
equations:

%= o, (V)-(1=m)=B,(V)-m (A6)
dh(d‘;,t) =o, (V)-(1=h) =B, (V)& (A7)

The variables o, B, o, and By, are voltage-dependent
kinetic rate constants for the state variables m and A,
respectively; they are characterized by equations with a
similar structure of those reported recently by other
authors (Fu et al., 2011):

— V=Vw)
o, V-V, — .
o, (V)= % B, (V)=B,-¢ ™ @9
1_ e kotm
V-,) = =
_ T By +Bie - V)
o, (V)=0,-€ P ;BL(V)= % (A9)
l1+e '™
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TABLE A1

Specific parameter values for passive radial cable

Parameter Symbol Value Dimension
Radius a 20-30 pm
Specific capacitance TTS wall Cyw 0.9 pE/ cm?
TTS lumen conductivity G, 11.3 mS,/cm
TTS access resistance R, 10-40 Qcm?
Fraction of fiber volume occupied by the TTS p 0.004

Volume to surface ratio of the TTS 1.1x107° cm
Tortuosity factor on the TTS o 0.32

Na diffusion coefficient Dya 107° cm?/sec

Typical values of the parameters used in the model
are included in Table A2. Fig. Al illustrates the voltage
dependence of the steady-state values of m and h
(m. and h.) and of their characteristic time constants
(Tm and 7,) when the parameter values listed in Table A2
are used.

Sodium diffusion in the TTS lumen

Changes in luminal sodium concentration in the TTS
([Na],) occurring in response to the current flow across
the T-tubule walls were calculated from simultaneous
integration of the diffusion equation (Barry and Adrian,
1973; Friedrich et al., 2001):

(A10)

d[Nal,(r,t) Dy, i[ra[Na]a (r,t)] Iy, (1)
dt oy o or pF ~

where Dy, is the diffusion coefficient of Na (or Li) ions
in the lumen of the TTS (in cm?/sec), Fis the Faraday
constant, and Iy, is the sodium current per cm? of TTS
membranes. Using the dimensionless variables R = r/a
and T = 0Dy, {/d’, this equation becomes:

0°[Nal,  10[Nal, _d[Nal, , Iy,

. (A11)
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Numerical integration of model equations

TTS voltage. The TTS cable is assumed to be made of
n = 60 radial shells sealed at the center of the muscle
fiber. As described previously (Kim and Vergara, 1998;
DiFranco etal., 2007, 2011a), at a given time j, the finite
differences approximation of the partial differential
equation of the T-tubular voltage (Eq. A2), while using
an implicit Crank-Nicolson algorithm (Crank, 1975;
Gerald, 1978), yields the following equation for an arbi-
trary annulus

.+ X . 1 — .

x. & .1)-uf+1—(X+1)-uf+l+X'(21741)'ui{+11: (A12),
41 41
. . ) - Y

—X~M'ufﬂ+(X—1)'u{ —X'M'uf—ﬁ“z Lt 8T,
4i 4i Gr

where (I,,)! is the current per unit fiber volume (calcu-
lated from Eqs. A3 and A4) flowing through the T-tubular
element at shell ¢ and at the time interval j during the
numerical integration process. Eq. Al2 is a recursive
formula allowing for the calculation of /"' at a time
interval 87, while knowing /. The system of tridiago-
nal coefficient matrices was solved using an LU decom-
position algorithm (Gerald, 1978). The integration of
Eqs. A6 and A7, updating the value of Iy, for every cable
element and for the surface membrane, was performed
with a second-order Runge-Kutta algorithm at every
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Figure A1. Voltage dependence of m.., h., 7,,, and 7, using characteristic model parameters for Iy,.
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time step. The values of the general cable parameters
used for the simulations shown in the paper are sum-
marized in Table Al. Specific permeability parameters
are given in the figure legends.

Sodium concentration in the lumen of the TTS. The finite
difference approximation and Crank-Nicolson algo-
rithm used for the integration of Eq. All to calculate
the luminal sodium concentration (([Na]n)lj ) at every
shell zand at time interval j followed an equivalent ratio-
nale previously reported for chloride ions in the Appen-
dix of DiFranco etal. (2011a). In brief, at a given time j,
the finite differences approximation of the partial dif-
ferential equation for [Na], in the TTS (Eq. A11) yields
the recurrence formula:

=g O @D o @Dl | ST (g3
SR 2i 2i a“oDy,pF

At the outside boundary (i = n) we apply Fick’s law to
the T-tubule’s opening:

J_
Cp =6y +

SR?

ot | (2n+1)[Nal,
2n 2n a*6Dy,pF’

i 4 21 el ] BTy,

TABLE A2

Typical parameter values for muscle sodium channels

Parameter Value Dimension
Py (1=5)x107° cm/sec
P 2x107*—2x107° cm/sec
Na
a 0.13 ms~!
m
V —40 mV
I 4 mV
‘om
7 0.7 ms~!
p
ky 6 mV
o 2x10°* ms™!
h
v -19 mV
h
A 7.6 mV
‘oh
— 9 1
le] ms
7 0.08 mV x ms) !
B
h2
y, 20 mV
[Na], 78 mM
[Na]; 13 mM

See Results for specific deviations from these values.

and at the inside (closed) boundary (i =0):

ot 1y,

; Co 40T
=it sl —a ] g pF’
Na

Total current and optical signals

The total ionic currents calculated from the integration
of the radial cable equations, including the indepen-
dence principle/HH model of Iy, at each radial cable
element of the TTS, was the sum of two contributions:
(1) a surface membrane component calculated from
the direct temporal integration of Eq. A4 in response to
Veom; and (2) a TTS component, which encompasses
the effective sum of currents originated in this mem-
brane compartment; this was calculated from the appli-
cation of Kirchhoff laws at the external opening of the
TTS (Ashcroft et al., 1985; Kim and Vergara, 1998), as:

)
I _ Veou —u,
Ne-TTS = 5
RS

(A14)

where u] is the voltage across the outermost segment of
the TTS at time interval ;.

Under the assumption that di-8-ANEPPS optical sig-
nals occur homogenously at superficial and deep regions
of the TTS, and that changes in its optical properties
with the membrane voltage occur identically at every
submicroscopic region of the TTS, the optical signal
obtained within our illumination disk is expected to rep-
resent an ensemble average of the voltage contributed
by every cable element in the TTS ( AV, ) weighted by
the radius of each annulus (Heiny et al., 1983; Ashcroft
etal., 1985; Kim and Vergara, 1998; DiFranco etal., 2011a).
This is calculated, for each successive time step, using a
numerical trapezoidal integration algorithm based on
Simpson’s rule (Gerald, 1978) from the formula:

J: rV (r)dr

J.H rdr
0

This assumption was used to calculate the predicted
optical signals (for comparison with the data) in Figs. 4
and 8.

AVirg =
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