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ABSTRACT In the heart, Na™ is a key modulator of the action potential, Ca®" homeostasis, energetics, and contractility.
Because Na* currents and cotransport fluxes depend on the Na™ concentration in the submembrane region, it is necessary to
accurately estimate the submembrane Na™ concentration ([Na™]sm). Current methods using Na™-sensitive fluorescent indicators
or Na™ -sensitive electrodes cannot measure [Na™*]s,,. However, electrophysiology methods are ideal for measuring [Na*]gm. In
this article, we develop patch-clamp protocols and experimental conditions to determine the upper bound of [Na*]sm at the peak of
action potential and its lower bound at the resting state. During the cardiac cycle, the value of [Na™], is constrained within these
bounds. We conducted experiments in rabbit ventricular myocytes at body temperature and found that 1) at a low pacing frequency
of 0.5 Hz, the upper and lower bounds converge at 9 mM, constraining the [Na*]s,, value to ~9 mM; 2) at 2 Hz pacing frequency,
[Na™]sm is bounded between 9 mM at resting state and 11.5 mM,; and 3) the cells can maintain [Na "], to the above values, despite

changes in the pipette Na* concentration, showing autoregulation of Na* in beating cardiomyocytes.

INTRODUCTION

In the heart, Na™ is a key modulator of the action potential
(AP), Ca’* homeostasis, energetics, and contractility. Na*t
cotransport of Ca®" via the Na"-Ca®* exchanger has a prom-
inent role in regulating contractility by controlling the
amount of Ca®" that is stored in the sarcoplasmic reticulum
(1). Na* currents and cotransport fluxes are dependent on
the free submembrane Na™' concentration, [Nat],,, which
might not be equal to the bulk Na* concentration (2-4).
Na™"-sensitive fluorescent indicators have been used to mea-
sure the bulk Nat concentration, but because the fluores-
cence signal from the bulk cytoplasm vastly overwhelms
that from the submembrane volume, Na*-sensitive fluores-
cent indicators cannot measure [Nat],,,,. Na-sensitive elec-
trodes and electron-probe microanalysis can, in principle,
measure the submembrane Na™* concentration but there are
large uncertainties in the spatial position of the sampled re-
gion (5). On the other hand, electrophysiological measure-
ments based on whole-cell patch-clamp methods are ideal
for measuring submembrane ionic concentrations, because
the current is determined by the submembrane ionic milieu.
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In this article, we use whole-cell patch-clamp methods to
estimate the submembrane Na™t concentration. Our method
establishes upper and lower bounds of [Na'ly,, and the
actual submembrane Na® concentration during the AP is
constrained to lie between these bounds.

MATERIALS AND METHODS
Theoretical underpinnings

Our method does not define a particular value of the submembrane
Na' concentration [Na'],. Rather, our method constrains [Na']y,
between an upper bound, [Na*]‘;ﬁl, and a lower bound, [Na*]ls'in, S0
[Na®]® <[Na*],, <[Na*]'". The difference [Na*]® — [Na®]" is the
range of uncertainty of [Na™]gm. Careful choice of experimental conditions,
which we describe below, reduces the range of uncertainty, thereby clamp-
ing down on the value of [Na*], like the jaws of a pair of pincers. Indeed,
we will show that at a low pacing frequency (0.5 Hz), the mean values of
upper and lower bounds are statistically indistinguishable.

Determining the upper bound

The method for determining the upper bound [Na*];':;l is based on the fact
that it is thermodynamically impossible for the peak membrane voltage,

Vpeak» to exceed the Na* equilibrium potential, Ex,
RT . [Na']
Voeask <Eng = —In——= 1
peak Na F [Na+]sm; ( )
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where R is the universal gas constant, T is the temperature (K), F is the
Faraday constant (96,485 C/mol), and [Na™], is the extracellular Na™ con-
centration. This inequality defines [Na*];'::1 :

N, < Na ) 2 (N enp (-

In other words, the true subsarcolemmal Na™ concentration, [Na™]_, at the
peak of the AP, is never greater than [Nat]™. As Vpeak increases, [Naﬁ]:ﬁl
decreases, which reduces the range of uncertainty. Therefore, our strategy
is to optimize experimental conditions that maximize V.. The optimal

conditions are described in the Results.

Effect of resting membrane potential on the upper-bound
estimate

The resting membrane potential could affect the measured peak voltage.
If the resting membrane potential is more positive than = —80 mV,
then the fraction of Na* channel available to open during depolarization
is <1, so the maximum voltage attained in the brief period before repo-
larization begins will likely be less than the Na™ Nernst potential. If Ve
is the peak voltage that would be measured if all Na* channels were
available to open then Viye > Vineasured and we have the fortunate situa-
tion that we are overestimating the upper bound of the intracellular
Na™ concentration

[Na+] . < [Na+] ‘S‘:l < [Na] ubtmeasured' (3)

In other words, the calculated upper bound of the Na™ concentration is con-
servative; the actual [Na*t]gy, is lower. In all conditions, we analyzed only
those records where the resting membrane potential was within a few mV
of —80 mV (see Fig. 1 O).

Effect of junction potential on the upper-bound estimate

The measured peak membrane potential, Vpea, is the sum of the junction
potential, Vjp,, and the true membrane potential, Virye,

Vpeak = Vie + vjp- (4)
Accordingly,
+ + o F V{rue
N, < [N, exp (-
— [Nat _ FVpeu FVip ®
= [Na ]Oexp< RT exp| + RT )
= Na']3,

Note that if the junction potential is negative, then the range of uncertainty
is narrowed. Conversely, if the junction potential is positive, the range of
uncertainty is broadened. In our experiments, the junction potential was
measured and nulled, so Vi, is set to 0 in Eq. 4, and therefore, the upper
bound in Eq. 5 reduces to Eq. 2.

Determining the lower bound

The experiments to determine the lower bound will be described in
detail later. Here, we explain the outline of the protocol and what the
results mean. Briefly, the myocyte is held at —80 mV, then stepped
to various positive potentials and the currents, /(V), are measured. Subse-
quently, tetrodotoxin (TTX) is applied, the voltage-clamp protocol
is repeated, and currents Iprx(V) are measured. Let V,,, be the
clamp voltage when Itrx(V,ero) — I(Vero) = 0, which means that V..

Estimation of Subsarcolemmal [Na*]

must equal En,. [Na'ly, is then calculated from Ey,. We claim that
this [Na*]e, equals the submembrane concentration at rest. Before
the application of the positive clamp voltage, the myocyte is held
at —80 mV, the resting potential (see Fig. 5 A), for either 0.5 s or 2.0 s (de-
pending on the experiment). Assuming a diffusion coefficient for NaCl of
0.1 um?/ms (6) and a diffusion length of 1 um (half the length of a sarco-
mere) then the diffusion timescale is 10 ms. Thus, 0.5 s or 2 s equals 50 or
200 time constants, so any transient increase of [Na ], from voltage steps
before V., would be dissipated. Furthermore, because the voltage steps
just before V.., would have been close to Ey,, the amount of Na™ entering
through TTX-sensitive channels would have been small. Therefore,
[Na*]g, calculated from V., equals the resting concentration of [Na™*]y,.
This resting concentration, [Na®]™> , is the lower bound for [Na*],, during

sm?

the AP, that is, when the myocyte is paced.

sm

Experimental methods

All animal handling and laboratory procedures were in accordance with the
approved protocols of the local Institutional Animal Care and Use Commit-
tee conforming to the Guide for the Care and Use of Laboratory Animals
published by the U.S. National Institutes of Health (8th edition, 2011).

Cell isolation

Ventricular myocytes were isolated from adult New Zealand White rabbits
(male, 3—4 months old, 2.5-3 kg) by a standard enzymatic technique using
collagenase type II (Worthington Biochemical, Lakewood, NJ) and prote-
ase type XIV (Sigma-Aldrich, St. Louis, MO) (7).

Electrophysiological recording of APs

Cells were transferred to a temperature-controlled plexiglass chamber
(Cell Microsystems, Research Triangle Park, NC) and continuously super-
fused with a bicarbonate-containing Tyrode (BTY) solution with the
composition (in mmol/L) 125 NaCl, 25 NaHCO;, KCI 4, 1.2 CaCl,, 1
MgCl,, 10 HEPES, and 10 glucose, pH 7.4. Electrodes were fabricated
from borosilicate glass (World Precision Instruments, Sarasota, FL) with
tip resistances of 2-2.5 MQ when filled with internal solution containing
(in mmol/L) 100 K-Aspartate, 25 KCI, 10 NaCl, 3 Mg-ATP, 10 HEPES,
0.002 cAMP, 10 phosphocreatine dipotassium salt, and 0.01 EGTA,
pH 7.3. It is important to note that this composition preserved the physio-
logical Ca®* cycling (8). In the experiments where [Na']; was changed,
KCI concentration was adjusted to maintain [Cl ]; and osmolarity. To
study the impact of reduced [Na*], on the AP peak, NaCl was replaced
by the appropriate amount of N-methyl-D-glucamine in BTY solution to
restore its osmolarity; elevation of [Na*], was done simply by increasing
the NaCl content of the BTY solution. To minimize the compensatory ef-
fect of changes in [Na'];, each solution was applied for only 2 min, which
was enough to reach a steady-state effect on Vj,cax. In current-clamp mode,
cells were stimulated with suprathreshold depolarizing pulses (2 ms
duration) delivered via the patch pipette. The series resistance was typi-
cally 3-5 MQ and it was compensated by at least 85%. The seal condition
was monitored during experiments, and cells were discarded if the series
resistance increased by 10% during the experiment. Since access resistance
might change during electrophysiological experiments, it is necessary to
adjust the series resistance compensation. To assess its effect on the
measured Ve, we recorded APs after different degrees (0-10 MQ) of
series resistance compensations and demonstrated that they had no signif-
icant effect on the V.o of the AP (for more details, see Fig. S1 in the Sup-
porting Material).

Reported voltages are already corrected for the junction potential, which
was 6 = 0.5 mV. Axoclamp-2B and Axopatch 200B amplifiers (Axon In-
struments, Union City, CA) were used for AP and Iy, measurements,
respectively, and the signals were digitized by a Digidata 1440A A/D con-
verter (Molecular Devices, Sunnyvale, CA).

Experiments were conducted at 36 = 0.1°C.
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FIGURE 1 Optimizing conditions to estimate the [Na™],,, upper bound. (A) Representative steady state APs from rabbit ventricular myocytes recorded
with various [Na*],. The pipette solution contained 10 mM Na™ and the cells were paced at 2 Hz. (B) The AP upstroke after the stimulus transient shown
on an expanded timescale. Both peak voltage (Vycax) and rate of rise increase with increasing [Na™],. (C) The resting membrane potentials are largely the
same across a broad range of [Na'], and [Na*]pipme (n = 6-18 cells from three to seven animals). (D) Vpeax is not increased further if a 150-ms-long
hyperpolarization (to —130 mV) preceded the AP-eliciting stimulus. [Na™], was 150 mM (green diamond, n = 5 cells from three animals) or 190 mM
(blue triangle, n =7 cells from three animals). (E) Vyeax (black diamonds) is approaching the predicted Nernst potential (red triangles) as [Na™], increases
(n = 6-18 cells from three to six animals). Nernst potentials were calculated using 10 mM [Nzﬁr]pipelle as the intracellular [Nat]. (F) Relation of the Vpeak of
the APs (green diamonds) to the Nernst potential of Na™ (red triangles) obtained if intracellular [Na*] were the same as [Na* Jipere- [Na'], was fixed at
190 mM (n = 6-18 cells from three to seven animals). To see this figure in color, go online.

Measurement of the |, reversal potential in voltage-clamp periments performed with 150 and 190 mM [Na'],, the depolarizations
mode ranged from +60 to +-98 mV, whereas in those performed with 110 mM

[Na*],, they ranged from +50 mV to +88 mV (using 2 mV steps in both
In voltage-clamped myocytes, Ix, was elicited by 10-ms-long depolarizing cases). (The reported voltages are already corrected for junction potentials.)
voltage steps from a holding potential of —80 mV at 2 Hz frequency. In ex- To achieve good voltage control, series resistance was compensated by
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95-99% in these experiments. The pipette solution contained 10 mM Na™
in both cases (for ion composition of the external and internal solutions, see
the previous section). Cells were pretreated with 10 uM nifedipine and
3 mM 4-aminopyridine to block L-type Ca>" current and transient outward
K" current, respectively. Iy, was measured as a current sensitive to 10 uM
TTX (Irrx = Iprertx — IpostTTx) and the current amplitude was measured
2 ms after the beginning of the depolarizing voltage step. Reversal potential
of Na* was calculated from the linear fitting of Iy,-V curves in each cell.
The effect of TTX was completely reversible upon washout. Experiments
were performed at 36 = 0.1°C.

Statistical analysis

Data are expressed as the mean = SE. The Kruskal-Wallis test (to compare
multiple groups), Mann-Whitney U-test (to compare two groups), and
paired or unpaired Student’s 7-test followed by analysis of variance were
used where appropriate to determine statistical significance. Differences
are deemed significant if p < 0.05%, p < 0.01**, or p < 0.001%*%*,

RESULTS

Optimizing conditions for estimating the upper
bound of [Na™J¢m

First, we aimed to optimize the conditions for estimating the
submembrane Na™ concentration ([Na*]y,) in cardiac myo-
cytes. Because the inward Na™ current predominantly drives
the upstroke of the AP, maximizing this current will push the
peak voltage of the AP (V,,cai) closer to the Nernst potential of
Na™ (Ey,) and therefore provide a tighter estimate of the up-
per bound of [Na™ ], [Naﬂ;l:]. Fig. 1 A shows representative
APs recorded from rabbit ventricular myocytes paced at 2 Hz
with various external Na* concentrations ([Nat],) ranging
from 110 mM to 190 mM, when the pipette solution con-
tained 10 mM Na™. Fig. 1 B shows the rising phase of
the AP on an expanded timescale. Two notable features
are evident in this graph. First, Ve, increases with
increasing [Na'],, and second, the rate of rise also increases
with increasing [Na'],. These qualitative changes reflect
increased Na' current with higher [Na*], that increases the
driving force. The larger the Na™ current, the closer it drives
Vpeak toward Ex,. Therefore, it is desirable to use a higher
[Na™], to measure Vi, to better estimate [Na " ],,,. The high-
est [Na*], of 190 mM used in our experiment is constrained
by the bath solution osmolarity required to maintain a stable
seal. During the 2 min exposure to the 190 mM Na™ solution,
we saw no discernible change in myocyte morphology, and
the access resistance remained constant. Before proceeding
0 use Vpeqi t0 estimate [Na*]sm, we conducted experiments
to rigorously examine whether V., might be affected by
potential complicating factors described below.

Testing the effect of resting membrane potential
(vrest) on Vpeak

One potential complicating factor is the resting membrane
potential (Vi) that influences the availability of Na™ chan-

Estimation of Subsarcolemmal [Na*]

nels to open during the upstroke of the AP. Fig. 1 C shows
V,est measured with various concentrations of Nat in the
bath ([Na'],) and in the pipette ([Na']ypee)- There is
no statistically significant difference in Vi between the
groups with [Na*], in theh range 130-190 mM (Kruskal-
Wallis test, p = 0.08). Ve of the [Na™], 110 mM group
showed a slight depolarization of ~3 mV, which was statis-
tically significantly different from the 130 mM group
(Mann-Whitney U-test, p = 0.02). However, given the
flatness of the Na' inactivation, h, gating variable around
—80 mV, it is unlikely that this slight depolarization in the
[Na*], = 110 mM group is the cause of the slowed rate
of rise of the AP. The above data show that V. is about
—80 mV across a broad range of [Na*], and most of the
Na™ channels should be available for activation.

We further examined Na™ channel availability by hyper-
polarizing the membrane for 150 ms before the AP was eli-
cited, as shown in Fig. 1 D. An outward current of 3 nA was
injected into the cell through the patch pipette to hyperpolar-
ize the membrane potential to —130 mV, which should
maximize the Na® channel availability. When APs were
evoked from this voltage, there was no statistically signifi-
cant change in Ve in the [Na™], = 150 mM or [Na*], =
190 mM groups.

To get a measure of how far our conditions are
from optimal, we compared the measured V.. at different
[Na™], to the predicted value of Ex, assuming that [Na™]_
equals the pipette Na® concentration ([Na*]pipette) of
10 mM. We used the value of 10 mM for two reasons, first
simply because it was a round number close to the value of
the bulk Na™ concentration of 8 mM determined by Despa
et al. (9), who used the same species, pacing rate, and tem-
perature as we did, and second because, as experiments
described in the next sections show, [Na*]  is constrained
between 9 and 11.5 mM. Please note that we are not
assuming that 10 mM is the actual value of [Na®] ; it is
used only to roughly estimate the position from an un-
known, but reasonably constrained, ideal. Fig. 1 E shows
the approach of V. to the putative Ey,. The difference be-
tween Vpeq and Ey, diminishes monotonically as [Nat], in-
creases. When [Na™], is 190 mM, Vpeak 18 75.41 £ 0.81 mV
(n = 18), which is ~4 mV below the predicted En, = 79 mV.
Hence, using the [Na™], = 190 mM condition to measure
the Vpeac gives a close estimate of Ey, which gives
an optimal condition for estimating the upper bound of
[Na+]sm'

The effect of changing [Na+]pipette on Vpeak

Next, we examined how changing the [Na*]p,-pette would
influence the Vpeu. Fig. 1 F shows Ve, changes with
different [Na™ ] pere values, whereas [Na™], was fixed at
190 mM. The overall trend shows that V.. was higher
at lower [Na*]pipette values as Ey, increases. However,
in comparing to the Ey, calculated under the assumption
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[Nat];, = [Na*]pipene, Vpeak Was far below the calculated
En, for [NaJr]pipette < 5 mM and far above the calculated
En, for [Na+]pipette > 15 mM. These data suggest that the
actual intracellular [Na™*] could differ from what is applied
in the pipette when the cell was paced under physiolog-
ical conditions (undergoing excitation-contraction at body
temperature, which differs from the conventional voltage-
clamp condition). Interestingly, the Vpe,c was maintained
at ~75 mV for [Na'],peqe values ranging from 5 to
15 mM, indicating autoregulation of the intracellular Na™
concentration in this range (see the section on autoregula-
tion, below).

Testing whether other ion channels might
affect Vpeax

The difference between Ve and Ey, is minimized when
the Na™ current greatly dominates all other currents. We
therefore examined the effect of transient outward current
(I,) and L-type Ca®" current (Ica-r) on Ve The rapidly
activating K™ current, I, is likely to be the major contam-
inating current. We measured APs in the presence of the I,
blocker 4-aminopyridine (3 mM) when [Na*], was 190 mM
(see Fig. 2 A); there was no significant difference in Ve,
(77.16 = 1.07 mV vs. 77.82 = 0.50 mV in control and in
4-aminopyridine, respectively, n = 6, p = 0.45), indicating
that 7, was not yet activated when the AP reached its peak,
although during phase 1 repolarization, the role of I, is

obvious. To assess the effect of /.., on Ve, we measured
APs in the presence of the I, blocker nifedipine (10 uM)
when [Na™], was 190 mM. Again, blocking I, yielded no
significant difference in V., although it caused a decrease
in the AP plateau and duration (n = 6, data not shown).
We further investigated how V..« might be affected by
Na*t-channel modulation. We modified the Na* channel
opening time using anemone toxin (ATX-II), which inhibits
the inactivation of voltage-gated Na™ channels. Application
of 5 nM ATX-II significantly increased AP duration and
elevated the AP plateau, but it had no discernible effect on
Vpeak and the maximal rate of rise (Fig. 2 B). Indeed, the
Vpeak 18 determined by the fast Na™ current, as evidenced
by the fact that partial blockade of the Na* channel pore
by 1 uM TTX (=1ICsp) significantly decreased the Vieax,
the maximal rate of rise, and the AP plateau (Fig. 2 C).
The fact that the Ve, is within 4 mV of the predicted En,
when [Nat], = 190 mM means that under this condition, I,
dominantly determines Ve, at the moment of the AP peak
when the contribution from other currents is negligible.

[Na*]sm and the range of autoregulation

Because the value of Ve, can approach but not exceed Ey,,
the Nat concentration calculated from the Vpeax (using
Eq. 2) gives the upper bound of [Na']y, (see Materials
and Methods for theoretical underpinnings). Fig. 3 A shows
the upper bounds of [Na'],, calculated from the Vpeak
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FIGURE 2V is predominantly set by the Na™ influx, and is insensitive to I, (A) Representative APs in control (black) and after 4-aminopyridine treat-
ment (purple) at 2 Hz steady-state pacing. 4-aminopyridine increased the AP duration and plateau voltages (already during phase 1 repolarization), but it had
no effect on Vpey (n = 6 cells from three animals). [Na*], and [Na*]piPene were 190 mM and 5 mM, respectively. (B and C) Representative APs recorded in
control (black) and after ATX-II (B, blue) or TTX (C, red) pretreatment. Cells were continuously paced at 2 Hz. [Na*], of 190 mM zlnd[fo“]pipcttc of 10 mM
were used. Inhibition of Iy, inactivation by ATX-II had no effect on Ve (B), whereas partial blockade of the Na™ channel pore by TTX significantly
decreased the peak voltage (C). Plateau voltages were increased by ATX-II and decreased by TTX (n = 5 cells from two animals and 4 cells from two animals

in ATX-II and TTX, respectively). To see this figure in color, go online.
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FIGURE 3 Autoregulation of [Na™]y,. (A) The calculated upper bounds of [Na™ ], obtained with various [Na™],. For [NaJr]r,ipene between 5 and 15 mM,
no significant difference can be found in the upper bound of [Na ™., whose level is indicated by a dashed red line and referred to as a range of autoregulation.
The cells were paced at 2 Hz. (B) The measured peak AP voltages (black diamonds) recorded with various [N a+]pipc"c and fixed [Na™], at 190 mM are shown
with the corresponding [Na '], upper bounds (green open symbols) (n = 618 cells from three to seven animals). To see this figure in color, go online.

obtained with various internal and external Na* concentra-
tions. The values obtained with [Na™], = 190 mM gives the
least upper bound of [Na™]y,.

Interestingly, for [Na'],peqe values ranging between
5 and 15 mM, there are no significant differences in
measured Ve, (evaluated by analysis of variance at a sig-
nificance level of 0.05), as shown in Fig. 3 B (red box), indi-
cating an autoregulation of [Na™t],. Outside of this range,
Vpeak changes significantly (Fig. 3 B). However, the change
in Vpeax 1s still less than the value predicted assuming no
autoregulation (see Fig. | F), indicating that the cell
can still regulate [Na']y, to some degree even at these
extreme pipette Na™ concentrations. Within the autoregula-
tion range, the measured Ve, gives an upper bound of
11 mM for [Na™ly, (Fig. 3 B, red box). Hence, our data
reveal that the cell has the ability to autoregulate [Na' ¢
to ~11 mM when [NaJr]l[,ipmte is in the range 5-15 mM.
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(This also justifies the use of 10 mM [Na*]lmpelle in
Fig. 1, E and F).

Frequency dependence of [Na*t]sm

Previous studies using fluorescent Na™ indicators show that
the average intracellular Na® concentration decreases at
lower pacing frequency (9,10). We investigated the effect
of pacing frequency on [Na*],. As shown in Fig. 4 A, Vpeak
increased by ~6 mV when the pacing frequency was reduced
to 0.5 Hz from the previously applied 2 Hz. Accordingly, the
upper bound of [Na™],, decreased from 11.68 = 0.71 mM
at 2 Hz to 9.46 = 0.72 mM at 0.5 Hz (Fig. 4 A).

The lower V... at 2 Hz might be partially attributable to
incomplete activation of the Na* channel. To test this, we
modified V,q to maximize Na™ channel availability by in-
jecting hyperpolarizing current for 150 ms before the AP

B
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FIGURE 4 Frequency response of [Na™],, (A) Frequency dependence of Vpeak and the calculated upper bound of [Na™]g, (n = 6 cells from three ani-
mals). These self-controlled experiments were performed in 190 mM [Na*], and 10 mM [Na*]Pipene. (B) The frequency-dependent difference in the AP peak
was maintained even if the membrane potential was hyperpolarized or slightly depolarized by a current injection for 150 ms before the AP upstroke (n = 7

cells from three animals). To see this figure in color, go online.
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upstroke (Fig. 4 B). The data show that the V.. values are
largely maintained during injection of the hyperpolarizing
outward current, indicating no further increase of channel
availability from V. = —80 mV to —130 mV. Therefore,
the increased V. at 0.5 Hz vs. 2 Hz reports the true dif-
ference in [Na't]y, that decreases at the lower pacing
frequency.

The data in Fig. 4 B also show that injecting an inward
current to depolarize the cell reduced Na'-channel avail-
ability and decreased V.. This is undesirable, because
decreasing V.. increases the upper bound, thereby broad-
ening the range of uncertainty of [Na™],,.

Measurement of [Na*]s, in the resting myocyte
using the Iy, reversal potential

To estimate the resting [Na*t],,, we used a voltage-clamp
protocol to determine the potential at which Iy, reverses
(see Determining the Lower Bound in Materials and

- «—0A/F
™10 uM TTX

Methods for more information about why this method gives
the resting [Na*],,). The rapidly activating phase of Iy,
largely overlaps with the capacitive transient, making it
almost impossible to accurately measure the peak of Iys.
However, by minimizing the capacitive transient, the decay-
ing phase of Iy, can be discerned and used to find the
reversal potential of Iy,.

We took the following approach to accurately measure
the reversal potential of Iy,. First, we carefully compensated
the membrane capacitance and series resistance to 95-99%
to minimize the capacitive transient. Second, we ensured
that Iy, was the dominant current by minimizing other
rapidly activating currents. We used 3 mM 4-aminopyridine
and 10 uM nifedipine to inhibit [, and Ic, 1, respectively.
Third, to further test whether Iy, dominates the measured
current, we applied 10 uM TTX (which is very selective
at this concentration and almost completely blocks the
voltage-gated Na™ channels) to isolate Iy, (Fig. 5 A). Repre-
sentative TTX-sensitive current traces, evoked by short

[Na’], = 190 mM
[Na"l . =10mM

pipette

I, amplitude at:

—=—1ms
—e—1.5ms
10 ms AN
Control ! 10 uM TTX-sensitive ] L
E current traces A'ms
1 . —<4—5ms
- i 60 70 80 ) 100
: Vv (mV)
D E F
37 [Na',=190mM 371 [Na", =150 mM 37 INa,=110mM
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< < <
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21 [Na’l,,, = 8.95£0.51 mM 21 2% W[Na'l,, =8.77£0.61 mM 21 [Na’],,, = 8.7320.59 mM
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FIGURE 5 Using the reversal potential of Iy, to measure the [Na*],,, lower bound. (A) Representative current traces evoked by depolarizations to —30 mV
from a —140 mV holding potential in control and after application of 10 uM TTX. Cells were pretreated with 10 uM nifedipine and 3 mM 4-aminopyridine to
avoid contamination with /¢, and /,. The Iy, peak was out of the measuring range (>10 nA) in control, but it was almost completely blocked by TTX. (B)
Representative TTX-sensitive current traces evoked by short (10 ms) depolarizing steps from a —80 mV holding potential delivered at 2 Hz frequency (see the
voltage protocol in the inset). The vertical dashed line represents the time point where the currents were measured (2 ms from the beginning of the depo-
larization); at earlier time points, the current can overlap with the capacitive transient. (C) There was no difference in the Ey, value when /-V plots were made
by measuring TTX-sensitive Iy, amplitude at different time points of the depolarization pulses (except at <1 ms, where the current almost completely over-
laps with the capacitive transient). To avoid possible contamination with the capacitive transient, we measured the current 2 ms after the beginning of the
depolarization, where its amplitude was still reasonably big (indicated by a vertical dashed line in (B)). (D) The current-voltage relationship of TTX-sensitive
current measured in 190 mM [Na*], and 10 mM [NaJr]pipcllc (n = 5 cells from two animals). (E) Ex, Was ~+76 mV, and the corresponding [Na™],, was
~8.8 mM in conditions close to the physiological (150 mM [Na*], and 10 mM [Na*]pipme) (n = 6 cells from three animals). (F) Ey, was significantly shifted
to less positive potentials, but calculated [Na* ], was not changed when [Na*], was decreased to 110 mM (n = 4 cells from two animals). In these exper-
iments, TTX-sensitive current was evoked between +50 mV and +88 mV to resolve better the range of interest. To see this figure in color, go online.
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depolarizing voltage pulses between +60 and +98 mV, are
shown in Fig. 5 B. The reversal potential of Iy, was obtained
from the I-V plots (Fig. 5 C). The data show that there is no
difference in the reversal potential of Iy, when I-V plots
were made by taking TTX-sensitive Iy, amplitude at
different time points of the depolarization pulse away
from the capacitive transient, demonstrating the consistency
of such measurement. We measured Iy, 2 ms after the onset
of voltage pulse where the current amplitude was reasonably
big (Fig. 5 B, vertical dashed line) for accurate determina-
tion of the reversal potential.

Using this method we measured the amplitude of Iy,
at different voltage steps in cells exposed to 110 mM,
150 mM, and 190 mM [Na'],, as shown in Fig. 5, D-F.
The reversal potential of Iy, was obtained by a linear fitting
of the I-V plot for each cell (R*> > 0.97 in all cases). We
calculate [Na'], in each cell using Eq. 1. The mean
[Nat]g, values were 8.95 = 0.51 mM, 8.77 = 0.61, and
8.73 + 0.59 for [Na'], of 190, 150, and 110 mM,
respectively (see Fig. 5, D—F). There is no statistically sig-
nificant difference between these groups, showing that the
[Nat], value is ~9 mM when [Na'], is in the range
110-190 mM.

The value of [Nat],,, determined from measurements us-
ing this voltage-clamp protocol reports the value of [Na™ J¢m
in the resting myocyte for three reasons: 1) the myocyte is at
resting condition during most of the 500 ms cycle length,
except during the 10 ms voltage pulse; 2) the depolarizing
voltage pulses are in the vicinity of Ey,, so the Na™ influx
is small; and 3) during the brief 2 ms window when the
reversal potential is determined, the total Na' entry from
other transporters such as the sodium-calcium exchanger
and Na™-K pump would not significantly change the Na™
concentration. Furthermore, the [Na't]y, value measured
in the resting myocyte sets the lower bound for the submem-
brane Na™ concentration during diastole.

Importantly, our data show that the lower bound of
[Na®],, using this voltage-clamp protocol (8.95 =+
0.51 mM) (Fig. 5 D) is statistically indistinguishable from
the upper bound of [Na']y, measured at the peak of
the AP in the myocyte paced at 0.5 Hz (9.15 £ 0.60 mM;
t-test, p = 0.57) (Fig. 4 B). Given that the actual value of
[Na®]y is constrained between the upper bound and the
lower bound, the fact that these two bounds converge to
~9 mM leads to a logical deduction that the actual [Na™ ¢y,
is this value.

DISCUSSION

Electrophysiological approach to measure
submembrane Na™ concentration

In this article, we developed a new, to our knowledge,
method—perhaps the only method—for estimating the
free submembrane Na* concentration, [Na*],. Our method

Estimation of Subsarcolemmal [Na*]

constrains [Na+]Sm between an upper bound, [Na*];l;, esti-
mated at the peak of the AP and a lower bound, [Na*]"

sm>
measured at the resting state. [Na™],y, is bounded by the

inequalities [Na*]i}n <[Na*] < [Na*]':fr’l. Reducing the dif-
ference between the upper and lower bounds squeezes in the
value of [Na']y,. In fact, at a low pacing frequency of
0.5 Hz, the upper and lower bounds are statistically indistin-
guishable, leading to the conclusion that the actual Natlgm
is ~9 mM (see the last paragraph in Results). However, for

this method to be rigorously correct and practical, we

must address two questions. [NaJr]r[l;l is defined as the upper
bound at the time the AP reaches its peak, #e.. In other
words, the true [Na®] =~ at feu is bounded above by

[Na+]§:1. However, we are interested in knowing whether

[Na*]::; is the maximum value throughout the AP and dias-
tole and not only at fpe.. Therefore, the first question we
must answer is whether [Na*]l::1 is larger than [Na™], at
all times. Because the concentration depends on the time in-
tegral of the Na* flux into and out of the submembrane
compartment, [Na¥], could possibly be larger than at
fpeak- We know of no experimental method to test this possi-
bility, so we used the Shannon-Bers model (2) to calculate
when [Na'], takes its peak value and to compare that to
the value at fycq. Fig. S2 shows that calculated [Na™gm
achieves its maximum value ~0.4 ms before #ye,k, but the

concentration is only 0.06 mM greater than [Na*]"™>, a dif-
ub

ference of <1%, and the time when [Na'] ' is not the
maximum is <1 ms. Thus, we can state with negligible

error that [Na*]::1 determined at fpeak is the upper bound
throughout the AP and diastole.

To achieve a low upper bound and reduce the range of
uncertainty of [Na']y,, we maximize the Na™ current by
briefly (~2 min) exposing the myocytes to a high external
Na* concentration of 190 mM, which is far above the phys-
iological concentration of ~150 mM. The second question
we must consider is whether this nonphysiological condition
nullifies our method. To understand why the upper-bound
estimate of [Na '], obtained with [Na™], = 190 mM is rele-
vant to estimating [Na™ ], under physiological conditions,
we need to establish that the true submembrane Na™ (i.e.,
not the upper bound) obtained with [Nat], = 190 mM,
[Na®]_ (190), is greater than that obtained with [Na™], =
150 mM. Because the driving force for Na® is greater
with [Na*], = 190 mM than with [Nat], = 150 mM, the
inequality seems intuitively true, but intuition is not neces-
sarily a faithful guide because the total amount of Na™ trans-
ported through the Na' channel also depends on the
conductance and kinetics. This inequality cannot be tested
experimentally with existing methods, so we tested it by
simulation using the Shannon-Bers model (2) with [Na™], =
190 or 150 mM and the pipette Na™ concentration fixed to
10 mM. As shown in Fig. S3, the AP lengthens and the Ve,
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increases slightly when [Na*], is 190 mM compared to
150 mM, similar to what is seen experimentally
(Fig. 1 A). Importantly, [Na*]_ is greater with [Na*], =
190 mM than with [Na*], = 150 mM (Fig. S3 C). We there-
fore have the inequalities

found that the bulk Na™ concentration was 6.6 + 0.5 mM,
whereas our value was larger at 9 mM. In both stimulated
and unstimulated cells, our estimates are consistently no
lower than Despa et al.’s, which is expected given the
different environments the two methods are measuring.

[Na*]™ (150) > [Na*]™ (190) > [Na*]_(190) > [Na*]_(150).

(1)

Inequality 1 simply follows from the fact that V., measured
with [Na*], = 150 mM is less than that when [Na™], =
190 mM (Fig. 1 A) and from Eq. 2. Inequality 2 follows
from Eq. 2. Inequality 3 is from the simulations. These
inequalities are important because they tell us that under
physiological conditions the true submembrane Na™ concen-
tration is still bounded from above by [Na*]"" (190). Practi-
cally, this means that exposing the cell briefly to 190 mM
external Na™ to obtain a large Vpeak 18 a practical way of
estimating the true submembrane Na* concentration when
the external Na™ is in the physiological range of 150 mM.
Therefore, the submembrane Na™ concentration satisfies
the inequalities [Na*]" <[Na®]_ <[Na®]">. It is important
to note that these inequalities hold throughout the AP.

Evaluation of the method

The method presented here is the first, to our knowledge, to
directly measure the free submembrane N, a™ concentration;
therefore, we cannot, by definition, validate the method.
However, we can evaluate the method in terms of 1) consis-
tency and 2) uncertainty. Because fluorescent indicator
methods measure bulk Na* and a Na*-selective electrode
samples the local Na' at a position that is not well deter-
mined (5), whereas our method responds only to the sub-
membrane environment, we cannot and do not expect the
values reported to be equal. Nonetheless, consistency de-
mands that our estimates be no lower than those reported
by fluorescent indicator or Na't-selective electrode. The
Na™ concentration depends on temperature (compare (10)
and (9)), species (10-13), and pacing rate (5,9,12)). Despa
et al. (9) used conditions similar to ours (rabbit ventricular
cells, 36-37°C, similar pacing frequency), so their data set
is the best to check for consistency of our method. At a
pacing rate of 2 Hz, our method constrains [Na™ ], to be
between 9 mM and 11.5 mM. At a low pacing frequency
of 0.5 Hz, the upper and lower bounds are statistically indis-
tinguishable so we conclude that [Na™],y, is ~9 mM. These
values are larger than the 8.0 = 1.1 mM (for pacing rates
of 0.5 to 3 Hz) measured by Despa et al. (9) using a fluores-
cent indicator that predominantly reports the bulk Na* con-
centration. In resting (unstimulated) myocytes, Despa et al.
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There are two important corollaries that can be drawn
from a comparison of Despa et al.’s results and ours. First,
the difference between the submembrane and bulk compart-
ments at rest, 9 mM vs. 6.6 mM, indicates a standing Na*t
gradient that needs to be maintained by membrane and
diffusional fluxes. We will later estimate the time constant
for exchange between the submembrane and bulk compart-
ments. Second, pacing only modestly increases Na* in both
the bulk and submembrane compartments. In the submem-
brane space, a change from 0.5 to 2.5 Hz increases [Na™t],
no more than 28% (from 9 mM to <11.5 mM). In the bulk,
the change is a similarly modest 23% (from 6.6 mM at rest
to 8.1 mM for a change from 0.5 to 3 Hz).

Our estimate of [Na'],, ~ 10 mM is much lower than
the submembrane (28 nm from the surface) Na™* concentra-
tion value of ~40 mM by Wendt-Gallitelli et al., based on
electron-probe microanalysis (EPMA). Because EPMA
measures the total Na (free and bound), consistency de-
mands that the estimate of Wendt-Gallitelli et al. be no
lower than ours, which is clearly the case.

The method we present here is unlike other methods in that
it does not produce a single number for the Na™ concentration
but rather constrains the value of [Na*]_ to be in a range be-
tween an upper and lower bound, except in the singular case
where the upper and lower bounds coincide. At any moment,
there is a range of uncertainty of the actual value of [Na*t],y,

and the magnitude of the range of uncertainty is

[Na*]l:}:1 - [Na*]lslsn. As Vpeak departs from Ey,, the magni-

tude of [Na*]ls’r'; increases, thereby increasing the range of
uncertainty. Changes in Ve could reflect true changes of
[Na't],, or deviations from the ideal case where Na™ current
is the sole generator of the upstroke of the AP. Deviations can
occur if Na™ channel availability is low or if other currents,
such as [, flow during the upstroke. We checked these pos-
sibilities by hyperpolarizing the cell before the stimulus (to
maximize channel availability), modifying Na™ channel
gating with ATX-II, and using pharmacological blockers of
possible contaminating currents. None of these manipula-
tions altered Vpeak, so we are confident that our recording
conditions are likely to be near optimal and the range of
uncertainty is about as narrow as can be expected. However,
deviations from ideality may be more severe for higher



pacing frequencies, different species, or disease conditions.
It must be borne in mind that uncertainty does not imply
error; [Nat]y, is still constrained to be between [Neﬁ];'f1

and [Na*t]®

sm”

even as the range becomes large.

Timescale for Na* exchange between
submembrane and bulk compartments

A standing Na™ gradient between the submembrane and
bulk compartments is maintained by a balance between
membrane transport fluxes and a diffusional flux between
them. We can derive an order-of-magnitude estimate of
the time constant for exchange between these compartments
based on the differences in [Na*]:‘:1 at 0.5 and 2 Hz. If
we assume that 1) most of the Na™ entering the cell is via
the Na™ channel, 2) the amount entering the cell is indepen-
dent of pacing frequency, and 3) most of the flux out of the
submembrane space is due to diffusion, then we can get an
analytic expression for steady-state [Na*], (see the Sup-
porting Material)

1

1—e?’

=
8
3
1l
=X
I
8
3
I

Y
e’ 1 6

where A is the amplitude of the Nat flux, 7 is the duration of
the flux, T is the stimulation period, and v is the rate con-
stant for transfer between the submembrane compartment
and the bulk. To eliminate the unknown A and 7, we form
the difference ratio,

Xoo (Tz) — X (Tl) _
Xoo (Tz)

1—eh
Ar=

(N

Cl—etT

In our experiments, Ty = 1/2 and T, = 2. Using x« (T2) =
9 mM and x. (T;) = 11.5 mM, we get v = 3.02 s~! (see
the Supporting Material). Although a number of simplifying
assumptions were made to arrive at this transfer rate (dis-
cussed more fully in the Supporting Material), this value
agrees well with the transfer rate constant of 2.482 s~! in
the Shannon-Bers model (2). The corresponding time con-
stant is 7 = 1/y = 330 ms.

If the diffusion of NaCl between the submembrane
and bulk compartments were the same as in water, then
Dnaci =1 ,umz/ms (14,15); if it were the same as in the
bulk cytoplasm, then D=0.1 um?/ms (6). Assuming a
diffusion length of ¢ = 1 um, then the diffusion timescale
is Tp ~ £2 /D ~ 1 — 10 ms. Even if tortuosity was halved,
the diffusion coefficient, 7p, would only double. The fact
that 7= 7 suggests that either 1) diffusion in this submem-
brane or fuzzy space (4,10) is greatly slowed, perhaps by
proteins or lipids that bind Na™, or 2) membrane transport
keeps replenishing the Na™ lost to diffusion. These possibil-
ities are not mutually exclusive.

Although our data point to a much slower decay of sub-
membrane Na* than would be expected with free diffusion

Estimation of Subsarcolemmal [Na*]

and no replenishment, our 7 estimate is much shorter than
the minutes timescale determined from EPMA (3). Because
EPMA measures total Na (free and bound), perhaps the
readiest explanation for the vast differences in timescales
is that the longer timescale reflects the unbinding time of
Na' from proteins or lipids in the submembrane space.

Na™ autoregulation

When the cardiac myocyte is paced and undergoes exci-
tation-contraction coupling, our data (Fig. 3) show that sub-
membrane Na® concentration can be different from the
pipette Na™ concentration. This is in line with theoretical
studies of Mathias et al. (17) and experimental studies by
Ishizuka and Berlin (18) and Main et al. (19) but differs
from the theoretical and experimental work of Mogul
et al. (20). If the pipette could clamp the submembrane
Na' concentration, then the slope of the curve in Fig. 3 A
would be unity (as it is in Fig. 4 of (20)). Any departure
from unit slope indicates an imbalance between flux from
the pipette and other Na™ fluxes across the cell membrane.
However, our data show more than just an imbalance be-
tween these fluxes. The constant (flat) part of the curve in
Fig. 3 A suggests an active autoregulation of [Na'tly.
Neither of the cited theoretical studies (17,20) or our
modeling studies (see Fig. S4) reproduced the autoregula-
tion of [Na™],,. In our model simulation, [Na™],, rose lin-
early with pipette concentration, albeit with considerably
less than unit slope, suggesting a certain degree of regula-
tion. However, unlike in our experiments, the modeling re-
sults did not show constant [Na™], despite changes in the
pipette concentration from 5 to 15 mM. Such constancy sug-
gests some feedback mechanism to maintain [Na'], at a
fixed point. The inadequacy of the models tells us that 1)
the mathematical model description of the Na® fluxes in
subcellular compartments may be incomplete, and 2) factors
other than the submembrane Na' concentration may come
into play to amplify (or attenuate) the Na™ transport fluxes.

Effects of junction potential on our
measurements

In voltage-clamp experiments, a liquid junction potential
(JP) arises when two solutions are in contact that have
different ionic compositions and motilities of those ions
(21). The JP developing between pipette solution and bath
is zeroed before seal formation as the standard procedure
in patch-clamp technique. However, after seal formation
when the membrane is ruptured, the pipette solution comes
into contact with the cytosolic solution that is different from
the bath solution, resulting in a different JP. This JP can be
measured experimentally, and then numerically compen-
sated during data analysis. In our experimental setting (us-
ing Ag/AgCl electrodes), the JP was measured to be 6 =
0.5 mV. This value is less than the theoretically calculated
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value of JP between 10 and 12 mV (with standard aspartate-
based pipette solutions in normal Tyrode solution). As
shown in Materials and Methods, the solutions we used in
our experiments were different from that used in most pre-
vious publications. The most important difference is that
our pipette solution contains no EGTA or other calcium
buffer, and the bath solution is supplemented with 25 mM
bicarbonate (therefore, the chloride concentration is low-
ered). The ionic composition of these solutions is much
closer to the physiological environment of cardiac myocytes
than the ionic milieu used in conventional biophysical ex-
periments. Thus, we empirically measured JP and then
subtracted the measured JPs in our data analysis.

Another technical problem may arise from the wide (110—
190 mM) concentration range of Na* and Cl~ in the bath
solution used in our experiments. The Ag/AgCl electrode
is known to be sensitive to the ClI~ concentration of the
medium (21), so we tested the JP at each Na™ and Cl~ con-
centration. Our tests showed that the change in JP measured
in different bath solutions was < +0.3 mV. These changes
were confirmed with the JP calculator function (22) of the
Clampex program (Version 10, Molecular Devices).

Practical guide for electrophysiological
determination of [Na*]sm

The following summarizes the steps we used to estimate
[Na']sm. Please note that the pipette solution uses a low
EGTA concentration (0.01 mM) so normal Ca®" cycling is
preserved (8). High EGTA or BAPTA in the pipette in-
creases the success rate of the experiments by eliminating
myocyte contraction, but the resulting estimate of [Na™ ]y,
might not accurately reflect the actual physiological value,
because the intracellular Ca*" transient during the AP
would be eliminated and the Na*-Ca** exchanger would
not function normally.

[Na" s lower-bound measurement

Use the voltage-clamp protocol to measure the reversal po-
tential of Iy, (as described in Fig. 5), which gives the Nernst
potential of Na™ in the resting myocyte; this is used to calcu-
late the resting level [Na™],,,. The [Na™],, value at resting
state sets the lower bound of [Na*],,, during diastole and the
entire cardiac cycle. This [Na']y, also provides a good
value for setting the pipette Na® concentration in the
following experiments.

[Na™ |s, upper-bound measurement

Use the current-clamp protocol to record the AP and
measure Ve, using the following optimizing conditions
(as described in Fig. 1): 1a) use [Na*], = 190 mM and
[Na*]l[,ipelte = 10 mM (for healthy rabbit ventricular myo-
cytes); 1b) start from a resting potential of —80 mV or lower
(if needed, a hyperpolarizing current can be used to yield
Viest < —80 mV); 1c) record the fast upstroke of the AP
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with high fidelity (the AP peak should be clearly separated
from the stimulation pulse, with the R, kept low, <4.5 MQ).
These optimizing conditions allow Ve, to approach the
Nernst potential of Na™, Vpeak 18 used to estimate the
[Na™]¢m upper bound according to Eq. 1.

[Na* ]sm autoregulation range

The autoregulation range reveals the cell’s ability to
maintain a constant Na™* concentration despite perturbation
from the pipette Na™ concentration. This also means that as
long as [NaJr]l[,ip‘me is within the autoregulation range, the
Vpeak value is stable and provides a good measure of the
[Na*]sm upper bound.

Finally, the actual [Na™ ], value during the cardiac cycle
should be between the upper bound, measured at the peak
of the AP, and the lower bound, measured at the resting
state.

SUPPORTING MATERIAL

Supporting Materials and Methods and four figures are available at http://
www.biophysj.org/biophysj/supplemental/S0006-3495(16)30668-3.
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