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I n t R o d u c t I o n

How diffusion is influenced by the molecular constit-
uents of living cells remains an important and some-
times controversial biological problem. Diffusion of 
Na ions in cardiac myocytes was proposed in the 1970s 
to be restricted to such an extent that subsarcolemmal 
Na concentrations would increase by several millimo-
lar during each excitation–contraction cycle (Akera 
et al., 1976). This idea was revived in 1990 with the 
suggestion that Na influx through Na channels could 
drive Ca influx via Na/Ca exchangers in a restricted  
subsarcolemmal space (Leblanc and Hume, 1990) that 
was dubbed “fuzzy space” (Lederer et al., 1990). Direct 
support for this idea emerged later when ion micro-
probe studies reportedly revealed large, activity-depen-
dent Na gradients over subsarcolemmal distances of 30 
nm with dissipation times of ∼10 s (Wendt-Gallitelli et 
al., 1993). That Na diffusion in cardiac myocytes is in-
deed peculiar and highly constrained appeared to be 
verified by one further study using Na-sensitive dyes 
(Despa et al., 2004). In that study, Na diffusion coeffi-
cients were estimated to be 50 times smaller in the cy-
toplasm of myocytes than in free water. A more recent 

Na dye study reportedly identified Na “hot spots” in 
smooth muscle cells (Poburko et al., 2007).

Apart from these measurements, numerous func-
tional studies suggest that subsarcolemmal Na gra-
dients exist in one form or another. Action potential 
and Na reversal potential measurements suggested the 
existence of modest subsarcolemmal Na gradients in 
one recent study (Hegyi et al., 2016). However, most 
studies follow a paradigm that Na transport activity of 
one transport system causes larger functional changes 
of Na transport by another transport system than would 
be expected if there were no local, cytoplasmic Na 
gradients. Besides activating reverse Na/Ca exchange  
(Leblanc and Hume, 1990), the opening of Na chan-
nels was reported to locally activate Na-dependent K 
channels (Wendt-Gallitelli et al., 1993). Furthermore, 
Na pump activity was suggested to excessively depress 
reverse Na/Ca exchange activity (Bielen et al., 1991; Fu-
jioka et al., 1998; Su et al., 1998), and the decay of Na/K 
pump currents during their activation by extracellular 
K has been widely interpreted to reflect depletion of 
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subsarcolemmal Na (for reviews, see Carmeliet, 1992; 
Verdonck et al., 2004).

To place these suggestions in a quantitative context, 
the Na influx needed to depolarize a typical cardiac 
myocyte by 100 mV, assuming a cytoplasmic volume of 
15 pL and ∼20 × 103 μm2 of surface area, increases the 
mean cytoplasmic Na concentration by only ∼8 μM, and 
Na diffusion across 30 nm of free water takes place in a 
microsecond. For Ca channels, located at junctions be-
tween the sarcoplasmic reticulum and cell surface, na-
noscale subsarcolemmal Ca gradients are expected to 
develop and decay on a millisecond timescale in paral-
lel with the opening and closing of Ca channels (Shang 
et al., 2014). This same physical arrangement might 
support small subsarcolemmal Na accumulations that 
promote reverse Na/Ca exchange (Leblanc and Hume, 
1990). However, most results mentioned require the ex-
istence of long-lived Na gradients over short distances. 
How such gradients would be supported (Carmeliet, 
1992) remains enigmatic, and whether they exist re-
mains unsubstantiated. A more recent ion microprobe 
study did not verify the existence of activity-dependent 
Na gradients in cardiac myocytes (Silverman et al., 
2003), and a more recent Na dye study indicates that 
Na diffusion in cardiac myocytes takes place only two-
fold slower than in free water (Swietach et al., 2015), 
consistent with classical studies of ion diffusion in skel-
etal muscle (Kushmerick and Podolsky, 1969) and geo-
metrical tortuosities of the cardiac cytoplasmic space 
(Swietach et al., 2015). For mouse myocytes, used here, 
mitochondria contribute with good certainty to this tor-
tuosity (Agarwal et al., 2016; Richards et al., 2016), con-
stituting ∼35% of the cytoplasmic space (Bossen et al., 
1978; Eisele et al., 2008). In addition to myofilaments 
and sarcoplasmic reticulum, transverse tubules, which 
constitute 40% of membrane surface area, will also con-
tribute significantly (Bossen et al., 1978).

Recently, we have examined whether Na/K pump 
current decay during continuous activation by satu-
rating extracellular K concentrations indeed reflects 
cytoplasmic Na depletion or might rather reflect an 
inactivation mechanism (Lu et al., 2016). Most of our 
results support the idea that Na/K pumps inactivate 
in “E1” configurations and recover from inactivation 
in a Na-dependent manner. Furthermore, our results 
suggest that Na/K pump conformational changes can 
significantly affect physical properties of the cardiac 
sarcolemma, as monitored via the permeation of hy-
drophobic cations. Accordingly, Na/K pumps might 
modulate the function of transporters in their vicinity 
by mechanisms other than depletion of Na. To further 
address these issues, we now differentiate more rig-
orously the roles of Na depletion and inactivation in 
Na/K pump current decay transients. To do so, we have 
analyzed the kinetics of ion turnover in patch-clamped 
cardiac myocytes by using veratridine (Shanes et al., 

1953) to generate persistent conductances for monova-
lent cations in the cardiac sarcolemma (Sperelakis and 
Pappano, 1969; Brill and Wasserstrom, 1986; Zong et 
al., 1992) and by using the ionophore channel nystatin 
to generate sarcolemmal conductances for all mon-
ovalent ions (Marty and Finkelstein, 1975). Analysis of 
current decay kinetics, reversal potential changes, and 
access resistance changes associated with ion accumu-
lation suggest that all monovalent ions equilibrate with 
similar, unrestricted kinetics. Although Na/K pump in-
activation and cytoplasmic Na depletion can both occur 
and can overlap kinetically, inactivation is usually faster 
than cytoplasmic Na depletion, and subsarcolemmal Na 
changes are usually not larger than expected from the 
total ionic mixing space of the cytoplasm.

M At e R I A l s  A n d  M e t h o d s

Electrical methods and cardiac myocytes
Patch clamp, myocyte preparation, and recording con-
ditions were as described previously (Wang and Hilge-
mann, 2008; Yaradanakul et al., 2008; Lariccia et al., 
2011; Lu et al., 2016). The UT Southwestern Medical 
Center Animal Care and Use Committee approved all 
animal studies. Highly polished pipette tips with diam-
eters of >3 µm were used, and access resistances during 
recordings with standard experimental solutions 
ranged from 1.5 to 4 MΩ. Experiments were performed 
at 0 mV and 37°C, except as indicated. The mathemati-
cal routine used to quantify capacitance determines all 
charge moved in the transient components of current 
during voltage steps (Wang and Hilgemann, 2008). 
Voltage steps were 10 to 20 mV, and step durations were 
2 to 5 ms. Electrical time constants were 150 to 500 µs. 
Current–voltage relations were determined by applying 
alternating positive and negative voltage steps of in-
creasing magnitude away from and back to the 0 mV 
holding potential for 100 ms. Data points are mean cur-
rent values during the voltage pulse with omission of the 
first 5 ms that contained the capacitance transient. Best 
exponential fits of transient currents were determined 
by a least squares method, and the fitted exponential 
functions are given in many figures as faint lines.

Solutions
Standard solutions used (Lu et al., 2016) minimize cur-
rents besides Na/K pump currents and were designed 
to be isosmotic (290 mosM/liter). The standard ex-
tracellular solution contained 110 mM NMDG, 4 mM 
MgCl2 ±2 mM CaCl2, 0.5 mM EGTA, 20 mM TEA-OH, 
7 mM NaCl or KCl, and 10 mM HEP ES, set to pH 7.0 
with aspartate. The standard cytoplasmic solution con-
tained 90 mM KOH or 90 mM NMDG, 20 mM TEA-OH, 
25 mM Na-OH, 15 mM HEP ES, 0.5 mM MgCl2, 0.5 mM 
EGTA, and 0.25 mM CaCl2, set to pH 7.4 with aspartate. 
Unless stated otherwise, 6 mM MgATP, 1.5 mM TrisATP, 
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and 0.2  mM GTP were used in cytoplasmic solutions, 
generating a free Mg2+ of ∼0.5 mM. When NMDG was 
replaced by other monovalent cations, the cations were 
added as hydroxides. All cytoplasmic and extracellu-
lar solutions contained 20  mM TEA. Solutions using 
10 and 60 mM EGTA were prepared by first dissolving 
EGTA with the hydroxides used to give a neutral pH, 
followed by heating to 80°C for 20 min with the re-
quired amounts of CaCO3.

Reagents and chemicals
All salts were from Sigma-Aldrich and were the highest 
available grade.

Simulations of ion turnover ion kinetics
For orientation to the experiments, we describe here 
simulations of ion turnover kinetics in simple whole-cell 
patch-clamp models, and we describe subsequently a 
Na/K pump model used to simulate Na/K pump function 
both separately from and combined with simulations of 
ion turnover. All simulations were developed in MAT LAB,  
and integration was performed with accuracy control 
equivalent to the width of the lines plotted in figures.

Analysis of ion kinetics in patch-clamp experiments
We describe first results for diffusion in one dimension 
and second results for simulations with instantaneous 
ion mixing. In the diffusion model, we recreate the ge-
ometry of the patch pipette and the myocyte as shown 
in Fig. 1 A. Concentrations are simulated in millimolar 
units, dimensions are in microns, and ion fluxes are cal-
culated in picoampere equivalents. For the results pre-
sented, a discretization step of 7.14 μm was used. The 
myocyte was assumed to be a tapered cylinder 100 μm 
long with a minimum radius (rmin) of 1.2 μm, equal to 
the radius of the myocyte opening into the patch pi-
pette tip. The maximal myocyte radius is 6.6 μm, giving 
a cytoplasmic mixing volume of 9.4 pL. This volume is 
∼40% of the measured mean total volume of murine 
myocytes (Bensley et al., 2016), and this choice will be 
discussed in relation to experimental results. The ra-
dius of the myocyte (rmyo) at length, λmyo, is: 

   r  myo     =  r  min   + 5.4 ⋅   (  1 −  e    (    (  λmyo−100 )   /9.3 )    )    ⋅   (  1 −  e   (−λmyo/7.2)  )   .  (1)

As illustrated in Fig. 1 A, the contour of the pipette tip 
was approximated by a rectangular hyperbola that en-
tirely hides the outline of the pipette wall in the micro-
graph. As shown in the figure, we assumed for simplicity 
that the pipette tip was attached to the tip of the myo-
cyte. The radius of the pipette (rpip) at length, λpip, is:

   r  pip   =  r  min   +   (  132 ⋅  λ  pip   /   (   λ  pip   + 233 )    )   .  (2)

Although we normally perform patch clamp near the 
center of myocytes, we noted no significant differences 

for results using terminal attachment versus mid-cell at-
tachment (n > 15), and our simulations support that 
longitudinal diffusion is at most a small determinant of 
experimental results.

We simulated the diffusion of three electrolytes, as-
partate (Asp), NMDG, and Na, with diffusion coeffi-
cients (DAs, DNm, and DN) of 640, 490, and 1,300 µm2/s, 
respectively. Values for Na and Cl were assumed from 
the literature. Then, values for Asp and NMDG were 
forced by comparing the conductances of NaCl solu-
tions (10.2 mS/cm at 100 mM), Na-Asp solutions (6.7 

Figure 1. simulation of na diffusion and turnover in a patch-
clamped cardiac myocyte. The pipette resistance is 3.6 MΩ 
when using the standard low‑conductance (5.2 mS/cm) NMDG‑
Asp–containing pipette solution. Myocyte volume is 9.4 pL, 
and the longitudinal myocyte resistance is 1.4 MΩ. (A) The mi‑
crograph of the pipette includes the microscope reticule (15 
µm/large divisions). The pipette dimensions are accurately du‑
plicated by a rectangular hyperbola (green lines). Diffusion of 
three ions was simulated as described in Materials and meth‑
ods. The predicted electrical potential, Na concentration, and 
osmolarity gradients are shown during a 1 nA Na current at 
a 40‑s time point. (B) Time dependence of Na concentration 
changes in the middle of the myocyte during activation of a  
1 nM Na current for 60 s with 0 mM Na in the pipette. Here 
and in subsequent figures, we superimpose individual records 
with the best‑fit exponential functions used to estimate time 
constants as faint lines, here in green. (C) Time dependence of 
membrane current during the responses in C. (D) Time depen‑
dence of cytoplasmic Na concentration changes with a 25 mM 
pipette Na concentration, during and after activation of enough 
Na/K pumps to generate a 0.5 nA pump current. Na/K pumps 
do not inactivate and the simulation includes no other conduc‑
tance. (E) Time dependence of membrane current during the 
responses simulated in D.
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mS/cm at 100  mM), and NMDG-Asp (4.1 mS/cm at 
100 mM) solutions, assuming that

   
conductance   (  mS / cm )    =

    
  (   D  As   ⋅ As +  D  N   ⋅ N +  D  Nm   ⋅ Nm )    / 26000.

   (3)

To simulate the concentration gradient-dependent 
diffusion component in picoampere equivalents 
from millimolar and micrometer dimensions, we cal-
culated a flux scalor (α) for each discretization step 
([i]) of length, dλ:

   α  [i]   = π ⋅  r  λ        2  / dλ / 10.  (4)

The gradient-related ion fluxes were then calculated for 
each discretization step with electroneutrality enforced 
by an electrochemical coupling factor, Ke:

   F  N   =   (   N  [i−1]   ⋅  K  e   −  N  [i]   )    ⋅  D  N   ⋅  α  [i]  ,  (5)

   F  Nm   =   (  N  m  [i−1]   ⋅  K  e   − N  m  [i]   )    ⋅  D  Nm   ⋅  α  [i]  ,  (6)

   F  As   =   (  A  s  [i−1]   − A  s  [i]   ⋅  K  e   )    ⋅  D  As   ⋅  α  [i]  ,  (7)

where

   
 K  e   =   (   D  As   ⋅ A  s  [i−1]   +  D  N   ⋅  N  [i]   +  D  Nm   ⋅ N  m  [i]   )    /

     
  (   D  N   ⋅  N  [i−1]   +  D  Nm   ⋅ N  m  [i−1]   +  D  As   ⋅ A  s  [i]   )   .

    (8)

Inward and outward Na currents were assumed to be 
proportional to extra- and intracellular Na concentra-
tions at 0 mV. Both Na currents (Ina) and Na/K pump 
currents (Ipump) were assumed to be proportional to 
membrane area with the density constants Kina (pA/
mM/µm2) and Kpump (pA/µm2):

   I  na     =   (     N  out   −  N  in   )    ⋅  K  ina   ⋅ π ⋅ 2 ⋅  r  [i]   ⋅ dλ,  (9)

where Nout and Nin are the extracellular and intracellu-
lar Na concentrations. Na/K pump currents were pro-
portional to a Hill equation with a slope of 2.3. This 
equation describes well the Na dependence of pump 
current under the conditions of the experiments 
(Lu et al., 2016):

   I  pump   =  N  in        2.3  /   (   N  in        2.3  +  K  50        2.3  )    ⋅  K  pump   ⋅ π ⋅ 2 ⋅  r  [i]   ⋅ dλ.  (10)

To simulate 3:2 Na/K pump stoichiometry, Na pump ac-
tivity was simulated to extrude three times more Na than 
the monovalent current equivalent, and a simultaneous 
influx of monovalent cations was simulated to be twice 
larger than the current equivalent. For simplicity, the 
influx component (representing K transport) was sim-
ulated to contribute NMDG to the cytoplasm. Current 
was then integrated laterally from the myocyte tip to the 
pipette tip. The electrogenic component of diffusion 
(FΨ) was assumed to be equal to the current integral 

from the tip to each discretization point in the myocyte, 
and it was assumed to be equal to the total myocyte cur-
rent along the length of the pipette. Accordingly,

   
 F  ΨN [  i ]     =  p  A   [  i−1 ]     ⋅  D  n   ⋅  N   [  i−1 ]     /

    
  (     D  N   ⋅  N   [  i−1 ]     +    D  Nm   ⋅ N  m   [  i−1 ]     +  D  As   ⋅ A  s   [  i−1 ]     )   ,

   (11)

   
 F  ΨNm [  i ]     =  p  A   [  i−1 ]     ⋅  D  Nm   ⋅ N  m   [  i−1 ]     /

    
  (     D  N   ⋅  N   [  i−1 ]     +  D  Nm   ⋅ N  m   [  i−1 ]     +  D  As   ⋅ A  s   [  i−1 ]     )   ,

   (12)

   
 F  ΨA [  i ]     = p  A   [  i−1 ]     ⋅  D  As   ⋅  A   [  i−1 ]     /

    
  (     D  N   ⋅ N  n   [  i−1 ]     +  D  Nm   ⋅ N  m   [  i−1 ]     +  D  As   ⋅ A  s   [  i−1 ]     )   .

   (13)

The potential profile (mV) was calculated from the cur-
rent integral (pA) and local resistance (R[i]) in MΩ:

   R   [  i ]     = 26 /   (    D  N   ⋅  N   [  i ]     +  D  Nm   ⋅ N  m   [  i ]     +  D  As   ⋅ A  s   [  i ]     )    / α,  (14)

  dΨ / d  λ   [  i ]     = p  A   [  i ]     ⋅  R   [  i ]    .  (15)

Finally, the discretized concentration changes were cal-
culated from the total ion fluxes (FT):

  F  T  N [  i ]     =  F  N [  i ]     +  F  ΨN [  i ]    ,  (16)

  F  T  Nm [  i ]     =  F  Nm [  i ]     +  F  ΨNm [  i ]    ,  (17)

  F  T  AS [  i ]     =  F  As [  i ]     −  F  ΨA [  i ]    .  (18)

Converting picoampere equivalents and picoliters with 
millimolar concentration changes,

  d  N   [  i−1 ]     / dt = − F  T  N [  i ]     /  V   [  i−1 ]     / 100,  (19)

  d  N   [  i ]     / dt = F  T  N [  i ]     /  V   [  i ]     / 100,  (20)

  N  m   [  i−1 ]     / dt = − F  T  NM [  i ]     /  V   [  i−1 ]     / 100,  (21)

  N  m   [  i ]     / dt = F  T  NM [  i ]     /  V   [  i ]     ⋅ / 100,  (22)

  A  s   [  i−1 ]     / dt = − F  T  AS [  i ]     /  V   [  i−1 ]     / 100,  (23)

  A  s   [  i ]     / dt = F  T  AS [  i ]     /  V   [  i ]     / 100,  (24)

where V[i] is the discretized volume in pL (i.e.,  
μm3/1,000).

Fig. 1 shows results, relevant to this study, for Na chan-
nels that generate ∼1 nA of continuous inward current 
and for Na/K pumps that generate initially ∼0.5 nA 
outward current. As orientation to the magnitudes of 
ion movements occurring over time, 1 nA of inward Na 
current corresponds to 1 mM/liter Na concentration 



731JGP Vol. 149, No. 7

change per second in a 10 pL cell, and 0.5 nA of pump 
current corresponds to 1.5 mM/liter Na depletion per 
second in a 10 pL cell. Similar to the experiments to be 
described, we simulate that Na channels are open con-
tinuously and that Na flux is manipulated by changing 
the extracellular Na concentration (120 mM). Fig. 1 A 
illustrates the voltage and ion gradients that develop 
from Na current when the pipette solution contains no 
Na. With the low conductance solutions used, pipette 
resistance amounts to 3.6 MΩ, longitudinal resistance 
of the myocyte is 1.4 MΩ, and the total voltage gradient 
amounts to 4 mV. Approximately 85% of the voltage gra-
dient occurs within 10 μm in the narrowest part of the 
pipette tip, and ion gradients occur similarly. The Na 
gradient becomes matched by an osmotic gradient, and 
electroneutrality occurs equally by depletion of NMDG 
and accumulation of Asp in the cell and pipette tip (not 
depicted). As shown in Fig. 1 (B and C), cytoplasmic Na 
accumulates and inward current decreases with a time 
constant (τ) of 14 s to a steady-state Na concentration 
of 14 mM. With 120 mM extracellular Na, current decay 
amounts to 11.7%, and an equivalent reverse Na cur-
rent develops when extracellular Na is removed. Fig. 1 
(D and E) presents results for Na/K pump activity with 
a pipette solution containing 25 mM Na, with no Na 
channel flux, and with the same pipette parameters as 
in Fig. 1 (B and C). Activation of pump activity, corre-
sponding to a 0.5 nA peak current, in the presence of 
25 mM cytoplasmic Na results in depletion of 44% of 
total cytoplasmic Na. Depletion occurs with a smaller 
τ than Na accumulation/depletion during channel ac-
tivity, owing to the steep dependence of Na/K pump 
current on the cytoplasmic Na concentration. We point 
out that diffusion coefficients can be decreased by fac-
tors of three to four with very little change of simulation 
results described in Fig.  1. Furthermore, simulations 
of diffusion in two dimensions (not depicted) gener-
ated results that were essentially identical to those pre-
sented in Fig. 1.

Fig. 2 presents simulation results for a model cell with 
instantaneous ion mixing. All results are very similar 
to those just presented. For instantaneous cytoplasmic 
ion mixing, we assume that ion concentrations in the 
pipette are constant and that Na contributes a larger 
fraction (FD) of the pipette ion flux than other compo-
nents of the cytoplasmic solution in proportion to its 
larger diffusion coefficient (FD = Dn/(Dn + Dnm + Das)⋅3 
= 1.70). In the absence of Na in the pipette, it can be 
estimated that 

  
d  N  in   / dt =   (   

 I  peak    (  pA )    ⋅   (  1 −  N  in   /  N  out   )   –
    

 G  pipette    (  nS )    ⋅ 26 mV ⋅  N  in   ⋅  F  D   / 260  (  mM )   
  )    /

      

Volume   (  pL )    / 100.

     
 (25)

In the steady-state,

   N  in   =  I  peak   /   (    I  peak   /  N  out   +  F  D   ⋅ 100 /  R  access    (  MΩ )    )   ,  (26)

   I  steady−state   =  I  peak    (  pA )    ⋅   (  1 −  N  in   /  N  out   )   ,  (27)

  Fractional current decay =  N  in   /  N  out  .  (28)

For cases in which the steady-state current is known but 
peak current is unknown, the solution for Ni is a qua-
dratic equation with a = FD/Raccess ⋅ 100, b = −a ⋅ 120 − 
Isteady state, and c = Isteady state∙120. Then,

   N  in   =   (   − b −  √    (    b   2  − 4 ⋅ a ⋅ c )     )    / 2 / a.  (29)

The time constant (τ) with which Na turns over from 
the cytoplasm is

Figure 2. simulation of na turnover in a patch-clamped car-
diac myocyte with instantaneous ion mixing. Cell volume is 
10 pL, access resistance is 3 MΩ, the patch pipette contains 
no Na, and the cell membrane has a Na conductance of 38 nS  
Na in the presence of 120 mM extracellular Na. The cytoplasm 
is assumed to contain initially 120 mM Asp and NMDG. (A) Ap‑
plication of 120  mM extracellular Na supports a 0.95 nA Na 
current that decays by ∼12% with a τ of 14 s. Cytoplasmic Na 
accumulates by 14 mM, and NMDG and Asp decrease and in‑
crease, respectively, to maintain electroneutrality. Upon remov‑
ing extracellular Na, an outward Na current develops with a 
magnitude equal to the decaying inward current. The reverse 
Na current decays with nearly the same time constant as the 
forward current decays. (B) Complete description of the simple 
model in dependence on the peak Na current activated from 0 
to 6 nA. From top to bottom, the tip potential increases linearly 
from 0 to 18 mV, the τ with which current decays decreases 
from 16 to 9 s, cytoplasmic Na increases from 0 to 50 mM, the 
fractional decay of Na current increases from 0 to 0.5, cyto‑
plasmic NMDG decreases from 120 to 60 mM, cytoplasmic Asp 
increases from 120 to 240 mM, and osmolarity increases from 
baseline (290 mosM/liter) to 120 mosM/liter over baseline.
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τ  (  s )    = Volume   (  pL )    /

   
  (    I  Na−peak   / 12000 +  F  D   /  R  access    (  MΩ )    )   ,

   (30)

and when cell conductance is small in relation to the 
pipette tip conductance,

  Volume   (  pL )    ≈ τ ⋅  F  D   /  R  access    (  MΩ )   .  (31)

For results presented in Fig.  2  A, ion concentrations, 
cell volumes, and access resistance were similar to values 
used in Fig. 1. As shown in Fig. 2 A, a Na current that 
is 1 nA in magnitude decays by ∼12% as cytoplasmic 
Na accumulates to 14 mM with a time constant of 15 s. 
Outward current activated upon removing extracellu-
lar Na decays with nearly the same time constant. Asp 
and NMDG accumulate and decrease in the cytoplasm 
as dictated by the tip potential of 3.4 mV. Fig. 2 B shows 
the predicted model function in dependence on the 
peak Na current from 0 to 6 nA. From top to bottom, 
the pipette tip potential increases linearly with Na cur-
rent up to 18 mV, the τ of current decay decreases from 
16 to 9  s, Na accumulation increases from 14  mM at  
1 nA to 50 mM at 6 nA, Asp and NMDG concentration 
changes increase to one half of their concentrations 
in the absence of Na current, and osmolarity doubles 
with 6 nA of current. For the most part, these results 
reiterate a previous analysis of ion exchange in patch-
clamped myocytes (Mogul et al., 1989). As described 
later, most of our results for ion flux and concentration 
changes during experiments conform to these sim-
ple predictions. 

Simulation of Na/K pump function
To quantitatively evaluate predictions for the Na/K 
pump inactivation hypothesis we require simulations of 
pump function that include the major electrogenic re-
actions (Heyse et al., 1994; Hilgemann, 1994; Gadsby et 
al., 2012) and that can predict the contribution of Na/K 
pumps to membrane capacitance. Fig. 3 A illustrates the 
Na/K pump cycle as it is presently proposed to occur (De 
Weer et al., 1988; Nakao and Gadsby, 1989; Apell et al., 
1998), together with our hypothesis concerning Na/K 
pump inactivation (Lu et al., 2016). Fig. 3 B depicts the 
state diagram derived from the cartoon and simulated. 
In brief, the normal pump cycle occurs in clockwise fash-
ion with strict 3Na/2K transport coupling (i.e., moving 
one charge per cycle). E1 states represent pumps with 
binding sites open to the cytoplasmic side, whereas E2 
states are oriented with binding sites opening to the ex-
tracellular side. When three Na ions and ATP are bound 
on the cytoplasmic side (i.e., in E1 states), pumps are 
phosphorylated and they occlude the three Na ions in 
a weakly voltage-dependent step (i.e., small lightning 
bolt). As indicated by a large lightning bolt in Fig. 3 A, the 
major electrogenic reaction of the pump occurs with the 
deocclusion of a single Na ion to the outside, followed by 

release of two further Na ions and binding of two potas-
sium ions. All of the latter steps are weakly electrogenic 
and voltage dependent, as indicated by small lightning 
bolts. We lump K occlusion by the E2 state and the open-
ing of pumps to the cytoplasmic side (i.e., as E1 states) in 
a single, irreversible reaction, assuming that cytoplasmic 
ADP and Pi concentrations are negligible. As already in-
dicated, we include a minor voltage dependence in the 
step that occludes 3Na bound from the cytoplasmic side 
in association with phosphorylation. This accounts for 
the weak voltage dependence of pump currents that 
persists in the absence of extracellular Na. The simula-
tions assume that all pumps in E1 states can undergo an 
inactivation reaction, generating a long-lived inactive 
state that cannot be phosphorylated and/or cannot de-
occlude Na to the outside. Recovery from inactivation is 
assumed to occur with the same cytoplasmic Na and volt-
age dependence as pump phosphorylation. Accordingly, 
inactive pumps might to a greater or lesser extent be able 
to hydrolyze ATP in an uncoupled fashion.

In simulations presented, E1 states can bind three Na 
ions or two K ions instantaneously in sequential, mutu-
ally exclusive reactions. To simulate accurately the volt-
age (Em) dependencies of pump currents and capacitive 
signals, we find it essential to subdivide the E2 state into 
six substates with time- and ion concentration–depen-
dent transitions that correspond to binding/dissocia-
tion of each ion. The simulation begins by calculating 
three modifiers for the voltage-dependent reactions, 
assuming that voltage dependence can be asymmetrical 
in the forward versus backward transitions of each reac-
tion: Na occlusion from the cytoplasmic side moves 0.15 
e, the major electrogenic Na binding reaction moves 
0.85 e, and the binding of the other Na ions and K ions 
from the extracellular side each move 0.3 e. With these 
assignments, the reaction cycle moves one charge per 
complete cycle. With F/RT = 26 mV,

   F  Em1   =  e    (  −Em/26⋅0.15 )   ,  (32)

   F  Em2   =  e    (  −Em/26⋅0.85 )   ,  (33)

   F  Em3   =  e    (  −Em/26⋅0.30 )   .  (34)

Next, we calculate occupation of the E1 binding sites 
by three Na ions (F3Ni) or two K ions (F2Ki) using a se-
quential binding sequence. For the purposes of this 
presentation, it is adequate to roughly reproduce the 
concentration dependencies of currents (Lu et al., 
2016) by using 15  mM dissociation constants for all 
three cytoplasmic Na sites and 30 mM dissociation con-
stants for the two cytoplasmic K sites:

  F  3Ni   =   N  in     3  /  15   3  /   (   
1 +  N  in   / 15 ⋅   (  1 +  N  in   / 15 ⋅   (  1 +  N  in   / 15 )    )   

     
+  K  in   / 30 ⋅   (  1 +  K  in   / 30 )   

   )   ,   
 (35)
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  F  2Ki   =   K  in     2  /  30   2  /   (   
1 +  N  in   / 15 ⋅   (  1 +  N  in   / 15 ⋅   (  1 +  N  in   / 15 )    )   

     
+  K  in   / 30 ⋅   (  1 +  K  in   / 30 )   

   )   .   
 (36)

We then calculate the rate constants for the E1–E2 
transitions and the transitions within E2 states, relative 
to a value of 1 mM−1⋅s−1 for Na binding in the major 
charge moving step (reaction 42, K67). ADP and Pi con-
centrations are assumed to be negligible, and therefore, 
K12 and K71 are 0:

   K  21   = 30  (37)

   K  12   = 0  (38)

   K  17   = 600 ⋅  F  3Ni   /  F  Em1    (39)

   K  71   = 0  (40)

   K  23   =  K  34   = 400  (41)

   K  32   =  K  43   =  K  out   ⋅  F  Em3   ⋅ 2000  (42)

   K  45   =  K  56   =  N  out   ⋅ 300 ⋅  F  Em3    (43)

   K  54   =  K  65   = 4000  (44)

   K  67   =  N  out   ⋅ 1 ⋅  F  Em2    (45)

   K  76   = 800  (46)

   K  10   = 0.5 ⋅  E  1    (47)

   K  01   =  F  3Ni   ⋅ 0.14 /  F  Em1  .  (48)

Because the transport cycle is rapid with respect to the 
inactivation reaction, the fraction of inactive pumps in 
steady state can be approximated as

   F  inact   =    K  10   /   (    K  01   +  K  10   )   .  (49)

These reactions are then integrated with accuracy 
control, pump turnover is calculated by summing the 
rates of electrogenic reactions multiplied by their cor-
responding fractional charge movements (i.e., 0.15 for 
cytoplasmic Na occlusion, 0.85 for release of the first Na 
to the outside, and 0.3 for binding/dissociation of each 
of the other extracellular ions), and the capacitance 
generated by the pump is calculated from the integral 
of transient current components generated during 
20-mV voltage steps. The rate constants used generate 
a pump turnover rate of 18 s−1 at 0 mV with 25 mM Nai, 
7 mM Ko, and 120 mM Nao. With ∼400 pumps/µm2, as 
estimated in Fig. 4 from charge movements, the maxi-
mal pump turnover rate is ∼150 s−1.

Choice of experimental conditions and models
In cardiac myocytes, inward rectifier K channels local-
ize to transverse tubules where their activity can cause 
significant extracellular K changes (Clark et al., 2001), 
and in skeletal muscle, K accumulation in T-tubules can 
cause large changes of Na/K pump activity in response 
to muscle activity (DiFranco et al., 2015). To avoid an 
influence of extracellular K concentration changes, we 
activated Na/K pump currents routinely with 7 mM ex-
tracellular K. In the absence of extracellular Na, this is 
more than 10 times greater than the K concentration 

Figure 3. na/K pump model with na-dependent inactiva-
tion from e1 states. (A) Cartoon of Na/K pump function with 
electrogenic steps marked by lightning bolts. Binding sites 
open to the cytoplasmic side in E1 states and to the extracel‑
lular side in E2 states. Translocation of three Na outwardly with 
ATP hydrolysis and 2K inwardly with dephosphorylation are 
irreversible reactions under the assumption that cytoplasmic 
ADP and Pi are negligible. Release of the first Na ion moves 
0.75 charges through membrane field, binding/release reac‑
tions of the other ions within E2 states moves 0.3 charges, and 
occlusion of Na from E1 states moves 0.25 charges. Inactiva‑
tion occurs from all E1 states and recovery has the same Na 
and voltage dependence as the occlusion of cytoplasmic Na.  
(B) State diagram used to model Na/K pump function. The 
normal cycle occurs clockwise. Kinetically defined states are 
numbered from 0 to 7, and their ion occupancy is indicated. 
Reaction rates are designated by the numbering of states. E1 
states bind 3Na and 2K instantaneously. Reaction rates K12 and 
K71 are assumed to be zero.
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required to activate half-maximal Na/K pump currents 
in cardiac myocytes (Nakao and Gadsby, 1989). Based 
on apparent Kd’s for extracellular K determined in car-
diac myocytes (Nakao and Gadsby, 1989; Han et al., 
2009), this K concentration activates more than 90% 
of maximal pump current in the presence of 120 mM 
extracellular Na. Upon removing extracellular K, pump 
currents decayed routinely from 90% to 10% of peak 
values within less than 0.2 s, and time constants for cur-
rent decay from 75% of maximum to complete deacti-
vation were routinely less than 0.1 s (usually ∼50 ms). 

Accordingly, it is unlikely that extracellular K accumula-
tion or depletion plays any role in the results presented.

Na/Ca exchange current cannot be used to assay Na 
concentration changes
Two previous studies used Na/Ca exchange currents to 
define subsarcolemmal Na changes during Na/K pump 
current transients. As described in Figs. S1, S2, and S3, 
we cannot justify equivalent experiments in mouse my-
ocytes. The first of the two studies defined Na/Ca ex-
change currents in mouse myocytes by the substitution 
of extracellular Na for Li in the presence of extracellular 
Ca (Su et al., 1998). As described previously (Hermans 
et al., 1997) and confirmed in supplemental data (Fig. 
S1 A), extracellular Li at a concentration of 120  mM 
substitutes for extracellular K in activating Na/K pumps 
and activates nearly the maximal ouabain-sensitive 
pump current that can be activated with K (Hermans 
et al., 1997). Thus, currents interpreted as Na/Ca cur-
rents included the Na/K(Li) pump current in addition 
to any component of Na/Ca exchange current that may 
have been activated. According to that study, Tris ions 
could also be substituted for Na with similar results. As 
described in Fig. S2 B, we find that Na substitution with 
Tris causes an outward current shift by decreasing Na 
flux through the leak (patch seal) pathway (Fig. S1 B) 
and potentially also via nonselective cation channels 
that appear to exist in murine myocytes at a significant 
density (Fig. S3).

The second study analyzed Na/Ca exchange rever-
sal potentials to assess Na concentration changes in 
response Na/K pump activity (Fujioka et al., 1998). 
Depending on details of the protocol, different results 
were obtained. Reversal potentials defined by blocking 
Na/Ca exchange currents with extracellular nickel in 
some cases suggested that Na pump activity depleted 
cytoplasmic Na, but in other cases decreased Na/Ca ex-
change activity without a change of Na concentration. 
As verified in Fig. S3, activation of Na/K pump activity 
indeed causes a substantive, time-dependent decrease 
of membrane conductance under conditions that sup-
port reversing Na/Ca exchange currents. However, we 
find it impossible to define Na/Ca exchange current re-
liably. As outlined in Fig. S3, application of 4 mM nickel 
generates a substantial inward current that is indepen-
dent of the Na gradient and therefore is not related to 
Na/Ca exchange. Rather, murine myocytes seem to pos-
sess cation channels that conduct Ni, possibly TRPM6 
and TRM7 channels (Gwanyanya et al., 2004; Li et al., 
2006). We mention in this connection that we could not 
confirm the expected inhibition by polyamines, and 
lastly, we point out that Na/Ca exchangers themselves 
appear to transport nickel in myocytes (Egger et al., 
1999). For now, therefore, Na/Ca exchangers cannot 
be used to define subsarcolemmal Na changes. For this 
reason, we proceeded to analyze cardiac monovalent 

Figure 4. Representative na/K pump currents and capaci-
tance transients in the presence of 25 mM na and 90 mM 
K on the cytoplasmic side. (A) Pump currents are activated 
by substituting 7 mM Na for 7 mM K on the extracellular side. 
Outward pump current decays by 70% with a τ of ∼2  s and 
recovers with a τ of ∼8 s. Membrane capacitance falls imme‑
diately upon pump activation by 1 to 2% and recovers with a 
time course that matches the recovery of pump currents. Dots 
above the current and capacitance records are scaled to one 
another to illustrate the close temporal correlation between re‑
covery of pump current and membrane capacitance. (B) Plot of 
Na/K pump current changes versus capacitance changes during 
pump current recovery. (C) Voltage dependence of K‑induced 
capacitance changes in the presence of 120 mM extracellular 
Na (blue, n = 7) and for the substitution of 7 mM Na for 7 mM K 
(red, n = 13, except for −120 mV, where n = 7). The bell shaped 
capacitance curve with 120 mM Na reflects the major charge 
movement of the pump with a Boltzmann slope of 29 mV and 
a midpoint of −60 mV. (D) Voltage dependence of capacitance 
in the presence of 120 mM Na in the absence (blue) and the 
presence (green) of 7 mM K. Note that the midpoint of the bell 
shifts at most 10 mV to more negative potentials. Assuming 
that Na and K binding are mutually exclusive, this result requires 
that time‑dependent steps separate Na and K binding.
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cation currents activated by the Na channel opener ve-
ratridine (Sperelakis and Pappano, 1969; Zong et al., 
1992) in relation to subsarcolemmal Na gradients.

Online supplemental material
Fig. S1 shows extracellular Na substitution cannot be 
used to define outward Na/Ca exchange current. Fig. 
S2 shows Na/K pump activity modifies membrane con-
ductance for prolonged times under conditions that 
enable reversible Na/Ca exchange function (i.e., with 
a highly Ca-buffered cytoplasmic solution, containing 
60 mM EGTA with 33 mM Ca, and with 20 mM cyto-
plasmic Na and 120  mM extracellular Na and 1  mM 
extracellular Ca). Fig. S3 shows Ni cannot be used to 
define Na/Ca exchange current-voltage relations in 
murine myocytes. Fig. S4 shows Na/K pump activity 
causes significant Na depletion when high cytoplasmic 
Na concentrations (60 mM) are used and Na/K pump 
inactivation is attenuated.

R e s u lt s

We first describe several properties of Na/K pump 
current decay that appear more consistent with an in-
activation mechanism than cytoplasmic Na depletion. 
Second, we present results that appear inconsistent 
with Na channels and Na/K pumps influencing one an-
other via restricted subsarcolemmal Na concentration 
changes. Third, we present results for large currents 
that allow estimates of ion turnover kinetics and cyto-
plasmic mixing volumes. Finally, after verifying that cur-
rent kinetics indeed reflect myocyte volume, we present 
simulations that demonstrate the role of Na/K pump 
inactivation in promoting rapid and effective cardiac 
Na homeostasis.

Immobilization of Na/K charge-moving reactions during 
pump current decay
Fig.  4  A presents a representative set of Na/K pump 
current decay records (bottom record), together with 
parallel measurements of myocyte capacitance (top 
record), from a murine cardiac myocyte under the 
standard experimental conditions used previously (Lu 
et al., 2016). The pipette solution contains 90  mM K 
and 25 mM cytoplasmic Na, and 20 mM TEA is present 
on both membrane sides to minimize K channel cur-
rents. The pump current activated by 7 mM extracellu-
lar K, which is ∼60% of maximal pump current, decays 
without a delay by ∼65% (Lu et al., 2016). Similar to 
published records, the mean τ for the four individual 
pump current decay curves was 2.1 s. Subsequent to the 
second pump current episode, we applied extracellular 
K for short 1-s periods to follow the recovery of pump 
current and repeated the protocol twice.

As illustrated in the upper trace, membrane capaci-
tance routinely decreases by 1% to 2% upon activation 

of pump current and returns to baseline more slowly. 
The time constant here is 8.3 s, and it is 7.3 s after the 
final prolonged application of extracellular K. Impor-
tantly, this time course mirrors the time course of Na/K 
pump current recovery. To illustrate this, the magni-
tudes of pump current in the test pulses are marked 
with green dots and scaled to the capacitance responses 
without changing their relative amplitudes, and the cor-
responding changes of peak pump current and capaci-
tance are plotted in a linear regression in Fig. 4 B (r2 = 
0.96). In each of the three test series, recovery of peak 
pump current closely parallels recovery of capacitance.

We have suggested previously (Lu et al., 2016) that 
the decrease of capacitance in these experiments cor-
responds to a shift of Na/K pumps from E2 configu-
rations (i.e., with binding sites open to the outside) to 
E1 configurations with binding sites open to the inside 
(see Fig. 3). When open to the outside, extracellular Na 
binds to them in an electrogenic fashion, thereby gen-
erating capacitive signals. Those signals are lost when 
pumps shift to the E1 configuration, and the recovery 
time course reflects the time that pumps remain locked 
into inactive states. This interpretation was supported 
by the finding that the capacitive signals are inhibited 
by ouabain in close parallel with inhibition of pump 
current (Lu et al., 2016). Furthermore, we have pre-
viously analyzed the frequency spectrum of capacitive 
pump signals, and we could readily detect multiple 
charge-moving reactions predicted from conventional 
voltage-clamp studies (Lu et al., 1995). Lastly, capacitive 
pump signals have characteristic dependencies on ex-
tracellular Na and voltage, and we verify next that this 
is the case for the signals that are suppressed for long 
times in the present experiments.

Fig.  4 (C and D) document that the long-lived ca-
pacitive signals are voltage and Na dependent. Fig. 4 C 
shows the voltage dependence of K-induced capac-
itance changes over the range of 0 to −120 mV. One 
set of experiments used 7 mM extracellular Na (red), 
and one set used 120 mM extracellular Na (blue). The 
capacitance changes at 0 to −80 mV, quantified as per-
cent of total cellular capacitance, are three- to fourfold 
larger with 120 mM versus 7 mM extracellular Na. In 
the presence of 7 mM Na, the signal decreases mono-
tonically with depolarization, whereas in the presence 
of 120  mM extracellular Na, the capacitive signal has 
a characteristic bell shape. This shape reflects the volt-
age dependence of the underlying charge moving reac-
tions, and it is therefore fit in Fig. 4 C to the derivative 
of a Boltzmann function, as given within the figure. 
As expected for the major charge moving reaction of 
cardiac Na/K pumps (Nakao and Gadsby, 1986; Hilge-
mann, 1994), the slope factor (Fem; 0.9) corresponds 
to the movement of nearly one full charge across the 
entire electrical field, and the midpoint is −60 mV. The 
same analysis with 7 mM Na generates a shallower slope 
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(0.51), and the midpoint is shifted strongly to negative 
potentials. This signal likely arises from Na binding to 
high-affinity sites that generate charge movements with 
microsecond kinetics (Hilgemann, 1994; Lu et al., 1995; 
Gadsby et al., 2012). As shown in Fig. 4 D, the bell shape 
of the capacitive signal with 120 mM Na is readily appar-
ent without subtracting signals. It has nearly the same 
voltage dependence in the presence of 7 mM extracel-
lular K, as in the absence of K, and this property is well 
reproduced by simulations of the model from Fig. 3, as 
described next.

Na/K pump current decay and recovery are 
voltage dependent
Fig. 5 describes the voltage dependence of pump cur-
rents, capacitive signals, and current decay, together 
with corresponding predictions of the pump model 
outlined in Fig.  3. K-free cytoplasmic solutions were 
used to ensure that K channel currents were negligi-
ble. They contained 100 mM NMDG, 25 mM Na, and 
15 mM TEA as monovalent cations. As shown in Fig. 5 A 
with 120 mM extracellular Na, 7 mM K was applied and 
removed, as in Fig. 4, to activate pump currents at dif-
ferent holding potentials. The corresponding current 
(blue) and capacitance (red) records are plotted next 
to each other in the figure. The decay of pump current 
and the magnitudes of capacitive signals are suppressed 
as membrane potential is increased from −60 mV to 
+60 mV. Composite results are presented in Fig. 5 B for 
seven similar experiments. The current–voltage rela-
tion of the peak current develops a clear maximum with 
depolarization. The capacitance signal decreases mono-
tonically, as already described in Fig.  4, and the frac-
tional decay of current decreases from ∼80% to 25%, 
on average, as voltage is increased from −60 to +60 mV 
(n = 7). Results for experiments with 7 mM Na, shown 
in Fig.  4 (C and D), are qualitatively similar. Current 
decay is somewhat stronger, and the current–voltage 
relation of the peak current is less steep. Nevertheless, 
current decay decreases from more than 80% at −60 
mV to 55% at +60 mV.

The solid lines in Fig.  5 (B and D) are predictions 
of the pump model, scaled to the experimental results. 
In brief, pump current decay becomes attenuated with 
depolarization because pumps shift from E1 config-
urations to E2 configurations, thereby preventing in-
activation. The reason for this shift is that K-binding 
reactions, K43 and K32, become inhibited with progres-
sive depolarization, whereas the Na-occluding reaction 
from the cytoplasmic side (K71) becomes accelerated. 
These changes override the influence of the major 
charge moving reaction at more positive potentials, and 
the two changes together promote an accumulation of 
pumps in E2 states. The capacitive signals decrease with 
depolarization as Na dissociates on average from E2 
states, as outlined in relation to Fig. 4. Whether these 

results could be explained in the context of the Na de-
pletion hypothesis seems questionable. Pump currents 
are smaller at negative potentials than at positive poten-
tials, and therefore, cytoplasmic Na depletion should 
decrease, not increase, with hyperpolarization.

Figure 5. Voltage dependence of na/K pump currents and 
K-induced capacitance changes with 120 and 7 mM extra-
cellular na. Cytoplasmic K was omitted to ensure minimal K 
conductance. (A) Na/K pump currents and capacitance changes 
recorded at five voltages from −60 to +60 mV. K‑induced ca‑
pacitance changes decrease and Na/K pump current decay 
attenuates progressively with depolarization. (B) Mean peak 
(blue) and 20 s (red) pump currents plotted against membrane 
voltage, together with the fractional decay of pump currents 
(black) and the magnitude of K‑induced capacitance changes 
(red). The voltage range is too narrow to reveal the bell shape 
of capacitance changes with 120 mM Na. Solid curves are simu‑
lation results scaled to the data points. According to the model, 
capacitance changes reflect primarily the voltage dependence 
of Na‑dependent charge movements. The attenuation of cur‑
rent decay with depolarization reflects a shift of pumps from E1 
to E2 configurations. Although the dissociation of Na in E2 con‑
formations is favored by depolarization, thereby promoting a 
shift to E1, extracellular K binding is progressively hindered and 
Na occlusion from the cytoplasmic side is progressively favored. 
With depolarization, these latter influences become dominant 
and pumps shift on average to E2 from E1. (C and D) Equiva‑
lent results for experiments in which 7 mM extracellular Na was 
replaced with 7 mM K to activate pump currents. Voltage de‑
pendence of pump current is reduced in characteristic fashion, 
whereas other patterns are principally similar.



737JGP Vol. 149, No. 7

Failure to verify a local Na space next to Na channels
We consider next to what extent “local” Na concen-
trations change during the activation of Na channels. 
Fig. 6 presents a representative experiment in which Na 
channels were opened at 0 mV with 15 µM veratridine 
in the presence of 120 mM extracellular Na using K-free 
and Na-free pipette solution. Square wave voltage per-
turbations for capacitance recording were interrupted 
at the time points indicated by glitches to acquire cur-
rent–voltage relations. As indicated above the record 
in Fig. 6 A, we applied veratridine first in the absence 
of Na. Similar to five other experiments, veratridine 
caused no conductance change in solutions lacking Na 
and K. Upon substituting 120 mM extracellular NMDG 
for Na, a large inward current ∼0.8 nA in magnitude de-
velops and then decays by ∼15% over 60 s. Membrane 
conductance increases from 32 to 88 nS and does not 
decay. The Na conductance amounts to 56 nS, com-
pared with the pipette conductance of 420 nS. From 
Eqs. 26 and 29 the cytoplasmic Na concentration is ex-
pected to increase by 12.2 mM in the simple model. 

After 100 s in Na-containing solution, the myocyte was 
switched to a solution without veratridine. Currents and 
conductance decay by ∼60%, and they are restored by 
reapplication of veratridine. As verified by application 
and removal of Na in the absence of veratridine (unpub-
lished data), up to 40% of the inward current carried by 
Na may occur through the seal conductance and/or non-
selective cation channels that exist in murine myocytes 
(see Fig. S3). Fig. 6 (B and C) presents current–voltage 
relations from these records. Fig. 6 B presents records 
defined by the Na concentration change, and Fig. 6 C 
presents records defined by removal of veratridine. As 
indicated in Fig. 6 B by the “2 − 1” (brown) subtraction, 
veratridine was without effect in the absence of Na. The 
“3 − 2” (red) subtraction defines the Na current just after 
applying Na. The inward current does not reverse at po-
tentials up to 80 mV. Over the course of the next 100 s, 
the current–voltage relations develop a clear reversal 
and at 100 s (“5 − 2”, purple) reversal occurs at +41 mV. 
This corresponds to a subsarcolemmal Na concentration 
of 19.8 mM, a value that is 56% greater than expected 
from the simple model. In five similar experiments, the 
discrepancy was not greater than in this example, and we 
present next an example in which no Na accumulation 
was detected. Fig. 6 C presents the current–voltage rela-
tions defined by removing (5–6) and reapplying (7–6) 
veratridine. The current–voltage relations reverse at 
approximately +70 mV, indicating that cytoplasmic Na 
sensed by Na channels is not more than 10 mM. This 
result that is consistent with the simple model.

Failure to verify that Na channel influx locally supports 
Na/K pump activity
We next tested to what extent Na influx via veratri-
dine-modified Na channels would support Na/K pump 

activity by promoting subsarcolemmal Na accumulation. 
As shown in Fig. 7, these experiments were initiated simi-
larly with NMDG, Asp, and TEA on both membrane sides. 
15 µM veratridine was applied, and subsequently, NMDG 
was replaced by Na in the presence of veratridine. The 
Na-activated current amounted to 400 pA and increased 
the membrane conductance by 28 nS. When 7 mM K 
was applied in the presence of Na, pump currents re-
mained negligible, indicating that the subsarcolemmal 
Na concentration was not greater than expected from 
the Na current and the pipette resistance (5.6 mM). As 
shown in Fig. 7 C, the current–voltage relations defined 
by subtractions with and without Na did not reverse at 
potentials up to +80 mV, verifying that cytoplasmic Na 
remained less than 10  mM in subsarcolemmal spaces 
during continuous Na currents 400 pA in magnitude.

Figure 6. Veratridine-activated na currents cause na con-
centration changes that are consistent with unrestricted 
cytoplasmic na diffusion. (A) Conductance and membrane 
current records during application of 15  µM veratridine. As 
apparent in the records, veratridine activates no conductance 
in the absence of Na and K. Application of 120 mM Na in re‑
placement for NMDG then activates an inward current that is 
initially 860 pA in magnitude and that decays by 13% over 90 s. 
Removal of veratridine reversibly reduces the Na‑dependent 
current and conductance by 55%. Thus, 45% of the Na current 
may be carried by mechanisms other than veratridine‑modified 
Na channels, and Fig. S3 gives evidence for nonselective cat‑
ion channels in murine myocytes. (B) Na‑defined current–volt‑
age relations obtained by subtracting the records 3, 4, and 5 
from record 2. During the 90 s of Na application (3′ to 5′), the 
Na‑defined current–voltage relation shifts from having no clear 
reversal to having a reversal at +41 mV, indicating a subsarco‑
lemmal Na concentration of 19.8 mM. (C) Veratridine‑defined 
current–voltage relation. The current–voltage relations defined 
by removing (5–6) and reapplying (7–6) veratridine reverse 
at +62 mV, corresponding to a subsarcolemmal Na concen‑
tration of 11 mM.
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Fig.  8 presents experiments designed to reveal pos-
sible bidirectional interactions between veratridine-ac-
tivated Na channels and Na/K pumps in murine 
myocytes. We use conditions in which Na channels gen-
erate large outward currents (Fig. 8, A and B) or large 
inward currents (Fig. 8 C). Fig. 8 A, Na/K pump current 
was activated by 7 mM extracellular K with 35 mM Na 
and 70 mM K on the cytoplasmic side and with 7 mM 
Na on the extracellular side. The pump currents are 
therefore very similar to those of Fig. 4. Application of 
veratridine generates a large outward current ∼450 pA 
in magnitude. If subsarcolemmal Na diffusion were re-
stricted, this Na current would significantly deplete sub-
sarcolemmal Na and reduce the Na/K pump current. 
Furthermore, if pump current decay reflected subsar-
colemmal Na depletion, pump activity would markedly 
decrease outward Na current this protocol. However, 
the pump current initially does not change after acti-
vating Na channels. The subsequent decline of pump 
current in this example reflects a run-down phenom-
enon, described again in Fig. 15. This is apparent be-

cause the pump current does not recover after removal 
of veratridine. Concerning the effect of pump activity 
on Na currents, the membrane current indeed shows 
small, transient downward deflections upon deactiva-
tion of the pump (Fig. 8 A, arrowheads). However, the 
magnitudes of those (small) downward deflections do 
not change as pump current runs down. Therefore, the 
deflections cannot reflect depletion of subsarcolemmal 
Na. In short, there is no indication that pump activity in 
this experiment is affecting Na channel activity.

We next used Li as a congener for cytoplasmic Na in 
equivalent experiments. As described previously (Lu et 
al., 2016), pump currents carried by cytoplasmic Li are 
of smaller magnitude than Na/K pump currents and 
decay more strongly than Na/K pump currents. Should 
the decay of Li/K pump current reflect subsarcolem-
mal Li depletion, pump activity would very strongly de-
crease outward Li-carried channel currents. In Fig. 8 B, 
therefore, we used 50 mM Li in K-free pipette solution. 
This choice ensures that outward currents activated by 
veratridine are carried solely by Li. In this recording 
and four very similar additional recordings, the veratri-
dine-activated outward Li current was unaffected by ac-
tivating pump currents, and the Li/K pump currents 
were not decreased by activating outward Li currents 
through Na channels. In all of the experiments, pump 
currents developed a small steady-state component in 
the presence of veratridine, a result that is opposite to 
the expectation that outward Li currents might deplete 
subsarcolemmal Li.

Fig.  8  C presents an experiment using veratridine 
to generate a large inward Na flux. In the presence 
of 120  mM extracellular Na and 25  mM cytoplasmic 
Na, 15 µM veratridine activated a 400 pA inward cur-
rent. Red arrows mark the magnitudes of the peak and 
steady-state pump currents in the absence of veratri-
dine, and arrows of the same magnitude were copied 
into the subsequent record to visualize accurately the 
small effect of inward Na current on the pump currents. 
In the presence of Na current, the peak pump current 
was increased by 8% and the steady-state pump current 
was increased by 22%. Assuming the Na dependence of 
pump current to have a Hill slope of 2.4, as determined 
for this condition (Lu et al., 2016), this enhancement of 
pump current reflects a subsarcolemmal Na accumula-
tion of only 4.3 mM. This compares to an accumulation 
of 7 mM predicted by the simple model. Furthermore, 
the activation of pump currents with peaks of 0.3 nA re-
sulted in no evident change of the veratridine-activated 
inward current. From the simple model, a 0.3 nA pump 
current (equivalent to a 0.9 nA monovalent Na flux) 
should deplete cytoplasmic Na by ∼11 mM. The mag-
nitude of that effect would be readily detected in these 
experiments. The fact that pump current does not af-
fect Na channel current in these experiments therefore 
provides a strong argument that pump current decay 

Figure 7. A continuous 400 pA na current does not cause 
a detectable rise of subsarcolemmal na. (A) The cartoon 
summarizes patch‑clamp conditions and the predicted 5.6 mM 
cytoplasmic Na concentration during a continuous 0.38 nA Na 
current. (B) Veratridine was applied in the absence of Na, and 
the subsequent application of 120  mM Na activated a 0.38 
nA inward current. Na/K pump currents activated by applying 
7 mM K were at the threshold of reliable detection, indicating 
that subsarcolemmal Na remains with good certainty less than 
10  mM. (C) Current–voltage relations given by the indicated 
subtractions do not reverse up to 80 mV, verifying that subsar‑
colemmal Na remains <10 mM.
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represents primarily inactivation. If the pump did not 
inactivate, the inward current through Na channels 
would have decreased even if diffusion were instanta-
neous within the cytoplasm.

The final magnitudes of current changes caused by cy-
toplasmic ion concentration changes are not expected 

to depend on cytoplasmic volume (see Eqs. 30 and 31). 
Nevertheless, the experiments raise obvious questions 
about the size of the cytoplasmic mixing volume and 
the behavior of other ions in similar experiments. To 
address these issues, we designed experiments in which 
the membrane conductance becomes significant with 
respect to access conductance (250–600 nS). First, we 
used veratridine at higher concentrations (25  µM) 
to generate both K and Li conductances in Na chan-
nels, and second, we used nystatin at concentrations of 
40–80 µM that activate 100 to 200 nS conductances for 
monovalent cations and for chloride.

Large Na channel and Na/K pump currents generate 
global Na concentration changes and reveal Na 
turnover kinetics
Fig. 9 illustrates the kinetics of Na turnover when large 
current magnitudes are maintained. In Fig. 9 A, 25 µM 
veratridine was used using NMDG and Asp on the cyto-
plasmic side. We used Cs as the Na substitute in these 
experiments, because Cs permeation through the ver-
atridine-modified Na channels was undetectable. With 
120 mM Na on the extracellular side, veratridine acti-
vated an inward current 0.9 nA in magnitude. When 
extracellular Na was replaced by Cs, the inward current 
was immediately suppressed, and a smaller outward cur-
rent developed and decayed with a τ of 16  s. Na was 
then reapplied and removed three more times, cur-
rent–voltage relations were taken before and after re-
moval of veratridine, and the time constants of current 
decay were evaluated. Assuming that Na currents are 
proportional to Na concentration differences across the 
sarcolemma, the decay of inward current and the mag-
nitudes of outward currents indicate that cytoplasmic 
Na accumulates to 22% of the extracellular concentra-
tion (i.e., to 27 mM). This agrees reasonably with the re-
versal potential of the Na current (40 mV), indicating a 
subsarcolemmal Na concentration of 21 mM. This value 
is 29% larger than expected from the simple model. As 
indicated within Fig. 9 A, the mean τ of current decay 
for both inward and outward Na currents was 21.2  s. 
With an access resistance of 3.5 MΩ, this τ projects to a 
cytoplasmic mixing volume of 10.5 pL. 

That Na/K pumps can indeed mediate large global 
cytoplasmic Na concentration changes in murine my-
ocytes is documented in Fig. 9 B. To do so, it is essen-
tial that pumps do not inactivate, and this seems to 
be the case when cytoplasmic Na concentrations are 
higher than 30  mM. In these experiments, therefore, 
we used 60 mM Na in pipette solutions. In this setting, 
the pump current shows a very rapid (<1 s) decay phase 
that amounts to ∼20% of peak pump current, consis-
tent with high cytoplasmic Na promoting a faster recov-
ery from inactivation and therefore faster decay kinetics 
(Lu et al., 2016). After the rapid decay phase, pump 
currents decay more slowly, as expected for Na deple-

Figure 8. continuous veratridine-activated na currents only 
weakly affect na/K pump currents that decay by 70% to 
90%. Na/K (or Li/K) pump currents were repeatedly activated 
for 20 s by applying 7 mM extracellular K. (A) With 35 mM Na 
and 70 mM K on the cytoplasmic side, 15 µM veratridine acti‑
vates a 0.4 nA outward current. Small inward current deflections 
upon deactivating pump currents, marked by arrowheads, are 
consistent with a 10% depletion of subsarcolemmal Na by pump 
activity. However, the deflections do not change as current runs 
down, indicating that they are not caused by pump activity. (B) 
In the presence of 50 mM Li and no K on the cytoplasmic side, 
Li/K pump currents decay almost completely in the absence of 
veratridine and decay by ∼85% in the presence of veratridine. 
The veratridine‑activated outward Li current, upon deactivating 
pump current, is unaffected by Li/K pump currents. (C) In the 
presence of 120 mM extracellular Na, 25 mM cytoplasmic Na 
and 90 mM extracellular K, 15 µM veratridine activates a 0.4 nA 
inward current that is unaffected by activating and deactivating 
Na/K pump currents. Arrows indicate the magnitudes of peak 
and steady‑state pump current without veratridine. Peak and 
steady‑state pump currents are increased by 8% and 24%, re‑
spectively, in the presence of inward current, consistent with an 
increase of Na by 4.3 mM (Lu et al., 2016).



Na/K pump inactivation and restricted Na spaces | Lu and Hilgemann740

tion (τ, 17 s). In contrast to recordings with lower cy-
toplasmic Na concentrations, the outward veratridine 
current decreases markedly in response to pump activ-
ity. In this case, the outward Na current is decreased 
by 40% after removing extracellular K, and it recovers 
with a τ of 23 s. We can estimate from these results that 
Na decreased by 24 mM. The access resistance, 3.1 MΩ, 
and the steady-state pump current magnitude (∼0.4 
nA, equivalent to a Na current of 1.2 nA) predict that 
Na depletion should amount to 22  mM according to 
the simple model. Similar close agreement between the 
simple model and experimental results is verified with 
current–voltage relations in Fig. S4.

In our experience, the K conductance of veratri-
dine-modified Na channels in myocytes amounts to 
∼30% of their Na conductance. Therefore, we could 
use veratridine-modified Na channels to perform equiv-
alent experiments for both Li and K. Using 25  µM 
veratridine in Fig.  10, the fractional decay of Li- and 
K-carried Na channel currents (Fig. 10, A and B, respec-
tively) was substantially greater than mean equivalent 
results for Na. Furthermore, the decay phases of both 
currents were substantially larger than the magnitudes 
of the outward current that occurred upon removing 
extracellular Li and K. These outcomes presumably re-
flect rectification properties of the modified channels. 
The time constants for Li current decay were on average 
60% larger than those for K. From the expected “FD” 
values (2.1 and 1.1 for K and Li, respectively), τ values, 
and access resistances, the apparent mixing volumes 
for K and Li were 15 and 6 pL, respectively. We suspect 
that the small τ value for Li currents reflects a high Li 
affinity of cardiac Na channels (Kurata et al., 1999). 

Given these complexities, we next tested whether ny-
statin-generated monovalent ion conductances might 
be more useful for the goals of this project. 

Figure 10. li and K currents carried by veratridine-modified 
na channels. For both Li and K currents, the decaying compo‑
nents of inward currents are substantially larger than the reverse 
currents that develop upon removing the extracellular cations. 
(A) NMDG was substituted for 120 mM Li. 25 µM veratridine 
then rapidly activated a 0.55 nA inward current that decayed 
with a τ of ∼20 s. The mean for the decay phases was 18.1 s, 
and the mixing volume is estimated to be 7.5 pL. (B) NMDG 
was substituted for 120 mM K, and 25 µM veratridine applica‑
tion then activated a 0.30 nA inward current. When activated 
by applying extracellular K, the current decayed partially with 
a τ of 9.2 s. The mean τ was 11.1 s, and the mixing volume is 
estimated to be 6.0 pL.

Figure 9. large na and na/K pump currents cause 
cytoplasmic na concentration changes with a τ of 
∼20  s. (A) A high veratridine concentration (25  µM) 
activates continuous Na currents of ∼1 nA. The Na‑ac‑
tivated currents decay by 22% with an mean τof 28 s. 
Reverse currents activated upon Na removal decay 
with a τ of ∼15 s. The mean τ and the access resistance 
give a mixing volume of 10.5 pL, and the magnitudes 
of decaying currents in relation to peak current (0.2) 
indicate that Na accumulated by 24 mM. As indicted 
in the cartoon, calculations from Eq. 26 give a steady‑
state cytoplasmic Na concentration of 17  mM. The 
reversal potential of the veratridine‑activated current 
indicates a steady‑state cytoplasmic Na concentration 
of 21 mM, ∼40% greater than predicted by the simple 
model. (B) Using 60 mM cytoplasmic Na, Na/K pump 
currents decay in two distinct phases, a fast phase with 
a τ of ∼1 s and a slow phase with a τ of ∼17s. The ve‑
ratridine‑activated outward Na current is decreased by 
∼40% immediately after deactivation of pump current, 
and it recovers with a τ of 23 s. These results project to 
a Na depletion of 24 mM and a mixing volume of 11.0 
pL. Using the same protocol as in B, Fig. S4 describes 
very similar results using current–voltage relations to 
define the cytoplasmic Na accumulation.



741JGP Vol. 149, No. 7

Nystatin channels reveal similar kinetics for all 
monovalent ions
Experiments with nystatin were performed similarly 
using solutions primarily NMDG and Asp on both mem-
brane sides. Application of nystatin typically caused no 
conductance change in this condition, whereas the 
subsequent replacement of NMDG by Na, Li, Cs, and K 
generated large conductances, as did the replacement 
of Asp by Cl. Fig. 11 shows results for Na. In Fig. 11 A, 
120  mM Na was applied and removed three times, 
generating a peak conductance of 90 nS. The access 
resistance was 3.8 MΩ (260 nS), and the Na currents de-
cayed by almost 50%. Reverse outward currents devel-
oped on removal of Na with similar decay time courses. 
The mean τ was 20.2  s for the reverse current decay, 
corresponding to a mixing volume of 9.3 pL. Fig. 11 B  
presents an equivalent experiment in which current–
voltage relations were determined. The outward cur-
rents upon removal of Na decayed with a τ of ∼18s. The 
inward current activated by Na, however, could not be 
analyzed accurately because it continued to decay al-
most linearly over 2 min. Reversal potentials of current–
voltage relations, shown in Fig. 11 B (right), shifted to 
the left and approached asymptotically a value equiva-
lent to a cytoplasmic Na concentration of 32 mM. This 
value is in good agreement with predictions of the sim-
ple model. The access resistance, 3.2 MΩ, and the mean 
time constant for outward current decay project to a 
mixing volume of 8.1 pL. 

We present in addition the access resistance record 
for this experiment, which behaved similarly in >50 ex-
periments. In brief, the access resistance decreases and 
increases during cation influx and efflux, respectively, 
and the time courses of resistance changes are similar 
to those of currents. These changes presumably re-
flect changes of total ion concentrations in the pipette 
tip, and the magnitudes of the resistance changes are 
in good agreement with the changes expected from 
the simple model (see Fig.  2). In this case, resistance 
increases by ∼20% during the decay of reverse Na 
current, and decreases correspondingly as Na accumu-
lates by ∼30 mM.

Figs. 12 and 13 present equivalent nystatin results 
for K, Cs, and Cl. As shown in Fig. 12, decay time con-
stants for Cs and K currents were similar (τ≈13 s), and 
results for six additional experiments were similar to 
these. Importantly, the magnitudes of current decay 
phases for inward and outward currents were similar, as 
expected if current changes are roughly proportional 
to ion concentration changes. The calculated mixing 
volumes were 10.2 ± 2 pL (n = 7). To generate a large 
conductance for Cl, as, shown in Fig.  13, a larger ny-
statin concentration (80 µM) was required. On apply-
ing 120 mM Cl in exchange for Asp, outward currents 
then amounted to >2 nA, and large inward currents de-
veloped immediately upon removal of Cl. The inward 

Cl currents decayed with a time constant of ∼10 s. Simi-
lar to results for Na, the current induced by reapplying 
Cl decayed with a complex time course. Therefore, we 
estimated cytoplasmic Cl concentration changes from 
current-voltage relations described in Fig.  13  B. The 
current–voltage relation determined just before apply-
ing Cl was used as baseline, and subsarcolemmal Cl con-
centrations calculated from reversal potentials, plotted 
in Fig. 13 C, increased monotonically to 47 mM with a τ 
of 24.5 s. With an access resistance of 2.7 MΩ, these re-
sults indicate a cytoplasmic mixing volume for Cl of 11 
pL. Results from three other experiments were similar.

Verification that nystatin current kinetics reflect 
myocyte mixing volumes
To verify that the decay of ion currents reflect cell mix-
ing volumes in these experiments, we manipulated cell 
volume by changing the osmolarity of both cytoplasmic 

Figure 11. large na currents carried by nystatin channels 
have similar kinetics to those carried by veratridine-modified 
na channels. (A) 50 µM nystatin was applied in the absence of 
Na, and NMDG was then replaced by Na, generating an initial 
steady‑state current of ∼1 nA. The outward current activated by 
removing Na amounts to 2 nA, and peak inward current on re‑
applying Na was 3 nA with current decay amounting to approx‑
imately one half of peak current. The mean τ for current decay 
was 20.2 s, the peak conductance was 90 nS, and the access 
resistance was 90 nS. We estimate the mixing volume to be 9.3 
pL and the steady‑state cellular Na concentration to be 43 mM. 
(B) Current–voltage relations and access resistance changes 
during the same protocol. Access resistance rises and falls with 
a time course that is similar to the Na current, therefore reveal‑
ing no longitudinal diffusion delays. Note that inward current 
decay is not a simple exponential function, possibly reflecting a 
change of the nystatin conductance. Reversal potentials (right) 
shift negatively as Na accumulates, and the calculated cytoplas‑
mic Na concentration (inset) approach a steady state of 32 mM 
monotonically with a τ of 22 s, similar to the mean τ for outward 
current decay (21.2 s).
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and extracellular solutions. Relevant to these results, 
cardiac myocytes have a rather low water permeability 
(Ogura et al., 2002). Volume changes occur over 1 to 
2 min after changing osmolarity, and regulatory (com-
pensatory) volume responses have not been observed to 
occur in cardiac myocytes even when observations were 
extended to >20 min (Drewnowska and Baumgarten, 
1991). Given that the longitudinal resistance of myo-
cytes constitutes at least 20%, and possibly 40% of the 
myocyte access resistance (see Fig. 1), volume changes 
can be tracked as inverse changes of access resistance. 
As illustrated in Fig. 14 A, a doubling of extracellular 
osmolarity with 300 mM polyethylene glycol (PEG; 500 
MW) causes access resistance to increase at a rate 0.65 
± 0.04%/s with no indication of saturation after 90 s (n 
= 9). Typical for nine observations, access resistance re-
turned only partially toward baseline after removing the 
hyperosmotic solution, presumably because cytoplasmic 
solutes equilibrate rapidly with solute in the pipette, 
thereby dissipating the driving force to reswell the cell.

To manipulate volume more modestly, as illustrated 
in Fig.  14  B, we used a cytoplasmic solution with os-
molarity increased from 280 to 380 mosM/liter with 
100 mM PEG. After a 2-min equilibration period with 

55 µM nystatin, we applied and removed 120 mM Na, 
and we determined the time constant of Na current 
decay. Then, we applied an extracellular solution with 
osmolarity increased from 280 to 500 mosM/liter with 
220 mM PEG, and we repeated the Na application after 
∼2 min. As shown in Fig. 14 B, the time constant of out-
ward Na current decay decreased from 26 s to less than 
12 s in the presence of the extracellular hyperosmotic 
solution. In matched experiments, we determined the 
time constant of outward current decay in the control 
solutions without PEG. The control τ was significantly 
less than that determined with a hyperosmotic cytoplas-
mic solution, and it was greater than the τ determined 
with hypertonic extracellular solution. Impressively, 
the τ of current decay decreased and increased to a 

Figure 12. large K and cs currents carried by nystatin chan-
nels project to similar mixing volumes as results for na cur-
rents. (A) Nystatin‑carried K current. Extracellular NMDG was 
replaced by K and 60 µM nystatin was applied, generating an 
inward current of ∼1.7 nA. The outward current activated by 
removing K amounted to 0.3 nA and decayed with a time con‑
stant of 14.4  s. The fractional decay of inward current is less 
than for equivalent Na currents (or for K currents in veratri‑
dine‑modified Na channels), and the mean τ of current decay is 
17.5 s. The projected mixing volume is 10.1 pL. (B) Nystatin‑car‑
ried Cs current. In the presence of 50 µM nystatin, extracellular 
NMDG was replaced with Cs multiple times, activating peak 
inward currents of ∼1.6 nA. Currents decayed with a mean τ of 
13.5 s, projecting to a mixing volume of 10.8 pL.

Figure 13. large cl currents carried by nystatin channels 
project to similar mixing volumes as cation currents. (A) Ny‑
statin‑carried Cl current. Extracellular aspartate was replaced 
with Cl, and 80  µM nystatin was applied, generating an out‑
ward current of 1.8 nA. Removal of Cl then generated peak 
inward currents of 0.7 to 1 nA with decay time constants of 9.6 
and 10.2 s. The peak Cl−‑activated outward current reached 4 
nA and, similar to the nystatin‑carried Na current, decayed in 
a nonexponential fashion. (B) Current–voltage relations during 
decay of outward current and upon reapplying extracellular Cl. 
(C) Cytoplasmic Cl concentrations calculated from reversal po‑
tentials in B. Cl increases monotonically from 21 mM to 48 mM 
with a τ of 24.5 s, projecting to a mixing volume of 11 pL.
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greater extent than expected for osmosis-induced vol-
ume changes without patch-clamp control of solutions. 
Furthermore, the time constant of Na current decay in 
nystatin-treated myocytes was stable over 10s of min-
utes and, in contrast to Na/K pump currents, the ny-
statin-mediated Na currents showed no run-down over 
periods of >20 min (n = 6).

The projected physiological function of Na/K 
pump inactivation
Fig. 15 provides quantitative predictions about the func-
tion of Na/K pump inactivation and its role in cardiac 

Na homeostasis. In brief, we simulated Na turnover and 
Na/K pump function with inactivation together in a 
myocyte model. Simulations in Fig.  15 (A and B) are 
with patch clamp. The simulation in Fig. 15 B is without 
patch clamp. We assumed instantaneous ion mixing in 
a 9 pL cytoplasmic volume. Na pump activity was ad-
justed to generate a maximal pump current of 0.7 nA, 
and inactivation was simulated as described in Fig.  3. 
Fig.  15  A depicts the simulated Na/K pump function 
when pumps are activated by extracellular K with differ-
ent cytoplasmic Na concentrations. The left panel pre-
sents the pump currents, the central panel presents the 
function of inactivation, and the right panel presents 
the expected cytoplasmic Na concentration changes. 
When cytoplasmic Na concentrations are less than 
40 mM, pump current decay is dominated by inactiva-
tion. At the lowest Na concentration (10 mM), inactiva-
tion occurs rapidly, whereas recovery is slow. Recovery 
rate increases with increasing Na concentrations, and 
these results are consistent experimental results (Lu et 
al., 2016). As documented in Results, cytoplasmic Na 
depletion can indeed promote current decay at 35 to 
60 mM cytoplasmic Na concentrations.

Fig.  15  B demonstrates the enhancement of inacti-
vation that occurs during run-down of pump currents 
in long recordings. In this case, the cytoplasmic solu-
tion contains 60 mM Na with 60 mM K. As shown in the 
left panel of Fig. 15 B, peak currents decrease over 20 
min by ∼70%. Current decay during application of K 
initially amounts to ∼35%, and the decay increases to 
90% over time. Individual records from an early time 
in the recording and from a late time in the recording 
are shown in the middle panel of Fig. 15 B, and corre-
sponding simulations are shown in the right panel. In 
the early record (1), current decay shows clearly sep-
arated fast and slow decay components, the fast com-
ponent presumably reflecting inactivation and the slow 
component reflecting mostly Na depletion. In the late 
record (2), the inactivation phase is much stronger. As 
illustrated by the simulation (right), we find that the 
changes occurring during run-down can be largely ac-
counted for by a slowing of the recovery from inacti-
vation, whereas the rate of inactivation (i.e., the initial 
rate of current decline) changes very little.

Fig. 15 C describes the projected function of the inac-
tivation mechanism in a myocyte without patch clamp. 
For this demonstration, we simulated initially a contin-
uous 20 pA Na influx in the presence of the same pump 
function simulated in Fig. 15 A. The cytoplasmic Na con-
centration comes to a steady state of 6 to 8 mM with and 
without inactivation, respectively. We then increased Na 
influx to 100 pA for 100 s and reduced it again back to 
20 pA. The left panel of Fig. 15 C shows the simulated 
pump currents, the middle panel shows the simulated 
Na concentration changes, and the right panel shows 
the fraction of active pumps. With the chosen Na/K 

Figure 14. Mixing volumes determined by nystatin-medi-
ated currents are predictably changed by osmolarity gra-
dients. (A) Representative record of access resistance and 
capacitance when extracellular osmolarity is doubled for 80 s 
by 300 mM extracellular polyethylene glycol (PEG; 500 MW). 
Otherwise, solution compositions were standard, with no Na. 
Access resistance, which includes longitudinal myocyte resis‑
tance, increases as expected for a reduction of the myocyte 
diameter. Note that resistance does not return to baseline after 
removing PEG. (B) Membrane current transients in the presence 
of nystatin when 120 mM NMDG is replaced with 120 mM Na. 
Osmolarity of the pipette solution was increased to 400 mosM/
liter with 100 mM PEG. After recording the initial responses to 
Na changes, the extracellular solution was switched to a hyper‑
osmotic solution containing 220 mM PEG. Responses to cation 
substitution were recorded again and compared with the initial 
currents. (C) With 100 mM hyperosmotic pipette solution, the τ 
of current decay is 25 ± 2 s (n = 5) versus 12 ± 2 s (n = 5) in the 
220 mM hyperosmotic solution. Mean τ values with isosmotic 
(290 mosM/liter) solutions on both sides amounted to 20 ± 3 s 
initially and did not change significantly after 800 s of recording 
time (not depicted, n = 4). Error bars indicate SEM. 
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pump densities, pump activity keeps cytoplasmic Na in 
the range of 8 to 15 mM in both simulations. Approxi-
mately 80% of pumps are projected to be inactive in the 
basal state with 6 mM cytoplasmic Na. In response to an 
increased Na load, pump currents increase to a substan-
tially greater extent when the inactivation mechanism 
is operative than when it is not. Accordingly, Na con-
centration changes (middle panel) are smaller and Na 
concentrations reach a steady state more rapidly when 
inactivation is operative than when it is not. We point 
out that the mean lifetime of a Na ion in the cytoplasm 
is ∼10 min in this simulation. Owing to the steep depen-
dence of Na/K pump activity on cytoplasmic Na, the 
cytoplasmic Na concentration comes to a steady state 
with a smaller time constant of ∼200  s, and that time 
constant is reduced further by more than twofold when 
the inactivation mechanism is operative. In summary, 
the inactivation mechanism effectively minimizes Na 
concentration changes when Na load changes and ef-
fectively accelerates the achievement of Na homeostasis 
in response to Na load changes.

d I s c u s s I o n

We have analyzed the biophysical basis of Na/K pump 
current decay when Na/K pumps are activated by sat-
urating concentrations of extracellular K in murine 
cardiac myocytes. Using multiple approaches to gen-
erate graded Na currents in both directions and to es-
timate subsarcolemmal Na concentration changes, we 
uncovered no clear evidence that subsarcolemmal Na 
gradients are involved in this decay or could mediate 
physiologically significant functional cross talk between 
Na channels and Na/K pumps. The immobilization of 
Na/K pump charge movements during pump current 
decay (Figs. 4 and 5), the voltage dependence of pump 
current decay (Fig. 5), and the enhancement of current 
decay in parallel with pump current run-down (Fig. 15) 
are all readily explained by an inactivation mechanism, 
but not by subsarcolemmal Na depletion. In addition, 
our results suggest that cytoplasmic mixing volumes and 
turnover kinetics for all monovalent ions are similar in 
murine myocytes. Although pump currents can indeed 
be large enough to substantively deplete cytoplasmic 
Na, Na/K pump inactivation minimizes Na decay when 

Figure 15. Projected roles of na depletion and na/K pump 
inactivation with (A and B) and without (B) patch clamp. (A) 
Simulation of Na/K pump currents, the fraction of pumps that 
are actively pumping (Factive), and cytoplasmic Na concentra‑
tions in a cell model with instantaneous ion diffusion (Fig. 2) and 
Na/K pumps that inactivate (Fig. 3). Inactivation occurs from all 
E1 conformations, whereas recovery occurs only when three Na 
ions are bound to inactive states. The simulation reproduces 
well the corresponding experiments with different cytoplasmic 
Na concentrations (Lu et al., 2016). Current decay involves both 
inactivation and Na depletion with the contributions depicted 
in the central panel for inactivation and in the right panel for Na 
concentration changes. (B) Representative long‑duration exper‑
iment with 60 mM cytoplasmic Na. In the central panel, pump 
current decay records are shown from the initial (1) and late (2) 
portions of the experiment. Initially (1), pump current decays in 
a biphasic fashion. The initial phase has a τ of ∼1 s and amounts 
to 10% to 20% of peak current magnitude. The slow phase de‑
velops with a lag, continues over 40  s, and merges with the 
usual slow run‑down of pump current that occurs in these ex‑
periments. After 30 min (2), run‑down of pump current has pro‑
gressed so that peak currents are ∼30% of initial peak currents, 
and current decay amounts to ∼90% during a 20s application of 
extracellular K. The right panel reproduces these pump current 
decay records using slightly modified model parameters. The 
initial fast current decay in record “1” corresponds largely to 
inactivation, and the latter decay phase in 1 corresponds largely 
to Na depletion. Because Na depletion promotes inactivation, 
however, the processes are interdependent, and the model can 
develop small oscillations via this feedback. (C) Simulated func‑
tion of the inactivation process when Na load is changed in a 
cardiac myocyte that is not patch clamped. Using the same sim‑
ulation parameters as in A, C depicts model function when Na 
influx is increased and decreased. The initial Na influx is equiva‑
lent to a 20 pA current. It is then increased for 100 s to 100 pA 
and decreased again to 20 pA. From left to right, the three pan‑

els show cytoplasmic Na currents with (blue) and without (red) 
the simulated Na/K pump inactivation mechanism, cytoplasmic 
Na concentration changes, and changes of the active state 
probability of the pump. In summary, the inactivation mecha‑
nism promotes the pump to minimize, relatively, cytoplasmic 
Na changes in the face of Na influx changes. Importantly, cy‑
toplasmic Na concentrations approach a steady state markedly 
faster (τ ∼90 and ∼200 s with and without inactivation) than the 
actual turnover of the mean cytoplasmic Na ion to the extracel‑
lular space (τ ∼700 s).
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cytoplasmic Na is in a physiological range. We discuss 
the experimental support for our conclusions with an 
emphasis on their potential physiological significance. 
We stress in this connection that the experiments were 
all performed at 37°C so that the magnitudes of trans-
port fluxes are not unphysiologically suppressed.

Failure to verify large subsarcolemmal Na gradients
As sketched in the Introduction, the idea that large sub-
sarcolemmal Na gradients occur in cardiac myocytes has 
a long history involving Na channels, Na transporters, 
and Na-dependent K channels. Submembrane Na mi-
crodomains have also been suggested to mediate func-
tional cross talk between Ih channels and Na/K pumps 
in neurons (Kang et al., 2004), as well as between TRP 
channels and Na/Ca exchangers in arterial smooth 
muscle where Na hot spots have putatively been identi-
fied with a fluorescent Na-sensitive dye (Poburko et al., 
2007). In the case of cross talk between Na/K pumps 
and Na/Ca exchangers, we have noted (Fig. S1) that 
the procedure used to activate Na/Ca exchange in one 
supportive study (Su et al., 1998) activates additionally 
maximal Na/K pump currents. Furthermore, we find 
that in murine cardiac myocytes nickel cannot be used 
to define Na/Ca exchange currents because nickel ac-
tivates substantial inward currents that are unrelated to 
Na/Ca exchange (Fig. S3). In the future, highly specific 
Na/Ca exchange inhibitors may allow improved stud-
ies. However, the best-characterized inhibitors avail-
able at this time do not provide the required specificity 
(Birinyi et al., 2005). For this reason, we proceeded to 
consider currents generated by veratridine-modified Na 
channels. Our protocols should have revealed subsarco-
lemmal Na accumulation by multiple criteria. Na chan-
nel activity should have caused greater than expected 
inward current decay (Fig. 6), outward Na current upon 
removing Na (Figs. 7 and 9), and activation of Na/K 
pumps (Fig. 7). It did not. Na/K pump activity should 
have caused greater than expected changes of Na and 
Li currents carried by Na channels (Fig. 8). It did not. In 
fact, it is essential to assume that pump currents decay 
as a result of their inactivation to explain the small ef-
fects, or indeed lack of effects, of pump current on Na 
channel current (e.g., Fig. 8 C).

In the most extreme example encountered (Fig. 9 A), 
the subsarcolemmal Na accumulation, determined 
from reversal potentials during activation of a 1 nA Na 
current, amounted to nearly twice that expected from 
a cell model with instantaneous Na diffusion (Fig. 1). 
Although this is a significant discrepancy, and may well 
be indicative of lateral ion inhomogeneity in myocytes, 
the discrepancy is of small magnitude in relation to sub-
sarcolemmal Na gradients proposed to exist in the arti-
cles outlined in the Introduction. The fact is that Na/K 
pump currents decay substantially with a time constant 
of ∼2 s (Figs. 4 and 5), even when pump currents are 

small (Fig. 8 B), and we find no evidence that this cur-
rent decay reflects subsarcolemmal Na depletion. Na ac-
cumulation/depletion can certainly occur in response 
to transsarcolemmal Na flux, but it occurs with a longer 
time constant of 14 to 20 s (Figs. 9, 10, and 11).

Potential roles of local nucleotide 
concentration changes
One alternative to local Na depletion is that pump cur-
rent decay reflects depletion of ATP and/or accumula-
tion of ADP and Pi. We have found it difficult to address 
these possibilities, starting with the fact that deletion 
of ATP from pipette solutions has little effect on pump 
current recordings over many minutes. The idea that 
ATP hydrolyzed by cardiac Na/K pumps is locally chan-
neled to pumps from nearby glycolytic enzymes (Chu 
et al., 2012) is increasingly well supported (Sepp et al., 
2014). Given that mean cytoplasmic Na can decrease by 
∼20 mM within 30 s with activation of maximal pump ac-
tivity (Fig. 9 B), it seems not only feasible but also likely 
that significant nucleotide changes occur, whether lo-
cally or globally. In this regard, new optical methods to 
monitor nucleotide concentration changes (Tantama et 
al., 2012) hold a great potential to provide relevant in-
sights. For now, however, our central observations seem 
inconsistent with a causal role of nucleotide changes: 
(1) Current decay is less pronounced, not more pro-
nounced, as pump currents are increased by increas-
ing cytoplasmic Na (Lu et al., 2016). (2) Nucleotide 
changes do not explain the capacitance changes that 
correlate with pump activity changes (Figs. 4 and 5) or 
the pronounced enhancement of pump current decay 
that occurs with hyperpolarization (Fig. 5). (3) Cardiac 
Na/K pumps in excised membrane patches have a very 
high Ki for inhibition by ADP (>4 mM) and Pi (>10 mM; 
Hilgemann et al., 2006). (4) Finally, we have no reason 
to believe that the increased current decay that develops 
as pump currents run down (Fig. 15 B) reflects a failure 
of ATP regenerating systems that support pump activity.

Ion mixing volumes and kinetics: Are cytoplasmic 
mixing volumes for ions smaller than expected?
The time constants with which ions appear to turn over 
in murine cardiac myocytes (14–20 s; Figs. 9, 10, 11, 12, 
13, and 14) are substantially smaller than we had ex-
pected from previous estimates of myocyte mixing vol-
umes (Lu et al., 2016). Importantly, results for K, Li, 
and Cs (Figs. 11, 12, 13, and 14) are not notably differ-
ent from results for Na, except for Li and K currents 
carried by veratridine-modified Na channels (Fig. 10). 
In those two cases, the complexity emerged that inward 
current decay during cation influx is substantially larger 
than expected from the simple model and substantially 
larger than reverse currents that develop upon remov-
ing the cations. Clearly, those currents are not pro-
portional to ion concentration differences across the 
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sarcolemma, and it seems likely that complex rectifica-
tion functions underlie those patterns.

For Cl (Fig.  13), it is potentially surprising that the 
apparent cytoplasmic mixing space is similar in size 
to the spaces suggested for monovalent cations. Fixed 
negative charges of myofilaments are expected to con-
stitute a large fraction of total negative charges in the 
cytoplasm of myocytes. Accordingly, Donnan potentials 
would be expected to hinder Cl accumulation during 
continuous influx via nystatin channels. This might not 
happen because (1) myofilaments may bind the major 
unnatural cation used in these experiments, NMDG, 
thereby suppressing the Donnan phenomenon, and/or 
(2) Donnan effects are physiologically smaller than ex-
pected from experiments with myofilaments (Stephen-
son et al., 1981).

Our kinetic results indicate that ion mixing volumes 
are less than 50% of the geometrical cell volume. Sur-
prisingly, there are very few studies to support or con-
tradict this conclusion. The results are highly consistent 
among different types of experiments (e.g., Na influx 
versus efflux) and with different monovalent ions. The 
ion mixing volumes (7–10 pL) can be compared first 
to total cellular volumes of ∼24 pL for binuclear mu-
rine myocytes (Bensley et al., 2016). To our knowledge, 
fluorescent dyes cannot be used to estimate myocyte 
mixing volumes, because all dyes interact significantly 
with cytoplasmic components. Therefore, cytoplasmic 
mixing spaces of cardiac myocytes have been estimated 
exclusively from morphometric/ultrastructural analysis 
up to now. Mitochondria occupy with certainty 30% of 
the murine myocyte space (Eisele et al., 2008; Hayashi 
et al., 2009; Jarosz et al., 2017), and proteins occupy 
at least another 10% of the cytoplasmic space, leav-
ing up to 60% of the cytoplasmic space as immediate 
ion mixing space.

Previous findings that tend to support smaller cyto-
plasmic volumes include the following. First, total water 
volume of cardiac muscle can be as low as 75% in some 
cardiac muscle preparations (Page and Solomon, 1960). 
Second, it has long been suggested that hydration water 
in muscle involves more than 20% of cellular water (Ror-
schach et al., 1991), and therefore that the effective vol-
ume of protein in muscle may be greater than expected 
from dry weight/wet weight ratios. Third, analysis of vol-
ume changes of cardiac myocytes in response to osmotic 
changes reveals that nearly 40% of the myocyte volume 
is osmotically inactive (Drewnowska and Baumgarten, 
1991; Ogura et al., 2002). It would be of great interest to 
know whether osmotically inactive spaces involve mostly 
myofilaments or whether mitochondria and possibly 
other organelles are involved.

We have verified that the kinetics of current changes 
thought to reflect myocyte volume are sensitive to 
changes of osmolarity and therefore changes of myocyte 
volume (Fig. 14). The time constant of current decay is 

predictably increased by swelling cells via pipette solu-
tions that are 100 mM hyperosmotic, and the time con-
stant of current decay predictably decreases in response 
to extracellular solutions that are made 220 mM hyper-
osmotic. In fact, the responses are larger than expected 
from the percentual changes of osmolarity. This out-
come is readily explained. The establishment of whole-
cell patch clamp does not dissipate but in fact supports 
and maintains the osmotic gradients that drive water 
movements across the plasmalemma. In the absence of 
regulatory volume responses and restorative forces, im-
position of an osmotic gradient will cause unrelenting 
volume changes during patch clamp. Because solute 
exchange to the patch pipette is more rapid than the 
equilibration of water (Fig.  14), the volume of patch-
clamped myocytes need not return to control values 
after removing an osmotic gradient (Fig. 14 A).

Finally, we stress that our results do not contradict a 
wide range of studies that indicate significant complex-
ities of diffusion in the myocyte cytoplasm. We, like oth-
ers, are impressed that monovalent ions evidently enter 
the myoplasm through patch pipettes in an unimpeded 
fashion, consistent with recent estimates of Na diffusion 
coefficients in myocytes (Swietach et al., 2015). On the 
other hand, diffusion of organic molecules as small as 
cAMP appears to be hindered much more significantly 
by the myocyte tortuosity and/or molecular crowding 
(Agarwal et al., 2016; Richards et al., 2016; Yang et al., 
2016). Uncertainties remain impressive, and it might 
be interesting to attempt to address them for myocytes 
with some type of molecular simulation. It would also 
be of interest to perform equivalent experiments in 
myocytes from different species with a lower mitochon-
drial content. Ion exchange times and/or Na/K pump 
inactivation times are substantially longer, for example, 
in guinea pig myocytes (Fujioka et al., 1998) than de-
scribed here in mouse myocytes.

Implications of Na/K pump inactivation for cardiac 
Na/K pump function and Na homeostasis
This study supports the hypothesis that Na/K pump ac-
tivity in murine myocytes is controlled by autoregulatory 
reactions that enhance pump activity secondarily when 
cytoplasmic Na rises and suppress pump activity when 
cytoplasmic Na declines. The inactivation mechanism 
is also voltage dependent, being promoted by hyper-
polarization when cytoplasmic Na is in a physiological 
range (Fig. 5). The mechanism may therefore be of sub-
stantial physiological importance, and it will be of great 
interest to determine if the regulatory properties are 
isoform and/or tissue dependent. Mouse cardiac myo-
cytes contain primarily type 1 and 2 α pump subunits 
(Dostanic et al., 2004). Because pump currents can in-
activate almost completely (e.g., Fig. 5 A at −60 mV or 
with cytoplasmic Na <15 mM; Lu et al., 2016), it seems 
likely that both of these isoforms undergo inactivation.
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As demonstrated in simulations (Fig.  15), the inac-
tivation mechanism effectively accelerates myocyte Na 
homeostasis and maintains cytoplasmic Na concentra-
tions more nearly constant than would otherwise be 
the case. That transporters might use ion binding by 
their transport sites to regulate their activity is previ-
ously documented for Na/Ca exchangers, which inacti-
vate preferentially when all three Na transport sites are 
occupied (Hilgemann et al., 1992). Na/H exchangers 
also appear to have a Na-dependent inactivation mech-
anism that depends on a pertussis toxin-sensitive G-pro-
tein (Ishibashi et al., 1999; Hilgemann et al., 2006). In 
pathological settings, both transporters are thought to 
become culprits, the former promoting Na influx to-
gether with sustained Na channels (Belardinelli et al., 
2015; Cardona et al., 2016) and the latter promoting 
Na-dependent Ca influx (Tang et al., 2012). The time-
and Na-dependent recovery from inactivation of Na/K 
pumps would logically work against the ensuing prob-
lem that excess Na load causes excessive Ca load. As 
a final perspective, we underscore that the Na-depen-
dent inactivation of Na/K pumps in murine myocytes is 
strongly regulated by cytoplasmic Ca, being attenuated 
by transient Ca elevations, perhaps with an involvement 
of lipid signaling mechanisms (Lu et al., 2016). Given 
the strong dependence of cardiac excitation–contrac-
tion cycle on the transsarcolemmal Na gradient (e.g., 
Brill and Wasserstrom, 1986), this could be a mecha-
nism through which cardiac myocytes regulate their 
contractile activity by modifying the Na gradient.
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