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Abstract.

Using both optical and electrical methods, we document that solute diffusion in the cytoplasm
of BL6 murine cardiac myocytes becomes restricted >30-fold as molecular weight increases
from 30 to 2000, roughly as expected for pores with dimensions of cardiac porin channels. The
Bodipy-FL ATP analogue diffuses ~50-fold slower in BL6 cardiac cytoplasm than in free water.
From several fluorophores analyzed, our estimates of bound fluorophore fractions range from
0.1 for a 2 kD FITC-labeled polyethylene glycol to 0.93 for sulforhodamine. We estimate that
diffusion coefficients of unbound fluorophores range from 0.5 to 8 x 10”7 cm?/s. Analysis of
Na/K pump and veratridine-modified Na channel currents confirms that Na diffusion is nearly
unrestricted (time constant for equilibration with the pipette tip, ~20 s). Using three different
approaches, we estimate that ATP diffuses 8 to 10-times slower in the cytoplasm of BL6
myocytes than in free water. To address whether restrictions are caused more by cytoplasmic
protein or membrane networks, we verified first that a protein gel, 10 gram% gelatin, restricts
solute diffusion with strong dependence on molecular weight. Solute diffusion in membrane-
extracted cardiac myofilaments, confined laterally by suction into large-diameter pipette tips, is
however less restricted than in intact myocytes. Notably, myofilaments from equivalently
extracted skeletal (diaphragm) myocytes restrict diffusion less than cardiac myofilaments.
Solute diffusion in myocytes with sarcolemma permeabilized by B-escin (80 uM) is similarly
restricted as in intact myocytes. Diffusion restriction in cardiac myocytes is strain-dependent,
being about two-fold greater in BL6 myocytes than in myocytes with a CD1/J6/129sv)
background. Furthermore, diffusion is 2.5-fold more restricted in CD1/J6/129sv] myocytes
lacking the mitochondrial porin, Vdac1, than in WT CD1/J6/129sv) myocytes. We conclude that
both myofilaments and mitochondria networks restrict diffusion in cardiac myocytes. As a
result, long-range solute diffusion may preferentially occur via passage through porin channels
and intramembrane mitochondrial spaces, where diffusion is less restricted than in
myofilament spaces.
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Introduction.

The evolution of cellular life was shaped profoundly by the physical properties of diffusion in
aqueous solutions (Gallet et al., 2017). Diffusion limits the dimensions of cells and determines
how cells can be organized into viable three-dimensional tissues. The circulatory system can be
viewed as an evolutionary response to the limits of diffusion (Popel, 1989). Nevertheless, the
magnitudes of ion and solute gradients during many physiological processes remain poorly
established, and significant questions remain as to how local diffusion is influenced by cellular
protein matrices and membrane networks (Wheatley, 2003; Sanabria et al., 2007). For skeletal
muscle, one of the most influential analyses appeared in 1969 (Kushmerick and Podolsky,
1969). As expected from the fact that Ca is heavily buffered by Ca-binding proteins, Ca
diffusivity is reduced 50-fold in muscle versus free water. In contrast, monovalent ions and ATP
were shown to diffuse only about two-fold less well than in free water. While these impressions
have by-and-large been supported for skeletal muscle, several studies highlighted next suggest

that solute diffusion is more restricted in cardiac myocytes and requires further attention.

Diffusion of sodium ions in cardiac myocytes has been controversial for decades, a key proposal
being that cytoplasmic Na diffusion is selectively restricted in subsarcolemmal spaces
(Carmeliet, 1992), such that large changes of local Na concentrations occur during Na transport
(Verdonck et al., 2004). Although subsarcolemmal Na gradients are now questioned (Swietach
et al.,, 2015; Garcia et al., 2016; Lu and Hilgemann, 2017), cardiac Na channels (NaV's) and Na/K
pumps are still proposed to generate local Na gradients that require many seconds, even
minutes, to dissipate (Skogestad et al., 2019). Therefore, we reexamined this issue and verify

here that Na diffusion in cardiac myocytes is effectively unrestricted.

The diffusion of organic solutes within protein gels, as well as other polymers, is highly complex
(Masaro, 1999; Sanabria et al., 2007). Already in 1930 it was described that organic solutes
encounter diffusion barriers in fine-grained gelatin with size exclusion behavior expected for 1
to 2 nanometer pores (Friedman, 1930). For muscle, the diffusion of nucleotides naturally

received more attention than other solutes, given the roles of nucleotides in energy
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metabolism (Saks et al., 1994; Jepihhina et al., 2011) and cell signaling (Jones, 1986; Weiss and
Lamp, 1987, 1989). Von Wilhelm Hasselbach reported in 1952 that the diffusion coefficient of
ATP in skeletal muscle was ~3-10® cm?/s (Hasselbach, 1952), 100 times smaller than in free
water (3 to 7 x 10® cm?/s, in the presence and absence of monovalent ions, respectively)
(Bowen and Martin, 1964). The coefficient given by Hasselback was later questioned and
corrected for glycerol-treated muscle to a value of 2x10® cm?/s or about one-half the free
diffusion of ATP in water (Bowen and Martin, 1963). This corrected value is essentially the same
as suggested later for intact skeletal muscle (Kushmerick and Podolsky, 1969). Baylor and
Hollingworth used a coefficient of 1.4 x 10°® cm?/s in their 1998 model describing how Ca
buffering by ATP can facilitate cytoplasmic Ca diffusion in frog skeletal muscle (Baylor and
Hollingworth, 1998). The diffusion coefficient of a non-hydrolyzable ATP analogue in a muscle
extract was found to be somewhat smaller, namely 10® cm?/s (Sidell and Hazel, 1987).
Importantly, 3'P NMR studies of ATP in skeletal muscle (Hubley et al., 1995; de Graaf et al.,
2000) are overall consistent with these results and suggestions. Notably, the latter study (de
Graaf et al., 2000) employed fibers with a low mitochondrial content and showed that
‘instantaneous’ ATP diffusion occurs with no restriction at all, while diffusion over long
distances becomes restricted by about 60% with apparent boundaries occurring at distances of
15 to 22 um. As described next and verified in our experimental results, this pattern of long-
range diffusion restriction appears to be more pronounced in cardiac myocytes than in skeletal

muscle.

The existence of cytoplasmic free ATP gradients in a variety of cell types has been indirectly
supported by multiple experimental methods. Functionally important cytoplasmic ATP
gradients were indicated by ‘cryomicrodissection’ studies in oocytes (Miller and Horowitz,
1986). Relevant to membrane transport, membrane cytoskeleton was proposed to define pools
of ATP in red blood cells that are functionally distinct from bulk cytoplasmic ATP (Chu et al.,
2012). In other words, protein networks, as well as membrane networks, are proposed to

restrict diffusion of organic solutes to a physiologically important extent.
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Multiple studies suggest that diffusion of organic solutes is substantially restricted in cardiac
myocytes: The diffusion coefficient of a fluorescent ATP analogue was determined in rat cardiac
myocytes to be as small as suggested for ATP itself by Hasselbach, namely 0.7-4 x 108 cm?/s
(lllaste et al., 2012). This result was interpreted in terms of lattice-like diffusion obstructions in
cardiac myocytes. Specifically, diffusion barriers would occur at ~1 um distances with barrier
pores making up only 0.3% of the barrier surfaces. The barriers were suggested to be
membranous in nature, with mitochondria, T-tubules and sarcoplasmic reticulum potentially all
taking part. Using sarcolemma-permeabilized cardiac myocytes, this group also showed that
cytoplasmic ADP diffusion is restricted 6- to 10-fold (Simson et al., 2016). Similar ATP
derivatives, other fluorophores and absorbance dyes appear to diffuse in a substantially
restricted manner in cardiac muscle, and to a lesser restricted extent in skeletal muscle. Free
(unbound) Fura-2 diffuses with a diffusion coefficient of 0.52 x 10 ® cm?/s in skeletal muscle
(Pape et al., 1993), just 10-times slower than it diffuses in free water (Timmerman and Ashley,
1986). The absorbance dye, arsenazo Ill has a free diffusion coefficient of 0.8 x 10® cm?/s in
skeletal muscle with about 90% of the dye being bound. Using a photobleach method, the
apparent diffusion coefficients for free Fura-2 and Indo-1 Ca dyes in guinea pig cardiac
myocytes were determined to be 1.6 and 3.2 x 10”7 cm?/s, respectively (Blatter and Wier, 1990).
Assuming that these dyes diffuse at about 10® cm?/s in free water, these authors concluded
that the fluorophores diffuse only 3 to 6 fold slower in myoplasm than in free water. In fact,
the diffusion coefficient of Fura-2 in water had been determined to be 4.7 x 10°® cm?/s
(Timmerman and Ashley, 1986), indicating that dye diffusion is 15 to 30 times slower in guinea

pig cardiac myocytes than in free water.

The existence of cyclic nucleotide gradients in many cell types has been inferred for decades on
the basis of both functional and optical studies (Hayes and Brunton, 1982; Jurevicius and
Fischmeister, 1996; Agarwal et al., 2016). Although buffering of cAMP by its binding sites and
hydrolysis of cAMP by phosphodiesterases likely support these gradients, additional factors are
also thought to be involved (Agarwal et al., 2016). It is proposed for cardiac myocytes that
diffusion of all molecules larger than ions becomes restricted about 10-fold as a result of

‘cytoplasmic tortuosity’ (Richards et al., 2016). Specifically, these authors found that diffusion
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coefficients of multiple fluorophores in cardiac myocytes were ~4 x 107 cm?/s, and they
proposed that intracellular membranes, in particular mitochondrial membranes, would likely
account for diffusion restriction. Notably, this same group found with similar optical methods
that Na diffusion was nearly unrestricted (Swietach et al., 2015). Why ions would experience
much less tortuosity than small organic solutes was not explained. Similar to fluorescent ATP
analogues, fluorescent cAMP analogues are described to diffuse about 50 times more slowly in
the cytoplasm of cardiac myocytes than in free water (Sidell and Hazel, 1987). Also similar to
results for ATP analogues, diffusion of cAMP would appear to be restricted in a cell-specific
manner. In olfactory cilia, for example, cAMP is described to diffuse in an unrestricted manner

(Chen et al., 1999).

With this background, we carried out new experiments to characterize diffusion of multiple
commonly employed fluorophores in murine cardiac myocytes, we devised protocols to
indirectly characterize diffusion of native solutes in myocytes, and we devised experiments to
compare diffusion of monovalent anions of different molecular weights in membrane-extracted
and sarcolemma-permeabilized cardiac myocytes. We provide evidence that myofilaments
themselves can restrict diffusion, but we also show that the outer mitochondrial membrane
importantly restricts diffusion in the cytoplasm of cardiac myocytes. We describe that diffusion
restrictions depend on the strain of mice from which myocytes are isolated and that knockout
of the mitochondrial porin channel, Vdac1, decreases the apparent diffusion coefficients of ATP
and fluorophores by more than two-fold. Given that diffusion restrictions in cardiac myocytes
are imposed by both myofilaments and mitochondria, we suggest that the combined
restrictions promote cytoplasmic solute diffusion to occur through intermembrane

mitochondrial spaces.
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Methods and Principles.

Murine myocytes and patch clamp. The UT Southwestern Medical Center Animal Care and
Use Committee approved all animal studies. Cardiac myocytes were isolated from adult (2.5 to
4 month old) mice of either sex and patch clamped as described previously (Lu et al., 2016).
Diaphragm myocytes were isolated by gently agitating excised pieces of diaphragm muscle for
30 min in the same solutions employed for cardiac myocyte isolation. Axopatch 1C patch clamp
amplifiers were employed using our own software (Wang and Hilgemann, 2008). Unless stated
otherwise, solutions had the same compositions as employed previously (Lu et al., 2016; Lu and
Hilgemann, 2017). As indicated, N-methyl-D-glucamine (NMG) was used as the substitute for
extracellular Na. All experiments were performed at 0 mV. Na/K pump-related experiments
were performed at 35°C. Pump currents are activated by exchanging 7 mM extracellular Na for
7 mM extracellular K. The presence of 7 mM Na in the K-free solution is required to suppress
pump activation by contaminating K in routinely available chemicals (Lu et al., 2016).
Conductance measurements were performed with our own software (Wang and Hilgemann,
2008), employing either sinusoidal or square-wave voltage oscillations of 3 to 10 mV at 0.1 to

0.5 KHz.

Extracellular solution changes were performed by abruptly moving the microscope stage so as
to place the myocyte directly in front of 1 of 4 square pipettes (1 mm) with solution steams
maintained by gravity-driven flow at velocities of 2 to 5 cm/s. The rapidity of solution changes
was quantified from the deactivation of Na/K pump currents upon removing extracellular K.
The moment when myocytes crossed the interface between two solutions was detectable as a
small current instability, and the subsequent time required for pump current to decay by >50%
amounted to 20118 ms. Since the half-maximal K concentration is less than 0.3 mM, this
corresponds to ~4 half-times of solution exchange. For optical experiments, we patch clamped
myocytes close to one myocyte end so that the diffusion path constituted most of the length of

the myocytes.

Transgenic Mice. Knockout of VDAC1 has partial embryonic lethality in the BL6 mouse strain
(Weeber et al., 2002). Therefore, VDA1 knockout mice were bred in a CD1/J6/129svJ strain.
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Diffusion models. Simulation and experimental models employed in this study are illustrated in
Fig. 1. Diffusion was simulated in one dimension, as shown in Fig. 1A and described
subsequently. Experimental models employed are illustrated in Figs. 1B to F. Patch clamp of
intact myocytes. Fig.1B illustrates patch clamp of murine cardiac myocytes from close to one
end to generate a diffusion distance of ~120 um. Membrane-permeabilized myocytes. As
shown in Fig. 1C, membrane-permeabilized myocytes were aspirated into highly polished,
large-diameter pipette tips to monitor diffusion through a restricted myofilament. To do so,
borosilicate pipette tips were cut and melted to generate bullet-shaped tips with thick (>5um)
terminal walls and openings of 6 to 12 microns (Hilgemann and Lu, 1998). Myocytes selected
with a receding appendage, allowing them to be rapidly sucked into the pipette tip in a
mechanically stable fashion. Using intact myocytes, the seal resistances achieved with standard
recording solutions were minimally 20 MQ. For some experiments, the myocyte sarcolemma
was permeabilized during experiments with the saponin, B-escin (80 uM). To characterize
diffusion restrictions conferred by myofilaments themselves, membranes were extensively
extracted for 2 to 10 days in solutions consisting of 50% glycerol with 1 mM Triton X-100, 1 mM
EGTA, and 2 mM MgATP at 4°C. Additional details are provided subsequently. As illustrated in

Fig. 1C, we estimate that the restricted diffusion path amounted to distances of 20 to 30 um.

Diffusion through viscous solutions containing macromolecules. Figures 1D to 1F illustrate
three means employed to characterize solute diffusion through viscous solutions of
macromolecules. Results from these experiments are described in Supplemental Data. First,
such mixtures were aspirated into the tips of pipettes similar to those used with myocytes. In
addition, as shown in Fig. 4E, we employed 1 mm diameter borosilicate pipettes whose tips
were melted on a glass flame, so as to generate nearly linear vestibules with lengths of 0.25 to
0.5 mm and diameters 30 to 60 um. Micrographs are provided in Sup. Fig. 4. As shown in Fig.
1F, for optical measurements of diffusion over large distances, either in free water or in the
presence of macromolecules, borosilicate glass capillaries with inner diameters of 1 mm and
lengths of 8 cm were filled by negative pressure over a 4 cm distance with a chosen solution of
desired composition. The corresponding end was sealed by dipping into molten dental wax and

allowing the wax to harden. Then, the remaining half of the pipette was filled via a fine
8
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polyethylene tubing (~0.1 mm outer diameter) taking care to avoid solution mixing. The distal
end of the tube was then also sealed with molten dental wax. Finally, to measure the
conductance of solutions in relation to fixed dimension, we employed 15 cm long lengths of
Tygon® tubing with an inner diameter of 0.5 mm (not shown). Solutions were aspirated into the
tubes by negative pressure, and the ends were placed into chambers containing 30 mM KCl

solutions with silver/silver chloride electrodes for conductance measurements via patch clamp.

When gelatins were employed, they were prepared as an equal mix of Type A and Type B
gelatins (Sigma-Aldrich). The gelatins were cleaned by allowing them to set first in a 10 cm
diameter beaker at a thickness of ~0.5 cm. After setting, gelatins were soaked with a chosen
solution and tilt-rocked for 2 to 3 days. The gelatin was then re-liquified by heating and was
allowed to set for 10 min in pipettes before filling the empty pipette region with gelatin-free
solution. Fluorophores were added to either the gelatin solution or the gelatin-free solution, or
both, as indicated in relevant Supplemental Data. After intervals of an hour to 7 days, the tubes
were imaged with a Biorad Chemi-DOC MP imaging system to assess diffusion of fluorophores

or fluorophore ligands.

Concentration-conductance relations relevant to this study. Figure 2A shows a log-log plot of
the concentration-conductance relationship obtained for KCl in 15 cm long, 0.5 mm diameter
tubes. Over three log units, from 40 uM to 200 mM, the concentration-conductance relation
appears linear. When plotted with a linear concentration scale, however (Fig. 2B), the well-
known non-linearity of this relationship is apparent. The results in Fig. 2B are fitted by assuming
that the conductance (G) reflects a simple dissociation reaction of KCl with the dissociation

coefficient, Kg,
(1) G=GmaxX (-Ka+ V(K¢*+4 x C x Kg))/2,

where C is the concentration of salt added to solution. A dissociation constant of about 2 M
accurately predicts that 8% of KCl is undissociated in a 200 mM KClI solution. As needed to
characterize ATP diffusion via conductance changes, Fig. 2C shows the equivalent titration of

K(Mg)ATP, diluted from a 120 mM stock solution of MgATP that was set to pH 70 with KOH. The
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relationship is substantially more non-linear than for KCl, and the best fit to equation #1 has a
dissociation constant for K(Mg)ATP of 58 mM. For measurement of NaCl diffusion, Fig. 2D
underscores via a log-log plot that nonlinearity of the NaCl concentration-conductance relation,
determined in this case by aspirating solution the tip of a patch pipette, is similar to that of KCI.
Both experimental (Artemov, 2015; Kamceva, 2018; Widodo, 2018; Lee, 2020) and theoretical
(Lee, 2020) studies show that non-linearities o the relationship amount to less than 10% under
conditions of our experiments. In conclusion, the nonlinearity, predicted by Kohlrausch (Lee,
2020), i.e. the dependence of molar conductivity (Am) on the limiting molar conductivity (A°m)
as a function of concentration (¢, Am=Aom-K-c'/2), can be ignored for KCl and NaCl, but not for

K(Mg)ATP, in our experiments.

Simulations of diffusion in one dimension. For all simulations of diffusion, 10 to 30 discrete
compartments were assumed (see Fig. 1A) with diffusion between compartments determined

by a diffusion coefficient, Dx with no dependence on concentration:
(2) AC; = (Ci-1-Ci) x Dx/ dA? x At with
(3) Ciit+a = Ciirt - AG and Ciwa=Cit + AGi.

Simulations were performed with dA in cm, Dx in cm?/s and concentrations in mM. As outlined
previously (Lu and Hilgemann, 2017), we estimate the cytoplasmic mixing volume of murine
cardiac myocytes be ~12 pL, which corresponds to ~30% of their geometrical volume (~36 pL).
In all simulations, the concentration of the 1t compartment was fixed and changed at given
times to simulate addition or removal of solutes from the pipette tip. For cardiac myocytes
(Fig.1B), the diffusion constant at the Ci; interface was reduced to mimic an input resistance
that was 3 to 4 fold greater than the total longitudinal myocyte resistance with 120 mM KCI.
For myocytes, the nth compartment communed only with the n-1 compartment, while for
other models the concentration of the nth compartment was fixed at the solute concentration
included initially in the pipette. For simulations of diffusion in long (8 cm) pipettes, the initial

condition was that the two halves of the pipette contained two different solute concentrations.
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All simulations enforce electroneutrality and implement Kohlraush’s principle that solution
conductivity is proportional to the sum of the products of all free ion concentrations with their
respective diffusion coefficients. For routine purposes, we did not calculate absolute
conductances. As shown in Flg. 3, the coupled diffusion of a single monovalent anion/cation

pair (X*Y) is accurately described by the coupled diffusion coefficient, Dxy, where
(4) Dxy = 2 X Dx+ X Dy-/ (Dx+ + Dy.) .

To demonstrate this and to allow simulation of all monovalent ions commonly employed in
experiments, Na, Cl, K and one anion (A), the diffusion equation for each ion is modified by an
electrochemical factor, Ke, corresponding to the local electrical field as e®5*Z"A%xF/RT - Assuming

that A is monovalent, then Ke is calculated as follows:
(5) Ki = Da X Ai-1 +Dci X Cli.1 + Dna X Nai+ Dk x K; , and
(6) K2 = Da X Ai +Dci X Cli+ Dna X Naj-1+ Dk x Ki.1 |, with
(7) Ke = (K1-K2 )/(K1+K3).

Employing these equations for one anion and one cation, it is shown in Fig. 3A that results
employing a coupled diffusion coefficient (3) and the equation set (5 to 7) generate essentially
the same results, here for 40 mM of an ion pair added to and removed from a base solution
with 1 mM of the same ion pair. Diffusion was simulated over a distance of 120 um through a
open-ended column, as drawn in Fig. 1A. The left and right panels show results for identical
anion and cation diffusion coefficients and for a 10-times lower anion coefficient, respectively.
From top to bottom, the plots give the average ion concentration, the relative conductance of
the diffusion column, and the first derivative of the conductance. Also plotted but not visible,
single exponential functions can be fit accurately to the rising and falling conductance curves
over 80 to 90% of their time course (red versus blue curves). As shown in Fig. 2B, the rate
constants determined in this manner (X axis) can be used to determine the anion diffusion
coefficient (Y axis). To do so, equation 3 is rewritten to calculate the anion diffusion coefficient
from the rate constants of conductance decay, which in turn can be demonstrated to be

proportional to the coupled diffusion constant.
11
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(8) Danion ™ Kdecay/(z‘Kdecay) .

As the anion diffusion coefficient is decreased, the decay rate decreases as indicated in Fig. 2B.
The coupled coefficient decreases at first approximately with the square root of the diffusion
coefficient. Then, as the anion diffusion coefficient decreases more than a factor of 10, the

decay constants decrease linearly with the diffusion coefficient.

To evaluate Na diffusion and accumulation in myocytes, simulations were extended to include a
surface membrane Na current. To evaluate additionally MgATP diffusion into myocytes from
the pipette tip, simulations were developed for four ions. For a patch clamped myocyte at 0
mV, the Na current was simply assumed to be proportional to the Na concentration difference
across the plasmalemma. In the absence of extracellular Na, the current is calculated in pA
(Inai=Naj x Gna), and the electrochemical factor, Ke, is modified to include the cytoplasmic ionic
flux (i) as Ke'. The modified factor then reflects the Na current occurring within each
compartment plus the sum of Na currents occurring distal to that compartment (> Inai to Inan).
The charge flux, calculated in millimole/L/s, is then the local current in pA divided by 100 and

the compartment volume in pL:
(9) Ke' =(K1-K2+|i /100/pLi)/(K1+K2)

To reconstruct experimental results, four ion concentrations are then simulated as follows
where A is an anion with diffusion coefficient, Da, Cl is chloride, Na is sodium and K is

potassium:

(10)  AA=Dax (Ai1x Keq'-Ai/Keq') / d\?> x At
(11)  Ai1=Ai1-AA and A=A+ AA

(12)  ACl=Dq x (Cli.1 x Keq' -Cli/Keq') / dA? x At
(13)  Cli1=Clis - ACI and Cli=Cl; + ACI

(14) AK=Dg x (Ki1i/Keq'-Ki xKeq')/dA? x At
(15) Ki1=Ki1 - AK and Ki=K; + AK

12
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(16) ANa =Dna x (Nai1/Keq'- Na; xKeq') / d\? x At
(17)  Nai-1=Ni1- ANa and Nai=Nai+ ANa - Nai x G" x 100/pLi x At

MgATP is often assumed to carry about 2 negative charges at pH 7. Without Mg, the 4™ proton
site of ATP is ~1/2 dissociated at pH 7.2 (Stockbridge and Wolfenden, 2009). It has been our
routine observation, however, that titration of high-grade MgATP (Sigma-Aldrich) yields pH
values higher than 7.0 with addition of 1.2 moles of alkali per mole of MgATP. This is consistent
with the 4™ protonation site remaining largely undissociated at pH 7.2. 3P NMR analysis of
MgATP solutions with extended pH titrations supports the conclusion that valence of MgATP at
pH 7.0 is about -1.2 (Song, 2008). 3P NMR also indicates that ATP dimers, as well as
monovalent cation ATP complexes, are likely physiologically significant ATP complexes in cells
(Glonek, 1992). All results presented in this article simulate MgATP as a monovalent anion, but
results were not significantly different when routines were developed to simulate ATP valences

over a range of -1.2 to -2.0.

To simulate diffusion through pipette tips, the total tip conductance is the reciprocal of the
total pipette tip resistance. For our purposes, it was adequate to employ relative conductivities,
corresponding to the sum of the local ion concentrations, multiplied by their respective

diffusion coefficients. Therefore, for simulations of Na, Cl, K and one additional anion,
(18) Gi ~ Najx Dna + Kix Dx + Cli x Dci +Ai x Da ,

with the total pipette tip conductance, Giotal, being inversely proportional to the sum of the

compartment resistances in series:
(19) Gtotal ~ 1/(2 1/Glto n)-

For simulation of pipette tips with long diffusion paths, the pipette dimensions were
reconstructed digitally and used to simulate diffusion in the tip through linear compartments
with increasing diameters at increasing distances from the tip opening. For simulations of
pipette tips with aspirated myocytes, we assumed that the limiting pipette tip conductance

arose from a restriction 10 to 30 um long with diffusion taking place over an additional 5 to 15
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um with similar diffusion characteristics. All simulations were carried out with error checking

and step-size adjustment to ensure accuracy within line-width of plotted results.

Figures 4 illustrates one further simulation result that is important for this study, namely an
analysis of multiple kinetic components when three ions are present in experiments. In this
example, a 20 um diffusion path is assumed to be open at both ends (approximating Fig. 1D)
with 100 mM KCI being present initially on both sides of the confined path. In the hypothetical
experiment, 50 mM K(Mg)ATP is applied to one side in addition to 100 mM KCI for 3 s. The
diffusion coefficient of the ‘monovalent’ (Mg)ATP anion is varied by 16-fold. For results in Fig.
4A, the diffusion coefficient of ATP is 0.8 x 10-5 cm?/s while that of both K and Cl is 2 x 10
cm?/s. The rising and falling conductance curves have fast and slow components, the fast
component corresponding to the coupled diffusion constant of KCl and the slow component
corresponding to the coupled diffusion coefficient of K(Mg)ATP. In brief, the fast component
corresponds to an initial diffusion of KCl| into the confined space, as K diffuses ahead of
K(Mg)ATP into and out of the confined space. The slow component corresponds to exchange of
excess Cl in the confined space for (Mg)ATP, followed by coupled diffusion of K(Mg)ATP. The
red curves in Fig. 4A are the best fits of double exponential functions to the simulated
conductance curve. The recovered time constants are in good agreement for the rising and
falling phases. Fig. 4B plots results of simulations in which the anion (MgATP) diffusion
coefficient was decreased by 12-fold from that of Cl. The slow exponential time constant,
relative to the time constant with all diffusion coefficients being equal, is plotted on the Y-axis
against the assumed diffusion coefficient of MgATP on the X-axis, relative to that of Cl. The slow
exponential phase of both the rising and falling conductance curves represent accurately the
ratio of the diffusion coefficient of the second anion (i.e. MgATP) to that of KCI (i.e. the time
constant of the fast exponential in the two-exponential fit). In Results, these same principles
will be exploited to analyze coupled diffusion of Na with Cl, aspartate, MgATP, and an anionic

polyethylene glycol.

Materials. Unless stated otherwise, chemicals were from Sigma-Aldrich (St. Louis, MO) and

were the highest grade available. Unbranched FITC-labelled polyethylene glycols (PEGs) were
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purchased from Creative PEGWorks (Chapel Hill, NC, 27516). Except for carboxyfluorescein and
sulforhodamine, other fluorophores were from Invitrogen. Luciferase was from Creative
Biomart (Shirley, NY). Purified GFP was a generous gift of Michael Rosen (UTSouthwestern).
VDAC1 knockout mice were bred in a C57BL6 background (Anflous et al., 2001; Kim et al.,
2019), and control myocytes for the relevant experiments were of the same sex and

background as knockout myocytes.

Fluorescence imaging of cardiac myocytes. Imaging at near confocal resolution was carried out
with an Aurox Clarity laser-free microscopy imaging system (Abingdon, Oxfordshire, OX14 3DB,
UK) employing a Nikon Eclipse TE 2000-S inverted microscope. A 40x water immersion lens was
employed. All solutions were filtered with 0.22 um syringe filters to remove aggregates. The
times given in figures are the times after myocyte opening by suction. Optical experiments
were performed at 25°C . To minimize photo-bleaching, images were taking at intervals of 30 to
60 s employing exposure times as short as possible to allow accurate image analysis, usually 0.2

S.

Statistics. Statistical significance was assessed via Students T-test after determining that results

were distributed normally. Error bars in figures represent standard errors
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Results.

Diffusion of fluorescent dyes in free water revisited. As noted in the Introduction, surprisingly
different diffusion coefficients have been assumed for common fluorophores in free water.
Therefore, we determined again the diffusion coefficients of several commonly employed
fluorophores in water in 8 cm long, 1 mm diameter pipettes. The solution contained 150 mM
KCl, 1 mM EGTA and 5 mM HEPES, set to pH 7.4 with KOH. As described in methods, pipettes
were filled to 4 cm via negative pressure with either dye-containing solution or dye-free
solution. Then, the remaining 4 cm of pipette was filled with the complementary dye-free or
dye-containing solution, pipettes were incubated in the dark at room temperature for 1h to 72
h and were imaged as described in Methods. Fig. 5A shows the 1 h and 48 h profiles for
Bodipy-ATP in gray and black, respectively. Figs. 5B, C and D show the 48 h profiles in black for
Fluo3, Mg-Green and Fluo-5N, employed at concentrations of 1 to 10 uM. In addition, each
panel shows the relevant simulations for diffusion coefficients of 10® cm?/s and 4.5 x 10°®
cm2/s. In all four cases, including 20 similar experiments, the 48h diffusion profile is described
well by a diffusion coefficient of ~4.5 x 10® cm? /s, and the profile for 10® cm?/s is ~4-fold too

steep, indicating that it underestimates diffusion of fluorophores in water by about 4-fold.

Diffusion of Bodipy-FL-ATP in myocytes. Figure 6 describes the time course with which the
fluorescent ATP analogue, Bodipy-FL-ATP, enters a mouse myocyte from a patch pipette and
diffuses from one end to the other of the myocyte. Micrographs of the patch pipette tip are
shown just after opening the myocyte, as well as at 30 and 60 min time points (A-C). Total
fluorescence of the myocyte increases to a plateau with a time constant of 16 min (D). Even
after 60 min, line scans reveal longitudinal Bodipy-FI-ATP gradients in the cytoplasm, decreasing
from the pipette tip to the opposite myocyte end (E). Fluorescence of the myocyte cytoplasm
protrudes clearly into the pipette tip (see micrograph B). Line scans across the pipette and the
width of the myocyte (F) show that the accumulation of dye in extracted cytoplasm versus the
pipette tip, itself, amounts to about 30%. Furthermore, fluorescence of the cytoplasm proper
does not exceed one-half of the pipette fluorescence, even after 1 h. Accordingly, dye binding

to cytoplasmic constituents cannot explain the slow time course with which dye equilibrates
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with the cytoplasm. To simulate qualitatively the time course of equilibration (G) and the
longitudinal gradients after 30 and 60 min (H), a diffusion coefficient of not more than 3 x 108
cm?/s is required. As apparent in Fig. 5H, the simple simulation of diffusion through a column
120 pm in length does not reproduce in detail the longitudinal fluorescence gradients (Fig. 4H).
Nevertheless, the fact that fluorescence continued to increase beyond 30 minutes in all
experiments is unambiguously consistent with a diffusion process >50-fold slower than in free
water, clearly confirming the results of others using other techniques to estimate diffusion

coefficients (lllaste et al., 2012).

Diffusion of all fluorophores is restricted in myocytes. Figure 7 presents equivalent diffusion
experiments for 7 fluorophores. Panels A and B present results for sulforhodamine (MW, 559)
and carboxyfluorescein (MW, 376). From all fluorophores examined in myocytes,
sulforhodomine showed the highest degree of accumulation in cytoplasm with respect to the
pipette. This is apparent in the micrograph from the fact that the pipette tip (marked with a
diamond) is hardly visible, whereas cytoplasm that is drawn into the pipette tip in line scan #2 is
bright. As shown in the middle panel, sulforhodamine equilibrated with the cytoplasm with a
very long time constant, on average 28 min (n=5). As evident in line scan #1 in the right panel,
the longitudinal gradient was very strong even after 50 min. As apparent in line scan #2, the dye
accumulated in the cytoplasm by at least 8-fold with respect to the pipette tip. Obviously, dye

binding to cytoplasmic constituents is a strong determinant of sulforhodamine diffusion.

As shown in Fig. 7B, carboxyfluorescein behaves very differently. The fluorescence of the
cytoplasm remains less than that of the pipette tip, indicating that binding to cytoplasmic
constituents is weak or negligible. The average time constant for equilibration of dye with the
cytoplasm is 10 min (n=6), almost three times less than for sulforhodamine. Notably, the
gradient of dye remains substantial after 1 h (see right panel of Fig. 7B). From the rough

estimate that D=A%/2/x, the diffusion coefficient is about 107 cm?/s.

Fig. 7C shows results for the Na-selective dye, Asante Sodium Green-2 (ASG2, MW 1100),
equilibrated with a myocyte in the absence of both extracellular and intracellular Na. While

this dye exhibits very little fluorescence in a cuvette in the absence of Na, it fluoresces strongly
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as it diffuses into myocytes in the absence of Na. Clearly, it binds constituents of the cytoplasm
and fluoresces as a result. The time constant for dye equilibration is still longer (38 min) than
that of sulforhodamine, and the longitudinal gradient remains strong after 1 h. The results
demonstrate that ASG2 is NOT a Na-selective dye in the myocyte environment. Since it has
negligible fluorescence in the pipette, we cannot estimate the extent to which it binds.
However, even if 90% is bound in myocytes, the diffusion constant must be less than 107 cm?/s

to account for the time course.

Figures 7D, 7E, and 7F present the diffusion into myocytes of three FITC-labeled PEGs of
increasing molecular weight. As shown in Fig. 5D, a 0.5 kD FITC-PEG equilibrates with the
cytoplasm with a time constant of 11 min (n=6), more slowly than carboxyfluorescein but more
rapidly than sulforhodamine. There was no accumulation in the cytoplasm versus the piptte tip,
and the longitudinal gradient remained strong after 1h. Diffusion of a 2 kD PEG (e) was slower
by a factor of two (23 min time constant), and a 10 kD PEG (F) diffused similarly to or faster
than (time constant, 15 min; n=6) the 2 kD PEG.

Surprisingly, an isolated GFP protein (G) diffused into myocytes with roughly the same time
course as the 2 kD PEG (see panel F). Further of note, the GFP fluorescence did not show strong
gradients during the 1 h time course examined, and the magnitude of the cytoplasmic
fluorescence remained >7-fold less than the GFP fluorescence in the pipette tip.
Notably, a similar discrepancy in the diffusion of fluorescent probes with respect to molecular
weight in cardiac myocytes was reported previously (lllaste et al., 2012). We speculate in the
Discussion that this diffusion process may reflect facilitated transport involving protein-protein
interactions. We document in Sup. Fig. S1 that 2 kD PEGs with an added positive amino group
or an added negative COOH group did not diffuse differently from the neutral PEG. We also
document that an AlexaFluor488-labelled albumin diffused similarly to GFP and that a 4400
MW TRITC-labeled dextran equilibrated similarly to 10K PEG.
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Table 1 presents our analysis of the diffusion of 8 fluorophores into murine cardiac myocytes,
allowing estimation of the diffusion coefficients for each unbound fluorophore. First, we
measured the ratio of fluorescence in the myoplasm next to the pipette tip to that of the
pipette at a time point near the end of the experiment. From this ratio, given in column 1, we
calculated the fraction of fluorophore likely to be bound, assuming that the cytoplasmic mixing
volume is just one-third of the myocyte volume, as determined for monovalent ions (Lu and
Hilgemann, 2017). Accordingly, a fluorescence ratio of 0.33 would indicate negligible
fluorophore binding to cytoplasmic constituents with the fraction of bound fluorophore (Foound)

in the cytoplasm estimated as:
(20)  Foound = (3 X Fmyo/pip=1)/(3 X Fmyo/pip) -

As shown in column 2, the fluorescent PEG probes show the least binding to cytoplasmic
constituents with bound fractions ranging from 0.12 to 0.52. As expected, the bound fraction of
sulforhodamine is high, amounting to 0.95, and the bound fractions of the other fluorophores
range from 0.31 to 0.55. Column 3 of Table 1 gives our best estimates of the apparent
diffusion coefficients of the fluorophores cytoplasm, calculated from the time constants given

in Fig. 5 and in Sup.Fig. S1 and average myocyte length (0.012 cm):
(21)  Dx=Length?/(2 x 7).

Finally, column 4 gives our best estimates of the diffusion coefficients of free fluorophores after

compensating for the bound fluorophore fraction:
(22) Dx-free = Dx/( 1'Fbound)

The values range from 0.28 x 10”7 cm?/s for Bodipy-FL-ATP, very close to the value of 0.4 x 107/

cm?/s determined previously (lllaste et al., 2012), to 1.2 x 10”7 cm?/s for carboxyfluorescein.
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Unrestricted Na diffusion in murine myocytes. Figs. 8 to 11 extend our previous functional
analysis of diffusion in murine cardiac myocytes (Lu and Hilgemann, 2017). Fig. 8 illustrates the
time course with which Na is lost from patch clamped myocytes after Na is loaded via
sarcolemmal NaV channels. Panel A illustrates a protocol in which myocytes were initially patch
clamped with NMG as sole monovalent cation in both the cytoplasmic (patch pipette) and the
extracellular solutions employed. The extracellular solution contains additionally 7 mM Na to
suppress pump current that is generated by contaminating K in standard solutions (Lu et al.,
2016). To activate Na/K pump current, the 7mM Na is substituted for 7mM K. Initially, this
protocol generates no detectable pump current, indicating that cytoplasmic Na was effectively
depleted from the myocytes. Subsequently, the NaV channel opener, veratridine (3 uM) (Zong
et al., 1992), was applied together with 120 mM extracellular Na. An inward Na current of
about 1 nA developed routinely within 10 seconds and decayed by about 15% over 80 s. When
Na and veratridine were subsequently removed, an outward current of ~90 pA, developed and
decayed with a time constant of about 5 seconds. This current likely represents reverse Na
current through NaV channels, and the time course likely reflects veratridine dissociation from

cardiac myocyte NaV channels.

Immediately after removal of Na and veratridine, a large 1 nA Na/K pump current can be
activated by applying extracellular K in the same manner as before Na loading. K was applied
and removed 4 additional times to determine the time course with which Na is lost from the
myocyte via the patch pipette. From these records, we determined the magnitudes of peak
pump currents at the 9 points, as indicated, and the corresponding times after removal of Na
and veratridine. The peak currents were fit to a single decaying exponential, and the time
constant of current decay was determined by least-squares fitting to be 22s. This value is very
similar to results for other protocols used to estimate the time course of Na equilibration with
patch pipettes (Lu and Hilgemann, 2017). We note that the more rapid decay of Na/K pump
current that occurs during application of extracellular K probably reflects an auto-inactivation

mechanism of murine cardiac Na/K pumps (Lu and Hilgemann, 2017).

20


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.02.522313; this version posted January 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

The red curves below the current trace in Fig. 8A are a simple reconstruction of Na homeostasis
in these experiments. It is assumed that Na equilibrates instantly within the entire cytoplasm
and that Na exchange with the pipette tip occurs with a time constant of 22 s. This time course
is accurately predicted when the pipette access resistance of 4.2 MQ is simulated as a
nonselective conductance and the myocyte mixing volume is assumed to be 12 pL (Lu and
Hilgemann, 2017). It is assumed that Na escapes from the cell exclusively via the patch pipette
tip opening. Although no Na pumping is included, Na/K pump availability is simulated by a Hill
equation with a half-maximal Na concentration of 6 mM and a Hill coefficient of 1.6, as defined
experimentally for this condition without cytoplasmic K (Lu et al., 2016). Finally, we simulated
veratridine binding and dissociation from the myocyte to occur with a time constant of 5 s.
With these simple assumptions, the simulation reproduces the experimental results with good

accuracy.

Figure 8B illustrates a second protocol that should reveal subsarcolemmal Na accumulation, if it
occurs. In this protocol, veratridine was applied continuously in the presence of NMG as sole
monovalent cation inside and outside the myocyte. Then, Na (120 mM) was applied instead of
NMG on the outside, and inward Na currents of about 1.5 nA were generated. The inward
current decays by 15%. The average time constant, determined by fitting the individual current
records to single exponential functions was 22 s. The outward current which develops upon
removal of extracellular Na also decays with a time constant of 22 s. As shown in the right
panel of Fig. 1B for repeated Na applications, removal of Na at different times verifies that the
outward Na current develops with the same time course as the inward current decays. The red
curves in panel B of Fig. 8 show a simple reconstruction of Na homeostasis in this experiment,
assuming that Na equilibrates instantly within the myocyte and exchanges to the patch pipette
with a time constant of 22 s from a mixing volume of 12 pL. The results give no evidence for

complexities beyond those represented.

In Sup. Fig. S2 we describe similar experiments using myocytes loaded with CoronaGreen AM
Na-selective dye (5 uM for 30 min at 25°C) (lamshanova et al.,, 2016). CoronaGreen

fluorescence changes in similar experiments (n>20) were in general of small magnitude in
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relation to signal drift and bleaching We provide an example in which fluorescence changes

seemed reliable. They occurred with a time constant of 28 s.

Restricted ATP diffusion in myocytes. Figures 9 to 11 provide evidence that diffusion of ATP
and ATP analogues in murine myocytes is substantially restricted in comparison to Na. Fig. 9A
presents functional results for an ATP analogue, AMPPNP, which inhibits the Na/K pump by
competing with ATP (Beaugé and Glynn, 1980; Robinson, 1980). To determine the likely time
course of diffusion of AMPPNP from the pipette tip to the sarcolemma, we employed a fast
pipette perfusion technique to inhibit and reactivate Na/K pump current by infusion and
removal of AMPPNP (Hilgemann and Lu, 1998). The experimental record is a solid black line,
and single exponential functions fitted to current changes are given in gray. At the onset of the
experiment, pump current was activated and deactivated by application and removal of
extracellular K (7mM) in the presence of 80 mM Na and 4 mM MgATP in the patch pipette.
Subsequently, the pump current was activated and left activated with 7 mM extracellular K.
After 30 s, pipette perfusion of 2 mM AMPPNP in the continued presence of 4 mM ATP
inhibited the pump with a time constant of 25 s. Thereafter, AMPPNP-free solution was
perfused into the pipette tip, and pump current was restored with a time constant of 160 s. As

illustrated further, results could be repeated with good reproducibility.

The fact that pump current is strongly inhibited by 2 mM AMPPNP suggests that the affinity of
AMPPNP for the murine Na/K pump is quite high. Alternatively, the cytosolic ATP
concentration might be less than the concentration employed in the pipette (e.g. as a result of
fast ATP consumption versus synthesis). In both cases, pump inhibition will occur more rapidly
than AMPPNP concentration changes at the sarcolemma. The time course with which pump
current is restored on removing AMPPNP should however represent accurately the time course
with which AMPPNP out of the myocyte. Pump reactivation begins with very little delay, and
the red curve in Fig. 9A, given with the final recovery response, accurately reconstructs the
results. This simulation assumes that pump activity is proportional to the average concentration
of a solute in a cylinder 120 micron long. Starting with a uniform concentration, the solute

diffuses out of the cylinder at one end with a diffusion coefficient of 4 x 107 cm?/s. zIn other
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words, the time course of AMPPNP (and ATP) diffusion out of myocytes is likely dictated mostly

by diffusion through the cytoplasm, rather than by access resistance of pipette tips.

Figure 9B shows the time course with which pump current declines when ATP-free pipette,
solution is employed from the start of experiments with 80 mM Na in the pipette solution
(n=6). As indicated by the error bar at the 10 min time point, pump current is stable when 4
mM ATP is included in this pipette solution. Without ATP, pump current declines in a sigmoidal
fashion over time, and the final phase of current decay is approximately exponential with an
average time constant of 177 s (n=6). The gray line in Fig. 9B is a simulation assuming that ATP
diffuses out of a 120 micron long cylinder, open at one end, with a coefficient of 5 x 107 cm?/s,
starting from a uniform concentration of 4 mM. and activating Na/K pumps with a half-maximal

concentration of 80 uM, as determined excised cardiac giant patches (Collins et al., 1992).

Figures 10 and 11 describe experiments to assess the diffusion of anions into murine myocytes
via their coupling to Na diffusion, as outlined in Methods (Fig. 3). Fig. 10 presents simulations of
the experiments in which we attempted to follow the diffusion of 120 mM Na(Mg)ATP into
myocytes through the pipette tip, followed by depletion of Na and MgATP during the activaiotn
of Na channels. As described subsequently, we accessed changes of the cytoplasmic Na
concentration by applying and removing the Na channel opener, veratridine, in the absence of
extracellular Na. For Fig. 10, diffusion was simulated to occur over 110 um, the pipette
opening was assumed to have a resistance 10-times greater than each cross-section of the
myocyte, simulated to be 5 um thick, and the myocyte cytoplasm was assumed to contain 50
mM of fixed negative charges. In Fig. 10A, cytoplasmic Cl and K are 120 and 70 mM at the
onset, and the pipette contains 120 mM Na(Mg)ATP with no Cl or K. Thus, on cell opening K
and Cl diffuse of of the myocyte with a time constant of about 12 s. At first, Na diffuses into the
myocyte rapidly in exchange for K, but after K is lost Na and MgATP equilibrate with the
myocyte cytoplasm with the time course of their coupled diffusion constant. When
experiments are performed in the absence of extracellular Na, activation of plasma membrane
Na conductance will then cause Na depletion that reflects the couple K(Mg)ATP diffusion

constant. As shown in Fig. 10 B, however, the initial time course of cytoplasmic Na depletion
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upon opening Na channels is strongly affected by the presence 5 mM KCI, which we include in
the pipette solutions to maintain stable patch clamp via Ag/Cl electrodes. When 5 mM pipette
KCI was included in the simulation, Na initially depletes rapidly with the time course of K

diffusion, when Na channel are activated.

Figure 11 shows experimental results to evaluate the diffusion of four anions into myocytes via
their coupling to Na. Myocytes were initially incubated in a solution containing 140 mM NMG-
MES (with 0.5 mM EGTA and 4 mM MgClI2 at pH 7.0) for 15 min. Patch pipettes contained 130
mM Na with 130 mM of a chosen anion, 5 mM KCl, and 1 mM MgATP. Seals were formed
without opening the sarcolemma. Then, the myocytes were placed in a solution stream with
120 mM NMG-MES as extracellular solution at 36°C, and whole-cell patch clamp was
established via suction. Thereafter, myocytes were intermittently switched for ~20 s to an
extracellular solution containing 25 uM veratridine to open Na channels and activate large
outward Na currents. Repeating the application of veratridine at ~ 1 min intervals, Fig. 10 A
illustrates that Na currents were nearly maximal within 40 s of opening myocytes when 120
mM NaCl was employed in the pipette. The outward Na current decayed by about 12% with a
time constant of 24 s (see fitted exponential in red). In contrast, Fig. 10 B shows that outward
Na current increased over several veratridine applications when 120 mM Na-aspartate was
used in the pipette solution. As expected for rather slow diffusion of aspartate, decay of current
during veratridine application was larger and proceeded with a longer time constant than with
Cl. Using 120 mM Na(Mg)ATP and 130 mM Na with 500 MW carboxy-PEG, these changes
became still more pronounced, as illustrated in Figs. 10C and 10D, respectively. Figs. 10D and
10E present the composite results for at least 6 experiments in each condition. The average
equilibration and current decay time constants for NaCl were 30 and 15 s, respectively, those
for Na-aspartate were 53 and 24 s respectively, those for Na(Mg)ATP were 121 and 40 s,

respectively, and those for Na-PEG-COOH were 148 and 84 s, respectively.

To evaluate results for Na(Mg)ATP, it must additionally be taken into account that Na(Mg)ATP
at a concentration of 130 mM does not fully dissociate, as already described for K(Mg)ATP in

Fig. 2C. Fig. 11G shows the relevant concentration-conductance relation for N(Mg)ATP, which
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is best described by a dissociation constant of 53 mM. As illustrated in Fig. 11H, this
relationship affects the time constant of Na current equilibration, causing an underestimation
of the time constant for Na equilibration. When results are corrected for the tendency of free
Na to saturate with increasing concentration, the time constant for total Na equilibration is 180
s, closely consistent with results of Fig. 9 for ATP and AMPPNP diffusion. In conclusion, these
experiments lend support to the estimation that MgATP diffuses with a coefficient of about 4 x
107 cm2/s in murine cardiac myocytes. Importantly, the equilibration time constants increase
with increasing molecular weight of a larger extent than occurs in free water. In other words,

the diffusion barriers in myocyte cytoplasm have a pore-like barrier function.

Diffusion restriction by internal membranes versus myofilaments. A key question posed by
these results is whether diffusion restrictions arise primarily from networks of myofilaments or
membranes in murine myocytes. To address this question, we analyzed diffusion through
permeabilized and physically confined murine cardiac myocytes, as introduced in Methods and
described in detail in Fig. 12. Briefly, thick-walled, bullet-shaped glass pipette tips were formed,
as used for the giant patch technique (Hilgemann and Lu, 1998), with opening diameters of 8 to
12 microns. With these dimensions, myocytes were readily aspirated into the tips, and intact
myocytes formed seals with resistances ranging from several 10’s of megohm to gigaohm
values (see Fig. 11 A). A background solution containing 20 mM KCl was employed, and in this
configuration the application of 50 mM of the additional ion pair, NaCl or K(Mg)ATP, increased
the tip conductance by a factor of 3 to 5 (see leftward half of the conductance trace).
Subsequently, application of 90 uM of B-escin to permeabilize the sarcolemma (Konishi and
Watanabe, 1995) induces an approximately 8-fold increase of the tip conductance. Thereafter,
application of 50 mM NaCl or K(Mg)ATP cause rapidly reversible 3-fold increases of
conductance. While the peak conductances for NaCl and K(Mg)ATP were similar, the time
courses of conductance changes upon changing solutions were distinctly slower for K(Mg)ATP
in comparison to NaCl. This is quantified from the first derivative of the conductance record,
shown below in Fig. 12A. We note that the time courses of conductance changes before
permeabilization are too fast to quantify accurately, although peak velocities were higher for

NaCl than for K(Mg)ATP. After permeabilization, the time constants of conductance changes
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can be accurately fit to single exponentials. The average time constants of rising and falling NaCl
conductances are 0.27 versus 1.7 s for K(Mg)ATP, and the ratio of peak velocities for the two
ion pairs is 2.3:1. As illustrated below the experimental records, the ion coupling principle
elaborated in Fig. 2 indicates that the MgATP diffusion coefficient is about 10% of the Cl

diffusion coefficient, in good agreement with results of Figs.

To determine the role of membranes in the results of Fig. 11A, membranes were aggressively
extracted by incubation for 1 to 7 days at 4°C in an extraction solution containing 50% glycerol,
25 mM KCl, 10 mM EGTA, 0.5 mM MgCI2 and 2 mM Triton X-100 (Palmer et al., 1996). At low-
magnification (20x), these myocytes were indistinguishable from the permeabilized myocytes,
as in Fig. 13A. Nevertheless, as shown in Fig. 12B, the velocities with which conductances
changed in equivalent solution switch experiments were significantly faster. Most importantly,
the ratio of the apparent MgATP diffusion coefficient to Cl diffusion coefficient was 0.14 in
extracted myocytes compared to 0.09 in permeabilized myocytes. Accordingly, intracellular
membranes evidently account for at least one-half of the diffusion restriction encountered by

solutes in murine myocytes.

Cardiac myofilaments restrict diffusion more than skeletal myofilaments. To better
understand the role of myofilaments in diffusion restriction, we determined for 8 ion pairs to
what extent their immediate conductivity was decreased by the presence in the pipette tip of
either extracted cardiac myofilaments or extracted diaphragm (skeletal) myofilaments. Fig.13A
shows a typical experiment in which conductance measurements were carried out continuously
with a single pipette using 50 mM NMG-MES as the background solution. Five cardiac
myocytes were sequentially aspirated and ejected from the pipette tip. Then, murine
diaphragm myocytes were added to the chamber and 4 extracted diaphragm myocytes were
aspirated and ejected. The average drop of conductance upon aspirating cardiac myocytes is
significantly greater (p<0.01) than the average change by skeletal myocytes. Fig. 13B shows
results for 8 ion pairs, plotting the average molecular weight of the anion and cation on the X-
axis and the pipette conductance with aspirated myocyte as a fraction of the conductance

without myocytes. From left to right, the results show that for 50 mM KCI both cardiac and
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diaphragm myocytes decrease pipette conductance by 24%. This is consistent with hydrated
myofilaments making up about 20% of the myocyte volume (Lu and Hilgemann, 2017). We
mention that for 140 mM KCI solution, the drop of conductance was increased 10% for cardiac
filaments and 5% for diaphragm filaments, as expected if ions promote myofilament
interactions (not shown). Using ion pairs of increasing molecular weights at a concentration of
50 mM, the decrease of conductance induced by cardiac myofilaments shifts increases from
24% to 45%, while the restriction imposed by skeletal filaments is nearly constant at 25%. The
largest ion pair was made using 50 mM B-methylcyclodextrin complexed with octanoate and
octylamine, respectively. Stable monovalent complexes were verified by the fact that

osmolarity of the final solution with 50 mM of both complexes was 104 mosmol/L.

Figure 14 compares results for further conductance experiments with cardiac myofilaments
with results for intact cardiac myocytes. Results in Fig. 14 are plotted in dependence on

calculated hydrated radii (https://www.fluidic.com/toolkit/hydrodynamic-radius-converter/).

For conductance measurements the average hydrated radius was employed, and results were

then fitted to Boltzmann functions of the form,
(23)  F=max/(1+elrr>0/slope),

where F is the fractional value with respect to free water. For the extracted myocytes
employed in Fig. 14A, eight different ion pairs were employed with at least 10 measurements
per pair, and the standard errors of the results were within the diameter of the data points
plotted. The water/myofilament conductance ratio falls off with mid-point of 0.26 nm,
corresponding to a molecular weight of 1.1 kD, and a slope of 0.26 nm. Fig. 14B summarizes
our major results for intact myocytes, plotting the ratio of the estimated diffusion coefficients
in myocytes to that in water. We assumed that a maximal ratio of 0.75, corresponding to the
percent of cytoplasmic space taken up by myofilaments. Cl and Na are assigned values of 0.75
because we obtained no evidence that their diffusion is restricted. Results of Fig. 11 indicate
that aspartate diffuses with a coefficient one-half that of Cl. Thus, aspartate is only marginally
restricted in myocytes. Figs. 9 to 12 indicate that MgATP diffuses between 8- and 10-fold slower
in cytoplasm than in free water, whereas fluorophores with molecular weights of 450 to 4000
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all diffuse more than 10-times slower than in free water, some as much as 50-times slower.
Thus, the Boltzmann function has a mid-point of 0.61 nm (~0.6 kD) and a steep slope factor of
0.07 nm. Equivalent results for 10% gelatin are provided in Sup. Figs.5-10, including ATP
diffusion measurements via luciferase luminescence, analysis of ATP and ADP diffusion via
conductance measurements, and description of the break-down of diffusion restriction that

occurs when gelatins are depolymerized at 37°C.

Evidence for a role of mitochondria in restricting diffusion in the murine myocyte cytoplasm.
Finally, we designed experiment to test whether internal membranes, specifically mitochondrial
membranes, play a significant role in restricting diffusion in murine cardiac myocytes. We
reasoned that the outer mitochondrial porin channels would influence diffusion if
mitochondrial networks in myocytes indeed form significant diffusion barriers. Specifically, we
hypothesized that porins would facilitate long range diffusion by facilitating solute passage
through intermembrane space of mitochondria. Accordingly, we analyzed myocytes from
VDAC1 knockout mice. As noted in Methods, breeding of VDAC1 knockout animals requires a
mixed genetic background, and we employed a CD1/J6/129svJ) background. We then examined
both the decline of Na/K pump currents during patch clamp with ATP-free pipette solution, and

we examined the diffusion of carboxyfluorescein into patch-clamped myocytes.

Fig. 15A shows examples of pump current run-down in WT CD1/J6/129svJ cardiac myocytes and
in VDA1 knockout myocytes from CD1/J6/129sv) mice. Surprisingly, as shown in Fig. 15B, the
decay of pump currents was more than 2-fold faster in myocytes from CD1/J6/129svJ mice than
in myocytes from WT BL6 mice, and similar results were obtained from mice of both sexes. In
addition, pump current run-down was slowed by more than two-fold in VDAC2 knockout
myocytes compared to control CD1/J6/129sv) myocytes. Accordingly, pump run-down was
similar in CD1/J6/129svJ VDAC1 knockout mice and in myocytes from WT BL6 mice. We further
report that pump run-down in CD1/J6/129sv] myocytes was similar with 80 or 20 mM

cytoplasmic (pipette) Na.

As shown in Figs. 15C and D, results for diffusion of carboxyfluorescein into myocytes were
similar to results for Na/K pump run-down. Diffusion of carboxyfluorescein into myocytes from
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CD1/J6/129sv) mice was 2.5 fold faster than for myocytes from BL6WT mice, and diffusion of
carboxyfluoescein into VDAC1 knockout myocytes was >two-fold slower than for myocytes
from WT CD1/J6/129sv) myocytes. One simple explanation for slower diffusion rates in BL6
versus CD1/J6/129sv) myocytes would be the expression level of VDAC channels. Therefore, we
tested by Western blotting whether expression levels of VDAC isoforms might be different in
the different mice strains. As shown in Sup. Fig. S3, VDAC1 was entirely absent in the knockout
myocytes, and expression levels of other VDAC channels was not significantly different in BL6

versus WT CD1/J6/129sv) myocytes.
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Discussion.

In this article we have used patch clamp and fluorescence microscopy to characterize the
diffusion of Na, ATP, diverse fluorophores, and a series of PEGs in cardiac myocytes. We have
compared, as possible, results from intact myocytes to results employing PM-permeabilized
myocytes and membrane-extracted myocytes (i.e. myofilaments). In Supplemental Data we
also provide comparable measurements of diffusion in gelatins, prepared at concentrations
relevant to the protein content of cardiac myocytes, and we describe experiments with

macromolecules that do not form gels.

Diffusion coefficients fall off steeply in intact cardiac myocytes over a molecular weight range of
300 to 1000 (Fig. 14), and diffusion coefficients of many commonly employed fluorophores are
more than 30-fold reduced in the BL6 cardiac myocyte cytoplasm compared to water.
Evidently, both cardiac myofilaments and mitochondria contribute to diffusion restrictions.
Extracted cardiac myofilaments clearly restrict diffusion considerably (Fig.12). Potentially, our
measurements underestimate the restrictions, since myofilaments tend to swell subsequent to
membrane extraction. However, it is also certain that deletion of the outer mitochondrial porin,
VDAC], significantly reduces solute diffusivity in murine myocytes (Fig 15). Clearly, therefore,
diffusion restrictions in murine myocytes arise from both myofilaments and mitochondrial
networking (Piquereau et al., 2013). The contribution of outer mitochondrial porin channels to
these restrictions suggests that porins themselves promote the steeper decline of diffusivity

with increasing molecular weight in intact versus extracted myocytes ( Fig. 14).

Although porins contribute to diffusion restrictions in myocytes, we document in Supplemental
Data that gelatins generate diffusion restrictions with characteristics similar to those of intact
BL6 myocytes. Restrictions in BL6 cardiac myocytes are greater than described for both skeletal
muscle (Kushmerick and Podolsky, 1969) and myotubes (Arrio-Dupont et al., 1996). It is
impressive in this light that cells with one of the highest metabolic rates of any cells in biology,
murine cardiac myocytes (Naumova et al., 2003), also appear to have cytoplasmic architectures
that are unusually restrictive to solute diffusion. We hypothesize that, as a result of combined

myofilament and mitochondrial diffusion barriers, solutes larger than monovalent ions will tend
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to diffuse through intermembrane mitochondrial spaces where diffusion may be less restricted

than in the myofilament space.

Na diffusion in cardiac myocytes. The idea that local Na gradients modify Na transport
function gained much support over several decades (Lu and Hilgemann, 2017). In one recent
study cytoplasmic Na accumulation was promoted in mouse cardiac myocytes by rapid
depolarizations that activated voltage-gated Na channels (Skogestad et al., 2019). Na/K pump
currents were reported to be enhanced by an amount that could not be explained if Na influx
was occurring into the entire cytoplasm, and it was concluded that Na accumulates in a
subsarcolemmal compartment with turnover to bulk cytoplasm occurring over 1 to 2 minutes,

the time course over which Na/K pump currents decayed.

Accordingly, we devised experiments, based on the same principles, to examine the influence
of Na influx via NaV channels on subsequent Na/K pump activity (Fig. 8A). To do so, we
employed Ca-free and essentially Na-free conditions, and we activated large, well-defined Na
currents by application of extracellular Na and veratridine together. These currents could be
rigorously quantified to know how much Na entered the myocytes. Subsequent Na/K pump
currents decayed back to negligible values with a time constant of 22 s, as expected from our
previous study, and very similar Na kinetics were observed when cytoplasmic Na changes were
inferred from decay of Na channel currents after rapid Na application and removal (Fig. 8B).
Again, the estimated time constant for Na turnover to the pipette was 22 s. One potential
objection to our detailed interpretation is the assumption of a mixing volume for cytoplasmic
Na of only 33% of total myocyte volume. This is consistent with the known volume of
mitochondria in murine myocytes (e.g. (Swietach et al., 2015)) together with evidence that
hydration water of myocyte myofilaments amounts to ~20% of total cellular water

(Drewnowska and Baumgarten, 1991; Rorschach et al., 1991).

We can only speculate why repeated depolarizations might activate Na/K pump currents for
prolonged times (Skogestad et al., 2019). Without knowing Na channel reversal potentials, it is
possible that Na/K pumps are stimulated by a regulatory mechanism activated by rapid
depolarizations. Control of Ca is one potential concern, since Ca elevations stimulate very
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markedly Na/K pump currents in murine myocyte (Lu et al., 2016). To account for Na turnover,
we must assume that the cytoplasmic Dna in murine myocytes is at least 5 x 10°® cm?/s, not

more that 2.5-fold reduced from diffusion in free water.

Nucleotide diffusion in cardiac myocytes. We have attempted to define the diffusivity of
MgATP in murine cardiac cytoplasm in four ways. First we determined the time courses of Na/K
pump inhibition and recovery upon perfusing AMPPNP into and out of the patch pipette tip
(Fig. 9A). Second, we determined the time course of pump current decline during patch clamp
with ATP-free pipette solutions (Fig. 9B). Third, we determined the time course with which
anions, including MgATP, diffuse into myocytes from the patch pipette with Na as the coupled
monovalent cation (Figs.10 and 11). Fourth, we compared diffusion of NaCl and Na(Mg)ATP into
sarcolemma-permeabilized myocytes constrained within large-diameter pipette tips (Fig. 12A).
In the first three protocols, the results indicate that MgATP diffuses with a coefficient of 0.2 to
0.5 x 107 cm?/s. These values are roughly three-fold smaller than coefficients determined for
skeletal muscle (see Introduction) and 8 to 10 times smaller than for ATP diffusion in free
water. In the experiments employing permeabilized myocytes, MgATP diffuses 11 times slower
than Cl, which equates to about four-times slower than in free water. All results are consistent
with cardiac myofilaments and mitochondrial networks restricting diffusion more than skeletal
myofilaments and mitochondria. As a result, local metabolite gradients may be greater and
occur in a more structured manner than in skeletal muscle. The reasons for differences
observed in cardiac versus skeletal myofilaments (Fig. 13), and also between mouse strains, are
a matter of speculation. One suspicion is that the greater passive stiffness of cardiac muscle
reflects different packing arrangements of filaments that could in turn influence diffusion
within cardiac myofilaments. An involvement of cardiac titins is one speculative possibility
(LeWinter and Granzier, 2010) that might give rise to diffusion restrictions that depend on titin

oxidation status (Loescher et al., 2020).

Diffusion of fluorophores in cardiac myocytes. That commonly employed fluorophores diffuse
15 to 50 times slower than in free water explains why cardiac electrophysiologists typically

employ AM esters to load fluorophores, even when employing patch clamp. Among the
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different fluorophores examined, only sulforhodamine binds profusely to cytoplasmic
constituents, while FITC-PEGs show essentially no evidence of binding. Notably, a 10kD PEG
diffuses faster than a 2kD PEG in myoplasm, and others have also noted examples in which 10
kD solutes diffuse faster than 1kD molecules in myocytes (lllaste et al., 2012). One possible
explanation is that larger fluorophores are not moving via simple diffusion but are moving by

other mechanisms that involve cytoskeleton and/or conformational changes of myofilaments.

Implications of dual diffusion restrictions in cardiac myocytes. Diffusion restrictions in murine
myocytes are much greater than described for molecular crowding in bacteria (McGuffee and
Elcock, 2010), as well as in non-muscle mammalian cells (Verkman, 2002; Rivas and Minton,
2016). Particularly for bacteria, diffusion restrictions are characterized in much detail
(McGuffee and Elcock, 2010; Gallet et al., 2017; Bohrer and Xiao, 2020), and molecular
simulations are quite advanced (Trovato and Tozzini, 2014; Bohrer and Xiao, 2020). In those
models, only a two to three fold reduction of diffusion coefficients occurs as hydrated radii
increase from 1 to 4 nm (i.e. as molecular weight increases to >20 kD). This is similar to results
for mammalian cells that do not contain a dense contractile protein network or extensive
mitochondrial networks (Verkman, 2002). Gel-like protein meshes clearly restrict diffusion in
more complex ways than molecular crowding by diffusible macromolecules (e.g. (Lauffer, 1961;
Johnson et al., 1996; Labille et al., 2007)). Diffusion of fluorophores in agarose is only mildly
restricted (Shoga et al., 2017), and the diffusion of small solutes in cartilage is restricted by only
about two-fold (Burstein et al., 1993). The obvious structural similarity between cardiac
myoplasm and gelatins is they are both protein networks with cross-linkages, and we verify in
Sup. Fig. S9 that diffusion restrictions in gelatins are essentially lost upon warming just enough

to disengage gel linkages.

As outlined in the Introduction, it has been repeatedly suggested that mitochondrial networks
restrict diffusion in cardiac myocytes, and reduced diffusivity of ATP and carboxyfluorescein in
VDAC1 knockout myocytes (Fig. 15) provides strong new evidence for these suggestions. It has
also been suggested that the sarcoplasmic reticulum can restrict diffusion in myocytes by

effectively surrounding myofilaments (Fabiato, 1985). Although the geometric prerequisites for
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diffusion restriction by cytoplasmic organelles are not rigorously established, mathematical
models have been developed that appear to predict the basic outcomes of the present study
(Ramay and Vendelin, 2009). As outlined in Figs. 13 to 16, our data suggest that diffusion
restrictions arise approximately equally from cardiac myofilaments and mitochondrial
networks. As a result, porin channels of the outer mitochondrial membrane may facilitate
diffusion by allowing solute passage through mitochondrial intermembrane spaces. Given that
mitochondria make up 35% of the murine myocyte volume (Dedkova and Blatter, 2012) and
that the free mixing volume of the myofilament space is likely not more than 30% of myocyte
volume (Lu and Hilgemann, 2017), the undulating 8 nm intermembrane space of mitochondria
will likely constitute several percent of the free cellular mixing volume. Accordingly, a 5- to 10-
fold restriction of solute diffusion in myofilament spaces can plausibly lend a preference to
solute passage through intermembrane spaces. Of course, it is prerequisite that diffusion in the

mitochondrial intermembrane spaces takes place without significant restriction.

In conclusion, long-distance diffusion coefficients for small solutes decrease profoundly over
the molecular weight range of 200 to 1000 in the cytoplasm of BL6 murine cardiac myocytes.
Fluorophores are restricted by 20 to 50-fold, while ATP appears to diffuse 8- to 10-times slower
than in free water. Further work is required to establish how and if these restrictions affect
specific myocyte functions and whether cardiac diffusion restrictions are subject to regulatory
influences (i.e. by regulating porin channel properties and/or the stiffness of cardiac
myofilaments). It remains an open question whether protein networks (e.g. actin cytoskeleton)
can restrict and/or channel solute diffusion to a physiologically relevant extent in

submicroscopic spaces next to membranes and membrane proteins (Chu et al., 2012).
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Figure 1. Diffusion models employed in this study. A. Simulations were carried out in one dimension
with concentrations at the onset (C;) being fixed, the concentration at the end point (C,) being either
free or fixed, depending on the experimental model approximated. Ten to 30 discrete compartments
were employed. B. Myocytes were patch clamped close to one end, selecting myocytes rangin in length
from 110 to 130 um. For simulatinos, concentrations of solutes within the pipette tip were assumed to
be constant. C. Permeabilized or detergent/glycerol-extracted myocytes were aspirated rapidly into
highly polished pipette tips with inner diameters of ~12 um. The restricted region, limiting conductance
of the patch pipette, was estimated to be 15 to 30 um long. D and E. Gelatins and/or viscous polymer
solutions were aspirated into pipette tips, and the limiting conductance was monitored during and after
rapidly switching the pipette tip between solution streams of different compostion. Pipettes were
employed with restrictions occuring over about 20 microns (D) up to 300 microns (E). F. Eight
centimeter long glass pipettes with a 1 mm inner diameter with carefully filled over 4 cm with one
chosen solution, and the corresponding end was sealed with dental wax. Then, the second half of the
pipette was filled with a second chosen solution, the corresponding end was also sealed with wax, and

fluorescence profiles were aquired at chosen times as described in the text.
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Figure 2. Concentration-conductance relations of ionic solutes employed in this study. A-C.
Conductivity of solutions aspirated into 15 cm long Tygon® tubes with an inner diameter of 0.5 mm. A.
A log-log plot of the conductivity of KCl solutions appears linear over three log units. B. Non-linearity of
the KClI concentration-conductance relation is apparent in a linear plot. The relation is reasonably
described by a KCI dissociation constant (kq) of 2 M, fitting results to the equilibrium solution of the
reaction (K x Cl)/KCL = kq. With C as the concentration of total KCl, G (mS/cm)= Gmax X (-kg+V(ks*+4C))/2.
C. Concentration-conductance relation of K(Mg)ATP solutions, prepared by dilution of a 120 mM MgATP
solution, titrated to pH 7.0 with KOH. Non-linearity over the concentration range from 0 to 120 mM is
well described by a K(Mg)ATP dissociation constant of 58 mM. D. Concentration-conductance relation
of NaCl solutions from 0.5 to 50 mM, determined by aspirating solutions into a patch pipette tip with a

large diameter. Nonlinearity (not apparent in the log-log plot) is similar to that of KCL solutions.
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Figure 3. Simulated average ion concentrations and conductance of a column 10 um long, open at both
ends, with diffusion taking place equivalently over an additional 5 um at both ends, outside of the
restricted zone. A. Left. Results for an ion pair with equal anion and cation diffusion coefficents.
Initially, the concentration is 2 mM everywhere. As indicated the concentration was increased to 40 mM
at the front of the column for 3 s and then decreased again to 2 mM. Right. Equivlanet results for for the
case that the anion diffusion coefficient was 10-fold less than the cation diffusion coefficient. Results in
red are a model in which diffusion of the anion and cation were simulated separately, results in blue are
for a model assuming a diffusion coefficient for the ion pair as given in panel B. B. Plot of the rate
constants (X-axis), determined from single exponential fits of the decaying conductance, against the
relative anion diffusion coeffienct (Y-axis), which was varied over 1000 fold. The predicted coupled

diffusion constant accurately describes the relationship over the entire three log unit range.
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Figure 4. Determination of relative diffusion coefficeints when three ions are present in simulations
equivalent to those of Figure 2. A. Initially 100 mM KCl is assumed to be present everywhere, whereby
K and Cl have identical diffusion coefficients. As indicated, 50 mM K(Mg)ATP is assumed to be added to
the solution in front of the column, whereby the diffusion coefficient of (Mg)ATP is assumed to be 2.5-
fold less than that of K and Cl. The results give rise to double exponential rising and falling conductances,
whereby the fitted time constants occur in ratios of 2.47 and 2.32, respectively. B. The ratios of time
constants fitted to simulations in which the diffusion coefficient of ATP was varied over a 10-fold range
with respect to those of K and Cl. The fitted exponentials accurately recover the relative diffusion

constants of (Mg)ATP and KCl over the entire concentration range.
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Figure 5. Fluorescence profiles of four fluorophores after initiating diffusion in one-half of 8 cm long
glass pipettes with diameters of 1 mm. The solution contained 100 mM KCI, 5 mM HEPES (pH 7.4), and
0.5 mM Mg. For Bodipy FL ATP the fuorescence profile is given at 1 h (grey) and 48 h (black). The
fluoresence image for the 48h tube is given above the profiles. For Fluo3, Mg-green, and Fluo-5N, the
profiles are given only for 48 h (black). Simulated diffusion profiles for 48 h are given in each panel for a
10%cm?/s diffusion coefficient and for a 4.5 x 10° cm?/s diffusion coefficient. In all cases, the larger

diffusion coefficient accurately describes the profiles, while the smaller coefficient does not.
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Figure 6. Bodipy™ FL ATP (10 uM) diffusion into a cardiac myocyte from a patch pipette
generating a 3 MQ access resistance. A-C. Fluorescence micrographs of the myocyte and patch
pipette tip just before opening the myocyte (A), after 30 min (B), and after 60 min (C). D. The
time course of total myocyte fluorescence change, fitted to an exponential function (time
constant, 17 min). The average time constant for 4 experiments was 42 min. E. Longitudinal
fluorescence line scans along the myocyte at 0, 30, and 60 min. A longitudinal gradient is still
evident after 1 h. F. Line scan through the pipette tip and across the width of the myocyte, as
indicated in A and C, at 0 and 60 min. Note that Bodipy™FL ATP shows a small excess
brightness in the pipette orifice where cytoplasm enters the tip. The excess is not more than
12%, however. Therefore, diffusion is not limited by dye binding to myocyte constituents. G.
Simulation of total Bodipy™ FL ATP equilibration with the myocyte, assuming a myocyte length
of 120 microns. From 4 myocytes studied, equilibration was fastest in this myocyte. Therefore,
the simulated diffusion coefficient of 3 x 10® cm?/s is the maximal coefficient justified by

experimental results. H. Simulated Bodipy™ FL ATP gradients.
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Figure 7. Diffusion of fluorophores into cardiac myocytes during patch clamp with ~3 MQ

access resistance. Each panel shows the micrograph of a myocyte after approximately 1 h of

diffusion (left), the time course of total fluorescence changes during the experiment (middle),
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and line scans as indicated in the micrograph, using yellow dots to indicate the starting position
of the line scan (right). A. Sulforhodamine (100 uM) equilibrates with an average time constant
of 29 min (middle panel, n=5). It accumulates 8-fold in the cytoplasm (see line scan 2 across the
myocyte and into the pipette tip), and it shows a strong longitudinal gradient even after 1 h. B.
Carboxyfluorescein (100 uM) equilibrates with an average time constant of 10 min (middle
panel, n=6), and shows longitudinal gradients even after 1 h. Dye accumulation in cytoplasm
versus pipette tip remains very small. C. Asante Na-green (ASG-2, 10 uM) also equilibrates with
a very long time constant (40 min, middle panel) and shows a longitudinal gradient even after 1
h. Strong fluorescence occurs in myocytes in the absence of Na. D,E and F. A 0.5kD, a 2kD, and
a 10kD FITC-PEG (100 uM) equilibrate over 1h with average time constants of 11, 23 and 15 min
(n=6, 5, and 6, respectively), show no evidence of significant binding, and show clear
longitudinal gradients even after 1 h.  G. Purified GFP (12 uM) accumulates weakly in the
cytoplasm with respect to the pipette tip with an average time constant of 14 min (n=6).

Fluorescence does not show clear longitudinal gradients.

47


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.02.522313; this version posted January 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made

available under aCC-BY-NC-ND 4.0 International license.

1. 2. 3. 4, 5. 6.
Fluorophore (Mw) | Free | Foone | Br ol Do | Do | FoId reretion
Bodipy FL ATP (878) 0.67 0.50 0.4x 10”7 0.57 x 107 14.5x 10° 79
Carboxyfluorescein (376) | 0.48 0.31 | 1.2x107 1.7 x 10”7 24.8 x 10°® 28
Sulforhodamine (559) 5.0 0.93 | 0.3x107 43x107 |34.0-4.4x10° 10
TRITC-dextran (4.4kD) 0.74 0.55 | 0.4x107 | 0.78x 107 41.5x 10° 19
0.5 kD PEG (832) 0.38 0.12 1.1x 107 1.2 x 107 >3 x 10°® 25
2 kD PEG (2.3 kD) 0.42 0.21 0.5x 107 1.3x 107 >6 x 107 46
2 kD PEG-NH3z3 (2.3 kD) 0.48 0.31 | 0.33x107 | 0.48x 10" - -
10 kD PEG (10.3 kD) 0.69 0.52 0.9 x 107 3.1x107 °2.5x 107 8

Table 1. Analysis of fluorophore diffusion in murine myocytes. From left to right: Column 1.
The ratio of fluorescence of the pipette solution to the fluorescence of myoplasm in close
proximity after 1h (Fmyo/pip). Values for BSA and GFP were 0.07 and 0.15, respectively, indicating
that they are excluded from most of the myoplasmic space. Column 2. Estimated fractions of
fluorophores bound by cytoplasm. Assuming a free cytoplasmic space that is one-third of the
total myocyte volume (Lu et al., 2016), the fraction of fluorophore bound (Fbound) is (Fmyo/pip'3
+1)/Fmyo/p:3. Column 3. Estimated diffusion coefficients for total fluorophore, estimated as
A%/(2-t) with A=0.012 cm. Column 4. Diffusion coefficients for unbound fluorophore, estimated
as Dx/(1-Foound). Column 5. Estimated diffusion coefficients for given compounds in free water.
Y(Fig.5); (Kramer et al., 2007); 3(Gendron et al., 2008), describes diffusion coefficients for
multiple rhodamine derivatives; #(Gribbon and Hardingham, 1998); >(Waggoner, 1995). Column
5. Estimated fold-reduction of diffusion coefficients of unbound compounds in murine myocyte

cytoplasm versus water.
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Figure 8. Na exchange in patch clamped murine myocytes using veratridine to induce a large
Na influx. A. Na exchange estimated from Na/K pump currents. 120 mM NMG-Aspartate on
both sides. The extracellular solution contains additionally 7 mM Na or 7 mM K. NMG-Aspartate
is exchanged for Na-Aspartate with 3 uM veratridine on the outside. The ~1 nA inward Na
current decays partially, followed by generation of transient outward current upon removal of
Na and veratridine. Thereafter, large Na/K pump currents are activated by exchanging 7 mM Na
for 7 mM K, and peak currents decay with a time constant of 22 s. Red curves show simulations

of Na exchange to a 12 pL cytoplasmic volume. Veratridine dissociates at 0.2 per s, and pump
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current is proportional to a Hill equation with a slope of 1.6 (Zong et al., 1992). Peak Na pump
current magnitudes determined experimentally are plotted with the simulated pump
availability. B. Na exchange estimated from veratridine-activated Na current. In the presence
of veratridine (3 uM), inward Na currents decay partially and outward (reverse) Na currents
decay completely with a time constant of 22 s after Na removal. Peak reverse currents after
removing Na are plotted in the right panel in dependence on the time that Na was applied. The
time constant is also 22 s. Simulations assume that Na turnover is determined solely by the

pipette access resistance.
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Figure 9. Functional analysis of nucleotide exchange between murine myocyte cytoplasm and

patch clamp pipette tip. A. Pipette perfusion of AMPPNP. A rapid pipette perfusion technique

(Hilgemann and Lu, 1998) was used to apply and remove nonhydrolyzable ATP, AMPPNP, from

the cytoplasmic side. The pipette contained 4 mM ATP and 80 mM Na throughout. During

continuous pump activation with 7 mM K, AMPPNP (2 mM) perfusion causes pump shut down

with a time constant of 25 s. Pumps reactivate with a time constant of 160 s (gray curves)

during AMPPNP removal, the protocol repeats accurately. Gray curves are single exponential

functions, fit to results. The red curve in panel A simulates a solute with a diffusion coefficient
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of 4 x 10”7 cm?/s through a 120 uM long cylinder, open at one end. B. Pump current changes in
the presence and in the absence of ATP in the patch pipette. Pump currents were activated for
just 2 s to ensure that decay reflects exchange of Na to the pipette, rather than Na depletion via
pump activity or Na/K pump inactivation. Mean values with standard errors are given for
current magnitudes at 10 min. With ATP, currents decreased by only 10%. Without ATP,
Students T-test verified that a 65% decrease of pump current at 10 min was highly significant
with respect to ATP containing solution. In all experiments without ATP, pump current decayed
completely over 15 min. The final phase of current decay had a time constant of 177 s on
average (n=6), and the entire time course of decay is simulated (gray curve) assuming that ATP
activates Na/K pumps with a Ksg of 80 um and diffuses longitudinally with a diffusion coefficient

of 5x 107 cm?/s.
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Figure 10. Simulated diffusion between cardiac myocytes and a patch pipette tip with fixed ion/solute
concentration. Relative anion diffusion coefficents can be determined from the time course of coupled
cation diffusion into cardiac myoyctes. Access resistance waas simulated to be 2-fold greater than the
longitudinal myocyte resistance when equilibrated with KCl. A. The myocyte initially contains KCI,
namely 120 mM K and 70 mM Cl with fixed anionic charges making up the rest of cytoplasmic anions. D
and Dg were 1.2 x 10° cm?/s. Initially, the pipette contains Na(Mg)ATP (120 mM). Dnais 0.7 x 10° cm?/s
and Darr is 3 x 107 cm?/s. The extracellular solution contains no Na. A surface membrane Na
conductance can be activated and deactivated arbitrarily and was set to generate an outward Na
current of ~2.5 nA. Upon opening, KCl is lost rapidly from the myocyte. Thereafter, Na(Mg)ATP diffuses
slowly into the myocyte in a coupled fashion, limited by the diffusion coefficient of MgATP. When
MgATP is the sole anion present in the cytoplasm, activation of the Na conductance results in coupled
depletion of Na and MgATP with essentially identical time courses. B. Equivlent simulation in which the
pipette solution contains additionally 5 mM KCIl. After the initial rapid loss of KCl and gain of Na in
exchange for K, Na accumulates in the cytoplasm with close coupling to the accumulation of MgATP.
However, Na depletion during activation of Na channels is significantly determined by a rise of
cytoplasmic K and loss of residual Cl, in addition to the slower progression of MgATP depletion. Thus,
the equilibrtion time courses allow more accurate estimates of diffusion coefficients in these

experiments than the depletion time courses.

53


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2023.01.02.522313; this version posted January 3, 2023. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

A 130 mM NacCl
?z nA
1 B0s
U -
t O m} O  E—
cell open 25 pM veratridine
C. 130 mM Na(Mg)ATP
3
nA 2
2
2° 1
1
o )
oo O —/
cell open 25 pM veratridine
E. Equilibration
Il:S} wEE
1
150 I~ L l
1
100 |
—
50 L T
g o |
0 : 5 ]

MaCl NaAsp MaiMg)ATP NaPEG
Tau,.,,.=30 53 121 148s
G_MNa(Mg)ATP conductance

B. 130 mM NaAspartate

—/

0™
cell open 25 pM veratridine
D. 130 mM NaPEG-COQOH

nA
60 s
—
£ 0 0 0 O
cell open 25 uM veratridine

F. Current Decay
T(s)

160 rn

1
100 +

Er T4

1
50

1

[a] I_f:_' el |7

MaClMNafszp Na(M g)ATP NaPEG

15 24 40 84 s
H. Corrected Time Course

msicm 120 | mM
12 100 [
9r 30
g 60 -
K,=53 mM
40 Ma
3 - fnee
20 F =121s
or o
1 I 1 L L L L 1 1 ] 1 1 1 1
0 20 40 80 30 100120 0 200 400 800
Na{Mg)ATP {mh) Seconds

Figure 11. Relative anion diffusion coefficeints determined from time course of couipled Na and MgATP
diffusion into murine myocytes. A-D. Representative patch clamp records of myocytes opened with
pipette solutions containing 130 mM NaCl, Na-aspartate, Na(Mg)ATP, or Na-PEG-COOH (2kD). The
pipete also contained 5 mM KCl and 8 mM HEPES titrated to pH 7.0 with KOH. The extracellular solution
contained 130 mM NMG-aspartate, 4 mM MgCl,, and 10 mM HEPES titrated to pH 7.0 with NMG. As
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indicated, 10 uM vertridine was applied and removed for a few seconds, long enough to achieve a peak
outward Na current. The final veratridine application was continued for long enough to induce current
decay, indicative of cytoplasmic Na depletion. The time course with which peak veratridine currents
approached a maximun was fitted to a single exponential function. E. Composite results for the rising
peak veratridine currents after myocyte opening. The mean time constants for 5 to 9 measurements are
given below the respective columns for the four ion pairs examined. F. Composite results for the decay
of currents during continued veratridine application. G. Concentration-conductance relation of
Na(Mg)ATP solutions, determined as in Figs. 2A-C. The best least-squares fit to equation #1 has a
dissociation coefficient of 53 mM. H. Corrected time course of Na accumulation during patch clamp
with 120 mM Na(Mg)ATP. The time constant with which Na currents saturate was assumed to be 121 s,
as determined experimentally (lower curve). From this time course, reflecting free Na changes, the time
course with which total Na equilibrates is calculated from equation #1 after rearranging to calculate the
total ion pair concentration, ‘C’ (upper curve, together with least squares fit to an asymptotic

exponential function).
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Figure 12. Coupled ion diffusion in PM-permeabilized and extracted murine cardiac myocytes. A.
Myocytes were aspirated into the tip of a highly polished pipettes, as shown in the inset, employing a
background solution that cotained 20 mM KCl. The sarcolemma was then permabilized by application of
80 UM B-escin, and thereafter conductances induced by applying 50 mM NaCl verus 50 mM Na(Mg)ATP
are compared. From the first derivative of the conductance signal, the maximal rates and time
constants of conductance changes were determined. Time constants for NaCl signals were 16% of those
for Na(Mg)ATP. From equation #8, this indicates that the diffusion coefficient of MgATP is 9% of the Cl
diffusion coefficient. B. Equivalent experiments to Panel A were performed with myocytes that had been
extensively membrane-extracted, as described, with glycertol and Triton X-100. The ratios of diffusion
coeffients for MgATP and Cl were nearly twice as large, indicating that MgATP diffusion is less restricted

in extracted myofilaments than in permeabilized myocytes.
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Figure. 13. Conductance restrictions induced by cardiac and diaphragm myofiliments and their
dependence on solute molecular weight. A. Representative experiment with membrane extracted
myoctyes using a solution of 50 mM NMG-MES, 0.5 mM MgCl,, 0.5 mM EGTA, and buffered to pH 7 with
4 mM HEPES. Initially, 5 cardiac myocytes were aspirated and released from the pipette tip, cardiac
myocytes were replaed with diaphram myocytes in the dish, and then 4 diaphram myocytes were
aspirated and released. As apparent in the conductance record, conductances with aspirated cardiac
myofilaments were substantilly less than with aspirated diaphram myofilaments. B. Comparison of
conductance changes caused by cardaic and diaphram myofilaments for 4 ion pairs. For all results, n>6.
The graph plots the ratio of pipette conductance in the presence versus absence of aspirated
myofilaments. Conductances of cardiac and diphram myofilaments were similar with 50 mM KCI. While
cardiac mhyofilaments induced progressively larger decreases of conductance with ion pairs of
increasing molecular weight, diaphram myfilaments caused similar conductance reductions for all four
ion pairs employed, namely KCI, NMG-MES, NMG-(Mg)ATP, and B-methylcyclodextrin complexes with

octanoate and octylamine.
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Figure 14. Comparison of diffusion restrictions employing murine cardiac myofilaments versus intact
murine cardiac myocytes, plotted in dependence on average hydrated radius of the ion pairs A. Ratio of
pipette tip conductance with and without aspirated cardiac myofilaments for 8 ion pairs. B. Ratio of
best estimates of diffusion coefficients for selected solutes in murine BL6 myocytes versus free water.

Results are fitted to Boltzmann equations, the slope of which is three-fold steeper for intact myocytes.
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Figure 15. Diffusion restriction in murine cardiac myocytes depends on strain and is enhanced by
deletion of VDAC1 porin channels. ‘CD’ indicates myocytes from CD1/J6/129sv) mice. A. Representative
records of Na/K pump current decline using patch pipettes without MgATP for ‘CD’ wild-type and
‘CD’/VDAC1-defidient myocytes. B. Composite results. Decline of Na/K pump current is more than two-
fold faster in ‘CD” wild-type myocytes than in BL6 wild-type myoyctes. Pump current decline is two fold
slower in ‘CD’ myocytes lacking VDAC1 than in ‘CD’ wild-type myocytes. Results were similar using either
80 or 20 mM cytoplasmic Na. C. Micrographs of ‘CD’ wild-type and VDAC1-deficient myocytes after 10
min of patch clamp with 10 uM carboxyfluorescein. The longitudinal fluorescence gradient is still
pronounced in the myocyte lacking VDAC1 after 10 min. D. Similar to results for Na/K pump currents,
the time constant with which carboxyfluorescein equilibrates in BL6 wild-type myocytes is more than
two-fold greater than in ‘CD’ wild-type myocytes, and the time constant is more than two-fold greater

in’CD’ myocytes lacking VDAC1 than in wild-type ‘CD’ myocytes.
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1. 2. 3. 4. 5. 6. '
Auorophore () | 0 B e | e | e
Bodipy-FL-ATP (878) | 0.67 | 050 | 0.4x107 | 057x107 | 4.5x10% 79
Carboxyfluorescein (376) | 048 | 0.31 | 1.2x107 | 1.7x107 “4.8x10° 28
Sulforhodamine (559) 50 | 093] 03x107 | 4.3x107 | @4.0-44x10° 10
TRITC-dextran (4.4kD) 074 | 055 | 04x107 | 0.78x107 &2 x 10 26
0.5kD PEG (832) 038 | 012 | 1.1x107 1.2x107 #3x10°® 25
2 kD PEG (2.3 kD) 042 | 021 | 05x107 1.3x107 | *6x107 46
2 kD PEG-NH3(2.3 kD) 0.48 | 031 | 0.33x107 | 0.48x107
10 kD PEG (10.3 kD) 069 | 052 | 09x107 | 3.1x107 | #25x107 8

Table 1



https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

NMG

A. 1y, from Na/K pump

mM Na, *°

10

F

pump 0.5
0

Raccess=4-2 MQ  volume =12 pL R
_ NMG [Na'] NMG
i 100's o ot=22s i N

= 7 mM K, =

120 mM Na,
+ veratrldlne

[
- ver Off \\j 7 mM Na0

Nai1.6/(Nai1.6+61.6)

B. T\ from |,

Raccess=4-5 MQ  volume = 12 pL
! 1=225S

nA

I\a (outward)

| veratridine 1208

Fig.8


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

nA
1.5

1.0

0.5

oL

4mM ATP,,

2mM AMPPNP ;i

I MT

125 s

7mM K, | R | N NN . =

0.5

0

4 x107 cm?/s

7mM K 1T

— 200 s + ATP ipette
1
n=6
**%
B _ATPpipette
— =177+11s
n=6
- -//VL/\/ a'gl

I I I

5x 107 cm?/s

Fig. 9


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

Na
A (Mg) B
ATP/ p._ =

ATP =
3 x107cm?/s

KCI + 50 mM Pr-

. <
pipette 1 10 ”m

GNa¢ GN3¢

+0 mM KCI

+5 mM KCI

pipette

MO M , | 140 .

— — 120 |- Na*
120 Na*

80

40



https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. 130 mM NaCI B. 130 mM NaAspartate

3
\ nA

oo —
cell open 25 uM veratridine
C. 130 mM Na(Mg)ATP D. 130 mM NaPEG-COOH

-

ceII open 25 pM veratrldlne

3 A 2
n
5 nA
60s 1
1 - eos
N — 0 £ 0 0 O O3
cell open 25 uM veratridine cellopen 25 uM veratridine
E. Equilibration F. Current Decay
T (S) *kk T (S)
-1
150 L L
*kKk 150 -
100

100

50 |
’_L‘ e |—L‘
A o
n= 9
0 o LIe] [s] le] |7
NaCl NaAsp Na(Mg)ATP NaPEG NaCl NaAsp Na(Mg)ATP NaPEG

Unmean= 30 63 121 148 s 15 24 40 84s
G. Na(Mg)ATP conductance H. Corrected Time Course

Tau

mS/cm 120

100
i 80
- 60
Ks=53 mM 40
20
0

1 1 1 1 1 | L 1 1 1 1 1 1 1
0 20 40 60 80 100120 0 200 400 600
Na(Mg)ATP (mM) Seconds

121

Fig.11


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

A. Permeabilized myocyte B. Extracted myocyte

90 uM B-escin
G (a.u.) 1 G(au.)
11 1.0
0.75
0.5 - 0.50
0.25
oL Na‘:l(\)/lg;XTP / / I
O [ 5((|3/Im)XT,\IIDa [] [] [] 40 mM NaCl [ - =
9 0 0 5 dG/dt (a.u.) 40 s
dG/dt (a.u.) [] [0 s0mmNac 1.0
10 =
o
0 -
. . 1.0 =12 035 1.3 032 13 034 s
-1.0 L 0.24 0.21 0.29 S
T 0.27+0.02 D 0.16 T 0.33+0.02 s D 0.28
NaCl  _ ®2 016 i VAP _ = 0.09 NaCl _ _ =028 ie. — TP - = 0.16
TNa(vg)aTP 1.7¢0.2s cl 2-0.16 TNa(MgATP  1-2¢0.1's D¢ 2-0.28

Fig.12



https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

C-\"(relative)

1

0.5

cardiac myocytes
myocyte
inl T
out
\
pipette \ T
ldown

A

diaphram myocytes

100 s

pipette
up

/|
M

£

Gpipette+myocyte/ C;pipette

1.0

0.9

0.8

0.7

0.6

0.5

B

(
50 mM
NMG- 50 mM 50 mM
MES NMG- CD-C8COO

50 mM MgATP CD-C8NH3"

KClI

cardiac myocytes

100 200 400 800 1600
Average Molecular Weight

Fig.13


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

G

A

G

myofil." ~ water
1.0
K= 0.90 nm (1.1 kD)
slope=0.26 nm
0.8}
KCILiCI
TEA-Asp
06 | NMG-CI
. NMG-MES
NMG-MgATP
i CD-C8NH3*
0.4 MES
CD-C8NH3"
02} CD-C8COOr
0.0 =

0

: 2
Hydrated Radius (nm)

Fig.14

D

B

/D

myo." =" water
1.0
K.iq= 0.61 nm (0.6 kD)
slope=0.07 nm
0.8 } (CINa)
Asp
0.6 |
04 ¢
O 2 | MgATP
] fluorophores
CF‘ <4 kD
0.0 =

Hydrated Radius (nm)


https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

0.8

‘CD’-WT

6 B T -ATP decay (s)

nA 100 s
n 80 mM Na, 80 mM Na,
1 1
i 150 T ** *x% 20 mM Na
B 1 1
g *%
L 8w B B 5mMK, 100 |- ]
_ ‘CD’-VDAC1 KO T .
" 100 s 50 | T
— —/—
n=11]n= n=|| n= n= || n=
n 6 || 6 6 || 6 5 || 5
T=71s 0
n BL6WT ‘CD-WT  ‘CD’ KO ‘CD’ KO
- g0 0 0 @ @ I
°e 5mMK,
T-carboxyfluorescein (s)
‘CD-WT D
I ] 1 I
-[ *% *%
600 [
T
400
T
200
n= = —
6 n6 n6_
0
BLBWT ‘CD-WT  ‘CD’ KO



https://doi.org/10.1101/2023.01.02.522313
http://creativecommons.org/licenses/by-nc-nd/4.0/

