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Abstract

In-silico models of cardiac myocytes allow simulating experiments in numbers on series of
myocytes as well as on large populations of myocytes assembled in 3D structures. The
simulated myocyte populations should have realistic values and statistical dispersions of
biophysical parameters such as myocyte dimensions and volume and areas of the peripheral
membrane and transverse-axial tubular system (TATS). Dependencies among these variables
also have to be taken into account. In this work, we propose a quantitative representation of
the changes in the fraction of membrane area in the TATS that integrates published
dependencies with body weight (age) and size of rat ventricular cardiac myocytes while
respecting the above constraints. Imposing a constant total membrane area-to-volume ratio
appears to account for the increase of this fraction with myocyte size (i.e.: volume) within a
given age group. The agreement of our results with published data was discussed and reasons
for discrepancies were analysed. On the basis of our framework, strategies are proposed for
minimising the influence of non-random dispersion related to myocyte volume on
measurements of the area of TATS and surface membrane compartments and of ionic current
densities. The next step will be to quantitatively compare these strategies by evaluating the
impact of myocyte morphological parameters and their dependencies, sample size, biases and

errors, on the output of experiments.
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atrio-ventricular node

whole-cell membrane capacitance
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fraction of the TATS membrane that resisted detubulation
myocyte length

average length

perimeter of the cross-section of a myocyte
sino-atrial node

standard deviation of the length 1

standard deviation of the width w

standard deviation of the thickness th

area of the end surface of a myocyte (~cross-sectional area)
area of the longitudinal surface of a myocyte

area of the peripheral membrane of a myocyte

total membrane area of a myocyte

membrane surface area of the TATS in a myocyte
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transverse-axial tubular system

myocyte volume

ratio of total membrane area to myocyte volume

ratio of TATS membrane area to total membrane area
ratio of TATS membrane area to myocyte volume
ratio of surface membrane area to myocyte volume
myocyte volume

myocyte width
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1 Introduction

It has early been recognized that the amount of transverse-axial tubular system (TATS)
increased with age (Page and McCallister, 1973a; Nakamura et al., 1986) and with myocyte
size (Leeson, 1978; Satoh et al., 1996). It also was seen that ventricular myocytes have large
amounts of TATS whereas atrial myocytes generally have a lower amount (Leeson, 1978;
Leeson, 1980; Yue et al., 2017). In experimental rat models of cardiac hypertrophy (thyroid
hormone), it was detected that myocytes have larger size and lower peripheral membrane area
to myocyte volume ratio than in controls (McCallister and Page, 1973; Page and McCallister,
1973b). However, their total membrane area to myocyte volume ratio was kept to control
values, owing to the increase in the amount of TATS. The hypothesis was thus formulated
that the purpose of the increase in TATS was to maintain a constant membrane area to
myocyte volume ratio (McCallister and Page, 1973; Page and McCallister, 1973b). Owing to
3D reconstruction in confocal microscopy of living myocytes using a membrane-bound
fluorescent marker, this idea was confirmed by the demonstration that the total membrane
area increases in linear relation to myocyte volume (Satoh et al., 1996; Swift et al., 2006) in
control rats. Indeed, the membrane area to myocyte volume ratio is a characteristic for a given
species at a particular age (or body weight) and is maintained across differences in size of
ventricular myocytes at that age (Satoh et al., 1996). In the present work, we simulate these
changes and extend this simulation to younger ages (i.e.: lower body weights) to test whether
the constraint of a constant area to volume ratio might reproduce the increase in the amount of
TATS reported during development. Care was taken to incorporate the most detailed
descriptions of the shape of ventricular myocytes. In particular, documented quantitative
relationships among length, width and thickness of myocytes were taken into account, as well
as the contribution of membrane infolding and caveolae and the most plausible estimate of the
specific membrane capacitance value. Conflicting values in published accounts of the
quantitative importance of TATS in ventricular cardiac myocytes of rats have been discussed
(Soeller and Cannell, 1999; Pasek et al., 2008b). We review these papers critically and
explore whether such differences might have been due to measurement artefacts and/or to

using animals of different ages, hence of different body weights.
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2 Methods

2.1 Softwares

All computations used in this work were written as scripts suited to both Matlab (The
MathWorks, Natick, MA, USA) and Scilab (ESI Group, Rungis, France) further data
processing and figures were prepared under Origin 7 (OriginLab Corporation, Northampton,

MA, USA).

2.2 Rationale for building a synthetic set of data to represent changes in TATS with age or
weight and myocyte size.

The morphological model to represent a cardiac ventricular myocyte was chosen to be a rod
with ellipsoid cross section. A synthetic data set was generated: several sizes were chosen to
span the 95% confidence interval of width, length and depth as measured by (Satoh et al.,
1996). This was done for the two age groups i.e. 3 months (~350 g body weight) and 6
months (~500 g body weight) studied by Satoh et al. (1996), as described in the Appendix.
Two additional data sets were generated by extrapolating myocyte sizes down to rat weights
of 250 and 200 g (corresponding to younger rats). The two basic assumptions were that
average myocyte size increased linearly with age (or body weight, see 4.5 Limitations), and
that the relative dispersion of myocyte dimensions was the same as in the data of Satoh et al.
(1996). In addition, a volume rendering factor was applied to convert the computed volume to
rendered myocyte volume (Satoh et al., 1996).

The peripheral area and volume were computed for each myocyte size of the synthetic data set
as indicated above and in the Appendix.

The peripheral area to volume ratio was computed. The whole-myocyte capacitance to
volume ratio was set to the values reported by Satoh et al. i.e.: 6.76 pF/pL for 3 months (~350
g) and 8.88 pF/pL for 6 months (~500 g) rats, and we assumed that the total capacitance to
volume ratio at 3 months would also apply when extending our simulations to younger
animals (250 and 200 g). Under the hypothesis that the extent of TATS membrane area would
ensure that the total membrane area to volume ratio is maintained, the expected value of the
fraction of membrane in the TATS was computed from those data.

Several corrections were applied to take into account the presence of peripheral membrane

grooves, caveolae and of infolding of the membrane at the intercalated disk, which all
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increase the membrane area. Instead of the consensual value of 1 pF/cm?, a more realistic

value of 0.9 uF/cm? was used to translate membrane capacitance into area (see Appendix).

3 Results

3.1 A constrained design for artificial series of myocytes

Figure 1 near here

We started with the assumptions that the myocytes were elongated rods with elliptic cross
section and that myocyte width and thickness were linearly related to myocyte length. We
created artificial datasets with lengths spanning the confidence interval around the mean
length from published measurements for two average animal weights: 350 g (3 months) and
500 g (6 months). This was extrapolated down to two smaller average animal weights. We
then computed the area of the peripheral myocyte membrane including corrections for
membrane infolding, caveolae and intercalated disks. We also computed the myocyte volume
and applied a volume-rendering factor proper to each average animal weight to adjust for
indentations of the myocytes. The peripheral membrane area to myocyte volume ratio was
then derived. Fig. 1A shows that it increases when myocyte volume decreases. The shape of
the relationship is quite similar at all rat ages. This increase is a non-linear function of
myocyte volume and shows a steeper increase at smaller volumes. The maximal value of the
peripheral membrane area to myocyte volume ratio is at the smallest volume for the younger
rat age (diamonds for the 200 g series in Fig. 1A) and amounts to 0.46 um?*/um?>. A similar
relationship was established for Sprague-Dawley rats Ssurf/Vmyo ratio decreasing from 0.53
um?/um? for 44.5 g body weight down to about 0.30 um?*/um? at 300 g (Stewart and Page
1978). We also plotted the relations of myocyte volume to projected area (length * width) in
Fig. 1B, showing that volume increases slightly more than projected area in all synthetic data
series. However when statistical errors would be added, the relation might be treated as linear
as done in figure 4A of Satoh et al. (1996).

Knowing Ssurt/Vimyo and Stot/ Vimyo, the ratio S«/Vmyo was derived for each myocyte size in each
series corresponding to different animal weights (or age). It was computed as the difference
from Ssurt/ Vimyo to the constrained St/ Vmyo. Then, Su/Sior was computed by dividing S«/Vmyo
by St/ Vimyo (see in Appendix). As verification, whole myocyte Cr, values were computed

from the sum of St and Sy after conversion using a specific capacitance of 0.9 uF/cm?. Fig.
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1C shows that our datasets respect the initial assumption of a constant Ciy to Vyo ratio within

a given age group.

Figure 2 near here

The S«/Stor data of all series are displayed in Fig. 2 (open symbols with line) versus myocyte
volume and show that the values of S«/Sw: vary considerably with myocyte size within each
age group, but also between groups with the age of the animals, and that this fraction
increases steeply with myocyte size when starting from the smaller myocyte sizes. The
increase with myocyte volume is relatively small at later ages.

These graphs are duplicated in Fig. 2A and Fig. 2B and serve as a basis for comparing our
simulation with values of the TATS membrane fraction that were derived from morphological

studies, see 3.3 below.

3.2 Are published morphological estimates of the fraction of membrane in TATS in conflict?
The original data reported in various studies using morphological methods in electron
microscopy or confocal microscopy have been collected in Tab. 1, and used to compute
values of S«/Swt, after applying corrections as explained in the Appendix.

We had to adjust our computations to the particular conditions of each study, which is

detailed here below.

Table 1 near here

3.2.1 Satoh et al. (1996): The peripheral membrane area for an ellipsoid cross section
myocyte having average dimensions as in table 2 of Satoh et al. was computed. Additionally,
we took into account corrections for caveolae, membrane infolding and intercalated disk
membrane folding. We also computed the myocyte volumes from myocyte dimensions in
Satoh et al.'s work, and, in order to match the average rendered volumes that they evaluated
by 3D analysis for 3 months and 6 months rats, the rendering factor that we had to apply was
0.74 and 0.73 respectively. The values of Ssurt/Vmyo, computed from these estimates are 0.308
um?/um? for the 3 months rat and 0.295 um?/um? for the 6 months rat. This yields values of
St/Stor of 0.544 and 0.668 respectively. The Cin/Vmyo values of 6.76 and 8.88 pF/pL for 3 and

6 months respectively, were converted into Siot/Viyo of 0.676 um?*/um? and 0.888 pm?*/um?
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using a specific capacitance of 1 uF/cm?. When a specific capacitance value of 0.9 pF/cm?
was used, S«/Sior was computed to 0.589 and 0.702 for 3 months and 6 months rats

respectively.

3.2.2 Soeller and Cannell (1999): They report a single Su/Vmyo value of 0.44 um?*/um?. This
value is the largest estimate of Si/Vmyo (Tab. 1). Using a hypothetical myocyte of cylindrical
shape 100 um by 20 um, and the resulting volume of 31400 um?, they estimated the ratio

Stot/ Vmyo t0 6.6 um?*/um?, a value near to that reported by Satoh et al. (1996) for 3 months
Sprague-Dawley rats weighting 350 g. Assuming a specific capacitance of 1 uF/cm? they
estimated the Su/Vimyo to 0.68. This was when assuming Sio/ Vmyo at 0.676 um?/um?, as for 350
g male Sprague-Dawley rats. Assuming in turn the ratio Si¢/Vmyo to be 0.843 or 0.76
um?/um?, as derived from Swift et al. (2007) and Swift et al. (2006) respectively, for 300 g
male Wistar rats, would yield an S«/Swc value of 0.52 or 0.58. Soeller and Cannell (1999) used
250 g male Wistar rats, thus the S«/Stot 0of 0.52 may be considered as a lower limit and the
value of 0.58 as an upper limit. These values changed to 0.47 and 0.52 respectively when
considering a specific capacitance of 0.9 uF/cm?. It is surprising that Soeller and Cannell did

not estimate Sguf and Vmyo, Which would have readily allowed estimation of S¢/Siot.

3.2.3 Swift et al. (2006) A ratio of mean myocyte Cp to mean Vyyo of 8.43 pF/pL was
computed from their data. Assuming a specific capacitance of 0.9 uF/cm?, this is converted to
a Stot/ Vimyo of 0.94 um*/um?. The Surt/Vmyo computed from the data in Satoh et al. (1996) for a
myocyte of 200 pF capacitance (the mean value reported in Swift et al. (2006)) with an
elliptical cross section amounts to 0.361 um?/um?. Thus the Su/Sior may be estimated to 0.62.

It would be 0.57 with a specific capacitance of 1 uF/cm?.

3.2.4 Page et al. (1971) The authors reported, in 200 g Sprague-Dawley rats, an Ssurt/Vmyo of
0.27 um*um? and a St/ Vimyo of 0.34 um?/um?>. A direct calculation leads to an estimated
St/Stor of 0.207. Assuming that peripheral membrane infolding was duly taken into account in
the stereological measurements and that caveolae were likely neglected, both ratios should be
corrected for the presence of caveolae. In this case, as we assumed the caveolae to increase
membrane area by the same factor in peripheral and in TATS membrane, such correction

would not change the computed Si/Sot.
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3.2.5 Pager (1971) Jeanne Pager used 200 g Wistar rats. The reported value of 0.25 um?/um?
for Su/Vmyo may be combined with an estimated Sio/Vinyo of 0.44 pm?*/um?, as evaluated by
Swift et al. (2006) in 300 g male Wistar rats. In this case the Si/Sw: would be 0.57. If now
using a value of 0.9 pF/cm? and in addition, correcting Sy for caveolae, a value of 0.61 is
computed. Lastly, using a Sio/ Vimyo of 0.76 um?/um? (computed assuming a specific
capacitance of 1 uF/cm? from Swift et al.'s (2007) Ci/Vimyo estimate of 7.6 pF/pL) and
correcting Sy for caveolae a new value of S¢/Sior of 0.39 is estimated, that is changed to 0.35

when considering 0.9 pF/cm?.

3.2.6 Page and McCallister (1973a) From their measurements of 0.30 um?*um? and 0.39
um?/um? for respectively Ssurt/Vimyo and Siot/Vimyo, the Su/Sior may be estimated to 0.23. As for
the data of Page et al. (1971), correcting for caveolae would not alter the final computed

Stt/StOt-

3.2.7 Page and Surdyk-Droske (1979): Their estimates of 0.307 um?/um? for Ssurt/Vmyo and
0.145 pm?*/um? for Sw/Vmyo allow computing 0.457 pm?*/um? for Sio/ Vmyo and 0.32 for Se/Stor.
As was done above for the data of Page et al. (1971) and Page and McCallister (1973a), it
may be assumed that infolding of the peripheral membrane has been taken into account, so
that correcting Ssurt/ Vimnyo and S«/Vmyo for caveolae did not change the S«/Siot that remained to

0.32.

3.2.8 Nakamura et al. (1986): The same reasoning was applied to computations from the data
of Nakamura et al. as from those of Pager (1971). The final estimates of S«/Siot were 0.44 and

0.48 for a specific capacitance at 1 and 0.9 uF/cm? respectively.

3.2.9 Gorelik et al. (2006): They used fluorescence intensity measurements of the membrane
probe di-8-ANEPPS on isolated living rat cardiomyocytes and computed the ratio of
fluorescence intensity in a confocal slice of a myocyte, excluding the peripheral membrane, to
the total fluorescence intensity within the same slice. Although they designated this ratio the
"volume ratio" of the TATS, it may be taken to represent the ratio of S«/Sir. However, this is
valid under the assumption that the density of di-8-ANEPPS labelling per unit of membrane
area was uniform over peripheral and TATS membrane compartments. The average "volume
ratio" derived by Gorelik et al. was 0.728 for control myocytes, which is the highest estimate

either published or computed on the basis of the present study. This ratio dropped to an
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average of 0.432 after detubulation. Assuming that St did not change, we computed that

34% of the initial St would remain after detubulation. See section 4.4 for further discussion.

3.3 Comparison of estimates from morphological measurements to simulated values

When the weight of the animals was given, we plotted the values of the Su/Sto fraction as
derived in section 3.2 (Tab. 1) versus the myocyte volume of the central point of the artificial
data series that corresponded to their weight class. These appear in Fig. 2 as grey-filled
symbols of the same type as the series corresponding to the rat weight reported by the authors.
For convenience, these data have been overshadowed in grey colour in Tab.1 and numbers
from the first column of Tab. 1 were added near the symbols in Fig. 2. The values for
Sprague-Dawley rats appear in Fig. 2A. The large open symbols number 9 and 10 correspond
to the study of Satoh et al. (1996). Our simulations overestimated the corresponding S/Stot
values of Tab. 1. This might be due to some inadequacy of the shape of a rod with elliptic
cross-section that we chose. Although our computations were adjusted to correctly estimate
the rendered volumes evaluated by Satoh et al. (1996), they may have underestimated the
surface area of the myocytes. Our corrections for membrane infolding, caveolae and
intercalated disk complexity may also need to be adjusted. Among studies on 200 g rats,
studies (1), (4), (5) and (7) on Sprague-Dawley rats and (3), unidentified strain from Page and
MccCallister (1973a), are in reasonable match with our simulations. It should be noted that
Page and co-workers, in studies (1), (5), (6) and (7) used Sprague-Dawley rats, which may
apply for study (3). Study (12), on ~300 g rats, shows value sizeably lower than our
simulation for 250 g rats. Study (6) on 300 g rats falls well below our simulations for 250 g
(open triangles) or ~350 g rats (open squares). Study (14) is consistent with the highest weight
class (open circles) of ~496 g rats and with study (10). As a whole, our simulations might be
revised to better account for values from the literature on Sprague-Dawley rats, namely
studies 9 and 10, which we took as a basis. In panel B of Fig. 2, we plotted the S«/Stw: values
from Wistar rats. The upper value from study (2) and the value from study (8), for 200 g rats,
are much higher than our simulation (open diamonds). The lower value from study (2) may be
considered as consistent, as would both values from study (11) for 250 g rats. Study (13) is
consistent with our simulation for ~350 g rats but was done on 300 g rats.

As a whole, the S«/Stot values from morphological studies on both rat strains confirm a trend

to increase with myocyte volume, as related to increasing body weight.

Figure 3 near here

10
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3.4 Comparing estimates of the TATS membrane fraction using morphological analysis versus
Cm analysis with formamide detubulation

In order to compare all studies of Tab. 1 and 2, we gathered the data on two graphs in Fig. 3.
Comparing the estimates from morphological studies (Tab. 1 S¢/Sior values converted in %)
with those based on formamide detubulation (Tab. 2), Fig. 3A shows a general
underestimation by the latter, that holds when considering either Sprague-Dawley rats
(lozenges) or Wistar rats (circles), whereas values for unidentified rat strains (triangles) are
similar. For all studies specifying the weight of the rats, the S¢/Sior data from Tab. 1 were
plotted in % versus weight in Fig. 3B. Data from studies that did not specify body weight
were plotted on the left vertical axis. The data from detubulation studies in Wistar rats (open
circles in Fig. 3B) include 9 data points within 250-300 g weights and two data points at 460
g. The outlying data from Gadeberg et al. (2016) showing a TATS membrane fraction of
14.2% ought to be disregarded, since it is more than two times lower than the value resulting
from a parallel study (Bryant et al., 2015) on the same animals (see Tab. 2). The dispersion of
the 10 remaining data points precludes any global visual relationship. Eight data points from
morphological studies on Sprague-Dawley rats seem to indicate a positive correlation of

TATS membrane fraction with weight. This is further analysed in section 4.3.

Table 2 near here

From the 20 reported measurements of loss of capacitance upon formamide detubulation of
all studies on rat ventricular myocytes (Tab. 2), an average value of 28.5 % is computed for
the TATS membrane fraction. Taking into account that, on average, detubulated myocytes
still have about 8% of their TATS area remaining connected to the outside (Pasek et al.,
2008a), or up to 16% (Bryant et al., 2015), we attempted to correct for the effect of a fies
value at 0.16 and computed values "% Cn, lost corr." in Tab. 2. We omitted the outlying value
from Gadeberg et al. (2016), see above. The average corrected value of TATS membrane
fraction of the remaining studies is at 35.7%. It is at 35.3% when considering only male
Wistar rats. This would still be in the lower range of values from morphological studies at
comparable body weights. Taking into account an average myocyte Cn, of 143 pF and a
Cin/Viyo of 5.4 pF/pL (for 300 g rats), Vimyo ought to be 26.5 pL (Fig. 1C, open triangles). The

TATS membrane fraction value corresponding to this volume in our simulation in Fig. 2 for a

11



352 300 grat is 0.53. Thus, the TATS membrane fraction estimated from detubulation, even after
353  correcting for incomplete detubulation, is sizeably lower than the expected values from our
354  simulations and from morphological measurements (Tab. 1).

355

356

357 4 Discussion

358

359 4.1 Myocyte dimensions and shape

360  For their computations of myocyte volume, Boyett et al. (1991) used a rod with an elliptical
361  cross section with a 1/3 ratio of width to thickness (Sorenson et al., 1985). The data in table 1
362  of Satoh et al. (1996) for rat myocytes show a ratio at 2.41+0.65 (we estimated the error of
363  0.65 after summing relative errors in width and depth). From table 2 of Satoh et al. (1996) we
364  computed width to thickness ratios of 2.63 in adolescent rats and 2.42 in adult rats. In our
365 simulated data sets, we generated a set of values with the same relative 95% confidence

366 interval as the data of Satoh et al. in 6 months rats. It turns out that the width to thickness ratio
367  varies between 2 and 2.7, the lower values being for smaller myocytes. This is consistent with
368 the observation that myocytes from smaller animals tend to be less flattened (Sorenson et al.,
369  1985). It appears that we chose the upper limit in setting the width to thickness to 3.0. In

370  further simulations, we ought to adjust this parameter to a consensual value at 2.5 and

371  possibly make it depend on myocyte length or age.

372  As to the length to width (I/w) ratio, the present synthetic data sets have 1/w ratios spanning
373  3.4t05.7 and showing a decrease when myocyte size increases. The following 1/w values
374  may be computed from published data in rat ventricular myocytes: 4.5 in rats of either sex
375  250-300 g (Boyett et al., 1991); 5.03 in adult male Sprague-Dawley rats 250-350 g (Stimers
376  and Dobretsov, 1998); 3.5 in female adult Wistar rats (Kawai et al., 1999); 5.02 in male

377  Wistar rats (Brette et al., 2000); 3.85 in control and 3.08 in hypertrophied right ventricular
378  myocytes from adult male Sprague-Dawley rats of 350-400 g (Chouabe et al., 1997); from
379  3.76 to 4.54 in control (380-495 g) and 2.78 to 3.81 in hypertrophied myocytes from adult
380 male Sprague-Dawley rats, with differences according to region in the left ventricle (Benitah
381 etal., 1993). At change, Satoh et al. (1996) measured averaged length to width ratios of 4.19
382  and 3.7 in 6 months (~500 g) and 3 months (~350 g) rats respectively. Thus the span of I/w
383  ratios in our synthetic data set is consistent with ratios computed from published values and
384  their changes along rat weight. Also of note, myocyte dimensions and 1/w ratios did not differ

385 among three rat strains at 3 months age, spontaneously hypertensive (SHR), Wistar-Kyoto
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(WKY) and Fischer-344 rats, managed and studied in the same laboratory (Bishop et al.,
1979), so we did not seek to explain discrepancies as resulting from morphological

differences between rat strains.

4.2 The lower size limit for TATS morphogenesis

Using electron microscopy, a lower limit of 7-8 pm in myocyte diameter has been measured
for rat ventricular myocytes to have a TATS (Hirakow, 1970). In living rat atrial myocytes
under confocal microscopy, this limit appears between 11.7 and 13.2 um (Kirk et al., 2003).
These two ranges of values come into agreement when considering a 45% myocyte shrinkage
upon preparation for electron microscopy (Eisenberg and Mobley, 1975). In the present
simulations, the peripheral membrane area to myocyte volume ratio increased when the size
of a rod shape with elliptic cross section was decreased (Fig. 1A), so that, for a myocyte width
of 12.9 um, the upper limit of the whole membrane area to volume ratio of 6.76 yum*/um? in
3-months-rats was attained. Under the assumption that the amount of TATS is governed by
this constraint, there would be no need for a 12 um wide myocyte of developing a TATS in
the present synthetic data series. Thus the hypothesis of a constraint for a minimal membrane
area to volume ratio could be enough to explain that the smaller atrial myocytes and yet
smaller myocytes in the AV-node and SA-node are devoid of TATS (Brette et al., 2002).
However, myocytes from very young rats having myocyte diameters as low as 7.8 um may
still have a S¢/Sior Of 13% (Stewart and Page 1978), pointing to a different determinism of the

TATS in ventricular versus atrial or nodal cells.

4.3 Dependence of Si/Si: on rat weight

The data generated in this study also account for the progressive increase in the amount of
TATS as is evidenced in the EM micrographs of Nakamura et al. (1986) taken from the
ventricle of 28 g up to 490-560 g Wistar rats in 7 different classes of weights and in the data
of Stewart and Page (1978) for Sprague-Dawley rats 44.5 to 300 g body weight, yielding
TATS membrane fractions increasing from 13% to about 35% respectively. Furthermore, the
apparently high membrane fraction in TATS derived from the analysis of Soeller and Cannell
(1999) for 250 g Wistar rats turns out to be in agreement with the data of Satoh et al. (1996)
and with our simulation (Fig. 2B, study (11)) once plausible corrections were applied. The
large value derived by Gorelik et al. (2006) by computing the ratio of TATS-related
fluorescence to total fluorescence in a confocal slice is likely an overestimate, as discussed in

4.4,
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Figure 4 near here

It appeared in Fig. 2A that TATS membrane fraction data from morphological studies in
Sprague-Dawley rats (filled lozenges) might indicate a correlation with body weight. A linear
regression analysis is depicted in Fig. 4. Despite considering a reasonable 20% relative
standard deviation in both TATS membrane fraction and weight data, a tight correlation was
found. The fitted line intercept value at -10.4 + 17.5 % cannot be consided as different from
zero. The slope was estimated at 0.167 + 0.065 %/g with a low relative error. Thus, TATS
membrane fraction may be considered as increasing proportionally to body weight. Of note,
the TATS membrane fraction values read along the fitted line are 23% at 200 g and 31% at
250 g body weight whereas in our simulations (Fig. 2) they are 26% and 46% respectively.
Values at 346 and 496 g are 48% and 72.6% respectively versus 63% and 73% respectively in
our simulation. This confirms that our simulations need adjustment to match the experimental
data. Regarding data from Wistar rats in Fig. 3B, no such correlation was attempted from
morphological data, since only 4 values are available and two of them are in contradiction.
From detubulation studies, the outlier point from Gadeberg et al. (2006) being excluded, a
single point remains outside of a cluster of points spanning a narrow weight range (250-300
g). This is not surprising, because detubulation studies aimed at deriving data on the

distribution of ion channels in standard conditions and mostly used young adults.

4.4 Comparability of morphological and detubulation estimates of Su/Sior

Overestimation of S«/Sioc might result from a slow internalisation of di-8-ANEPPS with time
into the sarcoplasm (Chaloupka et al., 1997) unduly counted as tubular membrane
fluorescence. However, this possibility was ruled out by Soeller and Cannell (1999). Another
possible bias could arise if a single confocal slice was analysed in each myocyte and would be
at the mid-height of a myocyte lying flat. Referring to the transverse sections shown in figure
6 of Soeller and Cannell (1999) one may observe that this would maximize the volume of the
slice and thereby the amount of TATS. In addition, the density of the TATS is maximal at
mid-height. This would also minimize the area of peripheral membrane since most of the
surface membrane will be oriented perpendicular to the plane of the confocal slice. In
comparison, in a confocal slice nearing the upper or lower boundaries of the myocyte, the

surface membrane plane will be obliquely oriented and will contribute a larger part of the
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fluorescence signal, whereas the density of the TATS will be lower. The integrative 3D
analyses of Satoh et al. (1996) and of Soeller and Cannell (1999) take all of the internal
voxels into account, which avoids such drawbacks.

Thomas et al. (2003) reported complete detubulation while most other studies have evaluated
a fraction of TATS resisting detubulation (non-detubulated and incompletely detubulated
myocytes) from 8% (Pasek et al., 2008a) to 16% (Bryant et al. (2015) whereas we evaluated a
high value at 36% from Gorelik et al.'s (2006) data. There could be an opportunity to improve
the efficiency of formamide detubulation if the reasons of the full detubulation by Thomas et
al. were deciphered. A possible explanation for a fraction of intact t-tubules remaining could
be a partial protection of the TATS by small permeant molecules (Uchida et al., 2016).

When comparing the formamide detubulation procedure with that induced by imipramine,
Bourcier et al. (2019) reported a decay of 45% of rod-shaped myocytes in male Wistar rats'
ventricular myocytes upon formamide detubulation. If this decay would preferentially affect
larger cells, the remaining myocytes would have lower TATS membrane fraction values,
which might explain why Thomas et al. (2003) observed a low-range average TATS
membrane fraction at 26.5% although all of their rod-shaped myocytes, after formamide
treatment, appeared completely detubulated. Further, Bourcier et al. (2019) evaluated a TATS
membrane fraction of 40% comparing imipramine-detubulated myocytes to control ones. This
value is only at the higher range found from formamide-detubulation studies. Thus,
inconvenients of the formamide detubulation revealed by the imipramine method did not
resolve the discrepancy with morphological methods. Correcting the ensemble of data from
detubulation studies for incomplete detubulation did not succeed either (see 3.4). This
suggests that morphological studies did overestimate the TATS membrane fraction. One
possible reason analysed by Pasek et al. (2008a) was the possibility that the specific
capacitance of the TATS membrane might be lower than that of the surface membrane, due to
a higher content in cholesterol. However, a recent study by Gadeberg et al. (2017) did not
reveal a change in Cn/Vmyo of mouse ventricular myocytes upon cholesterol depletion using
methyl--cyclodextrin. This does not preclude another unknown reason for the specific

membrane capacitance to be different in surface and tubular membranes.

4.5 Limitations
In this study, we referred to body weight and/or age of the animals, which may be confusing.
The authors had preferred to be able to refer to one single parameter, i.e.: weight, because a

larger body weight imposes an increased workload to the heart, causing physiological
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hypertrophy at any age. Likewise, animal strain and gender are important parameters, and we
did not attempt to consider possible differences. However, it readily appears from Tab. 1 that
among 14 studies, eight of them omitted to specify either age (8) or body weight (1) or both
(1). This also goes for omitting gender (4) or rat strain (2), and one study reported using male
and female rats. Similarly, in Tab. 2, over 18 studies, age is omitted in 12 of them, body-
weight in 7 and gender in 8. As a whole, methods have been under documented, which
hinders attempts to figure out the influence of some parameters and provides sense to the
"Minimum Information about a Cardiac Electrophysiology Experiment (MICCE)" initiative
(Quinn et al. 2011). Whenever willing to translate from age to weight, we might refer to the
values of ages and weights reported by Nakamura et al. (1986) for Wistar rats as plotted in
Fig. 5. They show a proportional relationship from 1 week to 6 months with an increment of
about 30 g/week. The data from Wistar rats (open circles) below 500 g agree well with
Nakamura's data. The data from Sprague-Dawley rats of Satoh et al. (1996) at 3 months (~350
g) agree with that relationship, as do those of Despa et al. (2003) and Garciarena et al. (2013)
at 300 g. Data for ages around 6 months (25-27 weeks) from Wistar or Sprague-Dawley rats
depart from the linear relation. Other studies in Tab. 2 reported age or weight or none, and the
term "adult Wistar" was used for rats having weights ranging 250-300 g with two exceptions

at 450 and 460 g.

Figure 5 near here

In generating our datasets, it was assumed that myocyte width and depth changed in parallel
to myocyte length and that the statistical dispersion of values in these three dimensions was
principally due to differences in myocyte length. However, it was reported that the individual
length to width ratio of ventricular myocytes of the rabbit ranged from 2.16 to 7.4 (Taniguchi
et al., 1981). This suggests that there is a large independent variation of length and width of
the myocytes, and that shorter myocytes do not necessarily have smaller widths. In this
respect, the span of myocyte volumes in our synthetic data series may be exaggerated.

It was shown that ventricular myocytes from adult rats appeared binucleated for 85% of them
and 15% mononucleated. The mean length and width were significantly larger in binucleated
myocytes and the volume was doubled, versus mononucleated ones (Bishop et al., 1979). This
was neglected by Satoh et al. (1996) and may contribute to increase the dispersion around the

mean dimensions of the myocytes. Thus, accounting for two separate populations should be
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more accurate, not only for simulating, but perhaps also for analysing data from a population
of rat ventricular myocytes.

An assumption in extrapolating to rats of lower weight classes (200 and 250 g) was that
average myocyte dimensions would increase linearly with animal weight and that relative
dispersion would remain constant. This is in agreement with a linear increase of myocyte
length with body weight in Sprague-Dawley rats from 45 to 200 g of ~20 pm/g (Stewart and
Page 1978).

It was assumed that the amount of TATS would ensure a constant area to volume ratio,
however, the amount of TATS differs along the long axis of the myocyte, as it is larger at mid
length of the myocyte than at its ends (Mitcheson et al., 1996; Quinn et al., 2003). Thus the
amount of TATS may rather be correlated with local width as shown in mouse atrial
myocytes (Yue et al., 2017).

Our assumption of a direct proportionality of Cim to Vimyo Within one class of weights cannot
be directly supported by figure 4B of Satoh et al. (1996) because they analysed the relation of
Vmyo to Cin. However, we have read data out from figure 4B of Satoh et al. and performed a
linear regression of Cp to Vmyo resulting in the relation: Cn = (7.5 £ 1.4) * Vipyo + (33 £51)
(not shown). The large value of the error on the intercept at Viyo=0 suggests that Cy, is not
different from zero at this point. Given the low relative error on the slope, we may assume

that C,, was proportional to Vmyo.

4.6 Determinants of TATS development

Two functional requirements are in line with a constant area to volume ratio. The need to
synchronize Ca release and hence contraction requires conduction of the excitation
instantaneously to the whole myocyte volume, a function which is ensured by the voltage
homogeneity of cardiac TATS membrane beyond microseconds after a voltage change, as
evaluated in computer models of rat and guinea-pig ventricular myocytes (Pasek et al., 2006;
Pasek et al., 2008b; Pasek et al., 2008c), in agreement with subcellular voltage sensitive dye
measurements (Windisch et al., 1995; Sacconi et al. 2012), which was also confirmed by
Scardigli et al. (2017) using FRAP microscopy. Furthermore, couplings of the membrane with
the SR (dyads) ought to be present at short distance from the contractile material, to avoid
diffusion delay from the periphery to contractile units, this would require extension of the
TATS to the centre of the myocyte. Metabolic supply in states of high demand requires
transfer of glucose to the myocyte interior. GLUT4 transporters are translocated both at

peripheral and at TATS membranes under stimulation by insulin alone (Rett et al., 1996) or
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associated with exercise (Slot et al., 1991). Therefore, the maximal glucose transfer rate to the
myocyte ought to be proportional to the total membrane area. This shall also be true for ion
transfer by mechanisms that are more evenly distributed, especially for the Na-K pump or the
Na-Ca exchanger that regulate intracellular ion homeostasis. Molecular mechanisms that
trigger and regulate the morphogenesis of TATS and its association with ion channels,
receptors and effectors are being progressively deciphered as reviewed e.g.: by Ibrahim et al.

(2011) and Hong and Shaw (2017).

4.7 Proper statistical distributions of biophysical parameters of cardiac myocytes

The values of measurements done on single cardiac myocytes such as morphological and
electrical parameters are generally assumed to be pseudo-Gaussian, so that computations of
average, standard deviation and standard error on the mean use the canonical formulas of
Gaussian statistics. However, almost all of these parameters are strictly positive quantities that
may even have a sizeable minimal plausible value. These features apply to measured values of
the capacitance of isolated rat ventricular cardiac myocytes. The Gaussian distribution, when
the ratio of SD to mean is small, is deemed an acceptable approximation allowing statistical
comparisons of experimental data series. However, when using Monte-Carlo simulations,
creating artificial data series as Gaussian random numbers, we noted that unrealistic small (or
even negative) values appeared, which compromised the statistical behaviour of the whole
series. The Log-Gaussian distribution ensures that no values at or lower than zero can be
generated, further, it behaves as Gaussian if the logarithm of the variable is considered, thus

still allowing usual statistical comparisons (Limpert et al., 2001; Limpert and Stahel, 2011).

4.8 Statistical errors and their propagation in TATS membrane fraction determination

In most studies using detubulation to evaluate TATS membrane fraction, two sub-populations
are separated from a unique pool of isolated myocytes, one of which remains intact while the
other is subjected to detubulation. Assuming perfect detubulation, Cr, values are measured
from a sample of n; and ng myocytes in each sub-population and the mean values (Cn,; and
Cma), each associated with its own standard deviation (sd; and sdq) are used to compute the
quantity a=(Cmi-Cmd)/Cni. To evaluate the final standard deviation, absolute errors sum up for
a subtraction and relative errors sum up for a division. Since Cni-Cma Will be at least 2 fold
smaller than either Cing or Cni, the final relative error on Si/Sto is currently 3- to 4- fold larger
than those of Ci and Cia alone. When this further combines with ionic current values in

order to evaluate current densities in surface and TATS membranes, average currents I; in
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intact myocytes and Iq in detubulated ones are combined to provide b=(Ii—I4)/1a the fraction of
current in the TATS and b/a is then the current density in the TATS. When considering the
mean values, if a large number of myocytes is studied, the central limit theorem tells us that
the mean values will be well estimated, but the error will remain large and this will hinder
conclusions about the statistical significance of the differences observed. An aggravating
condition, as confirmed by the present study, is that a large part of the variability in C, values
is not due to random myocyte to myocyte variations, but Cyi depends on the size of the
myocyte, and further, the TATS membrane fraction value does as well. One ideal way to
circumvent these drawbacks would be to have each myocyte acting as its own control, and it
is expected that the number of experiments to achieve a given level of significance of the
differences might be affordable. It was proven possible to maintain a myocyte in conditions of
whole-cell patch-clamp throughout the detubulation procedure (Kawai et al. 1999). This
approach will require that the detubulation occurs soon enough to allow measurements being
made before and after detubulation, and also that the measurement procedure be repeatable.
For example, if imipramine-induced detubulation (Bourcier et al. 2019) is applicable in a few
minutes and remains stable, it might be an alternative. Another possibility, within the separate
populations of myocytes, would be to use myocytes of comparable size, thus eliminating the
size-related variability, and for so doing, it might be preferable to pre-select myocytes having
similar volumes, which can be evaluated with some precision using the projected area, since it
was shown to be almost linearly related to myocyte volume (Satoh et al., 1996). In any case,
such possibilities may well be simulated using our framework, once adjusted to closely
represent the features of the myocytes from a given strain/species and a given age/weight
class. This could help optimising a chosen strategy, or choosing among possible strategies to

achieve a given goal in significance.

4.9 Applicability and relevance of our proposal

The underlying assumption that the amount of TATS in a myocyte is increased so as to keep
the myocyte membrane area to myocyte volume constant may apply to physiological rat
hearts (Satoh et al., 1996), to myocyte hypertrophy due to thyroxin exposure (McCallister and
Page, 1973; Page and McCallister, 1973a) or due to exercise in mouse hearts (Stolen et al.,
2009) in which TATS density was kept constant while myocyte volume increased. However
this does not necessarily apply to hypertrophy seen in pathological states where TATS may
decrease or remain constant but changes shape or is disorganised (Seidel et al., 2017; Louch

et al., 2010).
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Our study has disclosed that the framework has to be adjusted to age/weight of the animals, to
account for a particular set of myocytes. Application to the analysis of sets of myocytes from
diseased regions of the myocardium might reveal a loss of inner linkages between biophysical
parameters e.g.: TATS amount and myocyte size, suggesting that a regulatory mechanism is
disrupted. Our approach may be applied to generate separate sets of cardiac myocytes with
different inner linkages, which might perhaps help deciphering whether a mixture of two
types of myocytes may account for an unaccountable apparent dispersion. It also could be
used to generate subsets of myocytes corresponding to different regions, with different
morphologies, electrophysiological properties or different inner TATS structures as in Colli-
Franzone et al. (2006). Interestingly, a variable TATS distribution has recently been
quantified in rat and pig atria as a decreasing transmural gradient from epicardium to
endocardium, for which a role in synchronisation of contraction of the atrial wall was
deciphered from mathematical modelling (Frisk et al., 2014). These authors also report three
types of myocytes in rat atria: untubulated, tubulated and organized-tubulated while a single
type of ventricular myocytes is found. A tight link of amplitude of the calcium current to
myocyte capacitance and to Cin/Vmyo is also revealed. The same group disclosed a difference
in TATS amount between myocytes from the base and the apex in rat and mouse ventricles
(Wright et al., 2018). Models of cardiac myocytes with different properties are generated to
account for the behaviour of different populations of myocytes as to the state of their TATS,
owing to heart failure (Loucks et al., 2018). These are approaches similar to ours in which
once there are defined, for each subgroup, the myocyte parameters, the shape of their
statistical distribution and the links between parameters, then realistic populations of
myocytes can be generated and the behaviour of their combination into 3D tissue structures
can be compared to that of uniform structures. Finally, our approach may well be combined
with any detailed electro-ionic model of single myocytes, e.g.: (Livshitz et al., 2012), since

only features at the whole myocyte level are generated in our approach.

5 Conclusions:

The proposed framework reasonably agrees with published data documenting the relations of
TATS membrane fraction to myocyte volume within several classes of body weights. It
provides a basis for analysing the sources of imprecision in the evaluation of the areas of
TATS and surface membrane and their related ionic current densities. As a result, strategies
are suggested for minimizing the influence of non-random data dispersion of TATS fraction

related to myocyte volume. The framework described in this work might serve to generate
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large sets of artificial isolated myocyte populations adapted to age and myocyte sizes, with

realistic features, links between parameters and constrained statistical distributions. The next

step is to use such datasets to evaluate the improvement of measurements depending on

sample size, dependencies, biases and errors.
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6 Appendix

This section explains the bases for our computation and how we conducted them.

6.1 Myocyte dimensions

It is intuitive that the peripheral area to volume ratio of an object keeping constant shape shall
decrease as its volume increases, since volume increases faster than peripheral area. However,
to obtain a quantitative representation of this phenomenon in cardiac myocytes, a suitable
morphological model has to be designed. Ventricular cardiac myocytes resemble rods with a
rather short outfit. In vertical projection, their aspect is almost rectangular with partial
spindle-like narrowing towards its ends and irregularities in width. Models used by various
experimenters to estimate myocyte volume from the measured length and width (and
sometimes depth) have differed in the shape of the cross section: rectangular (parallelepiped),
circular (cylinder), ellipsoid with rectangular vertical projection or spindle-like with circular
or ellipsoid cross-section. These models have been compared by Satoh et al. (Satoh et al.,
1996) for the ability of the volumes (computed using measured length, width and depth) to
account for 3D-rendered volume analysed from confocal imaging of freshly dissociated
myocytes. The rendered volume was 0.54 times that of the parallelepiped, 1.42 times that of
the spindle but 0.71 times that of the rod with ellipsoid cross section (Satoh et al., 1996). In
the present development, the myocyte was assumed to have an elongated rod-like shape with
ellipsoid cross section with a ratio of thickness to width of about 1/3 (Sorenson et al., 1985;
Boyett et al., 1991). Myocyte dimensions were assumed to have negligible measurement error
(an absolute error of £ 0.5 um seems an acceptable assumption). The cell-to-cell dispersion of
length values around the mean was consensually reported by authors with mean + SD (or sem
and n) as if it would follow a normal distribution. A series of equally spaced length values
was generated, spanning the interval mean-SD to mean+SD. An odd number of values were
generated, so that the mean value would be represented as the central value.

The ratio of myocyte length to myocyte width is preserved across myocyte sizes in rat left
ventricular myocytes (Bishop and Drummond 1979). The ratio of myocyte thickness to
myocyte width may be considered as constant (Sorenson et al., 1985; Boyett et al., 1991).
Thus, myocyte width and thickness were assumed to be linear functions of myocyte length
within ventricular myocytes from rats of a given weight and were computed so that their

values span the mean—SD to mean+SD interval of measurements by Satoh et al. (1996).
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951  The general formula was

952 W =(1—-1lmean) / SD; * SDy + Wmean (in um) (AD)
953  th= (- lmean)/ SD1 * SDw + thmean (in pm) (A2)
954

955  thus, for 6 months rats:

956 w=(1-140.1)/16.4 * 4.8 +33.4 (in pm) and (A3)

957 th=(1-140.1)/16.4* 1.5 + 13.8 (in um); (A4)

958

959  and for 3 months rats:

960 w=(1-123.8)/14.4%*6.7+33.6 (in pm) and (AS)

961 th=(1-123.8)/14.4* 1.4+ 12.8 (in um). (A6)

962

963  The perimeter of the elliptic cross section was computed using an approximate formula:
964  peri=TU* sqrt [ 2 * (a®+b?) - (a-b)*/2 ] with a = w/2 and b =th/2 (A7)

965  (http://www.numericana/answer/ellipse.htm) that has a relative precision of about 4 * 10713,
966  Sena=Tt*w *th/4 (A8)

967  (in um?) is the area of the intercalated disks at one end of the myocyte;

968  Siong = peri * 1 (A9)

969  (in um?) is the side area of the myocyte (excluding intercalated disks);

970  Ssurt = Siong + Send * 2 (A10)

971  (in pm?) is the total myocyte surface area;

972 Vmyo= Send * 1 (Al1)

973  (in um?) is the myocyte volume.

974

975 6.2 Extrapolation to lower rat weights

976  Myocyte length is in approximate linear relation with weight (Stewart and Page 1978) and the
977  ratio of myocyte length to myocyte width is almost constant (Sorenson et al., 1985).

978  Therefore putative theoretical mean values of myocyte length (Imean), Width (Wmean) and

979  thickness (thmean) Were extrapolated from 6 months rat data (496 g) down to weights (W) of
980 250 and 200 g, using:

981
982  lmean = (140.1-123.8) / (496-346) * (W-346) + 123.8 (A12)
983
984  Wmean =33.6/(496) * (W-346) + 33.6 (A13)
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thmean = 13.8 / (496) * (W-346) + 13.8 (A14)

It was assumed that the relative dispersion (SD/mean) of each variable was constant across rat
weights, the SD value of each variable corresponding to rat weights of 200 and 250 g was
computed from its measured values at 6 months to be proportional to the above computed
mean value.

A series of values were generated as a set of 9 or 11 regularly spaced values of length,
spanning the range (Imean — SD) to (Imean + SD), where SD is the standard deviation. Series of
values for myocyte width and thickness were generated for each rat weights of 200 and 250 g
with formulas (for the case of extrapolating to 200 g rat weight from 6 months rats), the

indexes "200" and "6mo" mean 200 g and 6 months respectively:

W= (1 - lmean) * (SDWZOO) / (SDW6mo) + Wmean (AlS)

th = (1 - lmean) * (SDchOO) / (SDth6mo) + thmean (A16)

6.3 Correction for the presence of caveolae

It has been measured in rabbit papillary muscle that caveolae augment plasmalemmal area by
21-32%, assuming two or three caveolae per neck, respectively (Levin and Page, 1980). This
is true for peripheral and TATS membranes. Page (1978) showed that in rabbit papillary
muscle the caveolar plasma membrane contributed 14-21% to the total plasmalemma with no
significant difference between the tubular system and external sarcolemma. Rat myocytes
have more caveolae necks than rabbit and extended branched chains of caveolae were
observed in rats (Severs et al., 1982). Thus 21% is likely to be in the lower range of realistic

values for the rat. The correction factor for caveolae is thus 1.21.

6.4 Computing the increase in membrane area due to membrane infolding

Peripheral membrane presents sizeable infolding that is readily visible in scanning EM
microscopy (Nag et al., 1977; Nag and Zak, 1979) and was termed Z-folds (Severs et al.,
1985). Scanning ion conductance microscopy (SICM) has been used to confirm and further
characterize this infolding in freshly dissociated rat ventricular myocytes that was defined as

‘Z-grooves’ (Gorelik et al., 2006).
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Assuming that the profile of the transverse section of the peripheral membrane through Z-
grooves profile is a succession of half ellipses (Gorelik et al., 2006) with a and b being the

short and long radii, then the ratio of the ellipsoid profile to the linear one is:

profile length = TU* sqrt [ 2 * (a® + b?) - (a-b)>/ 2]/ 2 =2.0563 um, (A17)

where a=0.35 pm and b=0.9 um. The flat profile length is 1.8 pm, thus the increase in profile
length is by a factor
2.0563 / 1.8 = 1.1424 at the level of Z-grooves. Thus, the overall factor taking into account

the Z-groove factor is:

(1-Z) + Z * 1.1424) = 1.12. (A18)

This factor should only apply to peripheral membrane excluding the intercalated disks (see
below).

The membrane area due to infolding and to caveolae is included into the measured myocyte
capacitance. It is not included when peripheral membrane area is computed from myocyte
shape, or when tubular membrane area is estimated from the smoothed profile of TATS in
electron microscopy or confocal microscopy. It was thus needed to correct morphological
estimates of the peripheral membrane area by a factor of 1.12 + 0.21, i.e. 1.33 that corrected
altogether for caveolae and infolding and that of TATS membrane area for caveolae only, i.e.:

by a factor of 1.21.

6.5 Effect of membrane infolding and caveolae on measured myocyte volume

Neglecting infolding and caveolae might misestimate myocyte volume but this ought not to
be significant since caveolae have a very large area to volume ratio and since alternating gain
and loss of small volumes across the mid-profile through membrane infolding likely cancelled

each other.

6.6 Intercalated disk area
There is considerable infolding of myocyte membrane at the level of the intercalated disk,
which increases membrane area by 2.3 fold from a flat plane through the intercalated disk

(Hoyt et al., 1989). The area of membrane at the myocyte endings (i.e.: twice the cross section
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area) represents about 6% of the total peripheral membrane area. No correction for caveolae
was applied to this area.

Whenever the peripheral membrane area measurement has been reported as a whole, we
applied the above assumption. The overall correcting factor for the increase in peripheral
membrane area due to caveolae, membrane infolding and intercalated disk indentations is
then: 0.06 * 2.3 + (1-0.06) * 1.33 = 1.39. The correction factor for TATS membrane area

includes caveolae only and amounts to 1.21.

6.7 Specific membrane capacitance

Gentet et al. (2000) found a specific capacitance of 0.9 uF/cm? in several types of neurons.
This is not influenced by the amount of exogenously expressed protein. Likewise, Gilai
(1976) found values of 0.90 and 0.91 uF/cm? respectively for surface and for tubular
membrane of skeletal muscle fibres. Consequently, the true specific capacitance ought to be
lower than the canonical value of 1 pF/cm?. Thus, a value of 0.9 uF/cm? may be regarded as
an upper limit of the real specific capacitance. This value was used to translate capacitance
into membrane area. The canonical value of 1 pF/cm? was also used to allow comparisons

with the literature that mostly used this value.

6.8 Corrections to myocyte volume: rendering factor

Whenever volumes computed from the idealized shape of myocytes ought to be compared to
3D-rendered volumes estimated from confocal images of real myocytes, they were corrected
for the discrepancy of the rendered volume to the geometrical computation of myocyte
volume as was estimated by Satoh et al. (1996).

When mean values for myocyte length, width and thickness in table 2 of Satoh et al. (1996)
are used to compute the volume of a rod-shaped myocyte with elliptic cross section, volumes
of 41818 pm? and 50717 um? are found for average myocytes of 3 months old rats and 6
months old rats respectively. These volumes translate to 41.8 and 50.7 pL respectively,
whereas mean rendered volumes in Satoh et al. (1996) were 30.9 and 36.8 pL respectively.
Thus the correction factor is respectively 0.74 and 0.73. This indicates that the correction
factor did not differ significantly between the two ages. However, they noted that the shape of
cardiac ventricular myocytes was more indented in older animals. Therefore, the correction
factor was assumed to be higher for 250 g (0.80) and 200 g rats (0.90). We used these values

to translate computed volumes into rendered volumes at different ages.
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6.9 Peripheral area to volume ratio

Peripheral myocyte area was computed as corresponding to a rod-shaped myocyte with
ellipsoidal cross section (Sorenson et al., 1985; Boyett et al., 1991). However, it was
estimated by Satoh et al. (1996) that the volume estimated from 3D volume rendering was
29% smaller than that of a rod-shaped myocyte with ellipsoidal cross-section, which they
attributed to uneven width of the myocyte along its long axis. In such a case, the projected
area of the real myocyte would also be about 29% smaller than the projection area of the
idealized rod shaped myocyte evaluated as the product of length by width. It is supported by
the finding of Satoh et al. that rendered volume is proportional to this product (length by
depth) (their figure 4A). This is approximately the case within our synthetic datasets (Fig.
1B). Therefore, myocyte peripheral area would be overestimated by the same fraction as
myocyte volume in the present computations, so that the peripheral area to volume ratio
computed for a rod with elliptic cross section should be equivalent to the area to volume ratio

of the real myocyte.

6.10 Capacitance to volume ratio at low weights

The smallest myocyte in a 200 g rat in our synthetic data series (ellipsoidal section-rod shaped
myocyte with length 80 pm, width 14 um, thickness 7.2 pm) has an uncorrected computed
peripheral area to volume ratio of 0.45 pm?/um?, which translates to 4.5 pF/pL assuming 1
uF/cm? as specific capacitance (or 4.05 pF/pL assuming 0.9 uF/cm?). If now applying
corrections with an infolding factor of 1.12 and caveolae factor of 1.21, this ratio is 0.644
um?/um?, which translates to 6.44 pF/pL (or 5.8 pF/pL with 0.9 uF/cm?). Thus, within the
assumption that the linear relation of total membrane area to myocyte volume ratio also
applies to myocytes of animals younger than those studied by Satoh et al. (1996), the total
membrane area to volume ratio is likely to reach a minimal value that is determined by the
maximal peripheral membrane area to volume ratio attained for the smallest myocytes.
Therefore, it was assumed that the constant area to volume ratio for 200 and 250 g rats was
the same as for 3 months rats, i.e. 0.676 um*/um?, which translates to 6.76 pF/pL with 1
uF/cm? or 6.08 pF/pL with 0.9 uF/cm?.

6.11 Converting capacitance to volume ratio into area to volume ratio
The conversion of the measured total myocyte capacitance to volume ratio (ke in pF/pL) into
area to volume ratio (ka in um?*/um?), assuming that the peripheral and TATS membranes

have the same specific capacitance (sc in uF/cm?) is done using:
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Ka=Kke/sc # 10! (um*um?) (A19)
6.12 Fraction of membrane in the TATS

If Ssurt/Vmyo is the computed peripheral membrane area to myocyte volume ratio, then the
TATS membrane area to myocyte volume ratio is given by:

S/ meo = Stot/ meo — Ssurt/ meo (Hmz/ Hm3) (A20)

This expresses the hypothesis that TATS morphogenesis obeys the constraint of maintaining a

constant membrane area to volume ratio.

The fraction of myocyte membrane located in the TATS is computed as:

St/Stot = St/ Vinyo / (Stot/ Vmyo) (dimensionless) (A21)
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Captions to figures

Figure 1: Properties of the synthetic datasets representing ventricular myocytes in 6 months
(~500 g, circles), 3 months (~350 g, squares) and younger rats (250 g, triangles and 200 g,
diamonds). The symbols are connected by straight-line segments. A: Ratios of the peripheral
area to myocyte volume Squ:i/Vmyo computed for the four series of synthetic data sets were
plotted versus myocyte volume. B: The computed myocyte volumes were plotted versus the
projected areas. C: The total myocyte capacitance values were plotted versus myocyte

volume.

Figure 2: Fraction of membrane area located in the TATS at different ages, plotted versus
myocyte volume. Symbols of each synthetic data set are as in Fig. 1. The four graphs (open
symbols plus line) are identical in panels A and B; they show the ouput of our simulations.
Additional grey—filled symbols show data derived by stereological measurements from
electron- or confocal-microscopy images (see Tab. 1 where the plotted data have been
overshadowed in grey colour). The shape of the symbols is the same as the weight class of the
corresponding rats. The numbers near the grey-filled and largest symbols refer to each study
as indicated in the leftmost column of Tab. 1. In A, these symbols show data from Sprague-
Dawley rats. The two largest symbols (labelled 9 and 10) refer to the TATS membrane
fractions computed from the data of Satoh et al. (1996). In B, the filled symbols report
measurements from Wistar rats. The two diamonds connected with a line labelled (2) are from

data related to Pager (1971) in Tab. 1.

Figure 3: Values of the TATS membrane fraction as evaluated from morphological studies
(filled symbols, Tab. 1) or detubulation studies (open symbols, Tab. 2) in Sprague-Dawley
rats (lozenges), Wistar rats (circles) or rats of unspecified strain (triangles). Values the TATS
membrane fraction (Sw/Stwt) from Tab. 1 were expressed in %, instead of fraction, to allow
comparison with data from Tab.2. In A, all values were plotted for each of the two methods.
The three series of data were offset horizontally for clarity. A further variable horizontal
offset was applied to the symbols within a given series, for clarity. In B, values were plotted

versus weight. When not available, weight was defaulted to zero.
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Figure 4: Relationship of the membrane fraction in TATS Si/Stw (expressed in %) with body
weight, as determined from morphological studies in Sprague-Dawley rat myocardium (Tab.
1). Open squares report the mean TATS membrane fraction versus mean weight values. A
uniform relative standard deviation of 0.2 was assumed for both body weight and TATS
membrane fraction measurements (respectively sxi and sy;) and are reported as error bars.
Weighting of the fit included both errors in the form: w; = 1/((B*sxi)? + syiZ)). The solid line
equation was y = A + B¥*x with A =-10.4 £ 17.5 % and B = 0.167 + 0.065 %/g. The dashed
lines show the upper and lower 95% confidence limits. The calculation of Pearson's
correlation coefficient R was omitted because it neglects any error associated with the mean

values.

Figure 5: Weights and ages of Wistar rats were collected from the detailed study of
Nakamura et al. (1986) and their relationship was plotted (filled squares), with error bars
reporting the span of weights and/or age, when present. The regression line indicates
proportionality with a slope of about 30 g/ week. Open circles show the data for Wistar rats
in Tab. 1 and 2. Open triangles report the data for Sprague-Dawley rats. When not reported, a

putative 10% dispersion of the weight was associated with open symbols.
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Strain Age Welght Method Cm/n Vu/ meo Ssurt/ meo Stot/ meo St/ meo Ste/Stot 3D-
(weeks) Rendering
/sex factor
g pF pm*um? | ym¥pm?® | pm*um’ | pm*um’
1 Page et al., (1971) Sprague- | na/F 200 Stereology EM | na 0.012 0.27 0.34 0.07 0.207
Dawley 0.33¢ 0.41° 0.0847° 10.207
2 Pager, (1971) Wistar Adult/ 200 Stereology EM | na 0.0106 0.44%* 0.25 0.57
na 0.49%* | 0.30° 0.61
0.76* 0.30¢ 0.39
0.84**% 10.30° 0.35
3 Page and McCallister, | Normal rat | na/na 200 Stereology EM | na 0.01 0.3 0.39 0.09 0.23
(1973a) 0.36¢ 0.47° 0.109° 0.23
4 Page, (1978)! Rat na/na na Stereology EM | na 0.33
5 Stewart and Page, Sprague- |na/F 222 Stereology EM | na 0.004 0.3 0.43 0.13 0.30
(1978) Dawley
6 Stewart and Page, Sprague- |na/F 300 Stereology EM | na 0.008 0.3 0.47 0.16 0.34
(1978) Dawley
7 Page and Surdyk- Sprague- na/F 200-260 Stereology EM | na na 0.307 0.457 0.145 0.32
Droske, (1979) Dawley 0.371°¢ 0.553¢ 0.175¢ 0.32
Nakamura et al., Wistar 7/FM 200 Stereology EM | na 0.0075 0.676% 10.30 0.44
(1986) 0.363¢ 0.48
9 Satoh et al., (1996) Sprague- 3 months | 346 Confocal 3D 207+8.3 |na 0.308 0.676* | 0.368* |0.544 0.74
3 months rats Dawley /M (330-378) /14 0.75%* 0.442** | 0.589
10 Satoh et al., (1996) Sprague- 6 months | 496 Confocal 3D 324414/ | na 0.295¢ 0.888* 0.593* 0.668 0.73
6 months rats Dawley /M (480-516) 14 0.99%* 0.695** | 0.702
11 Soeller and Cannell, Wistar na/na 250 Confocal 3D na 0.036 0.676* | 0.44 0.65 0.71
(1999) 0.75%* | 0.44 0.59
0.843* 0.44 0.52
0.94%% 10.44 0.47
0.76* 0.44 0.58
0.84** 10.44 0.52
12 Despa et al., (2003) Sprague- 114/M | ~300 Confocal 3D 156+7/ |na 0.373 0.51%* 0.27
Dawley 24 0.57%* 0.36
13 Swift et al., (2006) Wistar na/M 300 Confocal 3D 19949/ |na 0.361 0.843* 0.57
9 0.94** 0.62
14 Gorelik et al., (2006) | Sprague- Adult/ 490 Confocal 3D na na na 0.728
Dawley M 0.4323
1192
1193 Table 1: Available quantitative morphological estimates describing the amount of TATS membrane area in rat myocytes.
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In bold: values measured by the authors. In italics: values computed from their data (see section 3.2). na: not available. * and **: computed from

authors’ data, assuming a specific capacitance of * 1 uF/cm? or ** 0.9 uF/cm?. ! Quoted by (Yao et al., 1997) and (Satoh et al., 1996). 2 This is

the ratio of di-8-ANEPPS fluorescence in the TATS (whole confocal slice image minus peripheral membrane) to fluorescence from the whole

confocal slice. See section 3.2 for further discussion. * The same ratio in detubulated myocytes. * Age derived from breeder's data in Pasek et al.

2017. © Corrected for area of caveolae. ' Corrected for membrane infolding.
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Ref Animal/strain Weight (g) | Cmeval. Cu control Cum detubul. % Cm lost Cuw/Viyo % Cm Vmyo (pL)
/ Age method (pF)/n (pF)/n / fires (pF/pL) lost corr.
(week)
Kawai et al., (1999) Adult female Wistar na na 1994 +19/13 |146.7+6.4/13 |26.6 32.2
Komukai et al., (2002) | Adult male Wistar 250 na 200+ 7/37 160 + 8 /23 20.0 24 .4
Yang et al., (2002) Adult male Wistar ~250 /7% na 193 +41 /25 143 +34 /25 25.9/0.08 31.6
Despa et al., (2003) Male Sprague-Dawley |~300/11* |na 156 +7/24 106 +5/19 32.1/0.08 39.1
Thomas et al., (2003) | Male Wistar ~300/9* Integration | 204 +£11/23 150+7/13 26.5/0 32.3
Brette et al., (2004a) | Male Wistar na na 193 +22 /22 137 +34 /22 29.0 354
Brette et al., (2004b) | Male Wistar na Integration | 178 £11/11 132+3/10 25.8 31.5
Duclohier, (2005) Adult male Sprague na na 135+7/13 105+9/na 22.2 27.1
Dawley!
Brette et al., (2006) Male Wistar 250-300 Integration | 186 +11/14 133 +8/13 28.5 34.7
Swift et al., (2006) Male Wistar ~300 Integration | 199+9/9 140+ 14 /7 29.6/0.08°| 8.4 36.2 23.6
Brette and Orchard, Male Wistar na na 156 +9/14 115+5/17 26.3 32.1
(2006a)
Brette and Orchard, Male Wistar na na 174+9 /24 1205725 31.0 37.8
(2006b)
Despa and Bers, Rat na na 164+6/12 120+8/9 27.0 32.7
(2007)
Swift et al. (2007) Male Wistar ~300/~10 |Integration [235+7.8/11 178 +£7/11 243/0.08°| 7.6 29.6 30.8
Swift et al. (2008) Male Wistar ~300/~10 |Integration |237+15/11 181 +6/11 23.6/0.08° 28.8
Chase et al., (2010) Male Wistar na na 207.3 £11.0/ 144.7+£5.5/18 |30.2 36.8
13
Garciarena et al., Adult male Sprague 300 /11* Integration | 236 +26/9 139 +14/8 41.0 14.4 50.1 16.4
2013y Dawley
Bryant et al., (2014) Adult male Wistar 250-300 na 283 +22/11 167 £11/11 |41/ 50.0
Bryant et al., (2015) Adult male Wistar? ~460/~25 |na 260 +9 /37 178 £9 /28 31.5 38.5
Gadeberg et al. (2016) | Male Wistar ~460/~25 |na 2402 +21/12 |2062+11/97 |14.2/0.16 --
Bourcier et al., (2019) | Male Wistar 250-300 na 184.2+10.8/ |1052+6.4/ 40.64 52.3
213 213 (43.0)
Mean values 201 £ 8 143+ 6 285+ 1.5 357+ 1.7

Table 2: Values of changes in membrane capacitance upon formamide detubulation of adult rat ventricular myocytes. Values are mean + sem

with the number of myocytes n.

! _Isolated myocytes obtained from Harding SE’s lab, who worked with Adult male Sprague Dawley rats (Lewis et al., 2004).

2 _ 18 weeks after sham coronary artery ligature operation.
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3 — The sem was computed from original SD.

4 _ original value at 43 % was corrected for 6% incomplete detubulation to match conditions of formamide detubulation in other studies.
5 — data was read from their figure 2B.

¢ _ Detubulation incomplete as discussed by authors.

7 _ Detubulated data in control rat as indicated in Pasek et al., (2017).

* Age derived from from the growth chart at http://www.criver.com/ by Pasek et al., (2017).
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Figure 2
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Figure 3
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Figure 4
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Figure 5
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