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ORIGINAL RESEARCH

Beat-by-Beat Cardiomyocyte T-Tubule 
Deformation Drives Tubular Content Exchange
Eva A. Rog-Zielinska , Marina Scardigli, Remi Peyronnet , Callum M. Zgierski-Johnston , Joachim Greiner ,  
Josef Madl, Eileen T. O’Toole, Mary Morphew, Andreas Hoenger, Leonardo Sacconi, Peter Kohl

RATIONALE: The sarcolemma of cardiomyocytes contains many proteins that are essential for electromechanical function in general, 
and excitation-contraction coupling in particular. The distribution of these proteins is nonuniform between the bulk sarcolemmal 
surface and membrane invaginations known as transverse tubules (TT). TT form an intricate network of fluid-filled conduits that 
support electromechanical synchronicity within cardiomyocytes. Although continuous with the extracellular space, the narrow lumen 
and the tortuous structure of TT can form domains of restricted diffusion. As a result of unequal ion fluxes across cell surface and TT 
membranes, limited diffusion may generate ion gradients within TT, especially deep within the TT network and at high pacing rates.

OBJECTIVE: We postulate that there may be an advective component to TT content exchange, wherein cyclic deformation 
of TT during diastolic stretch and systolic shortening serves to mix TT luminal content and assists equilibration with bulk 
extracellular fluid.

METHODS AND RESULTS: Using electron tomography, we explore the 3-dimensional nanostructure of TT in rabbit ventricular 
myocytes, preserved at different stages of the dynamic cycle of cell contraction and relaxation. We show that cellular 
deformation affects TT shape in a sarcomere length-dependent manner and on a beat-by-beat time-scale. Using fluorescence 
recovery after photobleaching microscopy, we show that apparent speed of diffusion is affected by the mechanical state of 
cardiomyocytes, and that cyclic contractile activity of cardiomyocytes accelerates TT diffusion dynamics.

CONCLUSIONS: Our data confirm the existence of an advective component to TT content exchange. This points toward a novel 
mechanism of cardiac autoregulation, whereby the previously implied increased propensity for TT luminal concentration 
imbalances at high electrical stimulation rates would be countered by elevated advection-assisted diffusion at high mechanical 
beating rates. The relevance of this mechanism in health and during pathological remodeling (eg, cardiac hypertrophy or 
failure) forms an exciting target for further research.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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The core function of cardiomyocytes, generation 
of force and shortening, is achieved by electrically 
controlled cyclic alterations in cytosolic calcium 

concentration and subsequent changes in actin-myosin  
cross-bridge interactions—a process referred to as 
excitation-contraction coupling (ECC). Although 

beat-by-beat dynamics of cardiac ECC have been exten-
sively studied at whole organ, tissue, and cell levels, time-
resolved nanoscopic changes of membrane domains  
relevant for ECC are ill-explored.

The rapid, efficient, and near-synchronous activa-
tion of intracellular contractile units of a cardiomyocyte 

mailto:eva.rog-zielinska@uniklinik-freiburg.de
mailto:eva.rog-zielinska@uniklinik-freiburg.de
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317266
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://orcid.org/0000-0002-3295-4728
https://orcid.org/0000-0002-5708-6410
https://orcid.org/0000-0002-6773-9884
https://orcid.org/0000-0001-5454-2962
https://orcid.org/0000-0003-0416-6270
http://dx.doi.org/10.1161/CIRCRESAHA.120.317266
https://circres.ahajournals.org/content/128/2/153


OR
IG

IN
AL

 R
ES

EA
RC

H
Rog-Zielinska et al Mechanically Assisted Diffusion in T-Tubules

204  January 22, 2021 Circulation Research. 2021;128:203–215. DOI: 10.1161/CIRCRESAHA.120.317266

depends, across mammalian species and both in ven-
tricular and in atrial cells,1–3 on the presence of a net-
work of membrane invaginations—transverse tubules 
(TT), extending from the surface sarcolemma to the 
cells’ center. The TT network is complex and polymor-
phic, with individual TT diameters ranging from 100 to 
400 nm.4,5 Factors such as tortuosity, presence of vari-
cosities and axial connections, and structural obstruc-
tions including species-dependent differences in TT 
mouth configuration,6,7 contribute to diffusion restric-
tions inside the TT lumen.6,8–10 Accordingly, diffusion 
inside TT is thought to be 2 to 12 times slower than in 
bulk extracellular space.9,11–14

The TT network comprises 30% to 60% of total 
cardiomyocyte surface membrane. It is physically and 
electrically continuous with the surface sarcolemma. 
TT luminal content is thus extracellular. TT membranes 
contain multiple ion channels and transporters underly-
ing ECC, including L-type Ca2+ channels and Na+-Ca2+ 
exchangers, as well as a host of other voltage-, ligand-, 

and mechano-gated ion flux pathways.15,16 A majority 
(60%–80%) of L-type Ca2+ current (trigger for Ca2+-
induced Ca2+ release) is thought to flow across TT mem-
branes, as evidenced in electrophysiological13,17–21 and 
immunohistochemical16,22 studies. Studies of the distri-
bution of the Na+-Ca2+ exchanger (the main pathway 
for removal of trigger-Ca2+)21,23–30 and the sarcolemmal 
Ca2+-ATPase also indicate preferential localization in 
TT.29 This inhomogeneity in the density of ion flux path-
ways in TT versus surface sarcolemmal membranes 
gives rise to the possibility for regionally inhomogeneous 
ion fluxes into and out of the cell, which may be further 
compounded by different kinetics, for example, of Ca2+ 
entry and extrusion pathways (the former being rapid, the 
latter slower and heavily influenced by intracellular Ca2+ 
concentration).31

Indeed, regionally inhomogeneous Ca2+ influx and 
extrusion,32 coupled with restricted diffusion within TT, 
can give rise to the emergence of microdomains of TT 
ion concentrations that differ from bulk extracellular 
space, in particular at high pacing rates. Previous stud-
ies, conducted using double barreled Ca2+-selective 
microelectrodes, have shown that extracellular Ca2+ con-
centration decreases by 2% to 3% during each beat of 
rabbit papillary muscle, presumably as a consequence of 
Ca2+ uptake by cardiac cells.33,34 Computational modeling 
of local changes in Ca2+ diffusion, incorporating single 
channel characteristics as well as geometric constrains 
of the TT, suggested that the depletion of Ca2+ (both free 
and sarcolemma- or glycocalyx-bound) inside the TT 
would be more pronounced than that in bulk extracellular 

Nonstandard Abbreviations and Acronyms

ECC excitation-contraction coupling
FRAP  fluorescence recovery after 

photobleaching
HPF high-pressure freezing
SL sarcomere length
TT transverse tubules

Novelty and Significance

What Is Known?
• Cardiac muscle cells contain a complex network of 

tubular membrane invaginations called T-tubules (TT), 
extending deep into the cell and containing extracel-
lular fluid.

• Cardiac TT are essential for the link between the elec-
trical activity, calcium signaling, and contraction of the 
heart.

• The balance between TT content and bulk extracellular 
space can change as a result of net ion flow across the 
TT membrane and restricted diffusion deep inside the 
TT network.

What New Information Does This Article  
Contribute?
• Cardiac TT are deformed (squeezed) twice during each 

heart beat—during diastolic loading and during peak 
contraction.

• The shape of the TT affects the speed of diffusion 
inside the TT network.

• Dynamic squeezing leads to pumping of TT content, 
accelerating the exchange between TT content and 
bulk extracellular space.

This TT content pumping mechanism may resolve the 
riddle as to how cardiac cells deal with the challenge 
of net ion fluxes between TT lumen and cell interior. 
This mechanism for content maintenance would be 
use-dependent, scaling up in relevance as demand 
rises: at higher heart rates, the increased number of 
ion flux cycles (and, consequently, changes in TT lumi-
nal content) would be countered by a twice-as-large 
rise in the number (and, possibly, the extent) of the 
here discovered convection-assisted diffusion cycles. 
The fundamental mechanism we describe may poten-
tially contribute to functional deterioration in heart 
failure, where TT remodeling and associated electro-
mechanical dysfunction are two closely associated 
clinical features.
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space—with the model predicting up to 90% depletion in 
the vicinity of individual L-type Ca2+ channels during each 
beat.35 Similarly, Ca2+ or K+ depletion have been proposed 
to occur in frog skeletal muscle TT during membrane de- 
or hyperpolarization, respectively.36,37

Any changes in the concentration of ions relevant for 
ECC would increase in a use-dependent manner, that is, 
rise with pacing rate, potentially causing a gradual Ca2+ 
depletion of TT content, with the potential for detrimen-
tal effects on cardiac function.9,12,15,38 Possible functional 
consequences of TT luminal ion concentration gradients 
include the following: (1) alterations in regionally effec-
tive action potential duration,39 (2) disturbed Ca2+ influx 
via L-type Ca2+ channels, and (3) disturbance of systolic 
Ca2+ transients, which could (4) interfere with homoge-
neous contractile activity.9,15,40

Based on 2-dimensional electron microscopy of 
cardiac tissue, fixed in different contraction states, we 
previously suggested that TT deform during the con-
traction-relaxation cycle in a way that may give rise to 
mechanically assisted diffusion between TT and bulk 
extracellular space.12 Further evidence on sarcomere 
length (SL)-dependent changes in TT shape has sub-
sequently been provided, based on 3-dimensional (3D) 
confocal light microscopy.38,41 However, observations to 
date have been limited by the nature of samples (using 
static deformation during chemically induced contrac-
ture or passive stretch by intracardiac volume loading) 
and—for 3D fluorescence microscopy observations—by 
the spatial resolution of data (image voxel volume >>106 
nm3). This restricts spatial insight and leaves unanswered 
the question as to whether or not mechanically induced 
TT deformation is present, beat-by-beat, in contracting 
cardiomyocytes. If yes, such cyclic deformation could 
drive mechanically assisted TT content exchange and 
represent a hitherto underappreciated mechanism of TT 
content homeostasis, with potential autoregulatory rel-
evance in settings where demand (ie, heart rate and/or 
extent of per-beat deformation) is elevated.

Using a combination of 3D electron tomography 
structural reconstructions (with voxel sizes of ≈100 nm3) 
of TT in cardiac cells and tissue, and live cell fluores-
cence recovery after photobleaching (FRAP) functional 
observations of TT content exchange dynamics in rabbit 
left ventricular cardiomyocytes, we present evidence that 
confirms (1) the existence of cyclic TT deformation on 
a beat-by-beat time-scale and (2) the presence of an 
advective contribution to TT content exchange in cycli-
cally contracting cardiomyocytes.

METHODS
All investigations reported in this article conformed to the 
UK Home Office guidance on the Operation of Animals 
(Scientific Procedures) Act of 1986 and to German (TierSchG 
and TierSchVersV) animal welfare laws, compatible with the 

guidelines stated in Directive 2010/63/EU of the European 
Parliament on the protection of animals used for scientific pur-
poses, and they were approved by the local Institutional Animal 
Care and Use Committees in Germany (Regierungspräsidium 
Freiburg, X-16/10R). Animal housing and handling was con-
ducted in accordance with good animal practice, as defined 
by the Federation of European Laboratory Animal Science 
Association, FELASA. No animals were excluded from the 
analyses.

Data Availability
The data that support the findings of this study are available 
from the corresponding author upon reasonable request.

Sample Preparation for Electron Tomography: 
Static Samples
For intact tissue studies, New Zealand White rabbit hearts 
(N=7, female, aged 9 to 11 weeks, fed SDS Standard Diet 
and maintained on ALPHA-Dri bedding; both LBS Biotech, 
Horley, United Kingdom) were excised after euthanasia (ear 
vein injection of thiopental, 50 mg/kg body weight) and swiftly 
Langendorff-perfused with Krebs-Henseleit solution (contain-
ing [in mM]: NaCl 118, KCl 4.75, CaCl2 2.5, NaHCO3 24.8, 
MgSO4 1.2, KH2PO4 1.2, glucose 11, insulin 10 U/L; pH 
7.4, bubbled with carbogen [5% CO2 in O2]). After a 5-min-
ute wash of the coronary circulation, hearts were subjected to 
one of the following: (1) cardioplegic arrest, using a high-K+ 
version of Krebs-Henseleit solution (KCl 25 mmol/L, NaCl 98 
mmol/L); (2) cardioplegic arrest, with concurrent inflation of a 
left ventricular balloon (25 mm Hg intraventricular pressure) to 
elicit stretch; or (3) contracture, caused by perfusion with a Li+-
for-Na+ substituted version of Krebs-Henseleit solution, sup-
plemented with 10 mmol/L caffeine. All solutions were tightly 
controlled for iso-osmolality (295–305 mOsm; Semi-Micro 
Osmometer, Kanuer AG, Berlin, DE) to exclude differential tis-
sue swelling in the 3 study arms (as confirmed by assessment 
of mitochondrial shape and size; Online Figure VII). As soon as 
the desired mechanical state was reached, typically within 2 to 
3 minutes (hence reference to static deformation), hearts were 
coronary perfusion-fixed with iso-osmotic Karnovsky’s fixative 
(3:1:1 mix of sodium cacodylate: paraformaldehyde: glutaral-
dehyde, ≈300 mOsm; Solmedia Limited, Shrewsbury, United 
Kingdom). Tissue fragments were excised from the left ven-
tricle and processed for embedding in Epon-Araldite resin, as 
described previously.42

Sample Preparation for Electron Tomography: 
Dynamic Samples
For dynamically contracting isolated cardiomyocyte stud-
ies, New Zealand White rabbit hearts (N=2, female, age 10 
weeks, fed Altromin 2123 diet, Altromin, Lage, DE; maintained 
on Aspen bedding; Tapvei, Kiili Harjumaa, Estonia), excised as 
stated above, were used to isolate cells, as described in detail 
before.43 After isolation and recovery to appropriate Ca2+ levels 
(1.8 mmol/L), cells were transferred to high-pressure freez-
ing (HPF) buffer, containing [in mM]: NaCl 137, KCl 4, HEPES 
10, CaCl2 1.8, creatine 10, taurine 20, adenosine 5, L-carnitine 
2, MgCl2 1, glucose 10, insulin 10 U/L; pH 7.4, 300 mOsm, 
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supplemented immediately before use with 10% BSA as a 
cryoprotectant. Cells were placed inside the HPF chamber of a 
system with in-chamber electrical stimulation capacity for sam-
ples (EM ICE, Leica Microsystems, Vienna, Austria). Sample 
carrier stack assembly was performed as per manufacturer’s 
instructions. Cells inside the freezing chamber were electrically 
stimulated (1 Hz, pulse duration 5 ms), and HPF-preserved at 
prespecified time intervals following the tenth stimulus (post-
stimulation delays assessed: 15, 55, 105, 155, 205, 305, 505 
ms). During HPF, samples are exposed, within 10 ms, to a 
temperature reduction to −196 °C and a pressure increase to 
2×105 kPa (≈2,000 atm), giving rise to instantaneous sample 
preservation in a process called vitrification (direct transition of 
liquid water into a solid amorphous glass [Latin: vitrum], without 
formation of ice crystals). Vitrified samples were freeze-substi-
tuted in 1% osmium tetroxide/0.1% uranyl acetate in acetone 
and processed to Epon-Araldite resin as described before.7 For 
the relationship between HPF-delay, relative to electrical stimu-
lation, and SL—see Online Figure IIA.

Electron Tomography
Semi-thick (280 nm) sections were prepared and imaged by 
dual-axis electron tomography, as described before (isotro-
pic voxel size [1.206 nm]3).42 Imaging was performed at the 
Electron Microscopy Core Facility of the European Molecular 
Biology Laboratory (EMBL) Heidelberg; and at Boulder 
Electron Microscopy Services of the University of Colorado 
at Boulder. Image reconstruction and segmentation were 
conducted using IMOD software.42,44 Shape and orientation 
of individual TT segments were quantified by, first, establish-
ing TT segment long axis (including only TT for which a ≥250 
nm long portion could be reconstructed), then identifying an 
axis-perpendicular cross-sectional plane, and finally fitting each 
resultant TT cross-section membrane model with an equivalent 
ellipse, before extracting the eccentricity ε of the ellipse (see 
Equation 1, where a=length of the major, and b=length of the 
minor axis; ε-values range from 0 for a perfect circle to 1 for an 
apparent straight line).

ε = − 





1
2b

a
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For theoretical assessment of eccentricity-dependent changes 
in volume:surface ratio, we modeled TT as maintaining an ellip-
tic cross-section during deformation, according to
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where V=TT volume, S=TT surface, C=TT circumference, and 
ε=eccentricity (S and C were assumed to be constant to reflect 
the nonstretchable nature of lipid bilayer).

We further identified the smallest angle, α, between the 
extrapolated major axis of the fitted ellipse and the associated 
Z-disc plane (α-values ranging from 0° for a Z-disc parallel ori-
entation, to 90° for a Z-disc perpendicular orientation).

When assessing SL, to avoid artifacts associated with 
deviations of the plane of imaging from acto-myosin fila-
ment lattice orientation (cosine error), SL was established 

using a proportionality expression (see Equation 3, where 
SL’=measured apparent distance between Z-discs, A’= mea-
sured apparent length of the anisotropic band, A=true length 
of the anisotropic band).

SL SL
A
A

= ×’

’
 (3)

The actual length of the A-band was 1.4 µm, established in 
samples that contained the entire length of individual myosin 
filaments, whose tomographic volumes were virtually rotated so 
that the filaments were aligned in parallel to the image analysis 
plane for direct measurement.

Fluorescence Recovery After Photobleaching
FRAP microscopy was performed on rabbit left ventricular car-
diomyocytes isolated as described above (N=7, mixed sex, age 
9–13 weeks, fed Altromin 2123 diet, Altromin, Lage, DE; main-
tained on Aspen bedding; TAPVEI, Kiili Harjumaa, Estonia), 
using ≈1 mmol/L of 10 kDa fluorescein-conjugated dextran 
(Thermo Fisher, MA; estimated Stokes radius: 1.5–2.0 nm) in 
the bath solution, containing (in mM): NaCl 137, KCl 4, CaCl2 
1.8, MgCl2 1, HEPES 10, creatine 10, taurine 20, adenosine 5, 
L-carnitine 2, glucose 10, insulin 10 U/L; pH 7.4, 300 mOsm. 
Imaging was performed on an inverted confocal microscope 
(LSM 510 DUO; Zeiss, Jena, DE) using a C-Apochromat 40×/
NA 1.2 water-immersion objective. Samples were illuminated 
using a 488 nm laser line. Images (50×50 pixels) were acquired 
at 5.2 frames per second, and FRAP was performed at 100% 
laser power (5 cycles). Fluorescence recovery was monitored 
until a plateau was reached (typically 500 to 1,000 frames). To 
ensure a steady concentration of fluorescent dextran near the 
cell surface,45 a continuous flow of dextran-containing buffer 
was applied during all phases of FRAP measurements, using 
local perfusion (cFlow; Cell MicroControls, Norfolk, VA) cou-
pled to a piezoelectric micropump (mp6; Bartels Mikrotechnik, 
Dortmund, DE) with an average perfusion rate of 1 mL/minute. 
Perfusion efficiency was assessed for every cell analyzed by 
measuring FRAP in the bath in the immediate proximity of the 
cell. All imaging was performed at room temperature (22 °C), 
in a field-stimulation chamber (Warner Instruments, Hamden, 
CT) with a volume of 0.6 mL (ie, nominally exchanged every 
36 seconds).

To assess the effects of static mechanical deformation 
on apparent speed of TT diffusion, the chamber surface was 
precoated with laminin and cells were monitored (1) at rest, 
(2) during contracture (induced by Li+-for-Na+ substitution in 
the presence of 10 mmol/L caffeine; as done for tissue—see 
above), or (3) during passive stretch applied using the carbon 
fiber technique (here, the chamber surface was precoated with 
poly-hydroxyethyl methacrylate to prevent cell attachment).46 
The mechanical state of cells was assessed by measuring the 
distance between neighboring fluorescently labeled TT, which 
was assumed to be equal to SL, and which henceforth will be 
referred to as such.

To assess the effects of dynamic mechanical deformation 
on apparent speed of TT luminal diffusion, the chamber sur-
face was precoated with laminin, and paired observations were 
acquired: cells were FRAP imaged either at rest, or during elec-
trical pacing (0.5–1.5 Hz; Myopacer Cell Stimulator; IonOptix, 
Westwood, MA), with a variable sequence of the 2 conditions.
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FRAP data were analyzed using a custom Matlab (Natick, 
MA) script (available from the corresponding author upon 
request), with a curve fitted following Equation 4 (where 
I(t)=fluorescence intensity over time, a=mobile fluorescent 
fraction, t=time, τ=time constant of recovery).

I t a e
t

( ) = −
−

( )1 τ  (4)

Within each cell, on average 5 regions of interest (10×10 pix-
els) were analyzed, and values averaged. As fluorescent recov-
ery time (>103 ms) is much longer than the duration of a single 
beat (<102 ms), potential measurement artifacts due to cell 
motion were avoided by excluding systolic frames from FRAP 
analyses.

Data Analysis
Data are presented as individual points or as mean±SEM, ana-
lyzed using Prism 7 (GraphPad, San Diego, CA) and Matlab. 
Data were fitted with linear mixed effects models, taking into 
account random effects of heart, tissue fragment, and cell for 
chemically fixed tissue preparation data, and heart and cell for 
HPF-preserved cell data and FRAP data. F-tests were con-
ducted to assess whether the relationships studied should be 
fitted with linear, quadratic, or cubic models. The F-statistic was 
found for each relation and compared with the critical value 
of the F-distribution for that relation. P values are provided for 
each graph to indicate whether the fitted model is more suit-
able than assuming a constant relationship. P<0.05 were taken 
to indicate a statistically significant difference. Further details 
of statistical analysis are provided in the individual figure leg-
ends. The distribution of data across all samples can be found 
in Online Tables I and II. Additionally, graphical representation 
of preparation-related tissue and cell data distribution can be 
found in Online Figures VIII and IX.

Power analysis was performed a priori to determine antici-
pated optimal sample size. Experiments were performed in a 
randomized manner (regarding mechanical state designation), 
and data analysis was performed blinded (name concealment). 
Images were chosen for illustration based on the conclusions 
of the quantitative analysis, to most closely convey numerical 
results. For further experimental detail, please see the Major 
Resources Table in the Data Supplement. For further detail 
about statistical analyses, please see Online Table III.

RESULTS
Shape and Orientation of TT During Static 
Changes in SL
For the purpose of this investigation, we considered as 
static all those changes in SL, where the target mechani-
cal state (contracture, rest, stretch) was maintained for 
≥102 times the duration of normal contraction cycles. This 
applies to all chemically fixed samples (see Methods).

The shape and orientation of TT in chemically fixed 
left ventricular myocardial tissue, preserved in differ-
ent mechanical states, was analyzed in 3D electron 
tomograms. Analysis of cross-sectional shape revealed 
that TT undergo a biphasic change in eccentricity (ε; a 

measure of how much a shape deviates from circular, see 
Equation 1) between the extremes of SL (ranging from 
<1.6 µm during contracture to >2.2 µm during stretch). 
Both contracture and stretch are associated with higher 
eccentricity values, indicating a more elongated TT cross-
section, whereas the unloaded state is associated with a 
more circular shape of TT (Figure 1A through 1D). For 
alternative representation, eccentricity data are comple-
mented by minor:major radius assessments, shown in the 
Data Supplement (see Online Figure IA).

The orientation of the main cross-sectional axis of 
TT, relative to the associated Z-discs, changed from TT 
squeezed near-parallel to neighboring Z-discs in con-
tractured tissue, to TT whose major axis was near-per-
pendicular to Z-discs in stretched myocardium. At resting 
SL, there was no clear preference for TT-to-Z-disc orien-
tation angles (Figure 1A through 1C; Online Figure IB).

Shape and Orientation of TT During Dynamic 
Changes in SL (Contraction)
To establish whether the observed structural changes 
in shape and orientation of TT upon mechanical tissue 
deformation occur on a beat-by-beat basis, we pre-
served rabbit left ventricular myocytes using millisecond-
accurate, action potential synchronized HPF. SL at rest 
(before triggered contractions and after relaxation) was 
1.78 µm (ranging from 1.64 to 2.05 µm), and at peak 
contraction (HPF at 105 ms after last electrical stimu-
lation) it was 1.62 µm (ranging from 1.57 to 1.67 µm; 
Online Figure IIA).

We observed SL-dependent changes in TT shape 
(eccentricity) and orientation (major axis of TT cross-
section, relative to Z-disc) in acutely contracting and 
relaxing cells (Figure 2A through 2D, Online Figure IIB; 
for minor:major radius data, see Online Figure IIC) that 
are consistent with tissue-based static deformation data 
(note that tissue data includes passive distension to SL 
that are larger than those present in resting/contracting 
single cells, preserved by HPF). In general, chemically 
fixed tissue-based data was found to be biased toward 
higher eccentricity values, compared with single cell 
observations (Figure 2D).

Volume:Surface Ratio of TT at Different SL
As changes in cross-sectional shape of tubular struc-
tures alter their volume:surface ratio, we assessed this 
in TT segments with a minimum length of 250 nm. The 
highest volume:surface ratios were measured, both in 
chemically fixed and in HPF-preserved samples, in TT 
with the lowest eccentricity values (Figures 1E and 2E).

To accommodate the fact that at ε=1 the volume con-
tained in TT would be zero, we used a realistic geometric 
shape-based approach (here for an elliptical cross-sec-
tion with constant circumference; Equation 2) to model 

https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317266
https://www.ahajournals.org/doi/suppl/10.1161/CIRCRESAHA.120.317266
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the expected relationship between volume:surface and 
eccentricity (Figures 1E and 2E; for minor:major radius 
data see Online Figures IC and IID). Based on this model, 
the expected reduction in fractional TT volume between 
ε=0.45 and ε=0.95 would be 36.2% (Online Figure III; 
note the superior fit of model predictions with the con-
traction-cycle synchronized HPF cell data, as opposed to 
chemically fixed tissue).

Apparent Speed of TT Diffusion During Static 
Changes in SL
FRAP microscopy was used to assess the impact of 
mechanical deformation on the apparent speed of 

particle movement inside TT (10 kD dextran, stokes 
radius ≈2 nm). Observations were made in live cells 
that were arrested in contracture, at rest, or subjected 
to static stretch using the carbon fiber technique (SL 
ranged from 1.49 µm in contracture to 2.35 µm dur-
ing stretch, Figure 3A through 3C). The time constant 
(τ) of FRAP showed a biphasic relationship with SL: the 
highest values (indicative of slow diffusion) were seen in 
cells where static SL was either ≤1.76 or ≥1.96 µm (Fig-
ure 3C, Online Figure IVA), where τ is up to 4-fold larger 
than that of cells with a SL of 1.86±0.1 µm.

One of the factors limiting diffusion at high eccen-
tricities (Online Figure IVB) is thought to be the minimum 
TT cross-sectional axis (Figure 3D), whose reduction is 

Figure 1. Shape and orientation of transverse tubules (TT) change during static (minutes) alterations of the mechanical state of 
cardiomyocytes (chemically fixed tissue).
A, Representative electron tomography (ET) slices from rabbit ventricular tissue, preserved in contracture (sarcomere length [SL] <1.76 µm), 
at rest (SL 1.86±0.1 µm), and during stretch (SL >1.96 µm). B, Segmented 3-dimensional TT models, based on ET volumes. Green: TT, red: 
Z-disc plane, white: TT cross-section major axis. C, Rose plots of the distribution of minimum angle α between TT cross-sectional major axis 
and Z-disc plane in the 3 mechanical states. Statistical significance was assessed comparing a mixed effects model to a constant model (Online 
Figure IB, data assessed using linear regression model); P<0.0001. D, TT cross-section eccentricity as a function of SL. Data were assessed 
using nonlinear quadratic fit (blue curve). Statistical significance was assessed comparing a mixed effects model to a constant model (see also 
Online Figure IA); P<0.0001. E, Volume:surface ratio of TT segments as a function of TT cross-sectional eccentricity. Data fitted with a realistic 
geometric shape-based model, assuming an elliptical cross-section with constant circumference and volume:surface value of 0 at ε=1 (blue curve, 
see also Online Figure III). Statistical significance was assessed comparing a mixed effects model to a constant model (quadratic fit, not shown; 
see also Online Figure IC); P<0.0001. N=7 hearts/29 tissue samples/125 cells/539 TT (see also Online Table I). P values indicate whether a 
fitted model is more suitable than assuming a constant relationship.
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further exacerbated by the presence of glycocalyx with 
a radial thickness of 35 to 50 nm (Figure 3D inserts, 
Online Figure V).

Apparent Speed of TT Diffusion During 
Dynamic Changes in SL
To assess the impact of cyclic contractile activity of 
cardiac cells on the speed of particle movement inside 
the TT network, paired FRAP measurements were 
performed on cells at rest and during field stimulation 

(0.5–1.5 Hz), with variable sequence of both conditions. 
Cells were included in the analysis only if (1) SL at rest 
was ≥1.7 µm (ie, noncontractured cells), (2) the degree 
of shortening was ≥6% (ie, cells showing a competent 
mechanical response to electrical stimulation), and (3) at 
least one beat occurred during the first 70% of FRAP 
recovery phase (to obtain meaningful data).

In contrast to static deformation data, where any devi-
ation from resting SL was associated with an increased 
τ (Figure 3C; see also Online Figure IVA), the apparent 
speed of diffusion was increased during dynamic con-
tractions, compared with the same cell at rest (Figure 4A 

Figure 2. Shape and orientation of transverse tubules (TT) change during dynamic (milliseconds) cardiomyocyte contraction 
and relaxation (high-pressure freezing [HPF]-preserved beating cells).
A, Representative electron tomography (ET) slices from single cardiomyocytes, HPF-preserved at prescribed intervals after electrical stimulation, 
here at rest before contraction (sarcomere length [SL]=1.78 µm) and during peak contraction (SL=1.57 µm, HPF timed at 105 ms post-
stimulation). B, Segmented 3-dimensional TT models based on ET volumes. C, Rose plots of the distribution of minimum angle α between TT 
cross-sectional major axis and Z-disc plane in the 2 mechanical states. Statistical significance was assessed comparing a mixed effects model 
to a constant model (Online Figure IIB, data assessed using linear regression model); P<0.0001. D, TT cross-section eccentricity as a function 
of SL. Data were assessed using nonlinear quadratic fit (orange curve). Statistical significance was assessed comparing a mixed effects model 
to a constant model (see also Online Figure IIC); P<0.0001. Blue dashed curve shows the equivalent relationship observed for tissue data (from 
Figure 1D). E, Volume-to-surface ratio of TT segments as a function of TT cross-sectional eccentricity. Data fitted with a realistic geometric 
shape-based model, assuming an elliptical cross-section with constant circumference and volume:surface value of 0 at ε=1 (orange curve, see 
also Online Figure III). Statistical significance was assessed comparing a mixed effects model to a constant model (linear fit, not shown; see also 
Online Figure IID); P<0.05. N=2 hearts/16 tissue samples/56 cells/214 TT (see also Online Table II). P values indicate whether a fitted model is 
more suitable than assuming a constant relationship.
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and 4B). This was the case in 21 out of 25 cells. For 
the cohort as a whole, τ was significantly decreased (by 
16%) during dynamic contractions.

Additional Structural Observations
We recently described the regular occurrence of caveo-
lae in TT membranes.47 Here, we assessed their presence 
during different, SL-dependent TT deformation states. 
Caveolae (defined as omega-shaped and possessing a 
neck that is narrower than the main caveolae body; see 
red asterisks in Figure 5A and 5D) were significantly more 
frequently observed in TT whose cross-sections have low 
eccentricity (ε≤0.8 versus >0.8; Figure 5C and 5F; see 
also Online Figure VI). This is true for both static (tissue, 

Figure 5A through 5C) and dynamic (isolated cells, Fig-
ure 5D through 5F) deformation data. Of note, TT with 
elevated eccentricity often contained what appeared to be 
semi-integrated caveolae (see red triangle in Figure 5A).

DISCUSSION
We provide structural and functional confirmation of cell 
contraction-induced, mechanically assisted TT content 
exchange on a beat-by-beat basis. We propose that the 
advective TT flux described here may help to stabilize the 
luminal concentrations of ions relevant for ECC.

Advection-assisted diffusion in TT had originally been 
proposed in 2003, based on 2-dimensional EM data 
obtained from isolated rabbit hearts, chemically fixed in 3 

Figure 3. Apparent speed of transverse tubule (TT) luminal diffusion is reduced during static mechanical deformation (live 
cells).
A, Representative fluorescence recovery after photobleaching (FRAP) bleach regions for TT analysis (red squares) and perfusate control (pink 
square) relative to a rabbit isolated ventricular cardiomyocyte, incubated with fluorescently tagged dextran. B, Representative fitted FRAP 
curves, obtained from the same cell during stepwise static stretch-and-hold from a resting sarcomere length (SL) of 1.8, to 2.0, and 2.2 µm. C, 
Fluorescence recovery times (τ) were the lowest in cells at rest (SL 1.86±0.1 µm, corresponding to lowest TT eccentricity) and rose both during 
contracture and stretch (ie, with rising TT eccentricity, as extrapolated from electron tomography [ET] data, see also Online Figure IV). Data were 
assessed using a nonlinear cubic regression fit (red curve). Statistical significance was assessed comparing a mixed effects model to a constant 
model; P<0.001. P value indicates whether a fitted model is more suitable than assuming a constant relationship. N=7 hearts/89 cells. D, Minor 
TT axis at different SL as measured in chemically fixed tissue (blue) and high-pressure freezing-preserved cells (orange) ET data. Additional 
structural restrictions to diffusion are predicted to arise from the presence of glycocalyx in TT (right, red arrows, see also Online Figure V). N=7 
hearts/29 tissue samples/125 cells/539 TT (tissue, see also Online Table I) and N=2 hearts/16 tissue samples/56 cells/214 TT (cells, see also 
Online Table II).
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static deformation settings (Li+-induced contracture, K+ 
cardioplegic arrest, balloon inflation).48 The physiologi-
cal utility of such an advective contribution to TT luminal 
content exchange arises out of a spatially uneven dis-
tributions of trans-sarcolemmal ion flux pathways that 

are relevant for ECC in TT and cell surface sarcolemma 
which, combined with restricted diffusion inside TT, may 
affect TT content homeostasis.

Subsequent work involving experimental and com-
putational models suggested that TT become cyclically 
flattened during the contraction-relaxation cycle, which—
assuming a constant surface area of TT (lipid bilayer 
rupture strain is ≈2%)49—would be a potential driver 
for advection of TT content.12,15,38 However, none of the 
studies to date provided nanoscopic 3D reconstructions 
at a resolution that would allow individual TT surface and 
volume assessment, and no observations were made on 
a time-base suitable for assessing whether or not struc-
tural and functional changes are operational on a beat-
by-beat basis.

In the present study, we used electron tomography 
to assess the 3D geometry of individual 250 nm-long 
TT segments, with single-nanometer isotropic voxel 
dimensions, during static (minutes) and dynamic (beat-
by-beat) cardiomyocyte deformation. Static interventions 
used the 2003 approach,48 covering an SL range from 
end-diastolic stretch (≥2.2 µm) to peak contracture (≤1.6 
µm), using chemically fixed tissue. Dynamic samples 
were produced using HPF of electrically paced isolated 
cells, preserved with millisecond accuracy during differ-
ent stages of their active contraction and relaxation. The 
second approach does not allow for stretching of cells, 
but it circumvents potential chemical-fixation induced 
structural artifacts, and it eliminates the otherwise non-
physiological delays between the initiation of a mechani-
cal deformation and sample fixation.

Both static and dynamic contractions provided con-
sistent structural results, demonstrating that stretch and 
contraction lead to an SL-correlated flattening of TT 
(increasing eccentricity), in mutually perpendicular direc-
tions: parallel to the cell’s long axis during stretch; par-
allel to Z-lines during contraction. Thus, TT eccentricity 
waxes and wanes twice per cardiac cycle, with maximal 
eccentricity values during end-diastole and end-systole.

The observed TT deformation may be a consequence 
of lateral squeezing by neighboring contractile lattice 
structures (such as recently suggested for cardiac mito-
chondria) or be conferred through mechanical signals 
along cytoskeletal elements such as microtubules,50 
which have been shown to be closely associated with 
TT and jSR.51

Increased eccentricity is associated with a reduction 
in TT volume:surface ratio, supporting our hypothesis 
of TT luminal volume changes during cell deformation. 
While evident both in static and dynamic samples, the 
latter showed a better match to theoretically predicted 
behavior, perhaps indicating that deformations of cellu-
lar components, sustained for minutes, and/or chemical 
fixation, affect cellular ultrastructure in ways that may not 
be compatible with physiologically observed and cycli-
cally reversible changes. Additional factors that could 

Figure 4. Apparent speed of transverse tubule diffusion is 
increased during dynamic contraction and relaxation (live cells).
A, Representative fitted fluorescence recovery after photobleaching 
(FRAP) curves, obtained from one and the same cell at rest and 
during field stimulation-induced contractions (here at 0.8 Hz). B, 
Fluorescence recovery times (τ) in cells at rest and during rhythmic 
contractions (0.5–1.5 Hz, paired observations). Both diastolic and 
end-systolic sarcomere length (SL) are color-coded, and the extent 
of percentage shortening during contraction is indicated by the gray-
level of connecting lines. Data analyzed using paired T-test, random 
mixed effect model confirmed a lack of significant effects of heart and 
cell. N=5 hearts/25 cells.
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contribute to the discrepancy between observed (in 
chemically fixed tissue) and modeled data are potential 
differences in TT content (viscosity, presence of collagen 
fibers)52 in intact tissue versus isolated cells. Possible 
contributions due to differential swelling, for example, 
during contracture, were ruled out, based on an assess-
ment of mitochondrial dimensions in our experimental 
groups (Online Figure VII).

In addition, we observed evidence for integration of TT 
caveolae into the TT surface membrane at high eccen-
tricity (ie, implicitly at high volume:surface mismatch, 
compared with the resting state), a process that could 
potentially involve up to 10% of TT membrane area.47 
The predominance of caveolae in low eccentricity TT 
is evident also in cell-cycle-timed HPF-preserved cells. 
This suggests that caveolae are in- and ex-corporated 

into/from the projected TT membrane surface twice 
on every cardiac cycle, offering up to 9% spare volume 
accommodation capacity in our data. Aside from a purely 
mechanical aspect—similar to that observed previously 
for surface sarcolemmal caveolae that provide spare 
membrane during mechanical stretch48,53—the potential 
relevance of this process for mechanical modulation of 
caveolar signaling hubs warrants further investigation in 
homeostasis and during remodeling of the TT system, 
such as in cardiac hypertrophy or failure.

The effect of TT deformation on luminal particle move-
ment, predicted from beat-by-beat 3D nanostructural 
observations, was functionally tested in live cells by confo-
cal microscopy. Using FRAP, we established the apparent 
speed of diffusion in TT of cells at rest, during contracture, 
during passive static stretch, and during cyclic contractions. 

Figure 5. Presence of caveolae is inversely related to transverse tubule (TT) eccentricity during static (chemically fixed tissue) 
and dynamic (high-pressure freezing-preserved cells) changes in sarcomere length.
A and B, Representative electron tomography (ET) slices and segmented 3-dimensional models demonstrating the presence of TT caveolae in 
tissue preserved at contracture, rest, or stretch (red stars indicate caveolae; red triangle marks site of presumed partial membrane integration 
of caveolae). C, Frequency distribution histograms of the number of caveolae observed in TT segments (250 nm length) with cross-sectional 
eccentricity ε≤0.8 (dotted blue bars, n=241 TT) and ε>0.8 (striped blue bars, n=298 TT) in tissue, N=7 hearts/29 tissue samples/125 cells, see 
also Online Figure VI and Online Table I. D and E, Representative ET slices and segmented models demonstrating the presence of TT caveolae 
in cells preserved during contraction or at rest (red star indicates caveolae). F, Frequency distribution histograms of the number of caveolae 
observed in TT segments (250 nm length) with cross-sectional eccentricity of ε≤0.8 (dotted orange bars, n=181 TT) and ε>0.8 (striped orange 
bars, n=33 TT) in cells, N=2 hearts/16 tissue samples/56 cells, see also Online Figure VI and Online Table II.
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In static conditions (noncontracting cells), contracture and 
stretch were both associated with a significant slowing of 
what one might call steady-state FRAP, compared to rest-
ing cells. This may be explained by the fact that at high 
eccentricities the minor axis of TT may become a limiting 
factor for diffusion, an effect that would be aggravated by 
the presence of a 35 to 50 nm basal lamina (glycocalyx) 
layer all around the inner TT surface, which would limit 
the TT lumen that allows relatively unhindered diffusion 
in high eccentricity TT. Additionally, the glycocalyx could 
trap ions (especially divalent cations, given that glycocalyx 
is negatively charged), as suggested in previous studies.35 
This could affect the kinetics of Ca2+ movement in TT and 
across the TT sarcolemma, by creating a gradient between 
near-sarcolemmal Ca2+ concentration and that of the bulk 
extracellular space.54

In contrast, dynamically contracting cells show faster 
FRAP, compared with same-cell measurements at rest-
ing length. This is compatible with a mechanical deforma-
tion-induced advective contribution to local mixing and TT 
content exchange (according to structural observations, 
this could affect between one quarter and one-third of 
TT volume, twice during each cardiac cycle). An advec-
tive contribution to TT diffusion would be expected to 
counter potential TT luminal ion concentration changes 
(eg, depletion of Ca2+),33–35 for instance at high beating 
rates, as changes in the number of ECC coupling events 
(one per beat) would be accompanied by changes in the 
number of TT eccentricity changes (two per beat).

What makes the observed increase in speed of FRAP 
in contracting cardiomyocytes (compared with resting 
cells) even more impressive is the fact that contract-
ing cells cycle between their fastest steady-state FRAP 
condition at resting length and significantly slower states 
at high eccentricity TT configurations. Based on our 
static deformation FRAP data, this should be expected 
to slow TT luminal diffusion, and it thus demonstrates 
the potentially high physiological relevance of mechani-
cally assisted diffusion as a mechanism for TT content 
homeostasis. To illustrate this, if we assumed that, in a 
beating heart, cells spend about 50% of their time in a 
stretched state (τ≈4 seconds); 30% near slack (τ≈1.5 
seconds), and 20% at peak contraction (τ≈4 seconds), 
this would translate into an averaged recovery time con-
stant of ≈3.3 seconds in beating cells. We observe, how-
ever, τ≈1.2 seconds during contractions, so an almost 
3-fold decrease compared with what would be expected 
based on a simplistic consideration of static data. In the 
future, it would be very interesting to test how the ampli-
tude of contractions or variable preloads might affect the 
speed of TT luminal diffusion.

Further relevance of the here described mechanisms 
may arise when considering the impact of pathological 
remodeling on the cardiac TT network. TT derange-
ment (eg, altered shape, continuity, volume fraction, 
spatial relationship of TT and jSR, as well as changes in 

the proportion of longitudinal and transverse elements) 
is a hallmark of many cardiovascular diseases.3 These 
changes have been linked to alterations in Ca2+ handling 
and contractile function, and they may, in part, be linked 
to impaired TT lumen homeostasis. Equally interesting 
would be the elucidation of the here illustrated behav-
ior in atrial cells, which have a more pronounced propor-
tion of longitudinal TT network elements that serve as 
major hubs for atrial ECC.1 A detailed characterization of 
mechanically induced deformation of longitudinal TT ele-
ments and the effect on luminal content would be inter-
esting also in the light of previously reported differences 
in particle penetration between transverse and longitudi-
nal TT segments.10

Several limitations of the here presented study ought 
to be taken into consideration. Although we used rela-
tively small dextran particles (stokes radius ≈2.0 nm) to 
probe diffusion in TT, they are significantly larger than 
ions, so diffusional restrictions that affect ECC may 
emerge later, or be less severe, than seen here. Further-
more, while plausible (based on the evidence for inhomo-
geneous ion in- and out-flux topologies in TT and surface 
membranes of cardiac myocytes), ionic gradients along 
the TT network as a consequence of rhythmic electrical 
activity in the presence or absence of contractile activity 
have yet to be characterized in detail. Also, the majority 
of studies into TT function and luminal content dynamics 
have been conducted using isolated cells with access to 
a near infinite supply of surrounding medium. In intact 
tissue, restrictions because of limited extracellular vol-
ume and space between cells may affect the propen-
sity for the formation of ion gradients within TT. Finally, 
previously described species-dependent differences in 
TT structure and function have not been a subject of 
this investigation, so they should be taken into account 
in follow-up research.6,7 While rabbit TT exhibit a higher 
degree of structural similarity to human than murine 
cardiomyocytes, it would be interesting to explore how 
spatial restrictions, for example, near the TT mouth of 
mouse cardiomyocytes, may alter diffusion inside the TT 
network in the species that has been a major source for 
cardiac electrophysiology and ECC data.55

In summary, we provide structural and functional evi-
dence for the existence of a cell contraction-induced 
advective contribution to TT luminal content exchange, 
and we show that this mechanism works on a beat-
by-beat basis. Mechanically assisted diffusion, present 
under physiological conditions, may gain in relevance 
during increased demand (both in terms of heart rate and 
stroke volume), potentially aiding autoregulatory upkeep 
of TT content in a use-dependent manner.
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