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Abstract

Computational models of excitation-contraction (EC) coupling in myocytes are valuable tools for
studying the signaling cascade that transduces transmembrane voltage into mechanical responses.
A key component of these models is the appropriate description of structures involved in EC
coupling, such as the sarcolemma and ion channels. This study aims at developing an approach for
spatial reconstruction of these structures. We exemplified our approach by reconstructing clusters
of ryanodine receptors (RyRs) together with the sarcolemma of rabbit ventricular myocytes. The
reconstructions were based on dual labeling and three-dimensional (3D) confocal imaging of
segments of fixed and permeabilized myocytes lying flat or on end. The imaging led to 3D stacks
of cross-sections through myocytes. Methods of digital image processing were applied to
deconvolve, filter and segment these stacks. Finally, we created point meshes representing RyR
distributions together with volume and surface meshes of the sarcolemma. We suggest that these
meshes are suitable for computational studies of structure-function relationships in EC coupling.
We propose that this approach can be extended to reconstruct other structures and proteins
involved in EC coupling.

1. Introduction

Excitation-contraction (EC) coupling in myocytes involves a complex signaling cascade that
transduces transmembrane voltage into cell contraction. In cardiac myocytes, most stages of
this cascade involve calcium signaling®. The initial stimulus is membrane depolarization,
which activates voltage-gated L-type calcium channels (LCCs) and allows for flux of
extracellular calcium into the cell interior. This calcium activates sarcoplasmic calcium
channels, the ryanodine receptors (RyRs), allowing release of calcium from an intracellular
calcium store, the sarcoplasmic reticulum (SR)0. Both, calcium influx via LCCs and
calcium induced calcium release (CICR), raise the cytosolic concentration of calcium.
Subsequently, binding of cytosolic calcium to troponin C causes shifting of the troponin-
tropomyosin complex followed by structural changes of the tropomyosin-actin
configuration. Finally, these changes enable molecular interactions of actin and myosin
causing cell contraction.
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Electrophysiological measurements, functional and structural imaging, as well as
computational modeling have been the major methods to characterize EC coupling. Several
modeling approaches have been developed to describe calcium signaling underlying EC
coupling. The approaches differ in the number of compartments considered, and the
description of the cell anatomy and the properties of ion channels. In general in these
approaches, simplified models of cell anatomy and protein distributions are applied due to
difficulties to create accurate three-dimensional (3D) reconstructions from imaging data. In
particular, physical limitations of imaging systems complicate the reconstruction. The
limitations include small signal-to-noise ratio, resolution limits, image blurring and small
contrasts between objects of interest and background. However, recent advances in imaging,
protein labeling and methods for digital image processing promise to mitigate these
difficulties.

In this study, we addressed the development of realistic anatomical models of ventricular
myocytes for application in computational studies of EC coupling. Our focus was on
describing spatial distributions of RyR clusters and the geometry of the sarcolemma
including the transverse tubular system (t-system). The modeling of RyR clusters and
sarcolemma was based on dual labeling with Alexa dyes and 3D scanning confocal imaging.
RyRs were labeled with antibodies linked to Alexa 488. The sarcolemma associated
glycocalix was labeled with wheat germ agglutinin (WGA) conjugated to Alexa 555. We
imaged segments of cells lying flat on a cover slip or on end to take advantage of anisotropic
optical properties of confocal microscopy.

Confocal imaging has several limitations, in particular anisotropic convolution and depth-
dependent signal attenuation. We accounted for these limitations with 3D deconvolution and
attenuation correction. Deconvolution was carried out with the Richardson-Lucy algorithm
using measured point spread functions (PSFs), which characterize the optical properties of
our confocal microscopic imaging system. We applied various methods of image processing
to identify the intracellular space and the RyR cluster distribution. The resulting
reconstructions were transformed into volume, surface and point meshes which provide a
spatial domain for computational studies of EC coupling at sub-cellular level.

2. Methods

2.1. Overview

An overview of our approach for modeling of RyR cluster distribution and the sarcolemma
is shown in Fig. 1. After isolation, labeling and imaging of myocytes, the image data were
processed with various methods of digital image processing for background removal,
correction of depth-dependent attenuation, and image deconvolution. Image processing
methods were also applied to identify the sarcolemma in the WGA images and segment
clusters in the RyR images. The image data were combined and represented with volume
and surface meshes for application in computational simulations of EC coupling.

2.2. Isolation, Labeling and Imaging of Cardiomyocytes

Rabbit ventricular myocytes were obtained according to a previously described procedure®.
Cells were fixed with 2% para formaldehyde and labeled with WGA conjugated to Alexa
55522, Afterwards, cells were permeabilized and RyRs were labeled with a primary antibody
and a secondary antibody attached to Alexa 488. This procedure has been described
previously in detail®.

A Zeiss LSM 5 confocal microscope (Carl Zeiss, Jena, Germany) together with a 60x oil
immersion objective lens (Numerical aperture: 1.4) was used for imaging. It resulted in 3D
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image stacks consisting of cubic voxels of size 100 nm x 100 nm x 200 nm, respectively.
The data volume of each of the stacks was 25 million voxels.

The imaging of the WGA and RyR signals was performed on myocytes lying flat on the
cover slip (Fig. 2). In addition, we imaged cells tilted on end (Fig. 3) using a recently
developed transverse sectioning approach®. In short, the approach consisted of embedding
cells in agar for mechanical stabilization and selection of vertically oriented cells for
imaging.

2.3. Image Pre-Processing

Our approaches for correction of depth-dependent signal intensity attenuation and
deconvolution have been detailed in our previous work 2122, Briefly, a scaling factor was
calculated characterizing depth-dependent attenuation for each image slice. The factor was
used for slice-wise correction. The iterative Richardson-Lucy algorithm®® was applied with
PSFs extracted from images of fluorescent beads of 100 nm in diameter residing in the first
10 zam above the cover slip.

Removal of background signal was carried out for all WGA and RyR images before
deconvolution. For each image we detected the background level in regions outside the cell
and without debris. The background level varied between image stacks, but was not
dependent on depth. We subtracted the detected background level in each image stack.

2.4. Processing of WGA Images

WGA stained the glycocalix associated with the sarcolemma. Thus, WGA images served for
identification of the sarcolemma. We applied a 3D thinning operator” on the deconvolved
image stacks (Fig. 4a). Minor holes in the resulting skeletons were closed either
automatically! or by manual editing of the image data. We created a mask image by using
the region-growing technique?? in the skeletons images (Fig. 4b). The mask image contained
the intracellular space and the t-system. Subsequently, the mask was applied with
thresholded WGA images to create extracellular and intracellular segments (Fig. 4c), whose
borders were identified with the sarcolemma.

2.5. Processing of RyR Images

3. Results

Processing of RyR images consisted of segmentation of RyR clusters and their statistical
analysis from the deconvolved RyR image stacks. The clusters were segmented with the
region-growing technique. Seed points for region growing were determined by thresholding
and maxima detection. We derived centers of mass and summary intensities of RyR clusters
from the segments.

3.1. Reconstruction of Sarcolemma and RyR Cluster Distribution

We applied these methods to reconstruct 3 horizontal and 3 vertical cells. The cells were
from the left ventricle of rabbit hearts and selected from an image library of 48 cells. Only
cell segments in proximity to the cover slip were processed. Processing of cell segments in
regions distal (¢20mum) to the cover slip was hindered by low signal to noise ratio.

Statistical information on the spatial distribution of RyR clusters is shown in Tab. 1. The
mean nearest neighbor distance of RyR cluster is 0.91 gm. An example of our reconstruction
of a vertical ventricular myocyte is shown in Fig. 5. The image dataset includes 128 x 212 x
20 voxels and describes a volume of 12.8 ym x 21.2 gm x 40 gm. This visualization shows
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RyR cluster associated with the outer sarcolemma and the t-system. The majority of clusters
was not associated with the sarcolemma (Fig. 5¢).

3.2. Generation of Meshes for Computational Simulations

All processing was performed with data stored in 3D lattices. The data was converted to
other formats with regard to application in computational simulations. In particular, software
allowed for automated generation of cubic voxel meshes of various spatial resolution.
Application of a modified marching-cube algorithm on these meshes facilitated the creation
of surface meshes!®. The algorithm generated meshes of triangular elements approximating
iso-intensity surfaces with sub-voxel resolution in the 3D image stacks. This approach was
used for the visualizations shown in Fig. 5. Modifications of the original algorithm assured
closeness of the generated surfaces and permitted sub-voxel resolution by adjusting
positions of mesh nodes based on edge-wise interpolation of intensities'2,

The distribution of RyR clusters was represented with a point set. Each point is annotated
with the cluster size, second order moments of the cluster, and its distance to the
sarcolemma.

4. Discussion and Conclusions

In the present study, we introduced a new approach to reconstruct distributions of RyR
clusters and the sarcolemma of cardiac myocytes. The study extends our previous work on
modeling of the sarcolemma based on confocal imaging of isolated living myocytes
superfused with membrane impermeant dextran conjugated to fluorescein?l. Our previous
work allowed us to create volume meshes of myocytes and surface meshes of sarcolemma
suitable for computational simulations. In both studies, our focus on modeling the
sarcolemma was motivated by its central role as a border between the intra-and extracellular
environment as well as for cell signaling. Modeling of the sarcolemma is significant because
it comprises various proteins for cellular signaling such as electrical signaling and for EC
coupling.

The present study describes methods to extract 3D reconstructions of the sarcolemma from
images of WGA labeled myocytes. WGA has been used in previous studies for
identification of the cell membrane®. In a previous study, we showed that dextran and WGA
signals were correlated in the t-system and are therefore equally good markers?2. In this and
the present study, WGA labeling allowed us to create detailed descriptions of the t-system.
More importantly, WGA labeling can be applied in combination with immuno-labeling of
proteins, such as RyRs. Thus, the present approach allows modeling of the membrane
together with proteins. An alternative approach would be to apply published information on
protein density distributions. However, it appears difficult to evaluate the reliability and
accuracy of this alternative approach.

Our estimate of nearest neighbor distance (0.91 zm) of RyR clusters in rabbit was higher
than those previously reported for rat (0.66 zzm) and human (0.78 zm)2. These differences
might be significant to gain insights in species-specific phenomena of EC coupling.

The presented approach led to computational meshes with applications in modeling of EC
coupling in myocytes. Effects of changes in components involved in EC coupling are
difficult to assess at cellular and sub-cellular level with traditional experimental and
analytical approaches. Computational studies based on realistic models of cell anatomy
might give insights in these effects and thus complement the traditional approaches.
Modeling of EC coupling is a very active field of research and various sorts of models have
been developed, for instance common pool and local control models.
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Common pool modeling use a cytosolic reservoir acting as source or sink for all
sarcolemmal and sarcoplasmic calcium fluxes. The cytosolic calcium controls RyR gating.
Local control models are based on an additional compartment representing a small cleft
space (diad) between sarcolemma and junctional SR membrane?®. The cleft space is sink for
calcium fluxes through LCCs and RyRs. The calcium concentration in the cleft space
controls RyR gating. The cleft space is connected to the cytosolic compartment. Several
studies with local control models focused on description of calcium transients in the cleft
spacel47:25 We suggest that our cell models provide insights into the validity of EC
coupling models and support a hybrid of the two EC coupling models to describe ventricular
myocytes.

Our methodology for reconstruction of the sarcolemma including the t-system is related to
previously published approaches with rat ventricular cardiac myocytes based on confocal
microscopy2® and myocytes from guinea pig papillary muscle based on thin section electron
microscopy?2. In our studies, we profited from the largeness and low complexity of rabbit
versus rat t-system. T-tubule diameter in rabbit ventricular cells was in 400+172 nm?2,
which is above the resolution of the confocal imaging system.

Our methodology for reconstructing the sarcolemma together with RyR cluster distributions
is new. Related approaches for dual labeling of RyRs and other proteins have been described
previously for a-actinin?’, calsequestrin23, sodium calcium exchangers23, sodium
channels?3, and L-type calcium channels?4:23.6, Extending our dual labeling approach for
labeling of the sarcolemma together with other proteins is straight forward. Of particular
interest for modeling of EC coupling is information on the distribution of L-type calcium
channels and their relationship to RyRs.

The presented approach can also be applied for modeling cells during development and
aging as well as affected by cardiac diseases. Changes of the t-system and RyR cluster
distributions have been described for diseased human3%:13 and animal ventricular
myocytes!81116,.28,

We and others have discussed physical limitations of confocal imaging studies and
ambiguity of image processing in previous publications®22. A major limitation is spatial
resolution of confocal imaging. The resolution can be specified by e.g. the Rayleigh
criterion and estimated from measured PSFs. From our measurements22 we expect that t-
tubules and clusters can be separated having a distance larger than 0.83 and 0.28 ymin laser
beam direction and transversal to it, respectively.

Our approach necessitated myocyte isolation, fixation and membrane perforation. These
procedures affect cell anatomy. We found insignificant myocyte distortion caused by
fixation and perforation (data not shown).
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Figure 1.

Processing pipeline for reconstruction of RyR cluster distributions and the sarcolemma of
cardiac myocytes based on dual labeling and confocal microscopy.
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Figure 2.

Exemplary image of segment of ventricular myocyte lying flat on the cover slip. The
imaging was performed in a hexahedral region with a size of 50 zzm x 30 zzm x 10 zm. The
image stack was stored in a lattice of 248 x 150 x 51 cubic voxels. Raw intensity
distributions for (a) WGA and (c) RyR labeling are shown in the central XY plane. Intensity
distributions after background removal, attenuation correction and deconvolution are
depicted in (b) and (c) for WGA and RyR labeling, respectively.
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Figure 3.

Exemplary image of segment of ventricular myocyte tilted on end embedded in agar. The
imaging was performed in a hexahedral region with a size of 26 gm x 42 mx 21 gum. The
image stack was stored in a lattice of 128 x 212 x 107 cubic voxels. Raw intensity
distributions for (a) WGA and (c) RyR labeling are shown in the central XY plane. Intensity
distributions after background removal, attenuation correction and deconvolution are
depicted in (b) and (d) for WGA and RyR labeling, respectively.

Pac Symp Biocomput. Author manuscript; available in PMC 2014 January 27.



1dussnuein Joyny vd-HIN 1duosnueln Joyny vd-HIN

1duosnuey JoyIny vd-HIN

Sachse et al.

Page 11

(c)

Figure 4.
Segmentation of WGA images stacks. (a) A 3D thinning operator created skeletons of

deconvolved images. The skeletons exhibited holes in the outer sarcolemma, which were
closed before further processing. (b) Region-growing produced a mask image stack
containing intracellular space and t-system. (c) The mask image stack was combined with a
thresholded segmentation of the WGA image stack.
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Figure 5.

3D visualization of cell fragment from different perspectives. (a) The mycoyte interior is
shown in blue and RyR clusters are in red. (b) A number of RyR clusters was located in the
outer sarcolemma. (c) The majority of RyR clusters was found in the cell interior.
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Mean and standard deviation of nearest neighbor distance of RyR clusters in rabbit ventricular myocytes. The

Table 1

distances were calculated from segments of 3 horizontal and 3 vertical cells.

horizontal | distance (meantstddev) | vertical | distance (meanz+stddev)

#1
#2
#3

0.88+0.23 zm #1 0.88+0.31 zm
0.90£0.24 zm #2 0.92+0.27 pm
0.91+0.25 yim #3 0.97+0.29 im
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