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Abstract

The ventricular human myocyte is spatially organized for optimal ATP and Ca2+ delivery to 

sarcomeric myosin and ionic pumps during every excitation-contraction cycle. Comprehension of 

three-dimensional geometry of the tightly packed ultrastructure has been derived from 

discontinuous two-dimensional images, but has never been precisely reconstructed or analyzed in 

human myocardium. Using a focused ion beam scanning electron microscope, we created 

nanoscale resolution serial images to quantify the three-dimensional ultrastructure of a human left 

ventricular myocyte. Transverse tubules (t-tubule), lipid droplets, A-bands, and mitochondria 

occupy 1.8, 1.9, 10.8, and 27.9% of the myocyte volume, respectively. The complex t-tubule 

system has a small tortuosity (1.04 ± 0.01), and is composed of long transverse segments with 

diameters of 317 ± 24 nm and short branches. Our data indicates that lipid droplets located well 

beneath the sarcolemma are proximal to t-tubules, where 59% (13 of 22) of lipid droplet centroids 

are within 0.50 μm of a t-tubule. This spatial association could have an important implication in 

the development and treatment of heart failure because it connects two independently known 

pathophysiological alterations, a substrate switch from fatty acids to glucose and t-tubular 

derangement.
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Introduction

The ventricular human myocyte is uniquely optimized for hard labor without interruption for 

the entire lifespan of man. The densely packed ultrastructure consisting primarily of 

sarcomeres, mitochondria, transverse tubules (t-tubules), sarcoplasmic reticulum (SR), and 

lipid droplets is spatially organized to optimize ATP and Ca2+ delivery for contraction and 

relaxation. Mitochondria are proximal to both sarcomeres and SR Ca2+ pumps to reduce 

ATP diffusion length, while SR networks are adjacent to sarcomeres to accelerate delivery 

of Ca2+ to contractile proteins. T-tubules serve for three-dimensional spatiotemporal 

synchronization between electrical and calcium signaling, however, their role in metabolic 

synchronization in cardiac tissue is unknown.

Continuous progress has been made to improve the quality of electron microscope images of 

cardiac ultrastructure since the first attempts (Beams et al., 1949; Kisch, 1951; Kisch and 

Bardet, 1951; Kisch and Philpott, 1953; Kisch et al., 1948; Van Breemen, 1952; Van 

Breemen, 1953), and recently three-dimensional visualization techniques have been utilized 

to further pursue structure-function relationships (Hayashi et al., 2009; Merchan-Perez et al., 

2013; Yu et al., 2008). Quantitative analysis of cardiomyocyte ultrastructure has been 

extensively described in mouse (Herbener, 1976; Herbener et al., 1973; Kainulainen et al., 

1979; Schaper et al., 1985; Tate and Herbener, 1976), rat (Craft-Cormney and Hansen, 

1980; Guski et al., 1981; Laguens, 1971; Lund and Tomanek, 1978; Lund and Tomanek, 

1980; Page et al., 1974; Reith and Fuchs, 1973; Schaper et al., 1985; Tomanek and Hovanec, 

1981; Tomanek et al., 1979), and canine hearts (Becker et al., 1999; Gerdes and Kasten, 

1980; Goldstein and Murphy, 1983; McCallister et al., 1978; Papadimitriou et al., 1974; 

Partin et al., 1972; Schaper et al., 1985), while fewer studies have investigated ultrastructure 

morphology of human cardiomyocytes (Fleischer et al., 1980; Laguens et al., 1979; Schaper 

et al., 1985).

Here, we utilize a dual-beam electron microscope for the first time in healthy human left 

ventricular (LV) tissue to create high-resolution serial images at nanometer resolution for 

three-dimensional analysis. Our morphometric results, including ultrastructure volume and t-

tubule geometry compare nicely to previous reports in mammalian ventricular myocytes. 

Further analyses indicate a novel finding—lipid droplets well beneath the sarcolemma are 

spatially located near t-tubules. The observed spatial association was compared against 

simulations that randomly placed lipid droplets within the volume and showed that the 

experimentally observed proximity could not be repeated.

Material and Methods

Tissue Collection

The study was approved by the Washington University Institutional Review Board. A non-

failing donor heart was provided by Mid-America Transplant Services (Saint Louis, MO). 

The donor was a 55 year old female with a history of hypertension and the cause of death 

was cerebral hypoxia. The heart was arrested with cardioplegic solution (110 NaCl, 1.2 

CaCl2, 16 KCl, 16 MgCl2, 10 NaHCO3 mmol/L) and explanted for experimentation. The 

donor heart was transported to the laboratory in cold (~4°C) cardioplegic solution in 15 
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minutes. A transverse sample (~150 μm thick) of apical-posterior left ventricle was collected 

(Anchor, Soft Tissue Biopsy Device, Addison, IL) and both epicardial fat and papillary 

muscle were discarded.

Tissue Fixation and Embedding

Excised tissue was immediately immersion fixed in a modified Karnovsky’s fixative (3% 

glutaraldehyde, 1% paraformaldehyde in 0.1M sodium cacodylate buffer), post-fixed in 

cacodylate buffered 2% osmium tetroxide, dehydrated in graded ethanols and propylene 

oxide, and embedded in EMBed-812 resin (Electron Microscopy Sciences, Hatfield, PA).

Focused Ion Beam-Scanning Electron Microscopy

After tissue embedding, serial images were obtained using a Helios NanoLab 650 DualBeam 

microscope (FEI, Hillsboro, Oregon). A 30 keV Ga+ focused ion beam (FIB) was directed 

parallel to the LV tissue block for removing (milling) thin layers (10 nm), while a 2 keV 

scanning electron probe was employed for imaging. Images were acquired in backscatter 

mode using the Through-the-Lens detector. Automated milling and imaging of the LV block 

face provided 220 images (Auto Slice & View, FEI) with high resolution (4096 × 3536, 

voxel dimension 3.6 nm × 4.2 nm × 10 nm) to allow for the identification of t-tubules, lipid 

droplets, mitochondrial networks, A-bands, and sarcolemma throughout the entire ~15 μm × 

15 μm × 2.2 μm volume.

Segmentation

Various ad hoc segmentation techniques were applied to reconstruct the two-dimensional 

images into three-dimension volumes. Boundaries of lipid droplets and sarcolemma were 

defined using automatic thresholding combined with edge detection. T-tubules and A-bands 

were contoured with active contour followed by morphological operations. Due to their 

heterogeneic, complex shape mitochondrial networks were delineated manually. Once the 

features of interest were defined and segmented, polygonal surface models of the structures 

were created using Avizo software (Visualization Sciences Group, Burlington, MA).

Ultrastructure Analysis

Analysis was implemented using MATLAB (MathWorks, Natick, MA) software we wrote. 

Only ultrastructure within the cardiac myocyte was considered. Percent volume was 

calculated for t-tubules, A-bands, lipid droplets, and mitochondria. The distance between 

lipid droplets and other ultrastructure was approximated as the distance between droplet 

centroids to the nearest ultrastructure surface. The observed spatial distribution between 

lipid droplets (n=31) and ultrastructure was compared to a simulation that randomly placed 

lipid droplets (n=31) within the volume. The simulation was performed 10 times. T-tubule 

tortuosity, diameter, and cross sectional area were calculated. Tortuosity was estimated as 

the total t-tubule length divided by the Euclidean distance from opposite ends of the t-

tubules (LTotal/LEuclidean). T-tubule diameter and cross sectional area were calculated from 

n=440 samples and are expressed as the mean ± standard deviation.
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Results and Discussion

Segmentation

Figure 1A displays the donated heart with the location of the apical-posterior sample 

emphasized by a black asterisk. White dotted lines in Figure 1B highlight ultrastructure, 

which can be identified throughout the serial section volume (Figure 1C). Using various 

image-processing techniques, we were able to accurately segment the ultrastructure of the 

myocyte. Figure 1D displays the two-dimensional segmentation of the A-bands (green), 

lipid droplets (yellow), and mitochondria (red), from the first image of the serial section 

volume.

Volume Reconstruction

Three-dimension reconstruction of the t-tubules (purple), lipid droplets (yellow), A-bands 

(green), and mitochondria (red), are shown in Figure 2 and 3. In Figure 2, the reconstructed 

volumes are individually shown inside the serial section bounding box, with the bottom 

serial image and edges displayed. T-tubules and lipid droplets are seen throughout the 

volume, while mitochondria form their distinct subsarcolemmal and intermyofibrillar 

subpopulations. T-tubules, lipid droplets, A-bands, and mitochondria occupy 1.8, 1.9, 10.8, 

and 27.9% of the myocyte volume, respectively.

In Figure 3, the serial section volume provides orientation for the reconstructed 

ultrastructure below. As their name suggests, t-tubules predominately orient transversely to 

the longitudinal axis of the myocyte, yet longitudinal extensions exist. Alternative names, 

such as sarcolemmal tubule network (Sommer and Jennings, 1992), transverse-axial tubular 

system (Forbes et al., 1984), and sarcolemmal Z rete (Soeller and Cannell, 1999) have been 

suggested as more appropriate names. The calculated tortuosity of the t-tubular network is 

1.04 ± 0.01 (straight line = 1.0). This indicates that t-tubules have predominately long 

straight segments and short curved branching segments. T-tubule diameter and cross-

sectional area are 317 ± 24 nm and 8,640 ± 1,800 nm2, respectively. This diameter is greater 

than the 255 nm diameter reported for rat ventricular myocytes (Soeller and Cannell, 1999), 

but is within the range (20–450 nm) typically given for individual t-tubules (Brette and 

Orchard, 2003). The compactness of the ultrastructure is clearly seen in Figure 3-Bottom, 

where intermyofibrillar mitochondria align between A-bands and lipid droplets are 

enveloped by mitochondria.

Lipid Droplet and Ultrastructure Association

In Figure 4, the mitochondria and A-bands are omitted from the three-dimensional 

reconstruction to visualize the spatial localization of lipid droplets with respect to the 

sarcolemma (teal) and t-tubules (purple). In Figure 4A, the sarcolemma has been thickened 

(≈100×) to enhance its visibility. In Figure 4A-Left, the sarcolemma is displayed only with 

lipid droplets, which appear to be randomly placed in the volume. However, when t-tubules 

are reintroduced into the volume (Figure 4A-Middle, Right) lipid droplets located well 

beneath the sarcolemma appear to be co-localized with t-tubules. Black boxes in Figure 4A 

highlight lipid droplets proximal to t-tubules, while brown boxes highlight lipid droplets 

situated adjacent to the sarcolemma. The Online Supplemental Movie rotates lipid droplet 
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and t-tubule volumes inside the 220 serial sections 360-degrees, which is optimal for 

visualization of the reconstructed ultrastructure.

The distance between lipid droplets and ultrastructure was calculated for both 

experimentally observed and simulated conditions to determine whether a spatial association 

exists. All experimentally observed lipid droplets were within 0.50 μm (red, Figure 4B) of a 

mitochondria. Likewise, when lipid droplets were randomly placed in the volume all lipid 

droplets (n=310) were within 0.50 μm of a mitochondrion. A representative simulated 

distribution (grey, n=31 lipid droplets) is displayed in Figure 4B. The high density of 

mitochondria in the myocyte ensures lipid droplets will be nearby.

The distribution of the distances between lipid droplets and t-tubules is displayed in Figure 

4C, where the dashed black line highlights the average midpoint between t-tubules (1.25 

μm). Out of 31 experimentally observed lipid droplets, 42% (13 of 31) are within 0.50 μm of 

a t-tubule (purple). When lipid droplets are randomly placed in the volume, however, only 

21% (64 of 310) are within 0.50 μm of a t-tubule. A representative simulated distribution 

(grey, n=31 lipid droplets) is shown in Figure 4C. Overall, 29% of the experimentally 

observed lipid droplets (9 of 31) are located proximal the sarcolemma and 71% (22 of 31) 

are located between myofibrils. If only intermyofibrillar lipid droplets are considered, 59% 

(13 of 22) are within 0.50 μm of a t-tubule. This proximity was never seen in the 

simulations. Out of the 10 experimentally observed lipid droplets that are located farther 

than the midpoint (right of dashed line), 7 are adjacent (<0.50 μm) to the sarcolemma. Thus, 

the overwhelming majority of lipid droplets are proximal to the sarcolemma or t-tubules.

In healthy adult myocardium, approximately 60–70% of ATP is generated by oxidation of 

fatty acids (Huss and Kelly, 2005), requiring an organized and efficient system to 

continuously supply mitochondria with fatty acids. In rodent hearts, it was shown that 

perilipin 5 provides a physical link between lipid droplets and mitochondria through a C-

terminal region (Wang et al., 2011), however the mechanism of the accumulation of lipid 

droplets proximal to intermyofibrillar mitochondria is unknown. We speculate that fatty acid 

transporters, such as fatty acid translocase/CD36 are concentrated at t-tubules, similar to 

calcium handling proteins (Brette and Orchard, 2003), and aid in fatty acid delivery deep 

into the myocyte. Alternatively t-tubules may provide a structural scaffold that enable lipid 

droplets to move into the interior of the cell. This spatial relationship would have important 

implications for myocardium in heart failure because it mechanistically links two distinctly 

different observations made during the progression of heart failure: (1) the principle energy 

substrate switches from fatty acids to glucose (Huss and Kelly, 2005; Osorio et al., 2002; 

Razeghi et al., 2001; Sack et al., 1996) and (2) t-tubular derangement (Ibrahim et al., 2012; 

Lyon et al., 2009; Wei et al., 2010).

The metabolic switch to glucose utilization with the progression of heart failure has led 

investigators to pharmacologically modulate fatty acid oxidation with the expectation of 

being therapeutically beneficial. Despite some inconsistent reports, the majority of studies 

have shown that the direct or indirect improvement of fatty acid supply during heart failure 

has minimal functional benefits (Halbirk et al., 2010; Labinskyy et al., 2007; Lionetti et al., 

2011; Morgan et al., 2006), while increased carbohydrate oxidation has been shown to 
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enhance LV function in animal and short term clinical studies (3–6 months) (Abozguia et 

al., 2010; Fragasso et al., 2008; Fragasso et al., 2006a; Fragasso et al., 2006b; Lee et al., 

2005; Lionetti et al., 2011). Structurally intact t-tubules may be required for efficient 

delivery of fatty acids or lipid droplets well beneath the sarcolemma and their remodeling 

during heart failure could inhibit fatty acid oxidations therapeutic benefit.

Conclusion

FIB scanning electron microscopy produced serial images of a human LV myocyte at 

nanoscale resolution enabling segmentation and volume reconstruction of ultrastructure. 

Detailed morphometric analysis was performed on a single 3D data set. Analysis showed 

that lipid droplets located well beneath the sarcolemma are proximal to t-tubules, which 

could implicate a role for t-tubules in the efficient delivery of lipid droplets to 

intermyofibrillar mitochondria.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Ultrastructure segmentation. A. Donated human heart with location of tissue sample marked 

by black asterisk. B. Example two-dimensional scanning electron microscopy image with 

ultrastructure highlighted. C. Serial section volume of 220 slices each 10 nm thick D. 
Example digital segmentation of A-bands (green), lipid droplets (yellow), and mitochondria 

(red) on first serial section. Scale Bars: 2 cm (A), 3 μm (B). Serial Section Volumes: 14.7 

μm × 14.8 μm × 2.2 μm (C and D).

RV: right ventricle; LV: left ventricle; T-tubule: transverse tubule.
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Figure 2. 
Three-dimensional reconstruction of ultrastructure with bottom serial section image and 

edges serving as a bounding box. A. Transverse-tubules (purple). B. A-band (green). C. 
Lipid droplets (yellow) D. Mitochondria (red). Serial Section Volumes: 14.7 μm × 14.8 μm 

× 2.2 μm (A, B, C, and D).
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Figure 3. 
Sequential addition of ultrastructure. The serial section volume (Top) shows the orientation 

of the reconstructed ultrastructure volumes below, where the whited dotted line highlights 

the area of interest (myocyte). Scale Bars: 3 μm Serial Section. Volume: 14.7 μm × 14.8 μm 

× 2.2 μm (Top).
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Figure 4. 
Lipid droplet association with mitochondria and (t-tubules). A. Lipid droplets (yellow) and 

sarcolemma (teal) are visualized without (Left) and with (Middle, Right) t-tubules. Left and 

Middle panels are in the same orientation. Black and brown dotted boxes highlight lipid 

droplets associated with t-tubules and sarcolemma, respectively. B. Distribution of simulated 

(grey) and experimentally observed (red) distances from lipid droplet centroids to nearest 

mitochondria. C. Distribution of simulated (grey) and experimentally observed (purple) 

distances from lipid droplet centroids to nearest t-tubule. Scale Bars: 3 μm (A).
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