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Abstract

In this review, the technique of electron tomography is shortly summarized. 
Alignment procedures on the electron microscope are described. New 
techniques such as the focused ion beam tomography, the block face scanning 
tomography and the array tomography are mentioned. Application of these 
methods for vascular research, concerning endothelium-specific Weibel-
Palade bodies in cell cultures from human umbilical vein endothelial cells and 
endothelial progenitor cells as well as about cellular communications between 
the endothelium and the subendothelium are referred. Platelets are important 
players in the interaction with the endothelium in thrombosis and hemostasis 
after transfusion, therefore electron tomographic investigations of platelet 
organelles as well as platelet microparticles are mentioned. Illustrations from 
our own investigations are added.

Abbreviations: ART: Algebraic Reconstruction Technique; 
ADAMTS-13: A Disintegrin And Metalloproteinase with A 
Thrombospondin Type 1 Motif, Member 13; CCD Camera: Charge 
Coupled Device Camera; DAB: 3,3’-Diaminobenzidine; DART: 
Discrete Algebraic Reconstruction Technique; DTS: Dense Tubular 
System; EM: Electron Microscope; EPC: Endothelial Progenitor 
Cells; ET: Electron Tomography; FVIII: Factor VIII Blood Clotting 
Protein; FIB-SEM: Focused Ion Beam Scanning Electron Microscope; 
FITC: Fluorescein-Isothiocyanate; HUVEC: Human Umbilical Vein 
Endothelial Cells; LSM: Laser Confocal Scanning Microscope; MIT: 
Mitochondria; MTC: Microtubular Coil; OCS: Surface-Connected Open 
Canalicular System; PLT: Platelets; PLTC: Platelet Concentrates; PMP: 
Platelet Microparticles; ROI: Region Of Interest; SBEM: Serial Block 
Face Scanning Electron Microscopy; SIRT: Simultaneous Itinerative 
Reconstruction Technique; STEM: Scanning Transmission Electron 
Microscopical Device; TEM: Transmission Electron Microscope; 
TGN: Trans Golgi Network; TRITC: Tetramethylrhodamine-
Isothiocyanate; vWF: von Willebrand Factor; WPB: Weibel Palade 
Bodies; WPB: Method: Weighted Back Projection Method.

Introduction
A recently published review1 gave rise to an invitation to author a 

mini-review about electron tomography (ET) in vascular biology and 
transfusion medicine. ET was introduced in the last decade of the last 
century2. We established this method in our Department for Cell Biology 
and Ultrastructure Research (head: Margit Pavelka) at the Medical 
University of Vienna, Austria in 2004, encouraged by the work of three 
powerful research groups (Wofgang Baumeister, at the Department 
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of Molecular Structural Biology at the Max Plank Institute 
for Biochemistry, Martinsried, Germany; Abraham J. Koster, 
Department of Molecular Cell Biology, Faculty of Biology 
Institute of Biomembranes, Utrecht - now head of the Section 
of Electron Microscopy, Department of Molecular Cell Biology, 
University of Leiden, The Netherlands and Kathryn E. Howell, 
University of Colorado School of Medicine, Department of 
Cell and Development Biology, USA). Our main emphasis 
was placed on the dynamic response of the Golgi apparatus 
in retrograde traffic of the biosythetic pathway, endocytosis 
and Golgi dis- and reorganization under cellular stress. A 
variety of publications concerning this subject appeared 
over the years3-11. Nevertheless, our interest focused also 
on functional three-dimensional ultrastructural aspects of 
cultured endothelial cells and platelets. In this regard, we will 
discuss research in this field using ET, preceded by a short 
explanation of the ET technique.

Explanation of the ET Technique
ET is carried out using a transmission electron 

microscope (TEM) with or without a scanning device or 
a scanning electron microscope equipped with a high 
voltage gun (≥200 KV acceleration voltage) in order 
to penetrate semithin sections (maximal thickness: 1 
µm using a STEM device12,13, 300 nm without scanning 
device). Original principles of this method have been 

summarized by Koster’s research group2. The TEM must 
be furnished with a eucentric goniometer that not only 
allows tilting in the x/y axis but also an adjustment of the 
z axis reducing the vertical displacement and the amount 
of focusing needed at each tilt position (autofocus), thus 
limiting changes in magnification (Fig. 1). ET requires 
tilting of a semithin section mounted on a copper grid, 
inserted into a high tilt holder and the acquisition of a tilt 
series. The holder allows tilting of maximal -70° to +70°. 
This implicates a disadvantage of this method, the loss of 
information over the range of 60° (missing wedge) which 
can be compensated partially to a so-called missing cone 
by rotation of the grid around 90° followed by a 2nd tilt 
series. A tilt series is composed of a stack of digital images, 
acquired by a CCD camera starting from the minus to 
the plus end (in biological preparations usually -65° to 
+65° with an increment of 1°). The individual images are 
coarsely aligned and the region of interest (ROI) is centered. 
This requires a complex acquisition software, allowing to 
compensate mechanical aberrations and providing that the 
ROI of every tilt image is in focus and that the eucentric 
height is ensured (the ROI is placed at the crosspoint of the 
electron beam and the tilting axis) as explained in Fig. 1. 

In a 2nd step, the image of the tilt series is again subjected 
to a course alignment by cross-correlation with subsequent 

Fig. 1: Eucentric height: The ROI is placed at the crosspoint of the electron beam and the tilting axis. This procedure prevents that the ROI 
disappears during tilting and enables to perform autofocussing.
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fine alignment, guided by the help of fiducial markers (10 nm 
gold particles applied to the surface of the semithin section 
before starting ET). The final step is the reconstruction 
process and the creation of a virtual volume, composed 
of very thin (1-2 nm) virtual slices. Usually, alternative 
reconstruction methods based on different algorithms 
can be applied: the weighted back projection (WPB)14, the 
simultaneous itinerative reconstruction technique (SIRT)15 
and the algebraic reconstruction technique (ART)16. Loss 
of structural information using WPB due to missing wedge 
or missing cone artifacts as well as problems caused by 
shadowing effects can be partially compensated using SIRT 
or ART with the disadvantage of long lasting calculation 
times. The discrete algebraic reconstruction technique 
(DART) uses prior knowledge concerning the discrete 
number of grey levels of the reconstructed object17. In this 
publication, the use of SIRT and DART are compared. Some 
of the respective ET reconstruction software packages can 
be downloaded free of charge such as the IMOD package18 
or the TOM toolbox19.

Chemical fixation using aldehydes and dehydration 
alters structural details, above all, at higher magnification. 
Therefore, cryo methods, such as high pressure fixation 
followed by cryosubstitution10,20 or frozen-hydrated 
specimens, transferred to the TEM via a cryostage allow 
a more realistic ultrastructural view21. Nevertheless, the 
operator assigns a subjective interpretation to each profile 
supported by a correlative view of several aspects of 
ultrathin sections of the respective area.

New advanced techniques using scanning electron 
microscopes have been developed and are permanently 
refined, such as the focused ion beam tomography 
(FIB-SEM tomography)22,23, a combination of FIB-SEM 
tomography with ET24,25, serial block face scanning electron 
microscopy (SBEM)26,27 and the array tomography28,29. All 
these methods complement each other; their advantages 
and limitations are summarized in30.

Endothelial Cells
The endothelium represents the border between 

the blood or lymph and the surrounding tissue. The 
microcirculation at the tissue level is regulated by small 
arterioles sphincters as well as capillary by pericytes on 
capillaries. In addition, it regulates systemic blood pressure 
by signals directed toward smooth muscle cells of the arterial 
vascular wall. The interaction with cells and extracellular 
vesicles of the innate as well as with the adaptive immune 
systems plays a significant role in health and disease31. 
An important function concerns the maintenance of 
hemostasis. Healthy endothelial cells express anti-platelet 
and anti-coagulant agents preventing platelet aggregation 
and fibrin formation, respectively. After activation of the 
endothelium due to vessel injury, a chain reaction of pro-

inflammatory and wound-healing responses occur by the 
formation of a primary platelet plug followed by activation 
of the coagulation system to form a stable fibrin clot32. 
A significant role in this process plays the formation of 
endothelium-specific Weibel-Palade bodies (WPB). They 
represent cigar-like organelles with an average size of 0.1 x 
2 µm containing parallel tubules with a diameter of about 
20 nm, composed of multimerized von Willebrand factor 
(vWF). Beside vWF and vWF propeptide, WPB contain a 
variety of adhesion molecules and cyto- and chemokines 
such as factor VIII, CD62P, IL-8, eotaxin-3, endothelin, CD63/
lamp3, angiopoietin-2, α1,3-fucosyltransferase VI, tissue 
plasminogen activator, and osteoprotegerin. The special 
organization of WPB has been elucidated by Valentijn et 
al.33 in human umbilical vein endothelial cells (HUVEC) 
using ET. Upon activation – for instance, due to injury – 
WPB are exocytosed and extracellularly cleaved into long 
filaments by the metalloprotease ADAMTS-13. The authors 
demonstrated a regular twisting of the microtubules and 
in cross sections an electron-dense dot in their center. 
They suggest that the regular twisting of the tubules may 
reflect a higher order of compaction or a “spring loading 
mechanism” in respect to WPB exocytosis. They describe 
an evenly spaced homogeneous matrix around the tubules, 
probably representing an underlying scaffold of structural 
proteins. In addition, irregular shapes of WPB could 
be demonstrated that agreed with our own findings in 
investigations on endothelial progenitor cells (EPC) derived 
from human umbilical cord stem cells1,34,35. As shown in Fig. 
2, the transition of EPC in mature endothelial cells could be 
demonstrated by the occurrence of complete WPB in the 
cells (Fig. 2a). The presence of vWF in the TGN has been 
shown using fluorolabeled monoclonal antibodies against 
TGN-46 (orange) and vWF (green) in a 3D reconstruction 
of slices using a laser confocal microscope (LSM; Fig. 2c). 
Fig. 2b shows the budding of TGN with newly formed WPB 
and Fig. 2d an ET model from a mature and a newly formed 
WPB. Since a conventional fixation and dehydration 
protocol has been used in this model, minimal distortions 
cannot be excluded. A more recent publication on WPB in 
HUVEC focused also on this issue36. The authors applied 
correlative microscopical techniques using LSM, ET and 
volume scanning electron microscopy. They showed the 
existence of multiple connections with the Golgi apparatus 
during biogenesis of WPB, where the formation of tubular 
structures occurs in the WPB lumen, provided by a clathrin 
scaffold. As postulated in another publication37 intracellular 
and extracellular assembly of FVIII-vWF complexes seem 
to involve different mechanisms, influencing the binding of 
PLT on activated endothelial cells. An interesting article38 
elucidated the communication of endothelium and smooth 
muscle cells via endothelial projections from mesenteric 
arteries of golden Syrian hamsters. ET visualized 
projections crossing the internal elastic lamina. The 
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authors suggest that these cell contacts provide dynamic 
sites for signal regulation of contraction of smooth muscle 
cells. By using fluorescence microscopy and ET, the uptake 
and the intracellular transport in HUVEC and EPC involving 
the endoplasmic reticulum, the Golgi apparatus and the 
endo- and lysosomal system7,39 has been monitored. In 
these investigations, correlative microscopy, including the 
application of EM visualization of fluorescent signals in 
cellular compartments and organelles by means of DAB-
photoconversion4,6 has been applied. 

Platelets (PLT)
PLT, originating from megakaryocytes, share similarities 

in respect to their constituents40. Representing only cell 
fragments, they surprisingly exhibit a complex ultrastructural 

morphology including a peripheral microtubular coil (MTC), 
different kinds of granules, the open canalicular system (OCS), 
the dense tubular system (DTS) mitochondria (MIT), glycogen 
(Gly) and ribosomes. ET and cryo-ET allowed an impressive 
3D view of these organelles, leading to a better understanding 
of PLT function. The publication of van Nispen tot Pannerden 
and coworkers41 represents an outstanding contribution 
to this issue. This research group could show that OCS and 
DTS are highly intertwined, forming close associations with 
specialized membrane domains. Concerning the α-granules, 
they demonstrated several species with different shapes, 
such as spherical, elongated, vesiculated and tabulated 
forms. One subpopulation of granules exhibited crystalline 
cross striations. The 3D reconstruction of whole vitrified PLT 
revealed the spatial extensions of these organelles.

Fig. 2a: Transition of EPC into mature endothelial cells demonstrated by the occurrence of complete WPB in the cells; fluorescence 
microscopy using a FITC-conjugated monoclonal antibodies against vWF.  Fig. 2b: Presence of vWF in the TGN is shown in a 3D imaging in 
a LSM using a TRITC-conjugated monoclonal antibodies against TGN-46 (red) and a FITC-conjugated monoclonal antibodies against vWF 
(green) (LSM was performed using a Leica TCS 4D confocal microscope, Leica Microsystems Heidelberg GmbH, Heidelberg, Germany. 3D 
reconstruction of LSM slices was performed by using the software package resolve RT, Amira 5.3 software (Mercury Computer Systems, 
Merignac, Cedex, France). Fig. 2c: shows the budding of TGN with newly formed WPB and Fig. 2d: an ET model from a mature (mWPB) 
and a newly formed WPB (nWPB). RER = rough endoplasmic reticulum, M = mitochondrium, TGN = trans golgi network. The TGN is 
colored in green or red, where it is thought to be connected with the WPB (also in red). The cross-sectioned microtubular structures 
inside of the WPB are not shown. ET was carried out from 200 – 300 nm semithin sections conventionally prepared (aldehyde-fixed, 
ethanol-dehydrated and embedded in Epon). Series of tilted images within an angular range of −65° to +65° and a tilt increment of 1° 
were recorded automatically by the Xplore 3D software (FEI company) using a 1k Gatan slow-scan CCD camera (chip size: 1.024 × 1.024 
pixels. Reconstructions were performed using the IMOD software (Boulder Laboratory for 3D Electron Microscopy of Cells, University of 
Colorado, USA).
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The OCS is thought to originate from the demarcation 
membrane system (DMS) of megakaryocytes. In an 
interesting publication, using correlative microscopy, 
involving LSM, ET and FIB-SEM, the following steps of DMS 
biogenesis are postulated42: (1) focal membrane assembly at 
the cell periphery; (2) plasma membrane invagination and 
formation of a perinuclear pre-DMS; (3) expansion through 
membrane delivery from Golgi complexes; and (4) ER-
mediated lipid transfer. The research group of Pokrovskaya43 
demonstrated by using STEM tomography that in resting 
PLT, α-granules and the OCS remain separate units. Tubular 
granules, representing about 4% in resting PLT, increase 
for more than 10-fold during ongoing PLT activation. Our 
own investigations elucidated the interaction of bacteria 
with PLT in platelet concentrates (PLTC) and the formation 
of platelet microparticles44. Since there is a minimal risk of 
bacterial contamination in non-pathogen-inactivated PLTC, 
we investigated the interaction of bacteria and PLT. Using 
the tracer ruthenium red, we could show that PLT from 
PLTC, spiked with Staphylococcus aureus or Escherichia 
coli, are able to phagocytose and kill them. In addition, an 
enhanced formation of platelet microparticles (PMP) was 
demonstrated. Two species of PMP can be found: larger 
particles (300–500 nm in diameter) and exosomes, derived 
from multivesicular bodies (50–80 nm in diameter). These 
results are illustrated in Fig. 3. Extracellular vesicles in fresh 
plasma and PMP in PLT-rich plasma were also investigated 

by cryo-EM and cryo-ET45. In this context, an interesting 
article of a research group46 described the macromolecular 
architecture of PMP, visualized using cryo-ET. 

In conclusion, there is an enhanced scientific interest in 
bringing together results from biochemistry and structural 
biology. In this respect, the correlative microscopy bridges 
between light microscopy, enabling to investigate vital 
processes in cells and tissues, and EM, visualizing only 
snapshots of fixed or frozen specimens but providing high 
resolution. New techniques including cryomethods allow 
locating even macromolecular structures inside of cells.
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