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The automatic equipment for three-dimensional electron microscopy (3DEM) can acquire
serial sections of a large sample in a relatively short time, and is especially suitable for the

connectomics, which is a field related to understanding the brain structure as a whole. As
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INTRODUCTION

Researchers at world-class imaging centers use automatic
serial sectioning techniques for three-dimensional (3D)
reconstruction of tissues. In 2015, Jeff William’s group at
Harvard University reconstructed the 3D structure of the
1,500 um’ neocortex area using automated serial sections to
tape (ATUM) at nanometer resolution (Kasthuri et al., 2015).
In addition, serial sectioning techniques using serial block-
face (SBF) imaging (3VEIW, volume scope [VS], and focused
ion beam scanning electron microscopy, FIB-SEM) are
established in many research institutes (Denk & Horstmann,
2004; Kim et al., 2016; Miyazaki et al., 2014). Researchers
are now focusing on improving the techniques for rapid
imaging of large areas. According to these global trends, the
use of automatic serial sectioning techniques for 3D electron
microscopy (3DEM) is expected to increase. Therefore, there
is a need for appropriate sampling methods to be applied for
various samples. However, owing to the lack of research in this
field, sufficient protocols are not available for various samples

many results obtained through 3DEM using automatic serial sections have been published
in the field of brain research, many researchers continue to apply this technique to various
samples. We reviewed the equipment for automatic serial sectioning, the block preparation
method, the limitations of 3DEM, and future directions.
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(block preparation, staining, and imaging methods for each
sample). Therefore, it is time to review the current techniques
and determine the needs for the future.

STATUS

At present, automatic serial sectioning techniques are
classified into SBF imaging and ATUM (Fig. 1). The scanning
electron microscope equipped with a diamond knife (3VIEW,
VS) or a FIB can produce a series of block-face images (SBF-
SEM) continuously for automatic serial sections for 3DEM
(Cabezon et al., 2017; Miyazaki et al., 2014). In addition,
an ATUM was developed at the Massachusetts Institute of
Technology (MIT) for connectomics. This ATUM is a system
for automatically moving serial sections to a tape through
a conveyor belt (Kasthuri et al., 2015). Each serial section
collected on the tape has the advantage of specific staining,
including immunostaining (Jung et al., 2016). With the global
trend to boost brain research, the Korean Brain Research
Institute (KBRI) also announced a five-year plan for the “High
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Fig. 1. Types of automatic serial sections for three-dimensional electron
microscopy. (A) Automated serial sections to tape. The sections are
picked up from the water surface onto the tape which moves like a
conveyor belt. A wafer with sections on tapes for imaging in an scanning
electron microscopy (SEM). (B) 3VIEW or volume scope (VS, TENEO).
Microtome is attached to the inner side of the SEM. (C) focused ion beam
scanning (FIB)-SEM system. The gallium ion gun is mounted on the SEM
vacuum chamber and the focused ion beam moves across the sample
surface for milling. SBE, serial block-face.
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resolution brain map” in 2016. Currently, connectome is used
as a term for the network of the brain, but all cell connections
can be included in a connectome in a broad sense of the
term. In October 2016, the Broad Institute at MIT, Harvard
University, Cambridge Sanger Centre, and Wellcome Trust
Foundation launched a human cell mapping project involving
about 35 trillion cell functions and characteristics that make
up the human body (source of data base [https://www.
humancellatlas.org/]). To study the structural changes in cells,
our group prefers to use 3D structure analysis employing
serial sections. For example, we studied the melanocyte in the
human skin epidermis through 3D reconstruction.

Laser treatment in clinical research is effective for
hyperpigmentation when melanin is overproduced and
pigmentation deposits on the skin. However, research on the
mode of action for the treatment is lacking. In this study, we
observed the changes in the 3D structure of melanocytes after
laser treatment of the skin with hyperpigmentation. The two-
dimensional (2D) images obtained showed that melanin,
the pigment that imparts color to the human skin, decreased
clearly in the melanocytes after laser treatment. For the 3D
structure, elanocytes were serially imaged with a 3VIEW
SBF-SEM system, and a 3D structure was reconstructed.
We showed that the laser treatment induces changes in the
structure of the melanocytes and causes a decrease in the
dendrites, suggesting problems in melanin transfer. (Mun et
al,, 2011). Since the melanocytes are 5~6 times longer than
their cell body themselves and spread out over a large area, the
3VIEW serial sectioning technique was necessary to produce

3D volume

Fig. 2. Serial images of epidermis layer
in skin. Serial images using 3VIEW or
volume scope (VS, TENEO) system. Serial
images showed whole epidermis layer of
human skin. Its resolution was enough to
study location of melanin granule. Serial
images using focused ion beam (FIB).
The field was narrower than 3VIEW or VS
(TENEO), but the resolution was enough
to investigate interactions of neighbor
cells. SEM, scanning electron microscopy.
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images of the large number of melanocytes and keratinocyte
layers in an area of 50x50 um” (4~5 layers of cells). This
technique was effective for investigating the structural changes
in the melanocytes before and after laser treatment. We also
tried to image the melanocytes and keratinocytes through
FIB-SEM and VS systems to study the melanin transfer (Fig.
2). The VS provided serial images of multiple cell layers over a
wide area, similar to the 3VIEW. However, the FIB-SEM had a
limitation that it could obtain images only in a narrow region
as compared to the range of 3VIEW or VS. Thus, both SBF-
SEM techniques are suitable for producing serial images with
sufficient resolution to determine the shape of the melanocyte
and keratinocyte and the position of the melanosome (Mun
etal.,2017).

Although SBF-SEM microscopy has advantages such as
a relatively short time for sectioning as compared to the
conventional transmission electron microscopy (TEM) with
ultramicrotomy, there are some limitations. For example, since
SBF-SEM requires higher contrast and electronic conductivity
as compared to TEM imaging, the equipment has to be
designed to fix the tissue and then stain it with uranyl acetate,
lead aspartate, and osmium solution. Further, image quality is
not consistent because of the charging effect due to excessive
exposure to the electron beam despite staining the tissue with
various chemicals. Therefore, EM researchers worldwide
have continuously worked to improve and develop new
staining techniques to overcome the limitations. Tapia and
co-workers used copper sulfate for the SBF-SEM block to
realize less damage by electronic charge. They reconstructed
the 3D structure of synaptic vesicles at sufficiently high
resolution for observing the connection between synapses;
their results were reported in Nature Protocol (Tapia et al.,
2012). In the Max-Planck Institute, the balance of attachment
and diffusion between the staining solution and specimens
was optimized to improve permeation, and this technique
was used for staining mouse neocortex to improve the
previous tissue-staining techniques. The stained tissues were
used for serial sections, and a 3D structure was reported in
Nature Communications (Hua et al., 2015). It was found that
periodic acid-thiocarbohydrazide-OsO, (PATCO) has high
permeability to tissues, but it seems to be especially good for
staining the myelinated neurites. On the other hand, brain-
wide reduced-osmium staining with pyrogallol-mediated
amplification (BROPA) was suitable for staining large areas
of the brain tissue. In 2016, Nobuhiko Ohno’s group in Japan
improved the quality of images by adding black carbon
during resin preparation to eliminate the electron charging
effect of samples during automatic serial sectioning for
3D volume imaging, and reported the results in Scientific
Reports (Nguyen et al., 2016). Another limitation of the SBF-
SEM is that the immunogold technique for labeling specific
cells in the conventional TEM cannot be used in SBF-SEM
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microscopy. Researchers at the MIT developed Enhanced
APX (Ascorbate Peroxidase) that can be applied to whole cells
as an alternative to horseradish peroxidase (HRP), which can
be used only in specific areas of the cell. The group developed
a new APEX tag (“engineered APX”) with the target protein
gene and 3,3'-diaminobenzidine (DAB) oxidation to make
it visible by EM (Martell et al., 2012). At the Heidelberg
Institute, the 3D structure of specific presynaptic terminals
was reconstructed by labeling the neurons via the fusion
of high-density DAB with GFP-tagging; the results were
published in PLOS One (Horstmann et al., 2013). Researchers
at the Harvard University used viral vectors to utilize electron-
dense peroxidases for staining specific neurons. They used this
technique with 3DEM through ATUM (Joesch et al., 2016). In
Australia, Filip Braet’s group qualitatively and quantitatively
reported the advantages and disadvantages of the five current
SBF-SEM sample preparation protocol for liver tissue in 2016
and produced blocks using selected methods for correlative
light and electron microscopy (CLEM), combining volume
images with confocal laser scanning microscopy (CLSM) and
EM. They reconstructed 3D structures using serial sections
obtained by CLEM, and reported the results in Scientific
Reports (Shami et al., 2016). In particular, correlative light
and volume electron microscopy (CLVEM) were attempted
as new research techniques that combine the results of CLSM
and 3DEM with serial images (Lucas et al., 2012).

FUTURE DIRECTIONS

Correlative microscopy aims to utilize the advantages of both
the light microscope and electron microscope simultaneously.
This is the latest EM technique to investigate the location of
the target protein easily by light microscopy and then study
the ultrastructure by block preparation, sectioning, staining,
and EM at high resolution. In addition, the cells should be
marked using a specific glass and holder system to observe
the same cells via both light microscopy and EM. For testing
the technique, our group observed the location of a specific
protein in cells through fluorescence microscopy, and then
obtained EM images of the same region of the cells using
a marked EM grid or a coverslip. In this study, we studied
the location of nanoparticles in the cell through CLEM and
reconstructed the 3D structure (unpublished data; Jung et al.).
Further, the 3D structure of specific brain cells labeled by the
array tomography technique can be reconstructed using serial
sections with ATUM, immunostaining, and CLEM (Collman
et al,, 2015). Since the serial sections obtained by ATUM or
array tomography (Fig. 3) can be stained after sectioning,
the immunostaining technique for the general electron
microscope can be utilized for sections on tapes or coverslips.
The intensity and selectivity of the staining can be controlled
by the fixative solution used; the characteristics, concentration,
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pH, and the ions of the staining solution; the time and
temperature of the staining; and the thickness of the sections.
Currently, 3VIEW (in KBRI and Dankook University),
VS (Korea Institute of Science and Technology), and FIB-
SEM (Seoul National University National Instrumentation
Center for Environmental Management (NICEM) and Gumi
Electronics & Information Technology Research Institute)
are available for obtaining automatic serial sections for
3DEM in Korea. Several research groups have published
results based on images obtained using each device, but
most of the researchers employed previously reported block
staining techniques. Therefore, it is clear that a leading group
for 3DEM is necessary to verify and improve the current
techniques to apply and utilize the techniques for various
samples.

Fixation is largely based on the chemical method applied for
3DEM, but the chemical fixative can lead to ultrastructural
changes and decrease in the reactivity to antibody (Bittermann
etal,, 1992; Mun et al., 2008). Cryofixation, on the other hand,
is an immobilization method employed at low temperatures
during a short time that is optimized for the location of
proteins by minimizing the aldehyde content, which prevents
antigen-antibody reactions (Mun et al., 2008). Samples can be
fixed using the high-pressure freezing method under a high
pressure of 2100 bar or more, and cryoprotectants, including
hexadecene or bovine serum albumin, can help reduce the
damage caused by ice crystals. In the system, osmification and
block staining using heavy metals can be conducted in acetone
solution to increase the electron density of the frozen sample,
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Fig. 3. Schematic representation of the
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array tomography. A tissue specimen is
embedded in a resin and cut into ribbons
of serial ultrathin (50~200 nm) sections.
The array is labeled with fluorescent
antibodies or other fluorescent stains
and imaged, then can be repeatedly
eluted, restained. Finally it can be stained
with heavy metals and imaged under a
scanning electron microscope. In right
(a~e), the example for array tomography
was reproduced from Collman et al.
(2015) (J. Neurosci. 35, 5792-5807) with
permission from the publisher.

and the resin block can be used for the SBF-SEM techniques.
The tissue obtained after low-temperature polymerization
without block staining can be observed via serial images
through ATUM after protein labeling and double staining
with uranium acetate and lead citrate.

Staining depends on electrostatic binding; hence, buffers
containing ions in addition to the staining solution play an
important role. In addition, an alcoholic staining solution
can improve the contrast. Therefore, it is important to
establish appropriate and even staining conditions by
modifying various conditions such as ion concentration, pH,
temperature, incubation time, primary oxidant, heavy metal
concentration, polar protic solvents, polar aprotic solvents,
detergent, and chelator.

CONCLUSIONS

To summarize, the development of the resin and staining
method for reducing damage by electron charging will
help obtain serial images without the charging effect and
will overcome the limitation of 3DEM through SBEF-
SEM. Correlative volume electron microscopy, which is a
combination of immuno-EM and correlative microscopy and
automatic serial sections for 3DEM to target specific proteins,
can be used for the 3D reconstruction of specific cells. In
a variety of biological studies including brain research, 3D
correlative microscopy (CLVEM) can be applied to various
studies.
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