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Abstract

The three-dimensional ultra-structure is the comprehensive structure that cannot be observed from a two-dimensional electron
micrograph. Array tomography is one method for three-dimensional electron microscopy. In this method, to obtain consecu-
tive cross sections of tissue, connected consecutive sections of a resin block are mounted on a flat substrate, and these are
observed with scanning electron microscopy. Although array tomography requires some bothersome manual procedures to
prepare specimens, a recent study has introduced some techniques to ease specimen preparation. In addition, array tomog-
raphy has some advantages compared with other three-dimensional electron microscopy techniques. For example, sections
on the substrate are stored semi-eternally, so they can be observed at different magnifications. Furthermore, various stain-
ing methods, including post-embedding immunocytochemistry, can be adopted. In the present review, the preparation of
specimens for array tomography, including ribbon collection and the staining method, and the adaptability for correlative
light and electron microscopy are discussed.
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Introduction

The three-dimensional ultra-structure has been determined
with transmission electron microscopy (TEM) for a long
time. Serial section TEM (ssTEM) is a technique for three-
dimensional microscopy with TEM, where consecutive
ultra-thin sections are mounted on TEM grids, and these
sections are observed with TEM [1]. These procedures
include preparative difficulties as described below. How-
ever, recently, back scattered electron imaging with scanning
electron microscopy (SEM) has been employed to obtain
the three-dimensional ultra-structure. There are mainly two
methods to obtain serial cross sections of resin-embedded
tissue: “automated method” and “array tomography”. Auto-
mated methods require repeating 2 step procedures in the
SEM chamber; capturing of the block face followed by
cutting the block face with a diamond knife or focused ion
beam, and these methods are called serial block face SEM
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(SBF/SEM) or focused ion beam SEM (FIB/SEM), respec-
tively [2, 3].

Array tomography is an imaging technique that was pro-
posed by Micheva and Smith [4]. In this technique, con-
nected consecutive sections, called ribbons, are mounted on
a solid substrate, and the sections are observed with fluo-
rescent microscopy and/or SEM. Unlike an automated tech-
nique (SBF/SEM and FIB/SEM), array tomography requires
some manual procedures to mount the ribbons on the sub-
strate, and to adjust axis of serial image. This manual pro-
cess needs more time to obtain data set of three-dimensional
EM, comparison with automated technique. However, this
technique is cost-effective, because specialized expensive
machines are not involved. In addition, several studies to
improve specimen preparation have been performed. There
is also free software to help axis adjustment of serial image
[5, 6]. Only array tomography enables post-embedding
immunocytochemistry (ICC), because the ribbons for array
tomography are mounted on a solid substrate, while, the sec-
tions do not remain after capturing in automated techniques.
In the present review, ribbon collection methods and staining
methods for array tomography are discussed.
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Sectioning and preparation of specimens

SBF/SEM and FIB/SEM entail the following advantages
regarding sectioning: (1) a large amount of the image is
automatically captured; (2) adjustment of each image axis is
not needed; and (3) fine z-resolution is obtained (20-25 nm
thickness with SBF/SEM [7, 8], few nanometer thick-
ness with FIB/SEM [9, 10]). However, these methods lose
the specimen after data acquisition, because sections are
removed after being cut off. Furthermore, a smaller area is
targeted compared with array tomography.

ssTEM is the oldest and simplest technique for three-
dimensional electron microscopy. However, the preparation
of specimens is a bottleneck. In this technique, consecu-
tive ultra-thin sections are manually mounted on TEM grids
with a single slit. To avoid section loss and/or folding, a
well-trained operator is needed. Moreover, the z-resolution
of three-dimensional electron microscopy with an ultra-
microtome is lower than that of SBF/SEM or FIB/SEM,
because it is difficult to prepare the ultra-thin sections, which
are thinner than approximately 40 nm. Section thickness is
a common problem with array tomography.

Array tomography requires manual procedures to mount
the ribbons on the solid substrate; however, various methods
have been reported to ease ribbon mounting as described
below. These methods allow researchers to choose the area
of the section to be investigated depending on their purpose
for the experiment.

Automated tape-collecting ultra-microtomy

Automated tape-collecting ultra-microtomy is a semi-
automated method to collect consecutive sections. In this
technique, consecutive ultra-thin sections are automati-
cally mounted on electrically conductive tape by the use
of an automated tape-collecting ultra-microtome (ATUM),
although the ATUM is expensive [11, 12]. Unlike SBF/
SEM or FIB/SEM, sections made by this technique can be
observed repeatedly, which is the same as for ssSTEM. Using
this method, structure of endoplasmic reticulum has been
elucidated [13].

Iron loop method

Koga et al. [14] introduced the simplest method for ribbon
collection using an iron loop (Fig. 1a). Several ribbons
were obtained on the water boat of a diamond knife, and
they were transferred to a glass slide together with water
from the boat by the use of an iron loop. Ribbons were
dried and attached to a glass slide by heating at 60 °C. The
author collected several hundred consecutive ultra-thin

A

Fig. 1 Ribbon collection methods for array tomography with an iron
ring (a), large boat (b), and crane-like device (c). Iron loop or sub-
strate is moved in the direction of the red arrow

sections by repeating this procedure. After electron stain-
ing of the sections, the glass slide was cut into smaller
sizes, coated with platinum—palladium, and then observed.
Using this method, 250 sections are collected from rat
cerebellar [15].

Longitudinal ribbon collection with large diamond
knife boat

Some researchers employed a diamond knife with a
large boat which could mount a whole glass slide [4, 16]
(Fig. 1b). A straight long ribbon composed of more than
30 sections was longitudinally pulled out from the water
together with the glass slide, and attached to the glass slide
by heating at 60 °C. Using this method, a volume image
composed of 134 serial sections has been reconstructed
[4].

To treat the substrate smoothly in a large boat, a substrate
handling device has been developed, because it is difficult
to treat the substrate manually and repeatedly. The ribbon
can drift or break up on the water owing to waves resulting
from movements of the operator’s hand. Horstmann et al.
[17] developed a substrate positioning device. They built
angled forceps attached with a manipulator. The substrate
was clipped with the forceps, and the substrate was posi-
tioned in the large boat of a diamond knife. The long rib-
bon was longitudinally pulled out from the water by operat-
ing the device. Another researcher built a similar substrate
holder [18]. This device enabled for a smoother movement
of the substrate in multiple directions. Two-hundred and
forty ultra-thin sections were collected with this device [19].
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Lateral ribbon collection with a crane-like device

Our previous report introduced a crane-like device to mount
ribbons on a small piece of substrate [20] (Fig. 1c). In this
method, a 1 X1 cm square substrate was hung with a fishing
line, and the substrate was leant on the side of the knife boat
which was a regular size. The other end of the fishing line
was connected to the handle of the crane-like device. Rib-
bons were lined along the substrate, and transversely pulled
out from the water together with the substrate by reeling in
the fishing line. There was no water turbulence while mov-
ing the substrate up or down. By repeating these cycles, rib-
bons were mounted side by side. This method allowed for
mounting approximately 200 sections on a piece of substrate
(section size: 500 % 300 um). The device can be made by
recycling material so is inexpensive. Recently, we slightly
improved the way to hang the substrate. A fishhook was
used to hang the substrate, and the substrate was hung like a
handbag (Fig. 1c). Any specific tool was not needed for this
improvement. As a result, the substrate could be changed
quicker than the previous method, and about 500 sections
were mounted on three pieces of the substrate.

Staining

Specimens can be stained according to each technique for
section preparation. For SBF/SEM and FIB/SEM, specimens
are basically subjected to en bloc staining using heavy met-
als to avoid charging caused by electron beam exposure
[21]. Although pre-embedding ICC is also applicable to
stain specific molecules for SBF/SEM and FIB/SEM, post-
embedding ICC is not, because the sections do not remain
after being cut off, as has been mentioned above. In contrast,
some staining methods are applicable for array tomogra-
phy: general electron staining, and pre- and post-embedding
ICC (Fig. 2). In this section, staining methods for array
tomography are discussed.

Fig.2 Flow chart of specimen General method
preparation for array tomogra- of

phy. AT array tomography, LM Array tomography
light microscopy, EM electron

microscopy Resin embedding

l

Toluidin blue

Ribbon collection

* Electron stain (EM)
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General staining method

Ultra-thin sections can be electron stained with acetic uranyl
and a lead staining solution on the substrate. If an electri-
cally conductive substrate is used, sections are observed with
SEM as it is [22]. When a glass slide is used, an electrically
conductive coat is needed [14, 23].

It is possible to stain a specific structure before resin
embedding. For example, osmium impregnation has been
used to stain Golgi apparatus [14]. This staining deposits a
dark high-contrast substance in Golgi apparatus.

Pre-embedding ICC

Pre-embedding ICC is a technique, where tissue is immuno-
cytochemically stained before resin embedding: a tissue slice
is obtained; the slice is stained immunocytochemically; the
slice is flatly re-embedded in resin; and ribbons are obtained.
When 3,3’-diaminobenzidine is used for visualization, an
immunoreaction can be detected in a dense substance [24].
This technique enables us to use many kinds of antibod-
ies compared with post-embedding ICC, because the tissue
is stained before resin embedding. However, only the slice
surface is stained, because antibody infiltration is not high.
Thus, a detergent is not able to be used to retain the lipid-
derived ultra-structure.

Post-embedding ICC

Post-embedding ICC is a one of the greatest advantages of
array tomography compared with the other methods (auto-
mated techniques) for three-dimensional electron micros-
copy, because sections are collected on a solid substrate.
In automated techniques, the sections do not remain after
capturing. Although ssTEM and automated tape-collecting
ultra-microtomy are also applicable for post-embedding
ICC, it might be difficult to stain all sections, because the
specimen is fragile in ssTEM, and the specimen size is not

Array tomography Array tomography
with with
Post-embedding ICC Pre-embedding ICC
Water-soluble Tissue slice
Resin embedding ¢+ DAB(LM)
$ ¢ Fluorescence (LM)
Ribbon ) '
+ Gold particle (EM) Resin embedding
* Fluorescence (LM) *
¢ Ribbon

* Electron stain

¢ Electron stain (EM) (EM)
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n

compact in automated tape-collecting ultra-microtomy. Post-
embedding ICC with a colloidal gold labeled antibody is
one of the most accepted methods to label molecules. We

have confirmed whether ultra-thin sections mounted on a

silicon substrate are able to be stained with a gold parti-
cle conjugated antibody (Fig. 3b). In this procedure, the

A 3D reconstruction

B post-eedding (gold particle)

/ Hoechst

Fig.3 Micrographs from various staining methods. All specimens are
derived from rat dorsal root ganglion. a Three-dimensional images
made from sections stained with a general electron stain. A myelinat-
ing Schwann cell (magenta) and mesenchymal cell (green) are recon-
structed. b Post-embedding ICC on LR-white embedded tissue. Sec-
tion was stained with anti-S100 antibody and a 10 nm diameter gold
particle conjugated secondary antibody. Boxed areas are enlarged.
Nu nucleus, Cy cytoplasm, My myelin sheath, Ax axon. ¢ Correlative
images of the fluorescence micrograph stained with post-embedding

ICC and the electron micrograph. Section derived from LR-white
resin-embedded tissue was stained with anti-S100 antibody and fluo-
rescent secondary antibody. Arrowheads indicate S100 positive glial
cells. BV blood vessel; S neuronal soma. d Correlative images of fluo-
rescence micrograph stained with pre-embedding ICC and electron
micrograph. Tissue slice was stained with primary antibodies and
fluorescent secondary antibody. Anti-S100, -Kca2.3, and -Hoechst
stained neurons and glia, satellite glial cells, and DNA, respectively.
Arrowheads indicate nuclei that can be recognized in both images
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tissue was embedded in a water-soluble resin. Ribbons were
mounted on a silicon substrate, and were soaked in diluted
antibody together with the substrate. The specimen was
then observed with SEM. The gold particles were able to be
clearly detected under SEM. As a modified staining method
with a gold labeled antibody, sections can be double stained
by sequential immunogold-labeling and silver enhancement.
This technique facilitates double staining, because gold par-
ticles recognizing different antigens are enhanced by differ-
ent degrees, even if the species of the primary antibody is
the same [25]. It is also known that sections on substrate can
be immunoreacted with fluorescent antibodies when water-
soluble resin is used [26, 27].

A disadvantage of the post-embedding method is loss of
antigenicity, because the tissue is dehydrated with an organic
solvent and embedded into the resin before immunocyto-
chemistry. To recover antigenicity, it has been reported that
heat antigen retrieval could be helpful [28]. However, heat
treatment might cause ribbon shrinkage or detachment of the
ribbon from the substrate.

CLEM

Correlative light and electron microscopy (CLEM) is a tech-
nique, where correlative images of light and electron micro-
graphs are obtained [29, 30]. Recently, CLEM for biological
tissue combined with fluorescent immunocytochemistry has
been developed [31-35]. In this section, CLEM combined
with array tomography is discussed.

CLEM with post-embedding ICC

This technique basically requires the following procedures:
(1) ribbons derived from water-soluble resin are stained
with a fluorescent antibody, and captured with fluorescence
microscopy; (2) ribbons are electron stained, the region that
was captured with fluorescence microscopy is re-captured
with SEM; and (3) both fluorescence and electron micros-
copy images are adjusted for CLEM. Using this technique,
the distribution of 7 kinds of proteins on a synapse was
investigated together with the three-dimensional ultra-struc-
ture [36]. Thus, resin-embedded sections were subjected to
multi-label ICC twice by the use of the antibody elution
technique [37]. We also confirmed that fluorescence image
can be obtained with epifluorescence microscopy even if
sections are mounted on a silicon wafer substrate (Fig. 3c).
It is also known that neuro tracers derived from dextran-
coupled fluorophores can be re-labeled by ICC [38, 39]. Tis-
sue preparation for EM significantly reduces fluorescence.
Therefore, the neuro tracers can be re-labeled, and ultra-
structure of the tracer positive neuron can be observed.

@ Springer

ICC with fluoronanogold allows for signal detection
with not only fluorescence microscopy but also electron
microscopy. This method is helpful for obtaining a cor-
relative image, because immunoreaction can be observed
both light and electron microscopy [40].

Part of a section could be stained when the iron loop
method is used [15]. Two sections were obtained in the
middle of the ribbon collection, and a hormone was immu-
nocytochemically stained to determine the cell type. The
adjacent images derived from ICC and SEM were then
correlated.

CLEM with pre-embedding ICC

In this method, a specimen is light-microscopically visual-
ized by fluorescent reagents, and then the region of interest
is captured with confocal laser scanning microscopy. The
specimen is re-embedded into the resin, and a series of
ultra-thin sections is obtained. Finally, electron micros-
copy images that correlate with the fluorescence image
are obtained by SEM. Although, it has been reported that
pre-embedding staining method is applicable for auto-
mated three-dimensional EM technique [41-43], we also
confirmed whether the technique can be applicable for
array tomography with tissue slice (Fig. 3d). Although,
the exact molecular localization is not observed, it is suf-
ficient to identify cell types by the use of cell-type specific
antibodies.

Efficient three-dimensional correlative image with these
methods described above will lead us towards a comprehen-
sive understanding of the ultra-structure and its function.

Conclusions

Array tomography is a technique to observe the three-
dimensional ultra-structure. Although manual procedures
are needed to prepare the specimen, this technique is inex-
pensive. Moreover, various cytochemical staining meth-
ods, including post-embedding immunocytochemistry,
are applicable. Array tomography is an effective way to
reveal the three-dimensional ultra-structure with molecu-
lar information.
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