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Chapter

Correlative Light-Electron
Microscopy (CLEM) and 3D
Volume Imaging of Serial
Block-Face Scanning Electron

Microscopy (SBF-SEM) of
Langerhans Islets

Sei Saitoh

Abstract

Correlative light-electron microscopy (CLEM) is a developing technique for
combined analysis of immunostaining for various biological molecules coupled
with investigations of ultrastructural features of individual cells within a large field
of view. This study first introduces a method of CLEM imaging of the same endo-
crine cells of compact and diffuse Langerhans islets from human pancreatic tissue
specimens. The method utilises serial sections obtained from Epon-embedded
specimens fixed with glutaraldehyde and osmium tetroxide. Next, serial block-face
imaging using scanning electron microscopy (SBF-SEM) is advanced to enable
rapid and efficient acquisition of three-dimensional (3D) ultrastructural informa-
tion from Langerhans islets of mouse pancreas corresponding to the CLEM images.
Samples for SBF-SEM observations were postfixed with osmium and stained en
bloc and embedded in conductive resins with ketjenblack significantly reduced the
charging of samples during SBF-SEM imaging.

Keywords: correlative light-electron microscopy (CLEM), serial block face SEM
(SBF-SEM), compact and diffuse Langerhans islets, conductive resin

1. Introduction

Correlative light-electron microscopy (CLEM) is a developing technique for
combined analysis of immunostaining for various biological molecules coupled
with investigations of ultrastructural features of individual cells within a large field
of view. Combined analysis of immunostaining for various biological molecules
coupled with investigations of ultrastructural features of individual cells is a power-
ful approach for studies of cellular functions in normal and pathological conditions
of human Langerhans islets.

Next, serial block-face imaging using scanning electron microscopy (SBF-SEM)
is advanced to enable rapid and efficient acquisition of three-dimensional (3D)
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ultrastructural information from Langerhans islets of mouse pancreas correspond-
ing to the CLEM images of human. We confirmed the three-dimensional architec-
ture of compact islets (tail) and diffuse islets (head) of the pancreas from normal
adult C57BL/6 ] mice by SBF-SEM [1].

2. Langerhans islets have compact and diffuse type islets

A large number of endocrine cells, constituting 1-2% of the total volume of
the human pancreas in adults, are distributed in more than 1 million islets of
Langerhans, first described by Paul Langerhans in 1869. The pancreatic islets,
in turn, are distributed throughout the pancreas at variable densities in differ-
ent lobules, although the density in the tail portion is usually slightly higher [2].
Pancreatic islet endocrine stem cells differentiated to mature islet endocrine cells
produce four major peptide hormones: insulin (p-cell granule), glucagon (a-cell
granule), somatostatin (8-cell granule), and pancreatic polypeptide (PP-cell
granule), all of which show specific views by electron microscopy [3-5]. Human
and rodent pancreases are developed from two different embryological origins;
the dorsal origin develops the body and tail portions, whereas the ventral origin
derives the head portion of the pancreas. The majority of the pancreas is derived
from the dorsal anlage [3, 5-8]. The islets can be classified into two types [5].
“Compact” islets comprise the majority (90%); they are covered by nests of
connective tissues. Compact islets are composed of trabeculae of endocrine cells
interspersed with clear capsules between adjacent pancreatic exocrine acini
[9]. Other islets are “diffuse”; they have no nests separating them from adjacent
exocrine acini. However, the ultrastructure supporting “diffuse” pancreatic islets
including islet-encapsulating basement membranes, extracellular matrix, and
adjacent exocrine acini have not been elucidated in detail [5, 10-13]. Regenerating
islet-derived gene 1 alpha (REG1a) is secreted by the exocrine pancreas or f cells
and affects islet cell regeneration [14, 15], thereby regulating the development of
Langerhans islet architecture and diabetogenesis [10, 16, 17].

Conventional histochemical methods, such as aldehyde-fuchsin staining,
Hellerstrom-Hellman silver staining, and immunohistochemical labelling of
peptide hormones, are currently the major approaches used with light microscopy
to directly distinguish between types of endocrine cells [18, 19]. Although examina-
tion of multiple peptide contents in combination with investigation of the ultra-
structural features of individual endocrine cells would provide a detailed analyses
of physiological and pathological alterations of pancreatic islets in genetically
and epigenetically divergent samples such as human tissues, correlative light and
electron microscopy observations combined with double immunostaining using
fluorescently labelled secondary antibodies in the same Epon-embedded sample is
an improved technique for correlative light-electron microscopy mapping which has
been described before [20-24].

3. Correlative light-electron microscopy (CLEM)

For the last quarter century, correlative microscopy, combining the power
and advantages of different imaging systems (light, electron, X-ray, NMR, etc.),
such as confocal laser scanning microscopy (CLSM), super-resolution micros-
copy (SFM), transmission electron microscopy (TEM) and scanning electron
microscopy (SEM), atomic force microscopy (AFM), magnetic resonance
imaging (MRI), superconducting quantum interference devices (SQUIDs), and
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in vivo imaging (IVIS®) containing micro/nano CT (computed tomography),
has become an important tool for biomedical research (Figure 1) [25-31]. In
particular, the development of a series of hybrid approaches in technological
advancements of microscopy techniques, labelling tools, and fixation or prepa-
ration procedures allow correlating functional fluorescence microscopy data
and ultrastructural information from a singular biological event. A key role in
recent advancements of nanotechnology-based biomedical sciences is based on
information obtained by light or electron microscopy. As correlative light electron
microscopy (CLEM) approaches become increasingly accessible, long-standing
questions of biology and clinical medicine regarding structure-function relation
are being revisited [26, 31-36].

3.1 Sample preparation for CLEM
3.1.1 Fixation

For good observation of a biological sample in CLEM, fixation remains the
ultrastructure of cells or tissue as close to the living material as possible, and sub-
sequent dehydration and embedding. For light microscopy, the chemical fixation
was originally designed to preserve the molecular structures of cells and tissues
as well as the immunolocalization of components during the subsequent steps of
preparation, such as alcohol dehydration and paraffin embedding [37-39]. On the
other hand, double fixation with GA and OsSOQy is suitable for EM observation of
the ultrastructure of biomaterials. During the whole process of the fixation and
embedding, tissue antigens undergo physicochemical modifications which results
in masking of the mostly linear epitopes carried by the tissue components. For that
reason, the fixative of immunoelectron microscopy (immuno-EM) is routinely
limited to low concentration (0.05~0.5%) glutaraldehyde (GA) and formaldehyde
(FA) before antigen-antibody reaction because osmium tetroxide (OsO4) markedly
reduce antigen-antibody response [40, 41].

AFM
I TEM l
! SEM !
I 1
MRI/SQUIDs
| 1
SFM/CLSM IvVise
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nano/micro-CT
| |
| | T T T T T T T %
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Figure 1.

Scale-based representative objects and corresponding microscopic tools for CLEM imaging: atomic force
microscopy (AFM), transmission electron microscopy (TEM) and scanning electron microscopy (SEM),
magnetic resonance imaging (MRI), mperconductmg quantum mterference devices (SQUIDs), confocal laser
scanning microscopy (CLSM), super-vesolution microscopy (SFM), and. in vivo imaging (IVIS®) containing
micro/nano CT (computed tomography). (a) H,O, water molecule (~2 A), (b) DNA double helix (2—-10 nm),
(c) dendrimer (1-10 nm), (d) liposome (50-500 nm), (e) gold particle (50—200 nm), (f) cell (5-50 pm), and
(g) a mouse (2—10 cm).
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3.1.2 Antigen-antibody assay

The quality of correlative image matching critically depends on the ability to
maintain the native organisation of cell or tissue during fixation and subsequent
sample preparation. Basically, CLEM imaging based on immuno-EM is three differ-
ent approaches on antigen-antibody assay: (I) serial sectioning, (II) pre-embedding,
and (III) post-embedding because TEM imaging is necessary for section-based assay
such as ultra-thick sectioning of the embedded samples [26, 35, 42, 43].

I. Serial sectioning

Serial sectioning for CLEM was reported by Baskin D.G et al. (1979), using
immunocytochemistry with osmium-fixed tissues, and broadly used for bioscience
and clinical medicine embedding in Epoxy resin [20-24, 45].

II. Pre-embedding

In the pre-embedding method, all of the immunostaining is done prior to
embedding the tissue. For pre-embedding labelling, all of the immunostaining
is done prior to embedding the tissue in resin for ultrathin sectioning on TEM or
preparing the samples on SEM. Antigen-antibody reaction is limited by antibody
penetration, as usually under 10 pm thickness.

I1I. Post-embedding

In the post-embedding method, the antigen-antibody reaction is performed on
plastic or Tokuyasu cryosections after embedding [46, 47, 99].

3.1.3 Antigen masking

The chemistry of epitope masking itself has been poorly understood. The
molecular mechanisms behind antigen masking was that the formaldehyde easily
cross-linked amino residues of soluble and structure molecules [48], resulting in
artificial changes of the molecular structures.

Antigen masking mechanisms are assumed mainly as follows: (I) molecular
modifications of the antigen-carrying proteins upon fixation and embedding, (II)
intramolecular modifications leading to antigen masking intrinsic to the protein,
and (III) intermolecular effects on other proteins located in close contact with the
antigen-bearing one.

3.1.4 Antigen retrieval

To obtain antigen-antibody reaction, some antigen retrieval techniques
are frequently used such as enzyme treatment, quick freezing and freeze sub-
stitution, freeze-thaw technique, and heating by a microwave apparatus or a
high-pressure oven [38, 39, 49-53]. Heat-induced antigen retrieval (HIAR) was
developed as a method frequently used for LM and EM samples [49, 51, 53]. The
antigen retrieval effect was assumed to be caused by breaks of the cross-linked
molecules. Precise mechanisms of (HIAR) is that the extended polypeptides
by heating are charged negatively or positively at basic or acidic pH and that an
electrostatic repulsion force acts to prevent random entangling of polypeptides
caused by hydrophobic attractive force and to expose antigenic determinants,
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during cooling process of HIAR solution. HIAR is a powerful tool to all types of
immuno-EM for antigen-antibody assay [54-56].

3.2 CLEM using genetically labelled tag

Many biological functions depend critically upon fine details of cell and tissue
molecular architecture that developed imaging technique revealing evolutionally.
To overcome the limitation of immune assay and capture in vivo imaging and
subsequent data acquisition, genetically labelled tag (GFP, mini-SOG, and APEX2)
is applied broadly to intact living cells, tissues, and animal models (Drosophila,
Caenorhabditis elegans, zebrafish, and rodents) for 3D CLEM imaging. GFP is con-
verted to HRP-DAB reaction products by photoconversion or by immunolabelling
with anti-GFP antibody. New generation of genetically labelled tags (mini-SOG and
APEX?) are specialised for CLEM imaging [57-63, 97, 98].

I. Mini singlet oxygen generator (mini-SOG)

Mini-SOG is a small flavoprotein (106 amino acids) derived from Arabidopsis
phototropin 2 capable of singlet oxygen production upon blue light irradiation
to generate the polymerisation of diaminobenzidine into an osmiophilic reaction
product resolvable by EM.

II. APEX2

APEX is an engineered peroxidase that functions as an electron microscopy tag
and a promiscuous labelling enzyme for live-cell proteomics. APEX2 (enhanced
ascorbate peroxidase) is an engineered peroxidase that catalyses DAB reaction to
render target structures electron-dense.

3.3 CLEM using formalin-fixed paraffin-embedded sample (FFPE) for clinical
medicine

Using haematoxylin and eosin staining or fluorescence immunostaining of
paraffin sections of formalin-fixed paraffin-embedded sample (FFPE) for clinical
medicine and simple low-vacuum scanning electron microscopy revealed a three-
dimensional survey method for assessing cell/tissue architectures. The CLEM meth-
ods are applied widely to human biomaterial resources for clinical medicine [64, 65].

3.4 CLEM using glutaraldehyde and osmium tetroxide-fixed Epon-embedded
samples for human Langerhans islets

This study is a developing method of correlative light and electron microscopy
imaging of the tissue specimens. The method utilises serial sections obtained from
Epon-embedded specimens fixed with glutaraldehyde and osmium tetroxide [1].

3.4.1 Tissue preparation

Small pieces of human and mouse pancreatic tissue were prefixed with 2.5%
glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4) for 1 h and postfixed with 1%
osmium tetroxide in 0.1 M PB for 1 h. The specimens were routinely dehydrated by
passing the tissue through a series of solutions with increasing ethanol concentra-
tions and then embedded in Epon 812 epoxy resin. To examine the specimens, thick
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Epon sections were first cut at 0.5-pm thickness and routinely stained with tolu-
idine blue (TB). These sections were checked and trimmed to visualise Langerhans
islets during the next step.

To identify compact and diffuse Langerhans islets, Epon sections of the human
pancreas were prepared, routinely fixed with glutaraldehyde and OsO4, stained with TB,
and observed with a light microscope (Figure 3). The compact islets were revealed as
large collections of endocrine cells having round to oval shapes (Figure 3A, black arrow-
heads). Their nuclei have homogeneous chromatin patterns with nucleoli, and the cells
have moderately light cytoplasm. In contrast, diffuse islets were composed of trabeculae
of endocrine cells interspersed between adjacent acini (Figure 2B, red arrowheads).

3.4.2 Improved serial sectioning techniques

Then, ultrathin sections were cut at 70-80-nm thickness with a diamond knife on
an ultramicrotome and mounted on ®1 x 2 mm single-slit copper grids with a Formvar
film covered by evaporated carbon (Figure 2A). Then, serial 0.5-pm thick sections
were cut and put on MAS-coated glass slides (Matsunami Adhesive Slides, Matsunami
Glass, Osaka, Japan) for subsequent immunohistochemical staining (Figure 2B).

A B
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Serial thick setions (0.5 um) after ultrathinsection
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[2]
c
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£ Antigen retrieval
Wy mstal staining ¢ | (Autoclaving 120 °C 10 min)
(Uranyl acetate and lead citrate) E,
o
‘ Extraction of osmium tetroxide
TEM observation (0.3 % hydrogen peroxide)

Immunstaining
(Insulin/Glucagon/REG1a)

|

Toluidine blue staining (TB)
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Figure 2.

Schematic representation of serial sectioning techniques for correlative light-electron microscopy mapping of
human Langevrhans islets. A: Schematic images illustrating an ultrathin section of a Langerhans islet mounted
on a ®1 x 2 mm single-slit copper grid with a Formvar film covered by evaporated carbon. B: Flow chart of
pretreatments and immunohistochemical staining procedures applied to serial thick sections after ultrathin
sectioning of Epon blocks.
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The ultrathin sections of the human pancreas tissues on copper grids were double-
stained with uranyl acetate and lead citrate and, finally, observed under a H-7500
transmission electron microscope (Hitachi, Tokyo, Japan) at an accelerating voltage of
80 kV. Electron microscopy images and montages of Langerhans islets were edited by
Photoshop imaging software (Adobe Systems Incorporated, San Jose, CA, USA).

3.4.3 Immunohistochemistry in Epoxy thick sections

Immunohistochemistry in serial thick sections of Epon blocks. The 0.5-pm
thick Epon sections on MAS-coated glass slides were placed on a heating plate and
heated to 60-80°C for 15 min. During immunohistochemical staining of the peptide
hormones (insulin and glucagon) and REG1a, we noted that two pretreatments
after the removal of Epoxy resin, including antigen retrieval by autoclaving and
extraction of osmium tetroxide with hydrogen peroxide (Figure 3).

3.4.3.1 Pretreatments

I. Removal of Epoxy resin

Epoxy resin was then removed from the sections by treatment with a mixture of
ethoxide and absolute ethanol (1,2, v/v) for 30 min, washed in pure ethanol, and
rehydrated in phosphate-buffered saline (PBS, pH 7.4). Prior to using the ethoxide/
absolute ethanol mixture, saturated sodium ethoxide was aged for approximately
2 weeks until it turned dark brown [20].

II. Antigen retrieval by autoclaving
The specimens underwent two optional pretreatments. For antigen retrieval

pretreatment, the specimens were autoclaved in 10 mM sodium citrate buffer
(pH 6.0) at 120°C for 10 min and rinsed in PBS.

III. Extraction of osmium tetroxide

To extract osmium tetroxide, the specimens were placed in 0.3% hydrogen
peroxide for 10 min and rinsed in PBS.

Figure 3.

Differences between compact and diffuse islets in human pancreas revealed by light microscopy observations of
toluidine blue-stained thick sections routinely embedded in Epon. A: The compact islet appears round to oval
and is composed of endocrine cells surrounded with a capsule of connective tissue (black arrowheads). Blood
capillaries (black arrows) separate the islet into several lobules. Endocrine cells have moderately light cytoplasm.
B: The diffuse islet is composed of a mass of endocrine cells interspersed between adjacent exocrine acinar-like
cell clusters without a clear capsule (ved arrowheads) in structuves that appear like acinar ducts. Bars = 20 um.
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3.4.3.2 Immunoperoxidase-3,3'-diaminobenzidine (DAB) staining

For immunoperoxidase-3,3’-diaminobenzidine (DAB) staining, the specimens
were treated with 3% fish gelatin (Sigma-Aldrich, St. Louis, MO, USA) in PBS for
10 min, followed by incubation with each primary antibody (insulin, glucagon,
and REG1a) in PBS at 4°C overnight. Immunocontrols were performed using the
same procedure with the exception that incubation with the primary antibody was
omitted. The specimens were then incubated with a horseradish peroxidase (HRP)-
conjugated secondary antibody in PBS for 1 h and visualised by exposure to metal-
enhanced DAB (Pierce, Rockford, IL, USA) for 5 min. Finally, the specimens were
incubated in 0.04% osmium tetroxide in 0.1 M PB for 30 sec to enhance contrast of
the DAB reaction products.

The immunoreactivity of the HRP-DAB reaction was dramatically enhanced by
autoclave treatment, and the effect was more prominent in insulin immunostaining
(Figure 4D and E, insets; arrows) than in glucagon immunostaining (Figure 4F
and G, insets; arrows). Immunocontrols not incubated with primary antibodies
have reduced backgrounds caused by secondary antibody conjugated-HRP-DAB
reaction products and osmification (Figure 4B and C).

3.4.3.3 Double-fluorescence immunostaining

For single- or double-fluorescence immunostaining experiments, de-osmified
thick sections were treated with 3% fish gelatin in PBS for 10 min, followed by
primary antibodies in PBS at 4°C overnight. Immunocontrols were performed using
the same procedure with the exception that incubation with the primary antibody
was omitted. As secondary fluorescently labelled antibodies, we used Alexa Fluor®
594 and Alexa Fluor 488-conjugated secondary antibodies. Immunostained sec-
tions were sealed with VECTASHIELD mounting medium (Vector Laboratories).
Fluorescence signals for Alexa Fluor 488 or Alexa Fluor 594 were observed with
a BX-61 fluorescence microscope (Olympus, Tokyo, Japan). After obtaining
fluorescence images, some thick sections were additionally stained with TB for
re-examination of morphology (Figure 2B).

Combined analyses using immunohistochemical localisation of hormones and
ultrastructure of endocrine cells in animal pituitary glands have been previously
reported (Baskin et al., 1979). In those studies, to achieve simultaneous examina-
tion, Epon thick sections were prepared from tissues fixed with glutaraldehyde and
0s0, and peroxidase-DAB immunostaining was used for light microscopy, while
electron microscopic observations were carried out in serial ultrathin sections
[20]. Conventional double fixation was useful because lipid membranes, such as
the plasma membrane of cells and vesicles, are well preserved. Epon-embedded
sections are frequently used for ultrastructural analyses by electron microscopy
because they exhibit well-preserved tissue morphology. However, the weak tissue
antigenicity of Epon-embedded sections poses a problem for immunoassays. There
have been attempts to improve immunolabelling of epoxy sections by etching
hydrophobic Epoxy resin with different alkali solutions [66], retrieving antigenicity
by sodium metaperiodate [21, 67], protease treatments [68], or heating (autoclav-
ing or microwaving) thick or ultrathin sections for immunoelectron microscopy
with various salt solutions [45, 56, 69-71]. In the present study, in addition to
etching the hydrophobic Epon, we utilised autoclaving and pretreatment with
hydrogen peroxide to enhance endocrine peptide immunoreactivity. It is believed
that heating treatment retrieves immunoreactivity of masked antigens by exposing
epitopes hidden because of cross-linking with aldehyde fixatives, whereas hydrogen
peroxide treatment may increase immunoreactivity by reducing osmification of
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Figure 4.

Enhancement of immunostaining for insulin and glucagon in serial thick sections of a typical compact human
pancreatic islet by autoclave treatment. A: Insulin-positive staining in a section that underwent autoclave
treatment (AC). B: Immunocontrol incubated with secondary antibody without the primary antibody. C:
Differential interference contrast microscope (DIC) image of the immunocontrol section. D: Weak insulin
immunoreactivity in an untreated section. E: Stronger insulin immunoreactivity in a section that underwent
AC—tiny granular patterns are move clearly detected throughout the cytoplasm of p cells (inset, arrows). F:
Improved immunoreactivity for glucagon in the cytoplasm of cells in an untreated section. G: Clear granular
pattern of immunoreactivity for glucagon in a section that underwent AC (inset, arrows). Bars = 20 ym
(A-G); 10 um (D-G, insets).

the target molecules [56, 69]. These pretreatments of Epon section are broadly
applied to antibodies of immunohistochemistry not only for peptide hormones
but also for several organelle markers: mitochondria, lysosome and peroxisome, or
membrane proteins (aquaporin-1, aquaporin-2 and megalin) or soluble proteins—
immunoglobulins (IgA and Ig kappa light chain), ] chain, and albumin [45, 68, 71].
Overall, we demonstrated that a combination of double fixation, embedding in
Epon, and immunohistochemistry with effective pretreatments was a very useful
and robust approach for the simultaneous examination of cellular ultrastructure
and antigen distribution in individual cells of the human pancreas. Points to be
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aware of regarding to pitfall or the limitations of this method: (I) carefully select for
combination of first antibodies in double-fluorescence immunostaining, matching
for the pretreatment conditions (heating or de-osmification) and (II) weaker DAPI
staining for nucleus fluorescence staining after autoclaving [1].

4. CLEM revealed various types of secretory granules in individual
endocrine cells of compact and diffuse Langerhans islets of the
human pancreas

Correlative light and electron microscopy observations revealed various types of
secretory granules in individual endocrine cells of compact and diffuse islets from
specimens of the human pancreas (Figures 5 and 7).

4.1 Compact type of Langerhans islet

The use of our modified immunostaining protocol allowed clear observations
of the ultrastructure of endocrine cells immunopositive for insulin, glucagon,
and REGla in serial thick and ultrathin sections in compact Langerhans islets of
human pancreatic tissue (Figure 5). Immunostaining signals for insulin in p-cell
granules and for glucagon in a-cell granules did not colocalize in the islet cells
(Figure 5A, D-F), while patterns of immunostaining for insulin and REGla
overlapped in large parts of double-immunopositive endocrine cells
(Figure 5G-I). Immunopositive staining for insulin and glucagon was positive
for most islet areas whose ultrastructures were determined in serial ultrathin
sections of the same islet (Figure 5A, D-F, J, and K). The compact islet illus-
trated in Figure 4 had a higher ratio of cells positive for glucagon or insulin
compared to cells from the compact islets shown in Figure 3. Areas of a or  cells
on electron microscopy images were almost completely identical to the areas
immunopositive for insulin and glucagon (Figure 5A, D-F, J, and K). These
correlative observations revealed that islet cells with low and high immunoreac-
tivity for glucagon included round-shaped granules with low and high electron
density (Figure 5P-R; blue arrows), whereas insulin-positive cells with p-cell
granules (Figure 50; red arrows) and condensing vacuoles (Figure 50, white
arrows). Immunocontrols that were not incubated with primary antibodies have
less background related to the Alexia 488- and Alexia 594-conjugated secondary
antibodies and, in particular, because of secondary antibody cross-reactivity to
native human immunoglobulins trapped in pancreatic tissues around the blood
vessels and fixative autofluorescence.

Some endocrine cells of compact islets exhibited weak immunostaining for
glucagon, and two types of round granules—with high and low electron densities—
were observed in the same glucagon-positive cells identified in the corresponding
areas of serial sections (Figure 5). During development and diabetogenesis, o cells
may transdifferentiate into p cells for islet regeneration [21, 72]. Granules with a
low electron density contain glucagon, glucagon-like peptide (GLP)-1, intervening
peptide 2, GLP-2, and preproglucagon which is considered to be undergoing post-
translational processing because preproglucagon-containing granules are typically
revealed as large a-cell granules with a lower electron intensity [3, 73-75]. In
addition, some of the round granules with a low electron density may correspond to
d-cell granules, whose sizes are smaller than those of a-cell granules [76]. We con-
sider that these 8-cell-like granules, which contain somatostatin, would potentially
inhibit insulin and glucose secretion, express autocrine or paracrine to somatostatin
receptors (SSTRs), and interact with the architecture of the islet [3, 77].
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Correlative light-electron microscopy mapping of a compact islet using serial Epon sections from a human
pancreatic tissue specimen. Ultrastructural observations and double-immunofluorescence staining for insulin,
glucagon, and REG1a were carried out. A: Merged image of insulin- and glucagon-positive staining. B: Merged
image of immunocontrol (ved and green) exposed to two secondary antibodies without primary antibodies. C:
Differential interference contrast microscope (DIC) image of immunocontrol section shown in (B). Islet cells

with granular immunopositive staining for insulin (A, D, F, G, I; red) ave immunopositive for REG1a (H, I;
green), but not for glucagon (A, E, F; green), whereas the immunostaining patterns of insulin and REG1a largely
overlap (I; yellow). Electron microscopic montages (], K) obtained from the same field of the serial section shown
in (F). The magnified image (], K) corresponds to the white boxes in (F). The compact islet has a capsule of
connective tissue (], K; yellow asterisks). Mapping images of p cell granules (], K; pseudo-coloured red) and a-cell
granules (], K; pseudo-coloured green) manually coloured by Photoshop. Distribution patterns of insulin- (red)
and glucagon-positive (green) cells (A, D-F) are clearly identified in the electron micrographs (], K). Highly
magnified electron microscopy images (O-R) corvespond to the white boxes in (L) and double-immunopositive
staining images (M). N: Toluidine blue staining for the same section (F) of insulin-positive cells (M; red) included
p-cell granules (O; red arrows) and condensing vacuoles (O; white arrows ), while glucagon-positive cells (M;
green) included small numbers of round-shaped granules with low (P; blue arrows), with intermediate (Q; blue
arvows) and high (R; blue arrows) electron densities. Bars = 20 ym (A-D, G); 1 pm (J-L).
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4.2 Diffuse type of Langerhans islet

Immunoreactive staining for insulin and glucagon was also clearly observed in
endocrine cells of diffuse islets, while exocrine cells of adjacent glandular acini were
not immunostained (Figures 6 and 7). The immunoreactivities for REGla and insu-
lin showed different distributions in the same endocrine cells in serial thin sections of
diffuse islets (Figure 5B and C). Fluorescently immunostained sections were subse-
quently stained with TB, and islet structures were found to be well preserved follow-
ing double-fluorescence immunostaining (Figure 7G and H). Electron microscopy
observations of serial ultrathin sections were performed to reveal structural details
of diffuse islets in addition to identifying the hormones produced by the respective
cells (Figure 7). It was found that f cells double-positive for REGla and insulin were
also the cells that exhibited zymogen-like condensing vacuoles (200-500 nm in size)
and many organelles, such as mitochondria, Golgi apparatus, endoplasmic reticulum
(ER), and lipofuscin granules (Figure 7] and L, white arrows) [78]. In addition,
these endocrine cell granules in contact with exocrine acinar-like cell clusters have
electron-dense cores and clear halos. However, insulin and REGla double-positive
endocrine cells consisted of several granular morphologies of human islet endocrine
cells. We classified the granules of human islets into four types (a-, -, 8-, and PP-cell
granules) as described previously [3, 5, 74, 76] where (I) a-cell type (glucagon
secretory), electron-dense without a clear halo occasionally presenting with a grey
halo (Figure 6K, red arrowheads); (II) p-cell type (insulin secretory), granules of
this type have electron-dense cores with a crystalline shape (Figure 7K-N, blue
arrowheads); (III) &-cell type (somatostatin secretary), larger and electron-opaque
(Figure 7K, L, and N, cyan arrowheads); and (IV) PP-secretory cell type, spherical
and smaller granules with a small halo (Figure 7L, green arrowheads). Interestingly,
islet endocrine cells in contact with adjacent exocrine acinar-like cell clusters
(ATLANTIS) contained zymogen-like granules (Figure 7M, yellow arrow), and
cell-to-cell contacts were also detected (Figure 7N, white arrows).

Correlative light and electron microscopy analyses of serial thick and ultra-
thin sections showed intracellular organelles and membrane interdigitations
near cell-to-cell contact areas as well as typical a- or f-cell granules in individual
insulin- and glucagon-positive endocrine cells located in both compact and diffuse
islets (Figures 5 and 7). Human Langerhans islets contain polygonal endocrine
cells that are demarcated by intercellular structures, such as tight junctions, gap
junctions, and membrane structures, including interdigitations and invaginations
[44]. In diffuse Langerhans islets, we found that some endocrine cells appear to

Insulin & i‘lk‘

Figure 6.

Different distributions of HRP-DAB-immunoreaction products for REG1a and insulin in the same endocrine
cells of diffuse type islet in serial thick sections of a diffuse human pancreatic islet. The diffuse islet is composed
of a mass of endocrine cells interspersed between adjacent exocrine acinar-like cell clusters without a clear
capsule (A; arrowheads). Islet endocrine cells show granular immunopositive staining for REG1ia (B) or insulin
(C), while acinar-like cells in contact with islet endocrine cells were not immunostained. TB: toluidine blue
staining. Bars = 20 pum.
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Merge (

Figure7.

Correlative light-electron microscopy mapping of a diffuse islet using serial Epon sections from a human
pancreatic tissue specimen. Ultrastructural observation and double-immunofluorescence staining for insulin,
glucagon, and REG1a were carried out. Granular immunoreactivities for insulin (A, C; red) and glucagon

(B, C; green) ave sparse and dense vespectively, while the immunostaining patterns of insulin (D, F; red) and
REG1a (E, F; green) largely overlap. G: A light microscopy image of the same thick section stained with toluidine
blue (TB) after microscopy observation of fluorescence immunostaining (A—C). The diffuse islet is composed of

a mass of endocrine cells in contact with adjacent exocrine acinar-like cell clusters without a clear capsule (red
arrowheads). H: Superimposed image of (C) and (G). I: An electron microscopy image of the black-boxed area
shown in (G) obtained from a sevial ultrathin section demonstrating the ultrastructural features of insulin- and
glucagon-positive endocrine cells in a diffuse pancreatic islet. The diffuse islet is composed of a mass of endocrine
cells interspersed between adjacent exocrine acinar-like cell clusters without a clear capsule (ved arrowheads). J:
An electron microscopy montage showing a pancreatic islet corresponding to the vectangle of TB staining shown in
(G). Endoplasmic veticulum and Golgi apparatus are indicated by blue and red arvowheads, respectively. K: A
higher-magnification image of the respective boxed avea in (]) illustrating an a cell containing a-cell granules (red
arrowheads) in contact with a f cell containing p-cell granules (blue arrowheads) and condensing small vacuoles
(cyan arrowheads). L: A higher-magnification image of the respective boxed avea in (J) illustrating a p cell with
p-cell granules (blue arrowheads) and sphevical and smaller granules with small halo (green arrowheads) in
contact with an a cell containing a-cell granules (ved arvrowheads). M: A higher-magnification image of the
respective boxed area in (J) illustrating a p cell with p-cell granules (blue arrowheads) and a zymogen-like granule
(yellow arvow) in cell-to-cell contact with an exocrine acinar-like cell containing zymogen-like granules. N:
Interdigitation of cell membranes (white arrows) containing p-cell granules (blue arrowheads) and 200—500-nm
condensing vacuoles (cyan arrowheads) between two f cells. Bars = 50 ym (A, D, G); 5 pum (1); 2 um (]); 500 nm
(K, N); 1 ym (L, M).

have direct cell-to-cell contacts with adjacent endocrine and exocrine acinar-like
cells (Figure 7). These results indicate that electric or metabolic coupling exists not
only between adjacent endocrine cells but also between endocrine cells and the sur-
rounding pancreatic exocrine acinar-like cell clusters [10, 44]. We also identified
insulin and REGla double-positive cells that contained zymogen-like condensing
granules in the endocrine islet cells, with several types of granules morphologically
classified as B-, 8-, and PP-cell like granules (Figure 6).
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5. Three-dimensional scanning electron microscopy (3D SEM) with
volume imaging

Scanning electron microscopy (SEM) is a powerful technique for three dimen-
sional CLEM imaging. SEM is traditionally used for imaging detecting the surface
of cells, tissues, and the whole multicellular organisms by secondary electron beam.
Recently, the critical advancement includes serial ultrastructural observation with
scanning electron microscopy (SEM) using backscattered electron with specific
tissue preparation methods to increase heavy metal deposition for efficient SEM
imaging. In brief, three volume SEM methods: serial block-face electron microscopy
(SBF-SEM), focused ion beam SEM (FIB-SEM), and array tomography using serial
sectioning are illustrated in Figure 8 [79-85, 96].

Array tomography Serial block face SEM Focused ion beam SEM
. Sections Diamond |
Erlﬁpgond p— knife ’ Ic?gam
— \\
. — Ny
- N

. Resin i
Resin Resin
block block block

Resin Resin
block block

Sections imaged
in sequence

Figure 8.

A diagrammatic vepresentation of three-dimensional scanning electron microscopy (3D SEM) techniques: array
tomography (left), serial block face SEM (middle), and focused ion beam SEM (right). Array tomography is a
volumetric microscopy method based on the ultrathin sections physically serial sectioned on an ultramicrotome

and collected manually onto a substrate (e.g. a slide or coverslip) or onto a tape using an automated system, such as
the ATUMtome. SBE-SEM consists of an ultramicrotome mounted automatically to cut the surface of vesin block
sample with diamond knife inside the vacuum chamber of a SEM. FIB-SEM is with an attached gallium ion
column and the two beams. These electrons and ions (FIB) are focused on one coincident point of vesin block sample.

6. Serial block-face scanning electron microscopy (SBF-SEM) revealed
novel architecture of Langerhans islets

Serial block-face imaging using scanning electron microscopy (SBF-SEM)
is advanced to enable rapid and efficient acquisition of three-dimensional (3D)
ultrastructural information of large field of 3D volume imaging such as Langerhans
islet over 100 pm size, providing a highly spatial resolution of the ultrastructure of
diffuse islets from the head portion of mouse pancreas, which has a ventral origin
[8, 86, 87].

6.1 Sample preparation using conductive Epon with carbon (ketjenblack)

Samples for SBF-SEM observations were postfixed with osmium and stained en
bloc, as described previously. Briefly, mouse pancreatic tissues were prefixed with
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2.5% glutaraldehyde in 0.1 M phosphate buffer (PB; pH 7.4) overnight, and tissues
were washed with cacodylate buffer (pH 7.4). Notice that perfusion-fixation is
easy to open the vessels and cell-to-cell contacts due to pressure artefacts. Tissues
were then treated with 2% OsO4 (Nisshin EM, Tokyo, Japan) in 0.1 M cacodylate
buffer containing 0.15% K4[Fe(CN)6] (Nacalai Tesque, Kyoto, Japan) for 1h on
ice and 0.1% thiocarbohydrazide (Sigma-Aldrich) for 20 min and 2% OsO4 for

30 min at room temperature. Thereafter, the tissues were treated with 2% uranyl
acetate at 37°C for 3 h. Tissues were then treated with lead aspartate solution at
60°C for 30 min. The specimens were routinely dehydrated by passing the tissue
through a series of solutions with increasing ethanol concentrations; infiltrated
with acetone dehydrated with a molecular sieve, a 1:1 mixture of resin and ace-
tone, and 100% resin; and then embedded in Epon 812 epoxy resin with carbon
(ketjenblack) at 60°C for 3 days/overnight. Epon 812 epoxy resin with/without
carbon (ketjenblack) enables for three-dimensional (3D) ultrastructural informa-
tion of a large field of 3D volume imaging such as Langerhans islet over 100 pm
size. Following trimming of islets from mouse pancreas, samples were imaged
with a Sigma™ VP (Carl Zeiss, Munich, Germany) equipped with 3View (Gatan
Inc., Pleasanton, CA, USA). The serial images of SBF-SEM were handled with Fiji/
Image] and segmented and reconstructed to 3D images using MIB (http://mib.
helsinki.fi/) and Amira software.

Samples for SBF-SEM observations were postfixed with osmium and stained en
bloc and embedded in conductive resins with ketjenblack significantly reduced the
charging of samples during SBF-SEM imaging. Conductive resins were produced
by adding the carbon black filler, ketjenblack, to resins commonly used for electron
microscopic observations of biological specimens. Carbon black mostly localised
around tissues and did not penetrate cells, whereas the conductive resins signifi-
cantly reduced the charging of samples during SBF-SEM imaging. When serial
images were acquired, embedding into the conductive resins improved the resolu-
tion of images by facilitating the successful cutting of samples in SBF-SEM [1, 88].

6.2 ATLANTIS in diffuse type of Langerhans islet

Endocrine cells from diffuse islets were also in contact with adjacent exocrine
acinar-like cell clusters (ATLANTIS) without a clear capsule (Figure 8D-I). The
morphologies of granules in endocrine cells of diffuse islets (Figure 8F) mainly
consisted of three types: (I) granules with a spherical dense core and a small halo
similar to PP-cell granules (Figure 9F, green arrowheads), (II) granules with a low
electron-dense core without halo similar to 3-cell granules (Figure 8F, cyan arrow-
heads), and (III) granules with a spherical or crystal-shaped dense core with a clear
halo similar to p-cell granules [87].

Serial SBF-SEM images revealed that zymogen-like granules are broadly
distributed in these endocrine islet cells in contact with acinar-like cells. The
zymogen-like granules have an isotropic distribution from ATLANTIS to the islet
cells through direct contact with lamellar ERs in diffuse islets of the pancreatic head
portion in adult normal mice derived from ventral origins (Figure 9G-I). Electron
microscopic observations showed the same architecture in human diffuse islets in
contact with acinar-like cells without a clear capsule. The typical diffuse endocrine
islet in contact with acinar-like cells showed typical features of being rich in PP
with a paucity of glucagon [3, 8]. Further, endocrine islet cells colocalised most
of the PP-cell-like granules and zymogen-like granules directly through cell-to-
cell contact sites with lamellar ERs, even if zymogen-like granules were excreted
from the ATLANTIS. Using the correlative light and electron microscopy imaging
described in the present study, additional basic and clinical studies for the precise
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mpact (tail)

Figure 9.

Serial block-face scanning electron microscopy (SBF-SEM) observations of compact and diffuse islets from
pancreatic tissues of a C57BL/6 | mouse. A: The compact islet is composed of a mass of endocrine cells with

a clear capsule from the tail portion of the pancreas. B: a cells and p cells localised in the corner of an islet in
contact with a capsule. C: a-cell granules (blue arrowheads) are electron-dense without a core, while p-cell
granules (ved arrowheads) show angular-shaped cores with a clear halo. D-E: The diffuse islet is composed
of a mass of endocrine cells in contact with adjacent exocrine acinar-like cell clusters (ATLANTIS) (red
arrowheads) without a clear capsule (blue arrowheads). F: The islet endocrine cells contain three type of
granules: (1) sphevical smaller granules with a small halo (green arrowheads), (2) slightly electron-opaque
but spherical granules without a halo having a similar size to a-cell granules (cyan arrowheads), and (3)
granules with zymogen-like granules (yellow arrows). The ATLANTIS containing fp-cell granules (red
arrowheads). G: Montage picture of the islet endocrine cells and ATLANTIS in the diffuse islet (D) showing
every 10 serial images of a total of 70 images at 50-nm thickness each. The ATLANTIS containing zymogen-
like granules (G1oth, white arrows), isotopically localised to the islet cells (G1oth, blue arrows), and in
dirvect contact with endocrine cells with lamellar endoplasmic veticuli (Gioth, red arrowheads). Islet cells
are partially separated from the acinar-like cell clusters with connective tissues by blood vessels (Gyoth, blue
arvowheads). H: Magnified image of (Gioth). I: Three-dimensional reconstruction of serial images indicating
the zymogen-like granules (shown in ovange) inside the islet endocrine cells in contact with ATLANTIS.

identification of the observed granules in glucagon- and insulin-positive cells as
well as the immunohistochemical detection of peptide components in human
Langerhans islets for detailed clinical analyses of diabetes mellitus and chronic
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kidney or intestinal diseases closely related to metabolic disorders warrant further
investigation [4, 5, 10, 16, 71, 78, 79, 89-93].

Interestingly, recently developed super-resolution microscopy (SFM) enables a
detailed analysis distribution of biological molecules at an even higher resolution
(e.g. alateral resolution of 20-50 nm) by stochastic optical reconstruction micros-
copy when it is combined with new light microscopy technologies for nano-level
analyses, an approach which may be applied to chemically fixed and Epon-
embedded specimens [30, 33, 94, 95]. In combination with immunohistochemistry
and in situ hybridization in Epon sections, the correlative microscopy observation
method would be a more powerful approach capable of revealing human islet
regeneration under genomic and transcriptome control such as SSTR expression in
B cells from human islets [3, 70, 77].
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