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SUMMARY

In this paper we describe a SEM block-face tech-
nigue in which block faces of large dimensions can
be examined in a high-resolution SEM under high
vacuum. The results of different tissue contrast
methods have been studied and, in addition to os-
mium, potassium permanganate has been used as
a staining medium for the first time in BFSEM. The
study also examined the effects of uranyl acetate
and phosphotungstic acid. The following organs of
adult albino rats were examined: colonic mucosa,
spinal ganglion, anterior pituitary gland and exo-
crine pancreas.

Six preparation protocols, referred to here as
treatments, were aPpIied and evaluated according
to three criteria: 1% the visual quality of the digital
images, 2™ the measurements of the signal-noise
ratio (SNR) of the digital |mages with and without
beam deceleration (BD), and 3™ the X-ray microa-
nalysis of samples, treated according to the 6 pro-
posed protocols, demonstrating the presence and
relative quantity of the elements used to stain the
cellular structures, enabling visualisation with the
electron microscope.

In conclusion, it can be said that treatments with
osmium produced better results than those con-
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taining potassium permanganate. Treatments with
the addition of thiocarbohydrazide (TCH) consider-
ably increased the osmium deposits (ligand effect)
and proved highly effective.

Finally, it should be noted that the method pro-
posed, called here 2D BFSEM, can be very useful
not only in histology but also in histo-pathology, for
example in the study of biopsies and - last but not
least - in embryology: all these are situations in
which it is important to avoid a loss of material due
to preparation exigencies.
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INTRODUCTION

The term "block face" refers to the surface of the
embedding block, which has been generated after
cutting with a microtome. The approach of exam-
ining the block surface was first published in the
1940s by Hegre and Brashear (1946). These au-
thors had the ingenious idea of taking embryos,
impregnating them with lead salts and then em-
bedding them in paraffin. The lead salts were
stained dark by means of a sulfur-containing solu-
tion applied to the surface of the block. With this
treatment the structure of the embryo could be
made visible on the surface of the block with
astonishing clarity. Sections were produced and,
after each cut, the surface of the embedding block
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was photographed to make a photo series and
assembled into a film (Hegre and Brashear, 1947).
In other words, if, instead of examining the sec-
tions, we wish to microscopically examine the sur-
face of the block, the so-called block-face, then
this can only be achieved with falling electrons or
photons. This is possible with the confocal-laser-
scanning microscope (CLSM), where images of
serial optical sections can be obtained and pro-
cessed to 3D-reconstructions (Bajcsy et al., 2006;
Wanninger, 2007).

This technique was introduced in scanning elec-
tron microscopy by Leighton (1981), who thus cre-
ated the block face SEM method (BFSEM) to pro-
duce 3D reconstructions of cells and tissues. This
author proposed this procedure to circumvent
many problems which are closely associated with
obtaining serial thin sections for TEM
(compression, deformation, loss of single thin sec-
tions, etc.); problems which have a great influence
on the shape and size of cellular structures, and
therefore are relevant parameters when trying to
perform tri-dimensional reconstruction of cellular
and tissue ultrastructure. To obtain a series of im-
ages of the block-face, an ultra-microtome was
installed inside the specimen chamber of the SEM.
The sections were discarded, but the surface of
the block on which they were made was prepared
for examination in SEM (Leighton, 1981, Denk and
Horstmann, 2004). In the images obtained with
backscattered electrons (BSE), the gray colors
were inverted, resulting in images which are hardly
distinguishable from those obtained from thin sec-
tions with a TEM, an approach which greatly sim-
plifies the interpretation of the block-face pictures.

Although Leighton had demonstrated the feasibil-
ity of the technique, more than a decade passed
before the technology reached maturity. New SEM
devices, better ultra-microtomes inside the SEM,
and special software to control the devices and to
manage the reconstructions had to be developed
(Denk and Horstmann, 2004, see also
www.gatan.com).

The development of the environmental scanning
electron microscope (ESEM, Danilatos, 1988,
1994) in the nineties of the last century opened
new possibilities for the technology Leighton had
designed. The fact that non-coated samples could
be examined in an SEM even if they were not per
se conductive, paved the way for automation of the
block face technique (Denk and Horstmann, 2004).
Automation of the work with the ultra-microtome
inside the microscope, location of the coating sys-
tem in the specimen chamber as well as the highly
reliable acquisition of image series and, finally,
their subsequent processing to produce precise 3D
reconstructions, have become possible not only
through advances in mechanics and electronics,
but also through the development of a correspond-
ing software (Denk and Hortstmann, 2004; Titze
and Denk, 2013; Titze and Genoud, 2016).

Recently ion beam scanning electron microscopy
(FIB-SEM, a procedure associated with cryo-EM
methods) has been used in order to examine the

architecture of tissues, thus enlarging the range of
possible procedures in volume electron microsco-
py (Bushby et al., 2011; Schertel et al., 2013).

Along with the instruments used, specimen prep-
aration plays a crucial role in the procedure as op-
timal contrast effects are vital for high-quality imag-
ing. In SEM the primary electron beam is directed
at the specimen, resulting in secondary (SE) and
backscattered electrons (BSE), providing varying
informational content (Ogura and Hasegawa,
1980; Peters, 1985). While the SEs provide a pre-
cise image of the surface of the sample, the BSEs
give in-depth information about the material and its
composition (atomic number), which is important in
our context. Thus, with BSE, heavy metals
(staining) present in the sample can be identified,
as they are an important source of this type of
electrons in SEM (Bloom and Goodpasture, 1976;
Thiebaut et al., 1986, Mestres et al., 1988). This
means that, if the surface of the resin block with
tissue stained with the heavy metal solutions com-
monly used in TEM is examined in a SEM, images
of the cell structures can be primarily obtained with
the BSE signal (Laue et al., 2005).

Leighton already used the standard staining pro-
tocol for transmission electron microscopy, i.e.
chemical fixation, staining with osmium tetroxide
and embedding in epoxy resin. Essentially this
procedure is still in place although strategies to
intensify the deposit of heavy metals in the sam-
ples are being increasingly implemented as this
considerably improves the quality of the images
(Seligman et al., 1966; Malick et al., 1975; in con-
nection with BFSEM see Deerinck et al., 2010;
Mikula et al., 2012). However, the relative or abso-
lute amounts of the metallic atoms deposited in the
sample after staining is currently unknown an esti-
mation can only be based on the visualized con-
trast effects.

The BFSEM technique described here is less
spectacular but could nevertheless prove useful if
applied to large-size specimens, enabling the
study of the ultrastructure of cells and tissues, with
the obvious advantages over the standard TEM
procedure.

Standard TEM requires the trimming of the em-
bedded material to a size suitable for the prepara-
tion of thin sections. This entails a considerable
reduction in block size which could result in sub-
stantial material loss. In the past this handicap
could only be partially compensated for by the use
of special trimming techniques such as the "mesa
pyramid" principle (Heimer, 1970). This problem
can be avoided in BFSEM as it permits the exami-
nation of large areas (block face side of 1 cm or
more). In our procedure the resin block is trimmed
in the form of a pyramid, leaving a smooth area
(block face) on the tip, from which semi-thin sec-
tions can be obtained. Once dyed, these can be
studied with the light microscope; a practicable
form of correlative EM-LM microscopy. Afterwards,
the block face is covered with a thin coating of car-
bon, or even platinum, to ensure conductivity, and
finally the block is placed into the SEM and exam-
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ined.

In the present study, two main aspects are at the
forefront: 1) the elementary analysis of contrast-
giving elements to tissues, as well as their influ-
ence on the images, and 2) the performance of a
two-dimensional BFSEM microscopy (2D-BFSEM)
under high vacuum, demonstrating, though with
certain limitations, the practicability of block face in
an HRSEM. For these purposes, organs of adult
albino rats such as the colon, spinal ganglion, an-
terior lobe of pituitary gland and exocrine pancreas
were prepared for micro-analytical and structural
studies.

MATERIALS AND METHODS

In the present study, adult rats of both sexes
(Wistar, 250 g BW) were used. They were kept
under the conditions stipulated by the EU for ani-
mal experimentation. An authorization from the
Ethics Commission of the University Rey Juan
Carlos has been issued. The animals were eu-
thanized by asphyxiation with carbon dioxide, a
method approved by the American Veterinary As-
sociation.

The colon was removed, washed with a physio-
logical saline solution, partitioned into small seg-
ments and fixed by immersion in 2.5% glutaralde-
hyde at pH 7.4 buffered with Na-cacodylate 0.12
M. Thereafter it was post-fixed in buffered osmium
tetroxide 2%, dehydrated in an ascending ethanol
series and embedded in epoxy resin (TAAB em-
bedding kit or Science Services EMBed-812 em-
bedding kit) and polymerized at 60°C (Mestres et
al., 2014).

Tissue samples already fixed with glutaraldehyde
were treated with contrast-giving compounds and
the following protocols, which had proved them-
selves in previous studies, were applied (see Ta-
ble 1).

For histological applications of 2D-BFSEM, a
second group of animals was intravascularly per-
fused with a solution containing 2.5% glutaralde-
hyde and buffered with 0.12 M cacodylate at pH
7.4 (Fluka) under anesthesia (Ketamine 90 mg/Kg
BW and Medetomidine 0.25 mg/Kg BW).

The following organs were collected: trigeminal
ganglion, pituitary anterior lobe and pancreas.
These organs were dissected under a stereomi-
croscope and divided into small pieces of approxi-
mately 4 mm side length and 1-2 mm thick. These
samples were post-fixed for 2 hours at +8°C in the
same glutaraldehyde solution as used for vascular
perfusion, then treated in accordance with treat-
ment 2 (Table 1) and dehydrated and embedded
as described above.

The block face was prepared first by trimming the
resin block with a glass knife, leaving at the tip a
square or block face of several mm side length,
and then the face of the block itself was smooth-
ened with a diamond histo-knife (Diatome).

Thick sections (1 um) were made for histological
orientation and stained with methylene blue
(Richardson et al., 1960). Thin sections (90 nm)
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Fig 1. Flow diagram for BFSEM tissue preparation.
A) Trimming, B) Smoothing of the block surface, C)
Assembly of the resin block on the aluminum stub, D)
Location of the object in the microscope chamber, E)
BSE image of a detail of the block (spinal ganglion), F)
previous image inverted, with similarity to a TEM image.

for correlative TEM were also prepared and
stained with lead citrate (Reynolds, 1963). The thin
sections were examined in a Jeol JEM 1010
equipped with a digital camera Mega View Il (SIS,
Munster/NRW, Germany).

The resin blocks were then mounted on an alu-
minum stub and fixed with conductive adhesive.
As the samples are not conductive, they had to be
coated, one series of them with carbon (carbon
layer thickness 6.3 to 11 nm) in an Electron Beam
Evaporator vapor deposition system (AL-TEC
MED 020 coupled to Leica EM EVM 030 & EK
030) and another series with platinum (layer thick-
ness >4 nm) or gold (layer thickness 10-nm) in a
sputter coater (BAL-TEC, SCD 005).

Images of the block face were obtained with a
Nova Nano SEM 230 FEG (FEI) operating at 3-10
kV, equipped with a BSE detector
[BSED=backscattered electron detector, low volt-
age high contrast solid state, vCD (FEI)], and an
Everhart-Thornley type detector (ETD, FEI) for
secondary electrons. The BSE pictures were then
inverted, resembling standard TEM images in ap-
pearance (Fig. 1).
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Table 1. Methods and literature

Treatment 1

Tannic ac. 2% followed by 2% OsO, buffered with cacodylate 0.12 M pH 7.4  Plattner and Zingsheim (1987)

Solution of OsO42% with potassium ferrocyanide 1.5% buffered with 0.12 M Seligman et al. (1966)

Treatment 2
again

Treatment 3

Treatment 4 KMnO4 1% in saline

Treatment 5 KMnOQ, followed by uranyl acetate as above

Treatment 6 tungstic acid (PTA) 1% in acetone 70%

Solution of OsO42% buffered with 0.12 M cacodylate pH 7.4, then KMnO,
1.5% in saline, followed by uranyl acetate 1% in acetone 25%

KMnO, followed by 2% OsO4 as above and uranyl acetate and phospho-

cacodylate pH 7.4, followed by thiocarbohydrazide (TCH) and Os0.42% Geyer (1969)

Glauert (1975)

Brightman and Reese (1969)
Geyer (1969)
Luft (1971)

Luft (1971)

Luft (1971)
Brightman and Reese (1969)

Geyer (1969)

HV det | mag| HFW | WD I

5 —— 100 pm —
7% | 4.50 kV | vCD |800 x| 373 pm [ 4.7 mm

entro de Apoyo Tecnol:

c .
5t HV | det "Fné;' HFW | WD |Landing E

*110.0kV |vCD |16 000 x[18.6 um| 5.2 mm | 10.0 keV
Fig 2. Colonic mucosa. A) BSE image. 1: crypt, 2:
lamina propria, 3: muscularis mucosae. B) Image A
inverted. C) Apical pole of colonic enterocytes showing a
well-developed brush border (BB). TJ: Tight junctions.
Note a grey material over the microvilli corresponding to

the glycocalyx.

The image quality was assessed by determining
the signal-noise-ratio (SNR) (Peters, 1985; Thong
et al., 2001). This parameter was measured using
the software Image J and the results were ex-
pressed in decibels (dB). Pictures were taken with
and without Beam Deceleration (BD) (Ohta et al.,

2012).

Samples of rat colon treated according to the
protocols listed in Table 1 were micro-analytically
(EDX) examined. An epoxy resin block without any
tissue served as a control. For microanalysis the
samples were coated with carbon (layer thickness
12 nm) in an Electron Beam Evaporator (see
above) and the measurements performed in an
XL30 ESEM (FEI / Philips), equipped with an X-
Ray (EDAX) detector with a SUTW-Sapphire win-
dow (super ultrathin window 0.3 pm thick). The
measurements were performed at 20kV and under
high vacuum. The EDX detector was placed at an
angle of 35°. The data were acquired within 30
sec. without tilting the specimen stage. The spec-
tra were processed with the EDX Control software
version 3.34 (EDAX).

Taking as a reference the number of counts (net
intensity, height of peaks), a statistical analysis
was carried out to establish an average per ele-
ment and region studied (n=6 points at least per
average). This average corresponds to the con-
centration of each element at the point of meas-
urement. EXCEL (version 2007) was used for the
graphic representation of these data.

For orientation and selection of EDX measuring
points, images of the surfaces were recorded with
the BSE Robinson detector at 20 kV and 10 mm
WD.

RESULTS

Morphology

Colon samples, processed according to the 6
treatments described, were coated with carbon or
with platinum and examined in HRSEM under high
vacuum, using BSE for imaging at several magnifi-
cations for comparative purposes and for structural
studies. The grey values of the BSE images were
inverted to create images similar to TEM pictures.

Fig. 2 depicts an example of this procedure. The
histological outlines of the colon wall are easily
recognizable at low magnifications and there are
no significant differences between the 6 treat-
ments. Differences between treatments were first
detectable at higher magnifications, for instance, at
4000X and higher (Fig. 2). While treatments 1, 2
and 3 revealed the finest details of the cell and
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Fig 3. Examples of organs imaged by BFSEM. Spi-
nal ganglion. A (BSE image) and B (inverted image). 5
neurons can be seen. At the left small cell nuclei located
between two neurons corresponding to glia cells. Some
myelinated nerve fibers can easily recognized, as well
as a blood capillary as a hole (upper part) due to vascu-
lar perfusion of the animal. Pituitary gland (anterior
lobe). C (BSE image) and D (inverted image). Note the
high number of secretory granules (1) and the character-
istic appearance of the cell nucleus (2). Exocrine pan-
creas. E (BSE image) and F (inverted image). The im-
age shows the basal part of an acinus with several cell
nuclei and numerous zymogen granules

tissue structure, treatments 4, 5 and 6 yielded less
satisfactory results. In these latter cases the sub-
cellular details were less evident as there are
hardly any differences in contrast in the back-
ground and cellular structures (not shown).

In the images of the wall of the colon fixed ac-
cording to method 2, cytological details such as
tight junctions can be recognized, as well as the
brush border with its glycocalyx, closely associat-
ed with the microvilli (Fig. 2C). In the apical cyto-
plasm in the figure, one can see dense mitochon-
dria that appear to be more or less grouped (Fig.
2C). The cell membrane is also clearly visible on
the lateral surface between neighboring entero-
cytes (Fig. 2C).

The examination of other organs confirmed the
good performance of both method 2 and method
3. For instance, in block-face SEM images of the
spinal ganglion one can appreciate all the ultra-
structural details of this organ of the peripheral

Table 2. Measurements of the signal noise ratio.

Lr:r?tt; BD* Sigg;(l field é?sg%iem - J/gggﬂéld -
100% 96,00% 99,65%
1 no 10,82 12,67 14,07
1 yes 12,57 12,58 16,53
2 no 9,86 11,29 13,17
2 yes 11,49 15,86 14,59
3 no 12,19 11,29 13,91
3 yes = - 19,14 11,57
4 no 18,35 9,16 8,84
4 yes 10,97 9,26 9,83
5 no 13,72 13,61 16,19
5 yes 10,36 13,90 9,64
6 no 9,38 10,83 10,48
6 yes 12,57 11,98 15,48

(*): BD= beam deceleration

nervous system, such as the cell body of neurons,
with nucleus and nucleolus and a cytoplasm that is
rich in organelles. The cell bodies of the neurons
appear to be surrounded by thin sheets of gangli-
onic glia, satellite cells, permitting a view of the
different cellular membranes of each of these for-
mations (Fig. 3A and B). Myelinated axons are
also observed with a dark myelin sheath. Compo-
nents of the stroma containing blood capillaries are
also present (Fig. 3A and B).

Another example of the effectiveness of these
methods is the anterior pituitary, an endocrine
gland constituted of hormone-secreting cells, and
as such rich in secretory granules of different sizes
depending on the cell type, i.e., with a different
hormone content (Fig. 2C and D).

In the exocrine pancreas the secretory granules
are well identified, as are cytological details such
as cell nuclei located in the basal region of the cell.
The granules occupy a supra-nuclear or apical
position (Fig. 3E and F). In the block-face SEM
images, nucleus and chromatin patterns, as well
as the nucleolus, correspond very much with those
seen in standard TEM pictures (Fig. 3E and F).

Image quality

Image quality was determined calculating the
signal/noise ratio (SNR). For this purpose, colon
images with comparable histological motifs were
selected. The images were obtained with and with-
out the application of beam deceleration (BD) and,
as already mentioned in the Material and Methods
section, the working conditions of the microscope
were not changed when using BD.

In the images of samples handled according to
treatment 1, the SNR increased slightly with an
increase in image magnification. Taking the SNR
of images at 800X as a reference, the value of the
SNR increased in the next higher magnifications
by 15%, to reach 30% at 16000X (Table 2). With
BD application the SNR value increased by 16%
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Fig 4. EDX-spectra of colon mucosa specimens processed according to the described treatments. A: treatment 1, B:
treatment 2, C: treatment 3, D: treatment 4, E: treatment 5, F: treatment 6. The inserts show the location of the sites
where measurements were performed (red asterisk).
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and this value remained unchanged in higher mag-
nifications. However, there was a slight increase in
SNR at 16000X (Table 2).

In the case of treatment 2, SNR increased up to
33.6% when compared with the values measured
at 800X and without BD (Table 2). With BD appli-
cation there was an increase in SNR of between
27.00% and 38.00% (Table 2).

In treatment 3, the SNR value compared with the
values measured at 800X and without BD and
then rose by to 14.1%. This increase of SNR was
even more pronounced when BD was applied,
reaching values of 83.5% higher than those meas-
ured at the same magnification without BD. How-
ever, increases of SNR at higher magnifications
were not observed (Table 2).

In treatment 4, and in contrast with the previous
treatments, SNR diminished with increasing mag-
nifications.

In treatment 5, the SNR values differed slightly
from those measured in specimens handled ac-
cording to treatment 4. A comparison of SNR at
800X and at 16000X showed an increase of 18%.
These samples did not display any effect of BD on
SNR (Table 2).

Finally, in treatment 6, and comparing SNR val-
ues at 800X and 16.000X, an increase of 11% in
this parameter was registered (Table 2). Using BD,
the values of SNR at 800X were 34% better with
an increase of up to 47.75 % at magnifications to
the order of 16000X. At lower magnifications (2000
and 4000X) the SNR value increased by 5% to
10.6% and BD did not seem to have had any ef-
fect (Table 2).

X-Ray microanalysis

For microanalysis (point measurements) pre-
determined locations in the tissue were selected,
such as the cytoplasm of enterocytes, the cell nu-
cleus of these cells, smooth muscle cells of the
muscularis mucosae layer and areas of the con-
nective tissue of the mucosa, where bundles of
collagen fibers were clearly identified.

In the specimens processed according to treat-
ment 1, the spectra were characterized by two
peaks of osmium, corresponding to the lines M
and L of this element (Figure 4 A). In addition, a
peak of arsenic was also detected, which was al-
most certainly related to the buffer cacodylate
used in the fixative solutions (Fig. 4A). Other ele-
ments were related to the tissue itself and with the
solutions used in the preparation of the tissue ap-
pearing in the spectrum of the corresponding treat-
ment (Fig. 4A).

In the spectra of specimens processed according
to treatment 2, a prominent osmium peak repre-
sented by the line M, and another peak corre-
sponding to the line L of this element were ob-
served (Fig. 4B). Both peaks indicate the presence
of a high amount of this element (Fig. 4B). The
peak corresponding to sulfur (line K) is directly
related to TCH, a molecule that contains that ele-
ment (Fig. 4B). Finally, the iron peak (line K) that
appears in these spectra is related to the potassi-

um ferrocyanide, which is present in the fixing so-
lution used in this treatment (Fig. 4B).

In treatment 3, the fixing solution is again applied
according to Karnovsky with potassium ferrocya-
nide, followed by a step of uranyl acetate. In the
spectrum the peak of uranium (line M) which ap-
peared is higher than the osmium peak (Fig. 4C). It
is remarkable that, in this case, the osmium peak
is 61.00 % lower than in treatment 2 and over 40%
lower than in treatment 1.

In treatment 4, potassium permanganate was
used instead of osmium tetroxide. The spectrum
here shows the corresponding peaks for manga-
nese (line K) and potassium (line K) (Fig. 4D).

Treatment 5 differs from the previous one in that
uranyl acetate was added to the specimen. In the
spectra, a uranium peak (line M) of considerable
height is displayed (Fig. 4E). In contrast, the man-
ganese peak is lower than in treatment 4 (Fig. 4E).

Treatment 6 followed the same protocol as treat-
ment 5, but with additional steps with osmium te-
troxide and phosphotungstic acid. In this treatment
it is remarkable that the uranium peak is higher
than in treatment 5 (Fig. 4F). In contrast, the peak
for manganese is rather low compared with those
in the spectra of treatment 4 and 5. In the spec-
trum, two peaks of tungsten corresponding to its
lines M alpha and L alpha can be distinguished
(Fig. 4F). With regard to osmium, it is noteworthy
that the peaks are similar to others, for example
those seen in treatment 1.

A graphical representation of the net intensities
of the peaks provides a clearer expression of the
differences in concentration of the elements men-
tioned above (Tables 3 and 4). As the concentra-
tion of these elements depends on the histological
location of the measurement point, a differentiation
is made between measurements in the cellular
cytoplasm and those in the loose connective tissue
- particularly in areas with fibers and without cells.
As previously mentioned, the microanalytic analy-
sis in treatments 4, 5 and 6 shows differences in
the concentration of uranium and manganese. In
the presence of uranyl acetate, the concentration
of manganese from potassium permanganate pre-
sent in the tissue decreases at the same time as
that of uranium increases considerably, a process
that seems to be enhanced in the presence of os-
mium tetroxide and phosphotungstic acid.

DISCUSSION

In the present study a 2D block-face modus for
SEM has been described, which differs in many
respects from that conceived and developed by
the group of Winfried Denk in Heidelberg and
called 3D serial BFSEM (SBFSEM).

These differences can be summarized as fol-
lows. Firstly, this is not a modus designed for 3D
studies: its main advantage is that it enables the
examination of block faces of large dimensions,
which could be very useful in histology, embryolo-
gy and also in histo-pathology. Secondly, it can be
performed in a conventional SEM at high vacuum,
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TABLE 3
Net Intensities measured in the cytoplasm

Os (linel)
1 14,92 )
2 21,08 ) o )
3 6,01 52,04 o )
a o o 105,86 o
s )
6 7,

Mn (line K) W (linel)

U (line M)
)

o 82,51 8,17
14,16 140,72 24,51

Cywpiasm

Intens ity
)
I
1

TABLE 4

Net Intensities measured in the connective tissue
(areas without cells)

Treatment Os (linel) U (line M) Mn (line K)
8,29 o o

11,15 o o

4,07 39,17 o

o o 45,72

o 40,98 30,21

9,14 88,53 9,25

W (linel)

olo|o|ofofo

alu|s|w|n|m

Connective tissue

=] |ez=zmme
=

requiring albeit a conducting coating, in contrast
with other investigations in which BFSEM is per-
formed under environmental conditions (Denk and
Horstmann, 2004; Laue et al., 2005). Thirdly, the
sectioning of the block and the preparation of the
block faces takes place outside of the microscope
using a conventional ultra-microtome: this circum-
stance represents a main difference to the SBF-
SEM, in which a special microtome operates within
the specimen chamber of the SEM (Leighton 1981;
Denk and Horstmann, 2004).

Nevertheless, the BFSEM modus presented here
retains some points in common with the original
block-face procedure. As in SBFSEM, the signal
used to produce images is BSE, and, for further
studies, the grey values of the pictures are invert-
ed, thereafter resembling TEM images (Crewe and
Lin, 1976; Carter, 1980; Seiter et al., 2014).

Our experience and that of other authors is that
an important property of the face of the block is its
smoothness; topographic irregularities especially
impair the digital images. We used the traditional

diamond knife; the surface of the block is depend-
ent on the quality of its edge. However, in the last
few years, alternative techniques such as focused
ion-beam-milling (FIM) have emerged, which have
a great potential to produce surfaces with molecu-
lar perfection, thus largely avoiding disturbances
on the surface (Knott et al., 2008; Schertel et al.,
2013).

For SBFSEM the specimens are stained with
solutions of heavy metal salts — those traditionally
used in transmission electron microscopy (Geyer,
1969). In addition to the classical osmium tetroxide
(Porter et al.,, 1945; Palade, 1952), the present
study applied potassium permanganate several
times, a chemical introduced in electron microsco-
py by Robertson (1958, 1981) and still in use
(Inoue, 1995), but not as yet used in SBFSEM.
Other contrast-giving heavy metals such as urani-
um, tungsten and iron have been used in our pro-
tocols, as they are already well-established in
transmission and also in scanning electron micros-
copy, as, here, they make the specimens conduc-
tive (Glauert, 1975; Plattner and Zingsheim, 1987).
Although not been applied in our study, lead as-
partate should also be mentioned; recently intro-
duced as additional en bloc staining for BFSEM
(Deerinck et al., 2010).

In order to evaluate the results obtained, three
approaches were followed: first the degree of
preservation of the cellular ultrastructure was ex-
amined; second, the signal/noise ratio of the digital
pictures was measured, and thirdly, X-ray microa-
nalysis of the specimens was carried out to detect
and quantify the contrast- giving elements.

Both osmium tetroxide and potassium permanga-
nate have a high affinity for structures rich in phos-
pholipids, such as cyto-membranes (Bozzola et al.,
1999), but did not deliver the same results. Treat-
ments 1, 2 and 3 with osmium yielded the best
images. In contrast, treatment 4, 5 and 6 with po-
tassium permanganate provided images in which
the sub-cellular structures are outlined less pre-
cisely, although, in treatment 6, osmium tetroxide,
phosphotungstic acid and uranyl acetate were
added. These observations correlate with those of
other authors who also used potassium permanga-
nate and osmium tetroxide (Hohmann-Marriot et
al., 2005). The aforementioned comment that os-
mium tetroxide provides better fixation than potas-
sium permanganate has also been observed in
studies combining chemical fixation with freeze-
substitution (Giddings, 2003). Based on the imag-
es obtained, the use of osmium tetroxide rather
than potassium permanganate in BFSEM seems
advisable.

The second criterion in the evaluation of the re-
sults was the measurement of the signal-to-noise
ratio (SNR) (Thong et al., 2001; Sim et al., 2004).
SNR is a parameter expressed in decibels (dB),
which compares the signal collected (desired) with
the level of background (noise) captured
(undesired) of an image (Johnson, 2006). SNR
values in SEM images depend on several factors
such as the noise of the first electron beam, the
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noise caused by fluctuations in the number of sec-
ondary electrons emitted when the primary beam
hits the sample, and noise originating in the detec-
tor used. The noise due to the SE and BSE detec-
tor is insignificant compared to the others (Sim et
al., 2004). Thus, it can be said that the value of
SNR depends on the current of the electron beam,
on the composition of the sample and on its topog-
raphy (Sim et al., 2004). The values of SNR meas-
ured in this study varied, but reached values of
almost 20 dB, which can be considered as a good
SNR value. In treatments 1, 2, 3 and 5 the obser-
vation was made that, with the higher magnifica-
tions, the SNR value also increased, however not
in a linear manner. This phenomenon could be
related to the decrease of the visual field in the
microscope with increased magnification, as dimi-
nution of the field is accompanied by a decrease in
collected noise and consequently higher SNR val-
ues (Peters, 1985). An example of this was seen
in treatment 2, in which SNR increased by more
than 30% between 800X and 16000X. The lowest
value of SNR was measured in treatment 4 with
less than 10 dB at 16000X. In this case the potas-
sium permanganate showed a low emission and a
high noise, giving rise to somewhat blurred imag-
es. However, as the best images do not always
correspond to the highest SNR values, visual esti-
mation of the images is still of indisputable value.

It is possible to improve the BSE signal by using
the so-called beam deceleration (BD) (Phifer et al.,
2009). BD in an SEM allows improvements in both
resolution and image contrast. The main feature of
BD is that the sample is kept under a negative
voltage current so that the primary electrons are
stopped just before the sample surface is reached.
Landing energy (LE) is the term that describes the
energy of decelerated electrons when they impact
with the sample. A recent study suggested that the
greatest benefits could be obtained from BD when
operating at low voltage (Ohta et al., 2012). How-
ever, as long as the landing energy (LE) does not
exceed 5 kV, the results can be quite acceptable
(Ohta et al., 2012).

The third criterion to evaluate the results of this
study was microanalysis, or X-ray dispersive ener-
gy spectrometry, applied to the biological tissues
processed for SEM according to the 6 treatments
described. With this analytical technique a chemi-
cal characterization of the samples was performed
by detecting the elements used for staining
(contrast) them (Golstein et al., 2003). The spectra
revealed the presence of the contrasting elements
and gave information about their concentrations.
Obviously, the tissue localization of these ele-
ments corresponds to the cellular and tissue struc-
tures to which they have affinity (Maunsbach and
Afzelius, 1999).

Treatments 1, 2 and 3 produced varying concen-
trations of spectral peaks of osmium in the sample.
In treatment 2 the concentration of osmium was
almost 10% higher than in treatment 1, which, as
already explained above, is undoubtedly due to
HCT. However, in treatment 3 the osmium con-

centration was 40/45% lower than in the previous
ones. In treatment 2, the samples were first treated
with osmium according to Karnovsky, then with an
intermediate step in TCH, followed by a simple
osmium solution as already used in treatment 1.
In this protocol, TCH functions as a ligand, which
explains why the amount of osmium deposited is
greater in this case. However, we have as yet no
explanation as to why the osmium deposits were
so low after treatment with osmium-potassium fer-
rocyanide. This is the case not only in comparison
with treatment 2 but also with treatment 1, where a
simple buffered solution of osmium tetroxide was
used. It could be that after the application of Kar-
novsky's osmic solution, less osmium was quanti-
tatively deposited, although judging from the TEM
images, these deposits are very accurate in terms
of cellular ultrastructure.

On the other hand, there were quite high depos-
its of uranyl acetate in treatment 3, which can be
explained as follows: When a metal (uranyl ace-
tate) is exposed to contact with the oxide of anoth-
er metal (osmium tetroxide) the oxygen present
reacts with the metal whose Gibbs free energy will
be higher at room temperature (25°C), spontane-
ously forming a bond between them. The Gibbs
free energy variation of uranyl acetate (AG = —
1031.8 kJ /mol) is higher than that of osmium te-
troxide (AG = —-304.9 kJ /mol), so that, in this case,
the concentration of uranium present in the spec-
trum will be greater than that of osmium (Lide,
2005).

In treatment 4, manganese accumulated with
relative concentrations ranging between approxi-
mately 14 and 45%. Treatment 5 is nothing other
than treatment 4 with the additional step with ura-
nyl acetate. The concentration of uranium in the
sample is high, but that of manganese is approxi-
mately 33% lower than that found after treatment
4. This diminution might be caused by uranium.

A similar situation, but even more pronounced, is
found in treatment 6, where the concentration of
uranium is very high in the presence of osmium
and manganese. The Gibbs free energy variation
of potassium permanganate is AG=-737.6 kJ/mol,
so in treatment 5 the reduction of uranyl acetate
compared to permanganate is energetically more
favorable, which corresponds to the detected con-
centrations of uranium and manganese in the
spectra (Lide, 2005).

Traditionally, it is believed that metals used for
contrasting in electron microscopy become depos-
ited in the samples independently of each other.
The possible effects on the quantities deposited
due to interactions, which take place between
them during the staining process, is a quite new
aspect.

Finally, a short comment on the fact that the pic-
tures of the three organs examined reveal the
characteristic ultra-structural features already visu-
alized in conventional transmission electron mi-
croscopy (colon: Leeson, 1982; spinal ganglion:
Andres, 1961; Pannese, 1969; anterior pituitary:
see Bloom and Fawcett, 1975; exocrine pancreas:
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Ekholm et al., 1962). Based on these findings, it
seems appropriate to propose the application of
the 2D BFSEM technique for the study of medical
samples, as in the case of biopsies. Although elec-
tron microscopy (EM) does not find application in
all areas of histo-pathological diagnosis, there are
areas and situations in which EM can offer consid-
erable benefits, which is also conceivable for
BFSEM (Mestres, 2007).
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