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Abstract

We report the use of a focused ion beam/scanning electron microscope (FIB/SEM) for simultaneous investigation of digestive gland

epithelium gross morphology and ultrastructure of multilamellar intracellular structures. Digestive glands of a terrestrial isopod

(Porcellio scaber, Isopoda, Crustacea) were examined by FIB/SEM and by transmission electron microscopy (TEM). The results

obtained by FIB/SEM and by TEM are comparable and complementary. The FIB/SEM shows the same ultrastructural complexity of

multilamellar intracellular structures as indicated by TEM. The term lamellar bodies was used for the multillamellar structures in the

digestive glands of P. scaber due to their structural similarity to the lamellar bodies found in vertebrate lungs. Lamellar bodies in

digestive glands of different animals vary in their abundance, and number as well as the thickness of concentric lamellae per lamellar

body. FIB/SEM revealed a connection between digestive gland gross morphological features and the structure of lamellar bodies. Serial

slicing and imaging of cells enables easy identification of the contact between a lamellar body and a lipid droplet. There are frequent

reports of multilamellar intracellular structures in different vertebrate as well as invertebrate cells, but laminated cellular structures are

still poorly known. The FIB/SEM can significantly contribute to the structural knowledge and is always recommended when a link

between gross morphology and ultrastrucutre is investigated, especially when cells or cellular inclusions have a dynamic nature due to

normal, stressed or pathological conditions.

r 2007 Published by Elsevier B.V.

PACS: 87.14.Cc; 87.16.�b; 87.16.Dg; 87.64.Ee

Keywords: Focused ion beam; Scanning electron microscopy; Crustacea; Isopoda; Hepatopancreas
1. Introduction

Currently there are numerous microscopy methods
available to provide subcellular structural information at
resolutions as low as 1–2 nm [1–3] but simultaneous
imaging of intracellular structures and tissue gross
e front matter r 2007 Published by Elsevier B.V.

tramic.2007.10.010

ng author. Tel.: +386 1 4233388; fax: +386 1 2573390.

ss: damjana.drobne@bf.uni-lj.si (D. Drobne).
morphology continues to be a challenge in the structural
investigation of biological samples. Recently, focused ion
beam/scanning electron microscopes (FIB/SEM) have been
used in the field of life sciences [4–11] and offer an
attractive possibility with which to expand sample surface
investigations by subsurface structural research at any
location of interest. The introduction of FIB for in situ

exposure of subsurface structures has the potential to
produce structural information on biological samples
that may be overlooked or missed when switching from
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surface investigation performed by conventional SEM to
transmission electron microscopy (TEM) ultrastructural
research.

The FIB/SEM system is a combination of a focused ion
beam, an electron beam and secondary ion and/or
secondary electron detectors. A focused ion beam of
gallium (Ga+) ions at low beam currents is used for
imaging, and high beam currents are used for site
specific in situ sputtering or milling. The signals from the
sputtered secondary ions or secondary electrons are
collected to form an image [12]. FIB/SEM investigation is
applied to bulk samples prepared for conventional scan-
ning electron microscopy or on bulk resin-embedded
specimens at any chosen site [11]. The imaging resolution
of the FIB/SEM system theoretically achievable on
biological samples, where the field emission gun
(FEG SEM) is used at a low accelerating voltage of
5pkeV, is 1 nm [11,13].

In this study, we tested the applicability of a FIB/SEM
system for simultaneous ultrastructural research into
multilamellar intracellular structures and morphological
characteristics of the tissue. Multilamellar cellular struc-
tures are frequently present in various vertebrate and
invertebrate cell types under normal, stressed and patho-
logical conditions. The concentric or stack-like intracellu-
lar lamellar structures have a variety of names. In the older
literature, laminated membranous structures were mainly
termed myelinoid bodies or myelinosomes. More recently,
those that serve as specialized lipid storage and secretory
organelles in some vertebrate cell types and which have
multilamellar structures from 100 to 2400 nm in diameter,
are termed lamellar bodies. They are lysosome-related
organelles [14–21]. The best known and most investigated
Fig. 1. A manually opened digestive gland tube: scanning electron

micrograph of posterior two-thirds of partly opened gland tube.
lamellar bodies are produced by pneumocyte II cells
[18,19,21–26].
The structural appearance and abundance of intracel-

lular lamellar inclusions in vertebrate cells change in
many diseases and stressed conditions and as a result of
action of agents with different pharmacological profiles
[15,17,27–35].
In invertebrates, multilamellar intracellular structures

have also been frequently found in a variety of tissues and
organisms and have been given different names. In insects,
they were described in fat bodies [36], in midgut [37,38],
and in pheromone-secreting mandibular glands [39]. They
were found also in the cell nucleus of young oocytes after
Fig. 2. An FIB milled digestive gland epithelium: scanning electron

micrographs of large B- and small S-cells of hepatopancreas before (a) and

after (b) FIB milling. L—lipid droplet, S—S-cell, B—B-cell.
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exposure of the earthworm to cadmium [40]. Multilamellar
intracellular structures have often been detected in the
digestive system of different crustacean species [41–46]. In
isopod crustaceans, they were found in normal hepatopan-
creatic cells, but at increased levels in metal-stressed
animals [45].

The most detailed morphological description of multi-
lamellar cellular structures has been provided for lamellar
bodies in lung tissue [20,47–49]. Lamellar bodies were
described as membrane-bound granules composed of
densely packed monolayer lamellae, with a unit mem-
brane-like structure and thickness. Some lamellae were
reported to have intramembranous particles and others
were described as having a smooth surface [48]. Free-
ze–fracture replica techniques enabled the estimation of the
thickness of lamellae which was approximately 10 nm [48].
In some lamellaer bodies, lamellae are concentrically
oriented and in others, a single lamella reverses its direction
to form a closed sac and the strip-like appearance of a
lamellar body [48].

In our work, a FIB/FEG SEM system was employed for
simultaneous investigation of the digestive gland epithe-
lium gross morphology and the ultrastructure of multi-
lamellar intracellular structures in isopod crustacean
(Porcellio scaber, Isopoda, Crustacea). Isopod digestive
glands (hepatopancreas) have been intensively investigated
Fig. 3. An FIB milled B-cell, which is in the extruding phase: scanning electro

apical part of a cell, L—lipid droplet, LB—lamellar body.
by means of light microscopy, and scanning and TEM
[7–9,44–46,50,51]. Multilamellar intracellular structures
were detected in the digestive glands under normal and
stressed conditions, but their morphology has not been
described in detail [44–46].
In the work presented here:
(a)
n mic
the FIB/SEM system was used for simultaneous
structural study of multilamellar cellular structures in
hepatopancreas of P. scaber and the gross morphology
of the digestive gland epithelium;
(b)
 the structural characteristics of multilamellar intracel-
lular structures obtained by FIB/SEM and TEM were
compared;
(c)
 successive FIB sectioning and SEM imaging were
performed to reveal the contact between a multi-
lamellar inclusion and a lipid body.
The perspectives of FIB/SEM for structural research of

biological samples are discussed.

2. Material and methods

Terrestrial isopods, P. scaber (Latreille, 1809) (Isopoda,
Crustacea), were collected from under concrete blocks and
pieces of decaying wood.
rographs of FIB exposed interior of a B-cell. Asterisk—disintegrated
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2.1. Sample preparation for FIB/SEM

Digestive gland tubes (hepatopancreas) were fixed in
1.0% glutaraldehyde and 0.4% paraformaldehyde in 0.1M
sodium cacodylate buffer (pH 7.2) for 2.5 h at room
temperature. The chemically fixed samples were processed
by OTOTO (OsO4/thiocarbohydrazide/OsO4/thiocarbohy-
drazide/OsO4) [52]. After dehydration in a graded series of
ethanol solutions, the samples were dried at the critical
point (Balzers Critical Point Dryer 030) and gold sputtered
(Sputter coater SCD 050, BAL-TEC, Germany). Digestive
glands of a total of eight animals were investigated by the
FIB/SEM system.

2.2. FIB/SEM operation

The samples were fixed on brass holders with high purity
silver paint (SPI) and mounted on carbon discs fixed on
aluminium holders. Samples were stored in a dessicator
until analysis. In the chamber of the FIB/SEM system
(FEI Strata DB 235M dual beam, Modena University,
Italy) the samples (usually four at once) were fixed on a
silicon wafer holder (5 cm diameter, 6-axis eucentric stage).
The ion currents for milling were between of 5 and 7 nA,
the beam energy was approximately 30 keV Ga+.
Lower beam currents were used for the cleaning mill
Fig. 4. An FIB milled B-cell, which is in the non-extruding phase of the digesti

L—lipid droplet, LB—lamellar body, V—vesicles with net-like material, arrow
and were in the range of 0.3–1 nA. Ions were field-emitted
from a liquid metal ion source. The spot size in the
case of milling was approximately 200–300 nm in diameter,
and in cleaning approximately 50–100 nm in diameter.
The dwell time for milling was 1 ms/spot and the overlap
was 50%. SEM imaging was performed by the field
emission (FE) electron column available in the same
system. The spot size in the case of SEM varied up to
5 nm in diameter. In FIB/SEM, secondary electron
detectors were used to collect the signal produced by a
primary electron beam.
FIB milling and SEM imaging were performed

in 2–4 cells in the median parts of the gland tubes. One
or two of a total of four tubes were investigated in each
animal.

2.3. Sample preparation for TEM

The tissue for TEM was fixed in 3.5% glutaraldehyde in
0.1M phosphate buffer (3–4 h), rinsed in the same buffer,
postfixed in 1% OsO4 (1 h), dehydrated in ethanol and
embedded in Spurr’s resin. Ultrathin sections (Reichert
Ultracut S) were stained with uranyl acetate and lead
citrate. Samples were inspected with a CM 100 Philips
microscope and images documented with BioScan 792
camera (Gatan).
ve cycle: scanning electron micrographs of FIB exposed interior of a B-cell.

s—lamellar connections between the two adjacent lamellae.
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Fig. 5. Lamellar bodies imaged by TEM: transmission electron micro-

graph of lamellar bodies in two different animals.
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3. Results

Digestive glands (hepatopancreas) of P. scaber are
composed of four spiral blind-ended tubes. Two-thirds
(the posterior and middle parts) of a manually opened tube
are shown in Fig. 1. The hepatopancreatic epithelium
consists of two cell types, large B- and small S-cells wedged
in between B-cells (Figs. 2a and b). We investigated the
ultrastructure of B-cells in the medioposterior part of gland
tubes of eight animals. In some of the gland tubes
investigated, B-cells were filled with lipid droplets
(Figs. 2a, b and 3a–d) and some of these extruded their
content into the gland lumen (Figs. 2a and b). In other
animals, B-cells contained fewer lipid droplets and extru-
sion of cellular content into the gland lumen was not
detected (Fig. 4a).

The FIB milling of gland epithelium exposed the interior
of B- and S-cells (Figs. 2a and b, 3a–d, 4a–d and 6a–f).
The most prominent ultrastructural elements of B-cells
were lipid droplets of different sizes, and spherical
multilamellar intracellular structures. Due to structural
similarities of multilamellar structures found in the
hepatopancreatic cells with lamellar bodies reported
previously, we use this term. The diameter of lamellar
bodies is in general 0.5 mm, but sometimes it can be as
much as 1 mm (Figs. 3a–d, 4d, 6a–f). The core of a
multilamellar structure was observed in some cases to be
composed of dense material (Fig. 6c).

Lamellar bodies were detected in all the animals
investigated. There were no differences in the appearance
of lamellar bodies when different cells of the same tube or
of different tubes of the same animal were compared
(Figs. 3a–d and 6a–f). However, the abundance of lamellar
bodies, the thickness of concentric lamellae in a lamellar
body and number of lamellae in the lamellar body varied
among the animals. In three of the eight animals
investigated by FIB/SEM, the concentric lamellae were
thin and there were more than five concentric lamellae in
the lamellar body (Figs. 3c, d and 6a–f). In five of the eight
animals investigated, the concentric lamellae were thick
(Figs. 4c and d). There were less than five concentric
lamellae in the lamellar body.

On the basis of conventional TEM analysis of the
B-cells’ ultrastructure, multilamellar concentric spherical
structures described by FIB/SEM would appear to
correspond to the multilayered vesicles displayed on
TEM images (Figs. 5a, b and 7). Our suggestion, that the
FIB/SEM and TEM images represent the same type of
structure in B-cells, is based on the following ultrastructur-
al criteria: spherical shape; a diameter around 1 mm;
concentrically arranged lamellae; frequent grouping of
these structures and association with lipid droplets.

Occasionally, lamellar bodies were observed to be
associated with lipid droplets (Figs. 6a–f and 7). Subse-
quent serial FIB milling operations revealed the core of the
lipid body surrounded by a thick envelope and in close
association with the lamellae of a multilamellar structure.
Lamellar bodies were also observed to contain net-like
and/or granular material (Figs. 3b–d, 4d, 5a, and b).
The ultrastructural variability of lamellar bodies in

isopod hepatopancreatic cells is manifested in different
numbers and thickness of concentric lamellae and in the
variety of associations with other cellular structures.
The highest ultrastructural variability of lamellar bodies
was observed in non-extruding hepatopancreatic cells
(Figs. 4a–d). In the extruding cells, the number of
concentric lamellae per lamellar body was always higher
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Fig. 6. Successive milling of a lamellar body and lipid droplet: scanning electron micrographs of six successive milling operations that gradually reveal the

association between a multilamellar body and a lipid droplet. M—microvilli, L—lipid droplet, LB—lamellar body, C—core of a lamellar body, arrows—

edges of milled trench (a), arrow—lamellar connections between the two adjacent lamellae (c).
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than those in the non-extruding cells and they had a more
regular concentric arrangement (Figs. 3a–d).

Successive milling operations were performed to reveal
the association between a lamellar body and a lipid
droplet (Figs. 6a–d). After repeated milling, the ultra-
structure of the milled lamellar body remained unaffected
(Figs. 6a–d).

Ultrastructural information on lamellar bodies obtained
by FIB/SEM is in accordance with that revealed
by conventional TEM (Figs. 3a–d, 5a, b, 6a–f and 7).
The advantage of the FIB/SEM system is that it enables
topographical imaging of any selected lamellar body
and at the same time provides information on the
gross morphology of the investigated organ/tissue
(hepatopancreas).

4. Discussion

We have demonstrated that FIB/SEM is suitable for
simultaneous investigation of sample surfaces and subsur-
face structures. In SEM the contrast is based primarily on
specimen topography and in TEM on the number of



ARTICLE IN PRESS

Fig. 7. Lamellar body in a close association with a lipid body imaged by

TEM: transmission electron micrograph of a lamellar body attached to a

lipid body.
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electrons transmitted through the specimen, and conse-
quently, the cell ultrastructures imaged by SEM or TEM
appeared different. However, multilamellar intracellular
structures and lipid bodies in digestive glands of a
terrestrial isopod P. scaber show the same characteristics
when examined by FIB/SEM or by TEM.

The ultrastructure of multilamellar intracellular inclu-
sions in the digestive glands of P. scaber, resembles that of
lamellar bodies described in the literature, and we employ
this term. Lamellar bodies were found in B-cells of
hepatopancreas in all investigated animals. Their number,
size and ultrastructure vary, but most commonly, they
have concentric periodicity of the lamellae. The same
ultrastructural appearance of lamellar bodies was observed
by TEM in vertebrate type II pneumocytes [18–20,
22–24,27,53–55], in posterior midgut gland ceca of
the decapod crustacean, Lepidophalmus lousianensia

(Decapoda, Crustacea) [42] and in hepatopancreas of the
terrestrial isopod P. scaber (Isopoda, Crustacea) [44–46].
Our results confirm the dynamic nature and the structure
of the lamellar bodies in the hepatopancreatic cells.

We observed a connection between digestive gland gross
morphological characteristics (extruding and non-extrud-
ing phase of a cell) and the structure of lamellar bodies.
How the structural variability of lamellar bodies is related
to the function of hepatopancreatic cells remains to be
investigated and FIB/SEM appears to be a very suitable
tool for such type of structural research.

We found close and various kinds of associations of
lamellar bodies and lipid bodies which are in agreement
with published data and consistent with their function
[21,33]. The major known role of lamellar bodies is in the
supply and turnover of certain lipids between organs within
the organism. The role of lamellar bodies in the isopod
hepatopancreatic cells however is not clear.
The FIB/SEM investigation of biological cells and tissue

has been conducted by other laboratories [11,56–58]. The
FIB/SEM was used preferably on embedded biological
samples. On the basis of the results presented in this study,
we encourage the use the FIB/SEM on biological samples
prepared for conventional SEM. The aim of such an
approach is to establish a link between larger scale tissue
morphology and cellular and subcellular structures. We
believe that the ability to reveal specific intracellular
structural details and to link them to the gross morphology
of the tissue or organ is currently among most promising
and beneficial applications of FIB/SEM in life sciences.
This is of particular interest when cells or cellular
inclusions have a dynamic nature due to normal, stressed
or pathologic conditions.
5. Conclusions
1.
 The FIB/SEM has demonstrated the same ultrastructur-
al complexity of lamellar bodies as indicated by TEM.
2.
 As revealed by TEM, close and various kinds of
associations of lamellar bodies and lipid bodies were
found.
3.
 Since the SEM and TEM differ in image formation, the
images obtained by the two methods are complementary
but not redundant.
4.
 FIB/SEM reveals a connection between the gross
morphological features of the digestive gland and the
structure of lamellar bodies. Such a connection could
not be easily demonstrated by conventional electron
microscopy.
5.
 We successfully generated 50 nm successive FIB sections
of chemically fixed and critical point dried samples and
we easily identified the contact between a lamellar body
and a lipid droplet.
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