
SUMMARY

We have implemented a simple program to solve
three of the problems related to 3D reconstruction
(3D-Rec) of soft tissues: alignment of sections,
distortions, and estimation of the spatial position
of elements of interest inside the tissues. As a mod-
el, we chose the distribution of FMRFamide-like
immunopositive neurons in the ventral ganglion of
the barnacle Balanus amphitritecollected during
different seasonal periods. Images of immunos-
tained sections were acquired by means of a CCD-
camera-equipped microscope and a PC and the ref-
erence points were taken inside the sections. The
FMRFamide-like immunopositive neurons detect-
ed in the barnacle ventral ganglion were grouped
into four different classes according to size, shape
and staining intensity. More numerous FMR-
Famide-like immunopositive neurons were detect-
ed in the autumn-collected barnacle than in the
summer counterpart. The two 3D reconstructions
obtained from transverse and longitudinal ventral
ganglion sections were efficaciously compared
after 90° rotation of one of them. Comparison of
these two 3D-Rec suggests the presence of at least
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two groups of FMRFamide-like immunopositive
neurons that are seasonally-related and probably
involved in reproduction. 

INTRODUCTION

Conventional microscopy yields only two-dimen-
sional (2D) images. This fact implies that the three-
dimensional (3D) organisation of biologically inter-
esting structures, such as organs or tissues, can be
lost or misinterpreted (since the single histological
sections are too thin in comparison with the volume
of the structures investigated). Since individual sec-
tions cannot be representative of an overall situa-
tion, it is hard to grasp the structural relationship
between different tissues and the spatial distribu-
tion of cells. Attempts to solve the problem of 3D-
reconstruction (3D-Rec) from serial sectioned
images have been made by various authors, who
have developed specific programs for computer-
aided 3D-Rec (Gaunt and Gaunt, 1978; Geraud et
al., 1988; Runham et al., 1990; Moss, 1992; Cook-
son, 1994; Liss and Wiberg, 1997; Weninger et al.,
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1998). Most of these methods are time-consuming,
require expensive hardware and are not directly
suitable for morphological research associated with
immunohistochemistry and other cytochemical
techniques. A method has recently been developed
to solve 3D-Rec problems by the use of external
fiduciary markers, but it is difficult to use with
paraffin- embedded specimens (Streicher et al.,
1997). In this paper we present a further procedure
designed to solve at least three of the problems
related to 3D-Rec when physical sectioning is per-
formed, namely: alignment of sections, distortions,
and estimation of the position of the section plane in
3D-space. Our specimens were paraffin-embedded,
though the procedure also operates correctly with
resin-embedded tissues. In the latter case, owing to
the characteristics of the resin, there is less shrink-
age and distortion of the soft tissue. In this paper it
is not necessary to know the actual size of the spec-
imens, but to maintain constant the eventual arti-
facts for a useful comparison; this is achieved by the
use of the same embedding techniques.
As a model, we chose the spatial distribution of

FMRFamide-like immunopositive neurons (FLINs)
in the ventral ganglion (VG) of the barnacle Bal-
anus amphitrite.Barnacles are highly specialised
Crustacea which have a markedly reduced head and
abdomen, and a single ventral ganglion instead of
five distinctly separate thoracic ganglia as found in
other species of this class (Cornwall, 1953;
Gwilliam and Cole, 1979; Gwilliam, 1987; Tagli-
afierro et al., 1992; 1994; Callaway and Stuart,
1999), with a small number of FLINs (Tagliafierro
et al., 1989). The tetrapeptide FMRFamide (Phe-
Met-Arg-Phe-NH2) was originally isolated from the
ganglia of the clam Macrocallista nimbosaby Price
and Greenberg (1977) as a molluscan cardio-excita-
tory neuropeptide, and subsequently immunohisto-
chemically detected in the nervous system of vari-
ous invertebrates and vertebrates (Kobierski et al.,
1987; Thorndyke, 1989; Vallarino et al., 1995).

MATERIALS AND METHODS

Twenty adult specimens of B. amphitrite of the
same size were collected in the Port of Genoa
(Italy) during two different seasonal periods. Bar-
nacles were killed by a lethal concentration of MS-
222 (Sandoz, CH), diluted 1:1000 in sea water.
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The bodies of the barnacles were removed from
the shell, fixed in Bouin or 4% paraformaldehyde
and embedded in Paraplast (Sherwood Medical,
Ireland). Both longitudinal and frontal consecu-
tive sections (5 mm thick) of the whole barnacle
body were cut and mounted on polylysine-coated
slides. The sections were immunostained using
the indirect immunoperoxidase method (Stern-
berger, 1979): dewaxed sections were rinsed in 0.2
M phosphate-buffered saline, pH 7.4 (PBS), pre-
treated with 2% H2O2 in PBS to eliminate endoge-
nous peroxidase activity, and incubated overnight
in a moist chamber, at room temperature, with a
polyclonal antiserum raised in rabbit against syn-
thetic-FMRFamide (Affinity, UK), diluted 1:400
in PBS. After rinsing in PBS, the sections were
incubated for 1 hour at room temperature with a
goat anti-rabbit antiserum conjugated with perox-
idase (Dako, DK) diluted 1:100 in PBS. The per-
oxidase was stained with a fresh solution of 3-3-
diaminobenzidine-4HCl (DAB) (30 mg/100 ml)
and H2O2 (0.01%).
To increase the specificity of the method, both

positive and negative controls were carried out.
Pre-absorption of the antiserum with its corre-
sponding antigen always gave negative results.

Image processing and visualisation
In order to obtain 3D-Rec of the spatial distribu-

tion of immunopositive microscopic biological
structures inside tissues or organs, it was neces-
sary to use an integrated imaging system for
acquiring, analysing, treating and visualising
images of a complete set of serial immunostained
sections. This 3D-Rec was performed in three
steps:
1) image acquisition and digitalisation;
2) digital image processing;
3) 3D-visualisation by a system of virtual-reality

hardware and software.
1) Image acquisition and digitalisation. Com-

plete sets of images obtained from serial sections
of a particular biological structure, and a digital
image acquisition system, should be used. In this
study we used a 486 PC, a Sony DXC-107 P
video-camera, and an Olympus optical micro-
scope, model BH2-RFCA(objective lens: 20x,
0.40 NA; ocular lens NFK 2.5X LD). The acquisi-
tion and quality enhancement of the images were
carried out by means of Global Lab Image soft-
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ware, version 3.1 (©1984 Data Translation, Inc.
and Acuity Imaging), running under Windows 3.1
and an interface schedule model DT2867 (Data
Translation, Inc. USA). All images were originally
8-bit digitised and subsequently recovered into
Tagged Image File (TIFF) and Raw. Grey-tone
image acquisition was performed using a CCD
camera with auto-balance of white-tones, after
contrast and integration calibration (Russ, 1995).
2) Digital image processing. The program used for

image segmentation and image overlapping was
implemented under Matlab (Mathworks Inc). This
program runs under UNIX and Windows operating
system platform. A PC with a processor of at least
486-DX4 100 Mhz and 128 Mbytes of RAM is
required. Before segmentation, a low-passmedium
filter was utilised as critical decision of a particular
thresholdlevel. The segmented elements of interest
could be the contour-line of the structure studied
and the localisation of various objects inside. The
contour-line was indicated by thin stroke (a few pix-
els wide) and the position of the object located
inside was indicated by one spot of variable size. In
this study both strokes and spots were 100% defi-
nite, with maximum density and without any trans-
parency, fading or spacing. Preferably, they should
be marked in a colour that is almost absent from the
image. After segmentation, the images must be
aligned, as they rarely present the same spatial ori-
entation. This step, called roto-translation, is critical
and can be carried out by implementing a second
algorithm, which makes it possible to obtain a pile
of overlapped images from a set, or few stacks, of
consecutive sections. Alignment was effected by
using three fiduciary markers, which must be cor-
rectly superimposed. These markers usually corre-
spond to extrinsic fiduciaries, like thin threads,
inserted into the specimen during inclusion; one of
these markers must be used as a hinge while the oth-
er two function as a guide and a control. In our spec-
imens, the use of extrinsic fiduciaries would cause
relevant damage to the ganglion because of its small
size; thus it was necessary to choose internal mark-
ers. We used two giant striated muscle fibres run-
ning for a sufficiently long tract, and one cuticle pit
near the ventral ganglion. These markers were evi-
denced in the same way as those used to identify the
location of the internal objects of interest.
The roto-translation process consisted of three

steps. 
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2.1) Fiduciary identification.
2.2) Roto-translation.
2.3) Cropping.
Fiduciary acquisition was directly performed by

selecting the fiduciary markers by means of the
mouse. The first image acted as a model for the
rotation. The file was selected and activated; the
first fiduciary marker (the hinge) was selected and
then the second one (the guide which imposes the
angle of rotation). The same was done for the sec-
ond image. On selecting the command “rotate” of
our program, the second image will be rotated and
saved in a new file. By means of the option “com-
pare images”, the first image and the second rotat-
ed image can be overlapped and visualised to ver-
ify the result. While the program rotates the sec-
ond image for the alignment, it automatically
effects the cropping. Cropping is the cutting of
those portions of rotated images that cannot be
included inside the first image. The images so
obtained were transformed into binary files and
read as a whole, or stack, by different programs
concerning 3D visualisation. 
The result will be the representation of the inter-

nal object distribution and the contour-line of the
ganglion, reconstructed in a virtual volume.
4) 3D visualisation. We performed 3D visualisa-

tion by means of the “ray tracing” technique
(Diaspro et al., 1990; Diaspro et al. 1996) using
the “image application platform” (IAP; ISG Tech-
nologies, Toronto, Canada), a software for dis-
playing images interactively. The graphic inter-
face runs under UNIX X-11 OSF/MOTIF, resident
on the HPworkstation 9000/735. The operator can
interact with each image to change the point of
view. The processed images may be displayed in
stereo vision using liquid crystal glasses (Crystal
Eyes, Stereographics Inc., San. Raphael, CA,
USA) or with a head-tracker, directly connected
with the head of the observer (Beltrame et al.,
1995; Diaspro et al., 1996). We prepared two
stacks of each set of consecutive sections: one
stack displayed the position of the internal objects
together with the contour-line, and the other stack
displayed the position of the internal objects only,
without the contour-line. Alternatively, it is also
possible to display the contour-line as a transpar-
ent envelope together with the internal object dis-
tribution.
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RESULTS

Using FMRFamide antiserum, a few immunopos-
itive neuron cell bodies and numerous immunopos-
itive nerve terminals were detected in both longitu-
dinal and transversal sections of B.amphitriteven-
tral ganglion. Most of the immunopositive neurons
were located in the cortical portion and only a few
in the central neuropil (Figs. 1-2). They were dif-
ferent in size and immunostaining. They were sub-
divided into four groups, symmetrically localised
on either side (Figs. 3-5): 
a) faintly immunostained neuron cell bodies of

large size (>30m);
b) strongly immunostained neuron cell bodies of

medium size and triangular shape (15-30m); 
c) neuron cell bodies of small size (<15m);
d) one strongly immunostained neuron cell body

of medium size (15–30 m) and one small (10m)
round neuron cell body; 
The serial immunostained sections of the ventral

ganglion were then processed for 3D-Rec as indi-
cated in Materials and methods. To reconstruct the
spatial distribution of FLINs, we used two com-
plete sets of images obtained from serial immunos-
tained sections of two B. amphitriteventral gan-
glia, oriented perpendicularly to each other.
Instead of physical markers, it was necessary to
choose internal markers near the ventral ganglion,
such as one cuticle pit and two of the giant striated
muscle fibres, which are near the ventral ganglion
and characteristic of barnacles, as shown in Fig. 6.
The elements of interest to highlight by segmenta-
tion were the neural sheet, representing the con-
tour-line, and the FLIN cell bodies, as the internal
objects. The contour-line of the ventral ganglion
was indicated by a 4-pixel-wide stroke, and the
position of each FLIN cell body section by a 8-pix-
el-diameter spot. Both strokes and spots were red
at saturation, 100% definite, with maximum densi-
ty and without any transparency, fading or spacing.
We used the colour red, corresponding to the grey
level 76, because this value was almost absent
from our images. We have already explained that
fiduciary markers must be used as a hinge, guide
and control during alignment (Figs. 7 and 8). The
digital images were roto-translated and overlapped
as indicated above (Figs. 9 and 10).
The result will be the external view of the ventral

ganglion (Fig. 11), the representation of the FLIN
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cell body distribution inside the ventral ganglion
contour-line, reconstructed in a virtual volume
(Figs. 12 and 13), and finally the distribution of
the FLIN cell bodies, without the external sheet
(Figs. 14 -16). The four different groups of neu-
rons identified during microscopic observation
were indicated as 8-pixel-diameter spots stained in
4 colours at saturation: blue, green, red, and yel-
low, respectively. Each spot corresponded to one
body neuron section, and the neuron cell bodies
were represented by one to three slightly superim-
posing coloured spots depending of their size. In
the autumn-collected barnacles, 3D-Rec (Fig 14)
showed 50 immunopositive neurons organised in
clusters along the antero-posterior and the dorso-
ventral axis of the ventral ganglion. The group a
(blue) was arranged in two clusters (a1, a2) locat-
ed in the ventral cortex: one in the median region
and the other anteriorly. The group b (green) was
arranged in one cluster located in the posterior
region of the dorsal cortex. The group c (red) was
the most numerous: the neurons were arranged in
5 clusters, four in the cortex, and one in the cen-
tral neuropil area. Two clusters (c1, c2) were
found in the posterior region, the third (c3) in the
mid-dorsal region, the fourth (c4) in the antero-
ventral region, and the fifth (c5) in the antero-dor-
sal region. The four neurons of group d (yellow)
were located in the dorsal cortex, anterior to those
of group b (Fig. 14). In the ventral ganglion of
summer-collected barnacles, all groups were still
present, but they were fewer in number. The 3D-
Rec of the serial immunostained transverse sec-
tions of one summer-collected barnacle showed
the presence of only 20 FLINs and showed the
ventral ganglion in a different perspective, since
the orientation for the reconstruction was perpen-
dicular to the previous one. The two 3D-Rec thus
obtained were perpendicular to each other, since
they came from longitudinal and transverse sec-
tions of the ventral ganglion, but they could be
compared after 90-degree rotation of one of them
by means of the 3D-Display program.
Comparison of the autumn 3D-Rec (Fig. 15) with

the summer 3D-Rec (Fig. 16) revealed that in the
latter period of the year the immunopositive neu-
rons of groups a and c were diminished in number,
while a new cluster of immunopositive neurons of
group b (indicated asb2) was present in the ven-
tral portion. 
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Figs. 1-6 -B. amphitrite, ventral ganglion. FMRF-amide immunopositive neuron cell bodies (small head arrow) and nerve fibres
(double small head arrows). v: ventral side, d: dorsal side, a: anterior side. Immunoperoxidase-DAB. (1) Longitudinal section
showing one immunopositive neuron of group b in the cortical ventral region. 150x. (2) Longitudinal section showing two
immunopositive neurons of group b near the central neuropil. 250x. (3) Longitudinal section with one immunopositive neuron
of group a and two immunopositive neurons of group c. 200x. (4) Longitudinal section with one immunopositive neuron of group
b located in the dorsal side. 250x. (5) Transverse section showing three of the four immunopositive neuron cell bodies of group
d in the cortical dorsal region. 250x. (6) Autumn-collected barnacle, longitudinal section. The arrowhead represents the muscu-
lar fibres used as control marker, the arrow represents the muscular fibre used as guide for rotation, and the asterisk represents
the pit of the cuticle used as hinge marker. 100x.
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DISCUSSION

3D-Rec based on serial histological sections is at
present the most useful method of obtaining infor-
mation on the spatial distribution or organisation
of one or more particular cell types inside various
kinds of biological organs. In the present study, we
used an image processing system in order to
design a method which requires a minimum of
knowledge of computer science. This approach to
3D-Rec from serial sections offers some advan-
tages; one of the most important being that align-
ment can be carried out objectively and in a semi-
automatic way. We aligned the serial sections
using virtual fiduciary markers taken inside and
near the biological structure studied, instead of the
extra-specimen markers used by other authors
(Runham et al., 1990; Streicher et al., 1997). 
Semi-automatic alignment works better than pre-

vious solutions, such as that using physical models
or the superimposition of transparent drawings
(Geraud, 1988; Weninger et al., 1998); it does not
require any particular graphic or artistic aptitude
on the part of the operator, who can operate in a
standardised and reproducible way. The availabili-
ty of a well-defined working protocol enables
many 3D-Rec of biological objects to be elaborat-
ed in a relatively short time, as a large number of
images can be easily filed on a PC. External mark-
ers have various advantages and are certainly con-
venient and of great objectivity (Streicher et al.,
1997), but they cannot be used if the object of the
reconstruction is paraffin-embedded and of small
size, such as the barnacle ventral ganglion
(<0.5mm). The external markers (thin threads or
drill holes), even if very close to the barnacle body,
are still too far from the ventral ganglion and fall
outside the optical field when a 20x objective lens
is used. The transverse section of two giant striat-
ed muscle fibres (peculiar to the barnacle), which
show no variation in size and shape, and run per-
pendicularly to the ventral ganglion for a conve-
nient distance, can substitute for the external mark-

101

ers very well. The use of internal anatomical land-
marks was already successfully performed by
Gaunt and Gaunt (1978). 
The method illustrated here enables us to recon-

struct not only the contour of the object, in this
case the neural sheet of the barnacle ventral gan-
glion, but also the distribution of various struc-
tures present inside this contour, i.e. the different
groups of FLINs. The random distribution seen in
the 2D histological sections is transformed by 3D-
Rec into a well-defined cluster organisation along
the ventral ganglion axes. This 3D FLIN distribu-
tion is in accord with the fact that the ventral gan-
glion of the barnacle is derived from the fusion of
thoracic ganglia. The small neurons of group c
organised into 5 clusters may correspond to those
found anteriorly in every thoracic ganglion of
more evoluted Crustacea (Kobiersky et al., 1987). 
Comparison of the 3D distribution of FLINs in

barnacles collected in different seasonal periods
allowed us to suggest that at least three of the
FLIN groups showed variation in number and
immunopositivity according to the period of the
year considered. This variation could be related to
reproduction, and in particular to oogenesis. A
more accurate quantification and statistical analy-
sis concerning the presence of FLINs in different
periods of the year are necessary to confirm this
hypothesis, as well as the presence of FMRF-
amide immunoreactive nerve fibres in the repro-
ductive organs in some periods of the year.
The 3D visualisation method allows the operator

to display the 3D-reconstructed structures from
different perspectives, and to compare stacks of
sections obtained from different sectioning planes
(Diaspro et al., 1996). To underline the suitability
of this 3D-Rec program, we comparedthe 3D-Rec
obtained from longitudinal ventral ganglion sec-
tions with that derived from transverse ventral
ganglion sections; although they are orthogonal to
each other, they can be compared after rotation of
one of them. This possibility constitutes another
advantage of the computer aided 3D-Rec, and for

Figs. 7-12 - Computational representation of image processing and visualisation. The first (7) and the second segmented images
(8); the contour-line of the ventral ganglion is drawn at the computer by a thin stroke, the three fiduciary markers (the hinge with
an asterisk, the guide with one arrow and the control with an arrowhead) and the immunopositive neurons by spots. (9) The sec-
ond image after roto-translation. (10) Alignment and overlapping of the two images. (11) 3D visualization of the external neur-
al sheet of ventral ganglion, view from the ventral side. (12) 3D representation of the central portion of the ventral ganglion, dis-
playing its neural sheet and the position of the immunopositive neurons, view from the latero-ventral side.
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this reason it can be used for specimens embedded
without any previously established orientation.
The method we used for the 3D representation is

now available for future work related to immuno-
histochemical, or other molecular biology, and
ultrastructural techniques. It is a semi-automatic,
time-saving, reproducible tool to gather informa-
tion of morphological and functional interest
regarding the 3D organisation of various kinds of
structures inside compact organs.
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