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Ultrastructure and functional
versatility of hirudinean botryoidal
tissue
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M. Protasoni,®> M. Reguzzoni,? R. Valvassori,' G. Lanzavecchia’

Abstract. In leeches, the botryoidal tissue is composed of two different cell types — granular
botryoidal cells and flattened endothelial-like cells — localized in the loose connective tissue between
the gut and the body wall sac. We have observed that the botryoidal tissue undergoes functional and
structural modifications in response to the different needs arising during the life-cycle of the animal. In
healthy, untreated leeches, botryoidal cells are organized in cords or clusters, sometimes surrounding
few, small lacunae. Conversely, in wounded animals we have observed the transition of the botryoidal
tissue from cluster/cord-like structures to a hollow/tubular architecture, typical of pre-vascular
structures.

We have documented in botryoidal cell cytoplasm the presence of large calcium storage. Moreover,
the cytoplasm of botryoidal cells was filled with granules of different form and size, containing iron or
melanin, as tested by classic histochemical methods. The presence of elements like iron and calcium
was confirmed by the well-established EDS analysis. In response to a surgical wound, botryoidal
tissue cells changed their shape and formed new capillary vessels. Concurrently, botryoidal cells
secreted iron from cytoplasmic granules into the new cavity: this secretory activity appeared to be
related to intracellular calcium fluctuations. At the end of the angiogenic process, botryoidal cells lost
their contact with the basal lamina and moved freely in the circulating fluid towards the lesioned area.
Interestingly, circulating botryoidal cells were found to carry melanin in the wounded area. This
function is probably involved in defense processes.

Thus, we have shown that stimulated botryoidal tissue displays a variety of striking structural,
secretory and defensive activities. © 2000 Harcourt Publishers Ltd
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compartment for mucopolysaccarides, iron and lipids
(Sawyer, 1986). More recently, the involvement of the
botryoidal tissue in the formation of new vessels during
wound repair processes has been described (de Eguileor
et al., 2000b; Tettamanti et al., 2000).

In leeches, in other annelids and in many invertebrates,
ironis not stored in red cells as in vertebrates, but is linked
to polymeric hemoglobin, freely circulating in body
fluids (Needham, 1966; Shlom et al., 1975). According
to Fischer (1993), iron secretion is likely to be performed
by botryoidal cells.

This study was performed in untreated leeches as well
as in wounded animals, in order to investigate the role of
botryoidal cells in wound-repair processes. The present
study was also aimed at investigating the nature and
function of botryoidal cell cytoplasmic granules by histo-
chemical analysis, by transmission (TEM) and scanning
electron microscopy (SEM), and by energy dispersive
X-ray spectrometry (EDS).

Materials and methods

Hirudo medicinalis  (Hirudinea, Annelida) (from
Ricarimpex, Eysines, France) measuring 10 x 1.00cm
were kept in water at 22-23°C in aerated tanks and were
fed weekly with veal liver. Before each experiment,
leeches were starved for four weeks. Animals were di-
vided into two different groups: (1) five untreated, control
leeches were used to study the body wall organization in
normal conditions; (2) 20 leeches (wounded leeches),
subjected to lesions consisting of a tissue explant (about
2 x 2 x 2mm) affecting the entire body wall. The tissue
explant was surgically removed with microdissecting scis-
sors, and wounded leeches were observed 1h after sur-
gery.

Before surgical procedures and fixation, leeches were
anesthetized with a saturated solution of mephenesin (3-
O-toloxy-1, 2-propanediol), a muscle relaxant.

Light and electron microscopy (TEM and SEM)
Leeches were dissected and fixed for 2 h at room tempera-
ture in a solution of 2% glutaraldehyde in 0.1 M Na-
cacodylate buffer (pH 7.2), then washed in the same
buffer and postfixed for 2 h with 1% osmic acid in 0.1 M
Na-cacodylate buffer (pH 7.2) at room temperature.
After standard step of serial ethanol dehydration, speci-
mens were embedded in an Epon—Araldite 812 mixture.
Semi-thin and thin sections were cut with a Reichert
Ultracut S ultratome (Leica, Vienna, Austria). Semithin
sections (1 um) were stained by conventional methods
(crystal violet and basic fuchsin) (Moore et al., 1960),
and observed with a light microscope (Olympus, Tokyo,
Japan).

Thin sections (80 nm) were collected on 300 mesh cop-
per grids, stained with uranyl acetate and lead citrate, and

observed with a Jeol 1010 EX electron microscope (Jeol,
Tokyo, Japan).

Semi-thin sections, thicker than previous described
(3 um) were mounted on carbonated stubs, air dried and
subsequently covered with a 10 nm carbon film by flash
evaporation of carbon in an Emitech K 250 sputter
coater (Emitech, Baltimore, MD, USA). The semi-thin
sections were then examined with a SEM-FEG Philips
XL-30 microscope (Philips, Eindhoven, Netherlands) in
a back-scattered electron mode in order to obtain a
morphological picture of the specimens.

The same specimens underwent energy dispersive
X-ray spectroscopy (EDS) with an EDAX (EDAX,
Mahwah, USA) X-ray spectrometer in mapping mode,
in order to visualize the distribution of calcium and iron
in the specimen. Photographic maps of element distri-
bution obtained on the image frames were processed
by Image Analysis (1994) (Soft-Image Software
GmbH). These maps were then superimposed to each
source image using Photoshop 5.5.

To obtain three-dimensional imaging by SEM, cross-
sections of the leech body (2 mm thick) from control and
wounded animals were subjected to osmic maceration to
remove the cytosol, thus facilitating the visualization of
cytoplasmic ultrastructure. Samples were then fixed with
a solution of 0.25% glutaraldehyde and 0.25% parafor-
maldehyde in 0.1 M Na-cacodylate buffer (pH 7.2) for
20min at room temperature. Specimens were then
washed in 0.1 M cacodylate buffer (pH 7.2) and postfixed
in a solution of 1% osmium tetroxide and potassium
ferrocyanide for 2h. Each specimen was cut into slices
(thickness: ~0.2mm) and post-fixed in 1% osmium tetr-
oxide and 1.25% potassium ferrocyanide for 1 h. Slices
were washed in phosphate buffered saline (PBS) (pH 7.2)
and then immersed in 0.1% osmium tetroxide in PBS for
48 h. Slices were subsequently dehydrated in an increas-
ing series of ethanol, subjected to critical point drying
with CO,. Dried slices were mounted on stubs, gold-
coated with a Sputter K250 coater (Emitech), and ob-
served with an SEM-FEG XL-30 microscope (Philips).

Iron, calcium and melanin cytochemistry

Reactive ferric iron in semi-thin tissue sections was de-
tected by means of a cytochemical test according to the
Perls method, using a histoenzymatic kit (Bio-Optica,
Milan, Italy). To reveal the presence of calcium, 6 leeches
were fixed in the presence of potassium ferrocyanide ac-
cording to Forbes et al. (1977). Melanin characterization
was performed by destaining semi-thin and thin sections
for Smin in 10% and in 3% hydrogen peroxide, respec-
tively (Pearse, 1972).

Ca""-ATPase ultracytochemistry

The localization of Ca®™*-ATPase activity was investi-
gated by ultracytochemistry according to Ando et al.
(1981).
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Fig. 1 Paraffin cross-section of control leech. General view of the body of an unlesioned Hirudo. Under the cuticle and epithelia, large layers of
muscle tissue (M) are visible. The botryoidal tissue (arrowheads) is localized between muscles and gut (G). Bar, 100 um. Fig. 2 Semi-thin cross-section
of control leech. The botryoidal tissue is formed by large clustered cells. Bar, 50 um. Fig. 3 SEM. The botryoidal cells (B) in a control H. medicinalis,
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are in close contact and are surrounded by a loose connective tissue (ct). Some botryoidal cells are broken, showing the cytoplasmic area (arrowheads).
Bar, 5pum. Fig. 4 Semithin cross-section. In healthy, untreated leech botryoidal tissue sometimes acquires a lumen and the new small cavities (C)

are lined by large granular cells. Bar, 25 pm. Fig. 5 SEM. Control H. medicinalis. The botryoidal tissue lines new cavities (C). In this case, the

fracture shows that the cavity is lined not only by granulated botryoidal cells (B), but also by flattened endothelial-like cells (E). Bar, 5 pm.

Fig. 6 TEM. Control leech. At the early stages of new cavity (C) formation, two different types of cells [botryoidal (B) and endothelial-like (E)]

become evident. Botryoidal cell cytoplasm is filled with granules of different sizes, lipid droplets (L) and secretion vesicles (V). Endothelial-like cells (E),
localized between botryoidal cells, are smaller and flattened. The starting secretion causes a marked increase of the plasma membrane surface
(arrowheads). Bar, 2 um. Fig. 7 TEM. Control leech. Detail of a botryoidal granule delimited by a well defined membrane (arrowheads). Bar,

0.2 pm. Fig. 8 TEM. Unlesioned leech. An endothelial cell linked to a botryoidal cell by junctions (arrowheads), is adjacent to thick basal

lamina (bl). C, cavity. Bar, 0.5 um.

Results

Control leeches

In untreated, control leeches, the botryoidal tissue
was localized between the thick muscle layer and the gut
(Fig. 1). Botryoidal cell clusters were mostly packed in
rope shape (Figs 2 & 3) or, less frequently, lined to form
small lacunae of 10-20 um (Figs 4-6). The two different
organizations were clearly visible with light microscopy,
SEM and TEM (Figs 1-6). The botryoidal tissue con-
sisted of two cellular types: botryoidal cells and endothe-
lial-like cells (Fig. 6), linked by desmosome-like junctions
and well separated from the connective tissue by a basal
lamina (Figs 6 & 8).

Botryoidal cells were large, roundish or oval when
organized in a solid cord, but acquired a semilunar
shape when delimiting the lacuna. Their cytoplasm con-
tained numerous, randomly-distributed granules of dif-
ferent sizes and staining properties (Fig. 6). Two different
kinds of granules, always contained within a clearly
defined membrane (Fig. 7), were observed. Smaller
(400-500 nm in diameter), electron-dense granules were
regular in shape, whereas larger (800 nm in diameter), less
osmiophilic granules were characterized by a more irre-
gular structure (Fig. 6). Semilunar botryoidal cells bor-
dering the lacunae contained a few large (1.5um in
diameter) empty cytoplasmic vesicles (Fig. 6). Granules
were homogeneously distributed around the nucleus
when the botryoidal tissue was organized in ropes,
whereas they were arranged close to the basal membrane
in cells bordering the lacuna.

Endothelial-like cells were thin, flat and linked with
their neighbors by junctions (Fig. 8). Their cytoplasm was
poor in organules and granules: nuclei were small and
undetectable in most sections (Fig. 8).

Histochemical analysis

Botryoidal cells were positive to the Perls reaction for
the presence of iron. This metal was evidenced as a blue
stain by colored salt deposition (Fig. 9). The potassium
ferrocyanide technique evidenced the presence of intra-
cytoplasmic calcium (Fig. 10). The small roundish gran-
ules disappeared after incubation in hydrogen peroxide
(Fig. 11).

Ca'" -ATPase ultracytochemistry

A positive reaction was clearly observed on the mem-
branes surrounding medium-size secretory granules
(Fig. 12).

EDS analysis

EDS analysis was performed in order to confirm the
presence of iron and to describe its subcellular com-
partmentalization. Iron was prevalently localized at one
pole of botryoidal cells. In particular, only middle-sized
granules contained iron, whereas smaller granules and
large vesicles contained iron-free material (Figs 13 &
14). Iron was also absent in endothelial-like cells.
Microanalytical EDS analysis showed that calcium was
exclusively intracellular. A strong signal of calcium
was diffusely evident only in the cytoplasm of all botryoi-
dal cells (Fig. 15).

Wounded leeches

The botryoidal tissue of surgically wounded leeches
underwent marked changes compared to controls.
Botryoidal cells, initially organized in compact clusters,
underwent a dehiscence process, ultimately shaping a new
cavity (Figs 16 & 17). In this way, compact cell cords
gradually acquired a lumen. An increase in number and
size of the lacunae is evident in sections shown in Figures
17, 18 and 20.

During such events, which led to formation of new
vessels, the two types of cytoplasmic granules described
above were differently processed in botryoidal cells.
Middle-sized granules accumulated towards the luminal
membrane, and appeared to be massively secreted into
newly-formed cavities (Fig. 20). Smaller, electron-dense
granules were always visible both in wounded and control
leeches, and were prevalently located in the controlum-
inal side of cells (Fig. 20). Massive iron secretion from
membrane-wrapped granules caused a marked increase
of the plasma-membrane surface. Deep indentations
and membrane foldings, clearly visible by TEM and
SEM (Figs 18-20), were the morphological evidence
of this effect. During this secretion phase, clathrin-coated
vesicles, probably associated with membrane traffic-
king processes, were found to be present in the cytoplasm
(Fig. 21).
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Fig. 9 Semithin section of control H. medicinalis botryoidal tissue. Cytochemical test (Perls method) performed to detect reactive ferric ions (blue). Bar,
50 pm. Fig. 10 TEM. Control leech. Staining of botryoidal intracytoplasmic calcium storage (arrowheads) by treatment with potassium ferricyanide. Several
lipid droplets are visible (L). Bar, 1 um. Fig. 11 Control leech. Semithin (left) and thin (right) sections of botryoidal cells incubated for 5min in 10% and 3%,
respectively, hydrogen peroxide. Pigment-containing small granules localized in a controluminal position appear destained (arrowheads), suggesting the
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presence of melanin. Other granules, at the luminal side, are not destained (open arrowhead). N, nucleus. Bars, 15um, 4 um. Fig. 12 TEM. Control leech.
Envelops of medium-sized granules, containing iron, showed intense reaction. Ca*"-ATPase was regularly distributed on the membrane (arrowheads). Bar,
0.25 pm. Fig. 13 Control leech. EDS analysis in unlesioned leech. Iron, marked in green, is detectable in botryoidal cell cytoplasm. The color intensity is in
inverse relation to the concentration of the detected element (i.e. a light green area corresponds to a higher iron concentration). Bar, 10 um. Fig. 14 Control
leech. EDS analysis. Iron (marked in green) is detectable only in the area where middle-sized granules are localized, whereas it is lacking in smaller granules
and vesicles (V). C, cavity. Botryoidal cell profiles are outlined. Bar, 1 pum. Fig. 15 Control leech. EDS analysis. Calcium (marked in red) is diffusely localized

in the cytoplasm of a botryoidal cell. Bar, 5 pm.

Endothelial-like cells were characterized by a flattened
shape and by a cytoplasm filled with small mitochondria,
few irregular granules and bundles of intermediate fila-
ments (Figs 22 & 23). Contacts between adjacent en-
dothelial-like cells, and between endothelial-like and
botryoidal cells, were coordinated by desmosome-like
junctions (Fig. 21).

Histochemical analysis

When observed at light microscopy, not only botryoidal
cells but also new vessel cavities were positive to the Perls
reaction (Fig. 24).

When the tissue was fixed according to Forbes et al.
(1977), a massive storage of Ca”>" was evidenced in the
cytoplasm of botryoidal cells (Fig. 25).

Interestingly, electron-dense small granules, located at
the controluminal side of cell cytoplasm, disappeared
after incubation in the presence of hydrogen peroxide
(Figs 26 & 27).

EDS analysis

In wounded leeches, iron was evident only in rare, mid-
dle-sized granules remaining in botryoidal cells after mas-
sive secretion (Figs 28 & 29). The calcium EDS signal was
always present, although in variable amounts: this signal
could be strong in cells that had not yet degranulated
(Fig. 30), but it could be either strong or weak in botryoi-
dal cells that had degranulated (Fig. 31).

Discussion

The botryoidal tissue, characteristic of leeches like
Hirudo medicinalis, is localized in the loose connective
tissue between the gut and the body wall sac (Fig. 1).
This tissue is physiologically involved in many different
functions, including the production of circulating hemo-
globin (Needham, 1966; Shlom et al., 1975).

The botryoidal tissue is composed by botryoidal and
endothelial-like cells: the former are granular, large and
numerous enough to conceal the fewer, smaller, flattened
endothelial-like cells, when the tissue is organized into a
solid cord (Figs 2 & 3). However, endothelial-like
cells become clearly visible during the formation of pre-
vascular lacunae and, finally, of new blood vessels (Figs
4-6, 8,16, 17, 22).

We have shown that the organization of the botryoidal
tissue is closely related to the undamaged or wounded
condition of the leech: a cluster-like structure with the

presence of few lacunae is the common feature of the
quiescent botryoidal tissue in control leeches (Figs 2-5),
whereas a marked increase in cavity formation, and the
shaping of new blood vessels through a remodeling pro-
cess from solid cords to tubular structures is the typical
feature of surgically induced wound repair processes
(Figs 16-20, 22).

Since the morphology of endothelial-like cells did not
change in control and wounded leeches, we concentrated
our attention on botryoidal cells, whose structural and
functional organization underwent marked modifica-
tions in response to surgical treatment. The shape of
roundish botryoidal cells changed dramatically, and be-
came flattened and semilunar, thus increasing the dia-
meter and length of newly forming vessels (Figs 16, 17,
20, 22). Moreover, a parallel, marked decrease of the
number of intracellular granules was clearly detectable
in surgically-stimulated leeches, when compared to con-
trols. In fact, the decrease in the number of middle-sized,
membrane-wrapped granules, was due to the release of
their content into forming lacunae: this extensive secre-
tion process led in turn to a considerable enlargement of
botryoidal cell plasma membranes (Figs 19 & 20).

Differences in size and electron density suggested the
presence of different components in botryoidal cells cy-
toplasmic granules. According to the observations of
several authors on the functions of the botryoidal tissue
(Bradbury, 1959; Mann, 1962; Sawyer, 1986), we tested
the presence of elements like iron and calcium in botryoi-
dal cells. Iron and calcium were initially evidenced by
classic histochemical methods, even though, in specific
cases, published data presented a narrow error margin
(Hiraoka & Hirai, 1992; Zaharopoulos et al., 1998). To
avoid error-related ambiguities, the identification of the
tested elements was confirmed by reliable EDS analysis.
In addition, whereas the Perls reaction was unable to
clearly indicate in which kinds of granules iron was actu-
ally detectable, EDS analysis identified middle-sized
granules as the elective storage sites of this element (Figs
14, 28, 29). These granules were characterized by the
presence of regularly distributed membrane-bound
Ca™"-ATPase (Fig. 12). Interestingly, EDS analysis
data suggest that iron secretion may be associated to
cytoplasmic calcium fluctuations. This hypothesis is in
agreement with several reports demonstrating that in-
creased cytoplasmic calcium enhances cellular secretion
in different types of tissues (Douglas & Poisner, 1963;
Case & Clausen, 1973; Petersen & Maruyama, 1984;
Soji et al., 1991; Rodriguez et al., 1997)
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Fig. 16 Semi-thin section of surgically wounded leeches. Botryoidal tissue cells define a new cavity through a dehiscence process (C). Bar, 25 um. Fig. 17
Semi-thin section of surgically wounded leeches. The luminal cavity (C), lined by botryoidal (B) and endothelial-like cells (E) has increased in size. Some
botryoidal cells have reduced their contact surfaces (arrowheads). Bar, 10 um. Fig. 18 SEM. Wounded leech. The botryoidal tissue begins to form the new
vessels with a dehiscence process (C, cavity). White arrows indicate the front view of a botryoidal cell after iron secretion. The luminal front of the cells
shows a large number of membrane ruffles. Bar, 4 pm. Fig. 19 SEM. Detail of Figure 18. Membrane ruffles are clearly visible (white arrows). Bar, 2 um. Fig.
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20 TEM. Wounded H. medicinalis. Botryoidal cells acquire a flattened shape. Cells are concurrently involved in a massive extrusion of large iron granules
into the new vessel cavity (C). The secretion process leads to an enlargement of membranes (arrowheads), which corresponds to the 3-D SEM picture of
Figure 19. Bar, 2 um. Fig. 21 Detail of contact area between two botryoidal cells linked by desmosome-like junctions (white arrow) and of newly forming

clathrin-coated vesicles (arrowheads). Bar, 0.2 pm.

Fig. 22 In wounded leeches the formation of a vessel cavity (C) is due to a flattening, lengthening and stretching of botryoidal (B) and endothelial-like cells
(E). Bar, 1 pm. Fig. 23 Detail of an endothelial-like cell defining the new cavity (C). The cytoplasm is filled with filament bundles (arrowheads).
Hemidesmosomes (white arrowheads) are visible at the controluminal side, close to a thick basal lamina (bl). Bar, 0.5 pm.

The intracellular localization of iron and calcium var-
ied in relation to changing secretion phases. Botryoidal
cells in control, unlesioned, leeches contained numerous
middle-sized iron granules. In these cells, calcium was
predominantly stored in the cytoplasm (Figs 15, 30, 31).
As expected, in wounded leeches, botryoidal cells were
degranulated and depleted of EDS-detected iron and
calcium. However, in some cases degranulated, iron-
depleted botryoidal cells were shown to contain varying
amounts of calcium in the cytoplasm (Fig. 31). As a
tentative explanation for this phenomenon we speculate
that calcium could be re-uptaken in degranulated cells
immediately after iron secretion.

After massive secretion, only small, electron-dense
granules, localized at the controluminal side, were visible
in botryoidal cells (Figs 28 & 29). These granules were
negative for calcium and iron at EDS analysis, and dis-
appeared only after exposure to hydrogen peroxide. We

believe that melanin is the major component of these
granular structures (Figs 11, 26, 27). Melanin granules
play a very important role in the annelid immune system:
several authors have shown that this pigment is utilized to
isolate macro-antigens (Porchet-Henneré, 1990; Porchet-
Henneré & Vernet, 1992; Bilej, 1994; de Eguileor et al.,
2000a). In fact in anellids, like polychaets, coelomic gran-
ulocytes (G, subpopulation) (Porchet-Henneré & Vernet,
1992), can release their melanin granules close to a foreign
body, thus starting the process of encapsulation and mel-
anization.

By integrating our data with those of other authors
(Mann, 1962; Sawyer, 1986; Fischer, 1993), we conclude
that the diverse functions of botryoidal cells are related to
the varying physiologic demands occurring during the
life-cycle of leeches. The activity of the botryoidal tissue
became particularly efficient following extensive explan-
tation or deep surgical wounding. In such cases, the cells



340 DE EGUILEOR ET AL.

Fig. 24 Semithin section of wounded H. medicinalis. Ferric ions (blue), localized in botryoidal cells and in the lumen cavity (C), are detected by Perls
method. Bar, 25 um. Fig. 25 Wounded H. medicinalis. Staining of botryoidal intracellular calcium (arrowheads) according to the Forbes technique. No
calcium storage is detectable in vesicles (V). C: cavity. Bar, 0.5 pm. Fig. 26 Surgically wounded leech. Semithin section of a newly-forming vessel at an early
stage of development. Only small controluminal granules (arrowheads) are destained after treatment with hydrogen peroxide. Bar, 10 um. Fig. 27 TEM.
Detail of a melanin granule (mg) after treatment with hydrogen peroxide. Bar, 0.2 um. Fig. 28 Wounded leech. EDS analysis. A botryoidal cell has secreted
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all iron-containing middle-sized granules: melanin granules are still present in the cytoplasm. The iron signal (marked in green) confirms the presence of the
element exclusively in middle-sized granules. C, cavity; mg, melanin granules; N, nucleus; V, vesicle. Botryoidal cell profiles are outlined. Bar, 1 um. Fig. 29
Wounded leech. EDS analysis. Detail of Figure 28 mg, melanin granules; N, nucleus; V, vesicles. Bar, 1 um. Fig. 30 Wounded leech. EDS analysis. A
botryoidal cell that has not yet secreted middle-sized granules, as shown by green iron staining. Calcium (red mark) is also detectable in the cytoplasm. Bar,
10 um. Fig. 31 Wounded leech. EDS analysis. Calcium (marked in red) can be detected in botryoidal cells that have just underwent a secretion process, as
confirmed by the presence of melanin granules (mg). The profile of botryoidal cells is outlined. Bar, 2.5 um.

contained in the botryoidal tissue (endothelial-like cells
as well as botryoidal cells) changed their shape and un-
derwent morphologic and functional changes, ultimately
leading to the formation of new capillary vessels. These
phenomena were accompanied by massive iron secretion,
which may be regulated by calcium stored in the cyto-
plasm of botryoidal cells. Subsequently, the contact areas
of botryoidal cell membranes with the basal lamina de-
creased up to complete detachment (Fig. 17). Botryoidal
cells, now containing only melanin granules, could move
freely in the circulating fluid, and could be ‘piped’ to-
wards the lesioned areas, where melanin might be utilized
in defense processes.

In conclusion, the data presented in this paper have
provided further evidence that stimulated botryoidal
tissue is surprisingly versatile, and performs important
structural, secretory and defensive functions.
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