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Abstract Sipunculans, a small phylum of coelomated
marine worms closely related to polychaete annelids, lack
a true circulatory system. We have previously shown that
the sipunculan Themiste petricola can form a cellular clot,
without congealing, of cell-free coelomic fluid. The clot is
formed by the aggregation of large granular leukocytes
(LGLs) and may serve not only haemostatic but immune
functions, since dissimilar particles may become entrapped
within it. We have now evaluated the capacity of a massive
clot, induced in vitro by sea water contact, to stop coelomic
fluid flow. We have further studied smaller clots induced on
glass-slides either with or without the presence of bacteria
placed for entrapment within the clot. The fate of clotting
LGLs is cell death while forming a cohesive mass, although
cytoplasmic and nuclear remnants are shed from the clot.
These remnants and any bacteria that avoid clot entrapment
or are detached from the clot are engulfed by non-clotting
cells that include small granular leukocytes (SGLs) and
large hyaline amebocytes (LHAs). Both cell types can be
found other than in the clot but SGLs also occur around
the clot edges heavily loaded with engulfed material. The
cytoskeletal arrangement of SGLs evaluated with
phalloidin-rhodamine correspond to motile cells and

contrast with that of clotting LGLs that form a massive
network of F-actin. Thus, the complementary roles between
clotting LGLs and non-clotting SGLs and LHAs act a
central immune strategy of Themiste petricola to deal with
body wall injury and pathogen intrusion into the coelomic
cavity.
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Introduction

The clotting system has been extensively studied in
invertebrates with open circulatory systems such as insects
and crustaceans (Bohn 1986; Gregoire 1951). Clot formation
involves the congealing of cell-free haemolymph by means
of the rapid activation of coagulogen protein (Osaki and
Kawabata 2004; Solum and Murer 2007; Theopold et al.
2004). Coagulocytes also participate in clot formation in
insects and crustaceans but the humoral component appears
to be more relevant in creating a hard clot (Gregoire and
Goffinet 1979; Jiravanichpaisal et al. 2006). Resistance
conferred by a hard clot is critical to prevent the loss of
haemolymph because of the positive pressure required for
haemolymph circulation and the presence of a rigid
exosqueleton (McMahon et al. 1997; Ratcliffe and Gagen
1977; Rowley and Ratcliffe 1976). Coagulocytes have an
accessory role in the formation of a soft clot and have been
found in low numbers interspersed within the mesh created
by the humoral components of the clot (Theopold et al.
2002). These cells are activated after the initiation of
coagulation and are later disintegrated with their remnants
becoming an integral part of the clot (Bidla et al. 2005;
Scherfer et al. 2004). The process of coagulocyte death
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within the clot after activation shares some features with
eukaryotic cells undergoing apoptotic cell death, such as the
exposure of phosphatidylserine at the external membrane
leaflet (Schmidt and Theopold 1997).

Sipunculans are a small phylum of non-segmented
coelomated marine worms. Recent molecular phylogenetic
analyses suggest a close relationship between Sipuncula
and the phylum Annelida, particularly with the major group
Polychaeta, which includes mostly marine worms (Dunn et
al. 2008; Struck et al. 2007). On the basis of these studies,
Sipuncula have been proposed as belonging within Annelida
(Struck et al. 2007). A recent study in the sipunculan
Phascolosoma agassizii has found a segmental mode of
neural patterning similar to that of annelids (Kristof et al.
2008). Sipunculans lack a true circulatory system (Hyman
1959; Schulze et al. 2007). The pressure of the fluid
contained in the coelomic cavity depends on the contraction
of muscles of the body wall and the introvert (Rice 1993).
Relaxation of the body wall muscles can lower intra-
coelomic pressure to values close to that of the
surrounding sea water. The term clot is commonly used
to denote the formation of a haemostatic soft mass in a
fluid such as blood or haemolyph and has been used a
synonym for the congealing of cell-free fluid since
William Hewson showed, in the 18th century, that blood
coagulation is attributable to the clotting of plasma rather
than changes in the cellular constituents (Doyle 2006).
However, clotting in sipunculans does not involve the
congealing of cell-free coelomic fluid (Blanco 2007;
Blanco et al. 2008; Dybas 1976; Towle 1975). Instead,
these worms have a peculiar mechanism of preventing the
loss of coelomic fluid under conditions of body wall injury
that may open a breach into the surrounding sea water.
This mechanism consists of the formation of a cellular clot
resulting from the homotypic aggregation of a coelomic
cell subtype designated large granular leukocytes (LGL;
Blanco et al. 2008).

In Sipuncula, cellular aggregation occurs rapidly when
coelomic fluid comes into contact with sea water. This
cellular clot is not gel-like and only aggregated cells have
been observed to be an integral part of its structure;
however, it may be resistant enough to prevent the loss of
coelomic fluid at low intracoelomic pressures. Clotting in
sipunculans appears to be not only a haemostatic mechanism,
but also a central immune response. Thus, the homotypic
aggregate that forms the clot might be able to entrap many
kinds of foreign particles. The aggregation and activation of
LGLs appears to be superseded by a process of cell death
within the clot, whereby the mass of aggregated and
additional dead cells become a large haemostatic plug.
Nevertheless, during clot formation, cytoplasmic and nuclear
fragments from LGLs may be shed from the clot (Blanco
2007; Blanco et al. 2008).

Our previous observations of the sipunculan Themiste
petricola have suggested that the clot, either with or without
entrapped foreign particles, is connected to phagocytic cells
acting as scavengers of material shed from the clot. We have
proposed that material phagocytosed by these cells might
include either self-derived nuclear and cytoplasmic remnants
of LGLs or foreign particles entrapped within the clot
(Blanco et al. 2008). The aims of this study have been to
explore the dual haemostatic-immune implication of clot
formation, to characterize the formation and distribution of
LGL-derived cytoplasmic and nuclear remnants shed from
the clot and to characterize the non-dying clot-associated
cells, i.e. small granular leukocytes (SGLs) and large hyaline
amebocytes (LHAs), as two different phagocytic cell types
actively involved in removing remnants of LGLs.

Materials and methods

Worms

Adult Themiste petricola were collected from crevices in
intertidal rocks at Santa Elena beach on the coast of
Argentina (34°S latitude) and maintained in 500-ml plastic
boxes with frequently renewed filtered sea water with 32
parts per thousand (ppt) salinity at 18°C. The salinity of the
sea water that the subject worms were originally found in
was 32 ppt. Prior to harvesting coelomic fluid, the worms
were passed through 0.4 M NaCl to wash out the sea water
adsorbed to the body wall. The NaCl solution was adjusted
to 0.4 M to resemble the concentration of these ions in
Themiste petricola coelomic fluid (Blanco et al. 1995).

Criteria used to distinguish sipunculan immune cells

The coelomic cavity of sipunculans contains a number of
cell types involved in respiration (haemerythrocytes or red
cells), reproduction (ovocytes or spermatozoids depending
on the sex of the worm) and the immune response (LGLs,
LHAs and SGLs). LHAs were identified as being large
leukocytes of 15-18 μm in diameter and having a single
large acidic vacuole. The large vacuole was readily
observed by phase contrast and was previously shown to
stain red with acridine orange (Blanco et al. 2005). LHAs
were round or ameboid in shape with a hyaline cytoplasm
and were actively phagocytic. SGLs were identified as
small phagocytic cells of 10–12 μm in size with a
cytoplasm densely packed with granules.

LGLs aggregate immediately after the coelomic fluid is
harvested by a direct cut to the body wall, unless sea water
and contact with the glass surface are avoided and in
addition the fluid is harvested into an ethylenediamine
tetraacetic acid (EDTA)-containing solution (Blanco et al.
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2008). Non-aggregated LGLs obtained by this method had
acid granules that could be stained with acridine orange and
appeared in a single cluster of high granularity in size vs.
granularity dot plots when evaluated by flow cytometry.
The cluster disappeared if sea water was added to the cell
suspension, because of the massive homotypical aggrega-
tion of all LGLs (Blanco et al. 2008).

Clot formation

The clot reaction was induced through three different
approaches in order to better study its haemostatic and
immune aspects.

Large clot formation in a glass tube and the microscopic
study of fluid obstruction

A glass tube of rectangular section was created containing
four microscope slides fixed with bindings (Fig. 1a). The
lower end of this tube was placed into a Petri dish filled
with sea water. Coelomic fluid collected in a plastic
microcentrifuge tube by a direct cut of the introvert was
immediately dispensed with a pipette into the top of the
glass tube and allowed to flow through into the Petri dish.
When a clot was formed at the bottom of the tube in contact
with sea water, the glass tube was removed from the Petri
dish and observed under a microscope at low magnification
and then photographed at several planes along the liquid
column.

Large clot formation in plastic tube and its separation
through magnetic beads

Coelomic fluid was collected from single worms via a
direct cut to the body wall directly into a microcentrifuge
tube containing 3×107 magnetic beads of 4.4 μm in
diameter (Dynabeads M-450 uncoated, Dynal) in 1 ml
0.4 M NaCl and 70 μl filtered sea water. The final
concentration was about 5% sea water in a final volume
of 1.4 ml 0.4 M NaCl plus coelomic fluid, with slight
variations attributable to small differences in worm sizes.
Cells where mixed thoroughly with beads, incubated for
5 min and separated by a magnet (MPC-1, Dynal) and
gentle washing with 0.4 M NaCl. The separated pellet was
gently disaggregated in a remnant volume of 40 μl 0.4 M
NaCl and small aliquots of about 10 μl were placed on
microscope slides, observed by phase contrast microscopy
and photographed.

Small clot formation induced on glass slides

Coelomic fluid was obtained from individual worms by a
direct cut to the body wall and placed into a Petri dish with

4 ml 0.4 M NaCl, 5% sea water. The suspension was gently
mixed by means of a pipette and 1-ml aliquots were placed
on glass coverslips located inside 6-well culture plates
(Nunc). In experiments in which clots were allowed to
entrap foreign particles, the latter were suspended in 0.4 M
NaCl and 40 μl aliquots were placed on the coverslips prior
to the addition of coelomic fluid. After incubation for 15
min, the coverslips were gently washed twice in 0.4 M
NaCl to separate most of the non-adherent cells and were
stained supravitally or fixed for 20 min by the addition of
2 ml 2% formaldehyde in 0.4 M NaCl. The coverslips were
removed from the culture plates, placed onto microscope
slides, observed under both phase contrast and fluorescence
microscopy and photographed. Fixed preparations were
additionally processed with appropriate staining procedures
as described below.

Target particles: U937 human leukemia cells, yeast cells
and bacteria

U937 leukemia cells were obtained from the American
Type Culture Collection (ATCC) and maintained in RPMI
1640 (Gibco) supplemented with antibiotics and 10% fetal
bovine serum. Cells were suspended at 106/ml in 10 μM
fluorescein-diacetate (FDA) in RPMI for 15 min at 37 C.
The suspension was washed twice in phosphate-buffered
saline (PBS) and suspended in 0.4 M NaCl just prior to
being placed on coverslips for experiments. Fresh commercial
yeast (Saccharomyces cerevisiae) was suspended at 108/ml
in 0.4 M NaCl and incubated in 10 μM FDA for 15 min at
37 C. The suspension was washed twice by centrifugation in
0.4 M NaCl and used immediately. Bacteria (Staphylococcus
aureus; ATCC, no. 10832) were cultured in Luria–Bertani
(LB) broth at 37 C. The bacterial culture was washed twice
in PBS, pH 7.0, heat-killed at 80°C for 10 min, stained with
10 μg/ml DAPI (4′,6-diamidino-2-phenylindole; Sigma, St.
Louis, Mo., USA) in PBS for 30 min, washed twice in PBS
by centrifugation and finally suspended at 1×108/ml in
0.4 M for use in experiments.

Staining of non-fixed preparations of small clots
and cytoplasmic remnants with lipophilic dyes

Cell membranes, organelle membranes and lipid-rich cell
remains were stained with the lipophilic dyes FM-4-64
(Molecular Probes, Invitrogen) and monodansyl cadaverine
(MDC; Sigma). FM-4-64 was added at a final concentration
of 40 μM from a stock solution of 16 mM in dimethyl
sulphoxide (DMSO). MDCwas added at a final concentration
of 50 μM after the placement of 1 ml coelomic fluid
on the coverslips. To recover stained cytoplasmic
remnants, the cell suspension was transferred to small
tubes without washing the coverslips and centrifuged at
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300g for 1 min. The supernatant was further transferred to
flow cytometry tubes and analysed immediately. A second
tube containing both the cell pellet and the supernatant
was also run separately as a standard reference to compare
the size of cell remnants with that of whole cells through
forward light scatter (FSC) vs. side light scatter (SSC) dot
plots.

Staining of DNA with DAPI in non-fixed preparations

Dead cells or nuclear remnants were DNA-stained by
adding 5 μl of a DAPI (Sigma) stock solution (2 mg/ml)
in PBS after the placement of coelomic fluid on coverslips,
to yield a 10 μg/ml final DAPI concentration.

Staining live cells with FDA in non-fixed preparations

Live preparations on coverslips with entrapped DAPI-stained
heat-killed bacteria were incubated with 10 μM FDA
(Invitrogen) in 0.4 M NaCl for 15 min at 20°C. The
suspension was washed twice in 0.4 M NaCl and the
coverslips were mounted on slides and observed immediately
by fluorescence microscopy.

Staining of permeabilized LGLs with sulforhodamine B
in non-fixed preparations

Sulforhodamine B, a small (558 Da) water-soluble fluorescent
tracer that allows the identification of permeabilized cells

Fig. 1 Clot formation at the site
of sea water (SW) contact (a–c)
and with magnetic beads in a
plastic tube (d, e). a Represen-
tation of the rectangular-section
glass tube created with four
glass slides (gs) as seen in a top
view (Tv) and lateral view (Lv)
of the glass tube. b Distal zone
with a large clot blocking the
flow. Several ovocytes (Ov) are
seen retained by the clot, since
this particular sample was from
a female worm. ×40, Bar
200 μm. c Observation of the
area behind the clot; non-
clotting coelomocytes remain in
suspension. ×40, Bar 200 μm.
d Massive clotting of coelomic
fluid entrapping magnetic beads.
The clot was separated with a
magnet and placed on a micro-
scope slide. ×100, Bar 100 μm.
e Higher magnification showing
the clot edge and LGLs forming
the clot by homotypic aggrega-
tion. ×400, Bar 30 μm
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(Shattil et al. 1992), was added at a final concentration of
8 μg/ml, from a 1 mg/ml stock solution in 0.4 M NaCl, to
coelomic fluid placed on coverslips.

Staining of F-actin with rhodamine-phalloidin in fixed
preparations

Preparations on coverslips were fixed in 4% paraformaldehyde
(PFA) in NaCl 0.4 M for 30 min, washed gently twice in
PBS and permeabilized in 0.5% Triton in PBS for 10 min.
The preparation was washed immediately with PBS,
blocked for 1 h in 1% bovine serum albumin (BSA) in
PBS and stained with 1:2000 rhodamine-phalloidin
(Molecular Probes, Invitrogen) in 1% BSA in PBS for 1 h.
After three washes in PBS, the coverslips were mounted
onto glass slides with DAPI-containing mounting fluid
(Vectashield).

Staining of DNA with DAPI in fixed preparations
from magnet-separated clots

Magnet-separated clots were fixed in PFA 4% in 0.4 M
NaCl for 30 min, washed twice in PBS with the aid of a
magnet and stained with 10 μg/ml DAPI in PBS for
30 min. The DAPI-stained pellet was gently disaggregated
in a remnant volume of 40 μl 0.4 M NaCl and small
aliquots of about 10 μl were placed on microscope slides,
observed under fluorescence and phase contrast microscopy
and photographed.

Assessment of DNA fragmentation by the TUNEL method

DNA fragmentation was evaluated by terminal deoxynucleo-
tidyl transferase (TdT)-mediated fluorescein isothiocyanate
(FITC)-2´-deoxyuridine, 5´-triphosphate (dUTP) nick-end
labelling (TUNEL) by using the DeadEnd Fluorometric
TUNEL System (Promega). Briefly, coverslips were fixed in
4% PFA in 0.4 M NaCl for 20 min at 4°C, washed twice in
PBS, permeabilized in 0.2% Triton X-100 solution in PBS for
5 min, washed twice in PBS, incubated in 100 μl equilibration
buffer (200 mM potassium cacodylate pH 6.6, 25 mM
TRIS-HCl pH 6.6, 0.2 mM dithiothreitol, 0.25 mg/ml BSA,
2.5 mM cobalt chloride) and finally incubated for 1 h in
equilibration buffer containing TdT and FITC-dUTP. The
reaction was terminated by adding citrate buffer, after which
the preparations were washed in PBS and mounted in DAPI-
containing mounting fluid (Vectashield)

Negative controls were prepared by omitting TdT in the
mix containing FITC-dUTP. Positive controls were prepared
by incubating separate sample preparations with DNase I (10
U in buffer containing in 40 mM TRS-HCl pH 7.9, 10 mM
NaCl, 6 mM MgCl2, 10 mM CaCl2) for 10 min, prior to
nick-end labelling with TdT and FITC-dUTP.

Assessment of DNA fragmentation by agarose gel
electrophoresis

Coelomic fluid was collected from single worms by cutting
the body wall directly into a microcentrifuge tube containing
3×107 magnetic beads and 70 μl sea water. Cells where
mixed thoroughly with the beads, incubated for variable time
intervals between 1 min and 2 h and separated by means of a
magnet as described above. The magnet-separated pellet was
lysed with 500 µl lysis buffer (500 mM TRIS-HCl pH 7.5,
1 mM EDTA, 0.2% Triton X-100) and centrifuged at
13,000g for 10 min. The supernatant, which was assumed
to contain the fragmented DNA, was precipitated overnight
at -20°C in 700 µl isopropanol and 100 µl 5 M NaCl. The
pellet was collected after centrifugation at 13,000g for
10 min, air-dried and resuspended in 10 mM TRIS-HCl,
1 mM EDTA pH 7.5. A loading buffer containing 15 mM
EDTA, 2% sodium dodecyl sulphate, 50% glycerol and
0.05% bromophenol blue was added at 1:5 (v/v). Samples
were electrophoresed in a 1% agarose gel and stained with
0.5 µg/ml ethidium bromide. DNA was visualized by using
ultraviolet light. The DNA molecular weight marker was
from PB-L Productos Bio-Logicos, UNQ, Argentina. Gel
images were obtained with a digital camera (Olympus,
Camedia, D-510). As a positive control for the DNA laddering
pattern, we used a suspension of 5×106 non-clotting
coelomocytes exposed to 100 mM H2O2 for 8 h that were
further lysed and processed as described for the clot samples
(Blanco et al. 2005). As a negative control for DNA
degradation, we employed a suspension of 5×106 non-
clotting coelomocytes that were lysed and processed similarly
after a 1-h incubation (Blanco et al. 2005).

Light and fluorescence microscopy and flow cytometry

In all cases, the slide preparations were observed by means
of an Olympus BX-51fluorescence microscope equipped
with a 100-W mercury lamp, a halogen lamp for transmitted
light, U-plan fluorite objectives and three fluorescence filter
cubes (U-MWU2, U-MWB2 and U-MWG2 for ultraviolet,
blue and green excitation light, respectively). Images were
acquired with a digital Q-Color 3 Olympus camera and
Image-Pro Plus 6.0 software (Media Cybernetics, USA).
Image processing was performed with Image-Pro Plus 6.0.
DAPI and MDC fluorescence was evaluated at an excitation
wavelength of 330-385 nm (U-MWU2 filter). dUTP-FITC
and FM-4-64 fluorescence was evaluated at an excitation
wavelength of 450-480 nm (U-MWB2 filter). Sulforhod-
amine B fluorescence and rhodamine-phalloidin fluorescence
was evaluated at an excitation wavelength of 510–550 nm
(U-MWG2 filter). MDC and FM-4-64 fluorescence was also
evaluated by flow cytometry in a Partec PAS III flow
cytometer with ultraviolet 360-nm and blue 488-nm excitation

Cell Tissue Res (2010) 339:597–611 601



lines (100 W mercury lamp and argon laser, respectively).
Events were acquired on a logarithmic scale to allow the
simultaneous observation of cell remnants and intact cells in
forward scatter and side scatter parameters.

Results

Large clot formation, blockade of coelomic fluid flow
and entrapment of particles

Centrifugation of the coelomic fluid of sipunculans allows
the separation of cells from the cell-free fluid. Although the
cell-free fluid phase has never been observed to transform
itself into a gel, LGLs may aggregate massively ex vivo in
the presence of sea water, thereby forming a cellular lump
or clot (Blanco et al. 2008).

In the present study, we first explored the haemostatic
significance of the formation of this cellular clot in the
sipunculan Themiste petricola by assessing its capacity to
block the flow of coelomic fluid in vitro. In an attempt to
simulate conditions occurring under body wall injury of the
worms, whereby coelomic fluid might drain out into sea
water because of positive intracoelomic pressure, we created
a simple glass tube of rectangular section and a flat glass
surface with a bottom edge partially immersed in sea water
(Fig. 1a). When coelomic fluid collected from a worm was
introduced through the top open end and allowed to flow
through the tube, a small but macroscopically visible solid
mass or clot was rapidly formed at the bottom end of the
tube in contact with sea water (Fig. 1b). Non-clotting
coelomocytes remained in suspension in those parts of the
tube upstream of the site of the flow obstruction at which the
clot was formed (Fig. 1c). An almost identical massive
cellular clot was formed when coelomic fluid was harvested
into plastic tubes in which magnetic beads had been
suspended in 0.4 M NaCl/5% sea water. The cellular clot
served to entrap the beads and could be separated with a
magnet (Fig. 1d). Observation of the clot at higher
magnification confirmed that the clot was formed by
homotypically aggregated LGLs amongst which the
magnetic beads had become entrapped (Fig. 1e).

Entrapment of bacteria, yeast and mammalian cells
within small clots and the role of phagocytic cells

In order to explore LGL aggregation and clot formation not
only with regard to its haemostatic purpose, but also as an
immune response, we further induced the formation of
smaller clots on glass slides and evaluated the entrapment
of dissimilar foreign particles. When coelomic fluid was
dispensed onto glass slides containing suspensions of
fluorescent bacteria, several small round clots were found

to entrap them (Fig. 2a, b). Fluorescent bacteria were also
observed elsewhere away from the clot, having been
phagocytosed by two non-clotting coelomocyte cell types:
SGLs and LHAs (Fig. 2c, d).

In addition, SGLs but not LHAs where observed located
at the edges of the clots with phagocytosed bacteria
(Fig. 2e, f). A similar approach revealed fluorescent yeast
and fluorescent human U937 leukemia cells entrapped in
small clots (Fig. 2g–j), thus underscoring the broad
specificity of particles that could be captured by this
mechanism.

Process of cell death in association with entrapment
of foreign particles

The clot is initiated by live LGLs that are activated and
aggregate but rapidly die leaving their remains to become a
key structural component of the clot. Thus, we first
evaluated changes in nuclear morphology within the small
clots by staining magnet-separated fixed preparations with
DAPI. Nuclei at central areas were pale, small and
irregularly shaped indicating low DNA content as opposed
to brighter, round and larger nuclei at the peripheral zones
of the clot (Fig. 3a, b). In addition, nuclei having condensed
and fragmented chromatin were often seen at the peripheral
areas of the clot (Fig. 3c). The staining of live preparations
with FDA, an indicator of metabolic activity in live cells,
confirmed that the central areas of the clots in which
entrapped bacteria were identified became rapidly non-
viable, whereas peripheral zones conserved viability
(Fig. 3d). Moreover, the permeation of cells forming the
clot, but not of cells elsewhere away from the clot, was
evidenced by staining with sulforhodamine B, whereas
no extracellular protein fibres appeared to be stained by
this fluorescent probe (Fig. 3g, h). DNA degradation
within the clot was further evidenced by agarose gel
electrophoresis of fragmented DNA obtained from
magnet-separated clots. A smeared pattern of mono-
nucleosome-size DNA fragments, but not a laddering
pattern, was consistently observed as early as 15 min and
up to 60 min after clot formation indicating a massive and
rapid degradation of DNA within the clot (Fig. 4). Thus,
although some nuclei were observed to have condensed
and fragmented chromatin, the absence of a DNA
laddering pattern was interpreted as a strong indicator that
cell death was not attributable to apoptosis (Kroemer et al.
2009).

Phagocytosis, by SGLs and LHAs, of cytoplasmic
and nuclear remnants shed from clots

Although our observations suggested that cell death
preferentially occurred first at central areas and progressed
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Fig. 2 Entrapment of bacteria,
yeast and human cells in small
clots and phagocytosis by small
granular leukocytes (SGL) and
large hyaline amebocytes (LHA).
a Phase contrast image of a clot
formed over a suspension of
DAPI-stained heat-killed bacte-
ria. The clot was spheroid in
shape and thus several images
could be obtained at various
focal planes. In contrast,
non-clotting coelomocytes lying
away from the clot remained at a
single focal plane. ×100, Bar
50 μm. b Blue fluorescent
DAPI-stained bacteria were
entrapped within the clot (same
field as that shown in
a). c Combined fluorescent and
phase contrast image of SGLs
and LHAs located away from the
clot and showing phagocytosed
DAPI-stained bacteria within the
cytoplasm. ×1000, Bar 15 μm.
d Fluorescent image of the same
field as that shown in c. Bacteria
were found within a densely
packed cytoplasm in SGLs, but
with a more restricted cytoplas-
mic distribution in LHAs, often
occurring within the characteris-
tic large vacuole of these cells.
e Combined phase contrast and
fluorescent image of bacteria
phagocytosed by SGLs observed
at the edge of a small clot. A
small number of SGLs were
frequently observed at the
margin. ×1000, Bar 15 μm.
f Fluorescent image of the same
field as that in e. g Phase contrast
image of yeast cells entrapped by
a small clot. ×100, Bar 50 μm.
h Fluorescent image of the field
shown in g showing green
fluorescent fluorescein-diacetate
(FDA)-stained yeast cells
entrapped within the clot. i Phase
contrast image of a small clot
formed over a suspension of
non-clustering human U937
cells. ×100, Bar 50 μm.
j Fluorescent image of the field
in i showing green fluorescent
FDA-stained live U937 human
cells entrapped by a small clot
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to the periphery, the shedding of small cytoplasmic and
nuclear remnants into the clot neighbourhood was also
observed in some preparations (Fig. 3e, f). To explore the
fate of these cytoplasmic remnants shed from the clot, we

stained live preparations induced on glass slides with the
lipophylic dye FM-4-64. This dye not only stains cell
membrane but is further routed through the endocytic
pathway of the cells and stains endosomes, phagocytic

Fig. 3 Indicators of cell death in
homotypically aggregated LGLs
forming the clot with evidence of
nuclear and cytoplasmic break-
down. a Fluorescence image of a
magnet-separated fixed prepara-
tion stained with DAPI showing a
small clot entrapping magnetic
beads. The central areas of the
clot showed poor staining of
nuclei indicating extensive DNA
degradation (encircled area). In
contrast, nuclei at the peripheral
zones of the clot (curved line)
were better stained indicating that
the DNAwas degraded to a lower
extent than that in cells located
more deeply within the clot. ×200,
Bar 30 μm. b Phase contrast
image of the preparation shown in
a giving a clearer view of periph-
eral and central areas of the clot.
c Fluorescence image of DAPI-
stained nuclei observed at the
peripheral zones of the clot,
showing chromatin condensation,
fragmentation and nuclear mem-
brane ripples (arrow). ×1000, Bar
10 μm. d A small clot entrapping
DAPI-stained bacteria. Unfixed
preparation stained with the
supravital dye FDA. Green
fluorescence at the periphery of
the clot indicated that homotypi-
cally aggregated LGLs were
viable, while the absence of green
fluorescence at the central area of
the clot indicated a loss of cell
viability at that site. ×200, Bar
30 μm. e, f Two successive phase
contrast images showing
disintegration of a LGL located at
the edge of clot (arrow in e) and
shedding of the cytoplasmic
remnants into the clot neighbour-
hood (arrow in f). An SGL is
present in both images crawling
around the edge of the clot
(arrowhead). ×1000, Bar 15 μm.
g A small clot stained with
sulforhodamine B, a dye that
stains intracellular proteins in
permeabilized cells. ×200, Bar
30 μm. h Overlaid phase contrast
and fluorescence image of the
same field shown in g showing
that only LGLs at the clot were
stained by sulforhodamine B
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vacuoles, many organelles and even the nuclear membrane
(Vida and Emr 1995). Strong diffuse fluorescence originating
from several focal planes of the multicellular spheroid of
aggregated LGLs was observed at the clots (Fig. 5a, b). In
contrast, non-clotting cells lying away from the clots
remained at a single focal plane and were clearly stained at
their cell membranes and phagocytic vacuoles (Fig. 5c).
Most importantly, this dye allowed us to stain small
cytoplasmic remnants shed from the clot and to observe
clearly the phagocytosis of these remnants by LHAs and
SGLs (Fig. 5d, e). As occurred with preparations exposed to
bacteria, the cytoplasm of SGLs was densely packed with
endocytosed membranes, whereas lower amounts of such
membranes were observed in LHAs (Fig. 5e).

Next, we recovered cytoplasmic remnants from super-
natants of clots previously stained with either FM-4-64 or
MDC, another fluorescent lipohilic dye (Munafo and
Colombo 2001; Pincus et al. 1975), and studied these
supernatants by flow cytometry in order to identify and
quantify the presence of small cytoplasmic remnants stained
by either red (FM-4-64) or blue (MDC) fluorescence
(Fig. 6). These fluorescent membrane remnants appeared,
in FSC and SSC, as a single cluster that was smaller than
that of whole cells (Fig 6c, d), thus confirming the results
from fluorescence microscopy.

To obtain definitive evidence of the phagocytosis of
cytoplasmic remnants by SGLs and LHAs, we concentrated
a preparation of MDC-stained remnants from one worm
and placed this on a glass slide. Then, a new clot was
allowed to form with coelomic fluid from a second worm.
As expected, MDC-stained cytoplasmic remnants were
found in SGLs and LHAs and entrapped within the clot
(Fig. 5f–h)

Dissimilar cytoskeletal changes in LGLs and SGLs

To obtain further evidences of the differential and perhaps
complementary roles of LGLs and SGLs during clot
formation and particle entrapment, we evaluated the pattern
of cytoskeletal changes by staining preparations of glass-
adhered cells with the F-actin marker phalloidin. The most
striking arrangements occurred in LGLs. These cells spread
extensively in all directions and fused to each other to form
small clots (Fig. 7a–c). In addition, these small clots formed a
large veil-like structure composed of F-actin-rich cytoskeletal
components that spread well beyond the apparent edge of the
clot, as compared with phase contrast images (Fig. 7c, g, h).
In contrast, SGLs often showed a polarized pattern similar to
that of migrating cells (Mitchison and Cramer 1996; Stossel
1993) with leading F-actin-rich edges (lamellipodia) and
trailing edges with a low F-actin content (uropodia; Fig. 7d, e).

When preparations to be stained with phalloidin-
rhodamine were made by decanting coelomic fluid over
suspensions of DAPI-stained bacteria, SGLs showed
internalized blue fluorescent bacteria; this confirmed that
these phagocytic cells corresponded to the polarized cells
with lamellipodia and uropodia. In addition, SGLs were
sometimes observed with a non-polarized cytoskeletal
arrangement with thick filopodia extending in all directions
and in contact with external bacteria, thus indicating active
phagocytosis by these cells at specific locations rather than
migration (Fig. 7f-f’’’). Limited numbers of free DAPI-
stained bacteria were observed immersed in the veil-like
structure that emerged from the clot suggesting it might
have a role aiding phagocytosis (Fig. 7g, h).

Nuclear remnants had fragmented DNA
and were phagocytosed by SGLs and LHAs

Having demonstrated that cytoplasmic remnants were
shed from the clot and phagocytosed by SGLs and
LHAs, we next turned to explore the fate of nuclear
remnants. As noted above, extensive DNA degradation
was observed within the clot but, since some LGLs were
observed to disintegrate their cytoplasm into small
particles, the nuclear remnants containing fragmented
DNA might also have been shed from the clot and
further scavenged by SGLs and LHAs. To identify
nuclear remnants with partially degraded DNA, we used
non-fixed small clot preparations in which DAPI was
present during clot formation as a supravital DNA dye,
on glass slides. Our purpose was to stain with DAPI
those nuclear fragments originating from dead LGLs
while leaving viable cells unstained because DAPI only
stains cells with a permeable cell membrane (Shapiro
2003). As expected, blue fluorescent DAPI-stained nuclear
remnants where found in the cytoplasm of LHAs and

Fig. 4 Time course evaluation of DNA degradation within a magnet-
separated clot. Electrophoresis of DNA in 1% agarose gel. Lanes 1–5
DNA extracted from cells recovered from magnet-separated clot masses
at increasing time points (min) after clot formation. Lane 6 DNA
laddering pattern (positive control) as observed in non-clotting apoptotic
coelomocytes (mainly haemerythrocytes and LHAs) obtained after 8 h
exposure to H2O2). Lane 7 DNA from non-clotting coelomocytes not
exposed to H2O2 (negative control). Lane 8 Molecular weight marker
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SGLs indicating that these remnants were being shed from
the clot and scavenged by these cells (Fig. 8a).

To confirm these findings and to determine whether
these nuclear remnants corresponded to fragmented DNA,

we evaluated fixed preparations of small clots formed in
glass surface with the nick-end DNA-labelling technique
(TUNEL). Fragmented DNA was largely detected in the
cytoplasm of SGLs and also within the clots, albeit to a
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much lower extent (Fig. 8b–d). Positive controls of the
DNase-I-treated preparations confirmed that green fluores-
cence corresponded to fragmented DNA nick-end labelling
(Fig. 8e, f). Negative controls with no TdT enzyme showed
no green fluorescence and confirmed the specificity of
TUNEL (data not shown).

Discussion

Clot formation in sipunculans is both a straightforward
haemostatic function and a first-line immune response. In
this study, we have evaluated some aspects of the interplay
between cells directly involved in clot formation and cells
having the complementary role of phagocytosing self
products, such as cytoplasmic and nuclear remnants shed
from the clot, and non-self material. The combination of
immune and haemostatic functions has created some
historical controversies about whether clotting is present
in sipunculans and whether sipunculans form nodules and
capsules as occurs in insects and crustaceans (Cushing and
Boraker 1975; Dybas 1976; Rice 1993; Towle 1975;
Triplett et al. 1958). A simple gadget designed to create a
liquid column opened at the bottom end in contact with sea

Fig. 6 Flow cytometry of
membrane remnants isolated
from clot supernatant stained
with lipophylic dyes FM-4-64 or
MDC. a Red fluorescence of
membrane remnants detected in
supernatants of preparations
stained with FM-4-64. b Blue
fluorescence of membrane
remnants detected in superna-
tants of preparations stained
with MDC. c Forward (FSC) vs.
side (SSC) light scatter plot of
membrane remnants (mr)
detected in supernatants of
preparations. d Forward (FSC)
vs. side (SSC) light scatter plot
of a suspension containing both
membrane remnants (mr) and
coelomocytes (Coel) showing
the relative size of remnants to
coelomocytes

Fig. 5 Phagocytosis of cytoplasmic remnants stained with lipophylic
dyes FM-4-64 and monodansyl cadaverine (MDC). a Live preparation
stained with FM-4-64 and showing a small clot formed on the glass
surface. The dense cloudy fluorescence arising from several focal
planes indicated that the clot contained large amounts of LGL-derived
lipid membranes. In contrast, non-clotting cells remained in a single
focal plane and where stained at the cell membrane and at internal
membranes of the endosomic route. ×200, Bar 30 μm. b Clot staining
did not allow the distinction of cell contours or internal structures of
aggregated LGLs. An SGL with clear definition of the cell membrane,
nuclear membrane and cytoplasmic content can be seen at the clot
edge. ×1000, Bar 15 μm. c LHA lying away from the clot showing
staining of the cell membrane and internal membranes (im) outlining
the characteristic large vacuole of these cells and the nuclear
membrane. ×1000, Bar 15 μm. d Small membrane remnants (mr)
observed lying free between cells, but being actively phagocytosed
(ph) by LHAs and within LHAs at several locations within the
cytoplasm. ×1000, Bar 15 μm. e SGL observed lying away from the
clot with its cytoplasm densely packed with membrane remnants.
×1000, Bar 15 μm. f Membrane remnants (stained with the lipophylic
dye MDC) obtained from the coelomic fluid of one worm and
entrapped in small clots by the coelomic fluid of a second worm, as
indicated by blue fluorescence of the clot. Blue fluorescence within
SGLs of the second worm demonstrated phagocytosis of MDC-stained
membrane remnants (mr) from the first worm. ×1000, Bar 15 μm. g
Phase contrast image of the same preparation as that shown in f. h Blue
fluorescence within LHAs of the second worm lying away from the clot
and showing phagocytosis of MDC-stained membrane remnants (mr)
from the first worm. ×1000, Bar 15 μm

�
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water had allowed us to demonstrate that a gross cellular
clot occurs at the opened end and prevents the drainage of
coelomic fluid from higher in the fluid column. Our finding
that this large and massive clot prevents fluid flow under
low hydrostatic pressure highlights its haemostatic role and

indicates that it might serve to create a rapid seal to prevent
the loss of fluid upon body wall injury. Thus, effective
haemostasis occurs in this marine worm even though
cell-free coelomic fluid does not congeal. LGLs are not
trapped in a gel mesh but constitute the structure of the clot

Fig. 7 Cytoskeletal arrangement
of LGLs and SGLs during clot
formation. a Phalloidin-rhodamine
staining of F-actin in a clot
formed after glass contact.
Aggregated LGLs formed a
syncytial mass in which the
cytoskeletal arrangement of the
clot itself appeared as a uniform
mesh of F-actin fibres. b Phase
contrast image of the preparation
shown in a. c A small clot stained
with phalloidin-rhodamine and
counterstained with DAPI show-
ing the extensive spread in all
directions away from the clot,
with F-actin-rich zones at the clot
margins (arrow). d LGLs spread-
ing in several directions and an
SGL with a polarized cytoskeletal
arrangement of F-actin character-
istic of migrating cells with
lamellipodia (lam) at the leading
edge and uropodia (ur) at the
trailing edge. The cell boundaries
of SGLs could be easily recog-
nized but not that of LGLs
because most of these cells
appeared fused to each other.
e Phase contrast image of the
preparation in d showing the cell
boundaries of LGLs and SGLs
more clearly. f–f’’’ Cytoskeletal
arrangement of an SGL phagocy-
tosing some DAPI-stained
bacteria. Thick filopodia (fil) for-
mation appeared to participate in
the phagocytosis of the bacteria.
f Phalloidin-rhodamine counter-
stained with DAPI. f’ Phalloidin-
rhodamine. f’’ Phase contrast.
f’’’ Phalloidin-rhodamine, DAPI
and phase contrast. g DAPI-
stained bacteria (bact) were
occasionally found entrapped in
the veil-like structure surrounding
the clot core. This veil-like struc-
ture appeared as an integral part of
the cytoskeletal arrangement
of the clot with F-actin-rich zones
at the edges (arrowhead). h Phase
contrast image of the preparation
in g showing that the veil-like
structure with F-actin-rich margins
(arrowhead) extended well
beyond the apparent edge of the
clot. ×1000, Bars 15 μm
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itself. The site of sea water contact appears to dictate the
point at which LGL aggregation forms the clot. This
finding introduces a model of haemostasis different from
current arthropod and vertebrate models and challenges
the well-established paradigm that blood or haemolymph
coagulation is attributable to the clotting of plasma rather
than to changes in the cellular constituents. We have also
observed that extensive clots can form on the exposure
of coelomic fluid to magnetic beads in small tubes and
that the clot can be separated from the tube with a
magnet. Since particles are entrapped in the clot, the
result highlights that, in addition to sea water, foreign
material contact also contributes to the definition as to
where clotting will take place and underscores the
immune significance of massive clotting. In contrast,

small round clots form around bacteria placed in
suspension on glass coverslips. These small cellular clots are
to some extent morphologically reminiscent of the nodules
described in insects (Gandhe et al. 2007; Lavine and Strand
2002; Ratcliffe and Gagen 1977). The homotypic aggrega-
tion of LGLs that form the clot acts as a mesh in which
potential pathogens can be captured. Entrapment of particles
is almost immediate and appears to be of broad specificity,
since magnetic beads, bacteria, yeast or even mammalian
cells can be entrapped in clots.

The fate of LGLs after aggregation and activation is cell
death, which appears to occur first at central areas of the
clot, whereas LGLs at peripheral zones seem to remain
viable for a slightly longer time as judged by the
observation of metabolic activity. However, features such

Fig. 8 Phagocytosis of
DNA-containing nuclear
fragments by SGLs and LHAs.
a Combined phase contrast and
fluorescent image of a live
preparation in which DAPI was
present as a supravital stain
during clot formation allowing
the staining of dead cells and
DNA-containing nuclear
remnants. DAPI-stained nuclear
remnants were taken up by SGLs
and were seen throughout the
cytoplasm with the exclusion of
the nucleus indicating SGLs
remained viable. LHAs also
phagocytosed nuclear remnants
and were observed within the
large vacuole (lv). ×1000, Bar
15 μm. b TUNEL staining of a
small clot. Significant amounts
of fragmented DNA observed
within the cytoplasm of SGLs
(arrows) were located at the
boundaries of a small clot. ×1000,
Bar 15 μm. c TUNEL staining of
a small clot with scanty amounts
of fragmented DNA (arrows)
indicating it was being either
rapidly degraded within the
clot or taken up by SGLs. ×1000,
Bar 15 μm. d Phase contrast
image of the preparation in c
illustrating that the location of
TUNEL-positive fragmented
DNA corresponded to that of the
clot. e DNase-I-treated preparation
showing TUNEL-positive green
fluorescence in nuclei of all clot-
ting and non-clotting cells. ×400,
Bar 30 μm. f Same preparation as
in e illustrating that DAPI-staining
of all nuclei corresponded to the
same cells with positive TUNEL
fluorescence. ×400, Bar 30 μm
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as nuclei with condensed and fragmented chromatin and the
shedding of cytoplasmic and nuclear remnants from dead
LGLs have also been observed at the peripheral areas of the
clot. In addition, bead-separated clots show only mono-
nucleosome-size DNA at all time points evaluated, with no
DNA laddering pattern, again indicating that DNA is being
degraded rapidly. Our previous studies have shown that
LGL acid granules are disintegrated at central areas of the
clot, as assessed by supravital staining with acridine orange
(Blanco et al. 2008). Thus, the clot aids to entrap,
immobilize and destroy microbes, even with the sacrifice
of self cells, providing a degradative environment within
the clot in which extensive self and potentially foreign
DNA destruction takes place. Of note, recent studies have
demonstrated a strong modulation of immune response of
insects by extracellular nucleic acids (Altincicek et al.
2008). Apoptosis and programmed cell death are no longer
considered synonyms and the absence of apoptosis does not
rule out the occurrence of non-apoptotic forms of
programmed cell death (Kroemer et al. 2009). Necrosis
may be an accidental uncontrolled form of cell death or
may be finely regulated by a set of signal transduction
pathways and catabolic mechanisms, although it is still
largely identified in negative terms by the absence of
apoptotic or autophagic markers (Kroemer et al. 2009). Our
morphological evaluation argues in favour of necrosis
occurring under regulated conditions. The morphological
features of necrosis within the clot seem not to occur
accidentally or in an uncontrolled form but are regulated to
proceed strongly within the central areas, with DNA
degradation and lysosomal rupture, and more gently or
perhaps in a delayed manner at the clot edges. The finding
that LGLs, but not cells lying away from the clot, become
permeable to the water-soluble small 558-Da tracer sulfo-
rhodamine B, which binds to proteins and exhibits red
fluorescence (Shattil et al. 1992), strongly suggests that the
permeation and massive influx of other molecules, such as
extracellular Ca2+, have an important role in the rapid
occurrence of LGL death. In addition, staining with
sulforhodamine B has revealed no extracellular matrix of
clot fibres composed of coagulated proteins, as is observed
in arthropod clots in which such fibres can be stained
together with entrapped haemocytes (Bidla et al. 2005;
Scherfer et al. 2004).

Unlike aggregated LGLs, LHAs and SGLs remain viable
in all preparations and exhibit a scavenging role, phagocy-
tosing cytoplasmic and nuclear remnants of LGLs and
bacteria. SGLs in particular appear to wonder in close
contact with the edges of the clot and in locations away
from the clot. In contrast, LHAs have not been seen in close
proximity to the clot but only elsewhere, thus fulfilling a
more clot-distant ancillary phagocytic role. Surprisingly, the
assessment of the cytoskeletal arrangement of cells

involved in clot formation via the F-actin polimerization
pattern has shown a veil-like thin structure extending from
the clots. This arrangement might have some role in
facilitating the immobilization of particles and phagocytosis
by SGLs. The latter cells, as opposed to LGLs, have a high
F-actin content with a pattern compatible with polarized
migrating cells, sometimes with multiple filopodia aiding
the phagocytosis of bacteria. In our previous studies,
assessment by Giemsa staining has been strongly suggestive
of phagocytosis of nuclear and cytoplasmic remnants by non-
dying cells (Blanco et al. 2008). However, morphological
similarities between early activated LGLs and SGL have not
allowed us to ascertain the dissimilar role of the latter. Here,
we have clearly identified SGL as a different cell type
actively involved in scavenging cytoplasmic and nuclear
remnants in close proximity to the clot. By several staining
approaches, we have confirmed that SGLs are closely
connected to, but not part of, the clot itself. Indeed, these
cells appear to wonder around the clot and, if found in
central areas of the clot, are located at the top or bottom focal
planes of the spheroid-shaped clots. The cytoskeletal
arrangement of SGLs often correspond either to that of
polarized migrating cells with lamellipodia and uropodia or
to phagocytosing cells with thick filopodia in contact with
bacteria. In contrast, the cytoskeletal arrangement of LGLs in
small clots corresponds to that of non-migrating cells that
extensively spread in all directions and fuse to each other.
The F-actin-rich cytoskeletal structures are only focal
contacts made on the glass surface. Staining supravitally
with DAPI has shown a paradoxical image of SGLs with a
clear nucleus and stained cytoplasm indicating the phagocy-
tosis of DAPI-stained LGL nuclear remnants. The nick-end
labeling method has also shown a paradoxical staining of
SGLs with a clear nucleus and stained cytoplasm indicating
the presence of fragmented DNA as a result of phagocytosis.
Similarly, cytoplasmic remnants obtained from the clot
supernatant and previously stained with lipid dye MDC are
uptaken by SGLs and show intense staining of the
cytoplasm. Thus, we conclude SGLs have a central role in
scavenging nuclear and cytoplasmic remnants of dead and
disintegrated LGLs shed from the clot and microbes or
particles partially immobilized at the clot periphery or free
elsewhere other than the clot. Thus, clot formation might
contribute to the congregation of cellular immune effectors at
the site of pathogen entrance and entrapment, as has recently
been highlighted by Haine et al. (2007) who have reviewed
the functional consequences of clotting in insects. Our
findings support the idea of the presence of a common
haemostatic-immune strategy adopted by sipunculans, where
clotting cells and non-clotting phagocytic cells have
complementary roles as first- and second-line defenses,
respectively, in the response to the intrusion of pathogens
within an integrated system.
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