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A hemocyte primary culture system for Pomacea canaliculata in a medium mimicking hemolymphatic
plasma composition was developed. Hemocytes adhered and spread onto culture dish in the first few
hours after seeding but later began forming aggregates. Time-lapse video microscopy showed the
dynamics of the early aggregation, with cells both entering and leaving the aggregates. During this period
phagocytosis occurs and was quantified. Later (>4 h), hemocytes formed large spheroidal aggregates that
increased in size and also merged with adjacent spheroids (24e96 h). Large single spheroids and
spheroid aggregates detach from the bottom surface and float freely in the medium. Correlative confocal,
transmission electron and phase contrast microscopy showed a peculiar organization of the spheroids,
with a compact core, an intermediate zone with large extracellular lacunae and an outer zone of flattened
cells; also, numerous round cells emitting cytoplasmic extensions were seen attaching to the spheroids’
smooth surface. Dual DAPI/propidium iodide staining revealed the coexistence of viable and non-viable
cells within aggregates, in varying proportions. DNA concentration increased during the first 24 h of
culture and stabilized afterward. BrdU incorporation also indicated proliferation. Spontaneous spheroid
formation in culture bears interesting parallels with spheroidal hemocyte aggregates found in vivo in
P. canaliculata, and also with spheroids formed by tumoral or non-tumoral mammalian cells in vitro.

� 2012 Elsevier Ltd. All rights reserved.
1. Introduction

Pomacea canaliculata is a highly invasive freshwater snail orig-
inal from the Plata river basin [1], which has become a serious
threat to rice and other crops in Asia and some Pacific islands [2e4].
Also, it has been found associated to outbreaks of eosinophylic
meningoencephalitis, an emergent parasitic disease [5,6]. Beyond
these applied aspects, basic studies on this species have revealed
amazing aspects of its biology, for instance the first records of
nuptial feeding behavior in a mollusk [7] and of egg proteins being
either neurotoxic or antidigestive in animals [8,9]. Knowledge of
the biology of this snail in general, and particularly of its immune
system, may provide cues for understanding its apparent ‘toler-
ance’ to multiple symbiotic associations [10] and perhaps for
controlling its populations [11].
; DAPI, 4060-diamidino-2-
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Mollusks express innate (but not adaptive) immune reactions to
microbes and parasites, and hemocytes are involved in these
reactions as well as inwound healing [12]. Hemocytes share certain
features with macrophages, their counterpart in the vertebrate
immune system [13,14]. Among these are the capacities of phago-
cytosis, encapsulation and lysis of foreign cells [15]. Although there
is abundant information on the defense mechanisms in some
mollusk taxa [16], experimental studies have been frequently
hampered by the scarcity of adequate in vitromodel systems, which
are just a few in gastropods [17e19].

Comparative studies of gastropod hemocytes have revealed
a diversity of morphological types differing mainly in nuclear shape
and location, nuclear/cytoplasmic ratio, emission of pseudopodia,
and properties of cytoplasmic granules, but have beenmademainly
in pulmonates [e.g., 20e23]. Information on hemocyte morphology
in P. canaliculata is limited, but three cell types can be recognized:
(1) agranulocytes, unfrequent cells only discernable under trans-
mission electron microscopy, which show a high nuclear/cyto-
plasmic ratio, and few or none cytoplasmic granules of moderate
electron density; (2) granulocytes with a small nuclear/cytoplasmic
ratio, and numerous, large electron-dense granules, which are
eosinophilic in light microscopy preparations; and (3) hyalinocytes,
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with an intermediate nuclear/cytoplasmic ratio and no apparent
granules under light microscopy, but which show some granules of
moderate electron density, and also electron-lucid spaces which
probably represent glycogen accumulation [24e26].

In this study, a primary culture system for P. canaliculata
hemocytes was developed, in which the evolutionary conserved
processes of cell attachment, spreading and phagocytosis were
observed shortly after seeding, but which were later followed by
a remarkable formation of three-dimensional aggregates.

2. Material and methods

2.1. Animals, hemolymph sampling and cell counting

Adult snails of a cultured strain of P. canaliculata [27] were used.
Hemolymph (1e2 mL per snail) was obtained by puncturing the
heart ventricle, through a small opening made in the shell near the
umbilicum, and through the underlying mantle and pericardium,
using a sterile 25-gauge needle on a 1 mL syringe. Hemocyte
concentration was determined in freshly extracted hemolymph,
which was diluted (1:4) in an antiaggregant solution designed for
P. canaliculata (30mMEDTA, 43mMNaCl,1.8mMKCl,10mMHEPES,
pH 7.6) and cells were counted in a Neubauer hemocytometer.
Hemolymph smears were stained with May-Gründwald-Giemsa to
determine thepercentof hyalinocytes andeosinophilic granulocytes.

2.2. Culture media

The basic mediumwas prepared from a stock solution containing
10 mL RPMI 1640 vitamins solution (100�, SigmaeAldrich, R7256),
Fig. 1. Hemocytes of Pomacea canaliculata 15 min after seeding in the basic medium. A. A
hemocytes; nuclei are blue (Hoechst 33258), actin is shown in red (rhodamine-labelled
hemocytes that have engulfed more than 20 fluorescent latex beads are shown. Scale bar ¼
beads. The percent of hemocytes that had phagocytosed at least one bead remained consta
showed a statistically significant increment at 4 h (asterisk; one-way ANOVA and Tukey test
the reader is referred to the web version of this article.)
20mL RPMI 1640 amino acids solution (50�, SigmaeAldrich, R7131),
5.5 mmol glucose, 43 mmol NaCl, 1.8 mmol KCl, 4.25 mmol CaCl2,
10 mmol 4-(2-hydroxyethyl)-L-piperazine-ethanesulfonic acid
(HEPES), 0.026 mmol phenol red made up to 1 L in double distilled
water; pH was adjusted to 7.6 with 3 M NaOH to which 25 mL of
82 mM L-glutamine, and 5 mL of a penicillin and streptomycin solu-
tion (107 IU/L and 50 mg/L, respectively) were added before use (the
addition of the latter components tended to lower themedium pH to
7.45). This basic medium was supplemented in some experiments
with fetal calf serum (10%) or homologous hemolymph plasma (15%).
Also, a 1:1 dilution of the L-15 medium (GIBCO) was used when
indicated, and was prepared by with distilled water to approximate
the osmolarity of P. canaliculata internal milieu (Cueto et al., 2011).

2.3. Primary culture of hemocytes

Freshly extracted hemolymph (200 mL, approximately 6 � 105

cells per well) was seeded in a 24-well plate (Nunclone� surface,
Nunc�, Denmark), and each well was provided with 0.5 mL of the
culture medium, and with (or without depending on the assay
requirement) a bottom glass coverslip. Cells were allowed to settle
and attach to the bottom coverslip or directly to the culture dish for
15 min and were then maintained at 28 �C for 0, 24, 48, 72 or 96 h
unless otherwise indicated.

2.4. Phagocytosis assay

Hemocyteswere seeded as described in Section 2.3. After 15min,
the medium was replaced by a 0.5 mL suspension of fluorescent
latex beads (Fluoresbrite YG Microspheres, 1 mm; Polysciences Inc.)
ttached hemocyte with long filopodia (scanning electron microscopy). B. Phagocytic
phalloidin) and fluorescent latex beads are green (laser confocal microscopy). Two
10 mm. D. Percent of phagocytic hemocytes at different times after exposure to latex

nt (C), but the percent of hemocytes showing more than 20 phagocytosed beads (-)
as post hoc analysis). (For interpretation of the references to colour in this figure legend,
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in the basic medium, to assess the hemocyte phagocytic ability (the
bead:hemocyte ratio was approximately 10:1). Hemocytes were
incubatedwith latex beads for 1 h, 2 h and 4 h. Cells were then fixed
in 2% (w/v) paraformaldehyde for 15 min at room temperature and
stained with rhodamine conjugated phalloidin as follows: After
three washes in phosphate buffer-saline, cells were permeabilized
in 0.2% (v/v) Triton X-100 for 5 min, washed and then stained with
rhodamine conjugated phalloidin (0.1 mg/mL in phosphate buffer-
saline) for 60 min in the dark at room temperature. Cells were also
treated with Hoechst 33258 for DNA staining, mounted in Mowiol
and examinedunder anOlympus FV1000 laser confocalmicroscope.

Phagocytosis was quantified as the percent of hemocytes that
have engulfed one or more fluorescent beads. Multiple compari-
sons (n ¼ 3 per group) were made by one-way ANOVA followed by
a Tukey test (a ¼ 0.05).

2.5. Assessment of hemocyte growth

For cell growth assessment, cultures were stopped by cooling at
the preceding time periods and cells were detached with a rubber
scraper and the medium containing cells was removed by pipetting.
Then, cellswereharvestedbysoft centrifugation (100� g,10min, 4 �C)
andwere sonicated with a microtip (three 15 s ultrasound exposures,
with 25 s intervals in an ice bath; Kontes 100 W Ultrasonicator,
Vineland, NJ, USA) in 0.2 mL of a high-salt buffer (TriseHCl 100 mM,
EDTA10mM,NaCl 2M,pH7.4) to ensure chromatindissociation. DNA
contentof the sonicateswasdeterminedby themethodof Labarcaand
Fig. 2. A. Kinetics of in vitro growth of Pomacea canaliculata hemocytes (DNA ng/ml, mean �
the 0 h mean value differed from the other determinations (one-way ANOVA and Tukey test
(phase contrast microscopy). C. Green immunofluorescence (BrdU) colocalizing with nucl
microscopy). Scale bar ¼ 50 mm. (For interpretation of the references to colour in this figur
Paigen [28]. Multiple comparisons (n ¼ 6 per group) were made by
one-way ANOVA followed by a Tukey test (a ¼ 0.05), after testing
normality with the KolmogoroveSmirnov test.

One pulse of 10 mM 5-bromo-20-deoxy-uridine (BrdU) was given
in an additional experiment to basic medium cultures, and incor-
poration was determined 12 h later by immunofluorescence (BrdU
Labelling and Detection Kit I, Roche Diagnostic, Penzsberg,
Germany). BrdU incorporation by Vero cells (ABAC, Buenos Aires,
Argentina) incubated at 37 �C inD-MEMsupplementedwith 10% FCS
and antibioticswasfirst tested as a positive control (data not shown).

Several media modifications were tested by comparing DNA
content in cultures at 0 and 24 h (n¼ 5 per group) with a one-tailed
Student’s t-test. Results of supplementing the basic medium with
fetal calf serum (and the corresponding controls) did not show
a normal distribution (KolmogoroveSmirnov test), but they did so
after square root transformation.

In all cases, the quality of cultures was controlled through color
changes in the culture medium (Phenol Red as pH indicator) and by
observation in the inverted microscope for the presence of micro-
organism contamination. In one case the culture had to be discarded.

2.6. Short-term live cells time-lapse microscopy

Freshlywithdrawn hemolymph (200 mL) was placed on a 35mm
glass coverslip. One millilitre of basic medium was added 15 min
later (to allow cells to adhere before addition). The glass coverslip
was placed in a temperature controlled chamber (28 �C) and
SE of six independent experiments) during 0e96 h culture in the basic medium. Only
as post hoc analysis, P < 0.05). B. Periphery of a spheroidal aggregate, 12 h after seeding
ear blue staining (Hoechst 33258) in the same aggregate shown in B (laser confocal
e legend, the reader is referred to the web version of this article.)
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observed with an inverted microscope (Nikon Eclipse TE-300).
Time-lapse recordings were performed using NIS Elements D as
acquisition software. An Andor� Luca EM charge-coupled device
camera captured 14-bit digital 1002e1004 pixels greyscale images
every 60 s for 73 min.
Fig. 3. Selected frames from time-lapse videomicroscopy showing thedynamicsof earlyaggrega
twocells togetherwhichareapproximatingthe largeraggregateandfinallymergewith it (8e20m
Open arrowspoint to a cellwhich detaches from the aggregate and leaves the observationfield (50
larger aggregate andfinally joinswith it (18e31min). Asterisks indicate two cellswhichappear at
2.7. Scanning electron microscopy

A similar amount of hemocytes was added to wells as described
in Section 2.3, except that a plastic coverslip (Thermanox� Plastic
Coverslip, Nunc�) was used instead of a glass one to cover the
te formation. Elapsed time inminutes is shown in theupper-left corner. Arrowheads indicate
in).Openarrowheads showanelongated cellwhich rapidly joins theaggregate (18e20min).
e55min). Also, a smaller cell aggregate appears in the lower right cornerapproximating the
tached to the substrate and showedno apparentmovements (0e57min). Scale bar¼ 20 mm.



Fig. 4. A large multicellular spheroid, 24 h after seeding (bright field microscopy).
Scale bar ¼ 50 mm.
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well’s bottom. At 0, 24 and 96 h after seeding the plastic coverslip
was removed and immersed in 2.5% glutaraldehyde for 30 min, and
then the cells were gradually dehydrated in increasing ethanol
concentrations (10e100% in distilled water), and then imbibed in
100% acetone before being critical point dried, gold coated on an
aluminum stub, and viewed under a LEO 1450VP scanning electron
microscope.

2.8. Dual DAPI/PI staining

Also, floating cell aggregates formed in culture were harvested
and stained with 4060-diamidino-2-phenylindole (DAPI, 2.5 mg/mL)
and propidium iodide (PI, 5 mg/mL) at room temperature for 15 min
before being observed under the laser confocal microscope.

2.9. Transmission electron microscopy

Hemocytes were seeded in multiwell plates as described in
Section 2.3 and floating spheroids which were formed in culture
were removed by pipetting after 24e96 h, fixed in 4%
paraformaldehydee2.5% glutaraldehyde mixture and centrifuged.
They were then dehydrated via graded ethanol solutions and
embedded in Spurr’s resin. Ultrathin sections (50e70 nm) were
contrasted with aqueous uranyl acetate and lead citrate and
observed under a Zeiss 900 transmission electron microscope.

2.10. Time course of hemocyte aggregation

In order to quantify the number of aggregates per mm2 and the
average area of aggregates at different times, hemocytes were
cultured directly onto the culture dish as described in Section 2.3,
and the experiment was repeated 6 times. Images were taken at 0,
4, 12, 24, 48, 72 and 96 h before seeding with an inverted micro-
scope (Nikon Eclipse TE-300), using the same software and camera
setting mentioned in Section 2.6. The aforementioned parameters
were quantified using ImageJ software (NIH). Ten fields (1.54 mm2)
per time period were photographed to determine aggregate
number. Also, the mean area of 100 aggregates was determined for
each time period.

3. Results

3.1. Early hemocyte attachment, spreading and phagocytosis

Hemolymph obtained from the heart contained 2884 � 419
cells/mL (mean � SEM, N ¼ 20), 9 � 2% of which were eosinophilic
granulocytes (N ¼ 10). Freshly extracted hemolymph was used for
seeding (200 mL per well) and for other microscopical observations.

When examined by scanning electron microscopy, cells had
attached to the bottom as monolayers 15 min after seeding. About
60% appeared spreading star-shaped cells emitting long and thin
filopodia (Fig. 1A) and most of them were interconnected (Figs. 1C
and 5AeD).

No granulocytes remained attached to the coverslip after
washing and fixation for laser confocal microscopy. Only 32e36% of
the attached hyalinocytes showed phagocytosis of fluorescent latex
beads within 4 h after seeding and this percentage did not change
significantly during the studied period (ANOVA I; Fig.1D). However,
a small proportion of cells showed the ability to phagocytose more
than 20 latex beads (Fig. 1C), and this percentage increased
significantly during the studied period (from 4% at 1 h to 15% at 4 h;
ANOVA I, followed by the Tukey test; Fig. 1D).

Formation of spheroidal aggregates had already begun in all
cultures at the end of these observations (see Section 3.2.2).
3.2. Hemocyte proliferation and aggregation in longer culture
periods

3.2.1. Hemocyte growth in the basic medium and other
supplemented or modified media

Cultures made both in the basic medium and in that supple-
mented with hemolymph plasma showed statistically significant
increases in DNA concentration compared between 0 and 24 h after
seeding. However, no significant increases were observed when the
basic mediumwas supplemented with fetal calf serum or when the
L-15 medium (diluted to match P. canaliculata plasma osmolality)
was used (Supplementary figure 1).

After the initial 24 h DNA increase in the basic medium, the
concentration did not changed significantly (Fig. 2A). BrdU incor-
poration 12 h after seeding was observed in cells within spheroids
indicating cell proliferation (Fig. 2B and C).

3.2.2. Hemocyte spheroidal aggregates in culture
Time-lapse video microscopy showed the early aggregation of

cells, 2 h after seeding. The incorporated cells arrived as floating
round or spreading single cells (Fig. 3, 8e20 min). The initial
contact between themwas made by cellular extensions (Fig. 5C and
D) and was followed by a rapid approach between cells (Fig. 3, 12e
24 min). Also, merging of small cell aggregates was observed
(Figs. 3 and 5E, 18e31 min). Nevertheless, this seems to be
a dynamic process since outwardmigration of some cells could also
be seen (Fig. 3, 50e57 min). The complete movie (60 min) corre-
sponding to Fig. 3 is available as Supplementary material.

Supplementary video related to this article can be found at
http://dx.doi.org/10.1016/j.fsi.2012.11.035.

Much larger spheroidal aggregates are formed later (Fig. 4).
Under scanning electron microscopy, hemocytes were already
attached to the bottom coverslip 15 min after seeding and many of
them had become extremely flattened, star-shaped cells, emitting
long filopodia with drumstick ends (Figs. 1A and 5A and D), while
others were still rounded, 3e5 mm cells (Fig. 5A and B). Both cell
types appeared emittingfilopodia and/or lamellipodia (e.g., Fig. 5H).

Also under scanning electron microscopy, the cells began to
form aggregates of irregular shape and surface within 24 h after
seeding (Fig. 5EeH). In some cases, 2e3 aggregates appeared
merging (Fig. 5E). Larger spheroidal aggregates (50e100 mm) with
a smooth surface were seen 96 h after seeding (Fig. 5F and H).
Numerous round cells, many of them emitting filopodia and
lamellipodia, appeared either covering most of the aggregate’s
surface or in the bottom’s surroundings (Fig. 5F and H). Indeed,

http://dx.doi.org/10.1016/j.fsi.2012.11.035


Fig. 5. Attached cells and aggregates (scanning electron microscopy). A. Hemocytes attached to the plastic bottom surface. Flattened cells (fc) and round filopodia/lamellipodia
emitting cells (ec), 15 min after seeding; scale bar ¼ 10 mm. B. Round cell emitting filopodia (detail from panel A); scale bar ¼ 5 mm. C. Interacting flattened and some round,
filopodia/lamellipodia emitting cells, 15 min after seeding; scale bar ¼ 20 mm. D. High power magnification, showing the drumstick shaped ends (ds) of the filopodia of flattened
cells, 15 min after seeding; scale bar ¼ 3 mm. E. Merging cell aggregates, 24 h after seeding; numerous filopodia/lamellipodia emitting cells are seen on both aggregates; scale
bar ¼ 20 mm. F. Spheroidal aggregate partly covered by numerous filopodia/lamellipodia emitting cells; the stub was tilted 47� to show the aggregate’s attachment to the bottom
surface, where some flattened and round cells are also seen, 96 h after seeding; scale bar ¼ 20 mm. G. Large spheroid mostly covered by filopodia/lamellipodia emitting cells, 96 h
after seeding; scale bar ¼ 20 mm. H. Detail of the smooth external aspect of a spheroid, with some filopodiaelamellipodia emitting cells on it, 96 h after seeding; scale bar ¼ 20 mm.
Abbreviations: ds, drumstick end; ec, filopodia/lamellipodia emitting cel; fc, flattened cell; rc, round cell; ss, smooth surface.
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many of the latter cells appeared to be migrating to join the
aggregates (e.g., Fig. 5F). The largest aggregates (abovew120 mm in
diameter) detached from the bottom surface and floated freely in
the medium and so, they did not appear in scanning electron
microscopy preparations.

The DAPIePI staining of floating spheroids showed that these
aggregates have a general organization including an outer cell layer,
a region in which lacunae predominate, and an inner, more or less
compact core. Much variable numbers of non-viable cells (marked
in red), that are unable to exclude propidium iodide, were observed
in different aggregates (Fig. 6).

Transmission electron microscopy of detached spheroidal
aggregates was made 24e96 h after seeding, showing similar
ultrastructural features throughout this period. In general, the
aggregated hemocytes showed ovoid or elongated nuclei, with
a dispersed chromatin matrix but also with some heavy



Fig. 6. Floating hemocyte aggregates, 72 h after seeding (DAPI and propidium iodide staining; laser confocal microscopy). A. Aggregate showing the peripheral cell zone, the
intermediate lacunar zone and the inner core (ic) (DAPI emission, blue). B. Same aggregate lacking propidium iodide staining (red emission), indicating that all cells were viable. C.
Merging of micrographs A and B. D. Another aggregate showing the same basic organization (DAPI emission, blue). E. Same aggregate showing abundant cells marked with
propidium iodide (red emission), indicating that most cells in this aggregate were not viable. F. Merging of micrographs D and E. Abbreviations: ic, inner core; la, lacuna; pz,
peripheral zone. Scale bar ¼ 100 mm. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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heterochromatic clumps and conspicuous nucleoli (Fig. 7A and B).
Most cells are hyalinocytes, i.e., they do not contain large electron-
dense granules, but do contain presumptive glycogen granules
(Fig. 7AeC) as well as membrane bound areas containing phago-
cytized cellular remnants and ‘myeloid’ membrane profiles
(Fig. 7D). The extracellular lacunae were numerous and were
intercommunicating around the inner cell core, and contained
a fibrillar material of moderate electron density (Fig. 7A and B).

The time course of cell aggregate formation was quantified both
in terms of aggregate density (number of aggregates/mm2) (Fig. 8A)
and aggregate area (mm2) (Fig. 8B) of the individual aggregates.
Aggregate density peaked at 4 h after seeding and decreased
thereafter, as a consequence of spheroid merging, which also
resulted in an increasing mean area of the individual aggregates. In
many cases, the three-layered organization of merged or unmerged
spheroids was easily discernible by phase contrast microscopy
(Fig. 8D). Spheroid merging cause aggregates to adopt capricious
forms (Fig. 8E), and many of them become seen visible to the naked
eye (they reach up to 1 mm2).

4. Discussion

A culture medium was developed that allowed hemocytes to
settle, attach, migrate and show phagocytosis of latex beads within
4 h after seeding. Afterwards, we were struck by the formation of
spheroidal aggregates, which later detached from the substrate and
even merged to form much larger aggregates. Aspects of hemocyte
activity were examined at selected stages along this progression.

4.1. Initial attachment and spreading of hemocytes

Hemocytes of P. canaliculata were highly motile 15 min after
seeding and were mostly flattened, spreading cells. However, and
as it was recently reported for a bivalve mollusk [29], fast modifi-
cations of hemocyte shape, with bidirectional transitions from
spreading to round cell outlines also occurred. In principle, active
motility ensures a rapid scanning of large areas and hence, it
increases the chance of contacting either foreign particles (to
phagocytise) or other cells (to form aggregates, at least in the case
of P. canaliculata). A direct correlation between vertebrate macro-
phage motility and phagocytic activity has been shown [30] and
this has been implicated in immune surveillance in vivo against
pathogen invasion [31].
4.2. Phagocytosis

Fluorescent particles were phagocytosed by hemocytes in
a manner similar to that of other mollusks [e.g., 29,32]. Hemocyte
exposure to fluorescent latex beads resulted in cell orientation
towards the beads, and in switching from a symmetrical to
a polarized cell shape, with the formation of lamellipodia at the
cell’s leading edge as do many vertebrate leukocytes [33e35].
Similar changes have also been shown in motile cells from several
phylogenetically distant taxa [36e38], in agreement with the idea
of an evolutionary conservation of these mechanisms.

In our experiments in P. canaliculata, all the attached hemocytes
were hyalinocytes, and only 32e36% of themwere able to engulf at
least one latex bead, and the proportion of phagocytic cells did not
change significantly during the studied period, which would indi-
cate indeed that the phagocytic population is about one-third of
circulating hyalinocytes. However, the percent of cells showing
a greater phagocytic capacity (i.e., those engulfing 20 beads or
more) increased up to 15% during the studied period, but it is still
possible that this percent would have increased if the observations
were continued for a longer time (this was not possible because of
spheroid formation, that hampers these quantifications). Similar



Fig. 7. Floating hemocyte aggregates (transmission electron microscopy). A. Cells bordering interconnected extracellular lacunae, and showing euchromatic nuclei with some heavy
heterochromatic grains and nucleoli, and clear cytoplasmic areas with presumptive glycogen granules. The lacunae contain a fibrogranular material of moderate electron density;
scale bar ¼ 5 mm. B. Detail of nucleus of a cell shown in A, with heavy heterochromatic grains and a nucleolus; the fibrogranular material of the nearby lacuna is also seen; the
cytoplasm shows an area with membrane remains and presumptive glycogen granules; scale bar ¼ 1 mm. C. Detail of a membrane-unbound area with presumptive glycogen
granules; scale bar ¼ 1 mm. D. Detail of a cytoplasmic vesicle with ‘myeloid figures’; scale bar ¼ 1 mm. Abbreviations: gl, glycogen granules; la, lacuna; me, membrane remains; my,
myeloid figures; n, nucleus.
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percents of hemocytes phagocytosing at least a low number of
beads were reported within 3 h after seeding in the vetigastropods
Haliotis tuberculata [39], Haliotis discus and Turbo cornutus [40].

4.3. In vitro growth of circulating hemocytes

Hemopoietic organs have been described in pulmonate gastro-
pods [41e43] and in Marisa cornuarietis, an ampullariid snail [44].
Hemocyte islets are also found in the kidney of P. canaliculata and
they show phagocytic activity and spheroid formation after
bacterial or yeast injections [24,45]. However, it has also been
shown that hemocyte proliferation occurs in the circulation in lit-
torinimorph and pulmonate gastropods [46e48], bivalves [49,50]
and, although at low levels, in crustaceans [51e53]. The DNA
increase and the BrdU incorporation in hemocyte primary cultures
indicate that some cells with the ability to proliferate are found in
the circulation of P. canaliculata.

4.4. Hemocyte spheroidal aggregates in culture

The formation of large spheroidal aggregates in vitro appears as
a remarkable characteristic of P. canaliculata. Spheroids are found
since the first hours after seeding, and they grew in size during the
subsequent days, during which many aggregates detach from the
bottom coverslip and float freely in the medium. The aggregates
showed some organization, including a compact core, an inter-
mediate zone with large extracellular lacunae and an outer zone of
flattened cells; and also, numerous round cells emitting cyto-
plasmic extensions were seen attaching to the spheroids’ outer
surface. Spheroids are composed by the non-granular hemocytes
(mainly hyalinocytes) that account for 91% of circulating cells in
P. canaliculata. As far as we know, the formation of such large
spheroids by mollusk hemocytes has only been reported in a veti-
gastropod [18], an opisthobranch gastropod [54] and two bivalves
[29,55]. Evidence of an internal organization of the spheroids has
only been reported by Le Foll et al. [29] who showed a stratification
of two types of hemocytes forming the spheroids in Mytilus edulis,
but no indication of an internal organization has been previously
reported in gastropod spheroids.

In P. canaliculata, the nuclei of cells in the spheroid’s core and/or
close to the extracellular lacunae are indicative of high transcrip-
tional activity (a matrix of dispersed chromatin, heavy hetero-
chromatic clumps and conspicuous nucleoli). Also, many clear,
membrane-unbound areas in the cytoplasm contain small



Fig. 8. Timing of aggregate formation in culture (asterisks indicate differences significantly different from zero; ANOVA I, Tukey test, P < 0.05). A. Aggregate density. B. Area of
individual aggregates. CeE. Different degrees of aggregation (phase contrast, 96 h after seeding; scale bar ¼ 200 mm).
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electron-dense clumps in most hemocytes in the spheroids. These
areas may be the result of merging of the small ‘electron-lucid
granules’ reported by Shozawa and Suto [25] in circulating hemo-
cytes of this species, which actually appeared in their micrographs
as membrane-unbound areas which are likely to be glycogen
deposits [56].

Dual DAPI/PI staining revealed that damaged cells (i.e., those
with a membrane unable to exclude propidium iodide; [57]) also
occur in avariable numberwithin the spheroids. However, damaged
cells were only infrequently found in them under transmission
electron microscopy, which would indicate that propidium iodide
was detecting cells in which membrane damage had not still
resulted in recognizable ultrastructural changes or, alternatively,
that dead cells are rapidly phagocytosedby living cells. In onewayor
the other, aggregates may be showing an equilibrium between cell
proliferation and death, and this would explain the rather constant
levels observed in DNA concentration from 24 to 96 h after seeding.

Time-lapse imaging revealed a remarkable migratory activity in
the early phases of spheroid formation (2 h after seeding), with
cells moving in and out of the aggregates. Also, rapid cell shape
changes were observed, which indicate that round and flattened
cells may not be alternative morphotypes, but the result of to and
fro changes. Similarly, alternating spread and condensed phases of
hemocyte shape have been reported in a bivalve [29].

4.5. Significance of cell aggregation and spheroid formation in
mollusk and non-mollusk taxa

Hemocyte aggregation immediately after hemolymph with-
drawal is a widespread mechanism in gastropods which may be
significant for hemostasis in vivo [58] and theymay also be involved
in wound healing [59]. But larger spheroidal aggregations as those
spontaneously formed by P. canaliculata hemocytes in vitro has
been reported in at least four mollusk species [18,29,54,55] and
a similar behavior has been reported in two decapod crustaceans
[60]. However, the latter authors have also observed in vivo
spheroid formation after bacterial injections in the hemocoel, and
they have implicated spheroids in clearing of bacteria from the
circulation [60]. In their study, spheroids were assumed to be stuck
in the gill just because of the small size of vessels. Also, we have
observed spheroid formation in the hemocyte kidney islets and in
the lung of P. canaliculata after the injection of a yeast cell
suspension in the visceral hump. The lung of P. canaliculata is an
organ that does not normally show hemocyte islets as those of the
kidney [45]. However, the lung spheroids do not seem primarily
caused by trapping of hemocyte aggregates into the small vessels,
since small- to medium-sized aggregates have also been observed
within large vessels of this organ, even though they also extend into
the smaller vessels and interstitial tissue of the lung. Further
studies are needed to clarify the role of spheroids in the response to
immune challenge in P. canaliculata as well as in other gastropods.

However, the formation of spheroidal aggregates after several
hours in culture -instead of the more common formation of
monolayers- may also be significant in a much wider context.
Spheroid formation has been observed in cultures of several
mammalian cancer cells [e.g., 61,62]. Spheroids from mammalian
cells can also be prepared from non-tumoral cells, either in a single
cell type suspension or in a mixture of several cell types, but only in
permissive culture systems [63]. For instance, hepatocytes in such
conditions first adhere to form a monolayer with spreading cell
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morphology but, after 48 h of culture, they undergo contraction,
migration, and transition from monolayer into spheroidal aggre-
gates [64]. These structures are viewed as maintaining a tissue-like
cytological structure which sustain higher levels of many differ-
entiated functions than cells cultured as monolayers [63] and that
they may bridge the gap between cell culture and live tissue [65].
Indeed, some form of cell organization has been shown in the
spheroids formed by P. canaliculata hemocytes, and it is possible
that the fibrillar material contained within the large extracellular
lacunae found in spheroids were a kind of extracellular matrix,
which may also play a role during in vivowound healing; similarly,
hemocyte participation in matrix deposition during tissue repair
has been shown in arthropods and in a pulmonate gastropod
[59,66].

Also, spheroids have gained special attention in biomedical
research since they have been proposed as building blocks for
tissue/organ bioengineering [63,67] and as tumor models in drug
and radiotherapy research [65,68,69].

5. Conclusions

Circulating hemocytes from P. canaliculata have been cultured in
a newly developed synthetic medium in which basic, evolutionary
conserved behaviors such as attachment, spreading and phagocy-
tosis could be studied.

However, the main finding of the current work is that hemo-
cytes of P. canaliculata spontaneously form spheroidal aggregates
during the first hours (and days) after seeding, instead of growing
as monolayers. The spheroids do not appear as mere aggregates
since they show a tridimensional organization. Also, numerous
spheroids merge into large aggregates that may be visible with the
naked eye. All these findings may be significant in the cellular
immune response of this snail to microbial aggression, but also in
a context wider than molluscan cell biology, including tumor
biology and tissue bioengineering.
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