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Abstract

Echinoderms are reported to have up to eight coelomic cell types, but this number can be lower in some classes. In
Echinoidea, only three basic types are recognised: phagocytes, vibratile cells and spherulocytes. Most studies on these
coelomocytes are based on either live cell suspensions or transmission electron microscopy, while cytochemical studies are
scarce. In this work we offer a detailed characterisation of Eucidaris tribuloides (Cidaroida: Echinoidea) spherulocytes using
an integrative approach (live cells, cytochemistry and transmission electron microscopy). Additionally, evidence on the
maturation of these cells is presented. Three distinct spherulocyte types were found in the coelomic fluid: the already-known
red and colourless spherulocytes, and a poorly known subpopulation named herein as granular spherulocytes. Three distinct
maturation stages could be detected, which are characterised by a remarkable reduction in nuclear diameter while the
number and size of cytoplasmic spherules increases.

Keywords: Coelomocytes, cytochemistry, Echinodermata, maturation, ultrastructure

Introduction Chia & Xing 1995; Smith et al. 2006; Ramirez-
Goémez & Garcia-Arraras 2010). However, the total
number of coelomocytes may be higher than we
already know. Recent studies on sea urchin phago-
cytes, using cell markers and confocal microscopy,
demonstrated the existence of at least three subpo-
pulations: small phagocytes, discoidal and polygonal
cells (Henson et al. 1992, 1999, 2003; Edds 1993;
Brockton et al. 2008).

Spherulocytes are characterised by the conspicu-
ous spherical inclusions in the cytoplasm, and are
usually divided into two subpopulations. Cells that
accumulate naphthoquinone Echinochrome-A are
identified as red spherulocytes, and the ones contain-
ing transparent or hyaline spherules are classified as
colourless spherulocytes. Nonetheless, some works
using transmission electron microscopy (TEM)
have found up to five different types of spherule-
filled cells (Chien et al. 1970; Vethamany & Fung
1972; Heatfield & Travis 1975).

Despite the fundamental physiological roles attrib-
uted to spherulocytes, such as antibacterial activity,

Echinoderms are group of exclusively marine basal
deuterostomes (Edgecombe et al. 2011), charac-
terised by their calcitic skeleton, water vascular system
and pentamerous symmetry (Pawson 2007). These
animals lack specialised circulatory and respiratory
systems, the functions of which are performed by
coelomic fluid (Endean 1966). In addition to these
roles, the coelom also mediates immune responses,
with coelomocytes (free circulating cells in the coelo-
mic cavity) as the main components in this mechan-
ism (Arizza et al. 2007; Smith et al. 2010).

There are records of eight main coelomocyte types
in echinoderms, some subdivided into more than
one category: phagocytes (or amebocytes), spherulo-
cytes, hemocytes, progenitor (or lymphocytes), crys-
tal, discoidal, polygonal and vibratile cells (for review
see Ramirez-Gomez & Garcia-Arraras 2010).
However, some types are restricted to certain
groups. For instance, in the Echinoidea (sea urch-
ins), three main cell types can be found: phagocytes,
the vibratile cell and the spherulocytes (Smith 1981;
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oxygen transport and cytotoxicity, knowledge on
their specific functions is still limited. The chemical
nature of compounds in the colourless spherules is
largely unknown, and even basic data such as their
origin and differentiation capabilities are still under
debate (Chia & Xing 1995; Silva 2013). Therefore, it
would be important to determine spherulocyte types
and their structural variability in order to establish
cellular differentiation pathways and comprehend
their functions.

Most studies on spherulocytes are based either on
live cell suspensions or TEM (e.g. Johnson 1969a;
Chien et al. 1970; Vethamany & Fung 1972;
Bertheussen & Seljelid 1978; Pinsino et al. 2008;
McCaughey & Bodnar 2012). However, the lack of
correspondence between living cells and electron
microscopy preparations could be a major obstacle
to the recognition of cell types and the study of their
respective functions. Cytochemical procedures are
able to combine some inherent qualities of the pre-
vious methods, though they are rarely used for this
purpose (Liebman 1950; Holland et al. 1965;
Johnson 1969b). They allow for the observation of a
large number of cells in a single field, as with cell
suspensions, and information on the structure and
chemical nature of their components can be obtained,
which is similar to electron microscopy. Nevertheless,
there are no studies integrating all three approaches
with Echinoidea spherulocytes. In this context, the
aim of this work is to characterise this cell type of
the sea urchin Eucidaris tribuloides using light micro-
scopy of living and stained cells, and TEM.

Materials and methods
Awnimals and coelomic fluid collection

Specimens of the cidaroid sea urchin Eucidaris tribu-
loides (Cidaroida: Echinoidea) were collected in the
Sdo Sebastido Channel and maintained at room tem-
perature in marine aquaria at the Laboratério de
Biologia Celular de Invertebrados Marinhos,
Instituto de Biociéncias—Universidade de Sdo Paulo
(IB-USP). The coelomic fluid was collected by
inserting a syringe needle preloaded with 1.5 ml of
isosmotic anticoagulant solution (20 mM ethylene-
diamine tetraacetic acid (EDTA), sodium chloride
460 mM, sodium sulfate 7 mM, potassium chloride
10 mM, 4-(2-hydroxyethyl)-1-piperazineethanesul-
fonic acid (HEPES) 10 mM, pH 8.2; Dunham &
Weissman 1986) into the peristomial membrane. An
equal volume of coelomic fluid was collected; cells
were counted in a Neubauer chamber and density
was adjusted to 5 X 10° cells/mL using the same
anticoagulant solution.

Light microscopy

Living cell preparations and cytospins were exam-
ined. To observe living cells, drops of the suspension
were placed in microscopy slides immediately after
being obtained and covered with a cover slip.
Measurements were taken in 20 cells of each type
using a digital imaging system (Opton). Cytospins
were prepared using a cytocentrifuge (FANEN 248,
80 pL per spot, 80 X g/5 min) and fixed for 45 min in
formaldehyde sublimate. These slides were mounted
with Entellan (Merck) without further preparations,
or stained with toluidine blue, hematoxylin eosin
(H&E) and Mallory’s trichrome following standard
methods (Martoja & Martoja 1967; Behmer et al.
1976). Cell types were determined by the overall
shape, nuclear characteristics and cytoplasmic inclu-
sions, following the descriptions in the literature (e.g.
Liebman 1950; Holland et al. 1965; Johnson
1969b). Putative maturation stages of each spheru-
locyte subpopulation were determined according to
cytochemical and structural differences of their
nuclei and cytoplasmic content. Measurements
were performed in the cytospins, 50 cells of each
maturation stage, using the same digital imaging
system as above.

Transmission electron microscopy (TEM)

Coelomic fluid was collected and fixed in 2.5% glu-
taraldehyde in anticoagulant solution for 12 h at
room temperature. Coelomocytes were then resus-
pended in anticoagulant solution, embedded in agar
2.5%, centrifuged for 5 min (800 rpm) and post-
fixed in osmium tetroxide (1%) with cacodylate buf-
fer for 2 h at 4°C (Taupin 2008). The coelomocytes
were then dehydrated in a graded ethanol series (50,
70, 90 e 100%) and embedded in resin (Embed-812,
EMS). Ultrathin sections (50-70 nm) were stained
with uranyl acetate and lead citrate for 30 and 5 min,
respectively, and examined under a Zeiss EM900
electron microscope.

Staristical analyses

Data on nucleus, cytoplasm and spherule dia-
meter of live and unstained cells are presented
as mean * standard deviation for larger structures
or minimum-maximum diameters for smaller
ones. Nuclear diameters of stained preparations
are presented as mean % standard deviation.
One-way analysis of variance (ANOVA;
GraphPad InStat Statistical Software v. 3.0) was
used to test differences among nucleus diameters
of different maturation stages (early, intermediate
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and final) in each cell type. Differences are con-
sidered significant at a probability level of 0.05.

Results

Three distinct spherulocyte types could be identified
in the coelomic fluid: red spherulocytes, colourless
spherulocytes and a poorly known subpopulation
named herein as granular spherulocytes. For each
of these cell types, a continuous maturation process
could be observed, which was divided into three
main stages: early (largest nucleus diameter and
cytoplasm reticulated and/or without spherules);
intermediate (nucleus diameter decreases, whereas
the cytoplasm is filled and becomes increasingly
spherulous); and final (smaller nucleus diameter,
commonly peripheral, and cytoplasm filled with
many spherules). The nucleus diameter among the
three stages of all spherulocyte types differs statisti-
cally (P < 0.05; Figure 1).

Red spherulocytes

Living cells (Figure 2a) and unstained preparations
(Figure 2d): The live cells display a spherical to oval
shape (diameter = 11.58 £ 2.77 um). The nucleus is
round (3.1-3.8 um), and often eccentric when visible.
The cytoplasm is filled with spherules ranging between
1.21 and 1.42 pm, and containing the red pigment
Echinochrome-A (Figure 2a). When these cells are
handled without anticoagulant solution, they show an
elongated shape with amoeboid movements.
Unstained cells have a reddish peripheral nucleus and
a flat, brown, disorganised cytoplasm (Figure 2d).

Red spherulocyte

Colorless spherulocyte

Spherulocytes in Eucidaris tribuloides 3

Stained preparations: Early stage (Figure 3a, g and
m): Nucleus (diameter = 5 = 0.43 pm) usually con-
densed, central and with high affinity for toluidine
blue. It does not stain with other dyes, but shows a
reddish colouration probably due to the presence of
Echinochrome-A. Cytoplasm rather spread with a
characteristic reticulated appearance. Intermediate
stages (Figure 3b-e, h-k and n-q): Nucleus
(diameter = 3.9 * 0.43 um) with strong affinity to
toluidine blue, slightly condensed and eccentric
(peripheral in some cases) presenting a small nucleo-
lus (Figure 3e). Cytoplasm is dispersed and the
initial reticulated appearance decreases during
maturation, while there is an increase in the spher-
ules that stain only in toluidine blue. Final stage:
Small peripheral nucleus (2.8 * 0.39 pm) with less
affinity to toluidine blue than the surrounding cyto-
plasm, and slightly eosinophilic/acidophilic with
remaining stains. Cytoplasm with many spherules
showing high affinity to toluidine blue, but only
slightly eosinophilic/acidophilic with remaining
stains (Figure 3f, 1 and r).

Transmission electron microscopy (Figure 4a—d):
Cells are oval, and the large irregular nucleus is
always peripheral (Figure 4a—c). Chromatin is mostly
condensed (heterochromatin; Figure 4c), distributed
in clumps, sometimes presenting a nucleolus.
Cytoplasm showed apparently empty vacuoles in
some cells, while in others they were filled with a
large number of spherules of different sizes with
electron-dense contents (Figure 4a—c). A large num-
ber of mitochondria (Figure 4c, d), a well-developed
Golgi complex and blunt pseudopodia (Figure 4a, b)
could be observed. The possible maturation
sequence, with early, intermediate and final stages

Granular spherulocyte
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Figure 1. Nucleus diameter of the spherulocytes found in Eucidaris tribuloides. In each cell type, distinct letters show significant differences

(p < 0.05).
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Figure 2. Live (A-C) and fixed unstained (D-F) spherulocytes. (A) and (D): red spherulocyte; (B) and (E): colourless spherulocyte; (C) and

(F): granular spherulocyte. Scale bar: 10 pm.

corresponding to what was observed in stained cells,
could also be detected (Figure 4a—c).

Colourless spherulocytes

Living cells (Figure 2b) and unstained preparations
(Figure 2e¢): Spherical to oval shape (diameter

1236 = 1.1 pm). The nucleus is round
(3.2-3.8 um) and often eccentric. The cytoplasm is
slightly flattened and filled with colourless spherules
of unknown content, whose diameter ranged from
2.07 to 2.40 pm (Figure 2b). Morphology is similar
to that of red spherulocytes, showing an elongated
shape and amoeboid movements when handled
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Figure 3. Stained red spherulocytes in different stages of the putative maturation process. (A), (G) and (M): early stage; (B-E), (H-K) and
(N—-Q): intermediate stage; (F), () and (R): final stage. (A-F): toluidine blue; (G-L): hematoxylin and eosin; (M—R): Mallory trichrome.
Scale bar: 10 pm.
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Figure 4. Transmission electron microscopy of the red spherulocyte in different maturation stages. (A): early; (B): intermediate; (C): final;

(D): detail of a cell in the final stage (M = mitochondria; N =

nucleus; V = empty vacuole; IV = initial vacuole; FV = final vacuole;

Arrow = full vacuole; Asterisk = blunt pseudopodia). Scale bars: (A) and (B), 2 um. (C), 1 um. (D), 0.5 pm.

without anticoagulant solution. Unstained cells have
a reddish peripheral nucleus and a greenish, orga-
nised cytoplasm (Figure 2e).

Stained prepararions: Early stage (Figure 5a, e and
1): Nucleus eccentric, poorly condensed, measuring
4.5 * 0.46 um and with high affinity to toluidine blue
and H&E. Cytoplasm dispersed, without a clear
boundary and very reticulated; reticules are larger
than in early red spherulocytes and without affinity
to any dye. Intermediate stage (Figure 5b—c, f-g and
jk):  Nucleus smaller than previous stage
(4 £ 0.54 pm), peripheral and poorly condensed,
with a nucleolus sometimes visible. It also does not
present affinity to Mallory’s trichrome. The cyto-
plasm is homogeneously dispersed but loses this
characteristic through maturation and becomes visi-
bly more compact and spherulous. It shows an affi-
nity to H&E and to the methyl blue dye present in
the Mallory’s trichrome. Final stage (Figure 5d, h
and 1): Small nucleus commonly centralised and
condensed, measuring 2.6 * 0.27 um. Cytoplasm
organised, showing well-developed spherules with
roughly the same affinity as the previous stage, but
with a darker central core (Figure 51).

Transmission electron microscopy (Figure 6a—d): Cell
rounded in shape with a small peripheral nucleus
(Figure 6a). The cytoplasm shows a large number

of vacuoles, filled with a centralised electron-dense
material. Mitochondria, rough endoplasmic reticu-
lum and a large Golgi apparatus were also present
(Figure 6b—d). It was also possible to observe some
vesicle development next to the Golgi complex, in
which a central core is formed and becomes more
electron-dense (Figure 6d).

Granular spherulocytes

Living cells (Figure 2c¢) and unstained preparations
(Figure 2f): Only a few cells were observed, all dis-
playing a round shape and approximately 12.2 um
diameter. Nucleus was 3.4-4.0 um, round and often
peripheral. Cytoplasm is filled with large spherules
containing a brownish content of unknown composi-
tion, measuring 1.3-1.9 um in diameter (Figure 2c).
No amoeboid movements were observed in living
cells. Unstained cells show a large reddish peripheral
nucleus and an organised cytoplasm filled with well-
delimited green spherules (Figure 2f).

Stained preparations: Early stage (Figure 7a, d and
g): The nucleus is large, rounded, centralised and
poorly condensed, measuring 6.4 * 0.58 pm and
with a slight affinity to toluidine blue and H&E.
Cytoplasm is compact, with a clear boundary and
presenting a homogeneous appearance. It shows no
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Figure 5. Stained colourless spherulocyte in different maturation stages. (A), (E), and (I): early stage; (B—C), (F-G) and (J-K): intermediate
stage; (D), (H) and (L): final stage. (A-D): toluidine blue; (E-H): hematoxylin and eosin; (I-L): Mallory’s trichrome. Scale bar: 10 pm.

affinity to toluidine blue, with a greyish/yellowish
colour, and it stains slightly with H&E and acid
fuchsine present in the Mallory’s trichrome.
Intermediate stage (Figure 7b, e and h): The nucleus
diameter is smaller than in the previous stage
(5.4 £ 0.6 um), and it is commonly placed in the
periphery, with intermediate affinity to toluidine blue
and slight affinity to the other stains. The cytoplasm
shows the beginning of the spherule formation and it
has an affinity to acid fuchsine and H&E, but not to
toluidine blue. Final stage (Figure 7c, f and i):
Nucleus always peripheral and more condensed,
5 * 0.38 pum in diameter. Cytoplasm organised,
showing well-developed and individualised spherules
containing an unidentified material showing high
affinity to acid fuchsine.

Transmission electron microscopy (Figure 8a—e):
Cells are oval or round, and the large, regular
nucleus is generally peripheral, at least in intermedi-
ate and final stages (Figure 8c—e). The chromatin is
condensed, distributed in clumps, and a nucleolus
was common, sometimes with an electron-dense
structure (Figure 8d). The cytoplasm is filled with
spherules of high electron-dense content whose dia-
meter increases probably due to vesicular fusion
along maturation process (Figure 8a—e). A large
number of mitochondria, ribosomes (polyribosome
and free ribosomes) and rough endoplasmic reticu-
lum were present. It was also possible to observe a
maturation sequence similar to those in stained pre-
parations: early (Figure 8a and b), intermediate
(Figure 8c and d) and final stages (Figure 8e).
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Figure 6. Transmission electron microscopy of a colourless spherulocyte. (A): cell overview; (B): detail of the spherules; (C): Golgi complex;
(D): Golgi complex with different stages of spherule formation (G = Golgi complex; M = mitochondria; N = nucleus; RER = rough
endoplasmic reticulum; V = empty vacuole; 1-3 = spherule maturation. Scale bars: (A), 2 um. (B-D), 0.5 um.

Discussion

Since the classical work of Metchnikoff (1893) on
phagocytosis, many studies were made in an attempt
to identify and describe echinoderm coelomocytes
(Kindred 1921, 1924; Boolootian & Geise 1958;
Endean 1966). However, only live cells in suspension
and/or TEM have been largely used, while cytochem-
ical studies have been very scarce and observations of
fixed unstained cells were never performed.

The cytochemical approach using cytospins allowed
for the acquisition of new data on coelomocyte devel-
opment (maturation stages, cf. Figures 2, 5 and 7). It
was difficult to establish comparisons with previous
works due to the wide variation in techniques. As
stated before, “fixatives have a profound effect on
both staining and cytochemical reactions of the spher-
ule cells” (Johnson 1969b: 225). Nevertheless, the
nucleus and cytoplasm morphology are more stable
and therefore useful to identify this cell type.

The general characteristics of the red and colour-
less spherulocytes observed in E. zribuloides are simi-
lar to those described for other Echinoidea (Liebman
1950; Johnson 1969a; Bertheussen & Seljelid 1978;
Matranga et al. 2006; McCaughey & Bodnar 2012).

The red spherulocyte presented the same “flat”
aspect described for Arbacia punctara (Liebman
1950), and similar colouration was found in spher-
ulocytes named “Type I” from two species of the
genus Strongylocentrotus (Johnson 1969b). The same
characteristics are described for S. purpuratus,
although it presents a sub-central euchromatic
nucleus and the content of the spherules was not
visible, with a few of them presenting either a crystal-
line or a coarse material (Heatfield & Travis 1975).

The colourless spherulocyte stained with Mallory’s
trichrome was also similar to the one found in A.
punctata (Liebman 1950) and to the granulocyte of S.
purpurarus (Heatfield & Travis 1975). The morphology
compares well with the “Type II” spherulocytes from
Strongylocentrotus species (Johnson 1969b). On the
other hand, the ultrastructure of the colourless spher-
ule of E. tribuloides was different from those observed in
S. dréebachiensis, S. purpuratus and Heliocidaris erythro-
gramma (Vethamany & Fung 1972; Heatfield & Travis
1975; Dheilly et al. 2011, respectively). In S.
droebachiensis, the cytoplasmic spherules were appar-
ently empty, and only mitochondria were identified
(Vethamany & Fung 1972). Meanwhile, in S. purpur-
atus and H. erythrogramma, most spherules were
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Figure 7. Stained granular spherulocyte in different maturation stages. (A), (D) and (G): early stage; (B), (E) and (H): intermediate stage;
(C), (F) and (I): final stage. (A—C): toluidine blue; (D-F): hematoxylin and eosin; (G-I): Mallory’s trichrome. Scale bar: 10 pm.

completely filled by a highly electron-dense material
(Heatfield & Travis 1975; Dheilly et al. 2011).
Furthermore, in S. purpuratus, four spherule types
could be observed (named S; to S;), and some of
them showed a membranous material. Unlike these
species, the colourless spherulocyte of E. tribuloides
presented only one type of spherule with a slightly
central electron dense material (cf. Figure 6).

The granular spherulocyte is very different from
the other two types. Its spherules are well defined
and its nucleus was always visible (cf. Figure 2c).
This cell is similar in morphology to the “green
spherulocyte” observed in A. punctata (Liebman
1950). However, the spherule content is distinct
and cells with strong (lemon) green colour, as
described for A. punctata, were not observed. The
staining reactions to the granular spherulocyte of E.
tribuloides were very singular. In toluidine blue pre-
parations the spherules do not stain, showing only a
greyish/yellowish colour, but they do react with other
dyes. In the few studies wusing cytochemical

procedures (Liebman 1950; Holland et al. 1965;
Johnson 1969b), there is no reference to a cell with
these features. A cell type with the ultrastructure
similar to the final stage of the granular spherulocyte
of E. wribuloides was described for S. droebachiensis,
and named granulocyte (Vethamany & Fung 1972).
There is also a similar record for S. purpuratus
(Heatfield & Travis 1975). Nevertheless, it is com-
pletely different from that found in S. drdebachiensis
(Vethamany & Fung 1972). However, differently
from S. droebachiensis, this cell is not rare in E.
tribuloides, and was found frequently in stained and
electron microscopy preparations. It is possible that
the cells described for S. drobachiensis represent only
initial stages, with small cytoplasmic inclusions
(granules. cf. Figure 8a), and further stages were not
described.

In addition to the analysis of cytochemical and
ultrastructural characteristics, nucleus measures can
also corroborate the maturation process observed
here. Changes in nucleus size can be directly related
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Figure 8. Transmission electron microscopy of the granular spherule cell in different maturation stages. (A) and (B): early; (C) and (D):
intermediate; (E): final (EV = empty vacuole; FV = full vacuole; N = nucleus; P = polyribosomes; RER = rough endoplasmic reticulum).

Scale bars: (A), (C-E), 2 um. (B), 0.5 pm.

to RNA transcription levels (Sato et al. 1994;
Schmidt & Schibler 1995; Webster et al. 2009) and
this fits into the dynamics of E. tribuloides spherulo-
cytes. The cells in the first stage contain empty
spherules and a large nucleus, evidence of intense
RNA production, while the mature stage shows full
vacuoles and a small, condensed nucleus, indicating
a decrease in transcription. A similar pattern was also
described for holothurian hemocytes, whose nucleus
size was larger in very immature cells, intermediate
in immature and smaller in mature ones (Fontaine &
Hall 1981). Additionally, the granular spherulocyte
maintains a larger nuclear size in the final stage when
compared with the other two types (cf. Figure 1).
This can indicate that this cell does not reduce its
transcription process and therefore has a different
role from the other spherulocytes (production/
release vs. production/storage?).

The lack of studies combining different techniques
and the coexistence of cell types with two widely
different morphologies between the early and final
stages of maturation could explain the variation in
the number of spherulocyte subpopulations detected
in Echinodermata (Chien et al. 1970; Vethamany &
Fung 1972; Heatfield & Travis 1975). Before trying
to understand the roles of these cells in echinoderm
physiology, it is important to know how many sub-
populations there are in fact. As shown in this study,

an integrative approach may be a useful tool to solve
this problem.
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