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The knowledge on echinoderm coelomocytes has increased in recent years, but researchers still face a complex
problem: how to obtain purified cells. Even flow cytometry being useful to address coelomocytes in suspension,
the need for a method able to provide isolated cells is still noteworthy. Here, we use Imaging Flow Cytometry
(IFC) to characterize the coelomocytes of two sea urchin species — Arbacia lixula and Lytechinus variegatus — and
obtain gates to isolate cell populations. Then, we used these gates to study the physiological response of A. lixula
coelomocytes during an induced immune challenge with Escherichia coli. An analysis of area and aspect ratio
parameters of the flow cytometer allowed the identification of two main cell populations in the coelomic fluid:
circular and elongated cells. A combination of this method with nucleus labeling using propidium iodide allowed
the determination of gates containing isolated subpopulations of vibratile cells, red spherulocytes, and two
phagocytes subpopulations in both species. We observed that during an induced bacterial immune challenge,
A. lixula was able to modulate coelomocyte frequencies, increasing the phagocytes and decreasing red spher-
ulocytes and vibratile cells. These results indicate that vibratile cells and red spherulocytes act by immobilizing
and stoping bacterial growth, respectively, cooperating with phagocytes in the immune response. The use of IFC
was fundamental not only to identify specific gates for the main coelomic subpopulations but also allowed the
investigation on how echinoids modulate their physiological responses during immune challenges. Furthermore,
we provide the first experimental evidence about the role of vibratile cells, corroborating its involvement with
the immune system.

the use of samples containing all coelomic cell types or of semi-purified
populations [10]. For the latter, the most common method is based on
standard protocols of centrifugation in density gradients using sucrose

1. Introduction

Echinoderms are marine deuterostome invertebrates characterized

by their calcareous endoskeleton and remarkable pentamerous sym-
metry [1]. They typically have six to eight main cell types in their
coelomic fluid [2]. These cells, termed coelomocytes, are important for
physiological functions such as regeneration [3], phagocytosis [4],
encapsulation of foreign matter [5], and clotting [6]. Recent studies
examined these cells at different levels, including morphology and ul-
trastructure [7], physiological functions [8,9], biotechnological appli-
cations [10], and their potential use for bio-monitoring [11].
Regardless of the research topic, two main approaches have been
commonly employed in studies addressing echinoderm coelomocytes:

[12], Percoll [13], or Ficoll [14], among others [8]. However, these
methods yield only enriched fractions, containing more than one cell
type [8].

For flow cytometry, although numerous attempts to discriminate
echinoderm coelomocytes have been made [15,16], the low number of
fluorescent markers for specific cell types of echinoderms [17,18] has
limited the results. Consequently, most works using flow cytometry have
relied only on structural parameters, i.e. side and forward scatter [19,
201, but in these studies, gates for specific cell populations have scarcely
been defined, and again only enriched subpopulations are obtained [16,
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20].

The main problem when working with flow cytometry is similar to
that seen when using gradient methods: specific coelomocytes can un-
dergo a sequence of maturation stages [2,7]. During this process, den-
sity, size, and/or granularity of different populations overlap with that
of other cell types. This restricts the separation of monotypic layers, in
the case of density gradients, or the identification of gates containing
isolated populations in cytometers [20].

The ability to study isolated cell types is important not only for know
the diversity in echinoderm coelomocytes, but also to understand the
physiology of each subpopulation, which ultimately may be used as a
tool for monitoring organisms’ health status. In general, it is known that
the coelomocyte percentage is altered during physiological stresses such
as microorganism infection [21] or wound healing [3]. However, spe-
cific responses need to be clarified yet. In echinoids, for example, the
baseline of phagocytes and red spherulocytes, cells involved in phago-
cytosis and bactericidal activity respectively [22], is significantly altered
during exposition to lypopolysaccharides (LPS) [9] or bacterial cells
[21]. However, evidence on the dynamics and physiological contribu-
tion of another cell type during stressful conditions are scarce. In this
sense, any new method capable of analyzing specific subpopulations will
provide not only a tool for monitoring health status but will also make it
possible to understand the physiological role of poorly studied
coelomocytes.

In recent years, imaging flow cytometry (IFC) has been adopted in
several studies on vertebrates (e.g. human cells and/or extracellular
corpuscles [23]), and its use to investigate invertebrate cells has begun
[24,25]. This method produces digital images of every single registered
particle, which can then be analyzed in combination with the typical
cytometry parameters to obtain additional data from the cell suspension.
As stated by Barteneva et al. [26] "this method allows for the acquisition
and identification of tens of thousands of cellular events based on their
fluorescent and morphological parameters. Under this method, the
traditional identification of coelomocytes based on their morphology
[7] can be considerably useful to analyze the different cell types, as well
as improve studies in echinoderm physiology.

Thus, we aimed to investigate here, through a comparative
approach, how imaging flow cytometry could be useful to obtain iso-
lated populations (gates). Posteriorly, we used one of the species to
analyze how these gates may be useful as a tool to access the physio-
logical status of the echinoderms. To achieve these goals, we used the
coelomic cells of two sea urchin species: Arbacia lixula and Lytechinus
variegatus. The reasoning for choosing these echinoids was based on two
main points: (1) they are common species in the southeastern Brazilian
coast, easy to collect and maintain in confinement, and they have been
studied under different perspectives [27,28]; (2) there is a considerable
amount of physiological and immunological information about both
species [29-31]. The DNA/nucleus dye propidium iodide and a corre-
lation between area and aspect ratio parameter were used to produce
gates containing specific subpopulations of both species. The IFC was
applied to investigate the in vivo cellular responses of coelomocytes of
A. lixula in an experimental bacterial immune challenge with Escherichia
coli. In addition to the response of phagocytes and red spherulocytes, we
observed changes in the vibratile cells, corroborating its involvement in
sea urchin immune response. Lastly, we propose a model to explain how
phagocytes, red spherulocytes, and vibratile cells interact to maintain
sea urchin homeostasis. Our results indicate that IFC can be used for
characterizing coelomocytes and for investigating changes in the
response of each cell type to physiological alterations.

2. Material and methods
2.1. Study animals and immune cell collection

Two sea urchin species, the camarodont Lytechinus variegatus (LV)
and the arbacioid Arbacia lixula (AL) were collected from the Sao
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Fig. 1. Histogram of focused cells (row 1) gated based on RMS gradients of
brightfield channels for Arbacia lixula (AL) and Lytechinus variegatus (LV). The
single-cell population (row 2) was determined in the focused cells (row 3) and
was based on aspect ratio versus area parameters of the brightfield channel. The
histogram of PI-labeled (PI") cells was based on the intensity of channel 4 and
adjusted to gate subpopulations (row 4). Three main gates were assigned as
indicated by circular (C), subdivided in small circular (SC) and large circular
(LC); intermediate (I); and elongated (E), subdivided in small elongated (SE)
and large elongated (LE).

Sebastiao Channel, Sao Paulo State, Brazil, and transferred to the
Instituto de Biociéncias — Universidade de Sao Paulo. The coelomic fluid
of three individuals of each species was collected by inserting a needle
into the peristomial membrane and aspirating the fluid into a syringe
containing 1.5 mL of a fixation medium (2.5% glutaraldehyde) in an
isosmotic anticoagulant solution (20 mM ethylenediaminetetraacetic
acid (EDTA), 460 mM sodium chloride, 7 mM sodium sulfate, 10 mM
potassium chloride, 10 mM 4-(2-hydroxyethyl)-1-piper-
azineethanesulfonic acid, at pH 8.2 — [32]). Equal volumes of coelomic
fluid were collected, and the samples were stored at 4 °C for at least 6 h.
After fixation, cell suspensions were centrifuged at 150 x g for 10 min
using an Eppendorf 5804R centrifuge, and the supernatant was
removed. The cells were then resuspended using the anticoagulant
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solution, and the procedure repeated three times to remove the fixation
medium. Cell density was then counted using a Neubauer chamber,
adjusted to 1 x 107 cells/mL using the anticoagulant solution, and 50 pL
was used for cytometric analyses. Additional samples were collected
from other specimens (n = 9) as described above; however, immediately
before cytometric analyses, cells were labeled using 1 pg/mL propidium
iodide (PI). In this analysis, only PI-positive particles were considered.
To reduce differences regarding physiological competencies and
coelomic fluid volumes, 21 similar-sized specimens of AL (4-5 cm in test
diameter) were used for the infection experiments. All animals used
were kept at room temperature in seawater tanks for one week to allow
acclimation before the experiments, as described in Queiroz [33].

2.2. Imaging flow cytometer data acquisition and analysis

Data acquisition was performed at the Central de Aquisicao de
Imagens e Microscopia of the Instituto de Biociéncias (CAIMI-IB) using
an imaging flow cytometer (FlowSight, Amnis-Merck Millipore).
Acquisition speed was set to ‘low’, and the highest resolution was used.
Roughly 20,000 cells were acquired based on their area (as pixels) and
aspect ratio, defined as the value of the minor axis divided by the major
cell axis on channel 1. The focused cells were gated using root mean
squared (RMS) gradient, based on channel 1. Channels 1, 4, and 6 were
used to analyze brightfield, PI labeling, and side scatter (SSC) parame-
ters, respectively, using IDEAS software (Amnis-Merck Millipore). Cell
debris and doublets were gated out based on area and aspect ratio fea-
tures as indicated in Fig. 1. Singlet cells were gated to separate PI-
positive cells based on channel 4, and subpopulations of coelomocytes
were determined based on area vs. aspect ratio (Fig. 1). The width
parameter was based on channel 1. Data on the width and cell per-
centage are presented as means =+ standard error of the mean. Differ-
ences in percentage means between treatments (PI" and no PI) or species
were tested using a Student’s two-tailed t-test at p < 0.05.

2.3. Bacterial culture and immune challenge procedures

Escherichia coli (strain ATTC 11229) were cultured for 24 h before the
experiments using LB nutrient broth [34] at 37 °C. The culture was
collected after centrifugation at 5000 x g for 15 min. The supernatant
was removed, and E. coli were mixed with sterile-filtered (pore size 0.22
pm) natural seawater at a concentration of 1 x 10° cells/mlL [35].
Specimens of AL were injected through the peristome with 1 mL of E. coli
(treatment group) or with the same volume of sterile natural seawater
(control group) using a hypodermic needle. This volume was injected in
two different places in the perivisceral coelom, to avoid an excessive
introduction of bacteria in a single spot. Before this experiment, the
averages cell density and coelomic fluid volume in the coelom of AL
were determined as 8.7 x 10° + 1.5 x 10° cells/mL and 6-7 mL per
individual (n = 5). Thus, considering 6.5 mL as the mean coelomic fluid
volume per individual, and the mean cell density found here, we injected
1 mL of E. coli (1 x 10° cells/mL) in the perivisceral cavity, which
resulted in a final proportion of 15-21 bacteria per coelomocyte in the
treatment group. The number of the injected bacterial cell in the echi-
noids was adapted from Canesi et al. [36].

2.4. Experimental design

Twenty-one specimens of AL were assigned to one of two groups: the
treatment group, which was injected with E. coli in sterile natural
seawater (n = 9), and the control group, which was injected with sterile-
filtered natural seawater (n = 9). Non injected animals (n = 3), named
to, were sampled just before the start of the experiment and used as a
parameter to untreated organisms. All individuals of the control and
treatment groups were injected at the beginning of the experiment (tg),
and at 24, 48, and 72 h the coelomic cells of three individuals were
collected at the same time of the day (10:00 h). Cells were fixated and
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LV

Fig. 2. Coelomocytes of Arbacia lixula (AL) and Lytechinus variegatus (LV)
without propidium iodide labeling. Subpopulations of coelomocytes were based
on aspect ratio, area, and granularity (SSC). Legend: small circular less (SCy),
small circular complex (SC¢), large circular (LC), small elongated (SE), and
large elongated (LE), flagellum (arrow). The number on each image indicates
the frame registered by the device.

analyzed as described above. Only PI-positive cells were considered in
this analysis. Cell percentages were compared using a two-way analysis
of variance (ANOVA), with time post-infection and treatment as factors,
followed by Tukey multiple comparison tests when applicable. Differ-
ences were considered significant if p < 0.05.

3. Results
3.1. Identifying coelomocyte populations on IFC

Using only the aspect ratio vs. area features, the coelomocytes were
assigned to two major populations: circular cells ([C]; aspect ratio
0.78-1, area 100-900) and elongated cells ([E]; aspect ratio 0.2-0.6,
area 100-900; Fig. 1). Within these two broad categories, most coelo-
mocyte subpopulations present in the coelomic fluid, i.e. phagocytes,
vibratile cells, and spherulocytes, were identified in gates containing
isolated cells using IFC. In the circular population, two different groups
were observed: the first comprised small circular cells ([SC]; aspect ratio
0.78-1, area 100-200), and the second group comprised large circular
cells ([LC]; aspect ratio 0.78-1, area 250-450). In the elongated popu-
lation, only phagocytes were observed, which were subdivided into
small elongated cells ([SE]; aspect ratio 0.2-0.6, area 100-300) and
large elongated cells ([LE]; aspect ratio 0.2-0.6, area 300-900; Fig. 1).
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Ch01/Ch04

Cho1

Fig. 3. Propidium iodide labeled (PI*) coelomocytes of Arbacia lixula (AL) and Lytechinus variegatus (LV). From left to right: brightfield (channel 1 - gray), PI"
fluorescence (channel 4 - orange), and merging of the fluorescence and brightfield channels. Legend: debris (Db), small circular (SC), large circular (LC), small
elongated (SE), large elongated (LE), flagellum (black arrow). The number on each image indicates the frame registered by the device.

Table 1
Percentage and width of coelomocytes measured by imaging flow cytometry in different sea urchin species with and without propidium iodide.
Species Parameter Treatment C SC LC E SE LE 1
AL Percentage (%) PI+ 57.17 + 1.83A* 11.77 + 1.22A* 29.39 + 0.79A* 9.33 + 1.13A* 1.74 £ 0.07A* 7.05 &+ 1.09A* 33.08 + 0.88A
No PI 40.78 £ 0.15a 23.73 £ 2.66a 10.86 + 1.81a 23.76 + 0.75a 20.30 + 1.36a 3.46 & 0.64a 33.25 + 1.22a
Width (pm) pPr+ 16.61 + 0.06 13.15 + 0.03 17.73 £ 0.03 16.99 + 0.14 12.89 + 0.54 18.14 + 0.08 16.96 + 0.23
No PI 14.31 +£ 0.25 12.14 + 0.03 19.5 + 0.02 13.85 + 0.19 11.98 + 0.02 19.5 £ 0.02 15.74 + 0.05
LV Percentage (%) prt 59.44 + 1.83A* 8.09 & 1.58B* 29.22 + 0.85A* 9.74 &+ 0.65A* 1.54 £+ 0.15A* 7.94 &+ 0.63A* 30.41 + 1.53A*
No PI 41.25 + 1.44a 12.12 + 0.01b 18.04 + 0.06b 29.05 + 0.99b 19.67 + 2.20a 9.38 + 1.43b 27.38 + 0.86b
Width (pm) Pr+ 16.96 + 0.25 13.34 + 0.01 17.62 £+ 0.17 16.93 + 0.29 12.75 £ 0.11 18.55 + 0.24 17.55 £ 0.19
No PI 16.27 + 0.38 11.58 + 0.03 18.76 = 0.16 15.08 + 0.29 11.77 + 0.06 20.41 £+ 0.22 16.09 + 0.25

AL = Arbacia lixula; LV = Lytechinus variegatus; PI* = Propidium iodide labeled cells; No PI = Unlabeled cells; C = Circular; I = Intermediate; E = Elongated; SC = Small
circular; LC = Large circular; SE = Small elongated; LE = Large elongated. * = Asterisk indicates significant differences (p < 0.05) between treatments in the same
species (PI x No PI). Different letters indicate significant differences (p < 0.05) between species (upper case = PI*; lower case = No PI).

Cell populations in the intermediate region ([I]; aspect ratio 0.6-0.8,
area 100-900) were heterogeneous as a mix of all subpopulations
described above was observed in this gate.

3.2. Characteristics of coelomocytes based on IFC

Regardless of the species analyzed, morphology and width were
considerably specific to each cell population, which facilitated coelo-
mocyte recognition (Figs. 2 and 3; Table 1). Nevertheless, PI labeling
was necessary to verify cell identification, mainly inside the SC gate. In
the initial analyses, this area contained objects with contrasting mor-
phologies in which the usual parameters (aspect ratio x area) could not
be used for population separation. According to their granularity and
opacity based on SSC characteristics, SC were divided into two sub-
groups: ‘less complex’ SC (SCp) and ‘complex’ SC (SCc; Fig. 2). To ensure
that particles identified as SC;, were not in fact debris, the cells were
labeled with PI, and further analyses were conducted. Labeled nuclei
were only observed in SCc, indicating that SCp, particles were debris
(Fig. 3). Regarding other cell types, both unlabeled and PI-labeled cells
provided similar results; however, to avoid potential errors, all

EN

descriptions were based exclusively on Pl-labeled samples.

The SC were characterized as dark and visibly vacuolated coelomo-
cytes (Figs. 2 and 3), while the LC subpopulation comprised large round
cells with a central nucleus, granulous cytoplasm, and typically with a
visible flagellum (i.e. vibratile cells — Figs. 2 and 3). The SE comprised
phagocytes with a peripheral nucleus and short cytoplasmic expansions
(Figs. 2 and 3). The LE were phagocytes with remarkable cytoplasmic
expansions and with a subcentral nucleus, which was almost two-fold
larger than that in SE (Figs. 2 and 3; Table 1). For each coelomic sub-
population, widths were very similar in both species (Table 1).

3.3. Coelomocyte frequency in different sea urchin species

The distribution of the main coelomic populations in gates C, I, and
E, was very similar in both species, considering PI-labeled samples.
However, there were some differences in the frequency of non-labeled
coelomocytes (Table 1). Gate C comprised most cells (57.17 + 1.83%
in AL, and 59.44 + 1.83% in LV) followed by I, which varied from 33.08
+ 0.88% in AL to 30.41 + 1.53 in LV, and the less abundant elongated
cells (E), ranging from 9.33 + 1.13% in AL to 9.74 4+ 0.65 in LV
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Table 2
Summary table of two-way ANOVA applied to the cell percentages of Arbacia
lixula experimentally infected with Escherichia coli.

Source of Variance F df p

Gate C

Time 18.25 (3,16) <0.0001
Treatment 15.06 (1, 16) 0.0013
Interaction 2.474 (3,16) 0.0989 N
Gate LC

Time 18.42 (3,16) <0.0001
Treatment 8.05 (1, 16) 0.0119
Interaction 2.899 (3, 16) 0.0673 NS
Gate SC

Time 9.569 (3,16) 0.0007
Treatment 6.481 (1, 16) 0.0216
Interaction 5.346 (3, 16) 0.0096
Gate E

Time 20.45 (3, 16) <0.0001
Treatment 15.59 (1, 16) 0.0012
Interaction 5.001 (3,16) 0.0123
Gate LE

Time 22.92 (3,16) <0.0001
Treatment 4.566 (1, 16) 0.0484
Interaction 8.871 (3,16) 0.0011
Gate SE

Time 1.442 (3, 16) 0.2675 NS
Treatment 0.269 @, 16) 0.6111 N8
Interaction 0.5114 (3, 16) 0.6802 NS
Gate I

Time 12.16 (3,16) 0.0002
Treatment 6.575 (1, 16) 0.0208
Interaction 7.084 (3, 16) 0.0030

NS = not significant (p > 0.05).

(Table 1). The frequency of specific coelomocyte subpopulations in
unlabeled samples differed from that in PI-labeled ones (Table 1). In
A. lixula, SC cells were the most abundant coelomocyte type in unlabeled
samples, followed by SE and LC, while in the species L. variegatus, SE, LC,
and SC were respectively the most abundant cell types. LE cells were the
most uncommon cell type in both species (Table 1). In contrast, in PI-
labeled samples, LC were by far the most abundant coelomocytes
(29.39 £+ 0.79% in AL and 29.22 + 0.85% in LV), followed by SC (11.77
+1.22% in AL and 8.09 4 1.58% in LV; Table 1). LE were the third-most
abundant cell type (7.05 £+ 1.09% in AL, and 7.94 + 0.63% in LV), and
SE were the least abundant coelomocyte type (1.74% in AL, and 1.54%
in LV). Except for SC, there were no significant differences between
species (Table 1).

3.4. Experimental immune challenge

Differences in A. lixula coelomocyte frequencies (and numbers) of
general and specific cell types (Supplementary Material 1) were affected
by the time, treatment, as well as the interaction of these two factors
(Table 2), and could be observed mainly 48 and 72 h after E. coli in-
jection (Fig. 4). In general, while cell frequency in the gate C was lower
in the treatment than in the control group (except for SC before 72 h),
the frequencies in the gate E (apart from SE) and I were higher in
treatment than in control (Fig. 4). The frequency of cells in the ty (un-
treated animals) was generally similar to the control group (24, 48, and
72 h) in the gates C, E, and I, but differed significantly from treated
individuals (Fig. 4).

The two-way ANOVA showed that the cells frequency in the gate C
was affected by time (F = 18.25; P < 0.0001) and treatment (F = 15.06;
P = 0.0013), but there was no significant interaction (F = 2.474; P =
0.0989). The treatment decreased the frequency of circular cells over the
course of the experiment (to about 15% after 24, 48, and 72 h) compared
to the untreated group (Fig. 4A). Control group was consistently
different from treatment, mainly after 48 and 72 h (Fig. 4A). The same
general pattern was observed in LC, which was affected by time (F =
18.42; P < 0.0001), treatment (F = 8.05; P = 0.0119), but not by the
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interaction of these factors (F = 2.899; P = 0.0673). In this gate, the
percentage of cells decreased by nearly 20% in the treatment group,
compared to control group (at 48 h; Fig. 4B). In contrast, SC was affected
by both factors (time (F = 9.569; P = 0.0007); treatment (F = 6.481; P =
0.0216)), and by their interaction (F = 5.346; P = 0.0096). The treat-
ment led to an increase in SC abundance of almost 50% after 24 h, but to
a reduction after 48 and 72 h, compared to the control (Fig. 4C).

Elongated cells, which were affected by time (F = 20.45; P <
0.0001), treatment (F = 15.59; P = 0.0012), and their interaction (F =
5.001; P = 0.0123), were remarkably less abundant than circular cells
(Fig. 4A and D), as well as showed a distinct pattern in response to E. coli
injections with higher abundance in the treatment than in the control
group. The time (F = 5.001; P = 0.0123), treatment (F = 5.001; P =
0.0123) and their interaction (F = 5.001; P = 0.0123) affected LE fre-
quencies, but none of them affected SE percentages (Time (F = 1.442; P
= 0.2675); Treatment (F = 0.269; P = 0.6111); Interaction (F = 0.5114;
P = 0.6802)). The treatment promoted an increase in the abundance of
elongated cells after 72 h (about 55%; Fig. 4D), of large elongated (LE)
phagocytes after 48 h (about 40%; Fig. 4E), and smaller elongated cells
after 72 h (about 80%; Fig. 4F). Cell frequency in gate I, which was
affected by time (F = 12.16; P = 0.0002), treatment (F = 6.575; P =
0.0208), and their interaction (F = 7.084; P = 0.0030). Frequencies in
this gate increased in the treatment group after 48 h (about 15%), whith
a subsequent decrease after 72 h, compared to the control (Fig. 4G),
which match with the dynamics of elongated cells.

4. Discussion
4.1. Coelomocyte populations

Using imaging flow cytometry (IFC), we achieved three important
goals: (1) gates for isolated coelomic populations (Fig. 1 and Supple-
mentary Material 2), (2) evidence that IFC is a suitable method to access
echinoderm physiology, and (3) the first experimental data of vibratile
cell activity.

Most of the coelomocyte subpopulations described in sea urchins
were identified in the present study. The gate containing LC clearly
comprised vibratile cells, which are the only flagellated coelomocytes in
echinoids, while SC cells were composed of red spherulocytes. These
were rather granular and showed darker coloration in the brightfield
due to echinochrome-A. No cells morphologically similar to colorless
spherulocytes were discriminated against. Although four main types of
coelomocytes are typically recognized in echinoids, ie. phagocytes,
vibratile cells, and red and colorless spherulocytes [2,22], few studies
using flow cytometry have succeeded in discriminate coelomocytes
other than phagocytes (vibratile cells [37]; red spherulocytes [38,39]).
By contrast, even not providing gates with isolated populations, a work
using IFC identified six coelomic populations in the sea star Marthas-
terias glacialis [25]. Thus, our data certainly indicates that IFC can be
quite useful to characterize echinoderm coelomocytes.

Two distinct phagocyte subpopulations were observed in both
echinoid species using IFC. While LE (large phagocytes) correspond to
the petaloid form of discoidal and polygonal phagocytes, due to its
bladder-like expansions, SE cells matched the small phagocytes
described by Gross et al. [40]. Studies on live sea urchin phagocytes in
suspension have reported petaloid and filopodial forms [2]. Neverthe-
less, small phagocytes and discoidal and polygonal cells are typically
observed only after the cells attach and spread out on a flat surface [40,
41]. Cells morphologically similar to LE and SE observed using IFC were
found in the sea star Dermasterias imbricate using scanning electron mi-
croscopy [42], and LE cells found here were also observed in the sea star
M. glacialis using IFC [25]. As far as we know, only Coteur et al. [43]
successfully differentiated phagocytic subpopulations in echinoderms
through conventional flow cytometry.

The gate C and I showed a higher frequency in comparison to gate E,
which contained phagocytes. Previous studies referred to phagocytes as
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the most frequent coelomocyte in Echinoidea [4,44,45], however, this
observation was not confirmed by our results. Numerous phagocytes
were observed in the intermediate region. As highlighted in the echi-
noderm literature [11], petaloid and filopodial cell morphology prob-
ably corresponds to different stages of the same cell type. Thus,
considering that only fixed cells were analyzed, the fast fixation method
used here may have captured phagocytes in a transitional state and
made them appear more rounded than elongated, which may have led to
an underestimation of the actual proportion of this subpopulation.

LC and LE cells were more frequent in the PI-labeled treatment, while
SC and SE were more common in the unlabeled one. The frequency of
small coelomocytes (i.e. SC and SE) in the unlabeled treatment ranged
from 1.5 to 12-fold higher than in the PI-labeled treatment The detection
of small debris as whole cells, as preliminary observed with the SC
population in the initial analysis, explain such difference in cell fre-
quency. In this context, our results reinforce the importance to use PI-
labeling or other nuclear markers to distinguish coelomocytes.

4.2. Experimental immune challenge

In the present study, we also stimulated the immune system of AL by
injecting live E. coli — a bacteria commonly used in assays with marine
invertebrate [46,47] — in the perivisceral coelom of this echinoid and
observed coelomocyte population dynamics over 72 h. Studies assessing
immune challenges in echinoderms over more than 24 h are scarce [42,
48], and most involved the assessment of the first few hours after
infection, typically only up to 48 h [48].

Opposed trends in cell frequencies were observed in infected ani-
mals: the number of circular cells (gate C) decreased, whereas elongated
coelomocytes (gate E) increased, compared to the control. In the hol-
othuroid Holothuria glaberrima, individuals stimulated with different
pathogen-associated molecular patterns (PAMPs) also showed an in-
crease in the number of phagocytes and a decrease in the number of
type-1 spherulocytes [49]. Similar dynamics were found in the initial
response of the echinoids Paracentrotus lividus, Strongylocentrotus droe-
bachiensis, and S. purpuratus. In the first, although only the initial
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immune response has been addressed (first 24 h), injection of LPS from
E. coli was able to increase phagocytes and red spherulocytes percent-
ages [9]. In the latter two, an initial decrease in cell counts was observed
in the first 6 h after infection [21,48], followed by an increase after that
[481.

Further important aspects can be seen in the intermediate region. In
this gate, a noteworthy increase in cell frequency was observed in
challenged individuals, compared to the control. We suggest two hy-
potheses to explain this sudden change: first, these changes may be a
natural phenomenon in the coelomic fluid as coelomocytes can modify
their shape, as previously observed in spherulocytes and phagocytes
[22,45]; second, changes in proportions may be due to vibratile cells and
red spherulocytes modifying their shapes by releasing their contents,
along with the recruitment of circular and elongated cells during the
inflammatory response. Given all results, the second hypothesis seems
more plausible.

The variation in the abundance of vibratile cells, red spherulocytes,
and large and small phagocytes in AL was certainly a physiological
response to E. coli immune challenge. Red spherulocytes have a well-
known antibacterial function [50], while phagocytes remove foreign
particles, including bacteria [44]. In contrast, there is no experimental
evidence on vibratile cell function. Some in vitro observations have
pointed out that this cell population seems to be involved in defense
mechanisms by degranulating during coagulation events ([6,51,52].
According to Johnsson [51], vibratile cells of Strongylocentrotus were
able to ‘cause temporary stasis of the coelomic fluid in areas of invasion
by foreign liquid and other foreign material‘. Smith et al. [45] stated that
*clotting could be an important physiological response, functioning to
block the loss of coelomic fluid, and to sequester pathogens and prevent
their invasion throughout the body‘. Furthermore, a recent study
showed that lipopolysaccharides can elicit cell aggregation [41].
Therefore, we hypothesized that vibratile cells and red spherulocytes
may be cooperating with the phagocytes in the immune response of AL
(Fig. 5). Based on our results, the reduction of LC and the increase,
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Fig. 5. Experimental immune challenge
with Escherichia coli induces cell cooperation
in the coelomocytes of Arbacia lixula. Sche-
matic representation of the putative pro-
cesses underlying the changes in
coelomocytes frequency in A. lixula, based
on the results obtained in this study. The
presence of E. coli induces alterations in the
frequencies of phagocytes (LE), vibratile
cells (LC), and red spherulocytes (SC). The
percentage of phagocytes (1), the coelomo-
cytes responsible for removing foreign par-
ticles, increased (1) during all period
analyzed. On the other hand, the percentage
of vibratile cells (2), which promote clotting,
have a sharp decrease (|) in the first 24 h
and then remains stable (=). Red spher-
ulocyte (3), a coelomocyte that presents
antibacterial activity due to echinochrome,
increase the percentage (1) in the first 24 h
and then decrease (]) back to the control
levels. After bacterial injection, phagocytes
start to actively ingest bacterial cells,
removing them from the coelomic fluid.
Concomitantly, vibratile cells degranulate,
trapping E. coli in a gelatinous clot and
reducing its spreading in the coelomic cav-
ity, while red spherulocytes release their
bactericidal/bacteriostatic compound, the
echinochrome. These two coelomocytes
cooperate (red arrows) with the phagocytes,
facilitating the removal of bacterial cells
from the coelomic cavity.

Cooperation way ==
Cell frequencyt ‘ =

Action area of
Echinochrome

Clotting area

Red spherulocytes
impair bacterial
growth through
release
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followed by a subsequent decrease, in SC cells (i.e. vibratile cells and red
spherulocytes respectively) can be interpreted as a response to prevent
the spreading and proliferation of bacteria. Vibratile cells could thus be
involved in clotting reactions, possibly to immobilize pathogens [6,51,
52] while red spherulocytes act antibiotically by releasing
echinochrome-A [50]. Concomitantly, the increase in the number of
phagocytes (elongated cells) to cleanse the coelomic fluid of pathogens
or foreign particles is a fact already observed in other species [9,21].
This sequence explains why the number of red spherulocytes increases
after 24 h, with a subsequent decrease; and vibratile cells decreased in
the first 24 h and then remained stable, whereas the number of phago-
cytes increased consistently in the entire period (Fig. 5).

5. Conclusions

The technique used in the present study was suitable for both cell
characterization and physiological investigation. Immediate coelomo-
cyte fixation with 2.5% glutaraldehyde, a typical fixative for electron
microscopy analyses, helped retain the flagellum of vibratile cells and
prevented substantial changes in phagocyte shape (cf. Figs. 2 and 3), as
previously reported [42]. However, the conspicuous morphology of red
spherulocytes was not conserved. Instead, a small corpuscle was
observed, which was considerably opaque due to the loss of pigments
during fixation. This is supported by two observations: (i) most red
spherulocytes observed using light microscopy (data not shown) pre-
sented the typical red coloration but appeared shrunken, and (ii) the
fixative solution turned reddish during the process, indicating that the
cellular content of red spherulocytes partially leaked into the solution.
Regarding phagocytes, it is possible that the three different sub-
populations, i.e. discoidal, polygonal, and small phagocyte, show only
two morphologies while in suspension in the physiological coelomic
fluid and can only be differentiated after spreading on a flat surface.
Moreover, the use of PI provided more reliable information as intact
cells were differentiated from debris, and the noise was thus removed
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from the data.

Taken together, the use of IFC can provide fast and more accurate
measurements to study the physiology of echinoderms, such as in studies
on immune parameters and/or using coelomocytes as an endpoint [15,
38], or on aquaculture [53,54]. This method can provide new insights in
coelomocyte studies and has previously been applied in other phyla [23,
24]. With the present study, we provide, for the first time, parameters
for IFC that can be used for diverse approaches as well as the first
experimental evidence about vibratile cell function. This is evidenced by
our results on A. lixula coelomocyte subpopulation dynamics in response
to experimental bacterial immune challenge. We suggest that different
coelomocyte populations cooperate during infections. Vibratile cells and
red spherulocytes may be involved in initial immobilization through
clotting and antibiosis, respectively, whereas phagocytes are responsible
for removing foreign particles from the coelomic cavity. However,
further studies on vibratile cells are needed, as a reliable morphological
characterization and analysis of the compounds it contains are lacking.
Still, it is necessary to know how the early cellular response in the
coelomic cavity happens, which will certainly help to understand the
real function of vibratile cells during foreign invasions.
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