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Induced inflammatory process in the sea urchin Lytechinus variegatus 
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Abstract. In vitro and in vivo studies confirmed endocytic activity of free phagocytic ame- 
bocytes in Lytechinus variegatus. Amebocytes in the perivisceral coelom were labeled with 
injected ferritin, and ferritin-labeled amebocytes were found in the peristomial connective tissue 
only one hour after injection of India ink or yeast into this tissue. The presence of ferritin 
inside the amebocytes indicates that these cells migrated from the perivisceral coelom to the 
peristomial connective tissue. After 24 hours, particles of India ink or yeast were observed 
inside the ferritin-labeled amebocytes, indicating the amebocytes’ ability to respond to an in- 
flammatory stimulus. These were the only inflammatory cells found in L. variegatus, using the 
above mentioned stimuli and time spans. 
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In the late 19th century, the Russian biologist Elie 
Metchnikoff (1854-1916) observed that some cells 
present in the perivisceral coelom and mesenchymal 
tissue of echinoderms were able to move and to inter- 
nalize inert or even live particles. He observed this 
phenomenon in various taxa, although not in cepha- 
lochordates (Metchnikoff I89 1 ; Silva et al. 1995, 
1998), and developed the Phagocytic Theory: “I used 
the term phagocytosis to design the amoeboid cells 
able to capture and digest microorganisms and other 
elements. I called Phagocytic Theory the theory based 
on this defensive cell property” (Metchnikoff 1891). 
In the present study, the definition of inflammatory 
process used is also that of Metchnikoff cellular mi- 
gration followed by phagocytosis. 

Phagocytosis by echinoderm coelomocytes was first 
observed in the perivisceral coelom of Asterias rubens 
by Durham in 1891 (in Smith 1981, p. 532), after in- 
jection of India ink or blue aniline. Phagocytic ame- 
bocytes were also found in the tube feet, gut wall, and 
other organs by CuCnot in 1891 (in Smith 1981, p. 
532). Since then, numerous studies have reported 
many species of echinoderms taking up various sub- 
stances, including bacteria, inert particles, foreign 
cells, and senescent cells (Cutnot 1948; Millott 1950; 
Boolootian & Giese 1958; Johnson & Beeson 1966; 
Johnson 1969c; Hobaus 1978). Among echinoderms, 
the uptake of particles seems to take place only by the 
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amebocytes (Johnson I969c; Bertheussen & Seljelid 
1978; Smith 1981; Isaeva & Korenbaun 1990; Edds 
1993; Plytycz & Seljelid 1993; Chia & Xing 1996; 
Xing et al. 1998), and only by the petaloid form of 
this cell type (Boolootian & Giese 1958; Johnson 
1969a,c; Smith 1981). The amebocytes are also the 
only coelomocytes containing inmanuclear iron bodies 
(Millott 1964; Burton 1966; Vevers 1967; Millott & 
Vevers 1968; Johnson 1969b; Hobaus 1978), which 
can be considered a typical feature of these cells. 

Although phagocytosis by coelomocytes has been 
previously reported in sea urchins, the source of the 
amebocytes involved in the inflammatory process is 
still not clear and there are only a few references about 
natural occurrence of inflammatory process (Smith 
1981; Chia & Xing 1996). For this reason, we were 
motivated to study and characterize the inflammatory 
cells found in the peristomial membrane tissue after 
injury and determine the kinetics of these cells. 

Methods 

Sea urchins (Lytechinus variegatus LAMARCK 18 16) 
were collected along the northern coast of S l o  Paulo 
state (23”49.530’S, 0.45”26.394’W). They were 140 -C 
10 g in weight and contained 90 +- 10 m1 perivisceral 
coelomic fluid. The animals were maintained in the 
laboratory in a 1000-liter aquarium (with running sea- 
water passed through a biological filter; salinity 34%0; 
23-25°C) and were fed algae once a week. For all 
procedures, the animals were anesthetized by immer- 
sion in 10% magnesium chloride dissolved in 34s sea- 
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Table 1. 
f standard deviation. 

Diameter and percentage of cell types from the perivisceral coelom of Lytechinus variegatus, expressed as mean 

Phagocytic amebocytes Red spherule cells Colorless spherule cells Vibratile cells 

Diameter (pm) 
70 of all cells 

28.8 ? 5.5 (n = 23) 
56 f 16 (n = 31) 

16.4 f 4.5 (n = 24) 17.2 t 4.6 (n = 18) 7.5 t 0.9 (n = 14) 
21 f 8 (n = 31) 11 f 5 (n = 31) 12 t 5 (n = 31) 

water (see Silva et al. 1995), which led to loss of the 
closing reflex of the Aristotle’s lantern. 

Counting and characterization of cells 

Perivisceral coelomic fluid samples of 30 animals 
were collected through the peristomial membrane. The 
coelomocytes were classified according to Smith 
( 198 I ) ,  under an interference phase contrast micro- 
scope (Zeiss) with video camera (Classen), connected 
to an IBM-PC computer (board Iris-16). The cells were 
computer-scanned and a mean diameter estimated, us- 
ing Sigma Scan Pro 3.0 software. The cells were also 
counted in a Neubauer chamber. Data are given as 
mean 2 standard deviation. 

Ferritin endocytosis in vivo and in vitro 

In this study, samples were considered in vivo when 
taken from the perivisceral coelom and analyzed either 
immediately or after immediate fixation. Samples were 
considered in vitro when taken from the perivisceral 
coelom and observed and/or fixed only after at least 
10 min. 

For in vivo experiments, 0.2 ml ferritin (54 mg/ml, 
type I ,  Sigma) was injected into the perivisceral coe- 
lorn of 30 sea urchins through the peristornial rnem- 
brane, and samples were taken at 9 times (30 min, 1,  
2, 4, 6, 8, 12, 24 h, and one week). At 30 min, a 
perivisceral coelomic fluid sample (0.2 ml) was taken 
from each of the 30 sea urchins, and the peristomial 
membranes of 3 animals were fixed. At each succes- 
sive sampling time, a perivisceral coelomic fluid sam- 

Table 2. Percentage of phagocytic amebocytes in the peri- 
visceral coelom with ferritin after different experimental pe- 
riods, expressed as mean f standard deviation. 

YO of amebocytes with ferritin 

Period (h) In vivo In vitro 

0.5 4.4 f 2.4 13.2 ? 7.0 
1 11.4 f 3.2 49.5 f 5.9 
2 33.5 t 10.4 61.0 f 9.2 
4 69.1 t 13.8 78.8 f 9.1 
6 100 t 0 100 f 0 

12 100 f 0 100 i 0 

ple was taken from each of the remaining sea urchins, 
and again the peristomial membranes of 3 animals 
were fixed. The perivisceral coelomic fluid wmples (n 
= 135) were deposited over slides, and kept in a humid 
chamber at 23-25°C. We used a modified McDowell 
fixative (McDowell & Trump 1976) prepared in 34s 
seawater instead of a phosphate buffer; the slides were 
fixed for 5 min (see Johnson 1969b) and stained by 
Perls’ method to reveal the ferritin iron (Bancroft & 
Stevens 1982). Peristomial membranes (n = 27) were 
fixed for 48 h in McDowell saline, decalcified using 
10% EDTA (in 34s seawater), dehydrated, and em- 
bedded in Historesin (LKB). Sections 2 p,m thick were 
cut and stained with toluidine-fuchsin and Perls’ meth- 
od. For transmission electron microscopy (TEM), the 
membranes were fixed using 3% glutaraldehyde in 34s 
seawater, postfixed in 1% OsO,, decalcified using 10% 
EDTA (in 34s seawater), dehydrated, and embedded 
in Spurr resin (Hayat 1 98 1 ). Ultrathin sections were 
obtained (ultramicrotome 9LKB 500) and viewed 

For in vitro experiments, 2 ml perivisceral coelomic 
fluid was collected from each of the same 30 sea ur- 
chins, just before the beginning of the in vivo experi- 
ment, and immediately mixed with 0.2 ml ferritin. 
Samples of this mixture were taken after 30 min, 1, 2, 
4, 6, 8, and 12 h. No 24-h or one-week samples were 
taken, because the coelomocytes in vitro presented de- 
generative morphological changes. Fixation and stain- 
ing were the same as for in vivo studies. 

(TEM-JEOL-JEM- 100 CXII). 

Induced phagocytosis 

The coelomic fluid of 10 animals was withdrawn 
and a yeast suspension (10 yeast cells/amebocyte) in 
seawater was added to it. Samples (0.2 ml) of this 
solution taken after 30 min, 1, 2, 4, and 6 h were 
mixed with fluorescent stains-0.1 ml fluorescein di- 
acetate (2 p,g/ml) and 0.1 ml ethyl bromide (50 p+g/ 
ml), both in seawater-for immediate observation un- 
der a fluorescence microscope (Nikon Optitphot-2, Hg 
lamp and B2A-560/UV-2A-S 10 filter). 

When yeast cells (Saccharomyces cerevisiae) are la- 
beled with these fluorescent stains and viewed under 
fluorescent light (A, 380-420 nm) live cells radiate 
green light, whereas dead ones radiate red light (Cor- 
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Fig. 1. Phagocytic amebocyte obtained from the perivisceral coelom 30 min after ferritin was injected into the coelom. 
The amebocyte presents cytoplasmic ferritin (irregular bluish granules) and an angular, intranuclear iron body (arrow) stained 
by Perls’ method. Scale bar, 10 km. Photomicrograph. Fig. 2. a. Phagocytic amoebocyte after 6 h of incubation with yeast 
solution, with phagocytized yeast cells, under conventional light microscopy. We also observed a red spherule cell. h. Cells 
in Fig. 2a under fluorescence microscopy, the dead yeast cells are red and the live yeast cells are green. Scale bar, I0 pm. 
Photomicrographs. Fig. 3. Section of the peristomial membrane collected from a sea urchin with intracoelomic ferritin 
inoculation 6 h before injection of intraperistomial India ink. The animal was maintained for more than 24 h before sacrifice. 
We observed an infiltrated phagocytic ainoebocyte with intranuclear iron bodies, intracytoplastnatic ferritin (small arrow) 
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rea 1991). A sample of yeast in seawater was also 
subjected to the same experimental conditions, as a 
yeast viability control. 

Induced cell migration 

We injected 0.2 ml ferritin into the perivisceral coe- 
lom of 30 animals in order to mark the phagocytic 
amebocytes. After 6 h, 0.2 ml India ink was injected, 
as an irritant, into the connective tissue of the peristo- 
inial membrane. After 30 min, 1,  2, 4, 6, 12, 24, and 
48 h, the animals were dissected and their peristomial 
membranes fixed and processed for light microscopy 
(Perls’ method) and TEM. In this study, we considered 
India ink as being pinocytized (Rabinovitch 199S), de- 
spite a small number of authors who consider it to be 
phagocytized (Smith 1981 ; Plytycz & J6zkwicz 1994). 

Induced inflammatory process 

We injected 0.2 ml ferritin into the perivisceral coe- 
lom of 10 animals in order to mark the amebocytes. 
After 6 h, 0.2 ml yeast suspension (7900 yeast cells/ 
mm’) was injected into the connective tissue of the 
peristomial membrane. After 24 h, the animals were 
dissected and their peristomial membranes were fixed 
and processed for light microscopy and TEM. 

Results 

Count and characterization of coelomocytes 

Four types of coelomocytes were found in the sea 
urchin Lytechinus variegatus: phagocytic amebocytes, 
red spherule cells, colorless spherule cells, and vibra- 
tile cells (Table 1). The total number of coelomocytes 
varied substantially between animals: 1685 2 989 coe- 
lomocytes/mm? (n = 31 counts). 

The amebocytes were observed in filopodial and 
petaloid forms as well as an intermediate form; in vitro 
they progressively acquired a filopodial form. As pre- 
viously found (Smith 198l), these cells present wide 
cytoplasmic projections in all directions, are colorless, 
exhibit various sizes and forms, and are slightly aci- 
dophilic. Estimates of diameter did not include all the 
cytoplasmic projections. Iron intranuclear bodies were 

found only in amebocytes, thus serving as a distin- 
guishing factor of these cells. 

Ferritin endocytosis in vivo and in vitro 

All forms of amebocytes phagocytized ferritin that 
was injected into the perivisceral coelom (Fig. I ) ,  and 
the percentage of amebocytes containing ferritin in- 
creased with time, both in vivo and in vitm (Table 2). 
In the in vivo experiment, ferritin was still found inside 
the amebocytes after one week. Ferritin appeared as 
round cytoplasmic inclusions of various sizes, differ- 
ing from the intranuclear crystalloids, which were an- 
gular and deep blue (Fig. 1). 

In light microscopy of the peristomial membrane, 
we were unable to detect any amebocytes in the con- 
nective tissue through Perls’ method, which stains the 
intranuclear iron crystalloids. Furthermore, no ferritin 
was observed in the epithelium or connective tissues 
of the peristomial membrane, in any of the experi- 
mental time periods of the in vivo ferritin endocytosis 
studies. 

Induced phagocytosis 

The amebocytes phagocytized and killed the yeast 
cells in vitro. Under fluorescence microscopy, the ame- 
bocytes with phagocytized yeast cells radiated green 
light after 30 min. After 6 h, the free yeast cells that 
remained radiated green light, whereas 75% of those 
phagocytized (1 to 5 yeast cells per amebocyte) radi- 
ated red light (Fig. 2a,b), indicating that they were 
dead. 

The yeast cells in seawater solution (yeast viability 
control) radiated green light from the initial experi- 
mental period of 30 min until the 6-hour mark, under 
fluorescence microscopy. The viability was always 
higher than 98%. 

Induced cell migration 

One hour after injection of India ink into the peri- 
stomial membrane of the animals, amebocytes were 
observed by light microscopy in the connective tissue 
of the peristomial membrane. These cells, when 
stained using Perls’ method, presented blue cytoplas- 

t 

and India ink (arrowhead); and we also observed India ink free within the peristomial membrane tissues (large arrow). 
Stained by Perls’ method. Scale bar, 10 pm. Photomicrograph. Fig. 4. Section of the peristomial membrane from a sea 
urchin with intracoelomic ferritin and intraperistoniial India ink (24 h). A pseudopodial formation surrounds India ink 
particles (arrows). A vesicle containing ferritin can also be seen (arrowheads). Scale bar, 2 wm. TEM. Fig. 5. Section of 
the peristomial membrane from an animal 24 h after injection of yeast solution into the connective tissue of the peristomial 
membrane. The phagocytic amebocyte with intracytoplasmic yeast cells (arrow) can be seen in the connective tissue (star). 
Stained by toluidine-fuchsin method. Scale bar, 10 p,m. Photomicrograph. 
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mic granules (ferritin) and, in some cells, angular in- 
tranuclear bodies stained deep blue. Amebocytes were 
predominantly observed infiltrated within the connec- 
tive tissue of the peristomial membrane contiguous to 
the epithelium that separates the peristomial membrane 
from the peripharyngeal coelom. After 2 to 24 h, ame- 
bocytes were increasingly found deeper within the 
connective tissue of the peristomial membrane. 

All amebocytes found in the peristomial membrane 
tissue contained ferritin during all experimental peri- 
ods (from l to 48 h). Only after 24 to 48 h were both 
ferritin and darkened cytoplasm observed, indicating 
the presence of India ink (Fig. 3). In TEM, a vesicle 
containing ferritin showed an electron-dense core, sur- 
rounded by a less electron-dense material (Fig. 4). In- 
dia ink presented an irregular crystalloid aspect at an 
ultrastructural level (Fig. 4). Some of these cells also 
presented angular intranuclear bodies. 

Induced inflammatory process 

Amebocytes were observed in histological prepa- 
rations 24 h after the injection of yeast solution into 
the connective tissue of the peristomial membrane. 
When stained by Perls’ method, these cells revealed a 
cytoplasm containing blue granules, indicating the 
presence of ferritin as well as intranuclear iron bodies. 
Amebocytes with phagocytized yeast were also ob- 
served (Fig. 5) .  

Discussion 

The types and percentage variation among the dif- 
ferent types of coelomocytes, the great variation in 
their total number, the finding that the phagocytic ame- 
bocyte was the most abundant coelomocyte, and that 
it appeared in different forms, all confirm previous 
findings in the literature on echinoids (Johnson 1969a; 
Bertheussen & Seljelid 1978; Smith 1981; Tsaeva & 
Korenbaun 1990; Edds 1993; Chia & Xing 1996). The 
transformation of the amebocytes from petaloid to fil- 
opodial form, occurring progressively in vitro, could 
be triggered by their contact with glass (Bertheussen 
& Seljelid 1978; Hobaus 1978; Smith 1981; Isaeva & 
Korenbaun 1990; Edds 1993; Chia & Xing 1996). The 
finding that only the amebocytes displayed took up 
both ferritin and India ink suggests the capacity of this 
cell type to recognize foreign bodies. 

After one week, the amebocytes showed no inor- 
phological alterations, suggesting that ferritin does not 
dramatically change their biology in the time period 
and dose range studied. Moreover, ferritin was endo- 
cytized only by amebocytes and not by other coelom- 
ocytes, and was easily identified in both light micros- 
copy and TEM (see also Bancroft & Stevens 1982). 

For these three reasons, ferritin appears to be a good 
marker for free amebocytes in the coelomic cavity. 

The percentage of phagocytic amebocytes in the 
perivisceral coelom with ferritin, at sampling times up 
to 2 h,  was greater in the in vitro experiments than in 
vivo (Table 2). This difference could reflect the much 
greater ferritin concentration in the in vitro experi- 
ments, or be due to slow spreading through the peri- 
visceral coelom, which is large compared to the small 
volumes used in the in vitro experiments. Moreover, 
attachment to the glass slides and consequent cellular 
aggregation may enhance endocytosis, as Yui & Bayne 
(1 983) suggested for bacterial clearance in the sea ur- 
chin Strongylocentrotus purpurutus. 

Our results on induced phagocytosis demonstrate 
that the amebocytes are able to recognize the yeast 
cells as non-self and continuously phagocytize and, at 
least in vitro, kill them. This finding is relevant be- 
cause it suggests that amebocytes are also capable of 
participating in an inflammatory process and killing 
foreign cells in various tissues. The killing ability of 
in vitro amebocytes suggests that these cells may play 
a role in resistance to infection. The mechanisms in- 
volved in the yeast-cell death probably include the fu- 
sion of the phagocytized material with the cytoplasmic 
granules present in the amebocytes (Chia & Xing 
1996; Gross et al. 1999). 

In those animals that received an injection of India 
ink to the peristomial membrane 6 h after the injection 
of ferritin into the perivisceral coelom, amebocytes 
were later found in the peristomial membrane. The 
presence of ferritin in these cells indicates that they 
migrated from the perivisceral coelom, as no ferritin 
was present in the peristomial membrane. The India 
ink apparently triggered an active migration of ame- 
bocytes from the perivisceral coelom into the peristo- 
mial membrane. The mechanism that enables the ame- 
bocytes to recognize India ink as foreign material, as 
well as the factors responsible for cell migration, re- 
quire further study. 

After the injection of yeast into the peristomial 
membrane, cellular migration of amebocytes followed 
by phagocytosis of yeast occurred-the first report of 
an induced inflammatory process in the peristomial 
membrane of a sea urchin. Other published studies de- 
scribe the presence of red spherule cells, i n  addition 
to amebocytes, during abnormal epithelial growth in 
Strongylncentrotus frunciscanus (Johnson & Chapman 
1970), during development of the spotted gonad dis- 
ease in Strongylocentrotus intermedius (Shimuzu 
1994), in the inflammatory-like reaction of individuals 
experimentally infested with the bald-sea-urchin dis- 
ease (Maes & Jangoux 1984), and in the disease caus- 
ing mass mortality of sea urchins (Sti-c~ngylocentrntus 
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droebachiensis) in Nova Scotia (Jones et  al. 1985). 
These findings, however, all involve infections asso- 
ciated with inflammatory processes in other tissues and 
for longer experimental periods. The absence of spher- 
ule cells in the present study suggests either that the 
amebocyte is the first coelomocyte cell type to  migrate 
to the injury site during the inflammatory process, per- 
haps followed by the red spherule cell in longer ex- 
perimental time spans, or that in this tissue and with 
this noninfective stimulus, it is actually the only cell 
type to migrate. A follow-up to the present study, us- 
ing longer time spans and different types of stimuli, 
might illuminate the roles of the various cell types. 

The  inflammation concept postulated by Metchni- 
koff (1891), “cell migration followed by phagocyto- 
sis,” was fully applicable to  this study, with other usu- 
al definitions being best applied to mammals and other 
animals with closed circulatory systems. Based on 
Metchnikoff’s concept, an inflammatory process can 
be characterized in Lyrechinus variegutus, since the 
amebocytes migrated from the coelomic cavity, infil- 
trated through the connective tissue, reached the lesion 
site of the peristomial membrane and, once there, 
phagocytized yeast cells. 
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