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Abstract

This study investigates the exocytic responses of invertebrate hemocytes to pathogen-associated antigens. It demonstrates

that a homologue of complement component C3, a key defensive protein of the innate immune system, is expressed by

phagocytic hemocytes (non-refractile vacuolated cells) of the tunicate, Styela plicata. C3-like molecules are localized in sub-

cellular vesicles and are rapidly exocytosed after stimulation with bacterial, fungal or algal cell surface molecules. Signal

transduction analysis indicated that the induced secretion of C3-like molecules is mediated by a G-protein dependent signaling

pathway, which modulates tubulin microtubules. All of this evidence indicates that hemocytes can contribute to host defense

responses by rapidly exocytosing C3-like proteins at sites of infection.

q 2004 Elsevier Ltd. All rights reserved.
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1. Introduction

It has been apparent since the pioneering experi-

ments of Metchnikov at the end of the 19th century

that mobile defensive cells in invertebrates migrate to

sites of infection or wounding in order to establish

inflammation-like responses [1]. For instance, hemo-

cytes in the tunicate, Styela plicata, aggregate around,

and migrate into, allogeneic tissue transplants [2].

Once within transplanted tissue those hemocytes

undertake the cytolytic destruction of allogeneic

cells. Similarly, the injection of particulate material

(erythrocytes, oocytes, stromata or colloidal carbon)

or soluble molecules (bovine serum albumin, hemo-

globin or hemocyanin) into the epidermal tissue of

another tunicate (Ciona intestinalis) leads to the

active infiltration of macrophage-like hemocytes.

Infiltrating hemocytes phagocytose or encapsulate

the injected material. They also undergo rapid

degranulation, presumably releasing a variety of

defense-related molecules from intracellular stores
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[3–6]. Observations of this type are common in

studies of invertebrate host defense responses.

However, cytophilic molecules that might direct the

migration of defensive cells to sites of inflammation

have only recently become apparent.

Complement-like proteins are among the obvious

candidates for this role as pro-inflammatory mediators

[7–12]. Homologues of C3, the central component of

the complement cascade, have been characterized in

the purple sea urchin, Strongylocentrotus purpuratus

[7], and in the tunicates, Halocynthia roretzi,

S. plicata and C. intestinalis [9,11,13]. Like their

vertebrate counterparts, C3-like proteins from these

deuterostome invertebrates are heterodimers compris-

ing a and b chains. Their a chains incorporate

thiolester bonds, which allow them to covalently bind

foreign targets, like yeast cell walls [9,10,14,15]. In

tunicates, activation of thiolester bonds is stimulated

by the lectin-mediated recognition of pathogen-

associated antigens [15,16]. Recognition results in

the proteolytic cleavage of the a-chain by lectin-

associated serine proteases, and the concomitant

activation of thiolester bonds [16,17]. Sequence

comparisons with vertebrate C3a chains suggest

that the proteolysis of tunicate C3-like proteins

forms two fragments—a large C3b-like molecule

that mediates opsonization and a small (approxi-

mately 9 kDa) peptide akin to the vertebrate anaphy-

latoxin, C3a [9,16].

Recent experiments have shown that a C3a-like

peptide from the tunicate, Pyura stolonifera, is a pro-

inflammatory mediator [18]. It acts as a powerful

chemotaxin that stimulates the migration of hemo-

cytes. This suggests that C3a-like peptides generated

by induced proteolysis in infected tissues may

contribute to the recruitment of defensive hemocytes

during inflammatory responses.

The current study demonstrates that the pro-

inflammatory activity of tunicate C3-like proteins

may be part of a positive feedback system, which

establishes rapidly amplified and localized defensive

responses. The experiments reported here show that

tunicate phagocytes, of the type that are likely to be

recruited to inflamed tissues by C3a-mediated chemo-

taxis, themselves contain C3-like proteins that can be

actively exocytosed in response to pathogen-associ-

ated antigens.

2. Materials and methods

2.1. Antibodies and tunicate C3-like protein

S. plicata C3-like protein was detected with

polyclonal goat anti-human C3 (anti-C3, Sigma

Aldrich, Sydney, NSW). This antibody has pre-

viously been used to immunoaffinity purify

C3-like protein from S. plicata, and can detect

both the intact and reduced forms of the protein in

Western blots. The identity of the S. plicata

protein detected by anti-C3 has been confirmed by

amino acid sequence and amino acid composition

analysis, and by serological cross reactivity with

C3-like proteins from another tunicate species,

H. roretzi [11,15].

Normal goat immunoglobulin (normal goat Ig,

Sigma-Aldrich) was used as an irrelevant primary

antibody (negative control) in immunohistochemistry

and ELISA. Purified human C3 was purchased from

Sigma-Aldrich. S. plicata C3-like protein was immu-

noaffinity purified from hemolymph by the method of

Raftos et al. [11].

2.2. Tunicates

S. plicata were collected from boat moorings and

shark proof netting in Sydney Harbor with the

permission of New South Wales Fisheries (Marine

Research Permit #95067). The tunicates were kept in

40 l aerated aquaria (15 8C) and fed every second day

with Marine IVF Invertebrate Diet (New Wave,

Sydney, NSW).

Hemolymph was collected from single incisions

in the buccal siphon into a 3-fold excess of ice-

cold marine anti-coagulant buffer (MAC; 0.45 M

sodium chloride, 0.1 M glucose, 15 mM trisodium

citrate, 13 mM citric acid, 12.7 mM ethylenedia-

mine tetraacetic acid, pH 7.0) and centrifuged

(200g; 5 min, 4 8C). Individual tunicates were bled

once, and then discarded. After centrifugation,

supernatants were removed and the hemocytes re-

suspended in MAC or sterile-filtered sea water

(FSW; 0.45 mm filter). To obtain hemolymph

serum for ELISA, whole hemolymph was col-

lected in the absence of MAC and immediately

centrifuged so that the supernatant (serum) could

be decanted.
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2.3. Immunohistochemistry

Hemocytes (30 ml, 1 £ 106 cells/ml in MAC) were

cytocentrifuged onto glass microscope slides at room

temperature for 5 min (200g). Slides were then

removed from the sample chambers and allowed to

air dry before being fixed with 100% methanol at 4 8C

for 20 min.

A Vectastain Elite ABC Kit (Vector Laboratories

Inc., Burlingame, CA.) was used to immunohisto-

chemically stain cytocentrifuged hemocytes accor-

ding to the manufacturer’s instructions. All

incubations were carried out in a humidified

chamber at room temperature and slides were

washed for 5 min with phosphate buffered saline

(PBS; 130 mM sodium chloride, 2 mM potassium

chloride, 10 mM sodium hydrogen orthophosphate,

1.7 mM potassium dihydrogen orthophosphate, pH

7.2) between each step. Cytocentrifuged hemocytes

were incubated with 0.3% (v/v) hydrogen peroxide

in methanol (30 min), and blocked for 20 min with

PBS containing 1.5% (v/v) heat-inactivated normal

horse serum (PBS-NHS). PBS-NHS was removed

before the cells were incubated with anti-C3 (1:1000

in PBS) for 30 min. Slides were incubated for

30 min with biotinylated rabbit anti-goat IgG

(Vector Laboratories), and then for another 30 min

with Vectastain Elite ABC Reagent. Cells were then

stained with 3, 30-diaminobenzidine for 5 min before

being rinsed in tap water and counterstained with

hematoxylin.

Bright field and differential interference contrast

microscopy were used to examine immunohisto-

chemically stained cells. Negative controls (no

primary antibody or normal goat Ig as primary

antibody) were included in all experiments to confirm

the specificity of anti-C3 immunostaining.

2.4. Transmission electron microscopy

Hemocytes (5 £ 106 in 1 ml MAC) were centri-

fuged (12,000g; 8 s) and resuspended in 4% (w/v)

glutaraldehyde in FSW for 1 h. Fixed cells were then

centrifuged (12,000g; 8 s) and the resulting pellet

was mounted in 1% (v/v) molten, cooled agar in

distilled water. The mounted pellet was fixed in

osmium tetroxide and ultrathin sections were

inspected with a Philips CM10 transmission electron

microscope.

2.5. Exocytosis assay

Hemocytes were centrifuged (12,000g; 8 s) and

resuspended at 4 £ 106 cells/ml in tunicate tissue

culture medium (TTCM; 20 ml RPMI 1640 contain-

ing 20% (w/v) sodium chloride in 180 ml FSW pH

7.0) [19]. This cell density is equivalent to that of

whole hemolymph. A variety of microbial surface

molecules were added to 200 ml of resuspended cells

and incubated at room temperature for 1–15 min.

Those molecules (5–50 mg/ml) were lipopolysac-

charide (LPS) from Escherichia coli serotype

026:B6, mannan from Saccharomyces cerevisiae,

carrageenan l from Gigartina aciculaire and Gigar-

tina pistillata, and carrageenan k from Eucheuma

cottonii. All of these molecules were supplied by

Sigma-Aldrich. After incubation, hemocyte cultures

were centrifuged at 12,000g for 8 s so that culture

supernatants could be analyzed by ELISA or Western

blotting.

2.6. Signal transduction analysis

A range of pharmacological reagents that are

known to either inhibit or stimulate G-protein-

mediated exocytic signal transduction systems were

used to determine if the release of C3-like molecules

from stimulated hemocytes resulted from an inducible

secretory pathway. Inhibitory reagents included those

that are known to interfere with G-proteins (10 ng/ml

cholera toxin, [20]), protein kinase C (PKC; 2 mM

chelerythrine, [21]; 0.1 mM staurosporine, [22]),

tubulin microtubule formation (0.25 mM colchicine,

[23]) and F-actin polymerization (2.5 mg/ml cytocha-

lasin D, [24]). Stimulatory reagents included ones that

enhance the activity of adenylate cyclase (5 mM

forskolin, [25]), PKC (1 mM phorbol 13-myristate 12-

acetate, PMA, [26]) and intracellular calcium mobil-

ization (5 mM calcimycin, [27]; 1 mM thapsigargin,

[28]). All of these reagents were supplied by Sigma-

Aldrich.

To test the effects of these reagents on the

release of C3-like molecules, hemocytes were

resuspended in TTCM at 4 £ 106 cells/ml. Inhibitory

reagents (cholera toxin, chelerythrine, staurosporine,
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colchicine and cytochalasin D) were incubated with

200 ml of resuspended cells at room temperature for

15 min. Mannan (50 mg/ml) was then added for a

further for 15 min. Activators of signaling pathways

(forskolin, PMA, calcimycin, and thapsigargin) were

also incubated with 200 ml hemocytes (4 £

106 cells/ml) for 15 min, but mannan was not added.

In both cases, hemocytes were removed from

incubates by centrifugation at 12,000g for 8 s and

the remaining culture supernatants were assayed for

C3-like protein by ELISA.

2.7. Anti-C3 ELISA

Hemocyte culture supernatants or hemolymph

serum samples were aliquoted (100 ml/well) into

EIA/RIA plates (96-well, flat bottom, polystyrene,

high binding; Costar, Cambridge, MA) and proteins

were allowed to adsorb overnight at 4 8C. In all

subsequent steps, plates were washed three times with

Tris-buffered saline (TBS; 10 mM Tris base, 150 mM

sodium chloride, pH 7.5) and incubations were

performed on a 96-well plate shaker. The plates

were blocked with bovine serum albumin (5%, w/v in

TBS; Roche Diagnostics) for 1 h before being

incubated for 90 min with 100 ml/well of 1:2000

anti-C3 in TBS containing 0.2% (v/v) Tween 20

(TBS/Tween). Plates were then incubated for 90 min

with 100 ml/well of alkaline phosphatase-conjugated

anti-goat/sheep IgG (anti-IgG-AP, Sigma-Aldrich;

diluted 1/10,000 v/v in TBS/Tween). Color develop-

ment was achieved by adding 100 ml/well of 1 mg/ml

4-nitrophenyl phosphate (in 0.1 M glycine, 1 mM

magnesium chloride, 1 mM zinc chloride, pH 10.4),

and was quantified at 415 nm using an automated

microplate reader. In all experiments, negative

controls included wells without culture supernatant,

and wells in which anti-C3 was omitted or replaced

with normal goat Ig.

2.8. Western blotting

To confirm the identity of the anti-C3 reactive

proteins detected by ELISA, supernatants from

hemocytes stimulated for 5 min with LPS, mannan

or carrageenan l were subjected to western blot

analysis. SDS-PAGE was performed according to the

method of Laemmli [29]. Samples were prepared by

heating to 100 8C for 5 min in SDS-PAGE sample

buffer containing 10 mg/ml dithiothreitol. Electro-

phoresed proteins were blotted onto nitrocellulose

(0.2 mm; Trans-Blot transfer medium, Bio-Rad,

Sydney) at 12 V for 45 min using the semi-dry

method of Khyse-Andersen [30].

After blotting, nitrocellulose membranes were

washed with milli-Q water for 5 min. All sub-

sequent incubations were carried out at room

temperature on a rocker platform. Membranes

were washed (3 £ 5 min) with TBS between each

step. Blots were first incubated in BSA (5%, w/v in

TBS) for 2 h. Membranes were then incubated

overnight with anti-C3 (1:2000 in TBS-Tween)

before being incubated for 2 h with anti-IgG-AP

(1:10,000 in TBS-Tween). Membranes were devel-

oped with nitro blue tetrazolium chloride/5-bromo-

4-chloro-3-indolyl phosphate (Roche Diagnostics)

according to the manufacturer’s instructions.

2.9. Hemocytes viability assay

Hemocytes from exocytosis or signal transduc-

tion assays were suspended in 500 ml FSW after

the final 12,000g centrifugation step from which

culture supernatants were harvested. Two micro-

liters ethidium bromide (Sigma-Aldrich) was added

to the cell suspensions immediately before they

were analyzed on a FACScan flow cytometer

(Becton Dickenson, North Ryde, NSW). The

frequency of dead cells (i.e. those that had taken

up ethidium bromide) was determined in fluor-

escence histograms. Flow cytometry (forward vs.

908 light scatter plots) was also used to confirm

that hemocyte culture supernatants did not contain

residual cellular material.

2.10. Statistical analysis

The statistical significance of differences between

mean values was determined by two-tailed Students t-

tests for populations with unequal variance using the

SPSS software package (SPSS Inc., Chicago, Ill). In

cases where results are presented as percentages of

control values, t-tests were preformed on the raw data

(optical density units at 415 nm) before it was

transformed to percentages.
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3. Results

3.1. S. plicata C3 is localized in the vesicles

of non-refractile vacuolated hemocytes

Immunohistochemistry revealed that C3-like pro-

teins were located exclusively in the sub-cellular

vesicles of hemocytes identified as non-refractile

vacuolated cells (NRVC) by the classification scheme

of Radford et al. [31] (Fig. 1A and B). Anti-C3-

positive vesicles were often in close proximity to the

plasmalemma of these cells, even though they were

excluded from areas of the peripheral cytoplasm

associated with pseudopodia (Fig. 1A and B).

Transmission electron microscopy of NRVC revealed

numerous electron dense vesicles within the periph-

eral cytoplasm (Fig. 1C). These vesicles were

0.63 ^ 0.13 mm ðn ¼ 168Þ in diameter and often

numbered more than 30 per hemocyte. They were

enclosed in a bi-layer membrane and could be

distinguished from the larger organelles evident in

this cell type by the density and homogeneity of their

inclusions.

3.2. C3 secretion from hemocytes

Significantly more anti-C3 reactivity, relative to

non-stimulated controls, could be detected by ELISA

of culture supernatants from hemocytes that had been

stimulated with LPS, carrageenans or mannan

( p , 0:05 for all concentrations, except 10 mg/ml

carrageenan-l, vs. non-stimulated controls; Fig. 2).

Responses to all of the molecules reached plateaus at

concentrations of 50 mg/ml. Mannan was the most

effective elicitor. It could stimulate the release of 5

times more C3-like protein than was evident in non-

stimulated controls. Carrageenan-k and LPS

increased the secretion of C3-like molecules by

three-fold, whilst maximal responses to carrageenan-

l were approximately two-fold those of controls.

Flow cytometry of antigen-stimulated hemocytes that

had been incubated with ethidium bromide showed

that none of the stimulatory molecules significantly

altered hemocyte viability, relative to non-stimulated

controls, at any of the concentrations shown in Fig. 2

(p . 0:05; Table 1). Moreover, flow cytometric

forward vs. 908 light scatter plots did not detect

Fig. 1. (A) Bright field micrograph of hemocytes immunohisto-

chemically stained with anti-C3 and counterstained with

hematoxylin. Anti-C3-positive NRVC ðnrÞ display granular cyto-

plasmic immunostaining. The other cells in the field include

refractile vacuolated cells ðrÞ and fine granular ðf Þ hemocytes.

Bar ¼ 10 mm; (B) differential interference micrograph of a non-

refractile vacuolated cell immunohistochemically stained with anti-

C3. v; anti-C3 positive vesicles, n; nucleus, p; pseudopodium.

Bar ¼ 10 mm; (C) transmission electron micrograph of a non-

refractile vacuolated cell showing numerous electron-dense vesicles

and less frequent large organelles in the cytoplasm. v; electron-dense

vesicles, n; nucleus, o; large organelles. Bar ¼ 10 mm.

Fig. 2. Effect of different concentrations of mannan, LPS,

carrageenan k (CG-k) and carrageenan l (CG-l) on the secretion

of anti-C3 reactive proteins from cultured hemocytes. Culture

supernatants were collected 15 min after the addition of the

stimulators. The concentrations of anti-C3 reactive proteins were

determined by ELISA and are shown as absorbance at 415 nm

ðA415Þ: Bars (where shown) ¼ SEM, n ¼ 4:
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residual cellular material in hemocyte culture super-

natants (data not shown).

All of the culture supernatants tested contained

substantially more C3-like protein than hemolymph

serum samples. Fourteen times more C3-like protein was

detected by ELISA in hemocyte culture supernatants

stimulated with 50 mg/ml mannan ðA415 ¼ 0:51 ^

0:08Þ than in serum (A415 ¼ 0:04 ^ 0:01; n ¼ 10).

The release of anti-C3 reactive proteins from

hemocytes occurred rapidly after stimulation with

LPS (Fig. 3). Within 1 min, more than twice as much

anti-C3 reactivity was detected in culture supernatants

from LPS-stimulated hemocytes compared to non-

stimulated controls ð p , 0:05Þ: After this initial

increase, the anti-C3 reactivity of culture supernatants

increased more gradually over the remainder of the

time course. It appeared to be approaching an

asymptote within 15 min.

The identity of the anti-C3 reactive proteins

detected by ELISA was confirmed by Western blot

analysis of culture supernatants from hemocytes

stimulated with mannan, LPS or carrageenan k

(Fig. 4). Western blots identified a number of anti-

C3 reactive bands. Double bands were often evident at

approximately 116 and 80 kDa and a single band

appeared at 105 kDa. The bands at approximately 116

and 80 kDa corresponded in molecular weight to

those in affinity purified human and S. plicata C3

preparations (Fig. 4). The identity of the 105 kDa

band is unclear, but it may represent a proteolytic

activation product of the 116 kDa polypeptide. The

appearance of double bands at 116 and 80 kDa may

also reflect limited proteolysis. In accordance with

ELISA data, the anti-C3 reactive bands were most

intense in mannan-stimulated supernatants. No anti-

C3 staining could be detected in supernatants from

non-stimulated hemocytes.

3.3. Effect of signal transduction modulators

on C3 secretion

The release of anti-C3 reactive proteins from

hemocytes was significantly suppressed ð p , 0:05Þ

by pharmacological reagents that are known to inhibit

Table 1

Percentage of ethidium bromide positive hemocytes present in

hemocyte cultures after 15 min incubations with various concen-

trations of LPS, mannan, carrageenan-k (CG-k) or carrageenan-l

(CG-l) (mean ^ SEM, n ¼ 4)

Concentration

(mg/ml)

Ethidium bromide positive hemocytes

(%)

Mannan LPS CG-k CG-l

0 5.9 ^ 1.2 4.3 ^ 1.1 4.6 ^ 1.3 4.5 ^ 1.2

5 4.9 ^ 1.6 3.8 ^ 1.7 4.4 ^ 1.4 5.1 ^ 1.2

10 5.0 ^ 1.2 4.6 ^ 1.3 2.9 ^ 1.3 6.3 ^ 1.5

25 4.2 ^ 1.1 5.8 ^ 1.1 3.9 ^ 1.8 4.4 ^ 0.9

50 5.2 ^ 0.9 6.5 ^ 1.5 4.8 ^ 0.7 5.1 ^ 0.8

Fig. 3. Anti-C3 reactive protein content of supernatants removed

from hemocytes at various times after the addition of 25 mg/ml LPS.

LPS was not added to control hemocytes. The concentrations of

anti-C3 reactive proteins were determined by ELISA and are shown

as absorbance at 415 nm ðA415Þ: Bars ¼ SEM, n ¼ 4:

Fig. 4. Anti-C3 immunostained western blots of supernatants from

hemocytes stimulated with 25 mg/ml mannan (lane 1), carrageenan

k (lane 2) or LPS (lane 3). Also shown are supernatant from

unstimulated hemocytes (lane 4), purified human C3 (lane 5) and

purified S. plicata C3-like protein (lane 6). The position of

molecular weight markers is shown on the left.
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G-proteins (cholera toxin), PKC (chelerythrine and

staurosporine) and tubulin microtubule assembly

(colchicine) (Fig. 5). All of these reagents decreased

the release of anti-C3 reactive proteins to less than 25%

of that evident among hemocytes stimulated with

mannan in the absence of inhibitors. In contrast,

incubation of hemocytes with an inhibitor of actin

microfilament assembly (cytochalasin D) had no

significant effect on the release of S. plicata C3 when

compared to untreated controls ð p . 0:05Þ:

A similar pattern emerged when non-stimulated

hemocytes (without added mannan) were incubated

with various activators of exocytic signal transduc-

tion cascades (Fig. 6). Reagents that activate PKC

(PMA) and intracellular calcium release (calcimycin

and thapsigargin) significantly increased the

secretion of anti-C3 reactive proteins relative to

untreated controls ð p , 0:05Þ: An activator of

adenylate cyclases (forskolin) had no effect

( p . 0:05 vs. untreated controls). None of the

reagents described above significantly altered the

viability of hemocytes relative to untreated controls

( p . 0:05; Figs. 5 and 6).

4. Discussion

Gnathostomes are the only animals that can mount

adaptive immune reactions involving immunoglobu-

lin antibodies [32,33]. However, this does not mean

that other inducible components of host defense have

equally restricted phylogenetic distributions. Defen-

sive systems like the inflammatory response seem to

have evolved long before antibodies. The current

study has investigated the molecular mechanisms that

control the exocytosis of tunicate C3-like molecules

that are likely to contribute to such inducible

inflammatory reactions.

We have shown that hemocytes from S. plicata

secrete C3-like proteins when exposed to pathogen-

associated antigens. Hemocytes stimulated with

bacterial (LPS), fungal (mannan) or algal (carragee-

nans) cell surface molecules were found to release up

to 6 times more C3-like protein than unstimulated

hemocytes, and up to 14 times more C3-like protein

than was evident in hemolymph serum. Only limited

constitutive secretion could be detected from non-

stimulated cells, and responses to stimulatory mole-

cules were dose dependent. These results suggest that

the release of C3-like molecules into culture super-

natants is an actively induced response. None of

Fig. 5. The effects of signal transduction inhibitors on the release of

anti-C3 reactive proteins from S. plicata hemocytes stimulated

with 25 mg/ml mannan. The concentrations of anti-C3 reactive

proteins were determined by ELISA and data are presented as

percentages relative to the level of anti-C3 reactivity released from

hemocytes that were stimulated with 25 mg/ml mannan in the

absence of inhibitors (no inhibitor). Bars ¼ SEM, n ¼ 6: The

numbers shown with each reagent represent the percentage of

ethidium bromide-positive (non-viable) hemocytes present after

incubation (mean ^ SEM).

Fig. 6. The effects of signal transduction activators on the release of

anti-C3 reactive proteins from S. plicata hemocytes. The concen-

trations of anti-C3 reactive proteins were determined by ELISA and

data are presented as percentages relative to the level of anti-C3

reactivity released from hemocytes in the absence of activators (no

activator). Bars ¼ SEM, n ¼ 6: The numbers shown with each

reagent represent the percentage of ethidium bromide-positive (non-

viable) hemocytes present after incubation (mean ^ SEM).
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the stimulatory molecules used here decreased

hemocyte viability, indicating that the release of C3-

like protein was not simply due to hemocyte death and

subsequent lysis. Similarly, flow cytometry could not

detect any cellular material remaining in hemocyte

culture supernatants, confirming that the ELISA data

do not simply reflect residual cellular contamination

of supernatants.

The active induction of an exocytic pathway is also

indicated by signal transduction analysis. Treatment

of hemocytes with a variety of pharmacological

reagents showed that the release of C3-like molecules

is initiated by a G-protein dependent signaling

cascade of the type that is often associated with

exocytosis. In other animals, receptor-associated G-

proteins induce exocytosis by activating either

adenylate cyclases to produce cAMP, or phospho-

lipases to produce inositol-1,4,5-triphosphate (IP3)

and diacylglycerol. Both the phospholipase and

cAMP pathways initiate divalent cation (Ca2þ or

Mg2þ) release from the endoplasmic reticulum and

stimulate protein kinases like PKC. This ultimately

results in exocytic cytoskeletal activity, most often

involving the translocation of secretory vesicles along

tubulin microtubules rather than F-actin microfila-

ments [34–37].

The sensitivity of S. plicata hemocytes to reagents

that modulate G-proteins (cholera toxin), PKC

(chelerythrine, staurosporine and PMA), calcium

mobilization (calcimycin and thapsigargin) and

microtubule assembly (colchicine)-and their insensi-

tivity to an adenylate cyclase activator (forskolin)-

suggests that a typical G-protein activated IP3

signaling pathway initiates the exocytosis of C3-like

molecules. This conclusion is based on the premise

that the reagents used here have similar pharmaco-

logical effects in S. plicata to those in other species.

That assumption is supported by numerous studies of

other invertebrates (including tunicates), which have

confirmed the efficacy and specificity of pharmaco-

logical reagents that target signal transduction path-

ways [37–39].

Signal transduction analyses in other invertebrates

reveal broad similarities with the sub-cellular pathway

used to activate exocytosis in S. plicata. For instance,

G-protein inhibitors such as cholera toxin down-

regulate IP3-mediated degranulation of Limulus poly-

phemus amoebocytes stimulated with LPS [37,40],

and inhibit cecropin synthesis in Drosophila cells

[41]. Similarly, degranulation of crayfish (Pascifas-

tacus leniusculus) coelomocytes after receptor-bind-

ing by an endogenous defensive molecule involves a

PKC-dependent pathway, albeit one that initiates the

production of cAMP rather than IP3 [35].

The exocytic system of S. plicata also resembles

those of other invertebrates in its rapidity. Secretion of

C3-like molecules by S. plicata hemocytes occurs

within 1 min of stimulation, a time scale comparable

to that for induced degranulation by other invertebrate

cells [35,37]. The speed with which these responses

occur suggests that hemocytes are releasing pre-

existing stores of protein, rather than initiating

biosynthesis. The existence of such intracellular

pools is supported by immunohistochemistry, which

suggested that intracellular S. plicata C3-like protein

is localized in the membrane-bound vesicles of

NRVC. This hemocyte type, and its counterparts in

other tunicates, are avidly phagocytic—to the extent

that they have been referred to as macrophages [42].

They have also been directly implicated in inflamma-

tory responses. NRVC, which comprise 28% of the

cell population in the hemolymph of normal S. plicata,

are among a sub-set of hemocytes that have been

shown to actively infiltrate inflamed tissues in which

cellular degranulation occurs [4,5,31,42,43].

The identification of a controlled exocytic system

in NRVC that is responsive to pathogen-associated

antigens suggests that these hemocytes can contribute

to localized inflammatory reactions. More impor-

tantly, the recent identification of a C3a-like chemo-

taxin in another tunicate (P. stolonifera) suggests that

NRVC may be involved in a positive feedback system

that rapidly amplifies localized defensive responses

[18]. Even though exocytosis from hemocytes may

increase the systemic concentration of C3-like pro-

teins in circulating hemolymph, we envisage a system

in which pathogen-associated antigens induce the

proteolysis of C3-like proteins to form pro-inflamma-

tory, C3a-like, molecules specifically at the site of

infection. Those C3a-like peptides have the capacity to

recruit NRVC to the infected area by directed

chemotaxis. Once in those sites, infiltrating NRVC

are known to degranulate, probably by the mechanism

described in this study. The exocytosis and subsequent

activation of C3-like proteins secreted by NRVC

would contribute opsonic effector molecules, and
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more pro-inflammatory C3a-like peptides with the

capacity to further amplify inflammatory responses. In

this context, it is noteworthy that collectin-like proteins,

which may contribute to the activation C3-like

molecules, are also secreted by S. plicata hemocytes

in response to inflammatory stimuli [15,44].

Acknowledgements

This study was supported by a grant from the

Australian Research Council (grant # A97-942), and

by a Australian Postgraduate Award to S.V. Nair.

References

[1] Metchnikoff E. Lectures on the comparative pathology of

inflammation. New York: Dover; 1892.

[2] Raftos DA, Tait NN, Briscoe DA. Cellular basis of allograft

rejection in the solitary urochordate, Styela plicata. Dev Comp

Immunol 1987;11:713–26.

[3] Parrinello N, Patricolo E, Canicatti C. Tunicate immunobi-

ology 1. Tunic reaction of Ciona intestinalis L. to erythrocyte

injection. Boll Zool 1977;44:373–81.

[4] Parrinello N, Patricolo E, Canicatti C. Inflammatory reaction

in the tunic of Ciona intestinalis (Tunicata). I. Encapsulation

and tissue injury. Biol Bull 1984;167:229–37.

[5] Parrinello N, Patricolo E. Inflammatory-like reaction in the

tunic of Ciona intestinalis (Tunicata), II: capsule formation.

Biol Bull 1984;167:238–50.

[6] Wright RK. Protochordate immunity. I. Primary response of

the tunicate Ciona intestinalis to vertebrate erythrocytes.

J Invert Pathol 1974;24:29–36.

[7] Al-Sharif WZ, Sunyer JO, Lambris JD, Smith LC. Sea urchin

coelomocytes specifically express a homologue of the

complement component C3. J Immunol 1998;160:2983–97.

[8] Gross P, Al-Sharif WZ, Clow LA, Smith LC. Echinoderm

immunity and the evolution of the complement system. Dev

Comp Immunol 1999;23:429–42.

[9] Nonaka M, Azumi K, Ji X, Namikawa-Yamada C, Sasaki M,

Saiga H, Dodds AW, Sekine H, Homma MK, Matsushita M,

Endo Y, Fujita T. Opsonic complement component C3 in the

solitary ascidian, Halocynthia roretzi. J Immunol 1999;162:

387–91.

[10] Nonaka M, Azumi K. Opsonic complement system of the

solitary ascidian, Halocynthia roretzi. Dev Comp Immunol

1999;23:421.

[11] Raftos D, Nair S, Robbins J, Newton R, Peters R. A

complement component C3-like protein from the tunicate,

Styela plicata. Dev Comp Immunol 2002;26:307–12.

[12] Smith LC, Chang L, Britten RJ, Davidson EH. Sea urchin

genes expressed in activated coelomocytes are identified by

expressed sequence tags. J Immunol 1996;156:593–602.

[13] Marino R, Kimura Y, Santis RD, Lambris J, Pinto M.

Complement in urochordates: cloning and characterization of

two C3-like genes in the ascidian Ciona intestinalis.

Immunogenetics 2002;53:1055–64.

[14] Clow LA, Gross PS, Raftos DA, Smith LC. Sea urchin SpC3, a

homologue of the complement component C3, is expressed in

two subsets of phagocytes and functions as an opsonin. Dev

Comp Immunol 2000;24:S23.

[15] Raftos DA, Green P, Mahajan D, Newton RA, Pearce S, Peters

R, Robbins J, Nair SV. Collagenous lectins in tunicates and the

proteolytic activation of complement. Adv Exp Med Biol

2001;484:229–36.

[16] Sekine H, Kenzo A, Azumi K, Ohi G, Takahashi M, Kasukawa

R, Ichikawa N, Nakata M, Mizuochi T, Matsushita M, Endo Y,

Fujita T. An ancient lectin-dependent complement system in

an ascidian: novel lectin isolated from the plasma of the

solitary ascidian Halocynthia roretzi. J Immunol 2001;167:

4504–10.

[17] Ji X, Azumi K, Sasaki M, Nonaka M. Ancient origin of the

complement lectin pathway revealed by molecular cloning of

mannan binding-protein-associated serine protease from a

urochordate, the Japanese ascidian, Halocynthia roretzi. Proc

Natl Acad Sci USA 1997;94:6340–5.

[18] Raftos D, Robbins J, Newton R, Nair S. A complement

component C3-like peptide stimulates chemotaxis by hemo-

cyte from an invertebrate chordate—the tunicate Pyura

stolonifera. Comp Biochem Physiol A 2003;134:377–86.

[19] Raftos DA, Cooper EL. In vitro culture of tissues from the

solitary tunicate, Styela clava. In Vitro 1990;26:962–70.

[20] Volpp B, Nauseef W, Clark R. Subcellular distribution and

membrane association of neutrophil substances for ADP-

ribosylation by pertussis toxin and cholera toxin. J Immunol

1989;142:3206.

[21] Herbert J, Savi P, Laplace M, Dumas A, Dol F. Chelerythrine,

a selective protein kinase C inhibitor, counteracts pyrogen-

induced expression of tissue factor without affect on

thrombomodulin down-regulation in endothelial cells.

Thromb Res 1993;71:487.

[22] Ward N, O’Brian C. Kinetic analysis of protein kinase C

inhibition by staurosporine: evidence that inhibition entails

inhibitor bindingat a conserved region of the catalytic domain but

not competition with substrates. Mol Pharmacol 1992;41:387.

[23] Miyata S, Furuya K, Nakai S, Bun H, Kiyohara T.

Morphological plasticity and rearrangement of cytoskeleton

in pituicytes cultured from adult rat neurohypophysis.

Neurosci Res 1999;33:299.

[24] Bodaghi B, Slobbe-van Drunen M, Topilko A, Perret E,

Vossen R, van Dam-Mieras M, Zipeto D, Virelizier J,

LeHoang P, Bruggemann C, Michelson S. Entry of human

cytomegalovirus into retinal pigment epithelial and endo-

thelial cells by endocytosis. Invest Opthalmol Vis Sci 1999;

40:2598.

[25] Stricker S, Smythe T. 5-HT causes an increase in cAMP that

stimulates, rather than inhibits, oocyte maturation in marine

nemertean worms. Development 2001;128:1415–27.

[26] Castagna M, Takai Y, Kaibuchi K, Sano K, Kikkawa U,

Nishizuka Y. Direct activation of calcium-activated,

D.A. Raftos et al. / Developmental and Comparative Immunology 28 (2004) 181–190 189



phospholipid-dependent protein kinase by tumor-promoting

phorbol esters. J Biol Chem 1982;257:7847.

[27] Petit A, Bleicher C, Lussier B. Intracellular calcium stores are

involved in growth hormone-releasing hormone signal

transduction in rat somatotrophs. Can J Physiol Pharmacol

1999;77:520.

[28] Tao J, Haynes D. Actions of thapsigargin on the Ca(2 þ )-

handling systems of human platelets. J Biol Chem 1992;267.

[29] Laemmli UK. Cleavage of structural proteins during the

assembly of the head of bacteriophage T4. Nature 1970;227:

680–5.

[30] Kyse-Andersen J. Electroblotting of multiple gels: a simple

apparatus without buffer tank for rapid transfer or protein from

polyacrylamide to nitrocellulose. J Biochem Biophys Meth

1984;10:203–9.

[31] Radford JL, Hutchinson AE, Burandt M, Raftos DA. A

hemocyte classification scheme for the tunicate Styela plicata

(Lesueur, 1823). Acta Zool 1998;79:343–50.

[32] Medzhitov R, Janeway CA. Innate immunity: the virtues of a

nonclonal system of recognition. Cell 1997;91:295–8.

[33] Raftos DA, Raison RL. Out of the primordial slime: evolution

and the immune system. Today’s Life Sci 1992;14:16–20.

[34] Berridge M. Inositol triphosphate and calcium signaling.

Nature 1993;361:315.

[35] Johansson M, Soderhall K. Intracellular signaling in arthropod

blood cells: involvement of protein kinase C and protein

tyrosine phosphorylation in the response of the 76-kDa protein

or the beta-1,3-glucan-binding protein in crayfish. Dev Comp

Immunol 1993;17:495.

[36] Liscovitch M. Phospholipase D: role in signal transduction and

membrane traffic. J Lipid Mediators Cell Signal 1996;14:215.

[37] Solon E, Gupta AP, Gaugler R. Signal transduction during

exocytosis in Limulus polyphemus granulocytes. Dev Comp

Immunol 1996;20:307–21.

[38] Albrieux M, Lee H, Villaz M. Calcium signaling by cyclic

ADP-ribose, NAADP and inositol triphosphate are involved in

distinct functions in ascidian oocytes. J Biol Chem 1998;273:

14566–74.

[39] Ishikawa G, Azumi K, Yokosawa H. Involvement of tyrosine

kinase and phosphatidylinositol 3-kinase in phagocytosis by

ascidian hemocytes. Comp Biochem Physiol A 2000;125:

351–7.

[40] Armstrong P, Rickles F. Endotoxin-induced degranulation of

the Limulus amoebocyte. Exp Cell Res 1982;140:15.

[41] Samikovlis C, Asling B, Boman H, Gateff E, Hultmark D. In

vitro induction of cecropin genes—an immune response in a

Drosophila blood cell line. Biochem Biophys Res Commun

1992;188:1169–75.

[42] Wright RK. Urochordates. In: Ratcliffe NA, Rowley AF,

editors. Invertebrate blood cells. London: Academic Press;

1981. p. 565–626.

[43] Wright RK, Ermak TH. Cellular defense systems of the

Protochordata. In: Cohen N, Sigel M, editors. The reticuloen-

dothelial system. A comprehensive treatise. New York:

Plenum Press; 1982. p. 283–320.

[44] Green PG, Raftos DA. Secretion of a collectin-like protein in

tunicates is enhanced during inflammatory responses. Dev

Comp Immunol 2002;27:3–9.

D.A. Raftos et al. / Developmental and Comparative Immunology 28 (2004) 181–190190


	Exocytosis of a complement component C3-like protein by tunicate hemocytes
	Introduction
	Materials and methods
	Antibodies and tunicate C3-like protein
	Tunicates
	Immunohistochemistry
	Transmission electron microscopy
	Exocytosis assay
	Signal transduction analysis
	Anti-C3 ELISA
	Western blotting
	Hemocytes viability assay
	Statistical analysis

	Results
	S. plicata C3 is localized in the vesicles of non-refractile vacuolated hemocytes
	C3 secretion from hemocytes
	Effect of signal transduction modulators on C3 secretion

	Discussion
	Acknowledgements
	References


