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Abstract

Crustacean haemocytes play important roles in the host immune response including recogni
tion, phagocytosis, melanization, cytotoxicity and cell-cell communication. Classification of the 
haemocyte types in decapod crustaceans is based mainly on the presence of cytoplasmic granules 
into hyaline cells, semigranular cells, and granular cells. Each cell type is active in defence 
reactions, for example; in crayfish, the hyaline cells are chiefly involved in phagocytosis, the 
semigranular cells are the cells active in encapsulation, while the granular cells participate in 
storage and release of the prophenoloxidase (proPO) system and cytotoxicity. The haematopoietic 
tissue has been described in several crustacean decapod species and shown to be the haemocyte- 
producing organ. Tentative stem cells have been shown to be present in this tissue. Using in situ 
hybridization, we demonstrated that proPO is not present in the haematopoietic tissue of crayfish 
which suggests that protein expression is different between circulating haemocytes and the cells in 
the haematopoietic tissue. © 2000 Elsevier Science B.V. All rights reserved.
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1. Introduction

The circulating haemocytes of crustaceans and other invertebrates are essential in 
immunity, performing functions such as phagocytosis, encapsulation, and lysis of 
foreign cells (Smith and Söderhäll, 1983a; Ratcliffe et al., 1985; Söderhäll and Smith,
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1986; Johansson and Söderhäll, 1989; Söderhäll and Cerenius, 1992). The number of 
free haemocytes can vary and can, for instance, decrease dramatically during an 
infection (Persson et al., 1987b; Smith and Söderhäll; 1983a; Smith et al., 1984; 
Lorenzon et al., 1999). Thus, new haemocytes need to be compensatorily and propor
tionally produced, and it is commonly believed that haemocytes are released continu
ously, although at varying rates, from a specialized haematopoietic tissue. This tissue 
has been identified in several crustacean species (Ghiretti-Magaldi et al., 1977; Hose et 
al., 1992; Martin et al., 1993; Chaga et al., 1995).

Research in the defensive role of haemocyte in crustacean is rapidly progressing, 
whereas the knowledge on haematopoietic tissue is limited. In order to elucidate the 
defence mechanisms and allow comparative studies among the different crustacean 
species, it would be helpful to establish a uniform classification scheme for crustacean 
haemocytes and haematopoietic tissue. For most crustacean species, the variation in total 
haemocyte and differential count values are high between individual animals. Conse
quently, they cannot be used to evaluate the physiological state of the animal. In this 
review, we briefly point out some works on crustacean circulating haemocytes, on the 
morphology of the haematopoietic tissue and the cells found, including molecular 
characteristics of circulating haemocytes and haematopoietic tissue.

2. Haemocytes

In order to study crustacean haemocytes in an optimal way, it is preferable to work 
with isolated populations of the different cell types. The success of the isolation of 
haemocytes depends on the efficiency of anticoagulant used. Söderhäll and Smith (1983) 
established a protocol for isolation and separation of each cell type for marine decapod 
species, for example, Carcinus maenus, Cancer pagurus, Macropipus depurator, Eu
pagurus bernhardus and Nephrops norvegicus (Söderhäll and Smith, 1983; Smith and 
Söderhäll, 1991; for review, see Johansson and Söderhäll, 1995). It can be applied to 
freshwater species, for example, Astacus astacus (Smith and Söderhäll, 1983b), and 
Pacifastacus leniusculus (Johansson and Söderhäll, 1985) by changing to a NaCl 
concentration appropriated for the haemolymph osmolarity of these animals. Pure, viable 
populations of the cell types are obtained by collection in a low pH citrate-EDTA 
anticoagulant buffer and separation and isolation by centrifugation on a continuous 
density gradient of Percoll. In the citrate-EDTA buffer used, citric acid serves to delay 
cell breakdown while EDTA inhibits prophenoloxidase (proPO) activation and prevents 
the clotting reaction, which is dependent on Ca2+ and transglutaminase (Haii et al., 
1999), and this buffer at low pH, in combination with citrate, glucose and NaCl, 
provides a medium optimal for maintenance of cell integrity without significant loss of 
cell viability. With some modification, the protocol was used to isolate semigranular 
cells and granular cells in Penaeus japonicus and cell adhesion activity was shown in 
shrimp (Perazzolo and Barracco, 1997).

Crustaceans have three morphologically different haemocyte types: hyaline, semi
granular, and granular cells (Bauchau, 1980). Using different assays, such as phago
cytosis, encapsulation, cytotoxicity, haemolysis, cell adhesion, and degranulation (for
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review, see Johansson, 1995), the isolated haemocyte populations from several crus
tacean species, such as the freshwater crayfish P. leniusculus and the shore crab C. 
maenas, have been studied in vitro. Results from such experiments are summarized in 
Table 1. They show that the different haemocyte types carry out different functions in 
immunity.

Moreover, cell co-operation and communication are necessary for at least some of the 
defence reactions and occur when a microorganism or parasite is recognized and an 
immune response is mounted (Söderhäll and Smith, 1986; Johansson and Söderhäll, 
1989; Söderhäll and Cerenius, 1992). For example, during a fungal infection, a specific 
ß-l,3-glucan-binding protein (ßGBP) (Duvic and Söderhäll, 1990; Cerenius et al., 1994) 
in the plasma first recognizes and binds fungal cell walls. Then, the semigranular and 
the granular haemocytes respond to the ßGBP complexed with glucans by degranulation 
(Barracco et al., 1991) and release of the proPO activating system (Söderhäll and 
Cerenius, 1998), including the cell-adhesive and opsonic protein, peroxinectin (Johans
son and Söderhäll, 1988; Johansson et al., 1995), from storage granules. Finally, 
released peroxinectin can stimulate the phagocytosis by hyaline cells (Thôrnqvist et al., 
1994) or the encapsulation by semigranular cells (Kobayashi et al., 1990).

Granular and semigranular cells can be cytotoxic and lyse foreign eukaryotic cells. 
This has been shown with both tumorous and non-tumorous cell lines as well as 
erythrocytes as target cells (Söderhäll et al., 1985). The tumor cell targets used are 
especially susceptible to lysis by mammalian natural killer cells (NK cells); thus, the 
invertebrate cytotoxic cells may resemble mammalian NK cells. It appears that the lytic 
factor or factors are released during degranulation. The sugar derivative, Wacetylglu- 
cosamine was shown to inhibit the lytic activity in the crayfish haemolymph. Recently, 
an jV-acetylglucosamine-binding factor, which is responsible for the haemolytic activity 
was identified and isolated from P. leniusculus (Wang, H. and Johansson, M.W., 
unpublished). This glucosamine derivative is part of many structural polymers, including 
those of the bacterial cell wall and fungal chitin (Prescott et al., 1996).

The haemocyte count can vary greatly in response to infection, environmental stress 
and endrocrine activity during moulting cycle (Smith and Ratcliffe, 1980; Persson et al.,

Table 1
Crayfish and crab haemocytes

Haemocyte type Function in immunity

Hyaline cell Phagocytosis3
Semigranular cell Encapsulation13

Phagocytosis (limited)3
Storage and release of the proPO system0
Cytotoxicity d

Granular cell Storage and release of the proPO system0
Cytotoxicity d

Only references to studies using isolated haemocyte populations are included. 
aSmith and Söderhäll (1983b), Söderhäll et al. (1986), Thôrnqvist et al. (1994). 
bPersson et al. (1987a), Kobayashi et al. (1990). 
cJohansson and Söderhäll (1985). 
dSöderhäll et al. (1985).
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1987b; Smith and Johnston, 1992). Experimental injection of a fungal cell wall 
preparation or of a ß-l,3-glucan causes a rapid decrease in the number of free 
haemocytes, followed by a slow recovery (Persson et al., 1987b). Also after an injection 
of the crayfish parasite Psorospermium haeckelii, the number was significantly lower 
than after a control injection of saline, which, in contrast, gives a dramatic increase in 
the number of free haemocytes (Persson et al., 1987b; Söderhäll and Cerenius, 1992; 
Thôrnqvist and Söderhäll, 1993). The differential haemocyte count may also vary. As an 
example, Sequeira et al. (1996) could distinguish the different haemocyte populations in 
the shrimp P. japonicus by flow cytometry and analyze them over the moulting cycle. 
In this species, the hyaline cells were seen to be the dominant population before and 
soon after the moult, whereas they decreased over the intermoult.

The variations in haemocyte number are, most likely, mainly regulated by release 
from the haematopoietic tissue, perhaps complemented by storage and release of 
haemocytes at other sites. Several workers have attempted to find proliferation of 
circulating haemocytes. Some have reported evidence for this, whereas others have not 
detected it. Gargioni and Barracco (1998) recently observed division of circulating 
haemocytes in P. paulensis', less than 1% of the cells had mitotic figures. Earlier, in P. 
japonicus, a small proportion (0.6%) of the circulating haemocytes were found by flow 
cytometry to have a double amount of DNA and were concluded to be in G2 or M 
phases of the cell cycle (Sequeira et al., 1996). In shrimp injected with lipopolysaccha- 
ride (LPS) or infected with the fungus Fusarium, this proportion was increased to about 
3%; 3H-thymidine uptake was also increased after LPS injections. However, in the 
population of cells with double amount of DNA, these authors were unable to detect 
dividing cells in the microscope; only cells in prophase were seen.

3. Haematopoiesis

In many crustaceans, the sheet-like haematopoietic tissue is situated on and covers 
the dorsal and dorsolateral sides of the stomach and is surrounded by connective tissue. 
Cells, believed to be haematopoietic cells, of different morphology are organized and 
densely packed in small lobules, and some of these morphological cell types are also 
found in the interlobular spaces. This situation has been found in the crab C. maenas 
(Ghiretti-Magaldi et al., 1977), the lobster Homarus americanus (Martin et al., 1993), 
and the crayfish P. leniusculus (Chaga et al., 1995). The arrangement is different in 
penaeid shrimps, e.g., Sicyonia ingentis (Hose et al., 1992), where haematopoiesis is 
believed to occur in paired epigastric haematopoietic nodules, which consist of an 
extensive network of vessels.

The morphology of the cells in the haematopoietic tissue in P. leniusculus was 
recently studied by electron and light microscopy (Chaga et al., 1995; see Table 2). 
Briefly, five morphologically different cell types were identified. At the apical part of 
the lobules, type 1 cells are located. These cells have the appearance of non-differenti- 
ated cells; mitosis is observed, they have no or few granules, are closely attached to 
other cells or to the extracellular matrix (ECM), and are difficult to liberate from the 
tissue. Types 2 -4  cells are more distally located; they all have granules and range from
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Table 2
Crayfish haematopoietic tissue cells

Cell type Characteristics

Approximate 
proportion (%)

Mitosis Closely attached 
to other cells/
ECM or free

Other characteristics

Type 1 8 yes close semilunar shape; no or few granules
Type 2 30 yes close or free multiangular shape; striated granules
Type 3 55 not observed free elongated shape; striated granules
Type 4 2 not observed free (?) round shape; large refractile granules

and striated granules
Type 5 5 not observed close (?) round shape; small dense granules

Reference: Chaga et al. (1995); extracellular matrix (ECM).

type 2 cells, which are closely attached and are the main mitotic cells in the lobules, to 
types 3 and 4, which have not been seen to divide, are separated from each other, easily 
liberated, and are also found between the lobules. The types 2 -4  may represent different 
stages in the development of granule-containing haemocytes. Type 5 cells have granules 
morphologically distinct from the other types and may represent a separate lineage.

The relation between these cell types and the circulating haemocytes is not clear. 
Chaga et al. (1995) observed that the granules of type 4 haematopoietic tissue cells were 
morphologically similar to those of the circulating granular cells and that those of type 5 
cells were reminiscent of the semigranular cells.

In H. americanus (Martin et al., 1993) and in S. ingentis, different types of 
haematopoietic tissue cells, resembling those identified in crayfish, have been described, 
so the general situation in these crustaceans seems to be similar. Names like granulocyte 
stem cell, hyaline stem cell, small granule stem cell, or even names identical to those 
used by the same authors for the circulating cells, such as small granule haemocyte or 
large granule haemocyte, have been given to these types. However, as long as the 
relation between the cells in the haematopoietic tissue and the circulating cells is 
basically unknown, such terminology indicating identity or similarity to the haemocytes 
may be misleading (see below).

4. Molecular characteristics of haemocytes and haematopoietic tissue

The morphologically and functionally different populations of circulating haemocytes 
described above have also, naturally, been found to be different at the molecular level. 
This has been shown clearly with separated haemocytes in several species, primarily in 
crayfish, using a variety of assays (Table 3). In particular, proteins, which are part of or 
associated with the proPO system, such as proPO and peroxinectin, are present in the 
semigranular and granular cells and are not detected in the hyaline cells. Other studies, 
which have not been performed on separated cells, but where haemocytes have been
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Table 3
Molecular characteristics of crustacean haemocytes: protein expression by different cell types

Protein Haematopoietic Haemocytes Method
tissue H SG G

Prophenoloxidase - -  +  + In situ hybridization3, enzyme activity13
Peroxinectin ? -  +  + Activity0, immunogoldd, immunoblotting0
Cell-surface superoxide dismutase ? ? +  + Immunofluorescencef
a-Macroglobulin ? ? +  + Immunoprecipitationd
Transglutaminase ? + +  - Enzyme activity8
Mab 40E2-2A antigen (142 kDa) ? -  -  + Immunofluorescence11
Mab 40E10-2B antigen (27 kDa) ? + +  - Immunofluorescence11

H, hyaline cells; SG, semigranular cells; G, granular cells.
Only references to studies using isolated haemocyte populations are included. 

aKeyser (1999).
''S ö d e r h ä ll and Smith (1983), Smith and Söderhäll (1983b), Sequeira et al., 1996. 
cSöderhäll et al. (1986). 
d Liang et al. (1992).
'Thôrnqvist et al. (1994). 
fJohansson et al. (1999). 
gAono and Mori (1996). 
hRodriguez et al. (1995).

stained for phenol oxidase activity, have come to the same conclusion (e.g., Hose et al., 
1987; Lanz et al., 1993). Monoclonal antibodies against P. japonicus haemolymph have 
been generated (Rodriguez et al., 1995); some of these can distinguish between 
separated haemocyte populations.

In only one case so far has the haemopoietic tissue been studied with molecular 
methods (Keyser, 1999). Using in situ hybridization, the haemopoietic tissue was found 
to be negative for proPO, whereas the majority of the haemocytes were clearly positive. 
This shows that although some of the cells in the haematopoietic tissue morphologically 
may resemble granular or semigranular cells, their protein expression is different. Since 
most of circulating haemocytes express proPO, the onset of proPO production must be 
immediately before or after the release from the haematopoietic tissue. It is also possible 
that the production of proPO in the tissue is too low to be detected. However, it suggests 
that the cells in the haematopoietic tissue should not be labeled with the same name as 
the circulating haemocytes.

More molecular studies using, for instance, in situ hybridization or monoclonal 
antibodies, in particular on the haematopoietic tissue cells, are warranted in order to 
clarify the connection between, and the development and maturation of the different 
populations of haematopoietic tissue cells and circulating haemocytes.

Acknowledgements

This work was supported by the Swedish Natural Science Research Council, the 
Swedish Forestry and Agricultural Research Council, and the Swedish Medical Research 
Council.



M.W. Johansson et al. /  Aquaculture 191 (2000) 45-52 51

References

Aono, H., Mori, K., 1996. Interaction between hemocytes and plasma is necessary for hemolymph coagulation 
in the spiny lobster, Panulirus japonicus. Comp. Biochem. Physiol., Part A: Mol. Integr. Physiol. 113,
301-305.

Barracco, M.A., Duvic, B., Söderhäll, K., 1991. The ß-l,3-glucan-binding protein from the crayfish Pacifas- 
tacus leniusculus, when reacted with a ß-l,3-glucan, induces spreading and degranulation of crayfish 
granular cells. Cell Tissue Res. 266, 491-497.

Bauchau, A.G., 1980. Crustaceans. In: Ratcliffe, N.A., Rowley, A.F. (Eds.), Invertebrate Blood Cells. 
Academic Press, New York, pp. 385-420.

Cerenius, L., Liang, Z., Duvic, B., Keyser, P., Heilman, U., Tapio-Palva, E., Iwanaga, S., Söderhäll, K., 1994. 
Structure and biological activity of a 1,3-ß-D-glucan-binding protein in crustacean blood. J. Biol. Chem. 
269, 29462-29467.

Chaga, 0., Lignell, M., Söderhäll, K., 1995. The haemopoietic cells of the freshwater crayfish, Pacifastacus 
leniusculus. Anim. Biol. 4, 59-70.

Duvic, B., Söderhäll, K., 1990. Purification and characterization of a ß-l,3-glucan binding protein from 
plasma of the crayfish Pacifastacus leniusculus. J. Biol. Chem. 265, 9327-9332.

Gargioni, R., Barracco, M.A., 1998. Hemocytes of the palaemonids Macrobrachium rosenbergii and M. 
acanthurus, and of the penaeid Penaeus paulensis. J. Morphol. 236, 209-221.

Ghiretti-Magaldi, A., Milanese, C., Tognon, G., 1977. Hemotopoiesis in crustaceans decapoda: origin and 
evolution of hemocytes and cyanocytes of Carcinus maenus. Cell Differ. 6, 167-186.

Haii, M., Wang, R., van Antwerpen, R., Sottrup-Jensen, L., Söderhäll, K., 1999. The crayfish plasma clotting 
protein: a vitellogenin-related protein responsible for clot formation in crustacean blood. Proc. Natl. Acad. 
Sei. U.S.A. 96, 1965-1970.

Hose, J.E., Martin, G.G., Ngugen, V.A., Lucus, J., Rosenstein, T., 1987. Cytochemical features of shrimp 
hemocytes. Biol. Bull. 53, 335-346.

Hose, J.E., Martin, G.G., Tiu, S., McKrell, N., 1992. Patterns of hemocyte production and release throughout 
the moult cycle in the penaeid shrimp Sycionia ingentis. Biol. Bull. 183, 185-189.

Johansson, M.W., 1995. Cellular immune reactions in crustaceans: methods for in vitro studies. In: Stolen, 
J.S., Fletcher, T.C., Smith, S.A., Zelikoff, J.T., Kaattari, S.L., Anderson, R.S., Söderhäll, K., Weeks-Per- 
kins, B.A. (Eds.), Techniques in Fish Immunology. SOS Publications, New Haven, NJ, USA, pp. 
147-154.

Johansson, M.W., Söderhäll, K., 1985. Cellular immunity in crustaceans and the proPO system. Parasitol. 
Today 5, 171-176.

Johansson, M.W., Söderhäll, K., 1988. Isolation and purification of a cell adhesion factor from crayfish blood 
cells. J. Cell Biol. 106, 1795-1803.

Johansson, M.W., Söderhäll, K., 1989. A cell adhesion factor from crayfish hemocytes has degranulating
activity towards crayfish granular cells. Insect Biochem. 19, 183-190.

Johansson, M.W., Söderhäll, K., 1995. Separation of crustacean blood cells by continuous density gradient
centrifugation. In: Stolen, J.S., Fletcher, T.C., Smith, S.A., Zelikoff, J.T., Kaattari, S.L., Anderson, R.S.,
Söderhäll, K., Weeks-Perkins, B.A. (Eds.), Techniques in Fish Immunology. SOS Publications, New 
Haven, NJ, USA, pp. 141-145.

Johansson, M.W., Lind, M., Holmblad, T., Thôrnqvist, P.O., Söderhäll, K., 1995. Peroxinectin, a novel cell 
adhesion protein from crayfish blood. Biochem. Biophys. Res. Commun. 216, 1079-1087.

Johansson, M.W., Holmblad, T., Thôrnqvist, P.O., Cammarata, M., Parrinello, N., Söderhäll, K., 1999. A 
cell-surface superoxide dismutase is a binding protein for peroxinectin, a cell-adhesive peroxidase in 
crayfish. J. Cell Sei. 112, 917-925.

Keyser, P. 1999. Crustacean immunity: Characterization of some crayfish blood proteins. Comprehensive 
Summaries of Uppsala Dissertations from the Faculty of Science and Technology, 451 pp.

Kobayashi, M., Johansson, M.W., Söderhäll, K., 1990. The 76 kD cell-adhesion factor from crayfish 
haemocytes promotes encapsulation in vitro. Cell Tissue Res. 260, 13-18.

Lanz, H., Tsutsumi, V., Aréchiga, H., 1993. Morphological and biochemical characterization of Procambarus 
clarki blood cells. Dev. Comp. Immunol. 17, 389-397.

Liang, Z., Lindblad, P., Beauvais, A., Johansson, M.W., Latgé, J.-P., Haii, M., Cerenius, L., Söderhäll, K.,



52 M.W. Johansson et al. /  Aquaculture 191 (2000) 45-52

1992. Crayfish a-macroglobulin and 76 kD protein; their biosynthesis and subcellular localization of the 
76 kD protein. J. Insect Physiol. 38, 987-995.

Lorenzo, S., De Guarrini, S., Smith, V.J., Ferrero, E.A., 1999. Effects of LPS injection on circulating 
haemocytes in crustaceans in vivo. Fish Shell. Immunol. 9, 31-50.

Martin, G.G., Hose, J.E., Choi, M., Provost, R., Omori, G., McKrell, N., Lam, G., 1993. Organization of
hematopoietic tissue in the intermoult lobster Homarus americanus. J. Morphol. 216, 65-78.

Perazzolo, L.M., Barracco, M.A., 1997. The prophenoloxidase activating system of the shrimp, Penaeus 
paulensis and associated factors. Dev. Comp. Immunol. 21, 385-395.

Persson, M., Vey, A., Söderhäll, K., 1987a. Encapsulation of foreign particles in vitro by separated blood cells 
from crayfish, Astacus leptodactylus. Cell Tissue Res. 247, 409-415.

Persson, M., Cerenius, L., Söderhäll, K., 1987b. The influence of the freshwater crayfish Pacifastacus 
leniusculus Dana, to the parasitic fungus Aphanomyces astaci. J. Fish Dis. 10, 471-477.

Prescott, L.M., Harley, J.P., Klein, D.A., 1996. Microbiology vol. 52 Wm. C. Brown Publishers, London, 505
pp.

Ratcliffe, N.A., Rowley, A.F., Fitzgerald, S.W., Rhodes, C.P., 1985. Invertebrate immunity: basic concepts 
and recent advances. Int. Rev. Cytol. 97, 183-350.

Rodriguez, J., Boulo, V., Mialhe, E., Bachére, E., 1995. Characterization of shrimp hemocytes and plasma
components by monoclonal antibodies. J. Cell Sei. 108, 1043-1050.

Sequeira, T., Tavares, D., Arala-Chaves, M., 1996. Evidence for circulating hemocyte proliferation in the 
shrimp Penaeus japonicus. Dev. Comp. Immunol. 20, 97-104.

Smith, V.J., Ratcliffe, N.A., 1980. Host defence reactions of the shore crab, Carcinus maenas (L.); clearance 
and distribution of injected particles. J. Mar. Biol. Assoc. U.K. 60, 89-102.

Smith, V.J., Johnston, P.A., 1992. Differential haemotoxic effect of PCB congeners in the common shrimp, 
Crangon crangon. Comp. Biochem. Physiol., Part C: Pharmacol. Toxicol. Endocrinol. 101, 641-649.

Smith, V.J., Söderhäll, K., 1983a. ß-l,3-glucan activation of crustacean hemocytes in vitro and in vivo. Biol. 
Bull. 164, 299-314.

Smith, V.J., Söderhäll, K., 1983b. Induction of degranulation and lysis of haemocytes in the freshwater 
crayfish, Astacus astacus, by components of the prophenoloxidase activating system in vitro. Cell Tissue
Res. 233, 295-303.

Smith, V.J., Söderhäll, K., 1991. A comparison of phenoloxidase activity in the blood of marine invertebrates. 
Dev. Comp. Immunol. 15, 251-261.

Smith, V.J., Söderhall, K., Hamilton, M., 1984. ß-l,3-glucan induced cellular defence reactions in the shore 
crab, Carcinus maenus. Comp. Biochem. Physiol., Part A: Mol. Integr. Physiol. 77, 635-639.

Söderhäll, K., Cerenius, L., 1992. Crustacean immunity. Annu. Rev. Fish Dis. 2, 3-23.
Söderhäll, K., Cerenius, L., 1998. Role of the prophenoloxidase activating system in invertebrate immunity. 

Curr. Opin. Immunol. 10, 23-28.
Söderhäll, K., Smith, V.J., 1983. Separation of the haemocyte populations of Carcinus maenus and other 

marine decapods, and prophenoloxidase distribution. Dev. Comp. Immunol. 7, 229-239.
Söderhäll, K., Smith, V.J., 1986. The prophenoloxidase activating cascade as a recognition and defense system 

in arthropods. In: Gupta, A.P. (Ed.), Humoral and Cellular Immunity in Arthropods. Wiley, New York, pp. 
251-285.

Söderhäll, K., Wingren, A., Johansson, M.W., Bertheussen, K., 1985. The cytotoxic reaction of hemocytes 
from the freshwater crayfish, Astacus astacus. Cell Immunol. 94, 326-332.

Söderhäll, K., Smith, V.J., Johansson, M.W., 1986. Exocytosis and uptake of bacteria by isolated haemocyte 
populations of two crustaceans: evidence for cellular co-operation in the defence reactions of arthropods. 
Cell Tissue Res. 245, 43-49.

Thôrnqvist, P.-O., Söderhäll, K., 1993. Psorospermium haeckeli and its interaction with the crayfish defence 
system. Aquaculture 117, 205-213.

Thôrnqvist, P.-O., Johansson, M.W., Söderhäll, K., 1994. Opsonic activity of cell adhesion protein and 
ß-l,3-glucan binding protein from two crustaceans. Dev. Comp. Immunol. 18, 3-12.


