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"It is wrong to think of invertebrates as simply producing large numbers of offspring so that 
those which become infected are considered expendable, or that invertebrates do not Live long 
enough to justify an immune system [Dales, 1-9791." 

"Si I'on considere que la "reconnaisance en soi" et la "reconnaissance de structures non 
apparentks" sont les premiers tchelons de la dponse imrnunitaire on peut affmer qu'ils 
existent bien chez les mollusques [Golvan and Mougeot, 19731." 

I .  Introduction 

The study of molluscan irnrnunobiology began with Haeckel (1862, cited by 
Malek andzheng, 1974). Modem research in this field, started by CuCnot - 

(1914), r e a l l ~ a t  off the ground when Stauber (1950, 1959) and his studen! 
(Feng, 1958; Tripp, 1958) followed the fates of particulate and soluble foreign 
substances in the oyster Crassostrea vlrginica. The field was reviewed in 1970 
(Tripp) and 1974 (Malek and Cheng). 

In molluscs other than cephalopods, the body cavity is a hemocoel in which 
hemolymph circulates. Hemolymph and other elements which defend the body 
against and in the face of invasion by foreign agents constitute the internal 
defense systems. The hemocytes are leukocytic, i.e., without pigment, in most 
cases, and most are capable of ameboid locomotion and may therefore be re- 
ferred to as amebocytes. The relative abundance of granules in the cytoplasm has 
led to the use of such terms as granulocyte and hyalinocyte, the latter referring to 
hemocytes with scarce  granule^.^ 

The fluid portion of molluscan hemolymph is incapable of firmly clotting, and . 

is therefore referred to as plasma. In polyplacophoran, gastropod, and cephalo- . 
pod molluscs, a predominant plasma component is commonly hernocyanin 
(HCY) or hemoglobin; bivalves generally lack respiratory pigments, although 
some occur in erythrocytes. Other plasma components are poorly characterized, 
although they are numerous; for example, agglutinins, substances which aggluti- 
nate panicles, may occur and may have opsonic properties, i.e., be able to 
enhance phagocytosis or encapsulation as a result of coating a foreign object. 

Finally, internal defense responses may be innate or acquired. Innate re- 
sponses are those which occur on a first encounter with a foreign agent. Acquired 
responses are those which differ from an innate response when an agent is 
encountered a second or later time; they are, therefore, the result of earlier 

2For a fuller review of ga hematology, refer to Sminia (1981). 6 
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experience with a foreign agent. An animal may react to a second encounter with 
an innate response; this would imply that the response was qualitatively and 
quantitatively identical to the primary response. In animals with advanced irn- 
mune systems, both cellular and humoral responses may be either innate or 
acquired. 

Within the phylum Mollusca, there is a great diversity of form and a great 
range of complexity; from Neopilina and Chiton, through Mytilus, Thais, Helix, 
and others, to Octopus and Vampyromorpha. In the phylum we also find a 
diversity of immune mechanisms. For this reason, I treat the molluscan classes 
separately. For the Aplacophora, Scaphopoda, and Monoplacophora, we are 
without any relevant information. 

II. Internal Defenses of Polyplacophorans 

Immunorecognition occurs when a defensive cell reacts (alters its steady state) 
in an advantageous manner (i.e., in a direction toward execution of its defensive 
function) as a result of encountering nonself material. The research of Hildemann 

- and colleagues (Hildemann et al., 1977, Hildemann & Johnson, 1979) and others 
(e.g., Buss and Jackson, 1979; Francis, 1973) have conclusively shown that 
even the simplest metazoans are capable of immunorecognition. As expected, 
then, molluscs too can recognize and respond to foreign materials, and a high 
level of specificity occurs in such recognition. 

The Australian chiton Liolophura gaimardi was found to clear injected bovine 
serum albumin (BSA) much more rapidly than injected hemolymph proteins 
from another specimen of L. gaimardi (Crichton et al., 1973). These studies, 
using fluorescein-conjugated protein, were followed by experiments using iso- 
topes of iodine as labels, and the earlier results were confirmed (Crichton and 
Lafferty, 1975). A surprisingly high level of discrimination was evident (Fig. 1) 
when L251-labeled homologous L. gaimardi HCY was injected simultaneously 
with each of several 13'1-labeled heterologous HCYs. The rates at which these 
foreign HCYs were cleared from the hemolymph of L. gaimardi agreed exactly 
with the degree of antigenic similarity of these molecules revealed by immu- 
nodiffusion against rabbit anti-L. gaimardi HCY: The rabbit antibody formed 
strong precipitin lines with Ischnoradsia (I, a chiton) HCY and weaker precipitin 
lines with Poneroplax (P, another chiton) HCY. Keyhole limpet HCY (KL- 
HCY) was cleared more quickly than the three chitons HCYs but more slowly 
than the most unrelated HCY, that from a crayfish (C-HCY). Thus, the greater 
the difference between the injected protein antigen and the equivalent antigen of 
the chiton, the more rapidly the antigen was cleared. 

The implied specificity of recognition was again evident when a heavy prima- 
ry dose of human serum albumin (HSA) effected reduced clearance rates for 
secondary injections of HSA and BSA but failed to change the clearance rate of 
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Fig. 1. Discrimination curves showing the rate of clearance of lschnoradisia (I-HCY), 
Poneroplex (P-HCY), Keyhole limpet (KL-HCY) and crayfish (C-HCY) hemocyanin (HCY) rela- 
tive to the clearance of Liolophura HCY (L-HCY). Groups of animals were injected simul- 
taneously with 0.25 k g  '251-labeled L-HCY and 0.25 wg I3l1-labeled test HCY. Each point is 
the mean value obtained in groups of four animals, and the vertical lines show the standard 
error of mean. (From Crichton and Lafferty, 1975, with permission.) 

chiton (Poneroplax) HCY (Crichton and Lafferty, 1975). As stated by the au- 
thors, "The phagocytic system is capable of recognizing structural differences 
whose magnitude is comparable with differences detected by serological 
techniques. " 

In chitons (L. gaimardi), the cells responsible for the removal of foreign 
substances from the circulation are circulatory hemocytes and fixed phagocytes 
(Crichton et al., 1973; CuCnot, 19 14; Killby et al., 1973). The latter occur in the 
widely distributed connective tissues and are especially abundant in highly vas- 
cularized areas such as the ctenidia and foot (Crichton et al., 1973) and the 
digestive gland (CuCnot, 19 14). The hemocytes of Liolophura are apparently a 
population of morphologically similar, multifunctional cells capable of pha- 
gocytosis (Table I), synthesis, secretion, and storage. They resemble ameboid 
hemocytes of bivalves and gastropods, but the weakly basophilic cytoplasm 
lacks stainable inclusions (Azure 11, methylene blue). The apparent dose depen- 
dence of the percentage of hemocytes containing Staphylococcus aureus (Table 
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I) was later confirmed. Yet, as also reported for gastropods (Bayne, 1974), only 
a small percentage of injected bacteria were evident in circulating hemocytes, 
implying that "the haemocyte was not the major cell responsible for the removal 
of foreign material in Liolophura [Crichton et al., 19731." This conclusion was 
supported both histologically and ultrast~cturally: More injected material ap- 
peared to accumulate in fixed phagocytes. Ultrastructural differences between 
these two cells may be due to the fact that they belong to distinct lineages or are 
different stages of a single lineage; this issue is unresolved (Killby et al., 1973). 
The presence of secondary lysosomes implies that digestion of injected material 

- is another function of these phagocytes. 

Ill. Internal Defenses of Bivalves 

A. Responses to Tissue Damage 

Within seconds of damage to the bivalve body wall, local muscles contract and 
thus reduce leakage of hemolymph (Sparks, 1972). Inflammation, the local 
accumulation of numerous hemocytes, occurs within hours of damage to the soft 
tissue or to the overlying shell. In oysters (Crassostrea gigas), the response to 
soft tissue damage is visible grossly as a local darkening and greening (possibly 
associated with copper; Ruddel, 197 la), beginning about 16 h after injury (Des- 
Voigne and Sparks, 1968) and starting to fade after about 9 days, although the 
entire sequence of events is temperature dependent (Ruddell, 197 1 a). However, 
the cellular response is detectable microscopically as early as 4 h after wounding. 
Numerous hemocytes infiltrate the area, moving from the hemocoelic sinuses 
through the connective tissue. Depending on the extent of the damage, wounds 
are plugged by hemocytes within 1-6 days (DesVoigne and Sparks, 1968). 

TABLE 1 

The Uptake of Colloidal Cold, Carbon, and Heat-Killed Staphylococcus aureus by 
Liolophura Hemocytes in Vivo at 24 h Postinjectiona 

Total % labeled 

EXP Label Dose hemocytes (mean 2 SE) 

A Gold 0.25 rng 16.9 a 4.3 
B Carbon 2.0 rng 73.0 2 2.2 
C Bacteria 5 x 109 25.7 2 3.3 

(5. aureus) 3 x 109 18.9 2 1.6 
3 x 108 4.3 k 1.3 

Adapted from Crichton and Lafferty (1975) with permission. 
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Damaged cells are phagocytosed, and many of the originally spherical hemo- 
cytes become elongate. Collagen is formed within the scar tissue, and as the - 

infiltrate later dissipates and the normal architecture is restored, the collagen is 
removed. In C. gigas, adductor muscle responds to and repairs damage more 
rapidly than does Leydig tissue (Pauley and Sparks, 1967). 

Infiltrating hemocytes in oysters (C. gigas) are of three types: agranular 
amebocytes, basophilic granulocytes, and acidophilic granulocytes (Ruddell, 
1971b). Similarly, in Mytilus edulis (Bubel et al., 1977) and M. californianus 
(Bayne et al., 1979), three types of hemocyte can be identified (Table 11). In both 
Mytilus spp. and C.  gigas, agranular amebocytes are the most common cell type - 

early in the response. These predominantly small basophils infiltrate wounds : 
(Bayne et al., 1979; Ruddell, 1971a). In Mytilus spp., basophils have mac- 
rophage-like properties, i.e., a good phagocytic capability and a diverse compo- 
nent of lysosomal hydrolases; in Crassostrea the agranular amebocytes appear to 
be most phagocytic (Ruddell, 1971a). After the initial cleanup of the wound, a 
healing phase follows in which acidophilic granulocytes accumulate and may 
release copper in the wound area, but the possible defensive significance of this 

TABLE II 

Properties of the Hemocytes of Mytilus californianusd 

Acidiphilic Small basophilic Large basophilic 
Cell type granulocyte hyalinocyte hyalinocyte 

Terminology of Moore Granulocyte (C)  Small basophil (SB) Macrophage (M) 
and Lowe (1 977); Bubel 
et al. (1977) 

Diameter (pm) 
Cell 9.7 r+- 1.2 (SD) 4.5 + 0.6 (SD) 7.7 2 1.4 (SD) 

(n = 30) (n = 30) (n  = 30) 
Nucleus 3.2 + 0.4 (SD) 3.75 2 0.5 (SD) 3.5 + 0.7 (SD) 

(n = 30) (n = 30) (n = 30) 
(Radius cell)3/(radius 27.8 1.7 10.6 

nucleus)3 
Phagocytosis of colloidal Ol+b 1 + + +b 

carbon in  vivob 
Lysosomal enzymesb 

N-Acetyl-P- 
hexosaminidase 

Acid phosphatase 
P-Glucuronidase 

Involvement in graft 
rejection 

a From Bayne et al. (1979) with permission. 
b 0 = Negative; + = present; ++ = moderate; +++ = strong. 
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process remains to be determined (Ruddell, 1971a). Healing proceeds from the 
interior of the lesion toward the body surface (Des Voigne and Sparks, 1968); 
during this period, the dense mass of hemocytes is replaced by normal connec- 
tive tissue. "Fibroblasts" and myoblasts in amebocyte plugs may be "derived 
from wound agranular hemocytes [Ruddell, 197 1 b]. " Mitoses occur in the 
neighboring epithelium which thereby grows out over the wound plug (Ruddell, 
1971a). Epithelial mitoses were also reported in wounded Mytilus (Bayne et al., 
1979) and Crassostrea (Hillman, 1963). When oysters are injected with gill 
extract (Bang, 1961), hemocytes may clump in vivo. 

After shell damage in Mytilus spp., the sequence of cell populations infiltrat- 
ing the underlying mantle (Bayne et al., 1979; Bubel et al., 1977) is similar to 
that in wounded oyster soft tissues (Ruddell, 1971a, 1971 b). However, the shell 
must also be repaired, and to meet this need, hemocytes undergo diapedesis, or 
emigration through the mantle epithelium (Fig. 2). Diapedesis continues for 
weeks, during which time the epithelial cells change in size and shape (Bayne et 
a!., 1979). RNA synthesis increases in small agranular basophils of shell- 
damaged mussels (Bubel et al., 1977). 

Fjg. Z Diilp?d&3  IT jf- thth~augh the palia4 sudaee epi%eliwm af the MyciJus caf- 
ifarnianus mantie. The a m  fmm which ett&i&tlssue was k&e~=~ wixw a damaged pwtion af Efie 
~kll. The mall, darkly mined nudei af;eb h m ~ ~ y t t e s  mvwl theit m n c e  M a w c  ~Zthin, 
and mterim to t k  mantle epIhIiurn. Tvlro mi- are m in ep1Mial cells. 
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Regeneration of shell material in bivalves is reviewed by Watabe (Volume 4, 
Chapter 7). 

B. Agents of Disease 

Etiologic agents of oyster, clam, mussel, and scallop diseases were known in 
1971 (Sprague) to include bacteria (Achromobacter, AeromonaslVibrio, Myo- 
tomus), fungi (Labyrinthomyxa or Dermocystidium marinurn, i.e., Perkinsus 
marinus, Monilia, Sirolpidium, Cladothrix, Nocardia), sporozoans (Minchinia 
(Haplosporidium) nelsoni and M. costalis, Haplosporidium turnifascientis, 
Chytridiopsis, and Nematopsis, a gregarine), flagellates (Hexamita), ciliates 
(Sphenophyra, Orchitophyra, Ancistrocoma), amebae (Valkampfa or Flabel- 
lula), trematodes (Bucephalus), cestodes, nematodes, gastropods (Odostornia 
ectoparasites), and crustacea (Mytilicola, Pinnotheres). The bacterium, 
Pseudomonas enalia, was also known to cause disease in oysters (Colwell and 
Sparks, 1967). For several diseases, the etiologic agents were unknown. Non- 
communicable diseases were reviewed by Sparks (1972). 

A later list of oyster and clam diseases mentioned 10, two of which were of 
uncertain etiology (Sinderman, 1977). Among those of known etiology was 
herpes-type viral disease; although investigators failed to transmit this disease, 
transmission has now been accomplished with a B-type retrovirus isolated from 
Mya arenaria with hemopoietic neoplasia (Oprandy et al., 198 1 ; Cooper et al., 
1982,a,b), and Koch's postulates were satisfied. Comps et al. (1976) described a 
virus which wiped out Crassostrea angulata from the French coasts, and viral 
etiology has also been claimed for other pathological conditions in oysters 
(Comps and Masso, 1978; Elston, 1979). 

Bivalve pathogens continue to be discovered (e.g., Elston, 1979; Gutierrez, 
1977; Jones, 198 1 ; Li and Clyburne, 1979), and previously unrepresented taxa 
have been added: a rickettsia in oysters (Comps et al., 1977; Comps and Deltreil, 
1979; Harshbarger and Chang, 1976); hyperparasitic protozoa in the nematode 
Sulcascaris parasitizing surf clams (Payne et al., 1980); mycoplasmas 
(Harshbarger and Chang, 1976); and unknown protists in C. angulata (Gutierrez 
and Pascual, 1976) and C .  echinata ova (Wolf, 1977). "Polyps and epidermal 
papillomas" described in both freshwater and marine bivalves (Harshbarger, 
1976) are of unknown etiology, and caution should be used in interpreting such 
growths as neoplastic (Cheng, 1976). Indeed, some have claimed that neoplastic 
cells in bivalves could well have been protistan symbionts (Machin and Schlict, 
1976). 

C. Responses to Metazoan Symbionts 

Organisms living in the mantle cavities of bivalves are essentially ectosym- 
bionts. The oligochaete Chaetogaster limnaei, found on the gills of the Asiatic 
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clam Corbicula manilensis, elicits no obvious host response (Eng, 1976). HOW- 
ever, another occupant of bivalve mantle cavities, the pea crab Fabia sub- 
quadrata, may induce watery cysts on the visceral walls of Mytilus californianus 
(Fig. 3) ( M .  N. Moore, T. H. Carefoot, R. J .  Thompson, and C. J. Bayne, 
unpublished observations). The cysts may be caused by prolonged irritation, and 
it is likely that the crabs supplement their diets by including mussel tissue 
(Anderson, 1975). Similarly, in Anodonta anafina, the parasitic mite Unionicola 
intermedia appears to exploit a host response (Baker, 1976a). Mite damage to 
host gill fi1,aments causes epithelial proliferation, edema, and heqocytic infiltra- 
tion; numerous hemocytes are then ingested by the mite. Eventually, fibrous 
tissue forms where the mite pedipalps are embedded (Baker, 1976b). Corbicula 
fluminea is a freshwater bivalve in which the young are brooded in the marsupial 
inner demibranchs. Larvae which fail to escape from the marsupia undergo 
autolysis. This elicits a maternal "inflammatory and eventually an encapsulating 
process resulting in the formation of a granuloma [Morton, 19771" The ctenidial 
epithelium, normally columnar and ciliated, becomes a nonciliated cuboidal or 
squamous epithelium; eventually, a thick, fibrotic coat surrounds the degenerat- 
ing larval mass. Fibrocytes and amebocytes invade and resorb the larva, resulting 
in a complex, multilayered capsule (Fig. 4). In older clams, heavily affected 
portions of the inner demibranchs may be autotomized, a process in which an 
unusual granulocytic cell may actively digest ctenidial tissue (Britton et al., 
1980). This closely resembles the events occurring around dead Tylocephalum in 
the marine clam Tapes semidecussata (Cheng and Rifkin, 1970). 

Gut parasites of bivalves include Mytilicola spp. (Copepoda) (reviewed by 
Katkansky et al., 1967). In infected Crassostrea gigas, the normally ciliated 
columnar epithelium of the gut loses its cilia and changes to a cuboidal or even a 
squamous state near the parasites (Sparks, 1962). No leukocytosis was reported, 
but a fibrotic response in the compacted connective tissue is possibly a cellular 
response to this parasite. 

True endoparasites of bivalves include several trematodes. Both larval spo- 
rocyst and adult Proctoeces maculatus occur in Mylilus edulis (Dupouy et al., 
1973; Tripp and Turner, 1978), in which there is an absence of host cellular 
response to healthy sporocysts and to some adults. However, eggs, dead or dying 
sporocysts and adults, and even some active adults may be surrounded by numer- 
ous host hemocytes. These may encapsulate and break down moribund tissues, 
but they may also be fed upon by adult flukes located in the pericardial cavity 
(Fig. 5). The flukes "seem to 'graze' on the surface of the pericardial tissues, 
ingesting cells and mucus, and eliciting a strong hemocyte response [Tripp and 
Turner, 19781," reminiscent of the exploitation by Unionicola in Anodonta 
(Baker, 1976a). Some freshwater mussels encapsulate the trematode Aspidogas- 
ter conchicola (Huehner and Etges, 1981). Capsules have distinct inner and outer 
layers, and "brown cells" occasionally between the layers. Although collagen is 
absent, "fine reticulum fibers" occur in the outer layer. Pathology of the diges- 



Fig. 3. A section through a watery cyst removed - 
from the visceral body wall of M. californianus, which 
hosted a pea crab, Fabia subquadrata. The quite amor- - 
phous cyst is covered by a ciliated epithelium, contains 
depressions and pseudoducts, and is richly populated 
with hemocytes in the spongy sinuses of connective 
tissue. 

Christopher 1. Bayne 
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Fig. 4. A late-stage granuloma in Corbicula fluminea formed in response to a larva which 
failed to be released during the previous spawning season. Such tumor-like cysts develop in the 
inner demibranch (marsupium). Amebocytes probably reabsorb the larval cellular debris seen 
toward the center of the granuloma. (From Morton, 1977, with permission.) 

tive epithelium induced by A. conchicola is similar to that reported from My- 
tilicola in C. gigas (Sparks, 1962). Encapsulation by host mussels may be related 
to the season (Tripp and Turner, 1978), the location in the host, and the overall 
parasite burden (Huehner and Etges, 1981). 

The host (Crassostrea virginica) response to the trematode Bucephalus sp. is 
variable, from little or no response (Cheng and Burton, 1965; Hopkins, 1957) to 
an intense cellular response to Bucephalus sporocysts hyperparasitized with 
haplosporidians (Mackin and Loesch, 1955). However, hosts may respond only 
to moribund parasites, and the health of a parasite may be influenced by the 
environmental conditions in which it finds itself imprisoned by its host (Doug- 
lass, 1976). Thus, an apparent host immune response in certain individuals may 
be due to the fact that microenvironmental conditions have led (not imrnu- 
nologically) to the demise of the parasite. In an in vitro assay, hemocytes of C. 
virginica respond to dead cercariae (several species) by encapsulation, whereas 
they ignore live cercariae (Font, 1980). 

D. Responses to Protozoan and Fungal Parasites 

Most studies of protozoan parasites of bivalves deal with parasite morphology 
and life cycles; few studies have focused on host responses. In part, this is 
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because of the general inefficacy of host immunity. By definition, parasites 
generally survive in their hosts. 

As a result of massive Crassostrea virginica mortality caused by Haplosporid- 
ium nelsoni (previously Minchinia nelsoni, or MSX) in Chesapeake Bay (re- 
viewed recently by Ford and Haskin, 1982), natural selection for resistance has 
led to the existence of resistant or susceptible populations in different locations 
(Farley, 1975). Efforts to transmit the infection in the laboratory consistently fail 
(Canzonier, 1974). Resistance and susceptibility are the extremes of a continuum 
which is probably under multigene control (S. E. Ford, 1982, personal commu- 
nication) and appears to be nonspecific; susceptibility and resistance to H. 
nelsoni correlate precisely with susceptibility and resistance to Labyrinthomyxa 
marina (Valiulis, 1973). "Resistance to MSX-kill in native oysters is not corre- 
lated with an ability to prevent infection, but with restriction of parasites to 
localized, non-lethal lesions [Ford and Haskin, 19821." Susceptible oysters may 
respond with a more marked leucocytosis than that seen in resistant oysters 
(Farley, 1968; Douglass and Haskin, 1976; Kern, 1976), but the evidence is not 
conclusive, and the differences may "be linked to greater parasite burden and 
tissue damage in susceptible stocks" (S. E. Ford, 1982, personal communica- 
tion). Leukocyte numbers increase in the summer (Douglass and Haksin, 1976) 
and when temperatures reach near 20°C, "resistant oysters can suppress or rid 
themselves of MSX" (Ford and Haskin, 1982: p. 133). Hyalinocytes contribute 
a greater proportion of the leukocyte population in infected oysters, but the 
significance of this is unknown. If the hemocytic response in resistant oysters is 
really less, this could imply that resistance is humorally mediated (Douglass and 
Haskin, 1976). In resistant oysters, hemocytes phagocytose moribund parasites 
(Kern, 1976). No variability has been reported in infectivity of the parasite. 

The gregarine Nematopsis ostrearum is phagocytosed in oysters, but some 
survive and multiply within the amebocytes (Prytherch, 1940). Another serious 
oyster pathogen, the fungus Dermocystidum marinum, also elicits leucocytosis in 
some oysters and is phagocytosed, but the pathogen survives and multiplies 
intracellularly (Machin, 1951 ; Perkins, 1976). Early in the infection, hosts begin 
encapsulating foci of the pathogen in connective tissues, but this fails. As the 
organism multiplies, the "capsule" disappears, and local host cells die. The 
infection spreads to tissues including epithelia, adductor and smooth muscles. 
Ciliates commonly live in association with bivalve ctenidia; Boveria teredinidi 
may enter the gill tissue of Bankia gouldi, where they elicit leucocytic encapsula- 
tion (Fig. 6; Hillman, 1979). 

Haplosporidium nelsoni affects plasma levels of several enzymes in C .  vir- 
ginicia (Feng and Canzonier, 1970; Douglass and Haskin, 1976). However, even 
uninfected oysters have seasonal changes in enzyme titers. For example 
lysozyme tends to increase in the winter (Feng and Canzonier, 1970) whereas 
aspartate aminotransferase and alanine aminotransferase are at highest levels in 
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June in New Jersey (Douglass and Haskin, 1976). Although H. nelsoni de- 
pressed lysozyme titers in the summer in Chesapeake Bay oysters (Feng and 
Conzonier, 1970), the pathogen resulted in increased titers of the two ami- 
notransferases and of phosphohexose isomerase in oysters with gill lesions 
(Douglass and Haskins, 1976). Increases probably reflect host efforts to maintain 
metabolic homeostasis rather than anti-H. nelsoni immunity. In the same study, 
an approximate two- to eightfold increase in lysozyme in lightly or heavily 
Bucephalus- infected oysters (Feng and Canzonier, 1970) may have reflected a 
host immune response. Total hemolymph protein may be depressed in oysters 
with systemic infections of H. nelsoni, but those with only gill lesions do not 
suffer hypoproteinemia (S. E. Ford, 1982, personal communication). 

Reference to a humoral response to infection is usually interpreted to mean 
that the response is defensive. Thus, it is as well that Feng and Canzonier (1970) 
qualified their statement "that humoral responses indeed exist in oysters invaded 
by these parasites" by adding that "the functional significance of (such changes) 
relative to protection of the host . . . has yet to be determined [p. 4971." These 
same authors noted some hosts which carried "persistent high levels of infec- 
tion," and concluded that this was evidence for "existence of unidentified host 
mechanism(s) which keep the infection in check [p. 5081." Such reasoning is 
dangerous, as it overlooks the advantages to the parasite of self-regulation. 

Haplosporidium nelsoni infections may disappear in the winter. The cause 
may be nonimmunological; for example, the parasite, rich in mitochondria, may 
be unable to tolerate prolonged anaerobiosis in the host tissues (Ford and Haskin, 
1982). Like other molluscs, bivalves do encapsulate unsuitable protists in their 
tissues (Hillman, 1979). 

E. Responses to Foreign Particles and Macromolecules 

Hemocytes of bivalves are varied with respect to morphology and to their 
individual complements of hydrolytic enzymes (Cheng , 1978, 198 1 ; Huffman 
and Tripp, 1982). They are avidly phagocytic both in vivo and in vitro. Yonge 
(1925) and Takatsuki (1934) emphasized the nutritive roles of this behavior, 
noting that phagocytes migrate into gut lumina and onto body surfaces, where 
they engulf food particles before reentering the body and digesting the catch. 
This movement of amebocytes across epithelial boundaries has been observed 
repeatedly (Ransom, 1936, cited in Stauber, 1950; Bayne et al., 1979). 

I .  Clearance of Ink 

Stauber (1950), inspired, like others, by Metchnikoff (1891), observed laden 
hemocytes emigrating across epithelia to cleanse oysters of injected ink particles. 
Stauber's paper (1950), clearly focusing attention on the defensive role of oyster 
hemocytes, was a landmark in molluscan immunobiology, although his study 
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involved only 10 Crassostrea virginica. Ink particles, injected into the heart, 
immediately formed emboli in the main arteries. Hemocytes subsequently accu- 
mulated, phagocytosed the ink, and moved off. The blockages were resolved by 
this emigration of ink-laden phagocytes and by circulatory pressure that forced 
the ink into the more distal and spacious sinuses. Some phagocytes moved 
directly into the sinuses, but many traversed the walls of the blocked arteries. 
This distribution of ink by the phagocytes contrasts to the situation in vertebrates, 
where colloidal carbon remains localized in organs of the reticuloendothelial 
system. By about 8 days postinjection (PI) in C. virginica, elimination began by 
the emigration of laden phagocytes; this occurred mainly in the digestive organs, 
but also in the palps and "oromyal chamber." Rarely was emigration observed 
in the gills, and it was absent in gonoducts and excretory tubules and through the 
pallial epithelium of the mantle, although carmine-laden phagocytes have been 
observed in epithelia of the excretory tubules and gonoducts, as well as in other 
organs (Takatsuki, 1934). Such differences could be due to seasonal (reproduc- 
tive) factors, the use of different injection sites, or other reasons. The black color 
of feces and pseudofeces was gross evidence for the sanitary role of emigrating 
phagocytes. Although Stauber never confirmed that this material was due to 
laden cells, Feng (1965) found that injected proteins were present in fecal and 
pseudofecal amoebcytes 24 h PI. Table 111 summarizes Stauber's findings. 

TABLE Ill 

Time Sequence of Events Leading to Disposal of India Ink After lntracardial Injection into 
the Oystera,b 

- - - -  

Presence Migrations of Migrations of 
of free ink-laden ink-laden 

india ink phagocytes phagocytes 
Oyster Time after Arterial in blood through through 
number injection occlusion vessels arterial walls epithelia 

1 15 min 
2 l h  
3 2 h  
4 4 h  
5 22 h 
6 8 days 
7 17  days 
8 25 days 
9 33 days 

10 42 days 

From Stauber (1950) with permission. 
b The number of pluses is approximate and relative and is significant only when compared 

with others in the same vertical column. 
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Colloidal carbon, injected into the adductor muscle of the giant clam Tridacna 
maxima, spread rapidly throughout the body (Reade and Reade, 1976). By 10 
min PI, the gills, inner mantle membranes, and muscles were uniformly black; in 
the kidney, heart, and digestive system, blackening took longer. Subsequently, 
all tissues paled sooner than the gut. Microscopically, events were much as 
described by Stauber (1950); however, early association of colloidal carbon with 
granulocytes was followed by phagocytosis by hyaline cells. The kidney was a 
major route of emigration. Reade and Reade (1976) state that Tridacna "do not 
appear to have a system of fixed phagocytic cells but rely on circulating hemo- 
cytes for particle clearance, which presumably includes invading microorga- 
nisms (p. 357)." 

The beautifully illustrated work of CuCnot (1914) places Stauber's and the 
Reades' studies in nice perspective. CuCnot studied ink clearance in 17 bivalve 
species and concluded that most bivalves lack definite phagocytic organs, but 
that the digestive system is generally important. For example, in Cardium, 
Donax, Mactra, and Scrobicularia, clearance occurs primarily in fine arterioles 
of the digestive system. In Solen marginatus, the labial palps are uniquely 
important in phagocytosis. It appears that "nodules lymphoides," blackened by 
injected ink, occur on secondary arterioles and constitute the essential reticuloen- 
dothelial analogs. 

2.  Clearance of Eukaryotic Cells 

Species differences exist not only in clearance systems but also in the fates of 
different injected agents. Yeast and various vertebrate erythrocytes (RBCs) in- 
jected into Crassostrea virginica immediately formed emboli, occulding many of 
the larger arteries (Tripp, 1958, 1960). Within 10 min PI, hemocytes had pha- 
gocytosed yeast or RBCs, from one to eight per hemocyte, with up to 20 in 
extreme cases. By 6 h PI, about 95% of the RBCs had been phagocytosed and the 
emboli were resolved, as were the ink-caused emboli (Stauber, 1950). By 48 h 
PI, yeast- and RBC-containing hemocytes were emigrating through epithelia of 
the gut and digestive diverticula; the pericardium, palps, gonoducts, and mantle 
epithelia were less often traversed. 

3. Clearance of Bacteria 

Most bacteria entering the body are rapidly clumped and phagocytosed, and 
are then killed by intracellular digestion; some damage may be inflicted on the 
bacteria in the plasma (Tripp, 1960). For most degradable material, disposal by 
diapedesis (transepithelial migration) is probably secondary to intracellular di- 
gestion (Yonge, 1926; Cheng and Rudo, 1976b). Growth of microorganisms 
from tissues taken at various times PI showed that oysters effectively destroyed 
vegetative bacteria and yeast, because "only a small proportion . . . could be 
recovered and only within 24-48 hours after injection" (Tripp, 1960: p. 280). 
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Bacterial spores, which were much more resistant to killing, were eventually 
eliminated by diapedesis. Tripp's (1960) conclusions regarding cell-mediated 
internal defense responses of bivalves (Table IV) still stand, although they have 
been extended. 

Bacillus thuringiensis, Mycobacterium smegmatis, and a Pseudomonas-like 
organism injected intracardially into Crassostrea virginica were all rendered 
nonviable, but survival times varied widely (S. Y. Feng, 1966). The persistence 
of M. smegmatis for 5 days could have been due to the higher dose (9 x lo9) 
relative to the doses of the Pseudomonas-like organism (1.2 X lo7) and B. 
thuringiensis (2.5 X lo7); phagocytosis and digestion of M. smegmatis were 
seen microscopically, and diapedesis of laden phagocytes occurred in the 
intestine. 

Oyster hemocytes are attracted to metabolic products of certain live bacteria, 
both gram negative and gram positive (Cheng and Howland, 1979; Cheng and 
Rudo, 1976a; Howland and Cheng, 1982). The potentially pathogenic Vibrio 
parahaemolyticus does not stimulate positive chemotaxis of C. virginica hemo- 
cytes (Cheng and Howland, 1979). Hemocyte migration is altered by drugs that 
disrupt the cytoskeleton (Cheng and Howland, 1982). 

It is not clear what role, if any, humoral antimicrobial factors, reported from 
oysters (Li, 1960), played in Tripp's and Feng's experiments. Some of the 
bacteria may have been susceptible to oyster lysozyme, although this is probably 
not normally present in high titers in the hemolymph (McDade and Tripp, 1967). 

A single attempt to induce a bactericidal response in a bivalve was unsuccess- 
ful, although the procedure was identical to one which succeeded in a lobster 
(Weinheimer et al., 1969). 

4. The Fates of Viruses 

Leukocytes of Crassostrea virginica take up virus particles in vitro (Fries and 
Tripp, 1970). Bivalves can accumulate viruses from water and retain them in 
viable form for long periods, especially at low temperature (J. S. Feng, 1966), 
potentially serving as reservoirs and vectors of medically important species. 
Little is known about the mode and route of entry of these or of mollusc patho- 
gens in general. Crassostrea virginica eliminate injected viruses (T2; Acton, 
1970), and this action is very temperature dependent (Staphylococcus aureus 
Phage 80; J. S. Feng, 1966). Phages 80 were recoverable from shell liquor, 
feces, pseuodofeces, and the water around the oysters (J. S. Feng, 1966), and T2 
were recoverable from mantle, gill, muscles, and viscera (Acton, 1970); the 
mechanism(s) of transport to these sites islare unknown. Rather than inactivating 
the phage, oyster plasma from naive or preinjected animals actually protected 
viability relative to that observed in 20 %O seawater, but there is no evidence for 
replication in oysters. Natural infections of bivalves with viruses have been 
reported (Comps and Masso, 1978; Elston, 1979). 
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TABLE lV 

The Relative Importance of Various Processes in the Disposal of Particles Injected into the 
Oyster, Crassostrea virginicaa 

Tripp (1960) Tripp Stauber 
(1 958) (1 950) 

Bacterial Vegetative - - 
Method of removal spores Yeast bacteria RBC Carbon 

Phagocytosis and migration + + + + + + + + 
Phagocytosis and digestion N.0.b + 
Extracellular destruction N.O. N.O. 

+ ++ ++++ 
++++ ++++ N.O. 

++ N.O. N.O. 

a Adapted from Tripp (1960) with permission. 
b N.O., not observed. 

Some of Acton's results (Fig. 7) have been claimed to show enhancement of 
secondary clearance (Acton, 1970; Acton and Evans, 1968; Acton et al., 1969; 
Weinheimer et al., 1969) by a cell- rather than a humorally mediated mechanism 
which is "not entirely specific." This claim remains to be independently sub- 
stantiated. In view of the marked temperature dependence report by J. S. Feng 
(1966), it is regrettable that water temperatures in Acton's experiments fluctu- 
ated between 25 and 30°C. In neither the thesis (Acton, 1970) nor the publication 
(Acton and Evans, 1968) were any values other than means presented. The T2 
bacterial phages used in this study were cleared slowly, requiring between 56 and 
63 days. 

5.  The Fates of Proteins 

The dinoflagellate Gonyaulax excavata produces complex toxins (White and 
Maranda, 1978) which accumulate in bivalve tissues and are responsible for 
lethal "paralytic shellfish poisoning" of human consumers. Tissue distribution 
of the toxins is uneven, with the highest concentrations in Spisula solidissima 
being in the mantle and gill (Blogoslawski and Stewart, 1978). In scallops 
(Placopecten magellanicus), the adductor muscle has detoxification properties 
(Shimizu and Yoshioka, 1981). 

Bovine hemoglobin and diphtheria antitoxin are cleared from oyster plasma 
within a few hours (Feng, 1965); leukocytes are involved, becoming pink within 
30 min of the hemoglobin injections. When human albumin, human gamma 
globulin (HGG), and Limulus hemocyanin are injected, clearance is accom- 
panied by accumulation of protein (fluorescent labeled) in leukocytes of the peri- 
intestinal region. Some of these leukocytes quickly emigrate (they traverse epi- 
thelia within 15 min PI) and are found in feces and pseudofeces 24 h PI. 
Leukocytes also pinocytose HGG in vitro in a temperature-dependent fashion 
(Feng, 1965). Such trapping and internalization of foreign proteins are achieved 
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Fig. 7. Comparison of T2 bacteriophage clearance in the oyster with that in the lemon 
shark. Temperature ranged from 25 to 30°C during the course of these experiments. Each point 
on the graph represents the arithmetic mean of the number of plaque-forming units per milliliter 
of serum from four lemon sharks and six oysters. (a) Oyster, primary; (0) oyster, secondary; 
(A) shark, primary; (A) shark, secondary. 

using unkown mechanisms and receptors. However, with the lectin concanavalin 
A, it has been shown that Crassostrea virginica hemocytes will patch, cap, and 
internalize this glycoprotein in a manner closely resembling that seen in verte- 
brate immunocytes (Yoshino et al., 1979). 

F. Responses to Tissue Implants 

Orthotopic implantation, i.e., transfer to a topographically equivalent site, is 
technically very complex in molluscs (Hildemann et al., 1974) and has not been 
successfully accomplished. Although the efforts of Hildemann and colleagues to 
suture allogeneic mantle tissue orthotopically into Pinctata margaritifera (pearl 
oysters) encountered insurmountable problems, grafts often fused and began to 
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heal before necrosis and loss ensued. In my opinion, vasoconstriction of cut 
hemolymph channels in molluscan skin may preclude successful skin grafting. 

Heterotopic implantation (placing implants into abnormal tissues) has been 
done repeatedly in bivalves, in connection with pearl formation, and in immu- 
nological and parasitological studies. Pearl formation, reviewed extensively by 
Tsujii (1960; see also Machii, 1968), is not dealt with here. Allogeneic mantle 
fragments implanted into connective tissue in the visceral mass of Crassostrea 
elicited only weak cellular responses despite the heterotopic location (Canzonier, 
1974; DesVoigne and Sparks, 1969); commonly, tissue fusion occurred, and 
even after 18 days implants appeared healthy. It is particularly striking that even 
gill tissue, shallowly implanted into the visceral mass of C. virginica, "retained 
its integrity for the entire period of observation (35 days), even when completely 
contained within a closed abscess without access to external surface [Canzonier, 
19741" (Fig. 8). Such allogeneic compatibility appears to be the norm in mol- 
luscs. Among other Metazoa, only the arthropods similarly fail to reject al- 
logeneic implants. Crassostrea virginica responds by cellular infiltration when 
either moribund tissue or digestive gland tissue is implanted, the latter probably 
because it produces quantities of extracellular enzymes, thus creating an unsuit- 
able environment around the implant (Canzonier, 1974). 

Xenogeneic implants made orthotopically elicit infiltration by hemocytes in 
Mytilis californianus (Bayne et al., 1979) (Table 11). Hemocyte types respond 
differentially; basophilic cells accumulate first in tissues contacting the implant 
and then invade the implant (Mya arenuria mantle). After several days, acid- 
ophilic hemocytes predominate in and around the implant, the cellular compo- 
nents of which are phagocytosed as they die. 

If a mussel which is responding to such an implant or has been sham-operated 
is reimplanted, the cellular response and implant destruction are more rapid; 
however, this appears not to be due merely to more numerous hemocytes, be- 
cause inflammation around interfaces with second and third implants is more 
localized. The altered state of the recipient mussel is due to a qualitative change 
in hemocytes andlor to a subtle qualitative or quantitative change in plasma 
factors (Bayne et al., 1979). 

G. Humoral Factors 

Lectin-like agglutinins are common components of bivalve hemolymph. The 
potential roles of these molecules have often been discussed in an immunological 
context (Baldo et al., 1977; Hardy et al., 1978; Jenkin and Rowley, 1970; Vasta 
et al., 1982); for example, it is suggested that in Tridacnu, they mediate the 
balanced symbiosis with unicellular dinoflagellates (Uhlenbruck and Stein- 
hausen, 1977). 
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We lack evidence that antimicrobial (Li, 1960), antiviral (Prescott et al., 
1976, cited by Tripp, 1970), and antitumor (Schmeer et al., 1966) substances 
isolated from bivalves are functional components of internal defense systems. 
Whereas hemolymph lysozyme may be important as an agent of internal defenses 
(Hardy et al., 1976; McDade and Tripp, 1967), the finding of much higher 
lysozyme levels in digestive tracts (McHenry et al., 1979) has led to the sug- 
gestion that lysozyme may serve primarily a digestive function in bivalves, with 
a secondary role in defense. In the clam Mercenaria mercenaria, hemolytic 
activity directed against rabbit erythrocytes can be enhanced (Anderson, 1981), 
but we lack evidence for its role in defense. It will be of interest to see if in vivo 
roles will be found for such hemolysins, and for oyster plasma components 
which are cytotoxic, mitogenic, and agglutinating for mammalian lymphocytes 
(Hardy et al., 1978). 

IV. Internal Defenses of Gastropods 

A. Responses to Surgical Damage 

The skin and body wall constitute the first lines of defense against the entry of 
undesirable substances and objects into the body. Molluscs are as successful as 
any group in preventing hemorrhage and bodily invasion as a result of surface 
wounds. Their responses to cuts in the body wall are so effective as to cause great 
frustration to ambitious surgeons (Bayne et al., 1979; Hildemann et al., 1974), 
and they can be presumed to provide effective protection from other organisms. 
The immediate response is exudation of masses of mucus, with simultaneous 
muscular constriction of the wound. Nothing akin to fibrous clot formation 
occurs (cf. Sminia et al., 1973). 

These processes and subsequent healing have been studied in nudibranchs 
(Kress, 1968), abalone (Armstrong et al., 1971), and Lymnaea (Sminia et al., 
1973). The extent of hemolymph loss depends on both the extent of the wound 
and its location. Hemocytes, normally separate cells in vivo, are in small clumps 
in the lost fluid. Leukocytosis occurs after wounding; this consists of an increase 
in the number of circulating cells (Sminia et al., 1973) and is a phenomenon 
which has been exploited by persons who need numerous hemocytes for in vitro 
studies (Renwrantz and Cheng, 1977a, 1977b). Leukocytosis may also be stimu- 
lated by temperature changes (Pauley and Krassner, 1971) and parasitism 
(Stumpf and Gilbertson, 1980). 

Fig. 8. Allogeneic ctenidia implanted heterotopically in a Crassosrrea virginica visceral 
mass. The implant fuses with host tissue (arrows). Other than swelling of chitinous rods, there is little 
change in the composition of the tissue. (A) 25 days after implantation; (B) 35 days after transplan- 
tation. (From Canzonier, 1974, with permission.) 
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By 3 h, wounds may be plugged by amebocytes, which continue to accumu- 
late (to 5 days in Lymnaea). When Lymnaea were preinjected with ink to "la- 
bel" the phagocytes, wound plugs were black. The hemocytes are spherical at 
first; after about a day, they begin to flatten or elongate, a change which is 
typical in molluscan encapsulation responses. Most damaged cells and debris are 
engulfed and degraded by local phagocytes, normally arnebocytes. Nervous 
tissue, however, is cleaned up by neuroglial cells (Sminia et al., 1973). Fibro- 
blasts and local muscle cells form collagen (Sminia et al., 1973), and neighbor- 
ing epithelia overgrow the amebocyte plug. As healing progresses, the plug 
becomes less distinct due to a loosening of the cell clump, the flattening of many 
of the amebocytes and the emigration of others, and continued formation of 
collagen between the amebocytes and in the neighboring undamaged tissue. 
Within about 2 months healing is complete; less scar tissue remains than is 
typical in healed vertebrate wounds. 

The absence of tight or septate junctions between hemocytes in Lymnaea 
plugs, and the probable involvement of microfilaments in hemocyte shape 
changes, are similar to observations of Biomphalaria hemocytes during encap- 
sulation responses (Loker et al., 1982). 

Mutual adhesion of limpet (Patella) hemocytes has been investigated in vitro 
(Davies and Partridge, 1972; Jones et al., 1976; Partridge and Davies, 1974; see 
the review by Bayne, 1981a). Limpet hemocytes are 99% amebocytes and 1% 
"macrophages. " After bleeding, the spherical amebocytes extend stout marginal 
spikes; the rate is dependent on temperature but independent of divalent cations. 
However, aggregation, which is cation dependent, occurs rapidly (in seconds), 
implying the triggering of a presynthesized system. Amebocytes and mac- 
rophages differ in their cation dependency for attachment and spreading on glass. 
Furthermore, amebocytes but not macrophages are inhibited by cytochalasin B; 
aggregates are not, however, dispersed with this drug. 

B. Responses to Metazoan Parasites 

This is the topic on which most literature exists in molluscan immuno-biology, 
due predominantly to the importance of gastropods as intermediate hosts of 
human and other vertebrate parasites, especially trematodes. I do not review the 
effects of parasites on their hosts; metabolic effects were reviewed by Becker 
(1980). For histopathology , see Pan (1965) and Schutte (1975); for data on the 
effects of parasites on mortality, duration of infection, and parasite fecundity, 
see Pan (1 965), Anderson and May (1 979), Loker (1 979), Frandsen ( 1979), and 
Kuris and Warren (1980); for effects on host fecundity and gigantism, see Nassi 
(1979), Sluiters and Joose (1979), Wilson and Denison (1980), and Makanga 
(1981). 

Numerous studies reviewed by Cheng (1968), Wright (1971), and Basch 
T 
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(1976), and more recently (cf. Frandsen, 1979; Michelson and DuBois, 1978; 
Southgate, 1979; Sullivan and Richards, 1981) have dealt with differing suscep- 
tibilities of snails to specific trematodes and nematodes. Selection has shown that 
susceptibility-insusceptibility of the host is genetically determined (Newton, 
1953; Richards, 1970), as is infectivity of at least trematode parasites (Richards, 
1976). Thus, the outcome of a particular parasite-host encounter is governed by 
strain-specific genetic factors (compatibility) as well as by environmental (in- 
cluding age-related) factors (Yousif and Lammler, 1975). To quote Basch 
(1976): "in a compatible snail, the [parasite] develops without host-tissue reac- 
tion; in incompatible snails the [parasites] are rapidly surrounded by amebo- 
cytes . . . , and destroyed." Furthermore, in an individual snail exposed simul- 
taneously to compatible and incompatible miracidia, encapsulation of the latter 
occurs in the immediate neighborhood of the healthy, unencapsulated compatible 
sporocysts (Kassim and Richards, 1979b). 

7 .  Nematodes 

Over 50 species of terrestrial and freshwater gastropods can serve as host for 
ingiostrongylus cantonensis. The host range has also been partially explored for 

Daubaylia potomaca (Chemin, 1962) and D. helicophilus (Poinar and Richards, 
1979). Nematodes are encountered less frequently in gastropods than trematodes 
(Cappucci, 1978; Cheng, 1978; Chernin et al., 1960; Ogren, 1959). They enter 
via the gut or head-foot and may occur within the gut lumen, the lung, or in 
various internal tissues (Chitwood and Chitwood, 1937; Yousif and Lammler, 
1977). Once within the host, nematodes appear, in general, to be relatively 
unaffected by host responses and to be quite unselective with respect to tissue 
location. Most do not kill the host, but D. potomaca kills planorbids such as 
Biomphalaria glabrata, in which it occurs in several organ systems (Chernin et 
al., 1960). 

Within the host, nematodes may move around actively, feeding on host tissue. 
Eggs, moribund worms, and small larvae often become encapsulated, but this, 
however, rarely kills them. For example, in Cepaea nemoralis, larval Muellerius 
capillaris are surrounded by host hemocytes within hours, and although the 
hemocytes become flattened within 3 days, the capsule is later loosened and the 
larvae remain viable and grow (Sauerlander, 1979). In Achatina fulica, larval 
Angiostrongylus are encapsulated within 12 h (Sauerlander, 1976); by 3 days the 
hemocytes in the outer layers of the capsule have become flattened ("fibroblast- 
like"), followed by a thinning of the capsule wall and the formation of a cavity 
around the worm. This sequence of events also occurs when A. cantonensis is 
encapsulated in B. glabrata (Harris, 1975; Harris and Cheng, 1975a). Marisa 
cornuarietis responds to A. cantonensis in two ways (Yousif et al., 1979). Some 
focal encapsulations develop within 24 h PI but more slowly in denser tissues. 
The other response is a generalized proliferation of hemocytes (leukocytosis) 
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originating mostly in the posterior wall of the lung, These cells differ cyto- 
logically from hemocytes of uninfected snails and become involved in encapsula- 
tion by 40 days PI. Thirteen snail species studied by Trushin (1978) mounted 
similafdefensive responses to protostrongylid larvae in the foot musculature; 
amebocytes, "histiocytes," and "fibroblasts" developed a connective tissue 
capsule around the nematodes. In some xerophilic snails, encapsulated larvae 
were killed. 

Electron micrographs (Harris, 1975) and enzyme histochemistry (Harris and 
Cheng, 1975b) show that the main cell type in the hemocyte capsule is the 
granular amebocyte. During early days PI, pseudopodial processes "are directed 
roughly perpendicular to the nematode's cuticle," and the cell organelles "are 
for the most part restricted to the endoplasm near the nucleus . . . seldom within 
the pseudopodial extensions." This perinuclear location of organelles is also 
seen in hemocytes encapsulating trematodes (Loker et al., 1982). After the f is t  
week, the cytoplasmic extensions convert increasingly to concentric layers which 
give the appearance under the light microscope of a fibrous nodule, but no 
extracellular elements contribute to the capsule. The parasite, undamaged by the 
capsule despite the presence of acid and alkaline phosphatase, nonspecific es- 
terase, and P-glucuronidase enzymes in the cells (Harris and Cheng, 1975b), 
grows and molts, remaining infective to rats which may ingest them. 

The resistance of A. cantonensis to host lysosomes may be due to resistance of 
the cuticle to host enzymes (Cheng, 1974), but it is also possible that the 
hydrolases present in the encapsulating cells are not released and therefore re- 
main "functionally separated from the nematode's surface" (Harris and Cheng, 
1975b). This suggestion is supported by Harris's (1974) failure to find increased 
levels of enzyme activity in hemolymph from infected snails. 

Antinematode inhibitors may play a role in snail resistance to nematodes 
(Ratanarat-Brockelman, 1975). Rhabditid nematodes parasitizing the lungs of 
pulmonate gastropods fail to mature until the snail or slug has died. Rhabditis 
maupasi can be grown axenically but can be inhibited from maturing if extracts 
of Helix aspersa are added to the medium (Fig. 9). Most inhibitory activity 
resides in hemocyanin-depleted plasma, in which the mean daily growth rate was 
6% of that in controls. The effect is not species specific; Neoaplectana glaseri, 
an insect parasite, is also inhibited. The activity appears to require the simul- 
taneous presence of a proteinaceous component and a smaller cofactor. The 
mechanism of action remains for investigation. 

2 .  Gastropod-Trematode Interactions 

The major physiological mechanism determining specificity appears to involve the recognition 
capability of host cells vis-a-vis the surface of the penetrated parasite [Basch, 1975: p. 45 1 .I" 

a. Innate Responses. The mollusc-infective stages of trematodes are the 
miracidia. They are generally rather nonspecific in host location and attempt to 
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Fig. 9. Exponential rate of Rhabditis maupasi population increase to d 20 in nine groups of 
liquid cultures receiving 5 mg/ml rabbit liver extract but varying concentrations of raw extract 
of Helix aspersa (RSE). Vertical lines represent standard deviations. (From Ratanarat-Brockel- 
man, 1975, with permission.) 

penetrate quite nonselectively (Sudds, 1960, and others; cf. Frandsen, 1979). 
Snail skin may present an effective barrier to penetration by certain miracidia 
(Kinoti, 1971; Schutte, 1975) due to unsuitability of the parasite's penetration 
gland enzymes (Cheng, 1965) or to other factors. In general, miracidia may 
penetrate a wider variety of snails than that in which subsequent development 
will occur. Such development requires that the snail be a suitable host capable of 
supplying the parasite with its life needs, and that it be susceptible because it 
lacks resistance (Lie et a]., 1977a). Resistance of a snail to a particular parasite is 
specific. By using radioactively labeled miracidia of one Schistosoma mansoni 
strain and unlabeled miracidia of another, encapsulation responses in doubly 
infected Biomphalaria glabrata were consistently against the incompatible strain 
even when miracidia entered simultaneously and the resulting sporocysts were in 
close proximity to one another in the snail (Kassim and Richards, 1979). Further- 
more, loss of genetically based resistance to one strain of S. mansoni occurred 
with no change in resistance to four other trematodes (Lie et al., 1977a). 

Compatibility and incompatibility, two extremes of a spectrum, become evi- 
dent after penetration, during, and immediately after metamorphosis of the mi- 
racidium to the next (mother sporocyst) stage. This change takes minutes to 
hours, and if a sporocyst avoids encapsulation by host hemocytes for a day or so, 
it is likely to survive and asexually to produce daughter sporocysts which escape 
several days later. Having traveled in the circulation to other tissue locations, 
predominantly the digestive gland, the daughter sporocysts produce cercariae, 
again asexually. To propagate the life-cycle, the cercariae, which are produced 
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in large numbers over a period of several weeks, must escape fram the snail, 
Although most of the research done and reviewed here has used the B. gla- 
brata-S. mansoni system, there is no suggestion that their relationship is un- 
usual. "Non-schistosomes such as Fasciola, with their lymnaeid hosts, also 
reveal a great variety of compatibility combinations (Boray, 1966; Kendall, 
1970) and it is likely the same is true for all trematodes and their molluscan 
hosts" (Basch, 1976). 

Encapsulation of trematodes differs in the severity, rate, and nature of the 
structural elements involved. Snail responses are seen as being any of the 
following: 

I .  Encapsulation with destruction (Fig. 10c) 
2. Benign association of hemocytes with parasite surfaces 
3. No cellular response (Fig. 10a) 

Encapsulation with destruction occurs when miracidia penetrate a resistant 
snail (Cheng and Garrabrant, 1977; Kassim and Richards, 1979; Kinoti, 1971; 
Lie et a]., 1980a; Loker et al., 1982; P. T. LoVerde, personal communication 

~ 9 5 3 , & h ~ , # ? ~ k e s p 0 ~ e e n w d l  characterized W1 
logically, uluastructurally, and to some extent histochemically (Cheng and Gar- 
rabrant, 1977), and has been studied in vitro (Basch, 1979; Bayne et al., 1980a, 
1980b; Benex and Jacobelli, 1980). 

In brief, the rate and severity of the response vary with the degree of re- 
sistance; faster and more severe encapsulation is indicative of strong resistance. 
In highly resistant snails3 as early as 3 h postexposure (PE), hemocytes contact 
the parasite surface. By 7.5 h, phagocytosis of microvilli and the underlying 
tegument begins. Within 24 h, the tegument is entirely destroyed, and host 
hemocytes lie in close apposition to the basement membrane which previously 
underlay the tegument; cells within the sporocyst show extensive pathological 
changes. Hemocytes begin to move beneath the basement membrane and to 
phagocytose the subtegumental components, which are digested intracellularly. 
By 48 h PE, capsular hemocytes are engorged with phagolysosomes, and only 
scattered remnants of the sporocyst remain. By 4 days, hemocytes have largely 
dissipated. 

Although both granular and hyaline hemocytes occur in B. glabrata and other 
planorbids4 (Cheng and Auld, 1977; Harris, 1975; Jeong and Heyneman, 1976; 
LoVerde et al., 1979), hyalinocytes are normally absent from capsules. Rarely, 
one sees cells with very electron-dense cytoplasm (Fig. I 1, DC). Capsular gran- 

'This particular account is based on a study (Loker et al.. 1982) of the PR-I strain Schistosoma 
mansoni in the 10-R2 (a highly resistant) strain of B. glabrara. 

4Sminia and Barendsen (1980) hold that planorbids and lymnaeids all possess one hemocyte type, 
the amebocyte, and that different morphologies represent different stages in the life of the cell. 
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Fig. 10. (A) Degenerating miracidium of Schistosoma mattheei in dense tissue of the head- 
foot of Bulinus africanus approximately 17 h after penetration. (B) Normal sporocyst of S. 
mattheei in loose tissue of the head-foot of B. africanus approximately 17 h after penetration. 
(C) Amebocytic infiltration of S. mattheei miracidium in the head-foot of B. truncatus approx- 
imately 7 h after penetration. A, amebocyte; E, epithelium of head-foot; C, germinal cell of 
parasite; M, miracidium; N, neural mass of parasite. (From Kinoti, 1971, with permission.) 

ulocytes are initially roughly spherical, but most flatten as the capsule grows to 
up to 15 cell layers and matures. Neighboring hemocytes interdigitate exten- 
sively; tight junctions and desmosomes are absent, and later the hemocytes 
resume their spherical shape as they dissipate. In hemocytes contacting the 
parasite, organelles are aggregated in the perinuclear region, leaving only a 
granular cytoplasm in the cell region closest to the sporocyst; only small primary 
phagosomes occur here. Extracellular fibrils, possibly collagen (cf. Sminia, 
1974), may be transiently present in the outermost layers of the capsule (Krupa et 
al., 1977; Loker et al., 1982; Yoshino, 1976). Hemocytes which have become 
flattened or appear elongated have been termedfibroblasts (Pan, 1965; Schutte, 
19- ppp---- -------------- 

Although phagocytosis of the tegument may lead directly to sporocyst death, 
other possible mechanisms have not been ruled out. Extensive rough endo- 
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Fig. 11. Hemocytes of the Biomphalarh glabrata 10-R2 strain cocultivated 24 h with a 
mother sporocyst of the Schistosoma mansani PR-1 strain. Most of the encapsulating hemocytes 
are ameboid granulocytes; a single dark cell is labeled DC. H, hemocytes; 5, sporocyst. 
(Courtesy of E. S. Loker.) 

plasmic reticulum, Golgi bodies, and nucleoli in capsular hemocytes suggest that 
they are synthesizing protein (Loker et al., 1982). Elevated acid phosphatase 
activity in these cells (Cheng and Garrabrant, 1977) may be associated with 
degradation of phagocytosed parasite material rather than offensive capacity, 
because evidence for release of packaged material from the granulocytes is 
lacking. Biomphalaria granulocytes have been found to contain acid and alkaline 
phosphatase, nonspecific esterase and P-glucuronidase (Harris and Cheng, 
1975b3, and peroxidase (Carter and Bogitsch, 1975). 

Even in compatible infections, extensive cellular responses may be seen, such 
as when supernumerary miracidia (e.g., >lo) simultaneously penetrate a snail 
(cf. Frandsen, 19791, or when daughter sporocysts (Kole, 1979) or cercariae 
(Pan, 1965; Schutte, 1975) err in their migrations and end up in ectopic sites. 
The resulting capsules are similar to those which form around mother sporocysts 
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in resistant snails (Loker, 1979). Cercariae, during their efforts to emigrate from 
the snail, must move from sporocysts in the digestive gland to the body surfaces 
of the head-foot or mantle. Hundreds may attempt this emigration daily, and 
significant numbers fail, ending up in unsuitable parts of the host. The apparent 
rapidity (hours?) of the encapsulation and elimination (Loker, 1979; Schutte, 
1975) may result partly from the daily "resensitization" of the hosts by the 
numerous cercariae over long periods (Loker, 1979). In B. salinarum, "the 
presence of typical granulomata usually coincided with low cercarial shedding 
and a reduction in the density of infection [Schutte, 19751," but as pointed out 
by the author, "whether the occurrence of granulomata suppressed parasite 
development or whether the lower parasite burden allowed the granulomata to 
develop, is not known." It is noteworthy that such tissue reactions appeared 
several weeks after patency (beginning of cercarial shedding). It is also notewor- 
thy that cercariae have snail antigens on their surfaces (Jackson, 1976; Roder et 
al., 1977), but the possibility that these antigens serve a protective function 
against snail immunity remains unexplored and unlikely in view of the brief 
(minutes) and active nature of cercarial emigration. 

A benign association of hemocytes with parasite surfaces occurs in compatible 
infections (Kinoti, 1971; Kole, 1979; Krupa et al., 1977; Loker, 1979; LoVerde, 
1979; Meuleman, 1972; Meuleman et a!. , 1978; Pan, 1965; Popiel and James, 
1979; Rondelaud and Barthe, 1980; Schutte, 1975; Yoshino, 1976). Such re- 
sponses involve fewer hemocytes and occur more slowly than those in resistant 
snails, and do not lead to destructive encapsulation of healthy parasites. In fact, it 
appears possible that the sparse hemocytes in most such responses subserve the 
interests of the parasites, either providing nutrients, removing waste, or cleaning 
up locally damaged host tissues. In the prosobranch Cerithidea californica, for 
example, sporocysts of Renicola buchanani become coated with loosely aggre- 
gated hyalinocytes whose pseudopods soon interdigitate with the tegumental 
microvilli of the parasite (Yoshino, 1976). Later, the four- to eight-cell layer 
"capsule" is more dense, and the flattened hyalinocytes are closely juxtaposed 
to the parasite. In this compatible system, the structural evidence suggests that 
after an initial two-way, low-level aggression at the cellular level, a stable, 
cooperative relationship develops; the sporocyst, continuing development within 
the envelope of host cells, may have enslaved a subpopulation of host hemo- 
cytes. 

A small number of normal host granulocytes is seen at the surfaces of develop- 
ing Schistosomatium dourhitti in Lymnaea catascopium (Loker, 1979) and S. 
huemotobium in Bulinus guernei (Krupa et al., 1977). Hemocyte glycocalices 
may be shifted from their normal location all over the cell to the side away from 
the parasite (Krupa and Lewis, 1977); the significance of this topographic hetero- 
geneity remains to be discovered. 

After the next larval generation has developed from a sporocyst, there remains 
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an empty sac composed of the parental body wall. Notable encapsulation may 
occur now (Frandsen, 1979; Lim, 1970; Loker, 1979); yet, at least in the S. 
douthitti-L. catascopium system, "many large collapsed and depleted mother 
sporocysts . . . persist for long periods without provoking effective host re- 
sponses [Loker, 19791." The most interesting immunological questions, con- 
cerning the failure of host cells to respond offensively, foreshadow those raised 
below and discussed later. 

Some B. glabrata undergo "self-cure," in which an apparently established 
trematode infection is eliminated. In such snails, some sporocysts of S. mansoni 
may be lightly encapsulated by hemocytes which include hyalinocyte-like cells 
(Lie et al., 1980a), which are normally absent from typical resistance encapsula- 
tions. Other sporocysts degenerate in the absence of hemocytes, implying a 
possible role of humoral factors (Fig. 12). These results have also been taken to 
imply that living sporocysts may interfere with the normal functioning of the 
granulocytes (Lie et al., 1980a). 

No cellular response occurs when (1) healthy miracidia penetrate the skin of 
compatible hosts, even if they die due to an unsuitable microenvironment (dense 
connective tissue/muscle) or to penetration by an excessive number of miracidia 
(Kinoti, 1971); in such cases, they rapidly disintegrate and disappear; (2) when 

Fig. 12. (A) Degenerated, probably dead, small secondary sporocyst (arrow) in the space 
between the digestive gland and the epithelial tunica. Note the almost complete absence of 
amebocytes attached to the parasite. Biomphalaria glabrata 10-R2 snail exposed to 10 irradiated 
Echinostoma liei miracidia, reexposed 3 d later to 30 nonirradiated S. mansoni PR-1 miracidia 
and killed 51 d PE. (B) Cross section of degenerated small secondary sporocysts (arrow) in the 
hemolymph space of interfollicular connective tissue of the digestive gland. Note the 
amebocyte attached to the parasite and thickening of connective tissue supporting the hemo- 
lymph space occupied by the parasite. Biomphalaria glabrata 10-R2 snail exposed to 10 
irradiated E.  paraensei miracidia, reexposed 3 days later to 30 nonirradiated 5. mansoni LC-1 
miracidia, and killed 49 days PE. Scale = 50 pm. (From Lie et al., 1980a, with permission. 
Copyright Liverpool School of Tropical Medicine.) 
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depleted sporocysts persist without provoking a response (Loker, 1979; Schutte, 
1975); (3) in certain cases of self-cure (Lie and Heyneman, 1978a; Lie et al., 
1980a); and (4) in host snails which have their innate resistance suppressed due 
to the presence of other trematodes (Cort et al., 1941; Fritsche and Gilbertson, 
1981; Lie and Heyneman, 1977; Lie et al., 1976, 1977a, 1977b). Finally, some 
snails (Bulimnea megasoma and Fossaria abrussa) apparently fail to mount a 
tissue reaction to Trichobilharzia elvae which penetrate and die (Sudds, 1960). 

b. Alterations of Natural Immune Status. Certain physid and planorbid 
snails, normally resistant to CofylurusfZabellifomis metacercariae, become sus- 
ceptible if they already harbor infections of certain other trematodes (Cort et al., 
1941; Fritsche and Gilbertson, 1981). The C. jlabelliformis enter sporocysts and 
rediae of earlier residents and may be thereby "protected from any immune 
reactions of the abnormal host," the normal host being a lymnaeid snail. 

As just mentioned, snail resistance to trematodes may be suppressed by other 
trematodes; for example, the survival of Austrobihalrzia terrigalensis in an Aus- 
tralian prosobranch only when the latter harbors other trematode infections may 
be due to suppression5 of host defenses by other parasites (Walker, 1979). Most 
of the evidence for these sorts of interactions stems from extensive research by 
Lie and his colleagues (Lie and Heyneman, 1976b; Lie et al., 1976, 1977a, 
1977b), and the situation is most clearly summarized in their own words (Lie et 
al., 1980a: p. 157, quoted here with permission; copyright Liverpool School of 
Tropical Medicine). 

Trematode larvae of Echinostoma paraensei, E. liei, E. lindoense. Paryphostomum segre- 
gatum and Schisrosoma mansoni are each able to interfere with the natural resistance to 
trematode infection in the snail Biomphalaria glabrata (Lie et al., 1976; 1977a.b). Many snails 
with a strong natural resistance to S. mansoni, for example, become susceptible to the schisto- 
some when infected first with E. paraensei sporocysts, whether derived from normal or 
irradiated miracidia. Interference with the natural resistance of the snail by irradiated echi- 
nostome sporocysts is temporary (Lie et al., 1977b). lasting only as long as the sporocysts live. 
After the irradiated sporocysts have died in the snails, the hosts usually regain their natural 
resistance to S. mansoni. In many instances, however, S. mansoni sporocysts that developed 
under the protection of the irradiated echinostome sporocysts survive after the death of the 
echinostomes. Our evidence suggests that as they grow older, S. mansoni sporocysts can 
develop their own ability to interfere with the defence mechanism of the snail (Lie et al., 
1977b). In about 30% of these doubly-infected snails, however, regression of S. mansoni 
sporocysts occurs after (or sometimes before) disappearance of the protecting irradiated echi- 
nostome sporocysts. It also may take place before or after the formation of secondary S. 
mansoni sporocysts, or even after the production of cercariae. All these circumstances result in 
self-cure of the schistosome infection. In snails with self-cure the interference capacity devel- 
oped by growing S. mansoni sporocysts presumably cannot overcome the snail's natural 
resistance regained after death of the protecting echinostome sporocysts. 

5Lie et al. (1976) prefer to refer to this phenomenon as interference and to call the infected snails 
compromised. 
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Of several Echinostoma spp., E. paraensei i s  the strongest suppressor (Lie and 
Heyneman, 1979b); its effects vary with the strain of B. glabrata used and are 
dose dependent. 

The opposite type of alteration also occurs. Oncomelania hupensis formosana, 
exposed first to incompatible and later to compatible strains of S. japonica, 
became resistant to the normally compatible strain (Lin et al., 1974). B. glabrata 
exposed to irradiated miracidia of Ribeiroia marini develop a heightened re- 
sistance to a homologous challenge (Sullivan et al., 1982). Furthermore, in B. 
glabrata, a relatively specific resistance to Echinostoma lindoensi can be in- 
duced by prior exposure of the snails to X-irradiated miracidia of the same 
species (Lie et al., 1975b; Lie and Heyneman, 1979a). Such "immunized" +- 

snails remain susceptible to S. mansoni and Paryphostomurn sp, and become 
partially resistant to two other closely related Echinostoma spp., indicating par- 
tial specificity. In snails exposed twice to irradiated miracidia before the chal- 
lenge dose of normal miracidia, resistance is further enhanced (Lie and Heyne- 
man, 1976a); challenge miracidia are more rapidly encapsulated and destroyed, 
or may even be expelled through host epithelia after mapsu la t i anL  a p p e a ~ ~  
that the hemocytes acquire a state of heightened activity reminiscent of that of 
activated macrophages. But there is a humoral component to the response: An 
agglutinin in the hernolymph increases in titer in infected snails and in snails with 
enhanced resistance (Jeong et al., 1981). To elicit this enhanced resistance, at 
least two requirements must be met: The snails must have a sufficient degree of 
preexisting resistance to ensure rapid destruction of the sensitizing parasites, and 
all sensitizing sporocysts must be completely destroyed (Lie and Heyneman, 
1978b). Evidence for and against anamnesis in this response is discussed else- 
where (Bayne et al., 1980~). 

It has now been found that Echinostoma paraensei elicits a higher degree of 
resistance to E. lindoense than to itself (Lie et al., 1982). This may imply that a 
"fixed specificity" (most effective against E. lindoense, and capable of en- 
hancement) is stimulated quite nonspecifically, by either species. Responses 
with such properties-relatively nonspecific elicitation of specific effectors-is 
seen in other invertebrate systems, discussed by Lie et al. (1982). 

In other host-parasite systems, similar protocols have either failed to induce 
resistance (cf. Loker, 1978a, 1978b) or imply that "resistance" due to "acti- 
vated amebocytes" can be very nonspecifically induced (Kluhspies, 1979). 
Snails' ability to express enhanced resistance is partially destroyed by X irradia- 
tion immediately prior to a sensitizing infection with irradiated miracidia of R. 
marini (Sullivan and Richards, 1982). Efforts to destroy the innate resistance of 
B. glabrata to trematodes by gamma irradiation have shown that irradiation 
damage is not immediate. Michelson and DuBois (1981), whose paper implies 

- T a e x p o s u r e t o  ~.ma~on~mir~idiadi~tl~~oll~ed=adiatio~(to~ krad) , 
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found no reduction in resistance. Earlier, Faulk et al. (1973) reported that re- 
sistance of B. glabrata to E. lindoensi was reduced in a dose-dependent manner 
by up to 25 krad of gamma irradiation, but only if snails were held for more than 
2 days between irradiation and exposure to miracidia, confirming an earlier 
report (Lim and Heyneman, 1972). Furthermore, a reduced encapsulation re- 
sponse to injured S. mansoni sporocysts was observed microscopically when 
snails were exposed to 15 krad in comparison with 5 krad (Lim, 1970). Because 
radiated snails regained their resistance if allowed to rest for 1 mo between 
irradiation and exposure to infection, a radiosensitive cell population was postu- 
lated to be important in snail resistance, and to be able to regenerate after 
sublethal radiation. 

The surprising alteration of a susceptible to a resistant strain of B. glabrata by 
radiation (Michelson and DuBois, 198 1)  is probably not an immunological phe- 
nomenon. The dose (5 b a d )  is slightly over the LD,, reported in the same paper; 
it damaged surface epithelia and pathologically changed hemolymph composi- 
tion. Probably the environment was unsuitable for sporocysts, which died and 
thus elicited encapsulation. 

c. Mechanisms Operating in Recognition, Evasion of Recognition, Kill- 
ing, Interference, and Enhanced Resistance. When encapsulation occurs in 
a resistant host, one can state that "recognition" has occurred and at least some 
elements of the granulocyte defensive repertoire have been triggered. Despite 
recent efforts, we still need to learn more in order to understand the mechanisms 
of recognition, evasion, killing, interference and enhanced resistance (Bayne, 
1981b). 

(i) RECOGNITION. Although immunoglobulin production is restricted to ver- 
tebrate lymphocytes, the non-self recognition capabilities of many invertebrates 
are finely tuned; a distinction is evident between closely related molecular spe- 
cies (see Section 11). Thus, when endoparasites elicit no evident response in 
molluscan or other hosts, this may involve avoidance of recognition (Kinoti, 
1971; Basch, 1975). Immune recognition, which is evident only when a defen- 
sive cell alters its steady state, must actually occur when a message is received at 
the cell surface. Such a putative message may be humoral or may be on a non- 
self or damaged-self surface. The questions raised here in relation to mechanisms 
of non-self recognition are among the most important in cellular and molecular 
biology. In gastropods, some recognition can occur in the absence of humoral 
factors, because some non-self particles can be phagocytosed by some species in 
plasma-free conditions (see Section IV,I). Hemocytes of B. glabrata may recog- 
nize S. mansoni antigens bound to sheep RBCs in plasma-free media (Golvan 
and Mougeot, 1973), and hemocytes from resistant snails can encapsulate and 
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then kill trematodes in culture media lacking snail-derived components (Bayne et 
al., 1980a). However, humoral factors are very important in other recognition 
events. 

Agglutination of particles (e.g., RBCs) with appropriate sugars displayed on 
their surfaces occurs in the presence of lectins with two or more appropriate 
sugar-binding sites. Many molluscs contain such agglutinins in their body fluids 
(e.g., Gilbertson and Etges, 1967; Khalap et al., 1970; Michelson and DuBois, 
1977; Stein and Basch, 1979; Tyler, 1946), and molecular characterization of 
some has been attempted (e.g., Hammarstrom and Kabat, 1969; Pauley, 1974). 
Although agglutination might be a fortuitous property of plasma molecules 
whose primary function is different, Prokop et al. (1968) coined the term prorec- 
tin for these compounds. An agglutinin in the plasma of B. glabrata (Stan- 
islawski et al., 1976) has binding sites for human blood group determinants 
which are present on S, mansoni miracidia and sporocysts (Stein and Basch, 
1979; Yoshino et al.,  1977). In a preliminary, unconfirmed report, Faulk et al. 
(1973) found that a trematode-binding component of B. glabrata plasma in- 
creased in response to infection. Furthermore, B. glabrata which are rejecting 
larval echinostomes have elevated titers of plasma agglutinin (Jeong et al., 
1981). If such an agglutinin is cytophilic for B .  glabrata hemocytes, it could 
explain the unconfirmed report (Golvan and Mougeot, 1973) that hemocytes of 
infected B. glabrata contain more binding activity for S. mansoni antigens. 
However, the putative mechanism by which such agglutinins mediate recogni- 
tion is obscure (cf. Chorney and Cheng, 1980; Lackie, 1981); erythrocytes with 
sugar determinants which are recognized by the agglutinins of B. glabrata and 
Helix are not bound by these native agglutinins to the hemocytes of the respective 
snail (Stein and Basch, 1979). Nor do B. glabrata hemocytes attach to ag- 
glutinin-coated S. mansoni in vitro (Stein and Basch, 1979). These failures (like 
the failure of oyster agglutinin to enhance phagocytosis in vitro; Hardy et al., 
1979b) may be due to peculiarities of the experimental situation, such as the 
presence of excess agglutinin-binding subunits which bind, and thus remove 
from reactivity, the agglutinin sites on the hemocytes. Just as susceptibility to 
trematodes is variable, so  is determinant specificity of snail agglutinins. Thus, it 
remains an open question whether or not such lectin specificity determines sus- 
ceptibility or  resistance to particular trematode genotypes (Heyneman et al., 
1971). An in vivo opsonic role for plasma agglutinins has now been clearly 
demonstrated in the reticuloendothelial functions of Helix (Renwrantz and Mohr, 
1978); these and other relevant data are discussed in Section IV,I. 

(ii) EVASION. Adult schistosomes in mammalian or avian blood vessels 
avoid immunologic attack by a variety of means, including the acquisition of 
host antigens which may function in disguise (cf. Damian, 1979). Larval schisto- 
some surfaces do acquire agglutinin from their snail hosts (Stein and Basch, 
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1979) but apparently do not avoid recognition by the acquisition of factors from 
host hemolymph. If compatibility is due to the acquisition of host antigens by 
sporocytes in order to disguise themselves as snail "self," this would occur in 
susceptible plasma and might be expected to protect sporocysts from attack by 
resistant hemocytes. In an in vitro model of encapsulation, sporocyst fates are 
not altered by their preincubation in plasma from susceptible B. glabrata (Loker 
and Bayne, 1982). Furthermore, miracidia (Yoshino and Cheng, 1978) and 
sporocysts transformed from miracidia in virro in the absence of snail factors 
(Basch and DiConza, unpublished abstract; Yoshino and Bayne, 1983) specifi- 
cally bind antibodies produced in rabbits injected with snail plasma antigens and 
in rabbits injected with washed hemocytes (Yoshino, 1981b), implying that the 
schistosome genome codes for the synthesis of antigens which resemble those of 
the host snail. Although this implies that mimicry is crucial for evasion, it should 
be remembered that the interference phenomenon described earlier implies addi- 
tional evasive or suppressive roles for secretory factors of the parasite. Quite 
possibly, snail immune responses are avoided by a combination of mimicry, 
acquired antigens, and interference. 

(iii) KILLING. Although nematodes, trematodes, and cestodes all parasitize 
snails, trematodes are the only metazoans about which anything is known with 
respect to possible killing mechanisms. Plasma, even from resistant snails, never 
kills such parasites (Bayne et al., 1980a), even though it may contain parasite- 
binding lectins which may activate mammalian complement (Stein and Basch, 
1979). Lysosomal enzymes (lysozyme, acid and alkaline phosphatase, P- 
glucuronidase, amylase, aminopeptidase, and lipase) occur in B. glabrata hemo- 
lymph (Michelson and DuBois, 1973; Rodrick and Cheng, 1974; Yoshino and 
Cheng, 1977), and activities may increase in response to trematode (Cheng et 
al., 1978a; Kassim and Richards, 1978a) and bacterial infections (Cheng and 
Butler, 1979; Cheng et al., 1977; Cheng et al., 1978b). However, despite 
damage to Bacillus megaterium by plasma from injected B. glabrata (Cheng, 
1978), we lack evidence for defensive roles of plasma enzymes in metazoan 
infections (cf. the review by Bayne, 1981b). Degradative enzymes may reach 
damaging levels at the host-parasite interface, but this remains to be determined. 
Lysozyme levels in the peripheral circulation of resistant B. glabrata increased 
acutely after exposure to S. mansoni miracidia (Kassim and Richards, 1978a), 
but declined after only 3 h, whereas destruction of the sporocysts took 3-5 days. 
A similar but less dramatic elevation of lysozyme occurred in susceptible snails 
exposed to S. mansoni; therefore, plasma lysozyme per se may be unimportant in 
parasite destruction. 

Evidence to date has failed to exclude possible killing roles for other cytotoxic 
mechanisms (cf. the review by Sanderson, 1981). 

So-called miracidial immobilizing substances (MIS) from snails are of some 
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interest (Benex and Lamy, 1959; Hosaka and Beny, 1975; Lie et al., 1980b: 
Michelson, 1963, 1964). These substances slow or stop, over a period of up to 2 
h, the miracidial cilia, and in some cases induce shedding of ciliated plates, a 
process which occurs when miracidia penetrate a snail. Titers in B. glabrata 
hemolymph reach up to 1 : 16, and are highest roughly 2-14 days PE (Lie et a]., 
1980b). Trematode species vary widely in the vigor with which they elicit MIS 
activity and in their reactivity to it (Hosaka and Berry, 1975; Lie et a]., 1980b). 
Activity is due to several factors, occurs in various tissue extracts from even 
uninfected snails, and may be induced by a variety of abuses (Michelson, 1963), 
including exposure to miracidia (Lie et al., 1980b; Michelson, 1964). There is no 
evidence that MIS is a component of the snail's defensive armament. It is 
possible that responses to hemolymph MIS are normal metamorphic changes 
(miracidium-sporocyst). Also, pathological responses reported for miracidia in 
some tissue extracts may be due to released degradative enzymes and other 
nonimmunological factors, to parasite-induced toxins, and possibly to ag- 
glutinins (Michelson, 1963). 

(iv) INTERFERENCE AND ENHANCEMENT OF RESISTANCE. NO experimental 
system has been available to explore the possible mechanisms of these phe- 
nomena. In vitro systems are now available (Bayne et al., 1980a. 1980b; Loker 
and Bayne, 1982). 

(v) THE FATES OF SUPERNUMERARY MIRACIDIA. Simultaneous exposure of a 
potential host snail to an excessive number of miracidia results in the success of 
only a proportion of those that penetrate. In one B. glabrata-S. mansoni 
host-parasite system, no more than eight sporocysts developed regardless of 
whether the snails were exposed to 10 or 25 miracidia, each of which (by 
individual testing) was capable of infecting the snail (Kassim and Richards, 
1979b). This "saturation effect" is due to a transient refractoriness in the snail. 
By 2-4 days after primary infection, about 50% of a second miracidial invasion 
may survive, and by 4-8 days all successfully penetrating miracidia of a second 
invasion may survive. It is not clear how this refractoriness is mediated, or 
whether it is due to a host response or, in contrast, to factors released by the 
earliest arriving miracidia. 

(vi) QUALITATIVE AND QUANTITATIVE RESPONSES OF HEMOCYTES TO HOST 

INFECTION. The hematopoietic tissues of gastropods vary as to location: In 
planorbids and lymnaeids, they are located where the kidney and the pericardial 
wall join in the posterior wall of the mantle cavity (Kinoti, 1971; Lie et al., 
1975a; Pan, 1963; Rondelaud and Barthe, 1981). A low level of hematopoiesis 
may also occur in the peripheral circulation (Sminia, 1974). 

Trematode and nematode infections, like some other insults, may cause in- 
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creased mitotic activity in these amebocyte-producing organs, as well as leuko- 
cytosis. Hemocyte counts are significantly elevated 3-5 days after B. glabrata 
are exposed to S. mansoni (Stumpf and Gilbertson, 1980) and to E. lindoensi 
(Jeong et al., 1980), and counts remain high until after larval destruction. In 
snails sensitized as a result of exposure to irradiated miracidia (Jeong et al., 
1980), both leukocytosis and destruction of the sporocysts are more rapid after a 
second exposure to miracidia. In Viviparus japonicus, a prosobranch, only 
eosinophilic hemocytes increased in number during leukocytosis (Michelson, 
1970); in B. glabrata at 20 h PE to S. mansoni. only the granulocytes increased, 
from 254 2 131 to 650 t 489 mm-3 (Stumpf and Gilbertson, 1980). Eosino- 
philic hemocytes also increased in Marisa cornuarietis 25 days PE with An- 
giostronglyus cantonensis (Yousif et al., 1979). In contrast, hemocyte numbers 
decline drastically in B. glabrata as a result of infection by A. costaricensis, to 
20% of normal by 20 days PE (Stewart et al., 1981). 

(vii) THE ROLE OF HYPERPARASITES IN SNAIL SUSCEPTIBILITY TO TREM- 

ATODES. Both amebae (Stibbs et al., 1979) and microspordians (Cort et al., 
1960) may destroy trematode sporocysts. The killing of S. mansoni by amebae 
derived from B. glabrata tissues has been well documented in vitro (Owczarzak 
et al., 1979). but there is no evidence that these symbiotic protozoans are in- 
volved in snail resistance. On the contrary, microsporidians hyperparasitize 
trematodes in vivo, and have been suggested for biological control of the meta- 
zoan parasite (Canning and Basch, 1968). 

C. Responses to Protozoans 

Although members of all four major protozoan taxa enter into symbiotic 
association with gastropods (reviewed by (Malek and Cheng, 1974; Michelson, 
1957), interactions with host immune systems have scarcely been studied. Sar- 
codines (Hartmanella spp.) occur intracellularly in the amebocytes of Biom- 
phalaria glabrata and Bulinus globosus, and several other species are suscepti- 
ble to infection (Richards, 1968). Affected amebocytes become surrounded by 
other fibroblastic cells, so that nodules are formed in several tissues. 

Microsporidians (Coccospora) infect intestinal epithelia and adjoining tissues 
of B. glabrata. A possible host defensive response occurs when infected mantle 
epithelia sluff off mucus and infected cells into the extrapallial space (Richards 
and Sheffield, 1971). Abalones (Haliotis ruber) react to the apicomplexan Perk- 
insus by forming pustules composed of connective tissue fibers and leukocytes 
(Lester and Davis, 1981). The temperature dependence of the outcome of in- 
teractions between a potential pathogen and a molluscan immune response is 
illustrated nicely in this system: Pustules in abalone kept at 15°C contained 
predominantly dead parasites, whereas in those kept at 20°C, most were alive. 
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Ciliates Tetrahymena limacis and T. rostrata infect several pulmonate slugs and 
their eggs (Brooks, 1968). The renal cells of Deroceras (Agriolimax) reticulatum 
can be ruptured by T. rostrata, eliciting inflammation and a hypertrophic reac- 
tion from kidney amebocytes and cells in renal veins. The amebocytes flatten. 
Leukocytosis, proliferation of amebocytes in the epicardial tissues, and encap- 
sulation of ciliates all represent typical defensive responses of the slug. The 
"granulomata" contain both rounded and flattened host cells, the innermost of 
which have phagocytosed debris. Tumor-like aggregations of hypertrophic 
amebocytes in the pericardial cavity may be products of pathologically hyperac- 
tive hematopoiesis by the epicardium. It is not clear whether the host cellular 
response is primarily to the ciliates themselves or to the tissue damage resulting 
from their activities. Host cells aggregate and encapsulate T. rostrata at their 
points of entry within 24 h of exposure of the slugs to the ciliates. "Necrotic, 
darkened masses of cellular debris" in the mantle cavity contain moribund 
amebocytes and ciliates and may be due to expulsion into the mantle cavity from 
ruptured pulmonary veins (Brooks, 1968). 

D. Responses to Bacteria 

I .  Potential Pathogens 

Due in part to the notable molluscan capacity to clear particulates from their 
hernolymph (Bayne and Kime, 1970; CuCnot, 1914; Reade and Reade, 1972; 
Renwrantz et al., 1981; Tripp, 1961a; van der Knaap et al., 1981 b), no bacterial 
pathogens are yet available for biological control of molluscs despite repeated 
efforts to isolate such agents (Bayne, 1977; Cole et al., 1977; Dean et al., 1970; 
Dias, 1955; Ducklow et al., 1979; Michelson, 1957, 1961; Pan, 1956). Claims 
that Bacillus pinottii was pathogenic for B. glabrata (Diaz, 1955; Filho and 
Diaz, 1953) were later thrown into doubt (Tripp, 1961b). A gram-negative 
bacterium reported to cause disease in Biomphalaria spp. and Physopsis sp. was 
never identified (Beny, 1949). However, a Mycobacterium sp. (Michelson, 
1961; Pan, 1956; Tripp, 196la). a spirochete (Cole et al., 1977), and Aeromonas 
liquefasciens (Dean et al., 1970) have been associated with pathology in planor- 
bid snails and Achatina fulica. The first two bacteria become localizcd in tuber- 
cles (Michelson, 1961) or nodules (Cole et al., 1977), which are aggregates of 
amebocytes, the outermost of which are flattened. Infected snails may survive 
for months. In the disease associated with A.  liquefasciens (hydrophila?) (Dean 
et al., 1970), "leukodermic lesions" develop on the Achatina body surface. 
Death of infected snails appears to result only when infected specimens are 
subjected to additional stress, in conformity with higher internal bacterial densi- 
ties found in B. glabrata subjected to stress (Ducklow et al., 1979). 
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2. Clearance of Bacteria from the Circulation 

Bacterial clearance in a snail was noted first by Kowalevsky (1894), who 
discovered that bacteria injected in Helixpomatia collected in phagocytes located 
in the connective tissues of the kidney and foot, and above all in cells around the 
pulmonary vessels. In B. glabrata injected with B.  pinottii, bacteria could not be 
found in tissue sections 1 h PI, nor could they be cultured from snail tissues after 
48 h (Tripp, 1961b). A nonpathogenic bacterium isolated from H. pomaria is 
cleared rapidly (90% in 2 h) if grown in vitro, washed, and injected (Bayne and 
Kime, 1970). The same result or better occurs when Serratia marscescens 
(Bayne, 1973a, 1974, 1977) and a variety of other bacteria are injected into Helix 
(Bayne, 1977), when GafFya homari, Micrococcus aquivivus, a Pseudomonas 
sp., and a gram-negative rod are injected into Aplysia californica (Pauley et al., 
197 1 b), and when S~aphylococcus saprohyticus and Escherichia coli are injected 
into Lymnaea stagnalis (van der Knaap et al., 1981 b). Repeated injections of lo8 
living bacteria into Helix lead to similar clearance kinetics, regardless of whether 
the second injection was made 1.7 h after the first or 2 wk later (Bayne and 
Kime, 1970). In contrast, A. californica receiving bacteria twice within a 48-h 
period cleared the second injection more rapidly (Pauley et al., 1971b), and 
clearance of E, coli in L. stagnalis might have been accelerated if snails had been 
preinjected with E. coli 4 days previously (Sminia, 1980); however, clearance of 
RBCs in Helix slowed when secondary injections followed primaries within 
several hours (Renwrantz et al., 1981). 

Bacterial injections cause an acute drop in the number of circulating hemo- 
cytes (Bayne and Kime, 1970; Pauley et a]., 197 1b; Sminia et al., 1979b; van der 
Knaap et al., 1981b) (Fig. 13), a phenomenon which is dose dependent follow- 
ing RBC injections in Helix (Renwrantz et al., 198 1). 

After injections of large numbers of bacteria, clearance kinetics are such that 
the circulating hemocytes would not be capable, on their own, of effecting the 
observed clearance, and, as with ink (CuCnot, 1914) and RBCs (Renwrantz et 
al., 1981), they do not in fact do so (Bayne, 1974; van der Knaap et al., 1981). 
Hemocytes to which foreign particles have become attached may promptly leave 
the circulation, or the particles themselves may be removed initially by ag- 
gltitination or by being trapped by noncirculating cells. In an effort to understand 
these early events, radioactively labeled S. marscescens were injected into Helix 
and the localization of 14C was followed (Bayne, 1973, 1974). Isotope accumu- 
lated in most of the tissues with good supplies of hemolymph, but particularly in 
the digestive gland, corroborating the results of independent research (Reade, 
1968). Bacterial phagocytosis in L. stagnalis is preceded by bacterial clumping. 
By 4 h PI, E. coli and S .  saprophyricus are absent from the plasma, but 
amebocytes containing bacteria are present in both sinuses and in connective 
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HOURS AFTER INJECTION 

Fig. 13. Number of circulating hemocytes in Lyrnnaea stagnalis during clearance of (A) 
Staphylococcus saprophyticus (injected dose: 8.6 x 10' living organisms) and (B) Escherichia 
coli (injected dose: 5.0 x 107 living organisms). (From van der Knaap et al., 1981, with 
permission.) 

tissues. Bacteria-laden amebocytes and fixed phagocytes (Sminia, 1980) become 
more numerous in the connective tissue over the next several hours, when phago- 
some-lysosome fusion occurs. Evidence for diapedesis of laden phagocytes is 
lacking (van der Knaap et al., 1981b). In the isotope experiments (Bayne, 1974), 
body burdens of 14C declined by only 20-25% over 15 days, indicating that the 
products of bacterial digestion (Tripp, 1961a) are probably of nutritional value 
(cf. Cheng and Rudo, 1976b). Lysis of at least S. marscescens does not occur in 
hemolymph (Bayne, 1974; Johnson and Chapman, 1970; Pauley et al., 1971b). 
Agglutination, in contrast, may be important. 

Agglutinins may be synthesized and secreted by snail hemocytes (Sminia, 
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1980) and albumen glands (Renwrantz and Mohr, 1978). Although it is unclear 
whether Limaxflavus uses its sialic acid-specific lectin in internal defense (Mil- 
ler, 1982), Lymnaea stagnalis plasma agglutinates E. coli and S, saprophyticus, 
both of which are readily cleared in vivo (van der Knaap, 1980). Helixpomatia 
contains agglutinins for E. coli (Uhlenbruck et al., 1966), Pseudomonas 
aeruginosa, and S.  marscescens (Bayne, 1977), all of which can be cleared, but 
not for Aeromonas formicans, which escapes clearance (Bayne, 1982). Similar- 
ly, A. californica contains agglutinins for four bacterial species which are cleared 
efficiently, but not for S. marscescens, which is not well cleared (Pauley et al., 
1971b). And Viviparus malleatus plasma agglutinates S!aphylococcus aureus, 
which is chemotactic to the snail's hemocytes (Schmid, 1975). Agglutinin titers 
fall when bacteria are injected (as seen for RBC agglutinins in Helix; Renwrantz 
et al., 1981). and return to normal levels in 4-8 h in a temperature-dependent 
manner (Pauley et al., 1971a). The implied importance of agglutinins in the 
defensive responses has led to unsuccessful efforts to increase titers by preinjec- 
tion of bacteria (Pauley et al., 1971b); only in oysters exposed to Vibrio an- 
guillarum in the water have elevated titers of an opsonic factor been induced 
(Hardy et al., 1977). The suspicion that plasma agglutinins may serve opsonic 
functions in vivo in gastropods (Anderson and Good, 1976; Boyden, 1966; 
Cheng et al., 1969; Pauley et al., 197 lb; Sminia et a]., 1979) has received in vivo 
support (Renwrantz and Mohr, 1978; see Section IV,J). 

Innate antibacterial factors are absent from snail plasma (Bayne, 1977; Cheng, 
1969; Cooper-Willis, 1979; Johnson and Chapman, 1970; Pauley et al., 1971b; 
van der Knaap, 1980; van der Knaap et a]., 198 1 b). However, lysozyme and 
other lysosomal enzymes can be released into snail plasma (Cheng et al., 1977, 
1978a, 1978b; Cooper-Willis, 1979; Kassim and Richards, 1978a; Michelson 
and DuBois, 1973), but van der Knaap et al (1981b) argue that due to pH and 
cation requirements (Kassim and Richards, 1978b), lysozyme may be inactive 
when free in snail plasma. Only in abalones (three Haliotis spp.) has an induced 
bactericidal response been reported (Cushing et al., 1971); no effort has been 
made to confirm this report, and characterization of the active factor(s) was not 
attempted. It has been suggested (Cooper-Willis, 1979) that plasma enzymes 
may serve to alter the surface properties of bacteria so that their apparent foreign- 
ness is enhanced, with apparent opsonic effects. 

3 .  Altered Snail Immunity to Bacteria 

Whereas no natural microbial pathogens are available for gastropods, injec- 
tions of P.  aeruginosa (Bayne, 1980a) and A.  formicans (Bayne, 1982) will kill 
Helix at doses of > 108/g and > 106/g, respectively. Repeated injections with 
sublethal doses of Pseudomonas (lo7 viable cells per gram) causes Helix to be 
able to survive lo8 viable cells per gram (Bayne, 1980a); live vaccine works 
more effectively than heat-killed vaccine, and protection lasts for at least 30 
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days. In Lyrnnaea stagnalis, preinjections of E. coli result in enhanced clearance 
rates and more rapid recovery from injections made 4 days later (van der Knaap 
et al., 1983a). Enhanced immunity may result from some quantitative or qualita- 
tive change in the population of phagocytes, or from an increase in some humoral 
factor(s) which serves to facilitate cell-mediated clearancelkilling. Viable counts 
of bacteria in the digestive gland decrease more rapidly in immune than in naive 
snails (Bayne 1980b), but the mechanism(s) by which immune snails acquire 
elevated protection remains unclear. 

Clearance of bacteria from the body may be facilitated if phagocytes respond 
chemotactically to bacteria. The hemocytes of V. malleatus are attracted to S. 
aureus (Schmid, 1975). A humoral plasma component, probably an agglutinin, 
is necessary. Because N-acetyl-D-glucosamine eliminated the chernotactic re- 
sponse and decreased agglutinin titers against S. aureus and rabbit RBCs, it may 
be a determinant recognized by the agglutinin. Chemotactic behavior is not 
easily demonstrated for hemocytes of Biomphalaria (personal observations). 

E. Responses to Fungi 

Although fungi have been associated with pathology in both egg (Cowper, 
1946) and adult (Gorokhov, 1978; Malek, 1952; Pan, 1956) mortality in fresh- 
water snails, no studies have been done on responses to these pathogens. Hemo- 
cyte phagocytosis of yeast occurs in vivo (Renwrantz et al., 198 1; Tripp, 1961a) 
and in vitro (Prowse and Tait, 1969; Sminia et al., 1979b). Opsonization has 
been found to be necessary for phagocytosis of fixed yeast cells (Anderson and 
Good, 1976; Prowse and Tait, 1969), whereas the uptake of unfixed yeast seems 
to be opsonin independent (Anderson and Good, 1976; Renwrantz et al., 1981). 
Heat-killing and autoclaving alter yeast fates in vivo (Tripp, 1961a). After pha- 
gocytosis in Biomphalaria glabrata, some fungi are degraded intracellularly; 
others are carried to the exterior by diapedesis of laden amebocytes (Tripp, 
1961a). Whereas many pathogens avoid tissues of the central nervous system, a 
fungal symbiont reported in B. glabrata (Pan, 1956) is particularly associated 
with the nervous system. In infected nerves and ganglia, amebocytes form nod- 
ules, replacing the neurons and phagocytosing the organism. A fungal pathogen 
of the nudibranch Tritonia diomeda is encapsulated by amebocytes in the body 
wall and destroyed (McLean and Porter, 1982). 

F. Responses to Viruses 

Virus-like particles have been briefly reported in a gastropod, the terrestrial 
slug, Agriolimax reticulatus (David et al., 1977). Unlike other foreign agents, 
injected viruses (T,-phage) persist in gastropod hernolymph (Acharina) over 
several weeks (Nelstrop et al., 1968). Secondary injections appear to be cleared 



8. Molluscan lmmunobiology 45 1 

even more slowly than primaries. The availability of a cell line from B. glabrata6 
should facilitate research in gastropod virology. 

G. Responses to Other Particulates 

In the most broadly based study of in vivo clearance by gastropods, Cuenot 
(1914) traced the fates of Chinese ink and carmine in 40 species of prosobranch, 
opisthobranch, and pulmonate. Injected ink is quickly localized in specific 
tissues, such as the "sac papillaire" of Trochus, rapidly clearing the plasma. 
This acute response is a physical (agglutinating) phenomenon and is followed by 
phagocytosis, in which both free hemocytes and fixed phagocytes are active. 
Diapedesis is slow and feeble. In basommatophorans, fine carmine accumulates 
in spongy tissue of the lung floor, and fixed phagocytes are less obvious than in 
other gastropods. In most Monotocardia, phagocytes a& localized in the kidney 
and gills. In opisthobranchs, Cutnot (1914) found "un veritable organe pha- 
gocytaire defini, volumineux, qui est abondamment vascularis6 par I'aorte," but 
there has not yet been any follow-up to this discovery. CuCnot's paper should be 
consulted directly for its richness of detail with respect to the species he studied, 
as he describes much specific variation and summarizes the several earlier stud- 
ies in which in vivo phagocytosis was reported in gastropods. 

More modem studies have added detail to CuCnot's account. In Litrorina 
scabra injected with ink into the pedal sinuses, ink-laden phagocytes undergo 
diapedesis mainly through epithelia of the foot, alimentary tract, and gills, and 
via the kidney (Cheng eta]., 1969), eliminating essentially all injected ink within 
6 days. Charcoal particles of unspecified size, injected into the body wall tissues 
of Lehmania poirieri, a pulmonate slug, are encapsulated en masse (Arcadi, 
1968), a fate resembling that of carmine particles injected intramuscularly (IM) 
into Aplysia californica (Pauley and Krassner, 1972). After IM injections, some 
ink and some carmine are widely dispersed within the Aplysia body but most 
carmine is effectively confined to the injection site, as reported also for B. 
glabrata (Tripp, 1961a). By 8 h PI, carmine nodules i s  Aplysia are evident 
within capsules of elongated hemocytes. Nodules grow for several days by the 
immigration of carmine-laden phagocytes, a process which may involve chemo- 
taxis. These cells die, depositing carmine at the periphery of the nodule (Fig. 
14). Maximum capsule thickness (510  cells thick) is reached by 10 days PI. 
Muscles and collagen become intermingled with the encapsulating hemocytes. 

Whereas CuCnot (1914) first demonstrated species differences in handling 
injected ink and carmine, Tripp (1961a) showed clearly that the fates of particles 
injected into one species (B. glabrata) are dependent largely on the size and 

6This cell line is available from the American Type Culture Collection, 12301 ParkLawn Drive, 
Rockville, MD 20852, under the designation ATCC CRL 1494. 



(.uo!ss!tu~ad ~ I !M ' ~ ~ 6 1  'JausseJy pue AalnPd w o ~ j )  -aJnleln>snLu Bu!puno~~ns aql lnoq%no~ql sabbowaq lo  uo!leJll!ju! Aheaq s! a~aql  pue 
aw!l s ! q ~  Su!~np pas~elua aAeq salnpou a41  . ~ d  sAep 01 (g) !ld sAep p (y) sabboseqd pue au!wle> 40 pasodu~o~ salnpou .'e3!uIo)!le> e!sAldy '91 '8!j 



8. Molluscan lmmunobiology 453 

nature (chemical and physical) of the particle. Yeast, a gram-positive coccus, 
chicken RBCs, carmine, willow pollen, and polystyrene spheres, some pretreat- 
ed in various ways, were injected. Particles smaller than hemocytes were rapidly 
phagocytosed and either (I) disposed of by diapedesis (yeast and bacteria), (2) 
degraded intracellularly (yeast, bacteria, RBCs), or (3) retained in nodules (car- 
mine, pollen, polystyrene). Whereas phagocytosis was obvious in minutes, di- 
apedesis occurred over at least 20 days. 

Depending on the size and nature of the injected particles and molecules, 
different cells are phagocytic in pulmonates (Cepaea: Wolburg-Buchholz, 1972, 
1973; Lymnaea: Sminia, 1980; van der Knaap, 1980). In general, larger particles 
(+ = 20 nm-8pm) are engulfed by amebocytes and fixed (reticulum) pha- 
gocytes, whereas colloidal material and proteins (4 <20 nm) accumulate in 
"globular cells" (Wolburg-Buchholz, 1972, 1973) or "pore cells" (Curtis and 
Cowden, 1978; Sminia, 1980; van der Knaap, 1980), as indicated in Table V and 
Fig. 15. In Lymnaea stagnalis, the connective tissue of the heanlkidney region is 
rich in all three cell types (Sminia, 1980). The amebocytes contain peroxidase, 
nonspecific esterases, and acid phosphatase, and efficiently degrade biotic mate- 
rials. The pore cells, in contrast, degrade the endocytosed proteins slowly; fer- 
ritin and hemoglobin are still present after 12 weeks. Peroxidase is absent from 
both pore cells and reticulum cells. Lysosomal enzymes increase in activity in 
phagocytically stimulated cells, but only peroxidase and nonspecific esterase are 
demonstrable in the phagocyte Golgi apparatus, implying their synthesis in the 

TABLE V 

Phagocytic Capacity of the Three Types of Phagocytes in Lymnaea stagnalisa 

Injected materials Amebocytes Reticulum cells Pore cells 

Abiotic particles 
India ink 
Trypan blue 
Colloidal gold 0 < 20 nm 

0 > 20 nm 
Proteins 

Ferritin 
Hemoglobin 
Peroxidase 

Cellular material 
Yeast cells 
Bacteria 
RBC 

Reprinted with permission from Sminia (1980). 8 1980 Pergamon Press, Ltd. 
b +++: High ingestion; ++: moderate ingestion; +: low ingestion; -: none. 
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Fig. 15. Schematic drawing of the phagocytic cells of I .  stagnalis. Amebocytes are mobile, 
whereas reticulum cells and pore cells are fixed. Pore cells, in contrast to other cells, are 
selectively endocytotic. For further details, see Table V. (Reprinted with permission from 
Sminia (1980). Q 1980 Pergamon Press, Ltd.) 

cell. The size of the particles entering pore cells is restricted by the need to pass 
through the basement membrane and holes in a sieve-like cell surface. 

Thorotrast, a radiopaque colloidal substance, is cleared from the body of 
Bullia (a prosobranch) only slowly (4-6 weeks, Brown and Brown, 1965). The 
major route appears to be similar to that in Lymnaea injected with colloidal ink: 
Laden hemocytes in the heart region migrate into the pericardium and thence via 
the renopericardial duct into the kidney, finally to be voided in the mantle cavity. 
The ctenidia may also be sites of suicidal diapedesis. These routes differ from 
those used by B. glabrata hemocytes (Tripp, 1961a), possibly due to the nature 
of the endocytosed material. It was therefore of interest to note that in Helix 
aspersa, a terrestrial pulmonate, both localization (>2 days) and body clearance 
(>12 days) of thorotrast were slow, and the chief migratory route for laden 
phagocytes was neither the heart-kidney nor the mantle but the reproductive 
system (Brown, 1967)! The gut may have been an additional migratory route. 
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In a report related to the specificity of recognition, Muscatine et al. (1975) 
found that elysioid sacoglossans selectively accept one of two types of chlo- 
roplast from Caulerpa sertularioides for an intimate mutual symbiosis, but the 
selection mechanism has not been investigated. 

H. Responses to Tissue Implants 

Allogeneic recognition is a property of even the lowest metazoan phyla (Hilde- 
mann and Johnson, 1979; Hildemann et al., 1977) so it might be expected that 
molluscs would readily demonstrate such a capability. Yet it has not proven 
possible to demonstrate unambiguously allogeneic recognition in molluscs. This 
property must be evidenced by a recipient-mediated attack on implant tissue from 
another individual of the same species, when reimplanted self-tissue or tissue 
from an inbred relative is not attacked but grows in place. 

In Biomphalaria glabrata, implanted allogeneic tissue, although washed for 4 
h in distilled water (!), elicited no fibroblast response and only a "transient 
amoebocytic infiltration, the latter in response to damaged and necrotic cells 
[Tripp, 1961al." By 20 days the epithelium of the intact implant fuses with that 
of the recipient. A similar fate awaits allogeneic implants in Lymnaea stagnalis 
(Bayne et al., 1980c; Sminia et al., 1964; van der Knaap, 1980). In contrast, 
formalin-fixed foot tissue is encapsulated in B. glabrata in a manner resembling 
that seen in incompatible Schistosoma mansoni-B. glabrata infections, although 
the fixed tissue is not readily degraded (Tripp, 1961a). Xenogeneic tissue is 
similarly encapsulated, atrophies, and is invaded by host cells and removed in B. 
glabrata (Tripp, 1961a) and in Lymnaea stagnalis (Sminia et al., 1974). Imma- 
ture allogeneic reproductive tracts implanted into mature specimens of Agri- 
olimax reticulatus undergo maturation rather than destruction (Runham and 
Hunter, 1970). Furthermore, embryos implanted into the hemocoel of adult 
Bulinus truncatus and B.  globlosus are not rejected (Brisson, 1971); such em- 
bryos may become partially encapsulated, and development is massively dis- 
turbed, but growth continues even when embryos of a pigmented strain are 
implanted into albino adults. Even the destruction of xenogeneic implants (buc- 
cal masses, Helix into Agriolimax, and Biomphalaria into Lymnaea: Musser and 
Harding, respectively, personal communications) is slow, taking 3 weeks or 
more at normal temperatures. These results conflict with those of Cheng and 
Galloway (1970), who observed destruction of both xenogeneic and allogeneic 
implants in Helisoma duryi normale. Such a fate should be expected for cubes of 
digestive gland tissue placed into the cephalopedal sinus, for reasons of bac- 
teriological infection, abundant lytic enzymes, heterotopic location, and the 
extensive damage to the implant necessitated by preparing cubes from a large 
tissue mass. Under such circumstances, a host cellular response to the necrotic 
allograft should not be interpreted as indicative of immunologic recognition. 
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I. Hemocyte Phagocytosis and Opsonins 

Hemocytes of Helix aspersa (Prowse and Tait, 1969), Otala lactea (Anderson 
and Good. 1976). Biomphalaria glabrata (Abdul-Salam and Michelson, 1980a, 
1980b; Faulk et al., 1973; Jeong and Heyneman, 1976), Lymnaea stagnalis 
(Sminia et al., 1979b). and Aplysia californica (Pauley et al., 1971a) all have 
phagocytic capabilities in vitro. Phagocytic efficiency is influenced by many 
variables, including temperature, pH and integrity of anaerobic glycolysis (Ab- 
dul-Salam and Michelson, 1980b), the size, (Sminia et al., 1979a; Tripp, 1961a) 
and nature of the particles (Anderson and Good, 1976; Sminia et al., 1979a; 
Tripp, 1961a), whether the snail carries a patent trematode infection (Abdul- 
Salam and Michelson, 1980a), the presence of lectins (concanavalin A) bound to 
the phagocyte (van der Knaap, 1980; Schoenberg and Cheng, 1982), the integ- 
rity of the "cell coat" or glycocalyx (Sminia et al., 1981; van der Knaap, 1980), 
and the presence of homologous factors. 

The dependence of panicle clearance rates on surface properties is evident 
with human RBCs in Helix (Renwrantz et al., 1981); A-type cells are cleared 
twice as fast as B-RBCs and four times as fast as rabbit RBCs; also, rough and 
smooth strains of Azotobacter vinelarulei are cleared at different rates. 

Agglutinins, because of their lectin-like properties (binding sugars), may func- 
tion opsonically in gastropods. Opsonic activity, due to factors which coat for- 
eign particles and thereby enhance their phagocytosis, has been claimed for Helix 
(Prowse and Tait, 1969; Renwrantz and Mohr, 1978). A. californica (Pauley et 
al., 1971b), Otala lactea (Anderson and Good, 1976), and L. stagnalis (Sminia 
et al., 1979b; van der Knaap et al., 1983b). In order to prove opsonic activity in 
the plasma, it is not sufficient to demonstrate, as some authors have, increased in 
vitro phagocytosis in plasma-containing media relative to saline; it is essential to 
demonstrate increased phagocytosis in a physiological plasma-free medium 
when panicles, preincubated in plasma and then washed, are offered to phago- 
cytes. 

I .  Critical Appraisal of Claimed Opsonic Activity in Gastropod 
Plasma and of Direct Hemocyte Recognition 

Snail phagocytes have no absolute need for plasma factors in phagocytosis 
(Abdul-Salam and Michelson, 1980a, 1980b; Jeong and Heyneman, 1976; 
Sminia et al., 1979b. 1981). Certain particles may bind to phagocytes as a result 
of nonspecific properties, such as hydrophobicity or charge, and the nature of the 
cell coat may influence much of this nonspecfic binding. On balance, it appears 
that snail phagocytes have some integral receptors in the plasma membrane, but 
that the efficacy of their recognition function can be enhanced by plasma compo- 
nents (Sminia et al., 1979b, 1981). Cytoadherence of certain particles (e.g., 
RBCs) to phagocytes may require opsonin, whereas other particles (e.g., yeast) 
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may bind directly to recognition sites on snail phagocytes (Renwrantz et al., 
1981). 

As we have seen, agglutinins occur in gastropod plasma. Such agglutinins are 
commonly considered to be lectins, i.e., carbohydrate-binding proteins or 
glycoproteins. Often, lectin molecules contain multiple sugar-binding sites. Such 
lectins would cross-link and therefore precipitate macromolecules, and will ag- 
glutinate (by bridging) particles which carry on their surfaces the sugars bound 
(recognized) by the multivalent lectin. But is opsonic activity due to agglutinat- 
ing lectins of snail plasma? 

In Octala lactea, agglutinating activity has not been found in the plasma, but 
an agglutinin for sheep RBCs (SRBCs) can be prepared from the albumen 
glands, and an opsonic property is claimed for it (Anderson and Good, 1976). 
However, the claim has not been substantiated because the agglutinin was neither 
purified nor absorbed out, nor were phagocytosis runs done in extract-free medi- 
um with soaked, rinsed RBCs. In experiments with Aplysia (Pauley et al., 
197Ib), phagocytosis was allowed to occur in the presence of plasma, precluding 
conclusions about opsonic activity. Interpretation of results on phagocytosis of 
formalized sheep RBC and yeast by H. aspersa hemocytes is complicated by 
contradictions in the paper (Prowse and Tait, 1969). The authors state in Material 
and Methods that opsonized particles were "washed 3 times to remove all traces 
of excess serum," but in their Results section, phagocytosis is described as being 
carried out in 50% serum (i.e., plasma) in saline. However, their data do appear 
to show that plasma in which sheep RBCs have been soaked is unsupportive (? 
suppressive) of SRBC phagocytosis, and that yeast phagocytosis is depressed in 
yeast-adsorbed plasma. 

In contrast, the studies of Sminia et al. (1979b) and van der Knaap (1980) 
prove that L, stagnalis plasma contains opsonins for yeast and formalized 
SRBCs, and those of Renwrantz et al. (1981) show that H. pomatia plasma 
contains opsonins for erythrocytes. Lymnaea opsonic activity was demonstrated 
with in vitro phagocytosis experiments; both yeast and SRBCs were more avidly 
phagocytosed if they had been presoaked in 50% snail plasma than in saline 
alone (Sminia et al., 1979b). Helix opsonic activity was demonstrated in vivo; a 
secondary injection of human A, or B-RBCs given 12-19 h after a primary 
injection of 1-2 X lo9 homologous RBCs was subject to slower clearance, 
possibly due to the partial exhaustion of opsonin. This slowing was eliminated if 
the RBCs of the secondary injection were presoaked in H. pomatia plasma and 
rinsed. This implies that they were opsonized (Renwrantz and Mohr, 1978). The 
opsonin is not specific; secondary clearance of B-type human RBCs is slowed if 
the primary dose was A-RBCs or even human serum albumin (Renwrantz et al., 
1981). Unlike RBC clearance rates, those of yeast are unaltered by prior injec- 
tions. Yeast binding to clearance cells is inhibited by N-acetyl-D-glucosamine 
(GNac) and N-acetyl-D-galactosamine (GalNac), but not by fucose. These results 
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appear compatible with the theses that yeast opsonin is present in superabun- 
dance and is not depleted by the primary inoculum, or that it is replenished 
within 3 h, but the authors consider that yeast clearance is opsonin independent. 
Such a difference from RBCs might reflect the cellulose-rich nature of the yeast 
cell wall, in contrast to the lipoprotein-rich cell membrane of RBCs (Sminia et 
al., 1979b). The agglutinin and the opsonin may be the same molecule; first, 
purified albumen gland agglutinin is opsonic (Renwrantz and Mohr, 1978), and 
second, both opsonization and agglutination are inhibited by GNac and GalNac 
(Renwrantz et al., 1981). Fucose does not influence the rate of primary clearance 
of RBCs (Harm and Renwrantz, 1980)(Fig. 16). 

It has been suggested that hemocyanin may function opsonically in molluscs 
(Stuart, 1968; van der Knaap, 1980). In light of this, it is interesting that 
clearance of yeast in Helix was slowed when Helix hemocyanin was coupled to 
the yeast surface by glutaraldehyde (Renwrantz et al., 1981), a result that is 
concordant with those of Crichton and Lafferty (1975) (see Section 11). 

RBC opsonization is evidently not dependent simply on the lectin properties of 
the opsonin. Binding of RBCs to hemocytes can be accomplished by certain 
exotic lectins (e.g., derived from plants or sponges), as well as by homologous 
lectins (i.e., derived from the snail; Renwrantz and Cheng, 1977b). However, 
phagocytosis is enhanced only by the homologous lectin. Thus, normal op- 
sonin-hemocyte bridging involves something more than the carbohydrate-lectin 
bridge on the hemocyte surface. Either (1) binding of a particle by opsonin 
molecules may cause conformational changes in the opsonin which result in 
hemocyte recognition and phagocytosis, or (2) bridging of opsonized particles 
and hemocytes and subsequent phagocytosis may result from a suprathreshhold 
concentration of the opsonins on the particle, i.e., a concentration of opsonins 
exceeding that which exists humorally. 

primary injections 

A 
20 10 60rnin 
post injection 

Fig. 16. Clearance rates of human RBCs in Helix pomatia. When injected with fucose in 
the medium, the rate is the same as when injected with saline only. In contrast, N-acetyl- 
glucosamine slows the clearance rate, presumably by competitively inhibiting the opsonin. 
(~rom Harm and Renwrantz, 1980, with permission.) 
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Although hemocyte populations in snails are morphologically conformist, ex- 
isting at most as three types (see Sminia, 1981), mounting evidence implies that 
the macrophage-like granulocyte class contains subpopulations which differ in 
their surface chemistry. Anti-A from the H. pomatia albumen gland agglutinates 
a subpopulation of H. pomatia living hemocytes (Renwrantz and Cheng, 1977a). 
Subpopulations of glutaraldehyde-fixed phagocytes are distinguished (aggluti- 
nated) by anti-A of H. pomatia or Cepaea nemoralis or C .  hortensis, and by 
phytohemagglutinin. Furthermore, subpopulations of Helix living hemocytes in 
saline recognized (rosetted) RBCs of mouse, rabbit, rat, and sheep (Renwrantz 
and Cheng, 1977b). None recognized human (ABO) or guinea pig RBCs, unless 
an agglutinin was present to bridge the human RBCs and the hemocytes. Thus, 
some snail hemocytes have integral binding sites for determinants on some 
foreign surfaces (see also van der Knaap et al., 1981a). Other foreign surfaces 
must be bound by subagglutinating quantities of multivalent lectins. Whereas 
sugars are exposed on hemocyte surfaces, lectins with appropriate recognition 
sites do not suffice to opsonize merely on the basis of their sugar-binding 
properties. 

Abiotic particles such as colloidal iron and thorium dioxide, cleared in vivo, 
can be seen in association with the glycoprotein cell coat (glycocalyx) of Helix 
and Cepaea hemocytes (Wolburg-Buchholz, 1973), but nothing is known about 
the mechanisms of recognition. These will probably be found to involve elec- 
trostatic and hydrophobic interactions. Both free and fixed (i.e., tissue-resident) 
phagocytes of Cepaea and Helix display acidic groups, "presumably predomi- 
nant carboxyl groups of an acid polysaccharide (Wolburg-Buchholz, 19731"; 
similar cell coats cover the hemocytes of Bulinus (Krupa and Lewis, 1977) and 
Lymnaea (Sminia et al., 1981). 

Helix pomatia hemocytes display mannose andlor glucose, fucose, galactose, 
and galactogen andlor N-acetylneuraminic acid, because these carbohydrates 
inhibit RBC-hemocyte bridging in the presence of RBCs presoaked in lectins of 
the appropriate specificity (Renwrantz and Cheng, 1977a). Because the cell coat 
(glycocalyx) is generally rich in sugars (Krupa et al., 1977; van der Knaap, 1980; 
Wolburg-Buchholz, 1973), it is interesting that pronase treatment, which re- 
moves the glycocalyx from Lymnaea hemocytes (van der Knaap, 1980), resulted 
in the display of more sugars on H. pomatia hemocytes (Renwrantz and Cheng, 
1977a), implying that these sugars are constituents of the glycolipids and/or that 
pseudocryptoantigens are exposed when proteins of the cell coat are attacked by 
pronase. Concanavalin A receptors on the hemocytes of L. stagnalis are sensitive 
to both trypsin and pronase (Sminia et al., 198 I), whereas those on B. glabrata 
hemocytes are pronase sensitive but trypsin resistant (Yoshino, 198 1 a). Once 
bound, concanavalin A is rapidly patched, capped, and internalized by B. 
glabrata hemocytes (Yoshino, 198 la,  198 1 b). 

We have used the words opsonin and opsonization loosely. In the work of 
Renwrantz and colleagues, opsonic activity is claimed when a retardation of 

L 
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secondary clearance is ameliorated by presoaking particles in plasma or albumen 
gland agglutinin. Actual clearance occurs in the first 2-3 h PI. However, it is 
also shown (Renwrantz et al., 1981) that during this time phagocytosis is not an 
important part of clearance. Instead, RBCs adhere to cells lining sinuses in the 
digestive gland, kidney, and head-foot. Hemocytes with phagocytosed RBCs 
(Renwrantz, 1979) or yeast (Renwrantz et al., 1981) are at maximum numbers in 
the circulation 80 h (RBCs) or 40-50 h (yeast) PI. So-called opsonic activity 
therefore is a manifestation of binding of RBCsIyeast to the sinus walls, not of 
phagocytosis per se. 

Furthermore, we have discussed agglutinins as though their specificity was 
constant for each species of snail. In fact, hemagglutinin specificity varies even 
from individual to individual within single strains of B. glabrata (Michelson and 
DuBois, 1977) and within populations of L. stagnalis (van der Knaap, 1980). 
The significance of this is not known; it may dictate differences of individual 
susceptibility to parasites and pathogens. Such diversity of putative mediators of 
immune recognition may be an evolutionary strategy to ensure survival of part of 
a population in species of short-lived invertebrates which are dependent predomi- 
nantly for their survival on innate immune mechanisms. 

J. Other Humoral Factors in Immunity 

Soluble factors previously mentioned in this chapter include a nematode 
growth inhibitor, agglutinins/opsonins, miracidial immobilizing substance, and 
lysosomal enzymes, but for neither of the last two are there data which prove 
roles in defense. Lysins for human erythrocytes occur in all tested strains of 
Biomphalaria glabrata plasma (Michelson and DuBois, 1977). Titers up to 1 : 
16 were detected when tests were done at 4"C, but were lower at physiological 
temperatures (27°C). No data exist on the characterization of the plasma compo- 
nents responsible for this activity, or on its possible defensive functions, al- 
though it is clear that Serratia marscescens are not lysed when injected into 
either Aplysia (Pauley et al., 1971b) or Helix (Bayne, 1974). The Sephadex- 
binding hemagglutinin from B. glabrata made human A-RBC prone to lysis by 
complement in human serum (Stein and Basch, 1979). For a protease inhibitor in 
Helix pomatia plasma (Renwrantz, 1979), little more is known than its occur- 
rence and molecular weight (approximately 3 X lo3). 

V. Internal Defenses of Cephalopods 

A. Responses to Parasites 

Cephalopod kidneys are the home of dicyemid Mesozoa. Other parasites, such 
as monogenetic trematodes and cestodes, of course, occur in cephalopods. Near- 



8. Molluscan lmmunobiology 

ly 30 species of squid, octopods, and cuttlefish are known to be infected with 
larval and adult digenetic trematodes (Overstreet and Hochberg, 1975). As early 
as 1761, Linnaeus described Fasciola barbata from Loligo vulgaris (cited and 
discussed by Overstreet and Hochberg, 1975). The hectocotylus arms of male 
cephalopods, detached during copulation and left in the female mantle cavity, 
were long thought to be exotic parasites of the female; in view of their detach- 
ment and the general vulnerability of cephalopod arms, it is to be expected that 
cephalopods have an effective healing capacity. 

B. Responses to Wounding and Noxious Agents 

Octopus vulgaris from which an arm is cut will regenerate a new arm. Lange 
(1920) made a detailed study of wound healing and regeneration in Octopus, 
Eledone, and Sepia. Cephalopod blood does not clot. Within minutes, the edges 
of a wound curl inward, and bleeding is evidently prevented by local vasocon- 
striction (cf. Browning, 1979). After a few hours, blood seeps out and the 
amebocytes aggregate to form a protective blastema. Phagocytosis of damaged 
and degenerating muscle and nerve cells (and, it must be assumed, of microbes) 
occurs. The epithelial cells at the wound perimeter change from columnar to 
pavement (i.e., they flatten) and move out over the blastema, covering it within 
1-2 days. The blastema cells later construct connective tissue as the arm bud 
grows and new suckers form. 

Inflammatory responses occur in Sepia, Octopus, and Eledone injected with 
tar (Jullien et al., 1956). Tissue proteolysis at the injection site results from 
leukocyte disruption. A scab forms and is separated from the surrounding tissue 
by a groove where amebocytes undergo transformation to a flattened form, 
"encapsulating" the region. Cuttlefish injected with crystals of the carcinogen 
1,2,5,6-dibenzanthracene rapidly develop circular or oval "tumors" around the 
site (Jacquemain et al., 1947). Cells undergo autolysis and become disorganized. 
The surface epithelium is lost, and the lesions break off in bits. Notably, these 
lesions fail to elicit an organized cellular reaction; a feeble, diffuse infiltration of 
undifferentiated or dedifferentiated "histiocytes" occurs. In the liver of Sepia, 
small crystals of an insect toxin ("cantharidine") or formalinized cotton swabs 
induce leukocytic infiltration (Jullien et al., 1956), which is very noticeable 
within 24 h. Some amebocytes infiltrate the damaged tissue and die, whereas 
others encapsulate the region, becoming "fibroblast-like," a change which the 
authors consider irreversible. 

C. Responses to Injected Substances and Particles, Including 
Bacteria 

The general contention that cephalopods represent a more highly specialized 
physiological condition than all other molluscs is supported by studies of their 
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clearance systems. Injected particles are rapidly cleared from the blood in highly 
localized sites (Fig. 17). Recall that cephalopod circulatory systems are more 
nearly "closed" than those of other molluscs. The capillary beds (or "exchange 
vessels"; Browning, 1979) of the gills, accessory branchial hearts, optic glands, 
salivary glands, and "white body" clearly serve reticuloendothelial functions, 
and diffuse connective tissues are not involved (Bayne, 1973b; Cazal and 
Bogoraze, 1943; CuCnot, 1914; Stuart, 1968). Within 1 min of the injection of 
ink into cuttlefish, the gills are blackened, implying effective removal during its 
first passage through the gill (CuCnot, 1914). Large quantities of ink may be 
lethal, causing ctenidial emboli and asphyxia (Kowalevsky, 1894; cited by 
Cuenot). In Octopus and Loligo, ink clearance occurs only in the gill and in the 
appendix of the branchial hearts (Fig. 18). Clearance, presumably by agglutina- 
tion to the walls of the vessel, precedes phagocytosis; this begins within 1 h, and 
by 5 h PI no trace of ink is present in the blood (Cutnot, 1914). In the gills, 
phagocytosis is uniquely a function of fixed cells in the finest vessels (CuCnot, 
1914). The blood leukocytes do not accumulate ink and may not be phagocytic 
for ink, "une exception interessante," although those of Eledone can pha- 
gocytose human RBCs in vitro (Stuart, 1968). Although the appendix of the 
branchial heart is phagocytic in Octopus and Loligo, it is not in Sepia and 
Sepiola, a difference which correlates with differences in structural details 
(CuCnot, 1914). In Eledone cirrosa, ink also accumulates in the posterior sali- 
vary glands and the white body (Stuart, 1968), with other tissues being quite free 
of ink. 

Unlike ink (carbon), which remains confined in blood vessels, ferritin (an 
electron-dense, 500,000 molecular weight, iron-containing protein (+ = 1 10 A), 
rapidly (1-2 min) leaks through the basement membrane into the extravascular 
spaces of Octopus (Browning, 1979; Froesch and Mangold, 1976). Unfortunate- 
ly, tissues selected for ultrastructural study from ferritin- and ink-injected Oc- 
topus exclude most components of the reticuloendothelial system (Browning, 
1979). 

Injected bacteria (anthrax and tuberculosis bacteria: Kowalevsky, 1894; Ser- 
ratia marscescens: Bayne, 1973b) are also efficiently cleared by Octopus; pha- 
gocytosis occurs in small connective tissue cells of the branchial hearts and gills 
(Kowalevsky, 1894). By ligaturing the efferent branchial vein of Octopus 
dofZeini in two places, I was able to isolate a blood "pool" and inject S. 
marscescens (Bayne, 1973b). Bacteria were not eliminated, implying that hemo- 
cytes alone are not responsible for the clearance seen in intact animals; for this, 
the blood must circulate. Thus, although leukocytes are probably capable of 
phagocytosis (observed in vitro with Eledone cells and human RBCs; Stuart, 
1968), actual in vivo clearance of bacteria must occur in specific tissues, as 
suggested by Kowalevsky (1894). 

Eledone plasma enhances in vitro phagocytosis of RBCs by leukocytes, al- 
,- 



Fig. 17. EIedone cirrosa, the Lesser Octopus (A), dissected to show the organs, all of which 
are pale colored normally, which have been blackened due to accumulation of injected ink ($1. 
e, eye; wb, white body; psg, posterior salrvary gland; I, liver; ct, right ctenidium; m, mantle; o, 
ovary. (From Stuart, 1968, with permission.) 
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though no agglutinin for human and fish RBCs is present (Stuart, 1968). Sta- 
phylococcus aureus and Salmonella typhi were similarly not agglutinated; how- 
ever, coating by plasma factors may occur because rabbit anti-Eledone plasma 
caused agglutination of S. typhi and other particles after they were soaked in 
Eledone plasma and rinsed three times (except for the S. typhi, rinsed once). 
Because a rabbit, injected with its own RBCs after they had been soaked in 
Eledone plasma and rinsed four times, produced antibodies to Eledone hemo- 
cyanin, Stuart suggested that "the haemocyanin might act both as a respiratory 
pigment and as an opsonin for foreign material." 

Neither antibacterial activity nor enhanced secondary clearance of S. rnar- 
scescens was found to occur in 0. dojleini (Bayne, 1973b). 

On the basis of obscure reasoning, Froesch (1979) concluded that "the optic 
gland hormone, which is known to control sexual maturation, feeding and death 
in octopus, appears to be involved in a defence mechanism against non-Octopus 
proteins." He had injected a variety of foreign proteins into 0. vulgaris. Fenitin 
was shown to accumulate in stellate cells around optic gland capillaries but, 
surprisingly,was stillpresent in blood 3 days PI: injectedrabbitimmunoglabulin 
-- 

G remained at nearly the initial concentration for at least 6 days. However, these 
octopi were subjected to traumatic surgery and were probably not well. 

VI. General Characteristics of Molluscan immunologic 
Responses Compared with Those of Other Phyla 

Many aspects of molluscan immunobiology resemble equivalent processes in 
most other phyla. One example is the recognition of non-self, in some cases with 
a high degree of discrimination (Sections I1 and IV,I). In molluscs, internal 
defense functions appear to be more cell dependent than in many arthropods and 
vertebrates; i.e., molluscs lack inducible antibacterial factors (present in insects, 
crustaceans, and vertebrates) and inducible opsonin (vertebrate antibody). Im- 
munity appears to be more reliant upon innate components such as circulating 
and sedentary phagocytes, and some humoral facilitators of phagocytosis (op- 
sonins) and cell-mediated cytotoxicity against parasites. 

Molluscs resemble arthropods in their evident failure to reject allografts, 
which studies of other metazoan phyla show that they all do. However, molluscs 
are distinctly different from crustacea and insects, as well as vertebrates, in 
lacking a strong adaptive molluscan response to bacteria. Furthermore, arthropod 
defenses include melanization in capsules and nodules, which is not seen in 
molluscs. Yet another difference from most arthropods and vertebrates is the 
absence of a strong molluscan mechanism for extracellular clotting of hemo- 

------- - 

lymph. - - - 

Many of these differences may be related to a stronger dependence of molluscs 
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Fig. 18. Gill and branchial heart of Octopus vulgaris 7 days after injection of ink into the 
animal. a, appendix ofthe branchial heart blackened by absorbed ink; b, lateral fold of the gill, 
also blackened by absorbed ink; c, branchial heart; d, subbranchial gland; e, efferent branchial 
vessel; m, attachment of the gill to the body wall. Drawn from a fresh specimen. (From Cuenot, - 1914, with permission.) 

upon mucociliary mechanisms as fist lines of defense. In vertebrates, many 
otherwise vulnerable epithelia depend upon mucociliary mechanisms for protec- 
tion against potential pathogenic microbial colonization. Arthropods, lacking 
such mechanisms, possess effective clotting mechanims to localize microbes 
which may threaten to enter the hemocoel through breaks in the normally invul- 
nerable exoskeleton. The molluscan body is covered by cleansing sheets of 
mucus, which it may produce in abundance when irritated. The importance of 
mucociliary mechanisms of defense has not yet been established, but it is proba- 
bly far greater in molluscs than in vertebrates and arthropods generally. 

The probable reliance of molluscs on lectins as mediators of specific recogni- 
tion may be a feature shared with all nonvertebrate organisms, including inverte- 
brates, plants, prokaryotes, and viruses. For example, recognition functions have 
been demonstrated for lectins in the Rhizobium-host plant association (Paau et 
al., 1981), in sponges (Bretting and Konigsmann, 1979), in reticuloendothelial 
functions of the mammalian liver (Hubbard et al., 1979), in the nematode- 
trapping mechanism of a fungus (Nordbring-Hertz and Mattiasson, 1979), in the 
T-lymphocyte cells of the human immune network (Koszinowski and Kramer, 
1981), and possibly in the sperm-egg interactions of tunicates (Rosati and De- 
Santis, 1980). 

Lectin distribution may occasionally appear anomalous, for example, in gas- 
tropod egg capsules. However, in this case, lectins may be restricting the spread 
of bacteria which might enter one egg in a batch. Therefore, although it is 
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tempting to infer that lectin activity may be fortuitous, with the molecules serv- 
ing some function other than recognition, such inferences should not be readily 
accepted. The capacity of snail hemocytes to patch, cap, and internalize at least 
concanavalin A (Yoshino, 198 lc,  1982) supports the contention that lectins are 
cooperative with hemocytes in at least some internal defense functions. 

VII. Challenges for Future Research in Molluscan 
lrnrnunobiology 

A. Cooperation 

Essentially no data are available on cellular communication in molluscan 
internal defenses. Even where distinctions of cell types have been possible 
(hyalinocytes and granulocytes), little is known of distinct functions. Commu- 
nication may be important to such responses as inflammation and encapsulation, 
and may involve chemotactic factors. This absence of data is at least partially due 
to the generally restricted diversity in the morphologies of molluscan hemocytes. 
More needs to be known about possible functional subpopulations of molluscan 
hemocytes, and about possible humoral mediators of cell responses, analogs of 
vertebrate lymphokines. 

B. Allogeneic Recognition 

Whereas even poripherans and cnidarians react antagonistically with specifici- 
ty and memory against allogeneic tissues, molluscs have failed to show any 
propensity for such activities. In this they resemble some arthropods (Lackie, 
1981). Because nonself recognition with a fine discriminatory capacity is a 
property of molluscs, their evident failure to reject allografts is an anomaly. Is 
there an absence of a histocompatibility type of system (H-system; Hildemann et 
al., 1981), or do the allografts so far examined somehow suppress attack? 

C. Altered Immune Status 

At least in gastropods, both enhanced resistance and suppression of resistance 
have been demonstrated (Section IV,B). The operative mechanisms are com- 
pletely unknown, and they will remain thus until we begin to understand immu- 
nologic recognition in molluscs. More model systems are needed in which to 
study such alterations. Marine molluscs and their parasites should provide suit- 
able models. It is particularly probable that humoral mediators are important in 
these phenomena. 

The suggestion (LoVerde et al., 1982) that an inbred strain of snail may react 



8. Molluscan lrnrnunobiology 

against "self" may be taken to imply the possibility of autoimmune disease in 
molluscs. 

D. lrnmunologic Memory 

This, too, occurs in nearly all phyla so far appropriately examined. Yet, 
conclusive evidence is still needed for the Mollusca. In part, this gap is due to 
apparent failure of allogeneic rejection responses, which have provided conve- 
nient models for such research in other taxa. However, allogeneic rejection is not 
essential to answering questions dealing with immunologic memory (Bayne et 
al., 1980~). Other models need to be utilized to answer the question: Does 
immunologic memory occur in molluscs? If the answer is affirmative, as can be 
anticipated, then it behooves us to seek understanding of the responsible cells 
and molecules, and of underlying mechanisms. 

E. lrnmunologic Recognition 

Mechanisms of immunologic recognition provide perhaps the most fundamen- 
tal questions in this area of concern. Brought into focus largely by Lackie (198 I ) ,  
Table VI outlines one possible scheme for the basis of immunologic recognition 
in molluscs and other invertebrates. 

Recognition systems based on carbohydrate-lectin interactions are being dis- 
covered with increasing frequency and in diverse phyla. Even though it now 
appears that individual molluscs may have several different plasma lectins 
(Vretblad et al., 1979) and lectins may be associated with hemocyte surfaces 
(Vasta et al., 1982), this cannot satisfy all the needs of internal defense systems. 
Nonspecific recognition may be possible because of physicochemical properties, 
but specific recognition does exist (Section IV,B) and must entail an additional 
system of molecular recognizers. The finding (Yoshino, 1983) of anti-Thy-1 
reactive determinants on the hemocyte of a snail is tantalizing, because partial 
molecular homology exists between Thy-1 and immunoglobulin. Does the lack 
of immunoglobulin in molluscs (and all nonchordates) mean that these animals 
are unable to recognize specifically antigenic determinants composed only of 
amino acids? If so, can it be shown that parasites and pathogens have exploited 
this in ways which are denied them in vertebrates, including man? 

VIII. Summary 

This chapter focuses on the cellular and humoral defense reactions which have 
been shown to occur both in viva and in vitro in response to parasites and 
pathogens, to physical damage, and to soluble and particulate agents used by 
researchers to probe molluscan natural internal defenses. Omitted are the fields 
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TABLE VI .g 

t 
Possible Bases of immunologic Recognition in  Molluscs and Other Invertebrates 4 

Recognizer Cell (RC) 

The properties of the potential RC include: 
1. A particular hydrophobic value 
2 .  A particular surface charge 
3. Lectins protruding from the cell surface 
4. Possibly also receptors for humoral lectins 

Recognition Mechanisms 

I. Healthy self fails to be recognized because it 
A. Has hydrophobic and charge values which fall within compatible ranges 

which do not cause RC attraction by physicochemical means 
6. Lacks available sugars for which the putative lectins have recognition sites , 

II. Nonself and wounded self are recognized either 
A. Nonspecifically because they have hydrophobic or charge values which result - . 

in attraction of RCs due to physicochemical forces; the resulting close 
apposition stimulates the RC due to movements of components of the plasma 
membrane and/or the underlying cytoskeleton, or 

0. Specifically, because 
(i) Lectins on the RC bind to sugars on the surface, or 
(ii) Lectins in the fluid bind sugars on the surface and stimulate RC because 

(a) They locally exceed a critical concentration threshhold 
(b) There is altered molecular configuration (cf. Chorney and Cheng, 1980) 
(c) There is alteration of the surface properties so that they now lie outside 

the compatible range of hydrophobicity or charge 

of general pathology caused by exotic agents such as ionizing radiation (Mix, 
1972), toxicology of environmental pollutants (e.g . , phenol, Fries and Tripp, 
1970; benzpyrene, Anderson, 1978), and the metabolic effects of parasites on 

i 
their molluscan hosts (Cheng, 1965). 

Molluscs are capable of diverse, subtle, and complex responses to damage and 
to the invasion of their bodies by foreign agents. From a descriptive phase, the 
field of molluscan immunobiology is maturing into an experimental one. Studies - 

of mechanisms of immune-type recognition and mechanisms of cell-mediated -- 

immune responses are beginning to provide an understanding of how molluscs 
maintain health in environments rich in potential parasites and pathogens. The 
dependence of effector cells on humoral and cell-bound recognition factors, and 
the dynamic interplay between hosts and parasites, imply complex immune 
systems'with subtle effector mechanisms. The field is a rich one for studies on 
comparative imrnunobiology, with possible spin-offs for the control of pest and 
intermediate host populations and for the better management of desirable mol- 
luscan populations such as in aquaculture. 
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