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ABSTRACT

Electron microscope investigations reveal different reactions of cells in the digestive tract of
Deroceras reticulatum to intoxication with carbamate or metaldehyde molluscicides. All entero-
cytes are more strongly attacked by the carbamate compound Mesurol than by metaldehyde.
The better efficiency of Mesurol is primarily attributed to its severe impact on nuclei, leading to
other cell damage and finally to an increased macrophage reaction.

Metaldehyde leaves the enterocyte functions more or less intact except for that of mucus cells.
It activates mucus extrusion immediately after the onset of intoxication. This mucus serves to
dilute the toxin, which passes through the digestive tract and is voided. The severe attack of
metaldehyde on the immature mucus cells results in cessation of mucus production, leading to
a fatal mucus deficiency in the digestive tract.
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INTRODUCTION

To date, the most efficient pesticides
against slugs are carbamate compounds,
such as Mesurol, which act as nerve toxins by
inhibition of the cholinesterase activity (Getzin
& Cole, 1964; Pessah & Sokolove, 1983). Dur-
ing the last decade, Mesurol has replaced met-
aldehyde as the primary commercial mollus-
cicide, because metaldehyde loses most of its
efficiency in humid climates (Martin & Forrest,
1969). In the literature (Pappas et al., 1973),
however, it is not only Mesuroi but also such
other carbamate compounds as Carzol,
Furadan and Zectran that are mentioned as
having an increased efficiency compared to
metaldehyde (Getzin, 1965; Prystupa et al.,
1987). Whereas in most investigations LDso
tests are used (Bakhtawar & Mahendru,
1987), there are only a few publications con-
cerning cellular mechanisms induced by mol-
luscicides (Ishak et al., 1970; Banna, 1977,
1980a, b; Pessah & Sokolove, 1983). Up tothe
present, little attention has been paid to the
fact that both carbamate compounds and met-
aldehyde are in use as oral toxins (cf. Hend-
erson, 1969), and, as a consequence, the first
possible targets for molluscicidal action might
be the cells of the intestinal epithelia.
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in fact, only one study covers the influence
of molluscicidal agents on the cells and tis-
sues of the alimentary tract of slugs after in-
toxication (Manna & Ghose, 1972). To the
best of my knowledge, ultrastructural investi-
gations are completely lacking. Thus, the
present electron microscope study was de-
signed to investigate the different cellular re-
sponses to molluscicidal intoxication in the di-
gestive tract of the grey garden slug,
Deroceras reticulatum. A further purpose of
the paper is to elucidate the reasons for the
superior efficiency of carbamate mollusci-
cides by comparing the ultrastructural dam-
age after oral application of carbamate and
metaldehyde.

MATERIALS AND METHODS

Laboratory-reared specimens of Deroceras
reticulatum were fed pellets containing 4% of
the carbamate compound Mercaptodimethur
{4- (methylthio} - 3,5 - xylyl -methyl -carbamate;
Mesurol; Bayer) or 4% metaldehyde (Spiess
Urania 2000). The peliets were weighed be-
fore and after the slugs had fed, and the
amount of toxicant effectively ingested was
calculated. On an average, the animals took
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up 200 pg Mesurol or 9 mg metaldehyde/g
wet weight. Animals fed carbamate were dis-
sected after one, five and 16 hours. The met-
aldehyde group was fixed after five hours. For
primary fixation a 2% glutaraldehyde solution
in cacodylate buffer (0.01 M, pH 7.4) was in-
jected into the body cavity. Then oesophagus,
crop, stomach, intestine and digestive gland
were isolated in fixative and fixed for two
hours in 2% glutaraldehyde at 4°C. The tis-
sues were rinsed in cacodylate buffer and
postfixed in 1% osmium-ferrocyanide (Kar-
novsky, 1971) for two hours. After rinsing in
cacodylate and 0.05 M maleate buffer (pH
5.2), the specimens were stained en bloc in
1% uranylacetate in 0.05 M maleate buffer
overnight at 4°C. The samples were dehy-
drated and embedded either in Araldite or in
Spurr’'s medium (Spurr, 1969).

Ultrathin sections cut on a Reichert ultrami-
crotome were counter-stained with lead ci-
trate for 30 minutes and finally examined in a
Zeiss EM 9.

RESULTS
Macroscopic observations

The macroscopic reactions of the animais af-
ter molluscicide application correspond to the
reactions described as typical for carbamate
or metaldehyde intoxication by Godan (1979).
By 30 minutes after ingestion of Mesurol pel-
lets, the animals show violent muscle convul-
sions. The anterior body begins to swell while
the posterior flattens. The tentacles are re-
laxed, the animals release a lucid mucus and
take up liquid from the environment. After
three hours they lie aimost motionless on one
side. Usually they die 20 to 30 hours later, but
recovery is also possible.

After the application of metaldehyde, the
animais lose much more slime than after car-
bamate ingestion. In this case, muscle con-
vulsions and relaxation of the tentacles couid
not be observed.

Electron microscopical investigations
Histology of the epithelia in control animals

Oesophagus: The oesophageal epithelium
consists of four cell types, three of which
reach the lumen (Fig. 1a):

Type |: Columnar storage cells (Figs. 2a, 5)
characterized by high amounts of lipid and
storage carbohydrate (glycogen or galacto-

gen) (Fig. 34). In the central cytoplasm, the
nucleus, small Golgi compiexes, mitochon-
dria and a few peroxisome-like vesicles are
located, while smooth and granular endopias-
mic reticulum occasionally appear in basaj re-
gions of the cells. Under the microvitllous bor-
der a band of mitochondria can be found (Fig.
10).

Type II: Columnar secretory cells of an ec-
crine type (Fig. 1a), with basally situated
granular endoplasmic reticulum and an elab-
orate Golgi apparatus (Fig. 29) producing
electron-lucent secretory vesicles. Mitochon-
dria and smalil amounts of lipid and glycogen
are dispersed over the cytoplasm. The nu-
cleus is located in the center of the cell.

Type lIl: Secretory cells of a holocrine type
(mucus producing goblet cells, in the follow-
ing called “mucus cells”) (Figs. 1a, 3a, 5, 25),
with conspicious granular endoplasmic retic-
ulum characterized by a spacious lumen,
large Golgi apparatus and mucus vacuoles
that merge in the apical part of the cells. The
nuclei of these cells are situated in the basal,
dilated regions. Young mucus cells (Fig. 3a)
do not contain high amounts of mucus vacu-
oles and are characterized by a conical cell
shape.

Type IV: Small electron-lucent cells (Fig. 5),
conical in shape, that are dispersed amongst
the other cells. Their apices do not reach the
lumen. Containing characteristic lysosomes,
dictyosomes and a prominent nucleus, they
resemble the haemolymph macrophages.

The basal surfaces of all cell types have no
infoldings (Fig. 5). In addition to numerous mi-
crovilli, the luminal surface of cell types | and i}
may bear cilia (Fig. 2a). The microvilli of the
mucus cells are smaller than those of the
other cell types (Fig. 3a).

A strong muscle layer, connective tissue
cells and nerves with different neurosecretory
vesicles can be found subtending the epithe-
lium (Fig. 2a, 40, 42). In longitudinal section,
the muscle filaments are all roughly parallel,
while in transverse section there is a quasi-
lattice of thick and thin filaments (Fig. 40). In
the haemolymph space some macrophages
can be observed. They are characterized by a
large nucleus, small Golgi apparatus and a
few small vesicles of various electron-density
(Fig. 2a).

Crop: Apart from a few mucus (Type Ill)
and small electron-lucent cells (Type V), the
cylindrical epithelium of the crop is dominated
by a single cell type, resembling the storage
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FIG. 1. Diagram of the digestive tract of Deroceras reticulatum illustrating the cells investigated in the present

study.

1a. Oesophagus: Storage cell (1), secretory cell of an eccrine type (lI), secretory cell of a holocrine type,
called mucus cell (1), and small electron-lucent cell (IV)

1b. Crop: Storage cell

1c. Stomach and adjacent intestine: Storage (1) and mucus cell (1)
1d. Mid-gut gland: Digestive cell (V), crypt cell (VI), and excretory cell (Vil)

celi (Type |) of the oesophagus (Fig. 1b). Only
in regions of the crop adjacent to the stomach
do these cells bear cilia.

A small muscle layer with associated con-
nective tissue and nerves underlies the epi-
thelium.

Stomach and adjacent intestine: Half of
the stomach epithelium is made up by cells
resembling the storage cells of the oesopha-
gus with respect to their ultrastructural organ-
isation and storage products (Fig. 1¢). The
cells always bear microvilli and cilia (cf.
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FIG. 2. Reconstruction of an unciliated or ciliated storage cell (2a) and its habit after carbamate (2b) and

metaldehyde (2c) intoxication

Walker, 1972). In the stomach crypts, the cilia
are longer and more numerous (cf. Haffner,
1924). The rest of the epithelium is made up
by mucus cells (Type IlI). In the adjacent in-
testine, half of the cells are mucus cells (Type
I0), and only a quarter are storage cells (Type
). The other quarter of the cells are secretory
(Type H). An underlying muscle layer is well
developed. It can be compared with that of
the oesophagus (Fig. 40). Many nerve fibres
can be detected.

Mid-gut gland: The epithelium of the mid-
gut gland is arranged in tubules that are
bound together by a meshwork of connective
tissue. An underlying muscle layer is lacking.
Three cell types can be distinguished (Fig. 1d,
4a):

Type V: The columnar digestive cells,
highly vacuolized absorptive cells, that domi-
nate the epithelium. The vacuoles vary in size
and are generally largest towards the basal
regions of the cells. Pinocytotic vesicles de-
velop along the apical plasma membrane,
where endocytotic channels can also be
found. The absorptive area is increased by
numerous microvilli. The digestive cell cyto-
plasm contains a little granular endoplasmic

reticulum, a few mitochondria and an occa-
sional small Golgi apparatus. Lipid and gly-
cogen storage can be found. The nuclei of
these cells are basally located.

Type VI: The crypt cells are conical in
shape with broad bases abutting on to the
haemolymph space. Serving secretory func-
tions, they are characterized by a large
amount of granular endoplasmic reticulum
(Fig. 22), a great number of Golgi stacks and
secretory vesicles in the perinuclear cyto-
plasm. The nuclei are basally situated, pos-
sess a large nucleolus and have scattered
patches of heterochromatin. Mitochondria are
located near the apical and the basal surfaces
of the cells. Lipid and carbohydrate storage,
as well as membrane-bound spherites are
present (Fig. 4a). The microvilli are longer
than those of the digestive cells, and the
basal labyrinth is well developed.

Type VII;: The goblet-like excretory cells are
characterized by large and small vacuoles
containing electron-dense material (Fig. 27).
The membrane of the large vacuole shows
numerous infoldings. In the cytoplasm a small
Golgi apparatus, a small amount of smooth
and granular endoplasmic reticulum and lipid,
and a few mitochondria can be found. The
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FIG. 3. Reconstruction of a young and a fully differentiated mucus cell in control animals (3a), after car-

bamate (3b), and after metaldehyde intoxication.

microvilli of these cells are as long as those of
the crypt cells.

To compare the different theories concern-
ing the genealogy of these cells and the dif-
ferent nomenclatures, see David & Gotze
(1963) and Walker (1970).

Histopathological alterations (Figs. 2, 3, 4)

Generally speaking, the cytological reac-
tions in the digestive tract originate in isolated
cells and spread over the epithelium during
the following hours. Sixteen hours after inges-
tion of the molluscicides, a high percentage of
the cells are significantly damaged.

The reactions observed after five and 16
hours generally resemble those after one
hour, but they are more intense.

Reactions that appear in the anterior part of
the digestive tract immediately after the mol-
luscicide treatment became apparent in cells
of the posterior part with a time lapse corre-
sponding to the transport rate of toxic food-
stuff.

Sixteen hours after carbamate ingestion, a
lot of cells have been extruded from the epi-
thelium.

Reactions of the basal and apical cell
surfaces

MESUROL: Immediately after the applica-
tion of Mesurol, the basal surfaces of storage
and secretory cells (Type | and I1) are slightly

stretched (Comp. Figs. 5 and 6). After five
and 16 hours, the cells exhibit considerably
extended basal cell extensions (Fig. 7) that
sometimes contact nerve or muscle cells (Fig.
8). In the mid-gut gland the basal cell exten-
sions are less distinct than in the alimentary
tract. However, the basal labyrinth of crypt
cells is distended, and the intercellular spaces
are enlarged (Fig. 35).

Comparable to the reactions of the cell
bases, the apical surfaces of the cells react
very quickly with a reduction of microvilli and
cytoplasmic protrusions in the anterior, and
after five or 16 hours in the posterior parts of
the digestive tract (Figs. 10, 11, 12).

An intensified vacuolization in the digestive
cells often leads to a breakdown of the apical
membrane.

METALDEHYDE: After intoxication with
metaldehyde, basal cell extensions are lack-
ing; the basement membrane is thickened
and becomes more electron-dense (Fig. 9).

Protrusions of the apical cytoplasm and re-
duction of microvilli can occasionally be
found.

After intoxication with carbamate and met-
aldehyde, the shape of all cell types becomes
more irregular (Figs. 2, 3, 4).

Reactions of the cytoplasm

MESUROL: After carbamate intoxication,
the cytoplasm of storage and secretory cells
appears slightly condensed (Fig. 7) or elec-
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FIG. 4. Reconstruction of a digestive and a crypt cell of the mid-gut gland (4a) and its variable habit after

carbamate (4b) and metaldehyde (4c) ingestion.

tron-lucent (Fig. 13). In the digestive cells of
the mid-gut gland, it is either extremely elec-
tron-lucent, or totally electron-dense, depend-
ing on the degree of vacuolization. Electron-
dense cytoplasmic areas often surround the
nuclei.

METALDEHYDE: In mucus cells the cyto-
plasm is displaced by the eniarged mucus
vacuoles (Fig. 33). In all cell types it appears
less electron-dense.

Reactions of the nuclei

MESUROL: One hour after intoxication the
nuclei are severely damaged.

The karyoplasm becomes less electron-
dense (Fig. 13, 14, 15), lipid droplets can be
detected in it (Fig. 15), the nucleoli are irreg-
ularly deformed (Fig. 16), and the amount of
heterochromatin is reduced. In some cases,
the karyoplasm appears totally condensed
(Fig. 17), or, especially in crop cells, smail
vesicles can be found in it (Fig. 16). Mitotic
processes are evident. However, even after
16 hours, there are still some unafflicted nu-
clei next to totally damaged ones (Fig. 17),
emphasizing the heterogeneity in cellular re-
action.

METALDEHYDE: After metaldehyde in-
gestion, damage to the nuclei is less intense
than after carbamate application. The karyo-
plasm becomes less electron-dense, and in a
few cases it bears lipid droplets (comp. Fig.
14). Especially in the crypt cells of the mid-gut

gland, the amount of heterochromatin is re-
duced.

Reactions of the mitochondria

MESUROL: After carbamate intoxication,
mitochondrial effects originate in the oesoph-
agus and crop cells from the cell apex, while
in the posterior parts of the digestive tract mi-
tochondria located in the basal cytoplasm are
afflicted earlier.

Especially in the stomach and the digestive
gland, electron-dense granules different from
the common intramitochondrial granules can
be found in mitochondria, located in mem-
brane-bound compartiments (Fig. 18). Fur-
thermore, the organelles are heavily inflated
and their cristae are reduced (Fig. 19).

METALDEHYDE: After metaldehyde in-
toxication, the mitochondria are less afflicted
than after carbamate ingestion. The common
intra-mitochondrial granules are often en-
larged (Fig. 20), and only in a few cases the
organelles are swollen.

Reactions of the endoplasmic reticulum

MESUROL: After Mesurol application, the
smooth and granular endopiasmic reticulum
proliferates in basal regions of storage, diges-
tive and crypt cells. In most cases, the smooth
endoplasmic reticulum is heavily distended
(Fig. 21). Degranulation of granular endoplas-
mic reticulum can be observed in basal re-
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5. Oesophagus, control: Section through the basal part of the oesophagus epithelium showing a mucus

{muc), storage (sc) and small light cell (sic). There are no infoldings of the cell basis (arrows).

FIG.
FIG.
FIG.
FIG.
FIG.
FIG.
FIG.
FIG.

6. Oesophagus, Mesurol, 1 h: Slight basal extensions (arrows).

7. Oesophagus, Mesurol, 5 hs: Strong basal extensions (arrows).

8. Oesophagus, Mesurol, 1 h: Contact of a basal cell extension (be) to a nerve cell (nc,arrow).

9. Crop, metaldehyde, 5 hs: Thickening of the basal membrane (bm).

10. Crop, control: Apex of a storage cell, showing regularly orientated microvilli (mv).

11. Oesophagus, Mesurol, 1 h, storage cell: Slight cytoplasm extrusions (ce, arrows).

12. Oesophagus, Mesurol, 1 h, storage cell: Intensified cytoplasm extrusions (ce, arrows).

13. Oesophagus, Mesurol, 16 hs, secretory cell: Electron-lucent cytoplasm (cyt) and nucleus (n) with

the heterochromatin reduced (arrows).
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FIG. 14. Oesophagus, Mesurol, 5 hs, storage celi: Nucleus (n) with a totaily dissolved karyoplasm.

FIG. 15. Stomach, Mesurol, 5 hs: Nuclei with lipid inclusions (li) in an electron-light karyoplasm.

FIG. 16. Crop, Mesurol, 1 h: Nucleus with an irregularly formed nucleolus (nu) and small vesicles (v) in the
karyoplasm (inset, x 6).

FIG. 17. Crop, Mesurol, 16 hs: Totally damaged nucleus next to an unafflicted one in the adjacent crop cell.
FIG. 18. Mid-gut gland, Mesurol, 16 hs, crypt cell: Mitochondrion (m}) with inclusions in membrane-bound
areas (arrows); common intramitochondrial granules (gm) are visible.

FIG. 19. Oesophagus, Mesurol, 1 h, secretory cell: Destruction of cristae in mitochondria (arrows).

FIG. 20. Storach, metaidehyde, 5 hs, storage cell: Mitochondrion with enlarged intramitochondrial granules
(arrows).

FIG. 21. Intestine, Mesurol, 5 hs, storage cell: Dilation of smooth endoplasmic reticulum (ser) in the basal
parts of the cell.

FIG. 22. Mid-gut gland, control, crypt cell: Cisternae of the granular endoplasmic reticuium (ger).
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gions of the crypt cells (comp. Figs. 22 and
23).

In mucus cells the granular endoplasmic re-
ticulum is dilated and disorientated. After sev-
eral hours, the membranes become frag-
mented.

METALDEHYDE: The damage to the
granular endoplasmic reticulum in mucus
cells is more intense after metaldehyde than
after carbamate intoxication. The cisterna are
heavily dilated, and the membranes are
disarranged, ruptured and sometimes coiled
to form myeline figures (comp. Figs. 25 and
26).

In the crypt and excretory cells of the mid-
gut gland, the granular endoplasmic reticulum
disintegrates into short cisternae with frag-
mented membranes, frequently devoid of ri-
bosomes (Fig. 28). The cisternae of the en-
doplasmic reticulum often form fingerprint-like
structures (Fig. 24). In many instances, the
membranes are ruptured.

Reactions of the Golgi apparatus

MESUROL: In the oesophagus, the Golgi
complexes of the secretory cells (Type ll) are
heavily damaged. Especially the trans-face
cisternae are either compressed or highly in-
flated (comp. Figs. 29 and 30). Associated
with this is a reduction in the number of secre-
tory vesicles.

in the mucus cells, the cisternae of the
Golgi apparatus are strongly dilated (Fig. 31),
and the regular arrangement of the Golgi
stacks is often lost.

METALDEHYDE: Except for the mucus
cells, the reaction of the Golgi apparatus is
less intense after metaidehyde than after car-
bamate ingestion. The trans-faces of the cis-
ternae are slightly dilated. In the mucus cells,
the Golgi cisternae are swollen, often the
membranes are arranged as concentric
whorls (Fig. 32), and the mucus containing
vacuoles are enlarged (Fig. 33).

Alteration of storage products

MESUROL: After carbamate ingestion,
compact areas containing glycogen or galac-
togen can be found between lipid droplets,
especially in central and basal parts of diges-
tive cells and in crypt cells of the mid-gut
gland (Fig. 35).

METALDEHYDE: In storage, secretory, di-
gestive, crypt and excretory cells, the
amounts of lipid and glycogen are reduced
after metaldehyde poisoning (comp. Figs. 34
and 36). This reduction is related to the pres-
ence of vesicles containing electron-dense
material with a typical lamellar fine-structure
(Fig. 37). Furthermore, an increased number
of peroxisome-like structures appears.

Reaction of the cytoskeleton

MESUROQL: After Mesurol intoxication, no
reaction of the cytoskeleton is visible.

METALDEHYDE: In the center of storage
and secretory cells (Type | and II), condensed
actin-like microfilaments appear (Figs. 38,
39).

Reactions of the underlying muscle
connective and nerve tissues

MESUROL: After the application of the
carbamate molluscicide, the muscle tissue is
fragmented, and the regular arrangement of
the muscle filaments is disturbed (comp. Figs.
40 and 41). Granules similar to peroxisomes
(with regard to their size and their electron-
density) appear in connective tissue cells
showing intensive contact to smooth muscle
and nerve cells, as well as in nerve celis
themselves (Figs. 42, 43).

METALDEHYDE: After application of me-
taldehyde, no reactions of muscle, nerve and
connective tissue could be found.

Reactions of the macrophages

MESUROL: After ingestion of Mesurol, the
number of macrophages in the haemolymph
space increases. In many cases, mitotic pro-
cesses can be observed (Fig. 44). Particularly
16 hours after intoxication, many of these
cells penetrate the epithelium (Fig. 45). Other
macrophages contain membrane fragments
incorporated into vacuoles (Fig. 46).

METALDEHYDE: Reactions of the macro-
phages are lacking.
DISCUSSION

The present study reveals the impact of the
carbamate compound Mesurol and of metal-
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FIG. 23. Mid-gut gland, Mesurol, 1 h, crypt cell: Degranulation of granular ER in the basal part of the cell
(arrows).

FIG. 24. Mid-gut gland, metaldehyde, 5 hs, crypt cell: Granular ER (ger) forming fingerprint-like structures.
FiG. 25. Oesophagus, control, mucus cell: Elaborate Golgi system (ga), granular ER (ger) and mucus
vacuoles (muv) in a regular arrangement.

FIG. 26. Oesophagus, metaldehyde, 5 hs, mucus cell: Dilated, electron-lucent cisterae of the granular ER
and Golgi membranes (ga) forming concentric circles in a cellular disarrangement; nucleus (n) with an
electron-lucent caryoplasm.

FIG. 27. Mid-gut gland, control, Excretory ceil: excretory cell with excretory granule (eg).

FIG. 28. Mid-gut gland, Mesurol, 5 hs, crypt cell: Short, fragmentary cisternae of the granular ER (ger)
frequently devoid of ribosomes.

FiG. 29. Oesophagus, control, secretory cell: Trans- and cis-face of the Goligi apparatus (ga) can clearly be
distinguished.

FiG. 30. Oesophagus, Mesurol, 1 h, secretory cell: Heavily inflated cisternae of a Golgi apparatus (ga).
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FIG. 31. Stomach, Mesurol, 5 hs, mucus cell: Golgi apparatus (ga) with dilated cisternae (arrows).

FIG. 32. Oesophagus, metaldehyde, 5 hs, mucus cell: Membranes of the Golgi apparatus (ga) are arranged
as concentric whorls surrounding Golgi vesicles.

FIG. 33. Stomach, metaldehyde, 5 hs: General view of the mucus cells after metaldehyde application; dilated
cisternae of the Golgi apparatus and the granular ER, large mucus vacuoles (muv) and nuclei (n) with an
electron-lucent karyoplasm.

FIG. 34. Oesophagus, control, storage cell: High amount of stored lipid (fi) and glycogen or galactogen (gt).
FIG. 35. Mid-gut gland, Mesurol, 5 hs, digestive cell: Condensation of glycogen (gi) and dilation of the sER
and the basal labyrinth (bl).

FIG. 36. Oesophagus, metaldehyde, 5 hs, storage cell: Lipid and carbohydrate reduction; electron-dense
vesicles (ev) and ER membranes forming a fingerprint-like structure (arrow).

FIG. 37. Oesophagus, metaldehyde, 5 hs, storage cell: Electron-dense vesicles (ev) characterized by a
typical lamellar fine-structure (inset, x 4) and by peroxisome-like organelles (p) in the center of the cell.
FIG. 38. Crop, metaidehyde, 5 hs: Reduction of storage products and aggregation of actin-like filaments
(arrows).

FIG. 39. Crop, metaldehyde, 5 hs: Actin-like filaments (af) in the center of the enterocytes.
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FiG. 40. Oesophagus, control: Muscle cell (mc) with regularly orientated muscle fibres.

FIG. 41. Oesophagus, Mesurol, 5 hs: Fragmentation of muscle tissue in isolated portions and irregular
orientation of muscle fibres. Intense contact of nerve (nc) and muscle cell (mc).

FIG. 42. Oesophagus, Mesurol, 1 h: Nerve (nc) and connective tissue cells (cc) containing electron-dense,
peroxisome-like structures.

FIG. 43. Oesophagus, Mesurol, 5 hs: Nerve with peroxisome-like structures (p).

FIG. 44. Oesophagus, Mesurol, 5 hs: Mitosis taking place in a macrophage (ma).

FIG. 45. Oesophagus, Mesurol, 16 hs: Macrophage bearing membrane fragments in vacuoles (arrows).
FIG. 46. Oesophagus, Mesurol, 1 h: Two macrophages that penetrate the epithelium.
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dehyde on the ultrastructure of the digestive
tract of Deroceras reticulatum. In addition to
the results of Tegelsstrom & Wahren (1972),
Godan (1979) and Pessah & Sokolove
(1983), who attributed the molluscicidal ef-
fects to influences on cholinesterase activity
and water regulation, it can clearly be dem-
onstrated that both chemicals interact with
several different types of enterocytes.

As evident by the present cytoiogical find-
ings, the carbamate compound Mesurol is ab-
sorbed immediately after ingestion in the an-
terior parts of the digestive tract, i.e. in the
oesophagus and the crop. The rapid reac-
tions in these two regions and the quick and
intense reaction of the whole animal one hour
after feeding support the findings of Fretter
(1952), Walker (1972) and Horst et al. (1986),
who describe the high absorptive activity of
the crop using radioactive labelling and bio-
chemical methods. With regard to the time
lapse resulting from the passage of food
through the intestinal tract, the ceilular re-
sponses after one hour in the anterior parts
can be compared with those in the posterior
parts of the digestive system after five hours.
Analysis of cellular responses to metaldehyde
and carbamate poisoning after five hours al-
lows three types of reaction to be distin-
guished: carbamate-specific reactions, metal-
dehyde-specific reactions, and cell responses
that appear in both experiments but with dif-
ferent intensity.

Reactions such as cytoplasm condensa-
tion, cytoplasmic protrusions also called
“surface blebs” (Whyllie, 1981; Réz, 1986},
reduction of microvilli, mitochondrial swelling
(Goyer & Rhyne, 1975; Triebskorn, 1988) and
dilation of Golgi cisterna (Triebskorn, 1988),
endoplasmic reticulum and interceliular
spaces (Smuckler & Arcasoy, 1969), as well
as ER-membrane proliferation or destruction
(Moore, 1979, 1985; Nott & Moore, 1987) re-
semble those described in bivalves and ver-
tebrates as cellular stress symptoms after in-
toxication with different xenobiotics. Likewise,
the degranulation of the granular ER and the
formation of membrane whorls or myelin-like
membranes by ER are discussed as general
changes of the cell in response to toxicants
(Réz, 1986). Most of these reactions are at-
tributed to membrane destabilization and in-
creased membrane permeability to ions un-
der the influence of toxicants, followed by
osmotic effects and finally cell death (Sparks,
1972).

Swelling of mitochondria is suggested to be

the result of an increased Ca®* influx (Packer
et al., 1967, Smuckler & Arcasoy, 1969).
Bayne et al. (1985), Moore (1985) and Nott &
Moore (1987) relate the sER proliferation to
an increase of sER-bound detoxification en-
zymes, such as the NADPH-neotetrazolium-
reductase and many others.

in the digestive tract of Deroceras reticula-
tum, such unspecific reactions are more in-
tense after carbamate than after metaldehyde
treatment except for the mucus cells of oe-
sophagus, stomach and intestine. This might
arise from the fact that the amount of metal-
dehyde taken up by the animals is supposed
to be closer to the sublethal dose than that of
carbamate. Therefore, after Mesurol intoxica-
tion, many more cellular reactions associated
with cell death are involved. However, the
comparison of reactions to different mollusci-
cides in several regions of the digestive tract,
as well as in several cell types at three times
allows reactions of general nature to be dis-
tinguished from specific ones. Thus, for ex-
ample, in mucus cells the destruction of Golgi
cisternae, rER and mitochondria is more
prominent after metaldehyde than after car-
bamate ingestion. This severe impact of met-
aldehyde on the mucus producing cells cor-
relates well with the known influence of this
molluscicide on water regulation. Metalde-
hyde enhances the extrusion of available mu-
cus immediately after intoxication. This mu-
cus might serve to dilute the toxin but may
also have the capacity to detoxify it (Trieb-
skorn, 1988). It passes the digestive tract and
is voided quickly due to the intensified mucus
extrusion of the whole animal. Furthermore,
the replacement of the necessary mucus is
blocked by destruction of the cellular secre-
tory apparatus, especially in immature cells. If
the resulting loss of liquid cannot be compen-
sated, the animal will desiccate. Therefore,
the effects of metaidehyde are reversibie in a
humid climate.

These considerations are in fine with other
investigations studying the advantages of car-
bamates compared with metaldehyde using
LDso tests (Riemschneider & Heckel, 1979;
Prystupa et al., 1987). They support the find-
ings of Getzin & Cole (1964), who postulate
the effect of metaldehyde to be the result of
water loss by stimulation of mucus secretion.

Furthermore, metaldehyde poisoning re-
duces cellular lipids, increases the number of
electron-dense vesicles and peroxisome-like
particles, and leads to a thickening of the
basement membrane and the condensation
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of actin-like filaments in the cytoplasm. Until
now, there are no targets known for the attack
of toxins in the cytoskeletal system. Nor is
there any intelligible explanation for the thick-
ening of the basement membrane.

With regard to lipid reduction, my own en-
zyme-histochemical studies have shown that
catalase activity can be found in the periphery
of lipid droplets after molluscicide intoxication
(Triebskorn, in prep.). One might speculate
that the observed lipid reduction is correlated
with lipid peroxidation (cf. Tappel, 1975). To
reinforce this idea, the presence of detoxifica-
tion products resulting from such reactions as
well as the nature of the electron-dense ves-
icles and the peroxisome-like structures
should be investigated. Beyond this, the re-
action of macrophages and connective tissue
celis after intoxication with Mesurol could be
of interest. While the present study demon-
strates an increased number of peroxisome-
like structures in connective tissue cells after
Mesurol intoxication, Sminia (1972) was able
to demonstrate peroxidase activity in hae-
molymph ceils, localized in similar per-
oxisome-like vesicles. In addition, my own
light-microscope investigations reveal an in-
tensified catalase activity in the connective
tissue underlining the epithelium of the diges-
tive tract and in the haemolymph, where mac-
rophages can be found (Triebskorn, in prep.).
Because peroxidative reactions are known to
be involved in detoxification (Belding et al.,
1970; Recknagel, 1967), | assume that sim-
ilar processes are of importance in the diges-
tive tract of slugs after molluscicide intoxica-
tion. Whereas they might be found after
metaldehyde treatment in the enterocytes
themselves, carbamate poisoning leads to a
disturbance of essential functions of these
cells so quickly that detoxification processes
cannot be established in them in time. This
deficiency might be compensated by mac-
rophage activity. The function of these cells in
detoxification is also verified by the resuits of
Moore (1979). He could demonstrate the ac-
tivation of MFO-enzymes in the haemolymph
cells of Mytilus edulis after polycyclic hydro-
carbon poisoning. Furthermore, the haemo-
cytes are known to be able to penetrate the
gut epithelium and to phagocytise decaying
cells (Sminia, 1972).

The macrophage reaction, nucleic damage
and a changed glycogen metabolism appear
one hour after the ingestion of the carbamate.

The Mesurol attack on the nucleus seems to*

be the most important effect of this chemical

and accounts for its better molluscicidal activ-
ity compared with metaldehyde. While kary-
olysis is often described as a late reaction to
intoxication in vertebrates and invertebrates
(Bayne et al., 1985), the reaction of nuclei in
the present study does not seem to be an
ultimate one revealing cell death, but a pri-
mary cell response that leads to cell death.
Since, in most cells with damaged nuclei,
other cell death symptoms are lacking, the
heterochromatin  disorganization and in-
crease in mitotic activity seem to reflect a
central process in intoxication. The damage
to the nuclei could explain the reinforcement
of other cellular responses, such as the dis-
turbances in glycogen metabolism or the de-
struction of Golgi apparatus, aiready de-
scribed by Flickinger (1971).

In contrast to these reactions, the formation
of basal cell extensions requires several
hours. This is probably due to the inhibition of
cholinesterase activity by carbamates. The
blockade of the esterase center of the en-
zyme (Wegler, 1970) interrupts nerve stimuli
conduction, leading to uncontrolled muscle
contraction and finally to muscle atony. Un-
controlled contractions in the muscle layer
that underlies the gut epithelium are respon-
sible for the basal cell deformation.

In conclusion, the present results suggest
that the cells might respond to environmental
stress in different ways. Lipid mobilization in
storage cells, for exampie, only takes place
after intoxication with less effective mollusci-
cides, such as metaldehyde. Carbamate in-
gestion stimulates the activity of the macro-
phages. Furthermore, peroxidative reactions

" have been suggested to be the biochemical

pathway of detoxification of carbamate and
metaldehyde. According to this opinion, the
detoxification processes in molluscs resemble
those described for insects by Wegler (1970).

The present electron microscope study was
able to extend former observations on whole
animal behavior following intoxication. Sug-
gestions about cellular mechanisms induced
by different molluscicides are developed.
However, other techniques, such as enzyme
histochemistry, biochemistry and autoradiog-
raphy, are necessary to further specify these
results and to give more detailed information
about the function of the structures described.

ACNOWLEDGEMENTS

This work was partly supported by the Ger-
man Research Council (DFG Sto 75/9; Ja 407/



DIGESTIVE TRACT OF DEROCERAS 155

1-1). Personal thanks go to Ginter Vogt,
Thomas Braunbeck and Ulrich Bielefeld for
the revision of the paper and for help with the
English version. Thanks are aiso due to Dr.
Janssen, to Prof. Storch and to Dr. Kinast
(BASF), who encouraged the present investi-
gation and provided laboratory facilities and
chemicals.

LITERATURE CITED

BAKHTAWAR, P. M. & V. K. MAHENDRU, 1987,
Toxicity of organophosphorus molluscicides on
the snail pest Helix vittata (Hornell). Journal of
Advanced Zoology, 8(2): 84-87.

BANNA, H. B. M., 1977, The general histology and
histopathology of Bulinus truncatus (Andouin)
with special reference to action of a moiluscicide.
Ph.D. Thesis, London University.

BANNA, H. B. M. 1980a, Histochemical studies of
some enzymes in the tissues of the schistosome
vector snail Bulinus truncatus (Andouin) with
special reference to the effects of a molluscicide.
|. Dehydrogenases. Histochemical Journal, 12:
139-144.

BANNA, H. B. M., 1980b, Histochemical studies of
some enzymes in the tissues of the schistosome
vector snail Bulinus truncatus (Andouin) with
special reference to the effects of a molluscicide.
Il. Hydrolases. Histochemical Journal, 12: 145—
152.

BAYNE, B. L., D. A. BROWN, K. BURNS, D. R.
DIXON, A. IVANOVICI, D. R. LIVINGSTONE,
D. M. LOWE, M. N. MOORE, A. R. D. STEBBING
& J. WIDDOWS, 1985, The effects of stress and
pollution on marine animals. Praeger Scientific,
New York.

BELDING, M. E, S. J. KLEBANOFF & G. G. RAY,
1970, Peroxidase-mediated virucidal systems.
Science, 167: 195-196.

DAVID, H. & J. GOTZE, 1963, Elektronenmikrosko-
pische Befunde an der Mitteldarmdriise von
Schnecken. Zeitschrift fir mikroskopische und
anatomische Forschung, 70: 252-272.

FLICKINGER, C. J., 1971, Alterations in the Golgi
apparatus of amoebae in the presence of an in-
hibitor of protein synthesis. Experimental Cell
Research, 68: 381-387.

FRETTER, V. 1952, Experiments with P32 and ('3
on species of Helix, Arion and Agriolimax. Quar-
terly Journal of microscopical Science, 93: 135~
146.

GETZIN, L. W. & S. G. COLE, 1964, Evaluation of
potential molluscicides for slug control. Washing-
ton agricultural experiment stations bulletin, 658:
1-9.

GETZIN, L. W., 1965, Control of the grey garden
slug with bait formulations of a carbamate mol-
luscicide. Journal of Economic Entomology, 58:
158-159.

GODAN, D., 1979, Schadschnecken. Ulmer Ver-
lag, Stuttgart.

GOYER, R. A. & B. C. RHYNE, 1975, Toxic
changes in mitochondrial membranes and mito-
chondrial function. In: Trump, B. F. & A. U. Ar-
stila, eds., Pathology of all membranes, Voi.1.
New York, 383—428.

HAFFNER, K., 1924, Uber den Darmkanal von He-
lix pomatia (L.). Zeitschrift fiir wissenschaftliche
Zoologie, 121: 126—169.

HENDERSON, 1. F., 1969, A laboratory method for
assessing the toxicity of stomach poisons to
slugs. Annals of Applied Biology, 63: 167-171.

HORST, C., W. BECKER & A. KEMPER, 1986,
Short-term aiterations of the ketone body content
in the hemolymph of Biomphaiaria glabrata (Gas-
tropoda; Pulmonata). Comparative Biochemistry
and Physiology, 84B: 555—-557.

ISHAK, M., A. SHARAF, A. MOHAMED & A.
MOQUSA, 1970, Studies on the mode of action of
some molluscicides on the snail Biomphalaria
elxandrina. Comparative genetic Pharmacology,
1: 201-208.

KARNOVSKY, M. J., 1971, Use of ferrocyanide-
reduced osmium tetroxide in electron micros-
copy. Journal of Cell Biology, 51: Abstr. 284.

MANNA, B. & K. C. GHOSE, 1972, Histo-patholog-
ical changes in the gut of Achatina fulica caused
by Endrin, a molluscicide. Indian Journal of ex-
perimental Biology, 10(6): 461-463.

MARTIN, T. J. & J. D. FORREST, 1969, Zur Ent-
wicklung wvon Schneckenkorn Mesurol in
Gropbritannien. Pflanzenschutz-Nachrichten
Bayer, 22(2): 212-253.

MOORE, M. N., 1979, Cellular responses to poly-
cyclic aromatic hydrocarbons and phenobarbital
in Mytilus edulis. Marine Environmental Re-
search, 2: 2565-263.

MOORE, M. N., 1985, Cellular responses to pollu-
tants. Marine pollution bulletin, 16(4): 134-139.

NOTT, J. A. & M. N. MOORE, 1987, Effects of poly-
cyclic aromatic hydrocarbons on molluscan ly-
sosomes and endoplasmatic reticulum. His-
tochemical Journal, 19: 357-368.

PACKER, L., D. W. DEAMER & R. L. HEATH,
1967, Regulation and deterioration of structure in
membranes. In: Strehler, ed., Advances in ger-
ontological research, Vol.2, 77-120.

PAPPAS, J. L, G. E. CARMAN & G. F. WOOD,
1973, Weather effects on baits on controlling eu-
ropean brown garden snails in citrus. California
Agriculture, 27: 13—-15,

PESSAH, J. N. & P. G. SOKOLOVE, 1983, The
interaction of organophosphate and carbamate
insecticides with cholinesterases in the terrestrial
pulmonate Limax maximus. Comparative Bio-
chemistry and Physiology, 74c(2): 291-297.

PRYSTUPA, B. D, N. J. HOLLIDAY & R. B. WEB-
STER, 1987, Molluscicide efficacy against the
march slug Deroceras laeve (Stylommatophora;
Limacidae) on strawberries in Manitoba. Journal
of Economic Entomology, 80(4): 935-943.

RECKNAGEL, R. O., 1967, Carbon tetrachloride



156 TRIEBSKORN

hepatotoxicity. Pharmacological Review, 19:
145,

REZ, G., 1986, Electron micrascopic approaches to
environmental toxicity. Acta Biologica Hungarica,
37(1): 31—-45.

RIEMSCHNEIDER, R. & A. HECKEL, 1979, Deter-
mination of the lethal dose of Metaldehyde and
evidence of a synergetic effect in snails.
Zeitschrift fir Pflanzenkrankheiten und Pflanzen-
schutz, 86(8): 479-482.

SMINIA, T., 1972, Structure and function of blood
and connective tissue cells of the freshwater pul-
monate Lymnaea stagnalis studied by electron
microscopy and enzyme histochemistry.
Zeitschrift far Zellforschung, 130: 497-526.

SMUCKLER, E. A. & M. ARCASQY, 1969, Struc-
tural and functional changes of the endoplasmic
reticulum of hepatic parenchymal cells. Interna-
tional Review of Experimental Pathology, 7:
305-418.

SPARKS, A. K., 1972, Invertebrate pathology, non-
communicable diseases. Academic Press, New
York, London.

SPURR, A. R., 1969, A low viscosity embedding
medium for electron microscopy. Journal of Ui-
trastructural Research, 26: 31-43.

TAPPEL, A. L., 1975, Lipid peroxidation and fluo-
rescent molecular damage to membranes. In:
Trump, B. F. & A. Arstila, eds., Pathobiology of all
membranes. Vol. | Academic Press, New York.

TEGELSSTROM, H. & H. WAHREN, 1972, The ef-
fect of an N-methyl carbamate on esterases from
snail, mouse and man studied by starch-gel elec-
trophoresis. Comparative Biochemistry and
Physiology, 43B: 339-343.

TRIEBSKORN, R., 1988, Molluskizid-induzierte
Reaktionen im Verdauungstrakt von Deroceras
reticulatum (Miller), Verhandlungen der deut-
schen Zoologischen Gesellschaft, 81: 332.

WALKER, G., 1970, The cytology, histochemistry
and ultrastructure of the cell types found in the
digestive gland of the slug Agriolimax reticulatus
(Mdiiler). Protoplasma, 71: 91-109.

WALKER, G., 1972, The digestive system of the
slug Agriolimax reticulatus (Mller): Experiments
on phagocytosis and nutrient absorption. Pro-
ceedings of the malacological Society of London,
40: 33-43.

WEGLER, R., 1970, Chemie der Pflanzenschutz-
und  Schédlingsbekdmpfungsmiftel. Bd 1.
Springer Verlag, Heidelberg, New York.

WHYLLIE, A. H., 1981, Cell death: A new classifi-
cation separating apoptosis from necrosis. In:

Bowen, |. D. & R. A. Lochshin, eds., Cell death in
biology and pathology. Capman & Hall, London,
New York.

af
be
bl
bm

ccC
ce

¢g

dv
ec
eg
env
ev
ga
ger

gm
imv
li

ly
ma
mc
mf
mi
mit
muc
muv
mv

nc
nu
nv

SC
sec
ser
sV

Revised Ms. accepted 20 June 1989

ABBREVIATIONS

actin-like filament
basal extension
basal labyrinth
basal membrane

: cilia

connective tissue cell
cytoplasmic extrusion
calcium granule
cytoplasm

digestive vacuole
endocytotic channet
excretory granule
endocytotic vesicle
electron-dense vesicle
golgi apparatus

granular endoplasmic reticulum
glycogen
intramitochondrial granule
intramitochondrial vesicle
lipid

lysosome

macrophage

muscle cell

membrane fragments
mitochondria

mitosis

mucus cell

mucus vacuole

microvilli

nucleus

nerve cell

nucleolus

neurosecretory vesicle
peroxisome-like vesicle
storage cell

small electron-lucent cell
smooth endoplasmic reticulum
secretory vesicle



