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1. Introduction 

ABSTRACT 

The accumulation of hepatotoxic microcystins (MCs) in gastropods has been demonstrated to be higher 
following grazing of toxic cyanobacteria than from MCs dissolved in ambient water, Previous studies, 
however, did not adequately consider MCs covalently bound to protein phosphatases, which may rep
resent a considerably part of the MC body burden. Thus, using an immunohistochemical method, we 
examined and compared the histopathology and organ distribution of covalently bound MCs in Lymnaea 
stagnalis following a 5-week exposure to (i) dmMC-LR, dmMC-RR, and MC-YR-producing Planktothrix 
agardhii (5 fJ,g MC-LReq L-l) and (H) dissolved MC-LR (33 and 100 fJ,gL-l). A subsequent 3-week depu
ration investigated potential MC elimination and tissue regeneration. Following both exposures, bound 
MCs were primarily observed in the digestive gland and tract of L stagnalis. Snails exposed to toxic 
cyanobacteria showed severe and widespread necrotic changes in the digestive gland co-occurring with 
a pronounced cytoplasmic presence ofMCs in digestive cells and in the lumen of digestive lobules. Snails 
exposed to dissolved MC-LR showed moderate and negligible pathological changes of the digestive gland 
co-occurring with a restrained presence ofMCs in the apical membrane of digestive cells and in the lumen 
of digestive lobules. These results confirm lower uptake of dissolved MC-LR and correspondingly lower 
cytotoxicity in the digestive gland of L stagnalis. In contrast, after ingestion of MC-containing cyanobac
terial filaments, the most likely longer residual time within the digestive gland and/or the MC variant 
involved (e.g., MC-YR) allowed for increased MC uptake, consequently a higher MC burden in situ and 
thus a more pronounced ensuing pathology. While no pathological changes were observed in kidney, 
foot and the genital gland, MCs were detected in spermatozoids and oocytes of all exposed snails, most 
likely involving a hemolymph transport from the digestive system to the genital gland. The latter results 
indicate the potential for adverse impact of MCs on gastropod health and reproduction as well as the 
possible transfer of MCs to higher trophic levels of the food web. 

The cyanobacterial microcystins (MCs) have been associated 
with acute and subacute adverse effects in various aquatic and ter
restrial organisms (for reviews: Wiegand and Pflugmacher, 2005; 
Malbrouck and Kestemont, 2006). MCs can enter the aquatic food 
web via accumulation primarily in the liver and gastro-intestinal 
tract of vertebrates and in the digestive gland of invertebrates (for 
reviews: Zurawell et aI., 2005; Ibelings and Chorus, 2007; Martins 

and Vasconcelos, 2009). Once actively taken up, presumably via 
members of the organic anion transporting peptide (oatp) family 
(Fischer et aI., 2005; Feurstein et aI., 2009), into oatp-expressing 
cells, MCs specifically interact with serine/threonine protein phos
phatases (PPs, e.g., PP1, 2A, 4, and 5) in a two-step mechanism 
involving a rapid and reversible binding to the PP catalytic subunit 
via a hydrophobic bond (Le., accumulation of free MCs) followed 
by a slower binding involving the covalent interaction of the dehy
droalanine moiety of MCs with cysteins of the PP catalytic subunit 
after several hours (Le., accumulation of bound MCs) (Hastie et aI., 
2005; Maynes et aI., 2006). Both covalent and non-covalent bind
ing of MCs and subsequent inhibition of phosphatases results in 
hyperphosphorylation of numerous phosphate-regulated enzymes 
and subsequent deregulation of various fundamental cellular pro
cesses, such as disruption of the cytoskeleton (Eriksson et aI., 1989; 
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Yoshizawa et al.. 1990; Batista et al.. 2003). The latter further pro
gresses to disintegration of organ architecture. thus pathological 
changes of the gastro-intestinal tract. liver and kidney of exposed 
organisms (vertebrates and invertebrates) (for reviews: Dietrich 
and Hoeger. 2005; Wiegand and Pflugmacher. 2005; Zurawell et 
al.. 2005). 

Freshwater gastropods inhabit the littoral area (Dillon. 2000) 
where scums are frequently formed during or subsequent to 
cyanobacterial blooms. Gastropods can therefore be exposed 
rapidly to toxins following ingestion of toxic cyanobacteria or 
exposure to dissolved or particle-adsorbed (extracellular) toxins 
released into the ambient water after cyanobacterial cell lysis. Field 
observations suggest that gastropods accumulate free MCs mainly 
by grazing toxic cyanobacteria. and to a lesser extent via uptake of 
dissolved toxins in the ambient water (Kotak et al.. 1996; Zurawell 
et al.. 1999; Chen et al.. 2005; Xie et al.. 2007; Zhang et al.. 2007; 
Gerard et al.. 2008). Moreover. the ability of MCs to accumulate in 
tissues and to impair digestive gland homeostasis has been demon
strated in the pulmonate Lymnaea stagna lis following consumption 
of toxic cyanobacteria and exposure to dissolved MC-LR in experi
mental investigations (Gerard et al.. 2005; Lance et al.. 2006. 2007; 
Zurawell et al.. 2006. 2007). Indeed. after consumption of toxic 
cyanobacteria. 61.0 and 1.3% of total ingested MCs were found accu
mulated in L. stagnalis and the prosobranch Potamopyrgus antipo
darum. respectively. which also resulted in increased morbidity of 
both species (Lance et al.. 2006. 2007. 2008). Adverse effects on life
history parameters were also observed following immersion of L. 
stagnalis and P. antipodarum in 33 Jl.g MC-LR L -1. However. a deci
sively lower MC accumulation was recorded when compared to 
animals orally exposed to whole toxic cyanobacteria (Gerard et al.. 
2005; Gerard and Poullain. 2005). Previous investigations therefore 
suggest that MC accumulation and subsequent pathological effects 
largely depend on the route and form (dissolved vs. intracellular 
toxin) of exposure. This assumption is corroborated by the recent 
findings of Lance et al. (2010). who demonstrated the accumulation 
of covalently bound microcystins in tissues of L. stagna lis exposed 
to toxic cyanobacteria. whereas bound MCs were not detected in L. 
stagnalis exposed to dissolved MC-LR. 

However. most previous studies on the influence of MCs on 
molluscs did not discriminate between reversibly and covalently 
bound MCs. although covalently bound MCs can represent a quan
titatively large portion of a given MC body burden (Lance et al.. 
2010). Indeed. covalently bound MCs are potentially bioavailable 
and thus the more critical for mollusc-consuming species at higher 
trophic levels (Dietrich and Hoeger. 2005; Ernst et al.. 2005). There
fore the aim of this study was to examine the tissue distribution 
of covalently bound MCs and histopathological changes in various 
organs (digestive gland. genital gland. kidney. foot) of L. stagnalis. 
exposed to MC-producing Planktothrix agardhii (5 Jl.g MC-LReq L -1) 
and to dissolved MC-LR(33 and 100 Jl.gL -1). The latter should allow 
determining whether: 

• cyanobacterial and dissolved MC exposure induce similar 
histopathological changes; 

• the histopathological changes observed correlate with the inten
sity (relative quantity) and localization of covalently bound MCs; 

• covalently bound MCs are eliminated and tissue regeneration 
occurs following a defined depuration period. 

2. Materials and methods 

2.1. Biological material 

L. stagnalis adults were obtained from a laboratory population 
in the Experimental Unit of the Institut National de Recherche en 

Agronomie (INRA. Rennes). Prior to experiment. adults (25 ± 3 mm 
shell length) were isolated in glass containers of 35 mL of dechlori
nated and activated charcoal-filtered tap water (1 snail/container). 
acc1imated to the experimental conditions (12/12 L/D. 20 ± IT) 
and fed with biological (pesticide free) lettuce for 7 days. The 
filamentous cyanobacterium P. agardhii (strain PMC 75-02) was 
cultured as described in Lance et al. (2006) and produced three MC 
variants. dmMC-LR. dmMC-RR and MC-YR in various proportions. 
as determined by liquid chromatography electrospray ionisation 
tandem mass spectrometry (Lance et al.. 201 0; Neffling et al.. 2010). 
The P. agardhii suspension contained a total concentration of 5 Jl.g 
MC-LR equivalents (MC-LReq) per litre measured by high-pressure 
liquid chromatography with UV diode array detection (HPLC-DAD) 
using the method described in Lance et al. (2006). For dissolved 
MC-LR exposure. purified MC-LR (Alexis Corporation. USA) was 
solubilized with MeOH (1 mL L -1) in dechlorinated water for final 
dissolved MC-LR concentrations of 33 and 100 Jl.g L -1. 

2.2. Experimental setup 

Following acclimatization. snails were divided into six exposure 
groups according to diet and medium: (1) dechlorinated water with 
lettuce ad libitum (CONTR). (2) dechlorinated water without feed
ing (STARV). (3) dechlorinated water containing 33 Jl.g MC-LR L-1 
with lettuce ad libitum (033LT). (4) dechlorinated water containing 
100 Jl.g MC-LR L-1 with lettuce ad libitum (100LT). (5) cyanobac
terial suspension without additional feeding (CYANO). and (6) 
cyanobacterial suspension with lettuce ad libitum (CYALT). Groups 
consisted of 20 individuals kept separately. Medium was renewed 
twice a week. After the exposure period of 5 weeks. snails were 
placed into dechlorinated tap water and fed ad libitum with lettuce 
during 3 weeks (depuration period). 

2.3. Histopathology 

After exposure and depuration periods. four snails were 
removed from each exposure for histological investigations. Snail 
bodies were removed from the shell. and stomachs were taken 
off due to the presence of sand that could impair tissue during 
the sliding process. Possible shell residues on snail bodies were 
dissolved in ethylene diamine tetraacetic acid (EDTA) and pre
pared bodies were fixed in Bouin's fluid for 48 h. Tissues were 
then processed as described in Lance et al. (2007). cut into serial 
6-Jl.m-thick longitudinal sections and stained with Hematoxylin 
& Eosin (H&E) (Martoja and Martoja-Pierson. 1967). Kidney. foot. 
digestive and genital glands were photographed in each section via 
an optic microscope using 40-200-fold magnification. Additional 
quantitative and semi-quantitative parameters were created (see 
MAD LE. MDPC and PUE below) for the pathological evaluation of 
the digestive gland. the only organ presenting significant patholog
ical changes. Employing these parameters. 25 sections from each of 
the four snails per exposure were evaluated in order to qualitatively 
and quantitatively assess MC-induced pathology. 

2.3.1. Mean area of the digestive lobule epithelium (MADLE) 
Variations in the thickness of the digestive lobule epithelium 

were assessed via comparison of the areas of the digestive lobule 
epithelium. determined using microscopic images (magnification: 
100) and the AnalySIS software (Soft Imaging System GmbH. Ger
many). The mean area of the digestive lobule epithelium (MADLE) 
per exposure was determined via averaging the mean area of the 
lobule epithelium from each of the four snails. For each snail. the 
mean area of the lobule epithelium was determined from 25 sec
tions. 
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Fig. 1. Histopathological changes in the digestive gland tissue of Lymnaea stagna/is held in various treatment groups (A=CONTR; B=STARV; C=033LT, D= 100LT; E= CYALT; 
F=CYANO)after 5 weeks of treatment (A, B, C, D, Eand F) and 3 wee ks of depuration (A', B', C, D' , E' and F' ). Sections were stained with H&Eand observed by light microscopy at 
62.5-fold magnification. See Table 1 for abbreviations of treatment groups. Normal structure is given in capital lette rs : BL= basal lamina, er = connective ti ssues, DC = digestive 
ce lls, DL =digestive lobule, L- Iumen, SE = structured epithelium and V=vaclloles; damaged structures are labelled with small le tters : cd =cytoplasmic debris, cl = cell lysis, 
fdc = flattened digestive cells, ibl = impaired basal lamina, idc = impaired digestive cells, idl = impaired digestive lobules, re = regenerating e pithelium and vd c = vacuolated 
digestive cells. 

2.3.2. Mean degree of pathological changes (MDPC) 
Pathological changes observed in the epithelium of diges

tive lobules were classified in four degrees of pathology: none 
(0), mild (1), moderate (2), strong (3) and severe (4). The 
mean degree of pathological changes of the digestive lobules 
determined on 25 sections from each of the four snails per expo
sure, gave a mean degree of pathological changes (MOPC) per 
animal. The mean degree of pathological changes (MOPC) per 
exposure was determined based on the mean value from four ani
mals. 

2.3.3. Percentage of lobules with intact epithelium (PLIE) 
The number of lobules in which MCs have no impact (con'e

sponding to lobules classified as no pathological alteration) was 
determined for each exposure group in order to evaluate the per
centage of lobules with intact epithelium (PUE). From the PUE of 
each of the four snails per exposure group, the mean percentage 
of lobules with intact epithelium (PUE) per exposure was calcu
lated. 

2.4. Immunohistochemistry 

In order to localize covalently bound MCs in snail tissues, four 
individuals, and five tissue sections per individual, from each expo
sure group were immunohistochemically stained for MCs and 
assessed after the exposure and depuration periods. Sections were 
fixed as described above. Immunohistochemical staining was car
ried out according to Ernst et al. (2007). Briefly, tissue sections on 
polylysine-coated glass slides were deparaffinized in 100% xylol, 
rehydrated in descending ethanol concentrations (lOO, 95 and 
70%) and incubated with 1 mg mL - 1 type XIV bacterial protease 
(Sigma- Aldrich, Germany) in PBS at 37 C for 10min for antigen
demasking. Endogenous biotin was blocked using a commercial 
avidin/biotin blocking kit (BioGenex, USA). Slides were further 
blocked with a casein solution (Power Block™, BioGenex, USA) 
for 10 min at room temperature. Rabbit anti MC-LR antibodies 
(#2; kindly provided by Or. John E. Eriksson, Abo Akademi Uni
versity, Turku, Finland) were diluted in Power Block™ (1 :500) 
and applied to the tissue section in a humidified atmosphere for 
16 h at 4 "e. Antigen-antibody complexes were visualized using 



214 

an IgAP-labelled, biotin-streptavidin amplified detection system 
(Super Sensitive™, BioGenex, USA), levamisole block (5 mM in 
MQ water) and Fast Red™ tablets (Roche, Germany). Sections 
were counter stained with Mayer's hematoxylin (Sigma-Aldrich, 
Germany) at room temperature for 6 min, rinsed with tap water 
and preserved using Crystal/Mount™ (Biomeda, USA) and Shan
don Histomount™ (Thermo Electron Corporation, Germany). Due 
to the multiple organic solvent and water washing steps, non
covalently bound MCs were removed. The immunohistochemical 
method therefore detects covalently bound MCs only. 

Immunohistochemically stained slides were microscopically 
examined at 40-200-foId magnification. Digestive lobules, gonadic 
acini, kidney and foot sections were classified to be MC-positive 
when (i) MC-positive areas (recognized as a red colour against 
a blue stained background without unspecific red staining) were 
above background chromogen staining, and (ii) positive staining 
areas were consistently observable in two independently stained 
serial sections from the same tissue sample. Further quantitative 
and semi-quantitative parameters were created in order to evalu
ate the intensity of the MC-intoxication of the digestive and genital 
glands, as these organs showed the most prominent MC-positive 
staining. These parameters (see below) were evaluated based on 
80 digestive lobules and 40 gonadic acini pictures, taken from five 
sections from each of the four snails per exposure using identical 
conditions (i.e., constant 62.5-fold magnification and illumination 
for all acquisitions). 

2.4.1. Semi-quantification of the intensity of MC-i mm uno positive 
staining and percentage of MC-immunonegative digestive lobules 
and gonadic acini (%NoMC) 

Immunopositive staining was ranked by visual assessing as none 
(0), sporadic (+), pronounced (++) and extensive (+++) in order to 
separate degrees of MC-positive staining and to have an overall idea 
of the contamination intensity. The percentage of digestive lobules 
or gonadic acini belonging to each degree was assessed via deter
mining the number of lobules and acini classified in each degree 
divided by the total number of digestive lobules or gonadic acini in 
the tissue section. The percentage of digestive lobules or gonadic 
acini belonging to the degree 0 (MC-immunonegative lobules and 
acini) was particularly investigated and named the %NoMC. 

Table 1 
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Fig.2. Mean area of the digestive lobule epithelium (MADLE) in the digestive gland 
of L stagnalis held in various treatment groups (A = CONTR; B=STARV; C=033LT. 
D=100LT; E=CYALT; F=CYANO) after 5 weeks of treatment (treat) and 3 weeks 
of depuration (depur). The MADLE of control and treated snails were analysed for 
statistical differences using the Mann-Whitney U-test and indicated as * for p < 0.05. 
Values are given as mean ± SE. See Table 1 for abbreviations of treatment groups. 

2.4.2. Quantification of the mean intensity of the MC-positive 
staining (MIMCS) 

The semi-quantitative classification of the MC-positive stain
ing intensity within the digestive and genital glands performed 
by visual assessing and presented above (Section 2.4.1) was com
pleted by a quantitative classification using the image J software 
[Wayne Rasband, National Institute of Mental Health, Maryland, 
USA]. RGB images were converted to C1ELab by means of the "colour 
transformer" plugin [Maria E. Barilla, Electrical and Computer Engi
neering School, The University of Birmingham, UK]. Staining was 
analysed in the "a" component (colour transition from green to 
red). MC-positive staining intensity was determined as average 
pixel intensity over an area with a predefined size kept constant 
for all samples analysed. Individual measurements of each of the 
four snails per exposure group were combined to give the mean 
intensity of the MC staining (MIMCS) per exposure in the digestive 
lobules and gonadic acini. 

Distribution (in percent) of lobules from the digestive gland of L stagnalis according to the degree of pathological changes after 5-week treatment and 3-week depuration in 
various treatment groups (CONTR = control snails fed on lettuce ad libitum; STARV = starved snails; 033LT and lOOLT = snails exposed to, respectively, 33 and 100 fig MC-LR L-l 
with lettuce ad libitum, CYANO and CYALT = snails exposed to MC-producing (5 fig V ') Planktothrix agardhii respectively without and with lettuce ad libitum). 

Medium food Treatment group 

CONTRdwlet STARV dw- 033LT33 fig MC L -llet lOOLTlOO fig MCL -'let CYALTP. agardhiilet CYANOP. agardhii-

Treatment 
o (PUE) 95.21 ± 2.05 75.04 ± 1.38 91.62 ± 4.15 55.34 ± 3.35' 32.81 ± 1.25' 4.41 ± 0.82' 
1 2.90 ± 1.98 9.44 ± 0.72 5.09 ± 1.05 11.41 ± 2.71 14.13 ± 2.29 10.82 ± 2.51 
2 1.90 ± 0.00 9.40 ± 0.85 3.31 ± 0.55 11.44 ± 3.81 17.22 ± 1.81 23.54 ± 1.89 
3 0.00 ± 0.00 3.12 ± 0.67 0.00 ± 0.00 14.90 ± 1.67 20.34 ± 3.92 30.94 ± 3.49 
4 0.00 ± 0.00 3.04 ± 0.05 0.00 ± 0.00 7.02 ± 1.39 15.63 ± 2.62 30.42 ± 2.98 

MDPC 0.12 ± 0.05 0.48 ± 0.15 0.27 ± 0.11 0.88 ± 0.13' 1.74 ± 0.17' 2.73 ± 0.16' 

Depuration 
o (PUE) 91.24 ± 2.86 90.27 ± 2.92 93.51 ± 3.49 87.40 ± 3.21 62.67 ± 3.94' 50m ± 3.69' 
1 7.42 ± 0.48 7.34 ± 1.32 4.35 ± 1.83 4.23 ± 0.40 12.20 ± 1.83 12.23 ± 1.38 
2 1.38 ± 0.27 0.00 ± 0.00 2.15 ± 0.67 3.24 ± 1.05 11.41 ± 0.75 12.52 ± 2.09 
3 0.00 ± 0.00 2.46 ± 0.56 0.00 ± 0.00 5.13 ± 1.43 8.93 ± 1.76 10.85 ± 1.44 
4 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 4.87 ± 0.65 14.50 ± 2.11 

MDPC 0.13 ± 0.02 0.15 ± 0.08 0.11 ± 0.03 0.17 ± 0.05 0.54 ± 0.10' 1.38 ± 0.28' 

dw=deionised water; let=lettuce. 
Pathological changes in lobules were classified as none (0). mild (1). moderate (2). strong (3) and severe (4). Four snails per treatment were assessed. by evaluating 25 sections 
per individual. For each treatment group. the percentage of lobules with intact epithelium (PUE) is presented as mean ±SE. and the mean degree of pathological changes 
(MDPC) is presented as median ± MAD of the four individuals. The PUE and the MDPC of control and treated snails was analysed for statistical differences using the Chi2 test 
and indicated as ' for p < 0.05. 



Fig. 3. Immunohi stochemical dete rmination of microcystin (MC) in the digestive 
gland tissue of L. stagna/is held in various trea tment groups (A = CONTR; B = STARV; 
C=033 lT. D= lOOlT; E=CYAlT; F=CYANO) after 5 weeks of trea tment (A, B, C, D, 
E and F) and 3 weeks of depuration (A', B', C, D', E and F). Sections were stai ned 
using MC-antibodies and obse lved by light microscopy at 62.5-fold magn ification. 
See Table I for abbreviations of treatment groups, MC accumu lat ion dyed red ( light 
colouration is addit ional highlighted by circles). Normal structure is give n in capital 
letters: DC ~ digestive cells, Dl = digestive lobule and l = lumen; damaged structure is 
labelled with small letters: idc = impaired digestive cell s and idl = impaired digestive 
lobules. (For interpretation of the references to colour in this figure legend, the 
reader is refe rred to the web version of the a rticle,) 

2.5. Statistical analysis 

MDPC data are reported as median ± median absolute devi
ation (MAD) of the individual ranks whereas other data are 
reported as mean ± standard error (SE). Datasets were too small 
to allow verification of normal distribution (according to the 
Kolmogornov-Smirnov test) and were thus analysed employing 
non-parametric statistics, i.e., for differences between all the expo
sure groups the Kruskall - Wallis (KW) test for2 by 2 exposure group 
comparisons : 
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Fig. 4. Immunohi stochemical determination of microcystin (MC) in the genital 
gland tissue of L. stagna/is held in various treatment groups (A = CONTR; B = STARV; 
C=033lT, D= IOOlT; E=CYAlT; F= CYANO) after 5 weeks of treatment (A, B, C, 
D, E, and F) and 3 weeks of depuration (A', B', C , D', E' and F' ), Sections were 
stained using MC-antibodies and observed by light microscopy at 62.5-fold magni
fication . See Table I for abbreviations of treatment groups, MC accumulation dyed 
red, Normal structure is given in cap ital le tte rs : GA = gonadic acini , 10 - immature 
oocytes, MO = mature oocytes, IS = immature spermatozoids and MS = mature sper
matozoids; no histopathological damage was de tected in the genital gland. (For 
inte rpretation of the references to colour in this figure lege nd, the reader is referred 
to the web version of the article,) 

(1) the Mann- Whitney U-test for the area of the digestive epithe
lium, the degree of pathological changes and the intensity of 
the MC-positive staining; 

(2) the Chi2 test for the percentage of lobules with intact epithe
lium and the percentage of MC-immunonegative digestive 
lobules and gonadic acini (%NoMC). 

Significant differences were determined at p < 0.05 (indicated 
as *). 
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Table 2 
Distribution (in percent) of lobules from the digestive and the genital glands of L stagnalis according to the degree of MC-immunopositive staining after 5-week treatment 
and 3-week depuration in various groups (see Table 1 for abbreviations). 

Medium food Treatment group 

CONTRdwlet STARV dw 033LT33 fLgMCL -'let 100LTlOO fLg MC L- l let CYALTP. agardhiilet CYANOP. agardhii-

Treatment 
Digestive gland 

o (%NoMC) 95.15 ± 3.71 94.74 ± 2.91 68.67 ± 4.08 25.02 ± 3.39' 0.00 ± 0.00' 0.00 ± 0.00' 
+ 4.90 ± 1.58 5.30 ± 0.95 25.50 ± 1.42 37.52 ± 4.15 18.62 ± 2.87 4.73 ± 0.86 
++ 0.00 ± 0.00 0.00 ± 0.00 5.90 ± 1.47 27.51 ± 2.94 40.63 ± 3.64 4.80 ± 1.09 
+++ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 1.05 10.00 ± 1.07 40.84 ± 3.52 90.52 ± 3.99 

Genital gland 
o (%NoMC) 97.92 ± 3.21 96.75 ± 2.91 95.00 ± 4.83 50.08 ± 3.07' 23.83 ± 2.46' 0.00 ± 0.00' 
+ 2.10 ± 0.76 3.29 ± 0.45 5.00 ± 1.12 21.45 ± 2.00 26.73 ± 3.75 0.00 ± 0.00 
++ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 21.22 ± 1.77 21.54 ± 1.99 4.87 ± 0.76 
+++ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 7.40 ± 0.85 28.04 ± 3.09 95.11 ± 4.39 

Depuration 
Digestive gland 

o (%NoMC) 97.21 ± 4.25 94.90 ± 3.07 89.62 ± 3.05 66.46 ± 3.22 40.00 ± 2.55' 23.50 ± 2.05' 
+ 2.80 ± 0.18 5.10 ± 0.73 5.23 ± 1.27 8.82 ± 1.54 40.64 ± 3.87 46.61 ± 3.19 
++ 0.00 ± 0.00 0.00 ± 0.00 5.18 ± 1.94 20.23 ± 2.95 13.31 ± 1.76 21.00 ± 2.95 
+++ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 4.60 ± 1.35 6.10 ± 0.00 8.88 ± 1.39 

Genital gland 
o (%NoMC) 97.23 ± 4.25 95.82 ± 4.15 95.32 ± 3.33 85.71 ± 2.92 54.52 ± 2.05' 35.70 ± 3.91' 
+ 2.80 ± 0.18 4.19 ± 0.51 4.76 ± 1.87 14.30 ± 0.99 45.52 ± 3.72 64.30 ± 3.54 
++ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 
+++ 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 0.00 ± 0.00 

dw = de ionised water; let = lettuce. 
MC-immunopositive staining was classified as none (0). sporadic (+). pronounced (++) and extensive (+++) by visual assessing. Values are presented as mean ± SE. Four snails 
per treatment were assessed. by evaluating five sections per individual. For each treatment group, the percentage of digestive Acini with no MC (%NoMC) was assessed by 
averaging over the four individuals. The %NoMC of control and treated snails was analysed for statistical differences using the Chi2 test and indicated as 'for p <0.05. 

3. Results 

3.1. Histopathology 

3.1.1. Qualitative description of exposure-induced histopathology 
Pathology in exposed snails was observed only in the diges

tive gland whereas no abnormality was observed in the kidney. 
foot and genital gland. In controls, the digestive gland consists of 
a series of lobules from a single layer of epithelial cells (Fig. 1A 
and N). Epithelial cells in starved snails appeared flattened and the 
lumen of digestive lobules was enlarged compared to controls after 
the 5-week exposure period (Fig. 1B). Snails exposed to 33 J.LgMC
LR L -1 showed slightly increased vacuolization of the digestive cells 
(Fig. 1e). Enhanced vacuolization, and single cell lysis and exfoli
ation into the lobular lumen were observed at 100J.LgMC-LRL-1 
(Fig. 1 D). In contrast, severe necrosis in all digestive lobules, includ
ing alterations of the cell shape, separation of the basal lamina from 
the cell, widespread cell lysis with release of cytoplasmic content 
into the lobular lumen (Fig. 1 E), was noted in snails exposed to MC
producing (5 J.LgMC-LReq. L -1) P. agardhii with lettuce. The latter 
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pathology was more pronounced in severity in snails exposed to 
P. agardhii without lettuce, culminating in almost complete loss of 
digestive gland tissue integrity (Fig. 1 F). 

Following the 3-week depuration period, the digestive gland of 
starved snails recovered (Fig. 1 B'). Similarly, most digestive lobules 
of snails previously exposed to MC-LR appeared normal albeit some 
lobules still contained vacuolated or exfoliated cells (Fig. 1(' and 
D'). However, necrotic changes in snails previously exposed to toxic 
P. agardhii were still observable although they were less abundant 
than at the end of the exposure period (especially for snails that 
ingested lettuce with cyanobacteria) (Fig. 1E' and F'). 

3.1.2. The mean areas of digestive lobule epithelium (MADLE) 
Snails exposed to 33 J.Lg MC-LR L -1 and controls had comparable 

MAD LE. In contrast, in all other exposure groups, snails showed sig
nificantly reduced MADLE (Fig. 2), compared to the corresponding 
controls, particularly those exposed to P. agardhii without lettuce. 
At the end of the depuration period, the areas of the digestive 
epithelium of exposure groups were comparable to those of the 
controls (Fig. 2). 

Intensity of MC-immunopositive staining in lobules from the digestive and genital glands of L stagnalis according to the after 5-week treatment and 3-week depuration in 
various groups (see Table 1 for abbreviations). 

Medium food Treatment group 

CONTRdwlet SfARVdw- 033LT33 fLgMCL-'Iet 100LT33 fLg MC L -I let CYALTP. agardhiilet CYANOP. agardhii-

Treatment 
Digestive gland 6.28 ± 0.85 8.02 ± 0.71 19.51 ± 1.65 38.02 ± 2.56 70.24 ± 2.88 91.60 ± 4.70 
Genital gland 5.64 ± 1.01 5.37 ± 2.22 13.94 ± 2.14 26.95 ± 2.55 49.23 ± 3.69 68.64 ± 4.93 

Depuration 
Digestive gland 4.50 ± 1.04 6.44 ± 1.67 10.10 ± 0.94 17.33 ± 1.08 36.25 ± 3.19 63.52 ± 3.65 
Genital gland 3.69 ± 0.33 5.19± 1.49 7.44 ± 0.49 8.64 ± 0.48 15.91 ± 1.67 27.42 ± 4.20 

dw = de ionised water; let = lettuce. 
Values assessed with the Image] software are presented as mean ± SE. Four snails pertreatment were assessed, by averaging five sections per individual. The mean intensity 
of MC-positive staining (MIMCS) was assessed by averaging over the four individuals per treatment. 



3.1.3. Percentage of Lobules with Intact epithelium (PUE) and 
mean degree of pathological changes (MDPC) 

The PUE and MOPC of starved snails or those exposed to 33 /Lg 
MC-LRL-1 were comparable to those recorded in control snails. 
Concurrent with the pathology observed in the digestive lobules 
of snails exposed to the 100 /Lg MC-LR L -1 and especially in snails 
exposed to toxic P. agardhii, a significant decrease of PUE and 
an increase of MOPC were observed (Table 1). Accordingly, snails 
exposed to toxic P. agardhii without lettuce had the lowest PUE and 
the highest MOCP. At the end of the depuration period, only snails 
previously fed on toxic P. agardhii showed a significantly decreased 
PUE and an increased MOCP when compared to the corresponding 
controls (Table 1 ). 

3.2. MC-immunohistology 

3.2.1. MC localization in L. stagnalis 
Control snails (CONTR and STARV) showed a negligible amount 

of background and thus false-positive MC-immunostaining (Fig. 3A 
and B), while snails exposed to either P. agardhii suspension 
(CYANO and CYALT) or dissolved MC-LR (033LT and 100LT) 
showed a strong (far above background) MC-immunopositive 
staining (Figs. 3 and 4). At the end of the exposure period, MC
immunopositive staining was primarily observable in the lumen 
of digestive lobules and in digestive cells (Fig. 3), in the lumen of 
genital glands (i.e., oocytes, spermatozoids; Fig.4), and in the diges
tive tract (i.e., pro intestinal lumen), and was co-localized with the 
histopathological changes observed. In comparison, snails exposed 
to dissolved MC-LR had a lighter MC-immunopositive staining, pri
marily localized in the vacuoles of digestive cells (Fig. 3C), in the 
lumen of several isolated groups of digestive lobules (Fig. 30), 
in spermatozoids (Fig. 4C) and oocytes (Fig. 40) of few gonadic 
acini, whereas widespread and intense MC-immunopositivity 
was observed in snails exposed to toxic P. agardhii, including 
strong staining in the cytoplasm of digestive cells of all diges
tive lobules (Fig. 3E and F), and in spermatozoids and oocytes 
of gonadic acini of the whole genital gland (Fig. 4E and F). MC
immunopositivity was also observable in the same locations after 
the depuration period, however, with a much lower intensity 
(Figs. 3 and 4). 

3.2.2. Distribution of digestive lobules and gonadic acini 
according to the degrees of MC-positive staining 

The MC-positive staining was visually classified in 4 degrees, 
from degree 0 to degree 3. Snails exposed to high MC-LR con
centrations (100LT) showed digestive and genital glands with 
significantly smaller percentage of digestive lobules and gonadic 
acini without MC-immunopositivity (%NoMC, degree 0) than con
trol and starved snails (25.0 ± 3.4% vs. 95.1 ± 3.7% and 94.7 ± 2.9%) 
(Table 2). When exposed to P. agardhii (either CYANO and CYALT) 
snails had zero MC-immunonegative acini in the digestive gland, 
and only few in the genital gland (up to 23.8±2.5% with let
tuce), thus presented the lowest %NoMC. Accordingly, 90.5 ± 3.9% 
of digestive lobules and 95.1 ± 4.4% of gonadic acini were classified 
in the degree 3 of impairment for snails exposed to P. agard
hii alone, whereas only respectively 10 ± 1.0% and 7.4 ± 0.8% for 
snails exposed to high MC-LR concentrations (100LT) and none for 
snails exposed to low MC-LR concentrations (33LT) (Table 2), cor
responding with the observations on PUE and MOCP. At the end of 
the depuration period, control snails and snails originally exposed 
to dissolved MC-LR had a similar %NoMC in digestive and geni
tal glands, whereas snails originally exposed to toxic P. agardhii 
showed a residual significantly lower %NoMC (Table 2). Neverthe
less, up to 46.6 ± 3.2% of digestive lobules and 64.3 ± 3.5% of gonadic 
acini of snails originally exposed to toxic P. agardhii were classi
fied in the degree 1 of impairment, and only respectively up to 
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8.9 ± 1.4% and none in the 3rd degree, suggesting a partial recovery 
(Table 2). 

3.2.3. Mean intensity of the MC-positive staining (MIMCS) 
The MIMCS was assessed by a software analysis. Snails exposed 

to either toxic P. agardhii or dissolved MC-LR showed significantly 
higher MIMCS in digestive and genital glands than controls after 
both exposure and depuration periods. Moreover, snails exposed 
to toxic P. agardhii presented significantly higher MIMCS in both 
glands than snails exposed to dissolved MC-LR (Table 3). 

4. Discussion 

Particles ingested by gastropods are ground in the gizzard and 
only particles ::::4/Lm pass toward the digestive gland, the others 
are compacted in the gizzard string fraction of faeces and directed 
toward the prointestine (Carriker, 1946). The digestive gland of 
gastropods consists of a series of lobules from a single layer of 
cells containing digestive cells, excretory cells, immature cells and 
stem cells (Carriker, 1946; Charrier, 1995). It is the primary site 
of secretion, intracellular (lysosomal) digestion, assimilation, accu
mulation, detoxification and metabolism (Charrier, 1995). Food 
material is engulfed via phagosomes by the digestive cells and 
digested in lysosomes. Nutrients are used directly within the cells 
or distributed systemically via the hemolymph system, whereas 
residues are excreted into the lobular lumen, then compacted in the 
digestive gland and excreted as faeces via the prointestine. Based 
on the observations in the present and previous studies (Lance et 
aI., 2006; Zurawell et aI., 2006), the digestion of whole filaments 
of P. agardhii containing MCs in L. stagnalis may occur according to 
the following routes: 

(1) a disruption of cyanobacterial filaments occurs in the gizzard 
(Carriker, 1946) and a fraction of the released MCs is eliminated 
in the gizzard string fraction of the faeces (Zurawell et aI., 2006); 

(2) the other fraction of MCs is taken up by the digestive gland 
cells via phago-lysosomal uptake, or possibly if dissolved, via 
direct oatp (organic anion transporting peptide) family mediate 
transport. 

Indeed, following 5-week exposure to MC-producing (5 /LgL -1) 
P. agardhii, the digestive gland of the gastropod L. stagna lis had 
severe histopathological changes (e.g., widespread cell lysis and 
necrosis) co-localized with a strong presence of covalently bound 
MCs. Similar pathological changes have already been described 
for L. stagnalis exposed to dissolved MC-LR (Zurawell et aI., 2007) 
and fish fed with MC-producing cyanobacteria (Malbrouck and 
Kestemont, 2006; Ernst et aI., 2007; Li et aI., 2007). In mammalian 
and fish cells competent for MC uptake (e.g., hepatocytes and renal 
proximal cells), MCs form non-covalent and covalent interactions 
with the target enzymes PPs (PP1, 2A, 4, and 5). These interac
tions inhibit the catalytic subunits of the PPs thereby resulting in 
disorganization of cellular architecture and degeneration usually, 
followed by cell death (for reviews: Oietrich and Hoeger, 2005; 
Hastie et aI., 2005; Malbrouck and Kestemont, 2006). In the study 
presented here, the co-localization of covalently bound MCs and 
digestive lobules presenting severe pathological changes (incl. cel
lular lysis and exfoliation) suggests MC-mediated PP inhibition in 
the digestive gland of L. stagnalis exposed to MC-producing P. agard
hit However, as MCs are known to covalently bind to PPs via the 
dehydroalanine moiety of MCs to the sulfhydril group of cysteine 
or methionine, MC covalent binding to peptides and proteins other 
than serine/threonine PPs cannot be excluded. 

Over the 3-week depuration period, the necroses in the diges
tive gland of L. stagna lis exposed to toxic P. agardhii were partially 
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reversible. At least some MC elimination appeared to have occurred 
as the MC-immunopositive staining was decreased at the end of the 
3-week depuration period when compared to the intensity and area 
of MC-immunostaining observed at the end of the 5-week expo
sure period. A partial elimination of bound MCs (Le., from 0 to 59% 
of bound MCs that were accumulated at the end of the exposure 
period according to treatments) was also observed in a recent study 
in which we determined the amount of bound and free MCs in L. 
stagnalis exposed to P. agardhii (producing 5 and 33 fig MCs L -1 ) 
with or without lettuce (Lance et aI., 2010). Elimination of cova
lently bound MCs may occur via detoxification pathways (e.g., via 
dissolution of the covalent bond and conjugation to glutathione 
(Ptlugmacher et aI., 1998)) and/or via degradation and consequent 
elimination of damaged cells. Several observations support the 
latter hypothesis since: (i) the covalent binding of MCs to PPs is 
known to be irreversible (for review: Dietrich and Hoeger, 2005), 
and (ii) the presence of regenerating lobules after depuration sug
gests the elimination of impaired cells [in the lumen of acini or 
by macrophages (Henry, 1987)J before the restoration of digestive 
epithelium from stem cells. The immature cells sequentially replace 
the digestive cells in normal conditions, whereas stem cells, highly 
protected, are capable of regenerating the epithelium in case of 
acute stress (Henry, 1987). 

In contrast to the exposure to whole P-agardhii filaments, expo
sure of L. stagnalis to dissolved MC-LR (33 and 100 fig L -1) induced 
little to no adverse effects. The low degree of pathology observed 
coincided well with the weak signal of MC-immunopositive stain
ing observed. These results are in accordance with a recent study 
in which we demonstrated an accumulation of bound and free 
MCs by L. stagnalis when exposed to P. agardhii (producing 5 and 
33 figMCsL-1), whereas only limited accumulation of free MC-LR 
was noted when snails were exposed to dissolved MC-LR (33 or 
100figL-1) (Lance et aI., 2010). Moreover, the latter results are 
corroborated by earlier findings demonstrating that more severe 
adverse effects are noted in gastropods exposed to MCs by grazing 
on toxic cyanobacteria than by uptake of dissolved toxins, which 
may occur via oral water uptake or transintegumental penetration 
(Kotak et aI., 1996; Zurawell et aI., 1999; Kinnear et aI., 2007; Lance 
et aI., 2006, 2008). 

When considering the rate of water ingestion of L. stagna lis (De 
With, 1996), the 5-week exposure period with 100MC-LRfigL-1 
could result in an overall ingestion of approximately 2 fig of MC-LR. 
A similar value is obtained during the 5-week exposure of L. stag
nalis to P. agardhii producing 5 fig MC-LReqL-1 (with dmMC-LR, 
dmMC-RR and MC-YR) (Lance et aI., 2006). Thus theoretically both 
exposure pathways should lead to a similar "internal" exposure to 
MCs. However, the much lower degree of adverse effects observed 
during the exposure to dissolved MCs compared to cyanobacterial 
ingestion strongly suggests that less MCs were taken up dur
ing the dissolved MC exposure. The difference may be explained 
by: 

(1) a difference in cumulative uptake amongst the two different 
exposure scenarios. Indeed, based on the physiological and 
anatomical features of L. stagnalis, grazed food is slowly ground, 
divided and passed through the digestive tract and excreted as 
fecal pellets. This process takes much longer than the rather 
rapid passing of dissolved matter through the digestive tract. 
Thus it is most likely that the food residual time is decisive for 
the uptake ofMCs, Le., the longer the residual time in the diges
tive tract the higher the quantity taken up by the digestive cells. 
The latter interpretation is corroborated by findings reported 
by Tencalla et al. (1994) who demonstrated that rainbow trout 
intra-peritoneally injected with MC-LR or orally gavaged with 
M. aeruginosa suspension containing MC-LR developed hepatic 
and renal pathology, whereas trout gavaged with dissolved MC-

LR or exposed to dissolved MC-LR in the ambient water did not 
present any pathological changes. 

(2) a difference in toxicity of the various MC variants produced by 
P. agardhii. Indeed, the P. agardhii strain used in this study pro
duced three MC variants (dmMC-LR, dmMC-RR and MC-YR) in 
various proportions. However, we previously observed that L. 
stagnalis accumulated a low amount of MCs when exposed to 
the same P. agardhii strain producing 33 fig MC -LReq L -1 with 
90.5% of dmMC-RR, whereas accumulated 8.2 times more free 
MCs (and 7.3 times more bound MCs)when the same cyanobac
terial strain contained 33 fig MC-LReq L -1 with 64.7% of MC-YR 
(Lance et aI., 2010). In their review, Dietrich and Hoeger (2005) 
suggest that minor structural changes between MCs congeners 
may have major effects on uptake (e.g., different affinities to 
the oatps that allow MCs to penetrate across cell membranes), 
metabolization and excretion of MCs. Indeed, the assumed MC 
congener specific transport and ensuing toxicity was recently 
demonstrated by Fischer et al. (2010). Thus MC-YR might (i) 
more easily penetrates in digestive cells, and/or (ii) more eas
ily links to Ppases, and/or (iii) fewer links with detoxification 
enzymes, than MC-LR and the other MCs congeners produced 
by P. agardhii (dmMC-LR and dmMC-RR). Moreover, the mul
tiple compounds produced by cyanobacteria (identified toxins 
or not) might play a role in this difference of impact between 
crude extracts of cyanobacteria and purified toxins. Differences 
in mechanisms involved in toxicity in relation with MC variants 
and between ingestion of cyanobacterial cells vs. purified MCs 
require further studies. 

4.1. Consequences on L. stagna lis 

Our study is the first study comparing histopathological impacts 
of the two major intoxication routes for gastropods, already known 
to induce differences in MC accumulation, Le., 1300 times more 
important in L. stagnalis after ingestion of toxic cyanobacteria than 
after dissolved MC-LR exposure (Cerard et aI., 2005; Lance et aI., 
2006). Both exposure routes are also known to cause adverse effects 
on life-history traits (Le., decreased fecundity and growth) ofL. stag
nalis (Cerard et aI., 2005; Lance et aI., 2007), due to the direct toxic 
effect of MCs on target cells (e.g., destruction) and/or the indirect 
energy trade-offs induced by higher energy demand for coping with 
toxic stress (e.g., cell restoration via activities of the stem cells, MC
detoxification processes). The stressful effect ofMCs may thus alter 
the energy balance, as shown by Juhel et al. (2006) for zebra mus
sels exposed to toxic M. aeruginosa. We found that snails exposed to 
MC-LR or to toxic cyanobacteria showed a diminution ofthe diges
tive epithelium area, as happened during starvation. Indeed, the 
digestive epithelium contains glycogen stores that can be mobi
lized by L. stagna/is during starvation (Livingstone and De Zwaan, 
1983), inducing a reduction in its area, reversible when snails were 
fed on lettuce again. 

Moreover, whatever intoxication route, MCs occurred in the 
genital gland including spermatozoids and oocytes (immature or 
mature). The genital gland is known to be the second major site 
of MC accumulation in gastropods after the digestive gland (Chen 
et aI., 2005; Xie et aI., 2007; Zhang et aI., 2007). However, pro
cesses by which MCs pass from the digestive system to the genital 
gland are unknown but most likely involve hemolymph transport. 
It suggests that MCs are also excreted via the basal membrane of 
the digestive cells into the hemolymph and the hemocoel either as 
parent compound or metabolite and thus can be taken up by the 
reproductive organs. The spermatozoids and oocytes contaminated 
during gametogenesis in the genital gland are therefore likely to be 
either irreversibly damaged or viable but with dysfunctions. This 
could explain the decrease in the number of eggs laid or in the pro
portion of successfully developed surviving 15-day old snails, both 



observed in L. stagna lis when parents have been exposed to toxic 
cyanobacteria or dissolved MC-LR (Gerard et aI., 2005; Lance et aI., 
2007; Lance et aI., in preparation). 

In the field, freshwater gastropods may experience chronic 
ingestion of toxic cyanobacteria potentially producing different 
MC variants during the proliferation period, and acute exposure 
to extracellular MCs at the end of this period (Zurawell et aI., 
1999; Xie et aI., 2007; Zhang et aI., 2007). Consequently both intox
ication routes potentially have a negative impact on gastropod 
communities, particularly in case of recurrent toxic cyanobacteria 
proliferations as demonstrated in the field by Gerard et al. (2008, 
2009). Due to the key role of gastropods in structuring freshwater 
communities as herbivorous grazers and preys of numerous preda
tors (Dillon, 2000; Kerans et aI., 2005), this negative impact of toxic 
cyanobacteria on gastropods may have potential cascading effects 
on the eqUilibrium and functioning of ecosystems. 

4.2. Conclusion 

In conclusion, this study confirms the hypothesis of a negative 
impact of proliferations of toxic cyanobacteria on gastropod pop
ulations in the field due to adverse effects observed on the health 
and reproduction of snails during MC accumulation, mainly after 
ingestion of toxic ceUs and to a lesser extent by exposure to MCs 
dissolved in the medium. The effects of chronic exposure to toxic 
cyanobacteria that we observed at the individual level (survival, 
growth and reproduction) or sub-individual level (Le., histologi
cal damages) remain to be investigated at the population level via 
both field (Le., long-term studies in contaminated fresh waters) and 
modeling studies (Le., impact on population dynamics depending 
on life-history strategies of the species). 

Moreover, results presented in this study on the presence of 
covalently bound MCs in gastropod tissues illustrate the necessity 
to consider total and not only free MCs to properly assess the risk 
of toxin transfer to higher trophic levels. Concerning the covalent 
complex MC-PPs, its toxicity and bioavailability forthe next trophic 
level still require to be elucidated. 
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