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Mass occurrences of cyanobacteria, due to their inherent capac-
ity for toxin production, specifically of microcystins (MC), have
been associated with fish kills worldwide. The uptake of MC-LR
and the sequence of pathological and associated biochemical
changes was investigated in carp (Cyprinus carpio) in vivo over
72 h. Carp were gavaged with a single sublethal bolus dose of toxic
Microcystis aeruginosa (PCC 7806) amounting to an equivalent of
400 ng MC-LR/kg body wt. Damage of renal proximal tubular
cells and hepatocytes was observed as early as 1 h, followed by
pathological changes in the intestinal mucosa at approximately
12 h postdosing. These alterations were characterized in hepato-
pancreas by a dissociation of hepatocytes, an early onset of apo-
ptotic cell death, and delayed cell lysis. In the renal proximal
tubules (P2) observations included increased vacuolation of indi-
vidual tubular epithelial cells, apoptosis, cell shedding, and finally
proteinaceous casts at the cortico-medullary junction. Concur-
rently with the pathological alterations, MC-immunopositive
staining was observed in hepatocytes and the proximal tubular
cells; the staining increasing in the hepatopancreas in intensity
with increasing time postdosing. The presence of apoptotic cell
death was determined using in situ fragment end labeling (ISEL)
of the respective tissue sections and agarose gel electrophoresis for
detection of DNA-laddering. The analysis of carp tissue extracts
(hepatopancreas, kidney, Gl tract, skeletal muscle, brain, heart,
spleen, and gills) demonstrated MC-LR adducts having molecular
weights of 38 kDa (putatively catalytic subunit of protein phos-
phatases-1 and -2A) and 28 kDa, respectively. An additional band
was found to be present at 23 kDa in both hepatopancreas and
kidney. The present data demonstrate that, in comparison to the
pathological events in salmonids exposed to MC, where a slower
development of pathology and primarily necrotic cell death pre-
vails, the pathology in carp develops rapidly and at lower toxin
concentrations. This is most likely due to a more efficient uptake
of toxin, while the mechanism of cell death is primarily apoptosis.
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Toxic cyanobacterial (blue—green algal) blooms have bet
associated with the occurrence of fish kills primarily in fresh
water but also in the marine environment (Schwimmer ar
Schwimmer, 1968; Pefialozet al., 1990; Anderseret al.,
1993; Rodgetet al., 1994; Devidze, 1998). One of the major
cyanobacterial toxin classes involved in these fish kills are tt
microcystins (MC), which are produced by several blue—gree
algal taxa (Watanabet al., 1996; Carmichael, 1997). These
monocyclic heptapeptide molecules contain bothand p-
amino acids and an unusual hydrophoBiamino acid com-
monly termed ADDA (3-amino-9-methoxy-2,6,8-trimethyl-
10-phenyldeca-4,6-dienoic acid). In many of the 50 known M
congeners, the five-amino acid moieties are maintained while
the twoL-amino acids are variable (Botesal.,1985; Rinehart
etal.,1994). MC-LR, containing-Leu andL-Arg is one of the
most commonly occurring (Watanalee al., 1996) and, at the
same time, among the most toxic congeners (Rinediaal.,
1994).

Analysis of feral fish kills suggested that mostly cyprinic
species and to a lesser extent percids, esocids, and salmol
are affected by toxic cyanobacterial blooms (Table 1). Th
guestion therefore was raised, why cyprinids appear mo
susceptible for cyanobacterial intoxications than other class
of fish. One important aspect may be that toxic cyanobactel
need to be ingested in order to induce damage (Tencalla &
Dietrich, 1997; Fischeet al., 2000). Cyprinids are generally
speaking omnivorous, but obligate herbivorous and cyanobe
terivorous members are also known (Winfield and Nelsol
1991). In contrast, salmonids take up cyanobacteria involu
tarily. Therefore, the observation that primarily cyprinid spe
cies are affected by toxic cyanobacterial blooms may be jus
guestion of the amount of toxin that is ingested, rather than
species-specific effect.

A comparison of rainbow trout and carp gavaged witl
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TABLE 1
Some Species Reported Involved in Fish Kills Occurring during Episodes of Massive Cyanobacterial Blooms

Family Species Habitat Diet Reference
Cyprinidae Tench (Tinca tinca) Larvae, worms, molluscs Stadelmann (1984)
(bottom-feeders)
Bream (Abramis brama) Slow-flowing or Zooplankton, insects, larvae, Stadelmann (1984), Lindholm
stagnant waters molluscs, plant material (personal communication)
Roach (Rutilus rutilus) Zooplankton, insects, larvae, shrimp, Stadelmann (1984), Lindholm
molluscs (personal communication)
Carp (Cyprinus carpio) Zooplankton, insects, larvae, Pefialozeet al. (1990)
molluscs, plant material
Percidae Perch (Perca fluviatilis) Slow-flowing waters Larvae, worms, molluscs, fish Stadelmann (1984), Lindholm
(personal communication)
Esocidae Pike (Exox lucius) Lakes Voracious carnivore: frogs, birds, fish, Stadelmann (1984), Lindholm
aquatic animals (personal communication)
Salmonidae Stint (Osmerus eperlanus) Coastal waters, Insects, worms, small fish, drifting Stadelmann (1984)
breed in freshwater animals
Coregonid (Coregonus albula) Lakes Mainly plankton (14% can be Lindholm (personal communication)
molluscs and insects)
Brown trout (Salmo trutta) Lakes Insects, worms, small fish, drifting
animals
Atlantic salmon (Salmo salar) Coastal waters, Zooplankton, worms, molluscs, insect Tencalla (1995)
breed in freshwater larvae, algae when young

# With permission.

trout (Table 2). Again, the question may be raised whether tlégposed animals, would be expected to occur much earlier
susceptibility is a mere dose effect, i.e., the amount of toxgarp than in rainbow trout. Death of the fish is assumed
taken up from the gastrointestinal tract (Gl) during Gl passagesult from the extensive liver damage (see below) rather th
of the bolus dose. Indeed, the latter is strongly suggested by fr@m an hypovolemic shock as indicated in mammals (R&ber
fact that identical intraperitoneal bolus doses of MC (2D et al., 1991; Tencalleet al., 1994).

MC per kg) lead to mortality in carp and rainbow trout within Rainbow trout gavaged with lyophilized cyanobacteNa-(

a comparable time frame, i.e., within 24 h (Rabewmghal., crocystis aeruginosastrain PCC 7806) at acutely toxic doses
1991; Tencallaet al.,1994), while an oral dose of 550 MC  of 5700 ug MC per kg body wt, revealed a time-depender
per kg in rainbow trout resulted in no mortality at all (Tencallaiscernible inhibition of hepatic protein phosphatases-1 ar
et al., 1994). If, therefore, the species difference in susceptRA and the concurrent induction of hepatocyte necrosis, al
bility of rainbow trout and carp were due to differing uptakexpressed as increased plasma LDH, GOT, and GTP lev
capacities of MC in the gastrointestinal tract, one would hay&encalla and Dietrich, 1997), MC-immunopositivity in the
to expect the same type of pathology in carp and in rainbawytoplasm as well as the nuclei of hepatocytes, apoptotic ¢
trout when given an identical dose of toxin or cyanobacteridkath as of 48 h following gavage, and death evolving withi
lyophilisate. However, the pathological changes, appeari@g h (Fischeet al.,2000). If indeed the higher susceptibility of
primarily in the liver and only secondarily in the kidney ofcarp to MCs is a question of toxicokinetics and not of toxico

TABLE 2
Toxicity of Microcystin-LR to Carp and Trout

Trout Carp
Algae Toxin Liver Lethality to Liver Lethality to
Toxin (mg/kg bw) (ng/kg bw) damage treated fish n damage treated fish n
MC-LR 1440 6600 Severe Within 72-96 h 18 Severe Within 10 h €
370 1700 None None 18 Severe Within 24-48 h 18

Note.Toxicity to carp (Cyprinus carpio) and trout (Oncorhynchus mykiss) of microcystin-LR (MC-LR) contained in the cyanoldicteriystis aeruginosa
PCC 7806. Testing was carried out with freeze-dried material suspended in dechlorinated water via orahgavagieer of fish per treatment group; bw, body
weight. From Tencalla (1995) with permission.



75

dynamics, then the same pathological changes as describeghinples using agarose gel electrophoresis, where the presence of DI

the rainbow trout should be observed, albeit at an earlier tirfifdders. i.e., high-molecular-weight DNA fragments, and DNA-smears we
c?nsmered indicative of apoptosis and necrosis, respectively. Small piec

point. If, however, the pathological changes in rainbow tror;Oﬁ g) of hepatopancreas were homogenized 1:5 in ice-cold TBE-buffer (:

and carp are dissimilar, then the difference in susceptibiliy Tris-base, 89 mM boric acid, 10 mM EDTA) using six strokes at full

may be related to cellular toxicodynamics. speed of a Potter—Elvehjem homogenizer. Cellular debris was centrifuged
In order to better understand the effects of MCs in carp$ min at 20,000gand 4 C. After homogenization and centrifugation of

year”ng carp were administered acutely toxic doses of tﬁépatopancreas tissue, the DNA was precipitated frompdSQipernatant by

_ - A . . addition of 1 ml cold ethanol (—20 C) and % sodium acetate (3 M) and
MC-producing cyanobacteriMicrocystis aeruginosaPCC stored at—20 C until further extraction for analysis on agarose gels. Briefly

780_6 via gavage. The presence of .MC was monitored immyz sample was digested repetitively with proteinase-K and RNAse, and DN
nohistochemically with anti-MC antibodies in the hepatopamsas extracted with the phenol/chloroform method and separated on 1.

creas and kidney and in tissue homogenates of various othearose gels. After staining with ethidium bromide, DNA bands in the gel we!
organs using Western blotting. The levels of MC present in tiigualized by UV illumination (312 nm) and photographed.
kidney and hepatopancreas was Compared to the degree Western blot analysis. The presence of MC-LR in carp tissues was ana

pathological changes observed in a time-dependent manner/3fc Using Western blot analysis. Carp tissue samples (hepatopancreas,
niey, Gl tract, muscle, brain, heart, spleen, and gills) were homogenized in

addition, the form of cell death (necr05|s VS. apopt03|s) WP ice-cold extraction buffer (10 mM Tris, pH 7.5; 140 mM NaCl; 5 mM
characterized using pathomorphological assessment, hi$toTA; 1 mM PMSF; 1 mM DTT; 1% Triton X-100) per gram tissue using a
chemistry viain situ-end-labeling (ISEL), and DNA agarosePotter—Elvehjem homogenizer and six strokes at full speed. Coarse debris \
ge| electrophoresis (DNA-Iaddering). pelleted by gentrn‘ugatlon for 10 min at SQO@@d 4 C. The protein contents
of the resulting supernatant were determined and the supernatant was su
quently frozen at-=80 C until further analysis. Proteins (§0y/lane) of the
MATERIALS AND METHODS various carp tissues were separated using 12% SDS-PAGE in a stanc
fashion. Following electrophoresis, proteins were blotted onto nitrocellulos
Fish. Yearling carp (Cyprinus carpio, r= 30) with a mean weight of membranes and probed with a rabbit anti-MC affinity purified polyclona
21+ 6 g, were purchased from a local fish hatchery. The carp were kept aatibody (Mikhailovet al., submitted for publication). The secondary antibody
water temperature of 15 C in dechlorinated tap water under continuous a&tas an alkaline phosphatase-conjugated sheep anti-rabbit antibody (Ro
tion. Feeding of pellet food at a rate of 1% of the body weight per day w@lochemicals, Germany) while FastRed (F-4648, Sigma) was used as ch
terminated 2 days before initiation of the experiment. mogen.
Prior to bolus application, fish were anesthetized with tricaine (200 mg/liter
ethyl 3-aminobenzoate methanesulfonate, Fluka, Switzerland). The bolus dose
of approximately 0.5 ml suspension of freeze-drdaeruginosan dechlo- RESULTS
rinated tap water, amounting to an equivalent of 4@MC-LR per kg body
wt, was directly applied into the fish stomachs using blunt-tip gavage syringstortality and Gross Morphology
(Asic, Denmark). Three test and two control fish were killed at 1, 3, 12, 24, 48,
and 72 h after bolus dosing and tissue samples (hepatopancreas, kidney\O fish died during the initial gavaging with MC-containing
muscle, Gl tract, brain, heart, spleen, and gills) were collected for subsequeyanobacterial suspension or throughout the subsequent 7
histopathological, immunohistochemical, and/or Western blot analysis as welst period. Visual inspection of the gastrointestinal tract at tt

as for DNA extraction (DNA-laddering). intermittent sampling time points (1, 3, 12, 24, and 48 h) an

Histopathology. Tissue samples were routinely fixed in 4% neutral buff-, : : .
ered formalin for several hours, dehydrated, paraffin-embedded, and archivaetd.termlnatlon of the experiment at 72 h demonstrated a pr

Sections of 3-5um were mounted on aminopropyltriethoxysiIane-coatet(saradlent yeIIOW|Sh discoloration in hepatopancreas of treats

slides (APTS, A-3648, Sigma). Following deparaffinization in xylene, sectioffiSh with increasing time postdosing. No overt gross patholo
were rehydrated, stained with hematoxylin and eosin (H & E), and mountégial changes could be observed in any of the other organs.
with Crystal/Mount (Bigmeda) for later pathological assessment.

Immunohistochemistry. Sections of paraffin-embedded tissues WerHistopathology
deparaffinized as described above, rehydrated, and incubated with type XIV
bacterial protease (P-5147, Sigma) in PBS for antigen retrieval at 37 C for 15Control carp presented with normal histology (Figs. 1A, 1D
min. Endogenous peroxidase was blocked with 3%@4or 15 min. Endog- 2A, and 2D). In contrast, carp gavaged with toxic cyanoba1

enous biotin was blocked with a specific avidin/biotin blocking kit (Vector), _ . . . .
Rabbit anti-MC-LR antibodies (Mikhailoet al., submitted for publication) tera, presented with path0|Oglcal Changes In hepatopancre

were applied in a humidified atmosphere for 16—20 h at 4 C. Antigen—primaque.y' and _gastr_ointestinal '[I‘?.Ct, which increased in severi
antibody complex visualization was achieved using biotin-conjugated secoMdith increasing time postdosing (Table 3), as presented
ary antibodies (multi link, BioGenex), horseradish peroxidase-labeled streptfetail below. All other tissues examined (muscle, brain, hea

vidin, and DAB-chromogen (Super Sensitive, BioGenex). Sections were cotgmeen and gillS) did not present with any pathologice
terstained for 15 s with hematoxylin, rinsed in tap water, and mounted Wighangés

Crystal/Mount (Bigmeda).
Detection of apoptotic/necrotic cell death.Detection of apoptotic nuclei/
bodies in paraffin-embedded tissue sections was achieved by evaluatiod §iPatopancreas

nuclear morphology in H & E stained tissue sections and by histochemical Alterati in th tructural izati fh t t
ISEL of DNA. The latter was performed using ansitu DNA-fragment end erauons In the structural organization of hepatocyte

labeling kit (FragEL, Oncogene) according to the manufacturer’s instructiod€r€ .o.bserved 1 h after gavage. These alt.erations appeare
Apoptotic cell death and necrosis were distinguished in hepatopancrds® initially restricted to the pericentral region of the hepatc
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pancreas (Fig. 1B). With increasing time, hepatopancreas dam-H & E-stained hepatopancreas (Fig. 1G and inset) ar
age became more conspicuous and involved larger areas ofkitmey sections (Fig. 2B and inset) as of 12 h and 1 h pos
hepatopancreas. Pathology was characterized by a time-depising, respectively. Histochemical ISEL corroborated the ol
dent rounding of hepatocytes, including condensed cytoplassesvations made in the H & E sections in that ISEL-positiv
and contact loss between hepatocytes (Figs. 1B and 1C). B&ining was found in the nuclei of hepatocytes as of 12
tween 1 and 24 h after gavage, the latter changes becgmoestdosing (Fig. 1H). ISEL-positive staining increased in in
progressively more conspicuous and dispersed throughout thesity, reaching the highest levels at 72 h postdosing (Table
hepatopancreas (Table 3). An apparent lysis of hepatoctg. 1l, and inset). In carp kidneys, histochemical ISEL wa
membranes (necrotic cells) was observed to begin as of 4®dsitive as of 3 h on. The highest intensity of ISEL-positive
postdosing. In many cases this was associated with the appstaining was reached at 12 h (Fig. 2C) after which stainin
ance of pyknotic/apoptotic nuclei (Fig. 1G) and apoptotimtensity decreased (Table 3) concurrently with the increas

figures (Fig. 1G and inset). appearance of proteinaceous casts at the corticomedullary ju
) tion, figure not shown). Apoptosis as observed in the H «
Kidney E-stained sections of the Gl tract was also demonstrable w

Degenerative changes were observed 1 to 3 h postgavégeL; ISEL-positive staining reaching the maximum at 24 |
involving primarily proximal tubular cells (P1 and P2). Thes@ostdosing and then fading over the continued time cour
changes were characterized by increased vacuolation of in@ata not shown).
vidual tubular epithelial cells, pyknosis, apoptosis (Fig. 2B and The time pattern of occurrence of apoptosis in the hepat
inset), cell lysis, and exfoliation of epithelial cells into thepancreas of treated carp was also corroborated by the analy
tubular lumen. As of 12 h these changes involved whoRf nuclear DNA high-molecular-weight-fragmentation (DNA-
tubules (Fig. 2B and 2G), leading to the formation of proteidaddering) using agarose gel electrophoresis. Indeed, the €
aceous casts at the cortico-medullary junction (figure nbgst evidence of DNA-laddering became visible at 12 h pos
shown). As of 24 h, pathological changes in the tubules iBavage, increasing in prominence with time (Fig. 3; Table 3
creased to the point where only remnants of the tubules At 72 h a slight reduction in laddering intensity was observec
mained, i.e., the tubular structure had disintegrated (figures R@SSibly commensurate with the increased liquefaction of tf
shown). Although pathological changes were observed in thepatopancreas tissue also observed at this time pahe (
glomeruli, especially in the mesangia, these appeared secosiPra).

ary to the pathological changes in the proxima. ) .
Immunohistochemistry

Gl Tract . o - .
MC immunopositive staining was observed 1 h postdosin
Pathological changes in the GI tract were observed after 12hthe hepatopancreas (Figs. 1E and 1F; Table 3) as well as
postdosing. These changes were characterized by pyknatie tubular epithelial cells of the kidney (Figs. 2E and 2G
nuclei and apoptotic cells lining the intestinal mucosa. Thgaple 3). In hepatopancreas, positive staining intensity il
latter alterations increased in severity, also involving cell shegreased progressively with increasing time postdosing (Fic
ding and in some cases localized hemorrhage, culminatingi@& and 1F; Table 3). In the kidney MC-immunopositivity was
24 h postdosing and then receding in severity (data not showidstricted to the proximal tubular cells, primarily the P2 and t
a lesser extent the P1 section. The P3 section did not appea
be involved (figure not shown) nor was any immunopositivity
Morphological alterations of nuclei consistent with thosebserved in the distal cells (Fig. 2F). Staining was specifical
characteristic for apoptosis (Wyllet al.,1980) were observed localized in the apical part of the epithelial cells (Fig. 2E)

Apoptosis

FIG. 1. Pathological changes, microcystin immunopositive staining, and ISEL of nuclear DNA, taken as representative for apoptosis, in hepatopar
carp (Cyprinus carpio) gavaged wilicrocystis aeruginoséCC 7806) equivalent to 4Q0g microcystin-LR/kg body wt. (A—C) H & E-stained hepatopancrea:s
sections of (A) control carp; (B) 1 h postdosing: pericentral rounding and dissociation of hepatocytes; (C) 48 h postdosing: extensive damage spread tt
the section with highly condensed nuclei and cytolysis. (D—F) Immunohistochemical staining for MC-LR (D) control section; (E) 1 h postdosing: immui
itivity above control; (F) 12 h postdosing: maximal immunopositivity. (G—I) Characterization of apoptotic nuclei (G and inset) 48 h postdosing (H & E):
condensed chromatin (black arrows) and normal appearing nuclei (white arrows); (H and I) ISEL-stained sections depicting apoptotic nuclei at 12 ¢
postdosing, respectively. p, pancreas; c, central vein. Bars in A—FpfQ®ars in G-I, 5Qum.

FIG. 2. Pathological changes, microcystin immunopositive staining and ISEL of nuclear DNA, taken as representative for apoptosis, in kidney
(Cyprinus carpio) gavaged witWicrocystis aeruginosgPCC 7806) equivalent to 400g microcystin-LR/kg body wt. (A—C) H & E-stained kidney sections
of (A) control carp; (B) 12 h postdosing: P2 proximal tubule (p), vacuolated cells with highly condensed apoptotic nuclei (black arrows); (C) ISEL-staine
section of B depicting apoptotic nuclei at 12 h postdosing. (D—G) Immunohistochemical staining for MC-LR (D) control section; (E) 1 h postd
immunopositive staining in the apical region of P2 proximal epithelial cells; (F) 3 h postdosing: MC-LR immunonegativity in distal tubules; (G) 12 h postd
immunopositive staining and apoptotic bodies (black arrows) in proximal tubular cells. a, apoptotic nuclei; b, brush-border; d, distal tubule; p, proximal
Bars, 50um.
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TABLE 3
Organ Distribution and Time Course of Microcystin-Induced Pathological Changes

Apoptosis
Time (h) Organ Pathology Western blot Immunohistochemistry* ISEL DNA-laddering

1 Kidney 1 nd 1 0 nd
Hepatopancreas 1 nd 1 0 0

Muscle 0 nd 0 0 nd

Gl tract 0 nd 0 0 nd

Brain nd nd nd nd nd

Heart, spleen, gills 0 nd 0 0 nd

3 Kidney 2 nd 2 1 nd
Hepatopancreas 2 nd 2 0 0

Muscle 0 nd 0 0 nd

Gl tract 0 nd 0 0 nd

Brain nd nd nd nd nd

Heart, spleen, gills 0 nd 0 0 nd

12 Kidney 3 nd 2 3 nd
Hepatopancreas 3 nd 3 1 1

Muscle 0 nd 0 0 nd

Gl tract 1 nd 0 0 nd

Brain nd nd nd nd nd

Heart, spleen, gills 0 nd 0 0 nd

24 Kidney 3 nd 1 2 nd
Hepatopancreas 3 nd 3 2 2

Muscle 0 nd 0 0 nd

Gl tract 2 nd 0 0 nd

Brain nd nd nd nd nd

Heart, spleen, gills 0 nd 0 0 nd

48 Kidney 4 3 1 2 nd
Hepatopancreas 4 4 3 3 3

Muscle 0 2 0 0 nd

Gl tract 1 1 0 0 nd

Brain nd 1 nd nd nd

Heart, spleen, gills 0 0 0 0 nd

72 Kidney 4 nd 1 1 nd
Hepatopancreas 5 nd 3 3 2

Muscle 0 nd 0 0 nd

Gl tract 0 nd 0 0 nd

Brain nd nd nd nd nd

Heart, spleen, gills 0 nd 0 0 nd

Note. Pathology, MC-Western blots, MC-immunohistochemistry, and apoptosis were scored: 0, no effect (pathology/staining/laddering) present; :
(pathology/staining/laddering) present; 2, moderate effect (pathology/staining/laddering); 3, medium effect (pathology/staining/laddering); 4, stron
(pathology/staining/laddering); 5, very strong effect (pathology/staining/laddering); nd, not determined.

* Immunohistochemistry with antimicrocystin antibodies.

however not involving the brush-border (Figs. 2E and 2Gbhe kidney and hepatopancreas of treated carp not observet
MC-immunopositive staining was generally localized to th#he respective controls (Fig. 4). Common to all of the tissue
proxima, but involved only approximately 30% of the tubulemvestigated (hepatopancreas, kidney, Gl tract, muscle, a
at a given time point. brain) was a conspicuous protein band and a minor band w
approximately molecular weights of 38 and 28 kDa, respe
tively (Fig. 4). The kidney and hepatopancreas homogena
demonstrated the highest signal intensity compared to the ot

Immunoblotting of tissue homogenates with anti-MC-LRissues, although this observation is not adequately represer
antibody revealed three protein bands (38, 28, and 23 kDa)viith the contrast-adjusted Fig. 4.

Western Blot Analysis
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MC dose applied is resorbed from the gastrointestinal tract

, .-!" carp.
The latter suggestion is supported by two additional obse

vations: MC was demonstrated to be predominantly taken 1

’\ w1000 bp via the ileum, although this observation was made in ra
; =. 800bp (Dahlemet al.,1989). Bile acids were shown to enter the blooc
. - 600 bp stream primarily via passive diffusion from the ileum in fisk
- - (Honkanen and Patton, 1987) as well as in rabbits (Aldini
W, = - 400bp al., 1995), but also via organic-anion carriers (Frimmer an
“@. -200bp Ziegler, 1988). Therefore, the greater the surface and length

the ileum, the greater the amount of bile acids that can enter
blood stream per unit time.

é‘-‘ ~woR&ES § Although MCs are not analogous to bile acids, MCs wer
g TR Bk demonstrated to possess a high affinity for organic-anion c:

riers in competition with bile acids (Erikssoet al., 1990;
FIG. 3. Nuclear DNA fragmentation in hepatopancreas of carp (CypriniRunnegaret al., 1995). Concerning ileal uptake of MCs, it is
carpio) gavaged wittMicrocystis aeruginosgPCC 7806) equivalent to 400 {harefore highly likely that MC will behave similar to bile acids
ng microcystin-LR/kg body wt. First signs of DNA-laddering, indicative of . . ..
apoptotic cell death, are visible at 12 h postdosing. (black and white invertg@d _therefore will be taken up rapidly and efficiently, but als
for better contrast). in direct dependency to the length and surface area of t
ileum. This notion is also supported by the observations ¢
Bury et al. (1998) who also reported passive diffusion as wel
DISCUSSION as inhibited active transport of MC from the rainbow trout G
tract to the bloodstream. However, only approximately 0.3% ¢
A 400 pg/kg MC-LR equivalent bolus oral dose led tathe dose orally applied into the Gl tract was detectable in t
severe pathological changes in the hepatopancreas and kidigsues.
of exposed carp; however, no mortality was observed. AnThere are several differences in the Gl tract anatomy b
earlier experiment with 80@ug/kg MC-LR equivalent bolus tween carp and trout. Rainbow trout, as carnivorous fish, ha
oral dose led to 100% mortality within 72 h postdosing (Wa stomach with pyloric caeca and a very short ileum, where
Fischer, unpublished data). Similarly, higher oral doses, i.@lanktivorous and herbivorous cyprinids as well as cichlid
6600 and 170Qwg/kg MC-LR equivalent bolus oral dose, ledpossess a long ileum with a large surface area and high resc
to mortality within 10 and 24—-48 h (Table 2), respectivelyive capacities (Kapooet al., 1975). It is likely that a larger
(Tencallaet al., 1994), while 250ug/kg MC-LR resulted in amount of orally applied MC enters the blood stream per ur
pathological changes of the hepatopancreas and gills of the
carp, although without mortality within the 7-day experimen-
tation period (Carbigt al.,1996). The central question of how
much of the orally applied dose is taken up by carp from tt
gastrointestinal tract and thus can act systemically may
answered indirectly via the comparison of the oral and ip dos
that lead to mortality and tissue damage. Indeed, identic
intraperitoneal doses of MC (550g MC per kg) lead to 38 kDa I
mortality in carp and rainbow trout within a comparable tim28 kDa =] -
frame, i.e., within 24 h (Rabergét al., 1991; Tencallet al., 23 kDa ———
1994), while an oral dose of 55@g MC per kg in rainbow
trout resulted in no mortality and only minor pathologica
changes in the livers (Tencalkt al., 1994). Rabergret al.
(1991) also injected carp with 100—-3@@/kg MC-LR ip and
reported that this single application led to pathological chang
in the liver and kidney only. The pathological changes ot
served following application of 300 and 55@/kg ip MC-LR
were of a lower and higher severity, respectively, than those
observed in the study presented here with 4@@g MC-LR FIG. 4. Western blqt of tissu_e extra_tcts from control and microcystir
. . )-treated carp (Cyprinus carpio). Anti-MC antibody was used for detec
equwal_ent bolus oral dose. Based on the assumption that 10§c?oof proteins adducted with MC. Sixty micrograms of protein was applie
of the ip dose reach the hepatopancreas of the carp, the d&i@ch lane. For better visualization, the contrast of muscle-, Gl tract-, a
presented here therefore suggest that nearly 100% of the @raih blots was enhanced by approximately 35%.
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time in the carp. Assuming equivalent cardiac output in carp Although the activity of protein phosphatases-1 and -2A we
and trout, pathological changes would be expected to appeat determined in the carp hepatopancreas and kidney samp
much earlier in carp than in trout. Indeed pathologicahe Western blots of the various carp tissues, demonstrated
changes were observed as early as 1 h postadministration inghesence of a protein-adduct with MC-1 kDa) having a
kidney and hepatopancreas of MC-treated carp (Table 3, Figwlecular weight of 38 kDa (Fig. 4), i.e., corresponding to th
1 and 2). catalytic subunit of protein phosphatases 1 and 2A (37 kDc¢

Although protein phosphatase inhibition in the liver of MGvhich is generally believed to be a target molecule for covale
treated rainbow trout was also observed already starting at bihding with MC (MacKintosh, 1993). A similar protein band
postdosing, these changes resulted from an oral dose of 5% observed in rainbow trout hepatocytes treated withivC
ng/kg body wt, i.e., a 14-fold higher dose than that applied witro (Hitzfeld et al., 1999) and was tentatively identified via
the carp (Tencalla and Dietrich, 1997). In addition, MC wad/estern blot as being protein phosphatase-2A. In addition
detected in the hepatopancreas and kidney of treated carp athi$ 38-kDa protein band, two other protein bands (28 and
after gavage, while MC-immunopositive staining in rainbowDa) were observed in hepatopancreas and kidney. While t
trout livers was not detected until 12 h after treatment (Fische8 kDa was also found in muscle, Gl tract, and brain, th
et al., 2000). Furthermore, while the pathological change®3-kDa protein band was detectable only in hepatopancre
observed in the livers of rainbow trout and carp appearead kidney. The detection of MC protein-adducts in skelet:
similar at first sight, detailed analysis demonstrated that indelechin and muscle tissue of fish is a novelty, especially ¢
the genesis of the alterations was different in the two specisgénilar experiments using radiolabeled MC failed to demor

In rainbow trout the primary mechanism of pathologicadtrate the presence of MC in these tissues in salnSainfo
damage appeared to involve the inhibition of protein phosphsalar) (Williams et al., 1995) and only minute levels were
tases-1 and -2A and the concurrent induction of hepatocy&ported in carp (Burgt al., 1998).
necrosis (Tencalla and Dietrich, 1997). Apoptosis was detect-The comparison of MC uptake and induced pathology ¢
able only very late in the sequence of pathological changesveéll as presence of MC protein adducts in salmonids and ca
the liver (48 h after treatment) and was interpreted as only a$ discussed above suggest that decisive differences exist
secondary nature (Fischet al., 2000). In contrast, apoptosistween the two species to microcystin intoxications. Furthe
was apparent as early as 1 h and 12 h postdosing in the kidmegre, in view of the fact that carp are being reared in hyper
and hepatopancreas of treated carp, respectively, while thteophied ponds, prone to infestations with cyanobacteri
number of necrotic cells appeared to be negligible. Indedalpoms and the fact that microcystin can be demonstrated
apoptosis progressively increased to such an extent that, ashef muscle tissue of carp exposed to moderate but not letl
12 h, DNA-laddering was detectable in DNA extracted frormoncentrations of microcystin indicate that the human ris
the hepatopancreas of treated carp (Fig. 3). The latter pathssessment process should differentiate risk emanating fr
logical changes thus suggest that, in carp, the kidney is affectadscle tissue from rainbow trout and carp contaminate wif
first, while pathological changes in the hepatopancreas appesgrocystin, respectively.
slightly later, and that the primary mechanism of cell death in
carp is apoptosis rather than necrosis as observed in the rain- ACKNOWLEDGMENTS
bow trout.
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proximal epithelial cells. In view of the observation that MCs
are predominantly absorbed via the ileum and transported via
the iliac vein and the hepatopancreatic portal vein to the
hepatopancreas and the heart (Yasutake and Wales, 1983), ¥uits, R., Roda, A., Montagnani, M , and Roda, E. (1995). Bile acid structure an
partially by-pa_ssing the hepatopa_ncreas, it is not surprising tantestinal absorption in the animal modkal. J. Gastroenterol27, 141-144.
find pathological changes in the kidney. Furthermore, as soémiersen, R. J., Luu, H. A, Chen, D. Z. X., Holmes, C. F. B., Kent, M. L., Le
as most of the MC is reabsorbed from the Gl tract, little Blanc, M., Taylor, F. J. R., and Wiliams, D. E. (1993). Chemical anc
additional MC would reach the kidney, especially as the MC$§)'(?C9$E§le‘l’§fgff3'2'gks microcystins to salmon *netpen liver disease
that reaches the hepatopancreas will either be irreversilgsle/tes b p ’Wessels P' L., Kruger, H.. Runnegar, M. T. C., Santikarn,
bound or excreted as conjugates via the bile (Sahail., 1995, g & 3. Bama, J. C. J., and Williams, D. H. (1985). Structural studi
1996; Pflugmacheet al., 1998). It is thus not surprising t0  on cyanoginosins-LR, -YR, -YA, and -YM, peptide toxins frovticrocystis
observe highest MC immunopositivity between 3 and 12 hoursaeruginosa. J. Chem. Soc. Perkin Trafs2747—2748.

postdosing (Fig. 2E; Table 3). Bury, N., Newlands, A., Eddy, F., and Codd, G. (1998)vivo andin vitro
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