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The uptake and accumulation of microcystin-RR (MC-RR) in fish was investigated under laboratory conditions and in w
Jenynsia multidentataandCorydoras paleatuswere exposed for 24 h to 50�g/L MC-RR dissolved in water. After exposur
liver, gill, brain, intestine, gall bladder, blood and muscle were analyzed for MC-RR by HPLC and analysis confirm
LC-ESI-TOF–MS spectrometry. Furthermore, wild individuals ofOdontesthes bonariensiswere sampled from the eutrophi
cyanobacteria-containing San Roque reservoir, and analyzed for the presence of MC-RR in liver, gill, intestine, and m

MC-RR was found in liver, gills, and muscle of all exposed and wild fish, while inC. paleatusMC-RR was also present in th
intestine. Moreover, we found presence of MC-RR in brain ofJ. multidentata. Results indicate that MC-RR uptake might occ
at two different organs: intestine and gills, through either feeding (including drinking) or respiratory activities. This su
that MC-RR is taken into the blood stream after absorption, and distributed to different tissues. The liver showed th
bioaccumulation of MC-RR in both experimentally exposed and wild individuals, with muscle of wild fish showing relativ
amounts of this toxin in comparison with those exposed in the laboratory; though MC-RR was present in muscle of fish ex
24 h. The amount of MC-RR in muscle ofO. bonariensisexceeded the value suggested by WHO to be safe, thus causing a
risk to persons consuming fish as a result of chronic exposure to microcystin. Gills also showed bioaccumulation of
raising questions on the mechanism involved in the possible uptake of MC-RR through gills as well as on its accu
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in this organ. Although MC-LR has been reported in brain of fish, this is the first report confirming the presence of MC-RR in
this organ, which means that both toxins are able to cross the blood–brain barrier. These findings also raise questions on the
probable neurotoxicity of microcystins.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction

Cyanobacteria produce a wide range of potent tox-
ins (Carmichael, 1997). Globally, the most frequently
found cyanotoxins in fresh and brackish water blooms
are the cyclic peptide toxins of the family of micro-
cystins (MC) and nodularins (Chorus and Bartram,
1999). Over 70 structural analogues of MC have been
identified (Fastner et al., 2002). Most of the toxin is
released into the water after lysis of cyanobacterial
cells. The concentrations of dissolved toxin in the envi-
ronment vary from traces up to 1800�g/L or higher,
immediately after the collapse of a highly toxic bloom
(Chorus and Bartram, 1999). For this reason, either
oral ingestion or immersion are the environmentally
relevant routes of toxin exposure.

Toxic effects of microcystin-LR (MC-LR) on sev-
eral organisms have been assessed in many investiga-
tions (e.g.Kotak et al., 1996; Zambrano and Canelo,
1996; Oberemm et al., 1997; Palı́kóva et al., 1998;
Pflugmacher et al., 1998; Vajková et al., 1998;
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sion of adults and juveniles in contaminated water did
not produce toxic effects.

When MC is absorbed and distributed into an
aquatic organism, it can be biotransformed. Biotrans-
formation products can be transported to the kidneys
and intestine for subsequent excretion (Pflugmacher
et al., 1998). MC can also be accumulated in differ-
ent body compartments of fish. The mechanisms of
uptake and consequent distribution of MC in differ-
ent tissues in fish are scarce. On the other hand, there
are several reports on accumulation of MC in differ-
ent organs of fish fed (naturally or by gavage) with
either toxic cyanobacteria cells or injected intraperi-
toneally with radiolabeled MC. Thus, MC has been
detected in liver, intestine, kidney, muscle, gallblad-
der and blood of fish experimentally exposed to the
toxin (Williams et al., 1995; Sahin et al., 1996; Tencalla
and Dietrich, 1997; Bury et al., 1998b; Malbrouck
et al., 2003; Xie et al., 2004). Furthermore, some field
studies have also detected MC in different fish tis-
sues (Magalhaes et al., 2001, 2003; Sipiä et al., 2001;
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iegand et al., 1999; Fischer et al., 2000; Best et al.,
002; Liu et al., 2002; Li et al., 2003; Malbrouck et al.,
003; Baganz et al., 2004; Jacket et al., 2004). Despite
f their wide distribution and abundance in the envi-
onment, the effects of microcystin-RR (MC-RR) on
quatic organisms have been studied less extensively

Mohamed et al., 2003; Xie et al., 2005). The uptake
of MC from the medium has been demonstrate
zebra fish embryos exposed to dissolved14C-MC-LR
(Wiegand et al., 1999). Immersion of fish in water con
taining MC caused alteration of behavior (Baganz et al
1998, 2004) as well as reaction of enzymatic syste
Fischer and Dietrich, 2000a; Pietsch et al., 2001; Xie
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Different exposure routes have been used to e

te toxic effects of MC on fish. Some of them inclu
ntraperitoneal injection, oral ingestion (by natura
orced feeding = gavage), and bath immersion (MC
olved in water) (Landsberg, 2002). It is well known
hat the toxicity depends on the uptake route. T
njected MC causes stronger effects than fed to
xposure via immersion causes the lowest effects

nstance,Tencalla et al. (1994)showed that gastroin
estinal uptake after forced feeding caused massive
tic necrosis followed by fish deaths, whereas imm
002). To our knowledge, there are no previous rep
onfirming the accumulation of water-dissolved MC
ifferent fish tissues.

According to Ito et al. (2002), the toxicity of
C depends on the balance between accumul
nd metabolism. In a recent work, we obser

hat the detoxification capacities of MC-RR
he glutathione-S-transferase (GST) pathway we
tronger inJenynsia multidentatathan in Corydoras
aleatus. Furthermore, GST of both fish species w

nhibited at 20 and 2�g/L dissolved MC-RR, respe
ively (Cazenave et al., 2005b). Thus, we hypothesiz
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that at the applied concentration of 50�g/L accumula-
tion could occur because of inhibition in the metabolic
pathway leading to MC excretion.

The main goal of this work was to examine the
uptake, accumulation and tissue distribution of MC-
RR in fish experimentally exposed to dissolved toxin.
Additionally, we aimed to verify results obtained in
the laboratory study by evaluating the accumulation of
MC-RR in wild fish exposed to toxic cyanobacterial
blooms. Results show that MC-RR is taken into fish
from both water and bloom material, both via the gills
and intestine, followed by distribution and accumula-
tion in different organs.

2. Materials and methods

2.1. Laboratory study

C. paleatus(Pisces, Callichthyidae) andJ. multi-
dentata(Pisces, Anablepidae) are native widespread
neotropical fish species. They were selected due to
their favorable experimental properties (abundance,
small size, easy collection from rivers and streams, and
unproblematic maintenance in aquarium). Specimens
were collected by a backpack electrofisher (Coffelt,
model Mark 10) from an unpolluted site (Suquia River
at La Calera, Ćordoba, Argentina) (Wunderlin et al.,
2001; Hued and Bistoni, 2002) and transported to the
laboratory.
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gallbladder, brain and muscle from control and exposed
animals were separated, pooled, and stored at−20◦C
until MC analysis. In the case ofC. paleatus, also
blood samples were obtained for MC analyses from
the caudal vein by dissection of the caudal peduncle
and collecting the blood using heparinized microtips.
It was not possible to obtain blood samples fromJ.
multidentata. The weight of each fresh tissue pool was
recorded.

2.2. Field study

Odontesthes bonariensis(Pisces, Atherinidae)
were captured from San Roque reservoir (Córdoba,
Argentina; 31◦21′S, 64◦30′W), which has been clas-
sified as eutrophic to hypereutrophic with elevated
concentrations of nutrients, and high incidence of
toxic cyanobacterial blooms (Amé et al., 2003). Water
samples, bloom material and fish were collected dur-
ing 2004. Samplings were performed once during the
wet season and once during the dry season of 2004.
A detailed description of seasonal development of
cyanobacteria and cyanotoxins in San Roque reservoir
is given byAmé et al. (2003)andRuibal Conti et al.
(2005).

O. bonariensis(average weight: 61.11± 11.15 g;
n= 30) were captured by rod fishing. Though this
fish belongs to different species than those used dur-
ing our laboratory study, it is ubiquitous in eutrophic
lakes of Argentina (and widely distributed in South
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Fish were acclimatized to controlled aquarium c
itions (water reconstituted from deionized water w

he following added salts: 100 mg/L sea salt, 200 m
aCl2, 103 mg/L NaHCO3), temperature controlled
1± 1◦C, light:dark cycle of 12 h:12 h during 4 wee
rior to experiments. Fish were fed once a day w
ommercial fish pellets, and starved 24 h prior to ex
ment.

Two groups ofC. paleatus(five individuals each
nd two groups ofJ. multidentata(five individuals
ach) were exposed to MC-RR at concentratio
0�g/L, each one with its respective control group (

ndividuals each). The average weight ofC. paleatus
as 1.91± 0.34 g (n= 20), while the corresponding
. multidentatawas 1.53± 0.32 g (n= 20). After 24 h
xposure, fish were washed with deionized wate
0 s (in order to remove MC-RR from their surface
nd then sacrificed and dissected. Liver, gill, intes
merica), where is captured by both sport and
essional fishermen. Thus, this fish has dietary im
ance in South America. On the contrary, espec
dults ofO. bonariensisare not easily maintained
quaria.

After capture, fish were sacrificed, ice-cooled,
ransported to the laboratory, where they were im
iately dissected, and liver, gills, brain, intestine
uscle (ca. 5 g for each fish) separated. Gastroin
al contents were removed and intestines washed
physiological solution to determine the presenc

yanobacterial cells by microscopy. Five specim
ere pooled to form a group. Six different groups (th

rom each capture) were used for MC extraction.
Bloom samples were concentrated using a n

loth (10�m separation), ice-cooled and transpo
o the laboratory within 2 h after sampling. Afterwar
loom material was freeze-dried and stored at−20◦C
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until MC analysis. MC was extracted from water sam-
ples immediately after arrival to the laboratory fol-
lowing a procedure previously described (Amé et al.,
2003).

In addition to fish and bloom collection, we deter-
mined the environmental conditions of sampling area
by measuring water quality parameters: pH, temper-
ature (◦C), conductivity (�S cm−1), dissolved oxygen
(mg/L), suspended and dissolved solids (mg/L), ammo-
nia (mg/L), 5-days biological oxygen demand (BOD,
mg/L). Water was sampled from the surface (50 cm
depth), ice-cooled, transported to the laboratory, and
analyzed according to standard procedures utilizing our
previous experience (Pesce and Wunderlin, 2000; Amé
et al., 2003).

2.3. Microcystin analysis

Determination of cellular MC was carried out
according toAmé et al. (2003). Briefly, 20 mg of
freeze-dried cells were placed in Eppendorf tubes,
extracted with 1.5 mL of 5% acetic acid and soni-
cated for 5 min in an ultrasonic bath (ULTRASONIC
300). The suspension was centrifuged at 9300× g(cen-
trifuge CAVOUR-VT1675) for 3 min, supernatant was
retained and the pellet re-extracted as before. Com-
bined supernatants were centrifuged at 9300× g for
10 min. Centrifuged supernatants were applied to a C-
18 solid phase extraction cartridge (LiChrolut RP-18,
500 mg, Merck), which was previously conditioned
w L).
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KNK500A system, UV detection at 238 nm) according
to Amé et al. (2003).

For MC extraction from tissues, the method of
Krienitz et al. (2003)was used with modifications.
Tissues (fresh weight) were homogenized with 70%
methanol containing 1% (v/v) trifluoracetic acid, using
an Ultra-Turrax homogenizer. Homogenates were
introduced for 5 min in an ultrasonic bath (Ultrasonic
300), followed by centrifugation at 12,096× g for
10 min. Supernatants were separated and evaporated to
dryness at 40◦C under reduced pressure. Dried residues
of liver, gills, brain, intestine, gallbladder, and blood
from C. paleatusandJ. multidentatawere suspended
in 200�L of methanol (HPLC-grade) prior to MC anal-
ysis. Dried residues of muscle fromC. paleatusandJ.
multidentataas well as all tissues fromO. bonariensis
were added to 5% acetic acid (10 mL forC. palea-
tus andJ. multidentata, and 20–50 mL for tissues of
O. bonariensis). Acid extracts were applied to a C-
18 solid phase extraction cartridge (LiChrolut RP-18,
500 mg, Merck), previously washed with methanol and
further conditioned with 5% acetic acid. Microcystins
were eluted with methanol (3 mL, HPLC grade). The
eluate was evaporated to dryness at 40◦C and resus-
pended in 200�L methanol (HPLC grade) (Amé et al.,
2003).

Extracts of fish tissues were analyzed by high
performance liquid chromatography (HPLC, KONIK
KNK500A system, with UV detection at 238 nm)
according toAmé et al. (2003), using standards pre-
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o dryness under reduced pressure (40◦C, 0.3 Torr)
nd resuspended in 200�L of methanol prior to high
erformance liquid chromatography (HPLC) analy
arried out as described in literature (Meriluoto, 1997
mé et al., 2003).
For determination of free dissolved MC-RR, wa

amples (0.5 L) were conditioned with 5% ac
cid and applied to C-18 solid phase extraction

ridge (LiChrolut RP-18, 500 mg, Merck) previous
ashed with methanol and further conditioned with
cetic acid. Toxins were eluted using methanol (3
PLC grade). The eluate was evaporated to dryne
0◦C, suspended in 200�L methanol (HPLC grade
nd analyzed to evaluate MC-RR by HPLC (KON
ared from pure MC-RR (purity >95% Sigma–Aldric
SA). The concentration of MC-RR in tissues
xpressed per gram of fresh weight. For the labora
xperiments, this amount is related to the concentr
f the exposure medium (50�g/L, equaling 0.05�g/g),

o calculate accumulation within 24 h exposure.
Tissue extracts were furthermore analysed by li

hromatography–mass spectrometry (LC–MS),
ormed on an electrospray time-of-flight instrum
ESI-TOF, Mariner, Applied Biosystems, Darmsta
ermany) operating in the positive mode. The h

oltage was 3800 V, the nozzle voltage was 75 V,
he nozzle temperature was 140◦C. The instrumen
as calibrated for exact mass measurements usin

riply charged ions atm/z 432.8998 and 558.3105
he peptides angiotensin I and neurotensin, res
ively. A capillary LC system (UltiMate, Dionex) wa
oupled online to the electrospray source. The
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ate of the capillary LC column was transferred to the
electrospray source without splitting. Five microliters
of the samples dissolved in 0.2% formic acid (FA)
in acetonitrile–water (1:9, v/v) were injected. Chro-
matographic runs were performed using a capillary
C18 column (PepMap C18, 3�m, 15 cm× 300�m i.d.,
Dionex), a linear gradient of 5–80% B in 48 min, and
an eluent flow rate of 4�L/min. Mobile phase A was
0.1% (v/v) FA in acetonitrile–water (5:95, v/v) and B
was 0.1% FA in acetonitrile–water (8:2, v/v).

The evaluation of analytical parameters was
performed using five concentrations of analytical
standards (0.75, 2.5, 5, 7.5 and 10�g/mL) prepared
from pure MC-RR (purity >95% Sigma–Aldrich,
USA), injected six times each. Calibration plot was
constructed by linear regression (y= 51.304x+ 3.295;
R2 = 0.993; R.S.D. = 1.8%). The limit of detection
(LOD) was taken at a signal to noise ratio of 3
(S/N = 3), while the limit of quantification (LOQ)
was taken as S/N = 10. This calibration procedure
affords a LOD = 0.2�g/mL and a LOQ = 0.6�g/mL
in the injected solution, which are in good agreement
with values reported in the literature (Moollan et al.,
1996). The LOD and LOQ, corresponding to each
analyzed organ, depend on the weight of tissue used
during the extraction and clean up procedure. During
the analysis ofJ. multidentataand C. paleatuswe
used at least 0.1 g of liver, brain, gallbladder and
blood, arising from a pool of five fish, thus giving
a calculated LOD of 0.40 and a calculated LOQ of
1 of
t eight
(
a lated
L r
h r
a ines
(
0
L d
L
p
L

iked
s eser-
v
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H ples

was always over 85%. On the other hand, recovery from
organs was evaluated using 0.5 g muscle ofO. bonar-
iensis (free of MC-RR), homogenized as previously
described, and spiked with pure MC-RR equivalent to
0.5 and 1�g/g fresh weight, affording recoveries over
80%. All recovery analyses were run by duplicate.

3. Results

3.1. Laboratory study

Both high performance liquid chromatography
(HPLC) and liquid chromatography-electrospray
ionization-time-of-flight–mass spectrometry (LC-ESI-
TOF–MS) analyses showed the presence of MC-RR in
liver, gills, brain and muscle ofJ. multidentata, whereas
in C. paleatusMC-RR was present in liver, gills, intes-
tine and muscle of exposed fish (Table 1).

J. multidentatashowed the highest concentration of
MC-RR (�g/g fresh weight) in liver, followed by gills,
muscle and traces in the brain (Fig. 1A). To confirm
the presence of MC-RR, selected samples were also
analyzed by LC-ESI-TOF–MS. Since a mass resolu-
tion of 6000 is routinely available this method enables
the determination of exact monoisotopic masses of
MC with accuracy above 20 ppm. In combination with

F (A)
J s
b

.20�g/g fresh tissue. Pooled intestines and gills
hese species allowed to use at least 0.25 g fresh w
calculated LOD = 0.16�g/g, LOQ = 0.48�g/g), while
t least 3.5 g of pooled muscles were used (calcu
OD = 0.011�g/g, LOQ = 0.034�g/g). On the othe
and, O. bonariensisallowed the use of bigge
mounts of tissue: 2.5 g of pooled livers and intest
calculated LOD = 0.016�g/g, LOQ = 0.048�g/g),
.4 g pooled brains (calculated LOD = 0.10�g/g,
OQ = 0.30�g/g); 7 g of pooled gills (calculate
OD = 0.006�g/g, LOQ = 0.018�g/g); 25 g of
ooled muscles (calculated LOD = 0.0016�g/g,
OQ = 0.0048�g/g).

Recovery percentages were evaluated from sp
amples. Thus, either ultrapure or San Roque r
oir water samples were spiked with 5, 10 and 20�g/L
ure MC-RR, followed by SPE extraction and furt
PLC analysis. Recovery percentage in water sam
ig. 1. Relative distribution of MC-RR in different tissues of fish:
enynsia multidentata, (B) Corydoras paleatusand (C)Odontesthe
onariensis.
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capillary LC ESI-TOF, mass spectrometry was par-
ticularly useful to verify the presence of MC-RR in
the brain ofJ. multidentata, where UV-HPLC detected
only trace amounts.Fig. 2 shows the LC–MS analy-
sis of brain tissue ofJ. multidentata.The extracted ion
chromatogram (Fig. 2A) which discloses only the ion
intensities of the doubly and singly charged ions of
MC-RR revealed a distinct peak at a retention time of
28.1 min. Because of the two basic arginine residues
which are preferred protonation sites, the correspond-
ing mass spectrum (Fig. 2B) shows exclusively the
doubly charged [M + 2H]2+ ion at m/z 519.79 (calcu-
latedm/z 519.79).

C. paleatusalso accumulated the highest concen-
tration of MC-RR in liver, followed by intestine, gills
and muscle (Figs. 1B and 3). Although both species
were exposed for the same time to the same concen-
tration of MC-RR, the total amounts of accumulated
toxin differed markedly. The main difference between
the two species were: (a) the brain, where traces were
detectable inJ. multidentatabut not inC. paleatus, and
(b) the intestine, into whichC. paleatusabsorbed more
toxin than into the gills, whereas in the intestine ofJ.
multidentatano toxin was evident. Furthermore, toxin
accumulation to the liver ofC. paleatuswas more than
tenfold compared to the liver ofJ. multidentata, and
into the gill tissue more than 2.5-fold, whereas only
one third was taken up into the muscles (Table 1).

3.2. Field study
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Fig. 2. LC-ESI-TOF mass spectrometry detection of microcystin-RR of brain tissue ofJ. multidentataexperimentally exposed to MC-RR. (A)
Extracted ion chromatogram (m/z519.8, 1038.6) of microcystin-RR. (B) Mass spectrum which shows the doubly charged ion of microcystin-RR
eluted at the retention time of 28.1 min.

to a drop in MC production. All of these results are
in good agreement with our previous report (Amé et
al., 2003). Further research is under way to elucidate if
the increase in the production of MC is due to environ-

Table 2
Water quality and MC-RR concentration in water and bloom material
from San Roque reservoir, Argentina, in dry and wet season of 2004

Parameter Season

Wet Dry Average

Temperature (◦C) 14.3 12.0 13.15
pH 9.42 8.62 9.02
Dissolved oxygen (mg/L) 15.50 10.95 13.23
BOD (mg/L) 10.90 3.58 7.24
Ammonia (mg/L) 0.37 0.89 0.63
Solid suspended (mg/L) 373 43 208
Solid dissolved (mg/L) 200 206 203
Conductivity (�Si cm−1) 197 332 265
Dissolved MC-RR (�g/L) <LOQ <LOD –
Cellular MC-RR (�g/g) 41.59 9.65 25.62

<LOD, below detection limit; <LOQ, below quantification limit.

mental factors, or if the dominance of phytoplankton
communities is seasonally changing towards a dom-
inance of toxic strains within the bloom (ecological
factor).

Analyses of gastrointestinal tract ofO. bonariensis
showed presence of cyanobacterial cells, evidencing
the ingestion of bloom material by this fish species.
MC-RR was found in liver, gill and muscle ofO. bonar-
iensis(Table 1), but not in intestine tissue. The relative
distribution of MC-RR inO. bonariensis, shown in
Fig. 1C, revealed highest amounts in liver, followed
by muscle and gills. Compared to muscle tissues of the
other investigated fish species,O. bonariensismuscle
accumulated highest amounts of cyanotoxins. An anal-
ysis of seasonal differences showed that the highest
concentrations of MC-RR in bloom material and fish
tissues occurred in the wet season (Tables 1 and 2). Par-
ticularly, the concentration of MC-RR recovered from
muscle ranged from traces during he dry season to a
maximum of 0.339�g/g during the wet season.
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Fig. 3. Chromatograms measured in the liver ofC. paleatus. (A) HPLC chromatogram monitored at 238 nm. (B) Extracted ion chromatogram
(m/z519.8, 1038.6) of microcystin-RR. (C) Mass spectrum which shows the doubly charged ion of microcystin-RR eluted at the retention time
of 25.1 min.

4. Discussion

4.1. Uptake of MC-RR by fish

In the aquatic environment, cyanotoxins are mainly
released to the surrounding water during cyanobacterial

cell senescence, death and lysis. Thus, fish are naturally
exposed to MC through ingestion of toxic cyanobacte-
ria or contaminated food, and, to a less extent, through
dissolved toxin. Hypothetically, two uptake routes are
possible: MC-RR can be absorbed through either gas-
trointestinal tract or gills.
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Although the fish were not fed during their labora-
tory exposure, we found presence of variable amounts
of MC-RR in gills as well as in internal tissues of fish
exposed to dissolved MC during 24 h (J. multidentata
andC. paleatus; Table 1). On the one hand, the expo-
sure solution, containing MC-RR could be drunk by
C. paleatusandJ. multidentatasince freshwater fish
can drink water, though at lower rates than marine fish
do (Fuentes and Eddy, 1997; Best et al., 2003). This
assumption moreover requires that MC is absorbed
through the gastrointestinal tract of fish.Tencalla and
Dietrich (1997)proved that the absorption of micro-
cystin from intestine to blood system occurred rapidly
in rainbow trout fed withMicrocystis aeruginosa(con-
centrations peaked 3 h after forced feeding). Thus, here
is good evidence that MC can be taken up through the
gastrointestinal tract of fish by either drinking water or
contaminated food.

On the other hand, MC-RR may be taken up via
gills, during ventilation. However, the permeability of
gill membranes to MC is discussed controversially.
Some authors suggest that epithelia of gills and skin of
freshwater fish form a barrier to microcystin transport
(Andersen et al., 1993; Tencalla et al., 1994; Bury et al.,
1995). Nevertheless, damage of gills by MC-LR, which
has been observed during experiments with tilapia and
trout (Gaete et al., 1994; Bury et al., 1996, 1998a;
Zambrano and Canelo, 1996; Chorus and Bartram,
1999), suggests enhancement of microcystin uptake.
Recently,Xie et al. (2005)also propose MC uptake
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The presence of MC in the blood of fish has been
demonstrated byTencalla and Dietrich (1997), andXie
et al. (2004, 2005).
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2000a; Fischer et al., 2000). Microcystin accumula-
tion into the liver is mediated by a highly expressed
unspecific organic anion transporter (bile acid carrier
transport system) (Runnegar et al., 1991; Fischer et al.,
2005). From the liver, it can be either reintroduced into
the intestine by entero-hepatic recirculation (Falconer
et al., 1992) or conjugated during the detoxification
process (Pflugmacher et al., 1998).

We have found the highest concentration of MC-RR
in liver of both experimentally exposed and wild fish
(Table 1, Fig. 1), which is in good agreement with the
previously discussed literature.

Moreover, during identical exposure conditions,C.
paleatusaccumulated much higher total amounts of
MC-RR into gill, liver and intestine tissue, compared
to J. multidentata. The reason for this is possibly
based on less potent biotransformation capacities in
C. paleatus, as observed in a recent work (Cazenave
et al., 2005b). Lower biotransformation rates might
cause lower excretion of the metabolized toxin, hence
accumulation occurs at higher level. To fully eluci-
date these findings, further research is needed regarding
comparison of the biotransformation capacities in both
species.

4.3.2. Intestine
During our study, we also observed MC-RR in the

intestine ofC. paleatusbut not in its gallbladder. This
could be due to the water drunk by the fish as previously
discussed. At this point it is important to remark that the
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because MC might be transferred through the food web
from contaminated fish to consumers. Considering the
average value for MC-RR in muscle ofO. bonariensis
(Table 1), and assuming a 70 kg person eating 100 g fish
muscle per day, a calculation reveals an average con-
sumption of 5�g MC-RR per day, which exceeds the
tolerable daily intake (TDI) of 0.04�g/kg body weight
per day, recommended by the World Health Organiza-
tion (WHO, 1998). This situation is obviously worse
for kids or people having less body weight. The risk
of consumption of contaminated fish increases during
wet season, where we observed the highest concentra-
tions of MC-RR in muscle (Table 1). This last result
suggests the need of a worldwide action to prevent the
consumption offish contaminated with MC.

4.3.4. Brain
Recent laboratory experiments with prawn indicate

that brain was one of primary organs for accumulation
of nodularin (Kankaanp̈aä et al., 2005). First evidence
of MC-LR accumulation into the brain offish was given
by Fischer and Dietrich (2000b), detecting the toxin by
western blot 48 h after bolus dosing of freeze dried
algae equivalent to 400�g/kg of carp (Cyprinus car-
pio). We add to this knowledge by reporting the pres-
ence of MC-RR in brain ofJ. multidentata, exposed
to water-dissolved toxin. The presence of MC-RR in
brain of J. multidentatarequires the crossing of the
blood–brain barrier. Recently,Fischer et al. (2005)pro-
vided evidence that members of the organic anion trans-
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ómez, S., 1993. Concentración letal de ox́ıgeno disuelto paraCory-
doras paleatusy Pimelodella laticeps(Pises, Siluriformes). Re
Museo Arg. Cs. Nat. 7, 31–45.

ued, A., Bistoni, M.A., 2002. Effects of water quality variations
fish communities in the central part of Argentina, South Ame
Proc. Int. Assoc. Theor. Appl. Limnol. 28, 112–116.

to, E., Takai, A., Kondo, F., Masui, H., Imanishi, S., Harada,
2002. Comparison of protein phosphatase inhibitory activity
apparent toxicity of microcystins and related compounds. T
con 40, 1017–1025.

acket, C., Thermes, V., De Luze, A., Puiseux-Dao, S., Bernar
Joly, J.S., Bourrat, F., Edery, M., 2004. Effects of microcys
LR on development of medaka fish embryos (Oryzias latipes).
Toxicon 43, 141–147.

ang, M.H., Ha, K., Lucas, M.C., Joo, G.J., Takamura, N., 2
Changes in microcystin production byMicrocystis aeruginos
cystins (cyanobacteria hepatotoxins) bioaccumulation in
and crustaceans from Sepetiba Bay (Brasil, RJ). Toxicon
289–295.

albrouck, C., Trausch, G., Devos, P., Kestemont, P., 2003. He
accumulation and effects of microcystin-LR on juvenile gold
Carassius auratusL. Comp. Biochem. Physiol. 135C, 39–48

eriluoto, J., 1997. Chromatography of microcystins. Anal. Ch
Acta 352, 277–298.

ohamed, Z.A., Carmichael, W.W., Hussein, A.A., 2003. Estima
of microcystins in the freshwater fishOreochromis niloticusin
an Egyptian fish farm containing aMicrocystisbloom. Environ
Toxicol. 18, 137–141.

oollan, R.W., Rae, B., Verbeek, A., 1996. Some comment
the determination of microcystin toxins in waters by hi
perfomance liquid chromatography. Analyst 121, 233–238.

beremm, A., Fastner, J., Steinberg, C., 1997. Effects of microc
LR and cyanobacterial crude extracts on embryo-larval d
opment of zebrafish (Danio rerio). Water Res. 31, 2918
2921.
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Vajková, V., Navŕatil, S., Paĺıkóva, M., 1998. The effects of intraperi-
toneally applied pure microcystin LR on haematological, bio-
chemical and morphological indices of silver carp (Hypoph-
thalmichthys molitrixVal.). Acta Vet. Brno. 67, 281–287.

Vasconcelos, V., 1995. Uptake and depuration of the heptapeptide
toxin microcystin-LR inMytilus galloprovincialis. Aquat. Toxi-
col. 32, 227–237.

World Health Organization (WHO), 1998. Health criteria and other
supporting information. In: Guidelines for Drinking-water Qual-
ity, addendum to vol. 2, 2nd ed. World Health Organization,
Geneva, Switzerland, pp. 95–110.

Wiegand, C., Pflugmacher, S., Oberemm, A., Meems, N., Beattie,
K.A., Steinberg, C., Codd, G.A., 1999. Uptake and effects of
microcystin-LR on detoxication enzymes of early life stages of
the zebrafish (Danio rerio). Environ. Toxicol. 14, 89–95.

Williams, D.E., Kent, M.L., Andersen, R.J., Klix, H., Holmes,
C.F.B., 1995. Tissue distribution and clearance of tritium-
labeled dihydromicrocystin-LR epimers administered to Atlantic
Salmon via intraperitoneal injection. Toxicon 33, 125–131.
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