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Abstract

The uptake and accumulation of microcystin-RR (MC-RR) in fish was investigated under laboratory conditions and in wild fish.
Jenynsia multidentatand Corydoras paleatusvere exposed for 24 h to 3@/L MC-RR dissolved in water. After exposure,
liver, gill, brain, intestine, gall bladder, blood and muscle were analyzed for MC-RR by HPLC and analysis confirmed by
LC-ESI-TOF-MS spectrometry. Furthermore, wild individualsQifontesthes bonariensigere sampled from the eutrophic,
cyanobacteria-containing San Roque reservoir, and analyzed for the presence of MC-RR in liver, gill, intestine, and muscle.

MC-RR was found in liver, gills, and muscle of all exposed and wild fish, while.ipaleatusVC-RR was also present in the
intestine. Moreover, we found presence of MC-RR in braid.@hultidentataResults indicate that MC-RR uptake might occur
at two different organs: intestine and gills, through either feeding (including drinking) or respiratory activities. This suggests
that MC-RR is taken into the blood stream after absorption, and distributed to different tissues. The liver showed the major
bioaccumulation of MC-RR in both experimentally exposed and wild individuals, with muscle of wild fish showing relative high
amounts of this toxin in comparison with those exposed in the laboratory; though MC-RR was presentin muscle of fish exposed for
24 h. The amount of MC-RR in muscle ©f bonariensiexceeded the value suggested by WHO to be safe, thus causing a health
risk to persons consuming fish as a result of chronic exposure to microcystin. Gills also showed bioaccumulation of MC-RR,
raising questions on the mechanism involved in the possible uptake of MC-RR through gills as well as on its accumulation
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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 nodularinsChorus and Bartram,
1999. Over 70 structural analogues of MC have been
identified Fastner et al., 2002Most 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 180@/L or higher,
immediately after the collapse of a highly toxic bloom
(Chorus and Bartram, 1999For this reason, either
oral ingestion or immersion are the environmentally
relevant routes of toxin exposure.

Toxic effects of microcystin-LR (MC-LR) on sev-

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 excretid?fligmacher
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 etal., 1996; Tencalla

eral organisms have been assessed in many investigaand Dietrich, 1997; Bury et al., 1998b; Malbrouck

tions (e.g.Kotak et al., 1996; Zambrano and Canelo,
1996; Oberemm et al., 1997; Hdva et al., 1998;
Pflugmacher et al., 1998; Vajkavet al., 1998;
Wiegand et al., 1999; Fischer et al., 2000; Best et al.,
2002; Liu et al., 2002; Li et al., 2003; Malbrouck et al.,
2003; Baganz et al., 2004; Jacket et al., 200&spite

of their wide distribution and abundance in the envi-
ronment, the effects of microcystin-RR (MC-RR) on

et al., 2003; Xie et al., 20Q4Furthermore, some field
studies have also detected MC in different fish tis-
sues Magalhaes et al., 2001, 2003; it al., 2001;
Mohamed et al., 2003; Xie et al., 2005 he uptake
of MC from the medium has been demonstrated in
zebra fish embryos exposed to dissol¥é@-MC-LR
(Wiegand et al., 1999Immersion of fish in water con-
taining MC caused alteration of behaviBegganz et al.,

aquatic organisms have been studied less extensivelyl1998, 2004 as well as reaction of enzymatic systems

(Fischer and Dietrich, 2000a; Pietsch et al., 2001; Xie
et al., 2004, 2005; Cazenave et al., 200pa,b

Different exposure routes have been used to evalu-

ate toxic effects of MC on fish. Some of them include
intraperitoneal injection, oral ingestion (by natural or
forced feeding = gavage), and bath immersion (MC dis-
solved in water) l(andsberg, 2002 It is well known

that the toxicity depends on the uptake route. Thus,
injected MC causes stronger effects than fed toxin.

(Wiegand etal., 1999; Pietsch etal., 2001; Snyder et al.,
2002. To our knowledge, there are no previous reports
confirming the accumulation of water-dissolved MC in
different fish tissues.

According to Ito et al. (2002) the toxicity of
MC depends on the balance between accumulation
and metabolism. In a recent work, we observed
that the detoxification capacities of MC-RR via
the glutathioneStransferase (GST) pathway were

Exposure via immersion causes the lowest effects. For stronger inJenynsia multidentatéhan in Corydoras

instance,Tencalla et al. (19943howed that gastroin-

paleatus Furthermore, GST of both fish species was

testinal uptake after forced feeding caused massive hep-inhibited at 20 and &g/L dissolved MC-RR, respec-

atic necrosis followed by fish deaths, whereas immer-

tively (Cazenave et al., 200hbrhus, we hypothesize
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that at the applied concentration of @/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) an@l multi-
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gallbladder, brain and muscle from control and exposed
animals were separated, pooled, and stored2it°C
until MC analysis. In the case df. 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 frdm
multidentata The weight of each fresh tissue pool was
recorded.

2.2. Field study

Odontesthes bonariensig¢Pisces, Atherinidae)
were captured from San Roque reservoibi@bba,
Argentina; 3221'S, 6430W), which has been clas-
sified as eutrophic to hypereutrophic with elevated
concentrations of nutrients, and high incidence of
toxic cyanobacterial bloom#\(é et al., 2008 Water
samples, bloom material and fish were collected dur-
ing 2004. Samplings were performed once during the

dentata(Pisces, Anablepidae) are native widespread wet season and once during the dry season of 2004.
neotropical fish species. They were selected due to A detailed description of seasonal development of
their favorable experimental properties (abundance, cyanobacteria and cyanotoxins in San Roque reservoir

small size, easy collection from rivers and streams, and is given byAmé et al. (2003andRuibal Conti et al.
unproblematic maintenance in aquarium). Specimens (2005)

were collected by a backpack electrofisher (Coffelt,
model Mark 10) from an unpolluted site (Suquia River
at La Calera, Grdoba, Argentina)\Wunderlin et al.,
2001; Hued and Bistoni, 2002nd transported to the
laboratory.

Fish were acclimatized to controlled aquarium con-
ditions (water reconstituted from deionized water with
the following added salts: 100 mg/L sea salt, 200 mg/L
CaCb, 103 mg/L NaHCQ@), temperature controlled at
214+ 1°C, light:dark cycle of 12 h:12 h during 4 weeks
prior to experiments. Fish were fed once a day with
commercial fish pellets, and starved 24 h prior to exper-
iment.

Two groups ofC. paleatug(five individuals each)
and two groups of). multidentata(five individuals
each) were exposed to MC-RR at concentration of
50p.g/L, each one withits respective control group (five
individuals each). The average weight®©f paleatus
was 1.9 0.34 g =20), while the corresponding to
J. multidentatawas 1.53+0.32 g (=20). After 24h
exposure, fish were washed with deionized water for
30s (in order to remove MC-RR from their surfaces),
and then sacrificed and dissected. Liver, gill, intestine,

O. bonariensis(average weight: 61.1+11.15g;
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
America), where is captured by both sport and pro-
fessional fishermen. Thus, this fish has dietary impor-
tance in South America. On the contrary, especially
adults ofO. bonariensisare not easily maintained in
aquaria.

After capture, fish were sacrificed, ice-cooled, and
transported to the laboratory, where they were imme-
diately dissected, and liver, gills, brain, intestine and
muscle (ca. 5 g for each fish) separated. Gastrointesti-
nal contents were removed and intestines washed with
a physiological solution to determine the presence of
cyanobacterial cells by microscopy. Five specimens
were pooledto form agroup. Six different groups (three
from each capture) were used for MC extraction.

Bloom samples were concentrated using a nylon
cloth (10pnm separation), ice-cooled and transported
to the laboratory within 2 h after sampling. Afterwards,
bloom material was freeze-dried and stored-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 describethié et al.,
2003.

In addition to fish and bloom collection, we deter-
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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%

mined the environmental conditions of sampling area methanol containing 1% (v/v) trifluoracetic acid, using
by measuring water quality parameters: pH, temper- an Ultra-Turrax homogenizer. Homogenates were

ature ¢C), conductivity (1S cnT 1), dissolved oxygen

(mg/L), suspended and dissolved solids (mg/L), ammo-

nia (mg/L), 5-days biological oxygen demand (BOD,

introduced for 5min in an ultrasonic bath (Ultrasonic
300), followed by centrifugation at 12,096g for
10 min. Supernatants were separated and evaporated to

mg/L). Water was sampled from the surface (50cm dryness at40C underreduced pressure. Dried residues
depth), ice-cooled, transported to the laboratory, and of liver, gills, brain, intestine, gallbladder, and blood
analyzed accordingto standard procedures utilizing our from C. paleatusandJ. multidentatavere suspended

previous experiencégsce and Wunderlin, 2000; A&m
etal., 2003.

2.3. Microcystin analysis

Determination of cellular MC was carried out
according toAmé et al. (2003) Briefly, 20mg of

freeze-dried cells were placed in Eppendorf tubes,

extracted with 1.5mL of 5% acetic acid and soni-
cated for 5min in an ultrasonic bath (ULTRASONIC
300). The suspension was centrifuged at 93@f{cen-

trifuge CAVOUR-VT1675) for 3 min, supernatant was

in 200p.L of methanol (HPLC-grade) priorto MC anal-
ysis. Dried residues of muscle froth paleatusandJ.
multidentataas well as all tissues frof. bonariensis
were added to 5% acetic acid (10 mL f@r palea-
tus and J. multidentataand 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@@nd resus-
pended in 20Q.L methanol (HPLC grade)mé et al.,

retained and the pellet re-extracted as before. Com-2003.

bined supernatants were centrifuged at 93@pfor

Extracts of fish tissues were analyzed by high

10 min. Centrifuged supernatants were applied to a C- performance liquid chromatography (HPLC, KONIK

18 solid phase extraction cartridge (LiChrolut RP-18,
500 mg, Merck), which was previously conditioned
with methanol (10 mL) and 5% acetic acid (10 mL).
The cartridge was washed with 10 mL of 10, 20 and

KNK500A system, with UV detection at 238 hm)
according toAmé et al. (2003)using standards pre-
pared from pure MC-RR (purity >95% Sigma—Aldrich,
USA). The concentration of MC-RR in tissues is

30% aqueous methanol and toxins were eluted with expressed per gram of fresh weight. For the laboratory
3mL of pure methanol. The eluate was evaporated experiments, this amount s related to the concentration

to dryness under reduced pressure °@p 0.3 Torr)
and resuspended in 2QQ of methanol prior to high
performance liquid chromatography (HPLC) analysis,
carried out as described in literatuMériluoto, 1997;
Ame et al., 2008

For determination of free dissolved MC-RR, water
samples (0.5L) were conditioned with 5% acetic

of the exposure medium (Qy/L, equaling 0.0g/g),

to calculate accumulation within 24 h exposure.
Tissue extracts were furthermore analysed by liquid

chromatography—mass spectrometry (LC-MS), per-

formed on an electrospray time-of-flight instrument

(ESI-TOF, Mariner, Applied Biosystems, Darmstadt,

Germany) operating in the positive mode. The high

acid and applied to C-18 solid phase extraction car- voltage was 3800V, the nozzle voltage was 75V, and

tridge (LiChrolut RP-18, 500 mg, Merck) previously
washed with methanol and further conditioned with 5%

acetic acid. Toxins were eluted using methanol (3 mL,

the nozzle temperature was 140. The instrument
was calibrated for exact mass measurements using the
triply charged ions at/z 432.8998 and 558.3105 of

HPLC grade). The eluate was evaporated to dryness atthe peptides angiotensin | and neurotensin, respec-

40°C, suspended in 2Q0L methanol (HPLC grade),
and analyzed to evaluate MC-RR by HPLC (KONIK

tively. A capillary LC system (UltiMate, Dionex) was
coupled online to the electrospray source. The elu-



182

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
C18column (PepMap C188m, 15 cmx 300pumi.d.,
Dionex), a linear gradient of 5-80% B in 48 min, and
an eluent flow rate of 4L/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 dgYmL) prepared
from pure MC-RR (purity >95% Sigma—Aldrich,
USA), injected six times each. Calibration plot was
constructed by linear regression=51.304&+ 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/IN=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.@g/mL
in the injected solution, which are in good agreement
with values reported in the literatur&6ollan 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 of]. multidentataand C. paleatuswe
used at least 0.1g 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
1.20pn.9/g fresh tissue. Pooled intestines and gills of

these species allowed to use at least 0.25 g fresh weight

(calculated LOD =0.16.g/g, LOQ =0.48.9/9), while

at least 3.5 g of pooled muscles were used (calculated
LOD =0.011ug/g, LOQ =0.0344g/g). On the other
hand, O. bonariensisallowed the use of bigger
amounts of tissue: 2.5 g of pooled livers and intestines
(calculated LOD=0.01fg/g, LOQ=0.048.9/9),
0.4g pooled brains (calculated LOD=0,10/qg,
LOQ=0.30ug/g); 7g of pooled gills (calculated
LOD=0.006pg/g, LOQ=0.018.9/g); 25g of
pooled muscles (calculated LOD=0.0Qi¢/g,
LOQ =0.0048.9/9).

Recovery percentages were evaluated from spiked
samples. Thus, either ultrapure or San Roque reser-
voir water samples were spiked with 5, 10 andu2L
pure MC-RR, followed by SPE extraction and further
HPLC analysis. Recovery percentage in water samples

J. Cazenave et al. / Aquatic Toxicology 75 (2005) 178-190

was always over 85%. On the other hand, recovery from
organs was evaluated using 0.5 g muscl©obonar-
iensis (free of MC-RR), homogenized as previously
described, and spiked with pure MC-RR equivalent to
0.5 and Ju.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 df multidentatawhereas
in C. paleatusMiC-RR was presentin liver, gills, intes-
tine and muscle of exposed fisfaple J).

J. multidentatasshowed the highest concentration of
MC-RR (wg/g fresh weight) in liver, followed by qills,
muscle and traces in the braiRig. 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

Intestine  Muscle
0.2%

Muscle

" Q LA
Brain 5.0% . +.0%
Gill
6.0%

traces

Gill
24.49

Liver
70.6%

Liver

(A) (B) 84.8%

Muscle
21%

Gill
12%
Liver
©) 67%

Fig. 1. Relative distribution of MC-RR in different tissues of fish: (A)
Jenynsia multidentatdB) Corydoras paleatuand (C)Odontesthes
bonariensis



Table 1

Presence of MC-RR in different tissues experimentally exposed to dissolved foximultidentataand C. paleatu} or naturally exposed to toxic cyanobacterial bloor@s (

bonariensi$

MC-RR in fish tissugd/g fw) (accumulation factor)

Fish species

Blood
No blood sample

<LOD

Gallbladder

<LOD
<LOD

Brain Muscle Intestine
<LOD

Gill

Liver

0.10.04 (2.2)
0.04:0.01 (0.8)
ds: 0.0%0.01
ws: 0.13:0.18
av: 0.05£0.11
Min.: <LOD

Max.: 0.34

Traces (<LOQ)

<LOD
<LOD

1.62+ 0.73 (32.4) 0.56-0.15 (11.2)

J. multidentata
C. paleatus

2.09:0.40 (41.8)
ds: cyan. cells

1.48-0.50 (28.0)
ds: 0.02-0.03
ws: 0.040.05
year: 0.0% 0.03
Min.: <LOD

19.63+ 10.03 (392.6)

ds: 0.05+0.05
ws: 0.38+0.55
year: 0.16+ 0.32
Min.: <LOD

Max.: 1.01
Samples were analyzed by HPLC, and 18 samples additionally by LC-ESI-TOF. Reported values correspond to t#&beaand are given ipg MC-RR/g fw of the tissue.

Accumulation factor is given within parentheses. <LOD, below detection limit; <LOQ, below quantification limit; ds, dry season; ws, wet season.

Not evaluated

Not evaluated

O. bonariensis

ws: cyan. cells
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Max.: 0.10

capillary LC ESI-TOF, mass spectrometry was par-
ticularly useful to verify the presence of MC-RR in
the brain ofd. multidentatawhere UV-HPLC detected
only trace amountdig. 2 shows the LC-MS analy-
sis of brain tissue al. multidentataThe extracted ion
chromatogramKig. 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 spectrumF(g. 2B) shows exclusively the
doubly charged¥! + 2H]?* ion atm/z 519.79 (calcu-
latedm/z519.79).

C. paleatusalso accumulated the highest concen-
tration of MC-RR in liver, followed by intestine, gills
and muscleKigs. 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 id. multidentatadbut not inC. paleatusand
(b) the intestine, into whick. paleatusbsorbed more
toxin than into the gills, whereas in the intestineJof
multidentatano toxin was evident. Furthermore, toxin
accumulation to the liver dE. paleatusvas more than
tenfold compared to the liver af. multidentata and
into the gill tissue more than 2.5-fold, whereas only
one third was taken up into the musclé@salfle J).

3.2. Field study

Water quality and the content of cyanobacterial tox-
ins in wet and dry season are reportedTable 2
showing a seasonality of most parameters. Water was
always fully saturated with oxygen. During the wet
season, turbidity was increased by suspended solids,
mainly consisting of cyanobacterial bloom material.
This contributed to increased pH and biological oxy-
gen demand. Conductivity is lower during the wet than
dry season, presumably because of dilution. At the end
of the rainy season, growth of cyanobacteria was sup-
ported due to a combination of multiple factors such as
appropriate temperature, high nutrient loads, and good
irradiation. As a result of cyanobacterial mass devel-
opment both cyanotoxin production per dry weight of
cellsandtraces of cyanotoxin released inthe water were
evident {Table ). On the other hand, an increase in the
amount of ammonia during the dry season is related



184 J. Cazenave et al. / Aquatic Toxicology 75 (2005) 178-190
T28.1
100 101.9
92
80
z 70
% 60
:
S
30
20
10
M.AMM"‘WW  Ahoas
0
0 12 24 36 48 60
(A) Retention Time (min)
519.79
100 12.7
90
80 |
70 |
g 6
@ 4
g s
£ 4]
ST
20
10 |
0
505.0 511.8 518.6 525.4 532.2 539.0
(B) Mass (m/z)

Fig. 2. LC-ESI-TOF mass spectrometry detection of microcystin-RR of brain tisslierafltidentateexperimentally exposed to MC-RR. (A)
Extracted ion chromatogramm(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 repofin{e 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 (.Sicm 1) 197 332 265
Dissolved MC-RR g{.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 ©f bonariensis
showed presence of cyanobacterial cells, evidencing
the ingestion of bloom material by this fish species.
MC-RR was found in liver, gilland muscle &f. bonar-
iensis(Table ), 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 speci&3, bonariensignuscle
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 seastalfles 1 and R 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 liveCofpaleatus(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 cell senescence, death and lysis. Thus, fish are naturally
exposed to MC through ingestion of toxic cyanobacte-
4.1. Uptake of MC-RR by fish ria or contaminated food, and, to a less extent, through

dissolved toxin. Hypothetically, two uptake routes are
In the aquatic environment, cyanotoxins are mainly possible: MC-RR can be absorbed through either gas-
released to the surrounding water during cyanobacterial trointestinal tract or gills.
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Although the fish were not fed during their labora- also recorded dissolved MC-RR in the water where
tory exposure, we found presence of variable amounts fish were capturedi@ble 1. Thus, MC uptake via gills
of MC-RR in gills as well as in internal tissues of fish would not be discarded as discussed for experimental
exposed to dissolved MC during 24h ¢nultidentata exposure ofl. multidentataandC. paleatus
andC. paleatusTable 7). On the one hand, the expo-
sure solution, containing MC-RR could be drunk by 4.2. Distribution of MC-RR in fish
C. paleatusand J. multidentatasince freshwater fish
can drink water, though at lower rates than marine fish ~ Once absorbed by either gills or intestinal epithelia,
do (Fuentes and Eddy, 1997; Best et al., 200Ghis a rapid transport of the toxin throughout the fish body
assumption moreover requires that MC is absorbed may take place. Thus, MC can be transported via the
through the gastrointestinal tract of fisfencalla and bloodstream and distributed to various organs or tis-
Dietrich (1997)proved that the absorption of micro- sues. Because blood is in contact with all tissues, the
cystin from intestine to blood system occurred rapidly toxin is distributed especially in organs like gills, liver,
in rainbow trout fed witiMicrocystis aeruginosécon- intestine, kidney, etc., which are highly blood-irrigated.
centrations peaked 3 h after forced feeding). Thus, here  During this study we did not detect MC-RR in blood
is good evidence that MC can be taken up through the of C. paleatushut in internal organs/tissues (liver and
gastrointestinal tract of fish by either drinking water or muscle) of this fish Table 1. This evidences that at
contaminated food. least part of the toxin is capable of entering the blood
On the other hand, MC-RR may be taken up via stream (via the intestine, gills, or by other mechanism),
gills, during ventilation. However, the permeability of ~with subsequent distribution to various body tissues.
gill membranes to MC is discussed controversially. The presence of MC in the blood of fish has been
Some authors suggest that epithelia of gills and skin of demonstrated byencalla and Dietrich (1997andXie
freshwater fish form a barrier to microcystin transport et al. (2004, 2005)
(Andersenetal., 1993; Tencallaetal., 1994; Bury etal.,
1995. Nevertheless, damage of gills by MC-LR, which  4.3. Accumulation of MC-RR in fish
has been observed during experiments with tilapia and
trout (Gaete et al., 1994; Bury et al., 1996, 1998a; 4.3.1. Liver
Zambrano and Canelo, 1996; Chorus and Bartram, Microcystins mainly accumulate in the liver of ver-
1999, suggests enhancement of microcystin uptake. tebrates, but in several fish species (Atlantic salmon,
Recently,Xie et al. (2005)also propose MC uptake rainbow trout, goldfish, common carp, silver carp,
through routes other than the gastrointestinal tract in tilapia) under laboratory conditions utilizing different
carnivorous fish (e.qg. via gills). Though further studies routes of exposure (intraperitoneal injection and feed-
are required to confirm the uptake of MC through gills, ing), accumulation has also been demonstrated in kid-
our experiments evidenced the presence of this toxin in ney, intestine, gallbladder, gills and muscdilliams
this tissue. This may show gills as a route for the entry et al., 1995; Tencalla and Dietrich, 1997; Bury et al.,
of MC into fish body. 1998b; Malbrouck et al., 2003; Jang et al., 2004, Li
During our field study, we detected MC-RR in both et al., 2004; Soares et al., 2004; Xie et al., 200%br
external (gills) and internal tissues (liver, musclelpof instance, a rapid and high accumulation of MC-LR
bonariensisAs we observed cyanobacteria cells inthe was observed in liver of Atlantic salmon and rain-
gastrointestinal content, the ingestion can be proposedbow trout exposed to radiolabeled MC-LR, admin-
as the most probable route of toxin uptake in this wild istrated via intraperitoneal injection or by oral gav-
fish.Best et al. (2003have found that exposure of fish  aging, respectivelyilliams et al., 1995; Tencalla and
to the contents of cyanobacteria (lipopolysaccharides, Dietrich, 19973. Moreover, field studies have also
LPS) stimulates the drinking response, which poten- detected MC in liver of fishiflagalhaes et al., 2001,
tially increases the opportunity for the uptake of toxins. 2003; Sipa et al., 2001; Mohamed et al., 2003; Xie et
Cyanobacterial LPS should not be present in the lab- al., 2005. The liver is the most severely affected organ
oratory study, but could be responsible for enhanced in fish exposed to MCRabergh et al., 1991; Carbis
drinking of the fish in the field study. However, we et al., 1996; Kotak et al., 1996; Fischer and Dietrich,
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2000a; Fischer et al., 20p0OMicrocystin accumula-
tion into the liver is mediated by a highly expressed
unspecific organic anion transporter (bile acid carrier
transport systemRunnegar et al., 1991; Fischer et al.,
2005. From the liver, it can be either reintroduced into
the intestine by entero-hepatic recirculatiéralconer

et al., 1992 or conjugated during the detoxification
processRflugmacher 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 conditio@s,
paleatusaccumulated much higher total amounts of
MC-RR into gill, liver and intestine tissue, compared
to J. multidentata The reason for this is possibly
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premise that influx and efflux of microcystin across
membranes of perfused organs might occur. Thus, the
intestine and gills, which are highly vascularized, might
receive microcystin from blood for its excretion (by
faeces or during ventilation)Villiams et al. (1995)
have found toxin in the digestive tract and in gills of
Atlantic salmon after intraperitoneal dosing with triti-
ated dehydromicrocystin-LR, which confirms that MC
is able to cross membranes from the blood system to
the intestine and also to gills. Redistribution of MC-RR
to the gills is the second possible mechanism besides
direct uptake from the media in all studies species
(Table ). Evenin gills of mussels fed with toxMicro-
cystisstrain, a low percentage of MC-LR was present
(Vasconcelos, 1995

To this point, it seems evident that MC might be

based on less potent biotransformation capacities in absorbed by the intestine, gills and probably other

C. paleatus as observed in a recent workgzenave
et al., 2005p. Lower biotransformation rates might

cause lower excretion of the metabolized toxin, hence

accumulation occurs at higher level. To fully eluci-

exposed tissues of fish, transported by blood, and accu-
mulated in different organs.

4.3.3. Muscle

date these findings, further researchis neededregarding The study of the uptake and accumulation of MC by

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

fish has received considerable attention, mainly arising
from the concern for the effects of MC on humans.
Hence, several laboratory and field studies have shown
that MC is accumulated in muscle of different fish
species (common carp, tilapia, Atlantic salmon, rain-
bow trout), although the concentration of MC in mus-

could be due to the water drunk by the fish as previously cle is usually much lower than that in other tissues

discussed. Atthis pointitis importantto remark that the
callichthyid catfishes of the gen@orydorasare air-

(Williams et al., 1995; Bury et al., 1998b; Magalhaes
et al., 2001, 2003; Li et al., 2004; Soares et al., 2004;

breathing, using their intestine as gas exchange organXie et al., 200%.

(Kramer and McClure, 1980; @nez, 1993 In order

Our laboratory results show that MC-RR can be

to air-breathe via the intestine, fish suck air, possible present in muscle of fish after 24 h exposure, whereas
accompanied by some water, into the intestine via the the field study shows that MC-RR is also present in

anus. Accordingly, the intestine Gborydorasis highly
vascularized in comparison with the corresponding tis-
sue in non-air-breathing species, likenultidentataor
O. bonariensisand is thus a place of high resorption
capacity. This fact could explain why we found MC-
RR in the intestine o€. paleatusbut not in intestines
of J. multidentataor O. bonariensigTable ). Further-
more, it might be one reason for the much higher total
amount of absorbed toxin i@. paleatuscompared to
the other two species.

On the other hand, the presence of microcystin
in the intestine could be a result of desorption from

muscle of wild fish chronically exposed to toxic blooms
(Table 1.

Fig. 1presents the relative distribution of MC-RR to
different tissues on both laboratory and field exposed
fish. Despite of the predominance of MC-RR in liver, it
is interesting to note the relative abundance of MC-RR
in muscle of fish exposed for 24 h under laboratory con-
ditions Fig. 1A and B) in comparison with wild fish
chronically exposedHig. 1C). It seems that accumula-
tion of MC-RR in muscle begins shortly after exposure,
and increases with time leading to an increased amount
of MC-RR in muscle of chronically exposed fish. This

the blood stream. This suggestion is based on theis particularly dangerous for human health, mainly
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because MC might be transferred through the food web Cazenave and M.V. Amthank CONICET (National

from contaminated fish to consumers. Considering the
average value for MC-RR in muscle ©f bonariensis
(Table 3, and assuming a 70 kg person eating 100 g fish

muscle per day, a calculation reveals an average con-

sumption of 5u,g MC-RR per day, which exceeds the
tolerable daily intake (TDI) of 0.04g/kg body weight
per day, recommended by the World Health Organiza-
tion (WHO, 199§. 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 muscleTable 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 Kankaanpa et al., 200% First evidence
of MC-LR accumulation into the brain offish was given
by Fischer and Dietrich (2000pJetecting the toxin by
western blot 48 h after bolus dosing of freeze dried
algae equivalent to 4Q0g/kg of carp Cyprinus car-
pio). We add to this knowledge by reporting the pres-
ence of MC-RR in brain ofl. multidentata exposed
to water-dissolved toxin. The presence of MC-RR in
brain of J. multidentatarequires the crossing of the
blood—brain barrier. Recentlyjscher et al. (2005)ro-
vided evidence that members of the organic anion trans-
porting polypeptide superfamily (OATPs) are capable
to transport MC-LR across the blood—brain barrier of
the frog Xenopus laevisThis finding and our results
give strong evidences on the ability of MC to cross
through the blood—brain barrier and rose questions on
the probable neurotoxicity of MC, especially if we con-
sider that fish exposed to MC-LR evidenced behavioral
changesBaganz et al., 1998, 20D4
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