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Abstract

Phytoplanktivorous bighead carp were injected i.p. with extracted microcystins (mainly MC-RR and -LR) at two doses, 200
and 500 MC-LReq. ug kg~ ' bw, and the changes in extractable MCs in liver and in the ultrastructure of hepatocytes were
studied at 1, 3, 12, 24 and 48 h after injection. Quantitative and qualitative determinations of MCs in the liver were conducted
by HPLC and LC-MS, respectively. MC concentration in the liver reached the maxima at 12 h (2.89 pg MCs g~ ' dry weight at
the lower dose) or at 3 h (5.43 pg MCs g~ ' dry weight at the higher dose) post-injection, followed by sharp declines afterwards,
whereas the ultrastructural changes of hepatocytes in both dose groups suggest progressive increases in severity toward the
directions of apoptosis and necrosis from 1 to 24 h, respectively. There were two new findings in fish: widening of intercellular
spaces was among the early ultrastructural changes induced by MCs and ultrastructural recovery of hepatocytes was evident at
48 h post-injection in both dose groups. Both the present and previous studies suggest that with in vivo or in vitro exposure to
microcystins, hepatocyte damage in fish tends to proceed toward the direction of apoptosis at lower MC concentrations but
toward the direction of necrosis at high MC concentrations. The temporal dynamics of MCs in the liver suggest that bighead
carp may have a mechanism to degrade or bind MC-LR actively after it enters the blood system.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Eutrophication of lakes and reservoirs leads to water
blooms of cyanobacteria in many countries of the world. It is
of great concern to human society because the bloom not
only decreases water quality, but also increases the risk of
toxicity to both animals and humans by producing
microcystins (MCs) (Jochimsen et al., 1998; Falconer,
1999; Codd, 2000; Zimba et al., 2001). It is well known that
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microcystins are potent inhibitors of protein phosphatases 1
and 2A (Eriksson et al., 1990; Falconer and Yeung, 1992;
Runnegar et al., 1993) with liver as target organ. The high
selectivity to liver is believed to be due to toxin uptake via
bile acid carriers (Sahin et al., 1996). In instances of acute
toxicity in mammals, liver damage and death result from
hyperphosphorylation of cytoskeletal proteins secondary to
protein phosphatase inhibition (Eriksson et al., 1990;
Falconer and Yeung, 1992). This in turn results in hepatic
necrosis, loss of hepatocyte cellular junction, and fatal
intrahepatic hemorrhage (Hooser et al., 1990).

There have been only very limited in vivo studies on
the toxic effects of microcystins on the ultrastructures of
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hepatocytes in fish, and the main ultrastructural changes
induced by MCs in the omnivorous common carp and the
carnivorous rainbow trout include swollen mitochondria,
whirling of the rough ER, vacuolated cytoplasm, and
condensed chromatin (Rébergh et al., 1991; Tencalla and
Dietrich, 1997; Fischer et al., 2000; Li et al., 2004).
However, no information was available for the phyto-
planktivorous fishes that may be more frequently exposed
to cyanobacterial toxins because of habitat and feeding
mode. The studies on the dynamics of MCs in the tissues
of silver carp fed with fresh toxic Microcystis suggest
that phytoplanktivorous fish are probably more resistant
to MC exposure than other fishes (Xie et al., 2004).

Bighead carp Aristichthys nobilis (Richardson), one of
the most important freshwater phytoplanktivorous fish,
comprises not only much of the production of Chinese
aquaculture (Liang et al., 1981; Tang, 1981) but also a
substantial proportion (e.g. 6% in 1989) of the total
world catch in inland waters (FAO, 1991). Also, the
filter-feeding fish are especially important to humans
because of their roles in aquatic ecosystems as direct
consumers of phytoplankton primary production, their
importance as food fish and their potential for biological
management of cyanobacterial blooms (Opuszynski and
Shireman, 1995; Xie and Liu, 2001). Therefore, it is
important to evaluate MC toxicity to this fish as well as
the toxic impact on fish.

In the present study, bighead carp were injected i.p. with
extracted microcystins (mainly MC-RR and -LR) at two
doses, 200 and 500 MC-LReq. ug kg ~' bw. The purposes
of this study were to describe the dynamics of extractable
microcystin in liver over a period of 48 h, to evaluate the
temporal changes in the ultrastructure of hepatocytes after
injection with microcystins and to discuss the possible
mechanisms underlying these patterns in comparison with
mammals or other fishes of different feeding modes.

2. Materials and methods
2.1. Toxin

The freeze-dried cyanobacterial material used in the
experiment was collected from Lake Dianchi, Yunnan of
China. Before use, the material was analyzed for toxin
content via reverse-phase high-performance liquid chroma-
tography (HPLC) following the method of Fastner et al.
(1998), and the microcystin content was 1.41 mgg~ ! dry
weight (DW), among which MC-RR, -LR and -YR were
0.84, 0.50 and 0.07 mg g~ ' DW, respectively.

2.2. Fish
Bighead carp Aristichthys nobilis (Richardson) (n=36)

with mean weight 51.274+1.76 g were purchased from
a local fish hatchery (Wuhan, China). Fish were acclimated

for 3 days prior to experimentation in 100-1 aquaria
containing dechlorinated tap water. Water temperature
was 20+ 1 °C and no food was given to the fish throughout
the experiment.

2.3. Sample preparation

Crude algae were freeze-dried and then extracted with
methanol, and finally suspended in distilled water. The
doses of approximately 0.5 ml suspension of extracted
solution of microcystins in plain distilled water were
directly injected (i.p.) along the ventral midline into the
peritoneum using syringes, amounting to equivalent of
400 and 1000 pg MC-LR+MC-RR per kg body weight
(bw). Gupta et al. (2003) reported 24 h LDso (i.p.) doses
of MC-LR, RR and YR in mice are 43, 235.4 and
110.6 pgkg ™' body weight, respectively. Thus the
toxicity of MC-RR and MC-YR in mice is nearly one
fifth and one third of MC-LR, respectively. Comparably,
the doses of 400 and 1000 pgkg™ ' injected with
extracted compound toxins of MC-LR and MC-RR in
this study, according the toxicity of MC-LR and MC-RR,
are equivalent to 200 and 500 ug kg~ ' purified MC-LR,
respectively.

Three test fish in both dose groups were killed at 1, 3, 12,
24 and 48 h post-injection, respectively. Three control fish
killed only at O and 48 h. Liver samples were excised, freed
of attached tissue, and then weighed.

2.4. Determination of MC concentration in liver

Extraction and analysis of the microcystins in the fish
liver followed the method of Xie et al. (2004). Briefly,
lyophilized samples were weighed, and then homogenized
and extracted three times with 10 ml of BuOH: MeOH: H,O
(1:4:15) for 24 h while stirring. The extract was centrifuged
and the supernatant was diluted with water. This diluted
extract was directly applied to a C;g reversed phase
cartridge, which had been preconditioned by washing with
methanol and distilled water. The column was washed
with water and 25% methanol. Elution from the column
with 90% methanol yielded the toxin-containing fraction.
The toxin-containing fraction was evaporated to dryness.
Then the residue was dissolved with methanol and then
eluted with 70% methanol, the toxin-containing fraction was
also evaporated to dryness. This fraction was dissolved with
methanol and the methanol solution was subjected to HPLC.
A gradient starting at 50% (v/v) aqueous methanol with
0.05% trifluoroacetyl (TFA) was increased to 70% (v/v) in
25 min at a flow rate of 1 ml/min. MC concentrations in fish
livers were determined by comparing the peak areas of the
test samples with those of the standards available (MC-LR,
MC-RR and MC-YR, Wako Pure Chemical Industries,
Japan). Qualitative analysis of MCs was performed using a
Finnigan LC-MS system. The LC-MS conditions were
as follows: ESI spray voltage 4.54 kV, sheath gas flow rate



L. Li et al. / Toxicon 46 (2005) 533-545

535

A 1.99 NL: 5.44E6
5000000 TIC MS Lili-1218-173
% 4000000
& 3000000
=
~ 2000000
1000000
0.87
NL: 1.47E5
m/z= 1038.00-1039.00 F:
+cESIFullms [
> 100000 400.00-1100.00] MS
z Lili-1218-173
f =
g
£ 50000
o 159 1.92 3.85 4.64 551 6.02 6.60 7.07 8.50 9.68
439 NL: 2.80E4
miz= 1045.00-1046.00 F:
+cESIFullms [
2 20000 400.00-1100.00] MS
é 4-& Lili-1218-173
~ 10000 1.95
179~ ses 391 c1s
. 97 . 6.30 9.72
o 1.46 o B 30 719 791 9.25 972
457 NL: 5.21E4
50000 miz= 995.00-996.00 F: +
cESIFullms [
Zz 40000 400.00-1100.00] MS
g 30000 Lili-1218-173
< 20000
10000
o 542 6.03 g45 741 862 947 9.84

Time (min)

Lili-1218-173#211 RT: 2.81 AV:1 NL 2.32E5
T: + ¢ ESI Full ms [ 400.00-1100.00]

657.43
B 23000

Intensity

696.62 77799 798.09

400

500 600 700 800

m/z
ESI mass spectrum at 2.82 min (microcystin-RR)

864.21

900

8 9
103843
103949
1024.34
94213 gg0 g6 | |1058.02

1000 1100

Fig. 1. ESI LC/MS analysis of microcystins in liver of bighead carp in the 500 pug kg~ ' dose group at 3 h post-injection. Mass chromatograms
monitored at m/z 1038, 995, 1045 (A), ESI mass spectrum at 2.82 min (microcystin-RR) (B), ESI mass spectrum at 4.57 min (microcystin-LR)

(C) and 4.39 min (microcystin-YR) (D).
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30 unit, auxiliary gas flow rate O unit, capillary voltage
45.67 V, capillary temperature 230 °C, and multiplier
voltage —801.62 V.

2.5. Transmission electron microscopic observation

For transmission electron microscopic study, specimens
of the liver tissues were prefixed in 2.5% glutaraldehyde
solution, diced into 1 mm? , followed by three 15 min rinses
with 0.1 M phosphate buffer (pH 7.4). Post-fixation was in
cold 1% aqueous osmium tetroxide for 1 h. After rinsing
with phosphate buffer again, the specimens were dehydrated
in a graded ethanol series of 50-100% and then embedded in
Epon 812. Ultra-thin sections were sliced with glass knives
on a LKB-V ultramicrotome (Nova, Sweden), stained with
uranyl acetate and lead citrate and examined under a
HITACHI, H-600 electron microscope.

3. Results
3.1. Dynamics of MCs in liver

Fig. 1 shows the ESI LC/MS analysis of microcystins in
liver of bighead carp in the 500 pg kg~ ' dose group at 3 h
post-injection. Based on total ion chromatogram, mass
chromatograms monitored at m/z 1038, and the presence of
[M+H] + ion at m/z 1038, it is confirmed that the peak at
2.82 min was derived from MC-RR. Similarly, the peak at
4.57 min was deduced to be derived from MC-LR, as the
peak was detected by monitoring with m/z 995, and the mass
chromatogram showed [M+H] + ion at m/z 995. Since
MC-YR in bighead carp livers was so rare that the mass
chromatograms monitored at m/z 1045 was obscure.

In the 200 pg MC-LReq. kg™ ' dose group, MC
concentration in liver varied between 0 and 2.89 pg g™’
DW. Due to an accidental mistake in the extraction
procedure, we failed to detect any microcystin at 3 h post-
injection in the 200 pg kg~ ! dose group (Fig. 2(a)). In the
500 pg MC-LReq. kg ~! dose group, MCs varied between
0.25 and 5.43 pg g~ ' DW, and after reaching a maximum at
3 h post-injection, it decreased from 12 to 48 h post-
injection (Fig. 2(b)).

3.2. Ultrastructural changes

3.2.1. Intercellular junction

Sections derived from the control fish had intact
plasmalemma and distinct cell junctions (Fig. 3(A)). After
1 h, widening of intercellular spaces was firstly noticed in
both dose groups (Fig. 3(B) and (C)). At 3 h, the gaps
became wider in the 200 ug kg ™' dose group (Fig. 3(D)).
Disassociation of hepatocytes and loss of desmosomes
were observed in the 500 pg kg~ ! dose group at 3 h post-
injection. Furthermore, many erythrocytes were observed in
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Fig. 2. MC concentration in liver of bighead carp after i.p. injection
with microcystins equivalent to (a) 200 and (b) 500 pg MC-
LReq. kg~ ! bw, respectively.

the dilated non-cellular space in the 500 pgkg™' dose
group (Fig. 3(E)). After 12 h, we observed, in both dose
groups, losses of normal intercellular junctions and marked
disassociation of hepatocytes with disrupted hepatic cords,
which was companied consequently with intrahepatic
hemorrhage (Fig. 4(A)). At 48 h post-injection, the
hepatocytes recovered in both dose groups (Fig. 3(F)),
whereas the recovery was more apparent in the 200 pg kg~
than in the 500 pg kg ' dose groups (Fig. 3(G)).

3.2.2. Cell membrane

Most hepatocytes maintained their normal morphology
in the 200 pgkg ™' dose group at 1h post-injection. At
3 h, membranes of some hepatocytes began to bleb and
such blebbing became more serious with the disassocia-
tion of hepatocytes in the 200 pgkg™' dose group
(Fig. 4(A)). At 24h, membrane blebbing in most
hepatocytes were more prominent, and many membrane-
bound plasma membrane blebs were observed to pinch off
from the cell surface, containing redistributed and
compacted cytoplasmic organelles. Furthermore, some
cells disintegrated into small membrane-bound fragments
(Fig. 4(B)). In contrast, in the 500 pgkg™"' dose group,
the cells became round and swollen with time, and
disruption and lysis of cell membrane were observed in
most hepatocytes at 24 h (Fig. 4(C) and (D)). However,
cell membranes showed great recovery at 48 h in both
dose groups (Fig. 3(F) and (G)).
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Fig. 3. Toxic effects of MCs on intercellular junctions of hepatocytes from bighead carp after injection with 200 and 500 ng MC-LReq. kg

—1

bw, respectively. (A) cellular junctions (demosomes) of control fish, 17,000X. (B) and (C) showing the dilation of intercellular space in the 200
and 500 pg MC-LR kg~ dose groups at 1 h post-injection, respectively, 17,000X. (D) and (E) showing the widening of intercellular space in
the 200 and 500 pg MC-LR kg~ ' dose groups at 3 h post-injection, respectively, 6000 X . (F) and (G) showing the recovery hepatocyte in the
200 and 500 ug MC-LR kg~ ' dose groups at 48 h post-injection, respectively, intercellular space (arrow), 6000 X .

3.2.3. Smooth and rough endoplasmic reticulum

In the control fish, the hepatocytes had stacks of RER
concentrating around the cell nuclei and the cell membrane
borders (Fig. 5(A)). In the 200 ugkg™' dose group,
modification of RER and SER was not significant since
whirling of RER at the periphery of plasma membrane were
present at 24 h (Fig. 5(B)), while at 48 h, normal smooth and
rough ER were commonly observed (Fig. 3(F)). However,
there was a widespread swelling of RER and SER in the
500 pg MC-LR kg ™' dose group within 24 h post-injection.
At 24 h, dilation and vesiculation of cisternae of endoplas-
mic reticulum were most prominent (Fig. 5(C)), partial or
total loss of ribosomes of RER was observed, and
furthermore, some dilated part of RER was transformed

into vesicles by fragmentation or separation. At 48 h, both
dispersed RER and SER showed substantial recovery in the
500 pg kg~ ' dose group.

3.2.4. Mitochondria

In the 200 pg kg™ "' dose group, mitochondria did not
change evidently within 24 h post-injection, and only at
24 h, the densely stained mitochondria presented dilated
cristae (Fig. 6(A) and (B)). However, in the 500 ng kg_1
dose group, the mitochondria proceeded to lose cristae and
matrix in a progressive, time-dependent manner (Fig. 6(C)
and (D)), and lost their metrical density with highly
hydropic changes at 24 h (Fig. 6(D)). At 48 h, most
mitochondria showed considerable recovery with only
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Fig. 4. Toxic effects of MCs on the cell membrane of hepatocytes from bighead carp after injection with 200 and 500 jig MC-LReq. kg~ ' bw,
respectively. (A) and (B) showing the blebbing of cell membrane and pinched off bodies (arrow) in the 200 pg MC-LR kg~ ' dose group at 12
and 24 h post-injection, respectively, 4000 X , 6000 X . (C) showing disrupted cellular membrane (arrow) at 500 g MC-LR kg~ ! dose group at
24 h post-injection, 3000X. (D) showing dissolving cellular membrane (white arrow), fragmentation of nuclear (black arrow) and loss of
cytoplasm (asterisk) in the 500 ug MC-LR kg~ ' dose group at 24 h post-injection, 4000X.

slightly swollen forms present in both dose groups (Fig. 3(F)
and (G)).

3.2.5. Nuclear

Morphologic alterations in nuclei became most promi-
nent in both dose groups within 24 h post-injection. In the
200 ug MC-LRkg ™' dose group, the toxins induced a
progressive deformation of the nuclear outline (Fig. 7(B)),
and at 24 h, there was a prominent decrease in the amount of
homochromatin with compaction of heterochromatin,
eventually resulting in a highly electronlucent nucleoplasm
(Fig. 7(C)). However, in the 500 pg MC-LR kgfl dose
group nuclei were highly condensed and fragmentized
(Fig. 4(D)), and the nucleolus could no longer be discerned
in some hepatocytes (Fig. 7(D)). Also, the large and round

nuclei were seen in the center of hepatocytes in both dose
groups at 48 h post-injection (Fig. 3(F) and (G)).

3.2.6. Cytoplasm

In the hepatocytes of the control fish, we observed
normal ultrastructures of the endoplasmic reticulum,
mitochondria and other organelles (Fig. 8(A)). In the
200 pg kg~ ! dose group, the cell shrunk and cytoplasm
became deep as the time went on. The organelles were
redistributed at 24 h post-injection (Fig. 4(B)). In the 500 pg
MC-LR kg~ ' dose group, the cell became rounding with
light cytoplasm within 24 h post-injection. Some vacuoles
were frequently seen in cytoplasm at 24 and 48 h post-
injection (Figs. 8(B) and 3(G)), even with complete loss of
cytoplasm (Fig. 4(D)). Furthermore, the vacuoles often
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Fig. 5. Toxic effects of MCs on the ER of hepatocytes from bighead carp after injection with 200 and 500 ug MC-LReq. kg~ ' bw, respectively.
(A) RER of control fish, 17,000X. (B) showing the whirling of RER in the 200 ug MC-LR kg~ ' dose group at 24 post-injection, 8000 X .
(C) showing the vesiculation of SER (white arrow) and the swelling and degranulation of RER (black arrow) in the 500 pg MC-LR kg™ !dose

group at 24 h post-injection, 17,000X.

contained concentric layers of membranes, resembling
myelinated bodies (Fig. 8(C)). At 48 h, the cytoplasm
became dense in the 200 ug kg~ ' dose group, and there
were numerous various-sized lipid droplets with massive
lipofusins present in the 500 pg MC-LR kg~ dose group
(Fig. 8(D)).

4. Discussion

In the present study, bighead carp injected with extracted
microcystins demonstrated time-dose dependent ultrastruc-
tural changes in the liver within 24 h post-injection:
widening of intercellular spaces was firstly noticed at 1 h
in both dose groups and the gaps became more widening at
3 h; between 3 and 12 h, the hepatocytes showed cellular

membranes blebbing, cytoplasm condensation and chroma-
tin compaction in the 200 pg kg~ dose group, but became
large and round with swollen organelles in the 500 pg kg ™'
dose group; at 24 h, membrane blebbing and nuclear
deformation were most prominent with appearance of
some ‘apoptotic bodies’ in the 200 pg kg™ dose group,
but disruption and lysis of cell membrane and fragmentation
of nuclear were predominant in the 500 pg kg_1 dose
group; and at 48 h, most hepatocytes showed ultrastructural
recovery in both dose groups. It is well known that blebbing
of cell membrane and appearance of apoptotic bodies are
typical ultrastructural features of apoptosis (Kerr et al.,
1972; Wyllie et al., 1980; Khan et al., 1995; McDermott
et al,, 1998; Li et al., 2001). In our study, the typical
ultrastructural changes (such as cell membrane blebbing,
deformation of the nucleus, compaction of chromatin, and
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Fig. 6. Toxic effects of MC on the mitochondria of hepatocytes from bighead carp after injection with 200 and 500 pg MC-LReq. kg~ bw,
respectively. (A) mitochondria of control fish, 17,000 X . (B) showing dilation of mitochondrial cristae in the 200 ug MC-LR kg~ ' dose group
at 24 post-injection, 8000 X . (C) and (D) showing the swelling and vesiculation of mitochondria in the 500 pg MC-LR kg~ ' dose group at 12 h

and 24 post-injection, respectively, both in 17,000X.

pinching off membrane blebs-apoptotic bodies) of hepato-
cytes in the 200 ug MC-LR kg ™' dose group were evidently
compatible with characters of cell apoptosis; whereas the
ultrastructural changes (such as cell swelling, organelles
distended or even disrupted, followed by a cell death) of
hepatocytes in the 500 ug MC-LR kg~ ' dose group were
consistent with the symptoms of cell necrosis (Slauson and
Cooper, 1982). In vivo cell apoptosis or necrosis has been
previously observed in mammals (Dabholkar et al., 1987;
Miura et al., 1989; Ito et al., 1997) and in fish (Kotak et al.,
1996; Tencalla and Dietrich, 1997; Fischer et al., 2000; Li et
al.,, 2004). In vitro, isolated rat hepatocytes displayed
apoptosis when exposed to low MC-LR concentrations
(0.8-2 uM) but necrosis when exposed to high MC-LR
concentrations (25-50 uM) (McDermott et al., 1998).
Lietal. (2001) administered MC-LR to isolated hepatocytes

of common carp and observed ultrastructural changes of
apoptosis and necrosis when the cells were exposed to 50
and 500 MC-LR pg/L for 8 h, respectively. Therefore, our
results together with previous studies suggest that whenever
in vivo or in vitro exposure to microcystins, hepatocyte
damage in fish or mammals tends to proceed toward the
direction of apoptosis at lower MC concentrations but
toward the direction of necrosis at high MC concentrations.

There were only a few in vivo studies to document
ultrastructural changes of fish hepatocytes after exposure to
MCs. A subchronic dose (50 ug MC-LR kg~ ') was orally
administered to common carp by feeding with bloom scum,
and after 28 days, ultrastructural changes of livers were
observed: swollen endomembrane system, dilation of
cisternaec of the rough ER and ER transformation into
concentric membrane whorls, and numerous electron-lucent
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Fig. 7. Toxic effects of MC on the nuclei of hepatocytes from bighead carp after injection with 200 and 500 pg MC-LReq. kg~ bw,
respectively. (A) nucleus of control fish 10,000 X. (B) and (C) showing the deformation of nuclei and condensation of chromatin in the 200 pg
MC-LR kg~ dose group at 24 h post-injection, 10,000 X and 6000 X . (D) showing the necrosis of cell in the 500 ug MC-LR kg ™' dose group

at 24 h post-injection, 6000 X .

membrane-bound vacuoles (Li et al., 2004). Common carp
were injected i.p. with a sublethal dose of MC-LR (150 pg
MC-LR kg™ "), which resulted in disassociation of hepato-
cytes, vacuolization of cytoplasm at 0.5 h post-injection,
dispersion of the stacks of rough ER and mitochondria
throughout the cytoplasm and the presence of a concen-
tration of microfilaments at the intercellular space at 1 h
post-injection, with highly vesiculated rough ER at 6 h post-
injection (Rébergh et al., 1991). Rainbow trout were
gavaged with freeze-dried toxic cells of Microcystis
aeruginosa at a dose of 5700 pg MC-LReq. kg™ ' bw,
which caused ultrastructural changes of massive necrosis of
the liver: at 1 h after gavage, there were changes in small,
well-defined areas where the typical chord structure of trout
liver disappeared with appearance of condensed cytoplasm,
between 3 and 12 h, nuclei began to condense with highly
vacuolated cytoplasm, and after 24—48 h, membranes were
lysed and nuclei were pyknotic, and such ultrastructural
damage extended to the whole liver (Tencalla and Dietrich,
1997). Some of these alterations are consistent with our
observation, but we found widening of intercellular spaces
among the early ultralstructural changes induced by MCs,

which is the first report in fish. In mammals, the widening of
intercellular spaces is presumed to be a critically important
effect of the toxin and is related to the disruption by MC-LR
of microtubules (MTs), cytokeratin intermediate filaments
(IFs) and microfilaments (MFs) (Wickstrom et al., 1995,
1996; Khan et al., 1996). It is likely that the widening of
intercellular spaces observed in bighead livers in this
present study might have resulted from toxin-induced
destabilization of adhesive structures through increased
phosphorylation (Eriksson et al., 1990; Falconer and Yeung,
1992). It is known that microcystins are potent and specific
inhibitors of PP1 and PP2A, which disturbs the cellular
phosphorylation balance and causes hyperphosphorylation
of a variety of proteins (Eriksson et al., 1990; Falconer and
Yeung, 1992; Runnegar et al., 1993). These proteins (e.g.
actin, talin or o-actin) are certainly responsible for
alterations in the loss of normal cell shape, the widening
of intercellular spaces and disassociation of hepatocytes,
which finally leads to apoptosis and/or necrosis of
hepatocytes (Dawson, 1998). Similarly, when cultured
rat hepatocytes were exposed to microcystins, the first
action point of MC was also the intercellular junctions
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Fig. 8. Toxic effects of MC on cytoplasm of hepatocytes from bighead carp after injection with 200 and 500 pg MC-LReq. kg ™' bw,
respectively. (A) the control cell, 6000 X . (B) showing the vacuoles in the 500 g MC-LR kg~ ' dose group at 24 h post-injection, 10,000 X. (C)
showing the formation of myeloid-like bodies in the 500 pg MC-LR kg ™' dose group at 48 h post-injection, 17,000X. (D) showing the
presence of lipid droplets (black arrow) and lipofuscins (white arrow) in the 500 ug MC-LR kg ™" at 48 h post-injection, 4000

(Wickstrom et al., 1996). Therefore, evidence from both fish
and mammals indicates that MCs act firstly on the
intercellular junctions of hepatocytes in animal livers.

In the present study, with a remarkable decrease or even
disappearance of MCs in the liver at 48 h post-injection,
ultrastructural recovery of hepatocytes was evident in both
dose groups. This is the first report on ultrastructural
recovery of fish liver exposed to MCs. Malbrouck et al.
(2003) observed recovery of liver under light microscopy in
goldfish Carassius auratus, injected with a dose of 125 pg
MC-LR kg~ ' bw: recovery of the tissue structure and
regeneration of hepatocytes were visible after 96 h, and
there was a reconstruction of initial tissue structure (only
few inflammatory regions persisted) after 21 days post-
injection. Compared with goldfish, bighead carp showed
more quick recovery in spite of exposure to higher MC

doses. Such differences in response to MC exposure are
most likely due to different detoxification among different
fish species, since phytoplanktivorous fishes like silver and
bighead carps are possibly more tolerant to high micro-
cystins than other fishes from an evolutionary point of view
(Xie et al., 2004).

In the present study, MC concentration in the liver of
bighead carp reached the maxima at 3 or 12 h post-injection,
followed by a sharp decline afterwards, whereas
the ultrasturctural changes of hepatocytes in both dose
groups progressively increased in severity toward the
directions of apoptosis and necrosis from 1 to 24 h,
respectively. Similarly, in rainbow trout gavaged with
freeze-dried toxic cells of Microcystis aeruginosa at
5700 ug MC-LReq. kg~' bw, MC concentration in liver
reached the maximum (524 ng/g liver) at 3 h post-injection,
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then showed quick declines within 24 h and remained low
during 24-48 h, whereas liver ultrastructural damage
continued to progress with time (Tencalla and Dietrich,
1997). Apparently, there is a delay in the ultrastructural
changes related to peak accumulation of microcystins in fish
liver. Fischer et al. (2000) indicate that the decrease of
extractable MC concentration after peak accumulation in
liver may be attributed to two factors: one is biliary
excretion of MC or its metabolites (Sahin et al., 1996), the
other is the slow covalent addition of MC to the catalytic
subunit of PP and other thiol containing cellular proteins
(Hitzfeld et al., 1999), which may contribute to the
progressive necrosis of hepatocytes.

In the present study, although it comprised 35.5% of the
total toxins i.p.-injected to bighead carp, MC-LR in the liver
was not detected at the 200 pg MC-LR kg~ ' dose group, but
was rather low at the 500 ug MC-LR kg™ ! dose group
within 24 h. In a subchronic toxicity experiment where the
phytoplanktivorous silver carp were fed with toxic fresh
Microcystis viridis cells (MC-RR and -LR contents were
268-580 and 110-292 pg ¢~ ' DW, respectively), MC-LR
were almost not detectable in the fish liver, and it is
suggested that silver carp may has a mechanism to degrade
MC-LR actively in the intestines and to inhibit MC-LR
transportation across the intestines (Xie et al., 2004). The
present results suggest that bighead carp may have a
mechanism to degrade or bind MC-LR actively after it
enters the blood system. Detailed studies are needed in our
future research to clarify the degradation mechanisms of the
most toxic MC-LR in the phytoplanktivorous fishes.
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