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Microcystins (MCs) produced by some freshwater cyanobacterial species possess potent liver toxicity as
evidenced by acute neutrophil infiltration. Here, we investigate the ability of three structurally distinct
toxins (MC-LA, MC-LR, and MC-YR) to evoke neutrophil recruitment per se and their effects on migration
pathways. Intravital microscopic studies showed that topical application of only MC-LR enhanced the
numbers of rolling and adhered leukocytes in the endothelium of postcapillary mesenteric venules.
The latter effects may be dependent upon induction of the synthesis and expression of L-selectin and
B2-integrin in neutrophils, as assessed by flow cytometry and RT-PCR, respectively. Conversely, the three
toxins promoted direct locomotion of neutrophils and enhanced their migration in response to fMLP, as
measured by Boyden chamber assays, and increased intracellular calcium, a messenger in the chemotaxic
process. In conclusion, our results show that MCs act on specific pathways of neutrophil recruitment,
indicating their potential effect on neutrophils activation.

Calcium influx

© 2009 Elsevier Inc. All rights reserved.

Introduction

Toxic cyanobacterial blooms in freshwater supplies pose a risk
to the environment and human health [1]. Microcystins (MCs),
known potent hepatotoxins, are produced by various species of
cyanobacteria [2], which can form water blooms under eutrophic
conditions in lakes, ponds, and water reservoirs [3].

A severe accident in Brazil during 1996, called “Caruaru Syn-
drome,” illustrates the high human toxicity of MCs. In this fatal
accident, untreated water from a reservoir with a cyanobacterial
bloom was used at a hemodialysis center. Levels of MC-LR, MC-
YR, and MC-AR were found in the tissues and blood of these pa-
tients and were related to nausea, vomiting, acute liver damage,
and, in some cases, death. Biopsy and autopsy of these livers dem-
onstrated substantial neutrophil infiltration [2,4-6]. It has not yet
been elucidated as to whether neutrophils are recruited by the
activity of the toxin or after hepatic damage, playing a role in liver
failure. Although leukocyte recruitment to the focus of a lesion pro-
vides the first line of host defense, exacerbated activity of these
cells can induce tissue injury and microvascular dysfunction. The
deleterious and undesirable effects in the host are due to the ability
of neutrophils to release proteolytic enzymes and reactive oxygen
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and nitrogen metabolites that cause tissue damage [7]. We have
previously shown that MCs activate human and rat neutrophils
in vitro, generating ROS and cytokine release [8,9].

During the process of migration, circulating leukocytes initially
roll and adhere to the endothelium of microcirculatory vessel
walls, and subsequently transmigrate into the extravascular space,
moving directly to site of injury. A coordinated interplay involving
a spectrum of adhesion molecules successively expressed on cellu-
lar membranes mediates the interactions in the microvasculature
and the extravascular tissue [10].

Neutrophils move by projecting pseudopodia directly into the
chemoattractant gradient. The intracellular pathway of chemotaxis
is not completely understood, and varies according to the chemo-
attractant [11]. In general, chemoattractant receptor activation has
been shown to lead to the generation of Ca?* signaling via a series
of events, including G-protein interactions, inositol 1,4,5-triphos-
phate production, and Ca?"-channel opening and release of intra-
cellular Ca*? stores to the plasma membrane. The increased Ca?*
concentration mediates the expression of adhesion molecules
responsible for cell to cell contact in the extravascular matrix
and regulates myosin function via Ca?*/calmodulin-dependent
myosin light chain kinases [10].

Taking into account that MC toxicity is characterized by neutro-
phil influx into target tissues, we herein investigated the ability of
three structurally distinct toxins, MC-LA, MC-YR, and MC-LR, to
induce leukocyte recruitment in vivo and their specific effects on
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pathways of cellular movement. The results clearly demonstrate
the in vivo inflammatory properties of MC-LA, MC-YR and MC-LR,
quantified by their individual actions on leukocyte-endothelial
interactions, leukocyte adhesion molecule expression, neutrophil
chemotaxis, and Ca%* mobilization.

Materials and methods

Reagents. MC-LA, MC-YR, MC-LR, bovine fetal serum (BSA), pen-
icillin, RPMI-1640 medium supplemented with l-glutamine, N-for-
myl-methionyl-leucyl-phenilalanine (fMLP), May Grumwald-
Giemsa, ethylenediaminetetraacetic acid (EDTA), ionomycin
A23187, Fluo-3 AM, and oyster glycogen were obtained from Sigma
Chemical Co. (St. Louis, MO, USA). L-Selectin monoclonal antibodies
conjugated to FITC (anti-rat CD62L) and B2-integrin monoclonal
antibodies conjugated to FITC (anti-rat CD18) were purchased from
BD PharMingen Technical (San Diego, CA, USA). Sodium pentobar-
bital was purchased from Cristalia (Sao Paulo, SP, Brazil). Trizol re-
agent was purchased from Invitrogen (Grand Island, NY, USA).
Oligo(dT)15 primer, ribonuclease inhibitor, reverse transcriptase,
Taq DNA polymerase, and dNTP mix were purchased from Promega
(Madison, WI, USA).

Animals. Male Wistar rats weighing 180+20g were
obtained from the Department of Clinical Chemistry of the Fac-
ulty of Pharmaceutical Sciences, University of S3o Paulo, Brazil.
The rats were maintained at 23 °C under a light:dark cycle of
12:12 h. Food and water were provided ad libitum. The Animal Care
Committee of the Faculty of Pharmaceutical Sciences approved of
the experimental procedures employed in this study (Protocol
No. 275).

Intravital microscopic assay. Rats were anesthetized by i.p. injec-
tion of pentobarbital sodium (65 mg/kg) and the mesentery was
exteriorized. After surgery, the animals were maintained on a spe-
cial board that was thermostatically controlled at 37 °C. This sys-
tem included a transparent platform on which the tissue to be
transilluminated was posicioned. The preparation was kept moist
and warm by irrigating the tissue with a warmed Ringer-Locke
solution (pH 7.2-7.4; 154mM NaCl; 5.6mM KCl; 2mM
CaCl,-2H,0; 6 mM NaHCOs, and 5 mM glucose) containing 1% gel-
atin. The rate of solution outflow onto the exposed tissue was con-
trolled to keep the preparation in continuous contact with a film of
the liquid. Transilluminated images were obtained by optical
microscopy. The images were captured with a video camera (ZVS,
3C75DE, Carl-Zeiss) and simultaneously transmitted to a TV mon-
itor and a computer. Digitized images were subsequently analyzed
using image-analyzing software (KS 300, Kontron).

The interaction between leukocytes and vessel walls was eval-
uated by determining the number of rolling and adhered leuko-
cytes on the postcapillary venule wall (20-30 um diameter,
200 pm length) of the mesentery at 10-min intervals, as previously
described by Dahlen et al. [12]. Three fields were evaluated per ani-
mal after application of 10 puL of MC-LA, MC-YR, or MC-LR (1 nM).
Leukocytes moving peripherally to the axial stream and in contact
with the endothelium were considered to be ‘rollers’. These leuko-
cytes moved sufficiently slow to be individually visible and were
counted as they rolled past a designated point on one side of the
vessel for a duration of 10 min after MC-LA, MC-YR, or MC-LR treat-
ment (1 nM). The number of leukocytes adhered to the endothe-
lium (stopped at the vessel wall) was determined in the same
vascular segment after 10 min of MC-LA, MC-YR, or MC-LR
application.

Blood flow cytometry. In order to quantify l-selectin or p2-inte-
grin expression, leukocytes were isolated from abdominal aorta
blood collected in EDTA (100 mg/mL). Erythrocyte lysis was per-
formed using an ammonium chloride solution (0.13 M), and leuko-

cytes were recovered after washing the preparation with PBS. The
cells (1.0 x 10%) were incubated with MC-LA, MC-YR, MC-LR
(1000 nM), or fMLP (10 nM) for 4 h. After washing, the leukocytes
were further incubated for 30 min at 4 °C in the dark with 10 pL of
monoclonal antibody against I-selectin or f2-integrin. Immediately
after incubation, the cells were analyzed using a FACSCalibur flow
cytometer (Becton & Dickinson, San Jose, CA, USA). Data were ob-
tained from 10,000 cells and only morphologically viable neutro-
phils were considered for analysis. Leukocytes were separated
based on size and granularity. Fluorescence was determined and
the results are expressed as the mean fluorescence of four assays
performed in duplicate.

RT-PCR assays. Neutrophils were prepared as described above.
Cells (2.5 x 107) were incubated with MC-LA, MC-YR, MC-LR
(1000 nM), or fMLP (10 nM) for 4 h. Total RNA was extracted from
cultured neutrophils using Trizol reagent according to the manu-
facturer’s instructions. RNA extraction was carried out in an
RNAse-free environment, and the isolated RNA was quantified by
reading the absorbance of the RNA solution at 260 nm.

Reverse transcriptase-PCR. cDNAs were synthesized from 1 mg of
total RNA using an oligo(dT)15 primer (20 mg/mL) after incubation
at 70 °C for 15 min in the presence of 2 mM dNTP mix, ribonucle-
ase inhibitor (20 U), and reverse transcriptase (200 U) in a final vol-
ume of 25pL in reverse transcriptase buffer. The reverse
transcription reaction was performed by incubation at 42 °C for
60 min. For PCR, cDNA was incubated with 2.5 U of Taq DNA poly-
merase, 0.4 mM 3- and 5-specific primers, and 200 mM dNTP mix
with buffer-thermophilic DNA polymerase in 1.5 mM MgCl, The
primer sequences used were GAPDH, 5-TATGAT GACATCAAGA
AGGTGG-3' (forward) and 5'-CACCACCCTGTTGCTGTA-3’ (reverse);
l-selectin, 5’-AACGAGACTCTGGGAAGT-3' (forward) and 5'-
CAAAGGCTCACATTGGAT-3' (reverse); PB2-integrin, 5'-TGCGCCCC
TCACTGCTGCTTG-3’ (forward) and 5-GAGATCCATGAGGTAGTACA
GATC-3' (reverse).

In vitro neutrophil migration: Boyden chamber assays. Neutrophils
were obtained from adult rats 4 h after intraperitoneal (ip) injec-
tion of 10 mL of 1% sterile oyster glycogen solution in phosphate-
buffered saline (PBS). The animals were anesthetized with 200 pL
of ketamine:xylazine (2:1) and the cells were collected by rinsing
the abdominal cavity with 40 mL of sterile PBS. The number of via-
ble cells (98%) was counted in a Neubauer chamber using a light
microscope (Nikkon, Japan). The migratory assay was performed
using a multiwell chemotaxis chamber, as previously described
by Boyden [13] and Zigmond and Hirsch [14].

To evaluate the capacity of MC-LA, MC-YR, or MC-LR to induce
neutrophil migration, aliquots of cell suspensions containing
1.5 x 10° neutrophils (in Hanks’ balanced salt solution (HBSS) con-
taining 0.01% albumin) were added to the upper compartment of
the chamber onto a cellulose filter with an average pore size of
8 um (Millipore). The lower compartments were prepared as fol-
lows: HBSS containing the chemotactic agent fMLP (10 nM) in po-
sitive control wells, HBSS only in negative control wells, and
solutions of MC-LA, MC-YR, or MC-LR (1, 100, and 1000 nM in
HBSS) in test wells. The cells were incubated for 60 min (humidi-
fied air, 37 °C, 5% CO,), followed by removal of the filters for fixa-
tion and staining of the cells. Neutrophil migration within the
filter was determined under light microscopy, as previously de-
scribed by Zigmound and Hirsch [14]. The distance was measured
from the top of the filter to the farthest plane still containing two
cells with an x40 objective. Duplicate wells were tested for each
variable, and five fields were counted and averaged per filter.

To investigate the influence of MC-LA, MC-YR, or MC-LR on neu-
trophil migration induced by fMLP, aliquots of cell suspensions
containing 1.5 x 10® neutrophils were added to the upper com-
partment of the chamber after incubation for 60 min (37 °C, 5%
CO,) with MC-LA, MC-YR, or MC-LR (1, 100, and 1000 nM). After
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incubation, the cells were washed and resuspended in HBSS con-
taining 0.01% albumin for use in the chemotaxis assay. The chemo-
tactic agent (10 nM fMLP) was added to the lower compartment of
all wells, excluding negative control wells (HBSS only). The cells
were incubated for 60 min (humidified air, 37 °C, 5% CO,), followed
by removal of the filters and evaluation of cell migration using the
same methods for fixation and staining described above.

Confocal microscopy. Neutrophils were obtained from adult rats
4 h after i.p. injection of 10 mL of 1% oyster glycogen solution in
PBS. The animals were anesthetized with 200 pL of ketamine:xyla-
zine (2:1) and the cells were collected by rinsing the abdominal cav-
ity with 40 mL of sterile Krebs—HEPES buffer (120 mM NacCl, 4.8 mM
KCl, 1.2 mM KH,POy4, 1.2 mM MgSOy4, 1.3 mM CaCl,, 25 mM HEPES
(4-(2-hydroxyethyl)-1-piperazineethanesulfonicacid), and 0.1% bo-
vine serum albumin (BSA), pH 7.3). The number of viable cells (98%)
was counted in a Neubauer chamber using a light microscope (Nik-
kon, Japan). The intracellular Ca%*level ([Ca%*];) was analyzed using a
laser scanning confocal microscope (LSM 410, Carl Zeiss, Jena, Ger-
many). Isolated neutrophils were incubated with 1 mM Fluo-3AM
for 45 min at room temperature. Neutrophils were washed and sus-
pended at 4 x 10° cells/mL in Krebs-HEPES buffer. For each experi-
ment, 35 pL of the cell suspension was added to glass-bottomed
culture dishes and allowed to settle. The cells were imaged with an
inverted confocal microscope (MRC-Bio-Rad 600) using a 63 x objec-
tive. After 10 min of cell addition, at which time the cells were adher-
ent, the first images were acquired and MC-LA, MC-YR, or MC-LR
(1000 nM) was added to the dishes. Immediately after MC stimula-
tion, [Ca®*]; was analyzed using a laser scanning confocal microscope
with excitation and emission wavelengths of 506/526 nm, respec-
tively. Samples were scanned once per second for 200 s. The [Ca®*];
at each scanning point was analyzed and integrated for 95 s. Maxi-
mal fluorescence was obtained by addition of ionomycin (A23187,
100 uM), and minimal fluorescence was obtained by addition of
EDTA (4 mM). The integrated values of five cells per experimental
group were obtained and the means * SE of the fluorescence inten-
sity of these cells was then calculated.

Statistical analyzes. Statistical analyzes were carried out by com-
paring the average * standard error (SE) of the groups by ANOVA,
with the Student-Newman-Keuls multiple comparison tests.

Results

Rolling and adherence of leukocytes is only induced by MC-LR in vivo

Topical application of MC-LR increased both events using intra-
vital microscopy, as evidenced by increased numbers of rolling
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(p <0.001) and adhered (p < 0.05) leukocytes in comparison to top-
ical application of PBS solution, MC-LA, or MC-YR (Fig. 1A and B).

Synthesis and expression of L-selectin and p2-integrin on circulating
leukocytes is only enhanced by MC-LR

The expression of both molecules on in vitro MC-LR-exposed
neutrophils was higher than that observed on MC-LA-, MC-YR-,
and vehicle-exposed cells (p < 0.05) (Fig. 2A and B). Similar L-selec-
tin and B2-integrin expression levels were observed in MC-LA-,
MC-YR-, and vehicle-exposed cells. fMLP-stimulated cells were
used as positive controls in the assays, and the data depicted here-
in show that these cells presented elevated expression of the two
molecules tested (Fig. 2A and B).

To evaluate if the elevated adhesion molecule expression re-
flected their increased synthesis, mRNA was isolated from the cells
and RT-PCR assays were performed. The mRNA levels of L-selectin
and B2-integrin were significantly increased in MC-LR-treated neu-
trophils compared to MC-LA-, MC-YR-, or vehicle-exposed cells
(Fig. 2C and D). Gene expression was also increased in fMLP-stim-
ulated cells (Fig. 2C and D).

MC-LA, MC-YR, and MC-LR induce neutrophil migration in vitro

MC-LA, MC-YR, and MC-LR induced chemotaxis per se in Boyden
chambers, as neutrophil migration was enhanced in response to
these toxins. Values obtained were higher than those observed in
response to vehicle (HBSS) and equivalent to migration induced
by fMLP, which was used as a positive control (Fig. 3A, B and C).
However, chemotactic potency differed between the toxins. Ele-
vated responses were detected with 1 and 100nM MC-LA
(p<0.001; Fig. 3A), 1 nM MC-YR (p<0.01; Fig. 3B), and 1, 100
and 1000 nM MC-LR (p < 0.001; Fig. 3C).

The second assay was carried out to evaluate the ability of the
toxins to alter chemotaxis in response to fMLP. To assess this, the
migration of cells previously incubated with different concentra-
tions of MC-LA, MC-YR, MC-LR, or HBSS onto the filter was assessed
in response to fMLP. Cells incubated with all concentrations of the
three toxins employed presented higher migration in response to
fMLP than cells incubated with HBSS (p<0.01 or p<0.001,
Table 1).

MC-LA, MC-YR, and MC-LR induce intracellular calcium mobilization
in neutrophils

[Ca?*]; was determined by analyzing cells for 0-95 s after MC
additions. Means + SE of the integrated values of five cells per
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Fig. 1. Number of rolling (A) and adhered (B) leukocytes in postcapillary venules (20-30 um diameter) of the mesentery of rats exposed to vehicle (PBS), MC-LA, MC-YR, or
MC-LR (1000 nM). Results were obtained by intravital microscopy 10 min after topical application of MC-LA, MC-YR, or MC-LR or vehicle. Values are presented as the
means + SE of five animals per group. P<0.05, "P<0.001 between the vehicle and MC-treatments as indicated by ANOVA, with the Student-Newman-Keuls multiple

comparison test.
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2. Effect of vehicle (PBS)-, fMLP-, MC-LA-, MC-YR-, or MC-LR-treatments on the membrane and gene expression of adhesion molecules in neutrophils. Expression of -

selectin (A) and B2-integrin (B) were analyzed by flow cytometry. The assays were carried out in neutrophils isolated from the abdominal aorta blood of adult rats. Cells
(1.0 x 10°) were incubated with MC-LA, MC-YR, MC-LR (1000 nM), or fMLP (10 nM) for 4 h. Images represent agarose gel electrophoresis of total mRNA, GAPDH; t-selectina
(C), and B2-integrin (D). Values are presented as the means + SE of four animals per group. 'P<0.05, "P<0.001 between the vehicle and fMLP-, MC-LA-, MC-YR- or MC-LR-
treatments, as indicated by ANOVA, with the Student-Newman-Keuls multiple comparison test.
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Fig. 3. Chemotactic responses (micropore filter system) of neutrophils to vehicle (HBSS), fMLP (10 nM), MC-LA, MC-YR, or MC-LR (1, 100 and 1000 nM). Neutrophils
(1.5 x 10° cells) were placed in the top compartment of the chamber and allowed to migrate for 60 min. Values are presented as the means * SE of four animals per group.

‘P<0.01,”

group (MC-LA, MC-YR, or MC-LR-stimulated neutrophils) demon-
strated that toxins increased the [Ca®']; (Fig. 4). [Ca®']; was in-
creased immediately after additions of MC-LA, -YR, and -LR and
attained a maximum level within 20, 27, and 40 s, respectively.

P <0.001 between fMLP, (A) MC-LA, (B) MC-YR, or (C) MC-LR and vehicle as indicated by ANOVA, with the Student-Newman-Keuls multiple comparison test.

In spite of the fact that all MCs were able to trigger calcium influx
in neutrophils, MC-LR incubation maintained the elevated [Ca®'];
until to the end of the investigation period (Fig. 4). Integrated val-
ues for the area, as shown in the minor insert of the figure,
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Table 1
Chemotactic responses (micropore filter system) of neutrophils to fMLP (10 nM).

Cells pre-incubated Concentration Migration of neutrophil

with of MC (nM) on paper filter (um)
in response fMLP (mean + SE)

HBSS 0 51.60 +1.705
MC-LA 1 64.25 + 4505

100 77.50 + 4667

1000 68.25 +4.092"
MC-YR 1 68.00 + 3.022°

100 80.25 + 4.666

1000 74.00 £6.341"
MC-LR 1 76.75 +4.549"

100 84.75+4.552"

1000 79.75 +2.844"

The values are presented as means+SE of four animals per group P<0.01,
“P<0.001 for comparison between vehicle (HBSS)- and MC-LA-, MC-YR- or MC-LR-
treatments in response fMLP, as indicated by ANOVA with Student-Newman-Keuls
multiple comparison test.
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Fig. 4. Vehicle- (—{}—), MC-LA- ( ), MC-YR- (— ) or MC-LR-
(—4¢—) induced increases in intracellular Ca®" levels. Neutrophils were incu-
bated with 1 mM Fluo-3 AM for 45 min at room temperature. Cells were washed
and suspended at 4 x 10 cells/mL in Krebs-HEPES buffer. The cell suspension
(35 pL) was plated in glass microwell dishes, and the intracellular Ca* level was
analyzed using a laser scanning confocal microscope. The change in 506/536 nm
was monitored. The inserts represent the means + SE of the integrated fluorescence
emission of neutrophils in the presence of MC-LA, MC-YR, or MC-LR. 'P<0.001,
between the vehicle and MC-LA-, MC-YR- or MC-LR-treatments, as indicated by
ANOVA, with the Student-Newman-Keuls multiple comparison test.

represent significantly increased [Ca®'[; in neutrophils incubated

with MC-LA MC-YR and MC-LR (p <0.001) in comparison to that
in cells incubated with vehicle.

Discussion

Exacerbated influx and activation of neutrophils contribute to
tissue injury in a number of disease states, including certain xeno-
biotic-induced liver injuries [15]. In this context, neutrophil infil-
tration was observed around necrotic foci in human and
laboratory animals after MC-induced intoxications [5,16]. Never-
theless, the role of neutrophils in the pathogenesis of MC-induced
organ toxicity has not been established. In this study, we demon-
strated the ability of three structurally distinct and potentially
toxic MCs to promote activation and migration of neutrophils into
the focus of MC activity.

Neutrophil recruitment into inflamed tissues is initially depen-
dent upon its interaction with the vessel endothelium of the micro-
circulatory network, subsequent transmigration into the
extravascular space, and direct locomotion to the site of inflamma-

tion [17]. Herein, topical application of MC-LR induced rolling of
neutrophils to postcapillary venules of the mesentery, and these
cells were able to adhere to the vessel wall. Hernandez et al. [18]
previously suggested that MC-LR activates and induces the adher-
ence of human neutrophils to an inert membrane. Together, these
results suggest that MC-LR induces neutrophil-endothelial interac-
tions by promoting, at least in part, expression of neutrophil adhe-
sion molecules. In fact, incubation of MC-LR with neutrophils
evoked the synthesis and expression of both L-selectin and B2-inte-
grin. Interestingly, these effects were only induced by MC-LR toxin.
The ability of MCs to evoke secretion of chemokines [9] and MC-LR
to induce synthesis of adhesion molecules, suggest potential ef-
fects of MCs on mRNA transcription proteins related to inflamma-
tory events. The effect of MCs on activation of NF-kappaB and
activator protein 1 (AP-1) may be important areas for further
investigation, as these transcriptional factor mediates the synthe-
sis of chemokines and adhesion molecules [19,20]. Actually, Wei
et al. [21] have recently showed that MC-LR induces a time depen-
dent increase in AP-1 activity in liver of mice, via c-Jun-N-terminal
protein kinase, which in turn induces mitochondrial-dependent
apoptosis.

Using the Boyden chamber model, we demonstrated that toxins
are chemoattractants for neutrophils and previous incubation of
neutrophils with MCs enhanced their direct migration in response
to an inflammatory agent. Therefore, it is clear that MCs per se acti-
vate intracellular mechanisms responsible for oriented locomotion
and prime neutrophils to respond to another chemoattractant.

In accordance with other data presented in this paper, actions
on neutrophil chemotaxis suggests that MCs interact with mem-
brane components or penetrate into a cell, activating, in both cases,
intracellular routes responsible for pro-inflammatory actions. How
MCs enter the cell or trigger intracellular activation pathways is
not well-established. MC-LR was shown to enter hepatocytes and
cross the blood brain barrier through organic anion transporting
polypeptides (OATPs) [22,23], that comprise a family of transport-
ers exhibiting broad distribution and a range of substrates and dis-
play an important role in drug disposition and toxicity [24], but the
expression of OATPs by neutrophils has not been demonstrated.

Here, we show that Ca;?" may be a mechanism by which MCs
modulate neutrophil activity. The three toxins studied increased
intracellular Ca?* levels with different kinetic profiles, indicating
that MCs acts via distinct pathways of neutrophil activation. The
response evoked by MC-LR was delayed, but was more intense
and sustained in comparison to that induced by MC-YR and MC-
LA. In accordance with these data, the role of Ca;?* in MC toxicity
has already been shown. Ca;?* released from mitochondria after
oxidative stress induced by MC-LR and activation of Ca®*/calmod-
ulin-dependent protein kinase has been implicated in MC-induced
hepatocyte apoptosis [25,26]. The source of Ca;?* and its real par-
ticipation in the neutrophil migration pathways requires further
investigation.

Together, the results described herein show that the three MCs
studied induce inflammation and act as chemotactic agents for
neutrophils, an important mechanism associated with toxicity.
Therefore, a better understanding of the mechanisms by which
MCs affect neutrophils may provide novel approaches for thera-
peutic intervention in response to severe MC-induced acute
toxicity.
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