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Abstract

AIM: To investigate the cytotoxic mechanism of carib-
bean maitotoxin (MTX-C) in mammalian cells.

METHODS: We used whole-cell patch-clamp tech-
niques and fluorescence calcium imaging to determine
the cellular toxic mechanisms of MTX-C in insulin se-
creting HIT-T15 cells, which is a system where the ef-
fects of MTX have been observed. HIT-T15 cells stably
express L-type calcium current, making it a suitable
model for this study. Using the fluorescence calcium
indicator Indo-1 AM, we found that there is a profound
increase in HIT-T15 intracellular free calcium 3 min af-
ter application of 200 nmol/L MTX-C.

RESULTS: About 3 min after perfusion of MTX-C, a
gradual increase in free calcium concentration was
observed. This elevation was sustained throughout
the entire recording period. Application of MTX-C did
not elicit the L-type calcium current, but large cationic
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currents appeared after applying MTX-C to the extra-
cellular solution. The current-voltage relationship of
the cation current is approximately linear within the
voltage range from -60 to 50 mV, but flattened at volt-
ages at -80 and -100 mV. These results indicate that
MTX-C induces a non-voltage activated, inward current
under normal physiological conditions, which by itself
or through a secondary mechanism results in a large
amount of cationic influx. The biophysical mechanism
of MTX-C is different to its isoform, pacific maitotoxin
(MTX-P), when the extracellular calcium is removed.

CONCLUSION: We conclude that MTX-C causes the
opening of non-selective, non-voltage-activated ion
channels, which elevates level of intracellular calcium
concentration and leads to cellular toxicities.

© 2013 Baishideng. All rights reserved.
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Core tip: The toxicity of maitotoxin is estimated to affect
over 50000 people annually. Baracuda, snapper, grou-
per, jacks, and moray eel are particularly notorious for
their potential to carry high toxin load. The symptoms
of the toxicity include numbness of the perioral area and
extremities, reversal of temperature sensation, muscle
and joint aches, headache, itching tachycardia, hyper-
tension, blurred vision, and paralysis. Our study aims to
elucidate the cellular toxic mechanism of caribbean mai-
totoxin in mammalian cells. We conclude that it causes
opening of non-selective, non-voltage activated ion
channels, which elevates level of intracellular calcium
concentration and leads to cellular toxicities.
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INTRODUCTION

Ciguatera fish poisoning is caused by ladder-like polyether
toxins'"!. Ciguatera occurs circumglobally in tropical coral
reef regions, and results from the consumption of fish
that have accumulated toxin through the food web™,
It is estimated to affect over 50000 people annually, and
is no longer a disease limited to the tropics, due both
to travel to the tropics and to shipping of tropical fish
species to markets elsewhere in the world”. Large car-
nivorous fishes associated with coral reefs are the most
frequent source of ciguateram. Baracuda, snapper, grou-
pet, jacks, and moray eel are particularly notorious for
their potential to carry high toxin load". The symptoms

of ciguatera comprise early onset (2-6 h) gastrointestinal
disturbance, including nausea, vomiting, and diarrhea,
and may be followed by a variety of later onset (18 h)
neurological sequelae, including numbness of the perioral
area and extremities, reversal of temperature sensation,
muscle and joint aches, headache, itching tachycardia,
hypertension, blurred vision, and paralysis' . Ciguatera
symptoms in the Caribbean differ somewhat from those
in the Pacific in that gastrointestinal symptoms are domi-
nant in Caribbean cases, while in Pacific cases neurologi-
cal symptoms tend to dominate!"”.

Maitotoxin (MTX) is one of toxins implicated in cigua-
tera. This toxin is the most potent marine toxin known
today, with a lethal dose of 0.17 ug/kg"". MTX elicits cal-
cium influx in all cells and tissues tested">"”. This calcium
influx however, is not mediated by the MTX itself but by
activating existing non-selective cation ion channels" ",
MTX induced calcium influx is observed in pancreatic
B—Cells[lmg]. In B-cells, MTX-induced nonselective cation
current is indistinguishable from the insulin stimulating
hormone glucagon-like peptide-1 and PACAP-activated
current””. Tt was reported that the MTX-induced calcium
current is dependent on extracellular calcium®"

We have isolated a novel Caribbean isoform of
MTX MTX-C) from tropical fish. In the present study,
we used whole-cell patch-clamp techniques and fluo-
rescence calcium imaging to determine the cytotoxic
mechanisms of MTX-C in a hamster pancreatic islet cell
line, HIT-T15, which stably expresses L-type calcium
currents and thus is a suitable model™. We also used a
pacific maitotoxin (MTX-P) to perform parallel com-
parisons for all experiments.

MATERIALS AND METHODS

Materials

The Caribbean and Pacific maitotoxins were gifts from
the Food and Drug Administration of the United States,
Mobile, AL.
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Cell culture

Transformed hamster pancreatic islet cells HIT-T'15
(American Type Culture Collection CRL-1777) were rou-
tinely cultured in Dulbecco’s modified Eagle’s medium (25
mmol/L glucose) supplemented with 10% fetal bovine
serum (Gibco). For patch clamp recording in the whole-
cell and cell-attached configurations, the cells were grown
to 30%-80% confluence in 35-mm dishes (Corning). All
culture media contained penicillin-G (25 U/mL) and
streptomycin (25 mg/mlL). Cultures were maintained at
37 °C in 5% COz atmosphere incubator.

Electrical recording

Whole-cell patch clamp recording followed standard
techniques. Calcium currents were recorded with an
EPC-9 patch clamp amplifier (HEKA FElectronics, Lam-
brecht, Germany). All data were analyzed with PULSE/
PULSFIT acquisition and analysis software (HEKA Elec-
tronics). The filter frequency was 2.8 kHz and sample
frequency was 5 kHz. Patch pipettes were pulled by a
two-stage puller (PC-10; Narishige, Greenvale, NY), and
heat-polished with a microforge (MF-200; World Preci-
sion Instruments, Sarasota, FL)) before use. For high volt-
age gated calcium current measurement, the extracellular
solution contained (in mmol/L) 90 TEA-Cl, 40 BaCl, 2
CaClz, 2 MgCl, 10 HEPES and 40 sucrose, with pH ad-
justed to 7.4. The pipette solution contained (in mmol/L)
130 TEA-CI, 20 EGTA, with pH adjusted to 7.3. For
non-selective cation current recording, the extracellular
solution contained (in mmol/L): 120 NaCl, 20 TEA-CI,
5.6 KCl, 2 MgCl, 2 CaClz, 10 HEPES, with pH adjusted
to 7.4; the pipette solution contained (in mmol/L): 130
CsCl, 10 NaCl, 5 Cs-EGTA, 2 MgCl, 5 HEPES, with pH
adjusted to 7.4. For cation substitution experiments, bath
solutions were the same as the pipette solution except
CsCl (120 mmol/L) was replaced by the same amount of
KCI or NaCl, accordingly.

Intracellular calcium fluorescent imaging

Intracellular free calcium concentration was measured
in HIT-15 cells using Indo-1 fluorescence imaging. Cells
were loaded with 2.5 mmol/L Indo-1 for 30 min. The
cells were incubated at 37 ‘C for 45 min to allow for
de-esterification. Fluorescent measurement was con-
ducted by using an ACAS 570 confocal laser scanning
microscope. The measurement solution contained (in
mmol/L) 135 NaCl, 2 CaCl, 5 KCl, 10 HEPES, with
pH adjusted to 7.3. The loading solution consisted of
measurement solution augmented with indo-1 AM (2.5
umol/L), DMSO (0.4%) and pluronic F-127 (0.1%). The
de-esterification washing solution contained (in mmol/L):
82 NaxSOs, 30 KaSOs4, 5 MgClz, 10 HEPES, 10 glucose,
and 1 mg/mL BSA. Cells were illuminated with mono-
chromatic light (350 nm), and emitted light was detected
at wavelengths of 405 and 485 nm using photomultiplier
tubes. The signals from the photomultipliers and force
transducer were digitized and stored on a dedicated com-
puter. Data were acquired and analyzed with a separate
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Figure 1 Indo-1 calcium fluorescence measurements of caribbean maitotoxin, pacific maitotoxin and 40 mmol/L of KCI in HIT-T15 cells. The vertical axis
represents relative free intracellular calcium concentration as estimated by the ratio of fluorescent emissions at 405 and 485, respectively. The vertical bars in the fig-
ure indicate the time when the toxins or KCl were perfused.

A B 60 -40 -20 0 20 40mv and after the application of 200 nmol/L. MTX-C. About
\Tl—l;4k—l .
L ° 3 min after perfusion of MTX-C, a gradual increase in
Control free calcium concentration was observed. This elevation
v o was sustained throughout the entire recording period.
Similar results were obtained from a MTX-P (10 umol/TL)
\ -100 perfusion experiment, as shown in Figure 1B. The in-
MTX-C o crease of free intracellular calcium started after a delay,
o . .
and then increased to a plateau over 4-5 min. The pattern
of maitotoxin-induced intracellular calcium elevation is
noticeably different than the calcium elevation caused by
opening of voltage-gated calcium channels where a sharp
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' 8 | served in the same type of cells (Figure 1C).

® o Although the calcium fluorescence experiments sug-
N o) gest that MTX-C might not activate voltage gated calcium
Control -100 1 ® channels directly, it is important to determine whether
L MTX-C alters the kinetics of voltage gated calcium chan-
20 ms 150 _ pA nels. To address this question, whole cell patch clamp
experiments were employed to record voltage calcium

Figure 2 Effect of caribbean maitotoxin (A) and pacific maitotoxin (C) on chanr}e.I currents and analyze the [ -V relationship under
voltage gated calcium channels in HIT-T15 cells. Representative barium conditions with or without the presence of MTX-C or
current traces recorded at 10 mV when held at -70 mV in patch clamp. Extra- MTX-P. Figure 2A and C show barium current traces
cellular solution contains 40 mmol/L BaCl.. B and D show I -V relationship of measured at 10 mV when held at -70 mV. Figure 2B and
s o e s ) e et )30 o the -V ps of e chanch befr
before and aftér apF;JIicatior)\I.of fnaitotoxins, respectivel;ll). adding MTX-C and MTX-P, respectively. These results
show that the currents measured in these experiments

are generated from the activation of high voltage gated

peak of calcium is followed by a quick decay, as was ob-

50 pA

data analysis work station. calcium channels. Neither MTX-C nor MTX-P has sig-
nificant effect on the current amplitude or the voltage

RESULTS depepdence of these channels..
Since voltage gated calcium channels are not the
It is known that MTX-P’ cytotoxicity is related to dis- primary targets of MTX-C, could its effect of intracel-
turbing of intracellular calcium homeostasis. In order to lular calcium elevation result from the activation of non-
determine the effect of MTX-C on intracellular calcium voltage activated cation channels? Experiments were pet-
regulation, experiments using the fluorescent dye indo-1 formed to delineate the effect of MTX-C on non-voltage
to directly measure the intracellular free calcium con- activated cation currents, which were measured using
centration were performed in insulin secreting HIT-T15 extracellular sodium and intracellular cesium solutions. In
cells. Both MTX-C and MTX-P induce a sustained eleva- these whole cell patch clamp experiments, the membrane
tion in intracellular free calcium concentration. Figure 1A potential was held at 0 mV, and the test pulses were from
shows the intracellular free calcium concentration before -100 to 50 mV in increments of 10 mV. As shown in Fig-
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Figure 3 Effect of caribbean maitotoxin and pacific maitotoxin on non-
voltage activated cation currents in HIT-T15 cells. Representative traces
of cation current elicited recorded at -80, -40, 0 and 40 mV before and after
adding caribbean maitotoxin (MTX-C) (A) or pacific maitotoxin (MTX-P) (C).
The holding potential was at 0 mV. I -V relationships of MTX-C- and MTX-P-
elicited currents are shown in B and D, respectively. The solid circles represent
current amplitudes measured after MTX-C (B) or MTX-P (D) administration. The
open circles represent the current recorded under the control condition.
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Figure 4 Non-voltage activated cation current induced by caribbean
maitotoxin or pacific maitotoxin in the calcium free extracellular solution.
A: Current traces measured before and after caribbean maitotoxin (MTX-C) or
pacific maitotoxin (MTX-P) administration at -80, -40, 0 and 40 mV when held
at0mV;BandC: I -V relationships of MTX-C (B) and MTX-P (C) elicited cur-
rents. The solid circles represent current amplitudes measured after MTX-C (B)
or MTX-P (C) administration. The open circles represent the current recorded
under the control condition; D: Current conductance measured at different test
potentials in cells treated with MTX-C or MTX-P.
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ure 3, both MTX-C and MTX-P caused profound cation
currents, which are approximately linear within the volt-
age range from -60 to 50 mV, but reduced or flattened at
voltages at -80 and -100 mV (Figure 3B and D). Since the
electrical driving force for calcium ions are higher at these
voltages, this rectification may due to a partial closure of
non-voltage gated calcium channels.

Further experiments revealed that these profound
non-voltage activated currents induced by MTX-C and
MTX-P had a different characterization in extracellular
calcium dependency. Under the condition in which EGTA
was used to chelate the free extracellular calcium, MTX-P
failed to elicit non-voltage activated cation current, as
shown in Figure 4A and C. In contrast, this current was
continually detected in MTX-C treated cells bathed in
the calcium free extracellular solution (Figure 4A and
B). However, the inward current conductance was non-
linear at voltages lower than 0 mV, as shown in Figure 4D.
The discrepancy in calcium-dependent activation of non-
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voltage activated current between MTX-C and MTX-P
indicates that the toxicological mechanisms in activating
non-voltage activated cation currents by the two isoforms
of maitotoxin have small but distinct differences.

The selectivity of MTX-C and MTX-P sensitive chan-
nels for other cations were also examined. The I -V re-
lationship analyses were performed under conditions of
symmetrical CsCl in the pipette and bath solutions, or the
bath cesium was replaced by potassium or sodium ions.
Since the reversal potentials across at 0 mV for both tox-
in-elicited currents in all cation solutions, the selectivity is
the same for Na", Cs" and K'. These results suggest that
maitotoxins elicit a non-selective, non-voltage activated
current. However, for MTX-C, while the I -V relation-
ships in extracellular CsCl were similar to that in NaCl as
shown above (Figure 3B), it was very different when the
extracellular solution contained KCI, where a clear inward
rectification was observed (Figure 5A). In MTX-P sensi-
tive channel experiments, unlike in the NaCl extracellular

June 15, 2013 | Volume 4 | Issue 3 |
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solution, this channel showed non-linear reduction at
very negative test potential (Figure 3D). The I-V relation-
ships were linear in all voltages between 100 to 50 mV
when the bath solutions contain CsCl or KCI (Figure 5B).
These results suggest that MTX-C and MTX-P may act
on different channel proteins or act on different parts of
the same channel protein.

DISCUSSION

In conclusion, MTX-C causes an opening of non-selec-
tive, non-voltage activated ion channels, which permits or
elicits further abnormal calcium influx. The elevated level
of intracellular calcium concentration resulting from this
calcium influx may lead to cellular toxicities.

The toxic potency of MTX-P exceeds that of cigua-

tera toxins (LD50 0.05/kg 7 in mice). Its biological activ-
ity is strictly calcium dependent and causes both mem-
brane depolarization and calcium influx in many different
cell types. It was originally believed to be an activator of

voltage dependent calcium channels”™. However, voltage

dependent calcium channel antagonists can block MTX-
P-stimulated calcium influx, but not MTX-P-induced

membrane depolarization®™. The results in the present

study show that the opening of non-selective cation
channels will result in a net positive ion influx due to the
higher electrochemical driving force for sodium ions than
for potassium ions. Such a net sodium ion influx can de-
polarize cell membrane potential and caused activation of
voltage gated calcium channels in HIT-T15 cells. This de-
polarization is a gradual process, which could explain why
there was a time delay in the intracellular calcium experi-
ments (Figure 1A and B). MTX-C-induced membrane
depolarization also likely causes anomalies of cellular
functions and possibly reduces chances of cell survival.

Although the structure of MTX-P has been described
previously”™* the mechanism of calcium dependence in

MTX-P-induced current activation is unclear. It is possible
that extracellular calcium creates a significant surface po-
tential that provides a necessary influent to help MTX-P
open non-selective cation channels, or it may affect an
enzymatic mechanism on the cell surface to achieve the
same purpose. The fact that MTX-C could effectively
activate these channels regardless of the presence of ex-
tracellular calcium indicates that it may be a more potent
isoform than MTX-P. However, this likely has little physi-
ological significance since living cells are exposed to an
extracellular solution containing calcium ions.
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Background
Ciguatera occurs circumglobally in tropical coral reef regions, and results from
the consumption of fish that have accumulated toxin through the food web.

K

WJD | www.wjgnet.com 74

Maitotoxin (MTX) is one of the toxins implicated in ciguatera. MTX is the most
potent marin toxin which causes severe illness in gastrointesting system. MTX
presents primarily as an acute neurologic disease manifested by a constellation
of gastrointestinal, neurologic and cardiovascular signs and symptoms. Acute
fatality, usually due to respiratory failure, circulatory collapse or arrhythmias,
ranges from 0.1% to 12% of reported cases. Although the mechansim of pacific
isoform of MTX induced cell damage has been studied extensively, the mecha-
nism of caribbean isoform of MTX toxicity is largely unknown.

Research frontiers

MTX activates Ca” permeable, non-selective cation channels, leading to an
increase in levels of cytosolic Ca®* ions, which triggers a cell death cascade,
resulting in membrane blebbing and eventually cell lysis. MTX is known to acti-
vate cytosolic calcium-activated proteases calpain-1 and calpain-2, contributing
to necrosis. The molecular characters of MTX activated ion channels, however,
remains unknown. This study charactered the electrophysiogical differences
between currents induced by two isoforms of MTX, provided more insights to
the physiological properties of the channel.

Innovations and breakthroughs

The study shows that pacific and caribben isoforms of MTX share similar po-
tency in eliciting calcium influx, carried by similar non-selective, non-voltage
activated outward-rectified calcium currents. However, the currents induced
by two isoforms of MTX had a difference in extracellular calcium dependency:
function of pacific MTX is extracellular calcium dependent whereas the carib-
bean MTX is not. This difference indicates that the toxicological mechanisms is
different between the two isoforms of MTX.

Applications

The conclusion of this study can be applied to further characterize the molecu-
lar nature of the MTX activated ion channels and to eventually elucidate the
molecular mechanism of MTX toxicity.

Terminology
Rectified current-voltage relationship: The changes in the size of current is non-
linear with the changes of voltage values.

Peer review

This succinct paper characterizes the effects of caribbean maitotoxin (MTX-C)
on Ca” influx in insulin-secreting HIT-T15 cells by means of cytosolic free
Ca* concentration ([Ca*]) measurement and whole-cell patch-clamp analy-
sis. [Ca”']i measurement reveals that this toxin induces a marked increase in
[Ca*]. Whole-cell patch-clamp analysis verifies that MTX-C had no influence
on voltage-gated Ca® currents, but evidently activated non-selective cation
channels. The data are interesting. They indicate that MTX-C may exert their
cellular toxicity by promoting Ca®* influx through non-selective cation channels
in insulin-secreting HIT-T15 cells.
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