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Abstract

Yessotoxin (YTX) is a polyether toxin of marine origin that has been classified among the diarrheic shellfish poisoning (DSP) toxins
group due to its lipophilic nature. However, unlike other DSP toxins, YTX does not produce diarrhea and its mechanisms of action ar
unknown. We studied the effect of YTX on the cytosolic calcium levels of freshly isolated human lymphocytes by means of fluorescenc
imaging microscopy. We showed that YTX produced a calcium influx through nifedipine and SKF 963B53:(4-methoxyphenyl-
)propoxyl]-4-methoxyphenyl]-#i-imidazole hydrochloride)-sensitive channels. ThigTantry was not affected by the DSP toxin okadaic
acid, which inhibits protein phosphatases. In addition, YTX also produced an inhibition of capacitative calcium entry activated by
thapsigargin or by preincubation in a €afree medium. This capacitative calcium entry was not sensitive to nifedipine. Furthermore, the
inhibitory effect of YTX was dependent on the time of addition of the toxin. We suggest that YTX may interact with calcium channels in
a way similar to that described for other polyether marine compounds such as brevetoxins and maitotoxin, although an involvement of oth
second messengers is also likely. © 2001 Elsevier Science Inc. All rights reserved.
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1. Introduction fluid accumulation or inhibition of protein phosphatase 2A
[3]. In contrast, histopathological studies in mice have dem-

YTX is a polyether lipophilic marine toxin that was first onstrated that the main target organ of YTX is the heart [4].
isolated from the digestive organs of scallops contaminated For these reasons, some authors have proposed that YTX
with DSP toxins [1]. For this reason, YTX has been classi- should not continue to be classed as a DSP toxin [5].
fied among the DSP toxin group, which includes PTXs, OA, YTX is produced by phytoplanktonic microalgae from
and DTXs. Originally, it was believed to be involved in the group of dinoflagellates. In 1997, Satadeal found
causing the clinical symptoms of diarrheic shellfish poison- Protoceratium reticulatumto be the biogenetic origin of
ing, such as diarrhea, nausea, vomiting, and abdominal painYTX [6], although it has also been suggested that the spe-
[2]. However, unlike OA and its derivatives, DTXs, YTXis ciesGonyaulax polyedranight be implicated in its produc-
not diarrheogenic; indeed, it does not produce intestinal tion [7,8]. Although the mechanisms of action of yessotoxin

are unknown, its chemical structure resembles that of bre-
_ _ _ vetoxins, which are known to interfere with the gating

* Part of this work was presented at the Ninth International Conference . e .
on Harmful Algal Blooms, Tasmania, 7-11 February, 2000. mechamsms of vollt.age_-sensmve sodium channels [9] by

* Corresponding author. Tel+34 982 252 242; fax:+34 982 252 binding to a specific site of the channel [10,11]. Thus,
242. interaction of YTX with cellular ion channels could be
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PTXs, pectenotom_ns; OA, okadalg acid; DTXSs, ¢nophysstoxms?f(];a 45-hydroxyhomoyessotoxin, and 45-hydroxyyessotoxin)
cytosolic free calcium concentration; Tg, thapsigargin; and SKF 96365, : v : !
1-[B-[3-(4-methoxyphenyl)propoxyl]-4-methoxyphenylHdimidazole have been detected, in association with OA, in phytoplank-
hydrochloride. ton and mussels samples from the Adriatic Sea [7,8,12,13].
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Furthermore, in many of these events YTXs were the main room temperature for 25 min. After centrifugation, lympho-

DSP toxins found in the samples examined. Consequently,cytes appearing in the interface were washe#)(2nd

it has become necessary to increase our knowledge of theresuspended in Umbreit solution containing 1 mg/mL of

toxicological effects and mechanisms of action of YTX, BSA.

especially concerning the potential risks it may represent for

human health. For that reason, in our laboratory, we have 2.3. Cell labelling and determination of [G4];

used human lymphocytes as an easily available probe to

study the action of these compounds in humans. Lymphocytes were incubated with the fluorescent dye

In this paper, we focused our study on the calcium Fura-2 AM (3 uM) for 10 min in a final volume of 1 mL

second messenger, which is an important early signalling Umbreit solution containing BSA, at 37°. After incubation,

mechanism of lymphocytes [14]. [E4]; was measured by  cells were washed twice and resuspended in a small volume

means of fluorescence imaging microscopy. We showed (approximately 10QuL) of Ca?"-containing Umbreit soku

that YTX produced two different effects on the 3 tion without BSA. Approximately 1xX 10° cells were at

homeostasis of human lymphocytes: a slightqQaincre- tached to a glass coverslip by letting them settle for 10 min

ment that was dependent on extracellular calcium (due to over a 0.001% polylysine bed. The coverslips were mounted

calcium entry), and an inhibition of capacitative calcium on a thermostatted chamber (Life Science Resources) to

entry produced by incubation in a €afree medium or by  which 500 uL of bathing solution was added. All experi-

addition of the C&"-ATPase inhibitor thapsigargin. ments were performed at 37°. Fluorescence was measured
in individual cells by a ratio imaging microscopy. The
equipment consisted of a Nikon DIAPHOT 200 inverted

2. Materials and methods microscope with a 48 immersion objective, two comput-
er-controlled filter wheels, and an integration camera (Life
2.1. Chemicals and solutions Science Resources). The light source was a 100-watt xenon

lamp with optic fiber. Fura-2 fluorescence was recorded by
Fura-2 acetoxymethyl ester (AM) was purchased from alternating the excitation at 340 and 380 nm and measuring
Molecular Probes. YTX was obtained from the Institute of emitted fluorescence at 505 nm. The fCh was obtained
Environmental Science and Research Limited (ESR). Ni- from the images collected, according to the method de-
fedipine was from Sigma. SKF 96365, Tg, and OA were scribed by Grynkiewiczt al. [15].
from LC Laboratories/Alexis. Percoll was from Pharmacia.
All other chemicals were from standard commercial sources 2.4. Statistical analysis
and reagent grade or the highest purity. Stock solutions from
YTX, nifedipine, and Tg were made in DMSO. OA was [Ca?™]; values of all cells observed in each experiment
dissolved in DMSO:water (80:20) and SKF 96365 was were averaged. All the experiments were carried out at least
dissolved in distilled water. three times in duplicate. Data were normalised. Results
Physiological saline solution (Umbreit) was composed of were analysed using the Studerittest for unpaired data. A
(in mM): Na*, 142.3; K", 5.94; C&", 1; Mg**, 1.2; CI", probability level of 0.05 or smaller was used for statistical
126.1; CQ, 22.85; PQH,, 1.2, and SQ, 1.2. Glucose (1  significance. Results were expressed as the m&a8EM.
mg/mL) was added to the medium giving an osmotic pres-
sure of 290+ 10 mOsm/kg of HO, and the pH was
adjusted to 7.2 with CQ C& " -free solution was made by 3. Results
omitting C&* from Umbreit. PBS used for lymphocyte

purification consisted of: NaCl 137 mM; BdPO, 8.2 mM; We first investigated the effect of YTX on the resting
KH,PQO, 1.5 mM; KCI 3.2 mM, and EDTA 2 mM. pHwas  [C&"]; of human lymphocytes. Fig. $hows that, in a
adjusted to 7.4 with NaOH. Ca*-containing solution, addition of LM yessotoxin to
the extracellular medium produced a maximum cytosolic
2.2. Lymphocyte isolation and purification calcium increase of 7% 26 nM (N = 4). However, this

calcium increase was not observed in & Géree solution

Peripheral blood lymphocytes were isolated from freshly (Fig. 2), suggesting that it might be due to calcium influx
drawn blood from healthy donors, provided by the Central from the external medium. Furthermore, in a®Cdree
Blood Bank of Galicia (North-West Spain), through the medium, YTX had an inhibitory effect on the calcium entry
Hematology Service of the General Hospital of Lugo. Pu- produced by addition of 1 mM Cagllo the extracellular
rification of cells was carried out by means of centrifugation medium (Fig. 2).
over a 57.5% isotonic Percoll bed. Blood was collected in ~ As mentioned above (see introduction), OA is a marine
EDTA-containing crystal tubes and diluted 1:1 with PBS toxin closely related to YTX, although their mechanisms of
EDTA, 4 mL of diluted blood was placed over 3 mL of action are distinct. OA is a known inhibitor of protein
Percoll, and centrifugation (10@Pmax) was carried out at  phosphatases, specifically protein phosphatase 2A (PP2A),
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Fig. 1. Effect of 1uM yessotoxin on the [Cd]; of human lymphocytes.
Lymphocytes, loaded with Fura and attached to a coverslip as describe
under Materials and Methods, were bathed in a solution containing 1 m
CaCl. Where indicated by the arrow, M yessotoxin (YTX) was added
to the bathing medium (open circles). For control (closed circles), DMSO
0.1% was added. Results are meanSEM of 4 determinations.
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dFig. 3. Effect of phosphorylation on the [€3; rise elicited by YTX.

M Fura-loaded cells were attached to a coverslip and incubated for 7 min with
(open circles) or without (closed circles) M okadaic acid (OA) in a

Ca& " -containing solution. Where indicated uM yessotoxin was added to
the bathing solution. Results are meansSEM of 3 determinations.

Next, we investigated the possible involvement of cal-

[16-18]. For this reason and also because protein phosphoCium channels in the YTX-evoked [€8]; increase. Drugs

rylation—dephosphorylation processes are involved
nearly all cellular functions (for a review see [19,20]), we
wanted to determine if YTX-evoked €4 entry could be

in known to inhibit different calcium conductive pathways

were used to this end. LaCht a concentration of &M had
no effect on YTX-induced Cd entry (data not shown).

modulated by protein phosphorylation. Fig. 3 shows that However, nifedipine, a voltage-activated (L-type) channel

preincubation with 1uM OA had almost no effect on the
YTX-induced calcium entry, although OA seemed to pro-
duce a very slight increase in [€4; by itself (approxi
mately 10 nM). This result indicated that YTX-induced
calcium entry was not very sensitive to phosphorylation.

—e— control
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300 400 500 600

200
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Fig. 2. Effect of YTX in a C&"-free solution. Fura-loaded cells were
attached to a coverslip and bathed in & Géree solution. The first arrow
indicates addition of YTX/DMSO to the bathing medium. After approxi-
mately 5 min, CaGlat a final concentration of 1 mM was added. Results
are meanst SEM of 4 determinations.

blocker, and SKF 96365, a rather specific agonist for recep-
tor-gated C&" channels, used at a concentration of 1 and 30
uM, respectively, both inhibited the YTX-induced [€3;
increase (Fig. 4).

—e—Control
—o— niteipine A o B

ca™ (nin)
g
Ca™* (M)

200, —o—Control c
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Fig. 4. Effect of calcium channel antagonists on the?[Garise elicited by
YTX. (A) Fura-loaded cells were attached to coverslips and incubated for
10 min with or without the voltage-gated €achannel blocker nifedipine

(1 uM). Where indicated, 1uM yessotoxin was added to the bathing
solution. (B) The YTX-evoked calcium increment was compared in control
and nifedipine-treated cells. (C) Cells were incubated for 10 min with or
without the receptor-gated €a channel blocker SKF 96365 (3aM).
Where indicated, YTX was added to the bathing solution. (D) The YTX-
evoked calcium increment was compared in control and SKF-treated cells.
*P < 0.005.Results are means SEM of 6 determinations.
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Fig. 5. Effect of YTX on the Tg-evoked calcium rise in human lympho- 800 b

cytes. Lymphocytes attached to coverslips were incubated for 7 min in
Ca& " -containing solution with or without YTX (uM). Where indicated,

0.5 uM Tg was added to the bathing medium. Results are meaS&EM 600
of 4 determinations.
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Since L-type calcium channels are devoid of excitable
cells, we wanted to see if nifedipine was able to block the 200+
C&™" entry evoked by thapsigargin, a drug known to-pro
duce a large calcium influx through the depletion-activated 0
calcium channels, which have been widely documented in To i ot 1 it
lymphocytes (for a review see [21]). We observed that 1 0 100 200 w0 a0 a0 o00
uM nifedipine had no effect on the Tg-evoked fC# Time (sec)
increase (data not shown), suggesting that the concentration . ——1g c
of nifedipine used in this paper does not block depletion- M) g
activated C&" channels in human lymphocytes. 12007

Finally, considering the results represented in Fig. 2, 10001
which show inhibition of C&" entry by YTX, we wanted to
see if this toxin was capable of inhibiting €aentry pro
duced by thapsigargin. Fig. 5 shows that preincubation with
YTX inhibited the calcium increment produced by Tg in a 400
Cé& " -containing medium. 200

In Fig. 6, the capacitative calcium entry produced by .
adding extracellular calcium to cells pretreated with Tg in a °] o
Cé&"-free medium was inhibited by YTX only if the toxin -200 . St
was added before or at the same time as Tg (panels A and
C). In fact, if YTX was added after Tg (panel B), €aentry Time (sec)
was faster than in the control. In Fig. 6A, it was also Fig. 6. Effect of YTX on the capacitative calcium entry produced by Tg in
observed that preincubation with YTX apparently abolished human lymphocytes. Lymphocytes attached to coverslips were bathed in a

the calcium peak produced by Tg. In contrast, when both C&*-free solution, and 0..uM Tg was used to empty the intracellular
’ ’ calcium pools that produced a capacitative calcium entry after addition of

substances were added at the same time (panel C)’ YTXl mM CacC}, (open circles in A, B, and C). Closed circles show the effect

showed no effect on the emptying of intracellular calcium of 1 uM YTX on the Tg-evoked C& entry. (A) YTX was added before

stores elicited by Tg alone. Tg. (B) YTX was added after Tg. (C) YTX and Tg were added at the same
time. Results are means SEM of 4 determinations.

800

600

ca’ (nM)

4. Discussion knowledge, this is the first report on the possible mecha-
nisms of action of the mentioned toxin. Our results show
The present paper provides evidence that the marinethat in a C4"-containing medium, YTX elicited a modest
phycotoxin YTX interferes with the calcium conductive [Ca®"]; increase that is not observed in‘Cdree solution.
pathways of freshly isolated human lymphocytes. To our This last observation indicates that the YTX-elicited {Ch
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increment is probably due to calcium entering from the 96365-sensitive calcium channels and that both of these
extracellular medium, and not to €arelease from internal  channels are somehow activated by YTX. Moreover, our
stores or inhibition of calcium extrusion. results also suggest that the nifedipine-sensitive channels
Calcium entry into lymphocytes is a process that has are not the same as the well-characterised depletion-acti-
been extensively studied, because it is an event fundamentatated calcium channels that are activated by thapsigargin.
to many cellular functions, including immune response and This is in good agreement with previously reported obser-
cell proliferation (for a review see [22]). However, YTX-  vations [27].
dependent C& entry seems to be very different from the In addition to C&" entry, our results showed an addi
physiological mechanism. Calcium entry, in response to tional effect of YTX on calcium movements across the
physiological stimuli, seems to occur mostly according to plasmatic membrane of human lymphocytes. Preincubation
the capacitative model first described by Putney [23,24]. with YTX inhibited the capacitative calcium entry produced
Briefly, this model describes that release of calcium from py thapsigargin or by maintaining cells in a Cafree
internal stores produces a calcium influx from the extracel- medium (see Figs. 2, 5, and 6). This indicates that YTX
lular medium. In the present study, however, YTX appar- activates non-capacitative calcium entry and, at the same
ently produces calcium influx without affecting the internal time, inhibits capacitative calcium entry.
calcium stores, since in a €afree medium YTX did not Considering that the chemical structure of YTX resem-
significantly change [Cd]; (Fig. 2). Furthermore, the  pjes that of the N& channel-binding brevetoxins and cigua
[Ca”"]; increase elicited by YTX was much lower than that toxins (all of which are polyether compounds), it seems
observed in response to emptying of internal stores (elicited possible that YTX may directly interact with the calcium
by Tg), i.e. capacitative entry; however, we are not certain channels involved in both types of €aentry and interfere
that the concentration of YTX used throughout these exper- yiin their gating properties in a complex manner. If this is

iments is optimal to produce a maximal calcium influx. e then YTX could activate and subsequently inhibit both
Thus, we may conclude that YTX produces a non-capaci- yynes of channels, or alternatively, open the nifedipine-

tative calcium entryinto the cytosol of human lymphocytes. ggnsitive and block the depletion-activated Cahannels at
YTX-induced C&" entry was not affected by OA, aDSP 6 same time. Maitotoxin, a large polyether marine toxin,
toxin ecolog|c_allly reIaFed to YTX that |nh|.b|ts p_rotem phos- has been reported to produce calcium influx by acting di-
phatases. Th|§ is an important obseryaﬂon, since YTX and rectly on voltage-sensitive &4 channels [37,38]. Recently,
OA havg continuously been detected in the same samples Oft has also been demonstrated that brevetoxins and frag-
contaminated mussels off the coasts of Italy [8,13]; there- ments of maitotoxin inhibit maitotoxin-induced calcium en-

fore,othe comlbinehd actri10n ?]f bOth, tOXi?ZZhg,léld be ofoilntler— try, probably by direct blockade of the maitotoxin-binding
est. Ourresults show that the action o Id not modulate site [39]. These observations are important, because they

4 :
the (I:té dentn: pa}thwatytﬁtlmulat_ebql_ltay Yf-l;i]( aItP:ou_gh theitse indicate that brevetoxin-like molecules may bind to calcium
resufts do notrule out the possibiiity ot these toxins acling .y o nhels or to the Ga-mobilising molecular target of

synergistically in other _cellular Processes. . . maitotoxin. On the other hand, it might be possible that
Several types of calcium channels have been described in

) . . . calcium influx is produced by a brevetoxin-like sodium
lymphocytes, the most important being the depletion-acti- channel modulation [11]; although lymphocytes are non-
vated channels [21], which are similar to the’Caelease- ' gh fymphocy

activated C&" (CRAC) channels originally described in excitable cells, they do have some sort of voltage-dependent

mast cells by Hoth and Penner [25]. These channels haveSOd'um channels [40]. Therefore, it seems interesting to

been considered to be responsible for lymphocyte activationf:;ﬁn(:g:agirnegsttngs’Yv¥';h;23 :;rlzil?:nd:ri::g}'sng the
by several authors [26—28]. However, other calcium chan- Itis al ble that inhibiti f itati ZC
nels, including voltage-gated or voltage-operable channels, IS also possible that nhibition ot capacitalive -a

have been described in lymphocytes, although their physi-,emry is mediated by signalling events secondary to YTX-

- . .
ological role has not been clearly established [29,30]. Our induced [C&], elevatlon,'e.g.'the secqnd messenge_r cyclic
results showed inhibition of YTX-induced €& entry by AMP (_CA_MP)’ a T"eCha”'Sm_ involved in the regulation of
two calcium channel antagonists: nifedipine, a dihydropyr- capa_cnatlve calm_um entryn n .some cell types [,41’42]' In
idine that blocks L-type voltage-gated channels in excitable fact, in the hea+rt tissue, Wh'Ch Is probably the main target of
cells; and SKF 96365, an imidazole-based compound that Y 1X [4], a Ca"[cAMP reciprocal effect has been described

has been described to inhibit depletion-activated calcium [43]- Furthermore, preliminary results obtained in our lab-
currents in a variety of cells, including lymphocytes [31,32]. oratory show that YTX decreased the basal levels of CAMP

L-type calcium channel antagonists (including nifedipine) N human Iymphocyte%.F!nally, it should be noted that the
have been reported to inhibit calcium uptake into mice and inhibitory action of YTX is not observed when the toxin is
fish lymphocytes [33,34] and to inhibit calcium-dependent added after Tg, the stimulus used to empty the internal
activation in human T-cells [35,36]. Therefore, it is possible

that human lymphocytes possess nifedipine- and SKF  *Alfonso A, de la Rosa LA, Botana LM. Unpublished results.
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calcium stores and thus to produce the signal required for[12] Ciminiello P, Fattorusso E, Forino M, Magno S, Poletti R, Satake M,

capacitative calcium entry. This is an interesting observa-

tion, since it may suggest that YTX interacts only with some
“pbasal” state of the Ca channels. Furthermore, if YTX is

added after Tg, the capacitative calcium entry is accelerated,

Viviani R, Yasumoto T. Yessotoxin in mussels of the northern Ad-
riatic Sea. Toxicon 1997;35:177—83.

[13] Ciminiello P, Fattorusso E, Forino M, Magno S, Poletti R, Viviani R.
Isolation of 45-hydroxyyessotoxin from mussels of the Adriatic Sea.
Toxicon 1999;37:689-93.

which suggests that either Tg and YTX do not share the [14] Tsien RY, Pozzan R, Rink TJ. T-cell mitogens cause early changes in

same functional target or that they act on different func-
tional steps of the target.

In summary, YTX modulates the [€4]; of human lym
phocytes by producing a slight non-capacitative calcium
entry and inhibiting the Ca entry produced by emptying
of internal calcium stores. Interaction of YTX with plasma
membrane C& channels is suggested.
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