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Yessotoxin, a novel phycotoxin, activates phosphodiesterase activity
Effect of yessotoxin on cAMP levels in human lymphocytes
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Abstract

Yessotoxin (YTX) is a novel phycotoxin with an unknown mechanism of action that has been reported as cardiotoxic, when injected, but
non-toxic if ingested orally. In this paper, we studied the effect of YTX on adenosine 3',5'-cyclic monophosphate (cAMP) pathway, since
this pathway can be a cellular target to this toxin as happens in other diarrhetic toxins. We determined cAMP levels by enzymeimmu-
noassay and by using the cAMP dye recombinant fluorescein- and rhodamine-labeled protein kinase A, which increases their fluorescence
when cAMP levels are increased. In the presence of YTX, and after a transient small increase, cAMP levels were decreased. This effect
was Ca”" dependent since in a Ca>"-free medium YTX increased cAMP levels, but this event was reverted after addition of external
calcium. YTX also reverted the increase of cAMP induced by the adenylyl cyclase activator forskolin. These variations in fluorescence
units were confirmed when cAMP levels were measured by enzymeimmunoassay, YTX decreases cAMP from 52.81 £ 3.66 to
44.53 4+ 4.5 fmol. Phosphodiesterase (PDE) IV inhibitors, rolipram or etazolate, did not modify the effect of YTX, however, when
PDE IV was first inhibited no effect of YTX was observed. On the other hand, the PDE III inhibitor milrinone counteracted the effect of
YTX, and a similar effect was observed with the unspecific PDE I inhibitor chlorpromazine. These results point to an effect of YTX on
PDE activity. In the presence of YTX, the fluorescent PDE substrate Mant-cAMP, increased its rate of hydrolysis, the same as the PDE
from bovine brain increased the hydrolysis of cAMP substrate. In addition, YTX increased interleukin-2 production, which indirectly
confirms a decrease in cAMP. Although results show a very complex pattern of responses, due to the interactions and crosstalks between
many systems, results suggest that YTX is a PDE activator in the presence of external Ca’".
© 2002 Elsevier Science Inc. All rights reserved.
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1. Introduction

YTXs (Scheme 1) are polycyclic ether toxins, originally
isolated from the hepatopancreas of the scallop Patino-
pecten yessoensis, after which it was named [1]. This

“Corresponding author. Tel.: 434-982-252-242; fax: +34-982-252-242.

E-mail address: luis.botana@lugo.usc.es (L.M. Botana).

" Present address: Departamento de Ciencias Basicas, Instituto de
Ciencias Biomédicas, Universidad Autéonoma de Ciudad Judrez, Mexico.

Abbreviations: YTX, yessotoxin; FK, forskolin; cAMP, adenosine
3',5'-cyclic monophosphate; AC, adenylyl cyclase; PDE, phosphodiester-
ase; SQ 22536, 9-(tetrahydro-2-furanyl)-9-H-purin-6-amine; Mant-cAMP,
adenosine 3’,5'-cyclic monophosphate, 2'-O-(N-methyl-anthraniloyl)-,
sodium salt; FICRhR, recombinant fluorescein- and rhodamine-labeled
protein kinase A; dbcAMP, dibutyryl cAMP; RP, rolipram; CTx, cholera
toxin.

group, represented by at least seven natural compounds
[2], shows chemical similarities with ciguatoxins [3] and
brevetoxins [4], with 11 contiguously ether rings and an
unsaturated side chain; ciguatoxins and brevetoxins are
involved in fish poisoning to humans. YTXs coexist with
other shellfish phycotoxins, such as okadaic acid, pecte-
notoxins or azaspiracids, which show very distinct
mechanisms of action. Okadaic acid is a well-known
phosphatase inhibitor [5], but the actions of pectenotoxins
and azaspiracids are unknown at the moment. The fact that
these toxins coexist is important, since the potential phar-
macological interactions they may show are unknown.
The mode of action of the most common compound
YTX is unknown. Toxicological studies carried out in
rodents show that this compound is highly toxic with
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Yessotoxin (YTX):  n=1; R;= SO;Na; R,= \J\A\

45-HydroxyYTX: n=1; R;= SO;Na; R,= OH
45,46,47-TrinorYTX: n=1; Ry= SO3;Na;R,= \J\"

HomoYTX: n=2: R;= SO;Na; R,= \)KA\

45-HydroxyhomoYTX: n=2; R= SO;Na; R,= OH

1-Desulfoyessotoxin: n=1; Ri=H; R;= J\/\

COOH

Carboxyyessotoxin: n=1; Ry= SO;Na; R,= TS

Adriatoxin (ATX)

Scheme 1. Structure of yessotoxin and analogs.
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injected to mouse [6]. Nevertheless, due to the presence of
sulfate groups in the molecule (Scheme 1), it is not
absorbed, or metabolized, in the digestive tract, hence
making it almost non-toxic when ingested orally [6].
YTX induces marked intracytoplasmic edema in cardiac
cells after intraperitoneal administration to mice [7], and
this seems to be the main effect of the toxin.

The mechanism of action of YTX is unknown, although
it does not inhibit phosphatases, as is the case for okadaic
acid [2]. Recent studies have been carried out to show that
YTX, due to the common chemical structure with other
toxins, shares some of their actions. YTX increases cal-
cium influx through nifedipine and SKF 96365-sensitive
channels, and inhibits thapsigargin-activated calcium entry
in human lymphocytes [8]. Also, YTX increases, in human
lymphocytes, the elevation of cytosolic calcium induced by
maitotoxin, through a mechanism insensitive to SKF
96365 [9]. These results show that although YTX has
structural similarities to maitotoxin or brevetoxins, the
mechanism of action for YTX is specific to the toxin,
and related to calcium modulation. Also, YTX induces
apoptosis in human neuroblastoma, but this effect is quan-
titatively lower than the observed for okadaic acid (unpub-
lished results).

cAMP is a second messenger related with early activa-
tion pathways in intracellular signaling. Cells regulate
cAMP levels by a balance between adenylyl cyclases
(ACs, synthesis) and PDEs (hydrolysis), both enzymatic
groups including several isozyme families. cAMP is a
signal often modulated by lipophilic marine toxins and,
therefore, it is a good candidate to study YTX mechanism
of action. The aim of this work was to study the effect of
YTX on cAMP pathway in human fresh lymphocytes. We
use these cells as a reliable source of information from
human cells, since they are easy to obtain; also, there is no
bibliography regarding the effect of these toxins in human
cells.

2. Materials and methods
2.1. Chemicals

YTX was purified by Dr. T. Yasumoto. Percoll™® was
from Pharmacia. Recombinant fluorescein- and rhoda-
mine-labeled protein kinase A (FICRhR) and Influx™
Pinocytic Cell-Loading Reagent were from Molecular
Probes. Adenosine 3’,5'-cyclic monophosphate, 2'-O-(N-
methyl-anthraniloyl)-, sodium salt (Mant-cAMP) was from
Calbiochem.

Forskolin (FK), etazolate, dipyridamole, and milrinone
were from Alexis Corporation. All other chemicals were
from Sigma. Human Interleukin-2 ELISA kit was from
Endogen. Biomol QuantiZyme™ Assay System was from
Biomol Research Laboratories. cAMP enzymeimmunoas-
say (EIA) was from Amersham Pharmacia Biotech.

Before the experiments, we checked for possible inter-
ferences of drugs with dyes fluorescence or absorbance and
we did not find any. The concentration of each drug used
was chosen from previous results [8—13].

The composition of saline solution used to lymphocytes
purification (PBS) was (in mM): Na® 145.2; K© 4.7,
HPO,*~ 8.2; H,PO,™ 1.5; CI~ 141.2; and EDTA 2. The
composition of physiological saline solution used to micro-
scopy experiments was (in mM): Na® 142.3; K" 5.94;
Ca®" 1; Mg*" 1.2; CI™ 126.1; HCO5~ 22.85; H,PO, ™~ 1.2;
SO,*” 1.2; and glucose 1 mg/mL, giving a final osmotic
pressure of 300 & 5 mOsm/kg H,O. In all the experiments
the incubation medium was equilibrated with CO, and the
final pH was adjusted to 7.2.

2.2. Human lymphocytes isolation

Peripheral human lymphocytes were isolated from fresh
human blood from healthy donors. The blood was diluted
1:1 with PBS plus EDTA 2 mM. Four milliliters of diluted
blood was carefully placed over 3 mL of 57.5% isotonic
Percoll. After centrifugation (25 min, 1000 g) Percoll was
eliminated by washing three times with PBS plus EDTA
2 mM at 400 g for 5 min. Lymphocytes purity was always
higher than 80%.

2.3. Measurement of PDE activity

2.3.1. Cell-permeant Mant-cAMP

PDE activity was checked by using a cell-permeant
analog of cAMP, the Mant-cAMP [14]. Mant-cAMP pre-
sents a maximum of fluorescence for 350 nm excitation
and 445 nm emission, its fluorescence decrease when
PDEs are activated. Purified lymphocytes were pretreated
with/without drugs and then loaded with Mant-cAMP
(10 pM) at 37° in a 96-well plate (400,000 cells/well).
Loaded cells were washed (2 min, 400 g) and the plate was
read in a fluorescence plate reader (Bio-Tek FL600) by
using 350 and 445 nm as excitation and emission wave-
lengths, respectively, at time zero and every minute during
10 min. The results are expressed as increase of fluores-
cence units per minute.

2.3.2. PDE assay kit

PDE activity was confirmed by the commercial kit
Biomol QuantiZyme™ Assay System. Briefly, in a
enzyme-precoated 96-well microplate, 1 mU of PDE
enzyme from bovine brain was incubate with/without
different drugs and 1 mM of cAMP substrate at 37° for
60 min. After incubating the plate, the reactions were
terminated by addition of 100 uL Biomol Green™
reagent, the wells content was gently shaken and after
20-30 min the color was read at OD 620 nm on a micro-
titer-plate reader. The results were expressed as variations
of percent activity calculated from: % activity = (OD of
test sample/OD of control) x 100. We use imidazole as
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control of PDE activator and 3-isobutyl-methylxanthine
(IBMX) as control of PDE inhibitor.

2.3.3. Measurement of intracellular cAMP levels: image
processing

Purified lymphocytes were loaded with FICRhR [15] by
following protocol: 10 pL of Hypertonic Loading Medium
(Influx™ Pinocytic Cell-Loading Reagent) containing
0.4 pLL of FICRhR were added to 300,000 purified lym-
phocytes. After gently re-suspended, the cells were incu-
bated for 10 min at 37°. Then 3 mL of Hypotonic Lysis
Medium (water diluted saline solution (6:4)) was added
and incubated for 1.5 min at 37°. Loaded cells were
quickly washed three times (2 min, 400 g) with saline
solution and allowed to attach to poly-L-lysine-coated

22-mm glass coverslips for 10 min. The glass coverslips
were inserted into a thermostated chamber (Life Science
Resources) and cells were viewed with a Nikon Diaphot
200 microscope equipped with epifluorescence optics
(Nikon 40 x -immersion UV-Fluor objective). The chamber
was used in the open bath configuration and additions made
by aspiration and addition of fresh bathing solution. Intra-
cellular cAMP variations were obtained from the images
collected by duplicate emission fluorescence with a Life
Science Resources equipment. The light source was a
175 W xenon lamp, and light reached the objective with
optic fiber. The excitation wavelength for FICRhR was
490 nm and for emission 530 and 580 nm, respectively.
FICRhR is a single-excitation dual-emission dye, similar to
native protein kinase A (PKA), whose emission spectrum
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Fig. 1. (A) Effect of 1 uM YTX on cAMP levels. Mean £ SEM of four experiments. (B) Effect of 1 uM YTX on cAMP levels in a Ca?"-free medium.
Mean + SEM of eight experiments. Control of cells loaded with dye in absence of YTX (inset). Mean &= SEM of four experiments.
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changes with cAMP binding. In this way the FICRhR 530/
580 emission ratio increases upon intracellular free cAMP
concentration elevation [15]. Two hundred micromoles of
dibutyryl cAMP (dbcAMP) was added at the end of each
experiment to test CAMP fluorosensor functionality. Gra-
phics represent the average of three or four experiments
done in duplicate (40 cells/single experiment).

2.3.4. cAMP determination

cAMP determination was performed by EIA. Purified
lymphocytes (400,000) were incubated with/without dif-
ferent drugs at 37° for 10 min in a final volume of 100 pL.
Nine hundred microliters of 86% ethanol and 1IN HCI
(99:1) were added and the tubes immediately submerged in
liquid nitrogen. After 1 hr they were transferred to —80°
freezer until cAMP determination. The samples were
thawed and dried by centrifugal evaporation, and cAMP
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was measured using the protocol described by Amersham
for measurement of cAMP by acetylation EIA procedure.

2.3.5. Interleukin-2 (IL-2) release

Purified lymphocytes were dispensed into a 96-well
plate (400,000 cells/well) in 300 pL culture medium
(RPMI with 10% FBS). Different drugs were added, and
the cells were maintained for 20 hr at 37° and 5% CO,. The
plate was centrifuged and the culture medium was recov-
ered and stored at —80° to avoid loss of biological activity
of the cytokine. Human IL-2 released to the medium was
determined by an IL-2 ELISA Kkit.

2.3.6. Data analysis

All the experiments were carried out at least three times
in duplicate. Results were analyzed using the Student’s
t-test for paired data or the ANOVA test. A probability level
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Fig. 2. (A) Effect of 50 uM FK on cAMP levels. Mean + SEM of four experiments. (B) Effect of FK on cAMP levels in a Ca”*-free medium. Mean + SEM

of five experiments.
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of 0.05 or smaller was used for statistical significance. Data
were normalized and results expressed as the mean += SEM.

3. Results

Each microscopy fluorescence experiment throughout
the paper was performed by taking snapshots at certain
times in order to avoid dye bleaching. To determine the
best sampling times, experiments were performed to set the
timing. Each figure shows the final averaged experiments,
after having determined the best sampling times (times that
show changing patterns rather than a sustained response).
Fig. 1A shows the effect of 1 uM YTX on cAMP levels,
with snapshots being taken from 0 to 200 s, 450 to 550 s,
and 750 to 875 s. Results clearly show that after 10 min of
incubation YTX decreases cAMP levels. Nevertheless,
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within the first 90 s after the addition of YTX, there is a
transient, though very repetitive, increase in cAMP levels
before the sustained decrease. The decrease is completely
dependent on the presence of extracellular calcium, since
by replacing the external medium with a calcium-free one,
the effect of YTX is completely opposite (Fig. 1B), show-
ing a sustained increase, which is triggered in few seconds.
The inset of Fig. 1 shows the control of cells loaded with
dye in absence of YTX, in these conditions, no modifica-
tions of basal cAMP levels were observed.

In order to understand the mechanisms of action of YTX
in cAMP pathway, we used different cAMP modulators
and we checked YTX effect. Cells regulate cAMP levels by
a balance between ACs (synthesis) and PDEs (hydrolysis),
both enzymatic groups including several isozyme families
selectively expressed. FK is a known activator of AC. First
we checked the importance of extracellular calcium for FK
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Fig. 3. (A) Effect of 50 uM FK and 1 uM YTX on cAMP levels. Mean 4= SEM of four experiments. (B) Effect of 50 pM FK and 1 pM YTX on cAMP levels
in a Ca*"-free medium, and effect of 1 mM Ca®". Mean =+ SEM of four experiments. (C) Effect of 1 uM YTX and 50 uM FK on cAMP levels. dbcAMP
(250 uM) is added at the end as a positive control. Mean = SEM of four experiments. (D) Effect of 1 uM YTX and 50 uM FK on cAMP levels in a Ca>*-free

medium, and effect of 1 mM Ca®*. Mean + SEM of four experiments.
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effect on cAMP levels in lymphocytes. As expected,
50 uM FK increases cAMP levels in the presence
(Fig. 2A) or in the absence (Fig. 2B) of external calcium.
The only difference is a slower onset of cAMP increase
when external calcium is absent. In these conditions, we
checked the effect of 50 uM FK and 1 pM YTX. Fig. 3A
shows that the effect of YTX ablates the effect of FK, since
cAMP levels decrease to the original baseline, and later on
to values slightly below the baseline. Again, this effect is
dependent on the presence of external calcium, since in the
absence of calcium YTX does not modify the increase in
cAMP levels caused by FK, but the addition of external

calcium triggers the decrease on cAMP levels (Fig. 3B).
The inhibitory effect of YTX is not modified if FK is added
after YTX (Fig. 3C); these low cAMP levels reflect a
functional effect, not related to a possible inability of
the dye (which is a PKA) to respond, as shown by the
full response to later addition of dbcAMP. Again, the effect
is totally dependent on the presence of external calcium,
since the addition of FK after YTX in Ca”"-free conditions
further increases cAMP levels, and the addition of calcium
activates a sharp decrease of cAMP (Fig. 3D). The results
obtained so far indicate that YTX decreases cAMP levels
in the presence of external calcium, and that the effect of
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YTX is not modified by FK, but YTX does counteract the
effect of FK. In addition, the toxin does not seem to affect
PKA, since when dbcAMP was added the fluorescence
always increase (this control was made in each experiment,
but only shown in Fig. 3C).

Following in cAMP pathway we checked the role of
PDEs in YTX effect. First we used rolipram (RP), a type [V
(cAMP selective) PDE inhibitor [16]. Fig. 4 shows this
study, and demonstrates that the effect of either YTX or RP
prevails if added first. Since when YTX is added first no
effect of RP is observed later, but when RP is added first
YTX does not have any effect either. As PDE type IV has

FICRhR Emission Ratio

been defined as low K,,, cAMP specific enzyme, and four
different subtypes for this enzyme have been described
[17], we used etazolate, other PDE type IV inhibitor.
Etazolate is a methylxanthine analogue structurally distinct
from RP. As Fig. 5 shows, the effect is similar, although it
counteracts the effect of YTX (Fig. 5B). On the other hand,
milrinone, an inhibitor of ¢cGMP-inhibited cAMP PDE
(type III) [18], also increases cAMP levels (Fig. 6). The
effect of milrinone is not modified by YTX regardless
the order of addition of both drugs (Fig. 6A and B), even
the increase in cAMP levels after milrinone addition when
cells are preincubated with YTX is smaller than the
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increase induced by milrinone alone. When the PDE
inhibited was PDE type I by using chlorpromazine, an
unspecific inhibitor of the Ca®'-calmodulin-dependent
PDE (type 1) [19,20], Fig. 7, as for milrinone, YTX does
not have been affected, even the increase after chlorpro-
mazine in YTX-treated cells was smaller.

Fig. 8 shows the modulatory effect of a combined effect
of milrinone, etazolate, and chlorpromazine, with the goal
of blocking all the PDE. We did not use the unspecific
inhibitor IBMX because the high concentrations required
(over 500 pM) were incompatible with the microscope
(we had drug precipitation). The combined effect of the
PDE inhibitors shows a reversion of YTX effect (Fig. 8A).
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The pretreatment with the inhibitors almost fully neutralize
the effect of YTX (Fig. 8B).

Since the effect of YTX seems to be related to PDE
modulation, we used the fluorescent, cell permeable,
cAMP analog Mant-cAMP [14]. This analog is hydrolyzed
by the basal activity of PDE from cells, and its fluorescence
decreases over time. This is a good and suitable dye for
PDE studies. In the presence of activators or inhibitors of
PDE, the dye fluorescence is going to decrease faster or
slower with respect to the control, as it is shown in Fig. 9A.
Fig. 9B shows that YTX significantly increases the rate of
cAMP hydrolysis. This effect is dose dependent. In the
absence of extracellular calcium, the rate of hydrolysis is
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significantly smaller than control, and also dependent on
YTX concentration. The PDE activator imidazole [21]
shows a similar effect that 1 pM YTX in the presence
of calcium. Fig. 9C shows that if PDE are inhibited, either
by the presence of chlorpromazine, milrinone, etazolate or
dipyridamole (a PDE type V inhibitor [19,20]), the rate of
hydrolysis is significantly slower than the control. How-
ever, when the cells are preincubated in the presence of
YTX and then the PDE inhibitors were added, the rate of
hydrolysis is significantly increased, showing again the
effect of YTX on cAMP levels.

To confirm these results obtained with FICRhR and
Mant-cAMP, we checked the concentrations of cAMP
and the activity of PDE by using commercial kits with
cAMP levels and PDE activity already tested. As Fig. 10A

shows, 1 pM YTX significantly decreases cAMP levels,
from 52.81 4 3.66 to 44.53 4 4.5 fmol, in human lympho-
cytes after 10 min of incubation. This effect is increased to
37.24 £ 8.6 when YTX concentration was 10 uM. On the
contrary, in a calcium-free medium YTX effect was a
significant increase in cAMP levels. In these conditions,
we checked the effect of cAMP pathway modulators
described before. As Fig. 10B shows, the increase in cAMP
levels induced by 50 uM FK was 5% inhibited when YTX
was added after FK. In the same line, the increase induced
by 10 uM RP or 500 uM IBMX was 10% inhibited when
1 uM YTX was present. Fig. 11 shows the variations of
activity of PDE obtained from bovine brain in the presence
of YTX. An increase of 20 and 40% in PDE activity was
observed in the presence of 1 and 10 pM YTX. Imidazole
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(5 mM), a PDE activator, and 500 uM IBMX, a PDE
inhibitor, induce a 40% increase or a 90% decrease in
PDE activity.

Finally, and in order to understand the functional mean-
ing of the modulation of cAMP levels by YTX, we studied
the effect of YTX on IL-2 release. We chose IL-2 because it
is a representative marker of the functionality of human
lymphocytes. Results, shown in Fig. 12, clearly indicate
that after 20 hr of incubation only 1 pM YTX, which is
associated with a decrease in cAMP levels, increases IL-2
production. However, the preincubation in the presence of
drugs that increase cAMP levels, as 50 uM FK, the PDE
inhibitor IBMX 500 pM, or 10 ng/mL cholera toxin, which
activates the heterotrimeric Gs protein by irreversible

ADP-ribosylation of the Ga-subunit [22], show a signifi-
cant decrease in IL-2 released.

4. Discussion

The role of cAMP in lymphocytes is far from clear, since
there are many systems implicated in the regulation of the
cell. Since cAMP is functionally linked to many other
signals, we studied the potential change to YTX effect in
the presence of drugs known to modulate membrane
signals. All these results provide evidence of the multiple
functional variations, which may be possible within a
single cell system. All these experiments were not intended
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to understand these crosstalks but to provide information
about the mechanism of action of YTX.

Out of the two sequential steps in cAMP control, AC and
PDE, the target of YTX seems to be the PDE system. This
conclusion is drawn on the overall effect of YTX in FK-
treated cells, and PDE inhibitors-treated cells. FK, which
activates cAMP formation regardless the presence of
external calcium, is counteracted by YTX. This might
suggest that YTX binds to AC as an inhibitor. Since
pretreatment of YTX with FK fully prevents the effect
of FK, an explanation might be a stronger link of YTX to
AC, since FK does not prevent the effect of YTX. Never-
theless, this explanation is not feasible, since YTX by itself
activates the formation of cAMP in a calcium-free med-
ium. Of the nine AC isoforms, four are Ca*tre gulated, two
of them (types I and VIII) stimulated, and two (types V and
VI) inhibited [23]. The Ca*"-inhibitable AC are mainly
regulated by capacitative Ca>" entry [24], but this model
does not fit the way YTX modifies cAMP levels, who
induces non-capacitative calcium influx [8]. For YTX to
have AC as a biochemical target, YTX ought to be an
inhibitor in the presence of external calcium, and an
activator in its absence, and this is unlikely because the
just inhibition of AC would not justify the decrease in
cAMP unless a PDE is activated. Moreover, AC is func-
tionally coupled to G proteins, and for YTX to act this way,
it would have to activate the Gs-subunit in the absence of
calcium, and probably the Gi-subunit in Ca>* conditions;
this kind of behavior, to our knowledge, has not been
previously described. In addition to this, the increase in
cAMP levels observed in the presence of PDE I and III
inhibitors after YTX treatment indicates that AC should be
properly working.

On the other hand, YTX may be an activator of a PDE
subtype. The results obtained with Mant-cAMP clearly
suggest that the mechanism of action of YTX is to increase
PDE activity. In lymphocytes, the high-affinity cGMP-
inhibited cAMP PDE, PDE III, and the cAMP-specific
PDE 1V, are known to regulate cAMP concentrations by
degrading cAMP to AMP. It has been reported that the PDE
III-specific inhibitor, milrinone, and the PDE IV inhibitor,
RP, suppressed hydrolysis by 70 and 30%, respectively,
which indicated that both PDE IV and III were present, and
that PDE III was predominant [25]. As PDE III is important
in the myocardium, the cardiotoxicity shown by YTX
could be attributed to this effect, since we have ruled
out a toxic effect of YTX directly in mitochondria (unpub-
lished results), which was another proposed target for YTX

[6,7]. One of the main problems to pharmacologically
discriminate PDEs is the lack of selective inhibitors for
each type of PDE. Our results confirm that PDE III
(milrinone results) and PDE IV (RP or etazolate data)
are important regulators of cAMP in lymphocytes. Both
etazolate and RP are unable to counteract the effect of
YTX, while milrinone does revert the effect of YTX. The
small difference in etazolate and RP effect we observed can
be due to the different specificity of inhibitors by PDE,
since the four PDE IV subtypes have distinct biochemical
properties and regulation [17].

The fact that YTX shows a calcium-dependent effect,
points out at PDE I, which is defined as a Ca’*-calmodulin-
dependent PDE. For this, we used the unspecific inhibitor
chlorpromazine. The profile observed with this drug is
similar to that observed with milrinone, which raises the
question of its selectivity. One aspect in favor of YTX to
activate PDE 1 is the calcium dependency of its effect. In
the presence of external calcium, YTX decreases cAMP.
But it is important to bear in mind that each experiment
performed in the presence of external calcium shows an
initial transient increase of cAMP. This observation, and
the fact that YTX increases cAMP levels in the absence of
calcium, suggests a dual behavior in YTX action, requires
very low concentrations of calcium to inhibit PDE (hence
increasing cAMP), and higher calcium to activate PDE
(decreasing cAMP). If this activation of cAMP formation
is only mediated by PDE activation—inhibition, or to a
simultaneous effect on AC, remains to be studied.

Another important aspect to bear in mind regarding
YTX is its role in calcium influx (see Table 1). This
may be in the end an important modulatory aspect of
YTX. We have recently demonstrated that YTX produced
a calcium influx through nifedipine and SKF 96365-sen-
sitive channels, and that this effect was not affected by
okadaic acid [8]. YTX also increases Ca*>" influx induced
by other toxins [9]. This effect of YTX to increase Ca’t
influx may contribute to increased available calcium for
calcium-dependent PDEs (type I), which in turn would
enhance PDE 1 effect and decrease cAMP levels. The
model is more complex, since cCAMP has a PKA-indepen-
dent interaction with the Ca®" stores [11], which indicates
that production of cAMP but not activation of PKA is
responsible for the regulation of internal calcium release.
Although this observation is not directly related to the
results on this paper, it suggests a further complexity on the
modulation of cAMP levels; on the other hand, PKA
activation and inhibition may inhibit Ca®" influx [11].

Fig. 9. (A) Variations of Mant-cAMP fluorescence in control conditions and in the presence of 10 uM etazolate. The arrow indicates the addition of PDE
inhibitor. Representative assay. (B) Rate of Mant-cAMP hydrolysis in the presence of 1 pM YTX and 2.5 pM YTX in a calcium-containing medium, 1 pM
YTX and 2.5 uM YTX in a calcium-free medium, and 5 mM imidazole. Mean &+ SEM of six experiments. *Significant differences with respect to the control.
(C) Rate of Mant-cAMP hydrolysis in the presence or absence of 1 uM YTX and the PDE inhibitors, 100 uM chlorpromazine, 10 pM milrinone, 10 pM
etazolate, and 10 uM dipyridamole. Mean + SEM of six experiments. “*Significant differences with respect to the control. *Significant differences with

respect to the control of each PDE inhibitor.
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Table 1
Summary of YTX effects on cytosolic calcium and Ca>"-dependent effects
of YTX on cAMP levels in human lymphocytes

Effects of YTX on cytosolic Ca*" in human lymphocytes
(from Refs. [8,9])
YTX induces a slight non-capacitative Ca®" influx
The influx is sensitive to nifedipine and SKF 96365
The influx is not affected by the DSP toxin okadaic acid
YTX inhibits capacitative calcium influx activated by thapsigargin
YTX stimulates the Ca®" influx induced by maitotoxin
(insensitive to SKF 96365)

Ca®*-dependent effects of YTX on cAMP levels in human lymphocytes
YTX decreases cAMP levels in a Ca>"-containing medium
YTX increases cAMP levels in a Ca®"-free medium
YTX inhibits forskolin effect on cAMP levels in a
Ca**-containing medium

In any case, at this point we cannot conclude which PDE
is the target for YTX, since when the inhibitors are added
after YTX, we always have some effect, smaller fluores-
cence increase or no increase. The data obtained with Mant-
cAMP and with cAMP EIA also point this, since the
presence of YTX always blocks PDE inhibitors effect.
Even it is very important to bear in mind that PDE inhibitors
used are not very specific. In fact, the no specificity of drugs
may explain the inhibition obtained with dipyridamole,
which is a type V PDE inhibitor (specific to cGMP). Similar
results were obtained in human basophils and rat mast cells
[20,26]. Dipyridamole effect can also be explained as an
inhibition of PDE V, since an increase in cGMP levels could
inhibit PDE III [27]. Even the unspecific effect could also
indicated that in lymphocytes all PDEs regulate cAMP
levels. But further studies with more selective PDE inhi-
bitors for each family should be done.

The results obtained with the cyclic nucleotide PDE
assay kit further confirm a direct effect of YTX on PDE
activity. With these assays, it is worth investigating which

50 1

40 I

30 |

20

IL-2 released (pg/ml)

10

specific PDE is the target for YTX, and it is to be done in
further experiments.

The possibility that YTX only interacts with plasma
membrane components, due to its high polarity (it contains
two sulfate groups), is an alternative that must be dis-
cussed. This is supported by the fact that YTX is not active
when taken orally. It may be possible that the nature of the
molecule only allows certain interactions due to its limited
lipophility, and this will be the subject of future studies. But
our results allow us to speculate with some alternatives.
YTX requires only few minutes to show intense effects
and, therefore, it might not enter the cell. But, PDEs have
the active site on the inside of the membrane, and this
further supports the entry of the toxin. Further studies are
needed to clarify this matter.

Therefore, the modulation of cAMP levels is just one
aspect to bear in mind regarding signal transduction.
Nevertheless, the results obtained with IL-2 provide a line
of evidence that supports a link between cAMP and cell
function. The function of lymphocytes has been shown to
be inhibited by agents which increase intracellular cAMP
[25], and in this paper we report that YTX does increase
IL-2 production. We were not interested in the physiolo-
gical meaning of this observation, but merely in the fact
that the decrease of cAMP levels corresponds to an
increase in the function of the cell. Therefore, the use of
IL-2 as a marker of lymphocyte function is indirect evi-
dence that YTX decreases cAMP levels. In previous works,
which confirms our data, RP was found to be very potent at
inhibiting IL.-2 synthesis in combination with an increase
in cAMP levels [28] and an increase in cAMP levels was
associated with a decrease in IL-2 production [29,30].

In summary, YTX decreases cAMP levels, at least as
part of its spectrum of activity. This decrease is mediated
by an increase in PDE activity. We cannot clearly state, as
yet, which PDE is the main target of YTX.

Control YTX

FK CTX IBMX

Fig. 12. Effect on IL-2 production of drugs that modify cAMP. The cells were incubated in the presence of 1 uM YTX, 50 uM FK, 10 ng/mL cholera toxin,
and 500 pM IBMX for 20 hr. Mean &= SEM of four experiments. *Significant differences with respect to the control.
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