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ABSTRACT: Yessotoxin is a marine phycotoxin that induces motor
alterations in mice after intraperitoneal injection. In primary cortical
neurons, yessotoxin treatment induced a caspase-independent cell death
with an IC50 of 4.27 nM. This neurotoxicity was enhanced by 4,4′-
diisothiocyanatostilbene-2,2′-disulfonic acid and partially blocked by
amiloride. Unlike previous studies, yessotoxin did not increase cyclic
adenosine monophosphate levels or produce any change in phosphodies-
terase 4 steady state expression in triple transgenic neurons. Since
phosphodiesterases (PDEs) are engaged in learning and memory, we
studied the in vitro effect of the toxin against Alzheimer’s disease hallmarks
and observed that pretreatment of cortical 3xTg-AD neurons with a low
nanomolar concentration of yessotoxin showed a decrease expression of
hyperphosphorylated tau isoforms and intracellular accumulation of
amyloid-beta. These effects were accompanied with an increase in the level of the inactive isoform of the glycogen synthase
kinase 3 and also by a translocation of protein kinase C from cytosol to membrane, pointing to its activation. In fact, inhibition of
protein kinase C with GF109203X blocked the effect of yessotoxin over tau protein. The data presented here shows that 1 nM
yessotoxin activates protein kinase C with beneficial effects over the main Alzheimer’s disease hallmarks, tau and Aβ, in a cellular
model obtained from 3xTg-AD fetuses.
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Yessotoxin (YTX) is a marine phycotoxin with more than
40 analogues isolated for the first time in Japanese waters.

It is produced by different dinoflagellates, among them,
Protoceratium reticulatum and Lingulodinium polyedrum.1−3

Originally, the toxin was included with the okadaic acid (OA)
in the group of diarrheic shellfish poisoning (DSP) toxins,
because they used to appear together during toxic episodes.
Later, it was separated in its own group, due to different
biological origin and different in vivo effects.4

One of the main differences with OA is that YTX shows no
inhibition of protein phosphatase 2A (PP2A).5 Recently, it has
been observed that, in fact, YTX and OA show an
immunoregulatory effect over lymphocytes, although through
protein kinase C (PKC) mediated mechanisms in the case of
YTX and through PP2A mechanisms in the case of OA.6

PKC is widely expressed in neurons, and it is implicated in
neuroprotection, synaptic function, and plasticity. This turns it
into an important molecule in learning and memory, and its
signaling disruption causes impairment in these processes.7−9

Moreover, reduced PKC levels were found in samples from
patients with Alzheimer’s disease (AD).10 Several pieces of
evidence indicate that amyloid beta (Aβ) peptide can reduce
PKC levels and also block the activation and normal function of
the enzyme.11 All these findings indicate that PKC activators
may constitute an interesting target for AD related pathology,

as PKC isoforms are involved in memory processing and the
enzyme can inhibit glycogen synthase 3 kinase through its
activation.12 One example is that, in fact, bryostatin-1, an
agonist of classic and novel PKC isoforms, reduces Aβ40 and
Aβ42 in a double transgenic model of AD at subnanomolar
concentrations, enhancing the secretion of the α-secretase
soluble APP product.13

Initial reports on the mechanism of action of YTX described
it as a phosphodiesterase (PDE) activator that decreased cyclic
adenosine monophosphate (cAMP) levels in human lympho-
cytes.14 This effect was dependent on the presence of calcium
in the extracellular medium. However, later reports described
that PDE inhibition induced by YTX, measured by electro-
chemical and colorimetric methods,15 had no effect on cAMP
levels in cardiomyocytes,16 pointing to different effects
depending on cell type and bringing up doubts about the
specific role of YTX in PDE signaling. In platelets, it has been
shown that PKC was engaged in the activation of PDE3 as
happens with other human cellular models,17,18 showing a link
between these two enzymes. PDE modulators have been
studied for their possible therapeutic effect in neurodegener-
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ative diseases. For example, rolipram, a PDE4 inhibitor, has
shown beneficial effects against Aβ induced memory and
cognitive deficits19,20 through the increase of the intracellular
cAMP levels available in the brain, hence activating protein
kinase A (PKA) with a consequent down regulation of the
cAMP response element binding (CREB) protein21,22 and an
increase in the cAMP/CREB signaling in the brain.
It is well-known that YTX is also an apoptotic inducer in

primary cultures and cell lines, with observed differences among
cell types in concentrations and the protein pathways
involved.23 This effect has made yessotoxin an interesting
compound for cancer studies. Another type of programmed cell
death, recently reported for YTX in the BC3H1 myoblast cell
line, is paraptosis.24 This kind of programmed cellular death is
typical of neurons overcoat in neurodegenerative diseases as
Huntington’s disease and amyotrophic lateral sclerosis.25,26

So, in this work, we study the effects of YTX over primary
cortical neurons for the first time. Taking advantage of the
previous knowledge, we focused the study on YTX-mediated
effects over PDE and PKC and the possibilities of this
compound for the treatment of neurodegenerative diseases.

■ RESULTS AND DISCUSSION

Yessotoxin-Induced Cytotoxicity. Although the nervous
system was pointed as one target of YTX, with motor
alterations in mice after intraperitoneal injection and
histopathological damage in Purkinje cells,27 only the effects
of YTX in cultured cerebellar neurons have been tested until
now.28 As the cytotoxic effect of YTX in primary cortical
neurons has not been evaluated yet, we tested the viability of
these neurons obtained from Swiss mice after exposure to
different YTX concentrations by the MTT assay. Concen-
trations ranging from 0.5 to 20 nM were added to the
extracellular medium for 72 h. As shown in Figure 1A, YTX

caused a concentration-dependent decrease in cellular viability.
At 20 nM, YTX reduced cellular viability to 25.06 ± 0.49% with
a half maximal inhibitory concentration (IC50) of 4.27 nM
(95% confidence interval: 2.79−6.5 nM) (Figure 1A). Previous
works demonstrated that YTX is an apoptotic inducer in
different mammalians cells,23 but recently another kind of YTX
induced death has been reported, paraptosis, a caspase
independent cell death.24 So, in order to clarify if YTX-induced
death in primary cortical neurons was apoptosis or another
programmed cell death, three YTX concentration were chosen,
1, 5, and 10 nM, and a well-known cell-permeant caspase
inhibitor, carbobenzoxy-valyl-alanyl-aspartyl-[O-methyl]-fluoro-
methylketone (Z-VAD) was added to the cellular medium for
48 h. As shown in Figure 1B, co-incubation with 100 μM Z-
VAD did not modify YTX effects over neuronal viability,
pointing to a mechanism independent of caspase activation.

Effect of Anion Channel Modulators over YTX
Neurotoxicity. As Peŕez-Goḿez and colleagues described
for cerebellar neurons,28 granulation and weakening of neurites,
followed by cytoplasmic vacuolation and cellular swelling, were
observed in YTX treated primary neurons. Swollen cells suggest
ionic alterations, so to further the cellular mechanism involved
in YTX cytotoxicity, we studied the effect of several drugs
implicated in anion homeostasis. Treatment of cortical neurons
with the chloride channel blocker 4,4′-diisothiocyanatostilbene-
2,2′-disulfonic acid (DIDS) at a concentration of 500 μM did
not affect cellular viability, but when the compound was
incubated with YTX, the toxicity elicited by 5 nM YTX was
45.2 ± 9.4% (p = 0.041) higher than the toxicity elicited by the
toxin alone. However, at 10 nM, with high neuronal damage,
the percentage of dead neurons was almost the same.
Meanwhile, cotreatment of cortical neurons with 10 μM of
the Na+/H+ exchanger blocker amiloride and YTX showed that
5 nM YTX provides 183.9 ± 19.9% (p = 0.03) of mitochondrial

Figure 1. Effect of YTX on primary cortical neurons viability. (A) Dose-reponse curve indicating the effect of different YTX concentrations added to
the culture medium during 72 h over neuronal viability measured by the MTT reduction assay. (B) Evaluation of caspase participation in YTX-
induced toxicity. Addition of the caspase inhibitor Z-VAD 100 μM to the extracellular medium with 1, 5, and 10 nM YTX did not produce any effect
over the YTX-induced cortical cell death. (C) Effect of anion channel modulators over YTX-induced toxicity. DIDS 500 μM or 10 μM amiloride was
added to the extracellular medium with 1, 5, and 10 nM YTX. DIDS cotreatment increased the 5 nM YTX toxicity, whereas amiloride coincubation
partially blocked YTX effects. (D) Evaluation of the participation of neurotransmitter receptors and kinase modulators in the YTX-induced death.
The GABAergic inhibitor bicuculline 100 μM, glutamatergic modulators 200 and 100 μM CNQX and APV and the PDE4 and PKA inhibitor, 10 μM
rolipram and 5 μM H89 were added to the cellular medium with 1, 5, and 10 nM YTX. Only the glutamatergic inhibitor mixture and the PDE4
inhibitor rolipram produced certain decrease in YTX induced neurotoxicity.
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activity versus neurons treated with YTX and this increase was
maintained even at 10 nM YTX, in which case the percentage
was 200.04 ± 10.4% (p = 0.007) versus 10 nM YTX alone
(Figure 1C), showing a smaller toxic effect of YTX in the
presence of amiloride.
Effect of Neurotransmitters and Enzyme Modulators

over YTX-Induced Toxicity. We studied the effect of
different neurotransmitters on YTX toxicity. For this purpose,
two glutamate receptors antagonists, 2-amino-5-phosphono-
pentanoic acid (APV) and 7-nitro-2,3-dioxo-1,4-dihydroqui-
noxaline-6-carbonitrile (CNQX), 20 and 100 μM respectively,
and 100 μM bicuculline, a γ-aminobutyric acid (GABA)
receptor antagonist, were added to the extracellular medium
with YTX. As can be seen in Figure 1D, the combination of the
two glutamate receptor antagonists partially blocked the
neurotoxicity elicited by YTX at 5 nM (p = 0.022), but failed
at higher toxin concentrations, whereas bicuculline was
ineffective at all the concentrations. Since YTX may act as a
PDE activator, PDE4 inhibitor rolipram (10 μM) and the
protein kinase A (PKA) inhibitor H89 (5 μM) were tested. As
shown in Figure 1D, rolipram was able to partially inhibit the
neuronal death elicited by 10 nM YTX (p = 0.017) while
inhibition of PKA did not affect the decrease in cell viability
produced by YTX.
Yessotoxin Effects in Phosphodiesterase 4 Expression

and cAMP Release. PDE4 has been shown to be engaged in
memory processes,21 and rolipram at low doses enhanced long-
term memory in mice29 and also reversed memory deficits
observed in APP/PS1 transgenic mouse.19 PDE appears as the
main target of YTX in previous studies, so we analyzed if YTX
could modify PDE4 expression in primary cortical neurons
derived from 3xTg-AD mice and their wild type littermate.
With this purpose, we performed third to seventh div
treatments with 1 nM YTX, a concentration that does not
affect cellular viability even in chronic exposures (107.2 ± 2.8%
mitochondrial function versus nontreated cells). So, YTX was
added to the extracellular medium from third to seventh div and
cellular lysates were processed for immunochemical analysis.
First, we studied PDE4 expression in 3xTg-AD and NonTg
neurons and observed (Figure 2) that there were no differences
in PDE4 expression between transgenic and nontransgenic
neurons, but while YTX did not have any effect over transgenic
neurons, it increased PDE4 levels in a 63.6 ± 19.8% in NonTg
neurons. In view of these effects, cAMP levels after exposure of
cortical neurons to the toxin were also evaluated as previously
described in lymphocytes.14 In this case, two different
conditions were analyzed, a chronic exposure to 1 nM YTX
from third to seventh div and an acute exposure of 30 min to
0.5, 1, and 2 nM YTX. cAMP measurements were made using a
competitive enzyme immunoassay (Amersham cAMP Bio-
trakEIA System, GE Healthcare), but none of the conditions
resulted in a clear effect of YTX at this concentration in cAMP
basal levels (data not shown).
Yessotoxin Effects over AD Related Pathology. We

tested if subtoxic concentrations of YTX could be modifying
the Aβ or tau pathology observed in a 3xTg-AD in vitro model
that overexpress both hallmarks.30 So, 1 nM YTX from third to
seventh div was used. After this, cells were lysed and processed
for immunoblotting analysis. As can be seen in Figure 3A,
confocal images of 3xTg-AD cells incubated with YTX showed
a decrease in the immunoreactivity for 6E10 antibody, which
reacts with the abnormally processed isoforms and precursors
forms of the Aβ peptide. This decrease was 52.8 ± 2.3% (p =

0.01) versus nontreated 3xTg-AD neurons. Extracellular Aβ
levels were also measured by using an ELISA kit. In this cellular
model, it was proved that 3xTg-AD presented an increase in
amyloid release to the extracellular medium,30 but YTX
pretreatment did not have any effect over this measure (data
not shown). The other cellular pathology observed in this AD
model is the overexpression of phosphorylated tau isoforms.
With the aim of studying the effect of YTX on tau pathology,
NonTg, 3xTg-AD, and 3xTg-AD-treated lysed neurons were
incubated with AT8 (phospho-tau S199/S202/T205) and
AT100 (phospho-tau S212/T214) antibodies. Figure 3B
shows representative Western blot bands of cortical neurons
revealed with the AT8 antibody and the quantitative analysis of
the bands which indicates that AT8 expression was decreased
by a 28.8 ± 8.02% in YTX-treated neurons versus nontreated
3xTg-AD neurons (p = 0.006). Similarly, AT100 immunor-
eactivity (Figure 3C) decreased by 22.4 ± 10.8% (p = 0.05) in
YTX-treated neurons versus nontreated 3xTg-AD. In all these
experiments, NonTg neurons were processed together with
3xTg-AD to ensure that 3xTg-AD overexpression is correct.

Study of Kinase Pathways Related with Yessotoxin
Effects. In view of the observed actions of YTX over Aβ and
tau pathology, we studied some of the known mechanisms that
regulate or affect these two AD hallmarks. In this sense, it is
now widely accepted that the abnormal activation of several
kinase pathways, including glycogen-synthase kinase-3β (GSK-
3β) and extracellular regulated kinase (ERK1/2), are involved
in the neurodegenerative progression of AD.31−33 In order to
evaluate the role of GSK-3β on the beneficial effects of YTX
against AD pathology, GSK-3β expression was analyzed.
Western blot with both, phospho-GSK-3β antibody, which
recognizes the enzyme phosphorylated in Ser9 and represents
the inactive isoform, and total GSK-3β were made. As shown in
Figure 4A, yessotoxin increased the expression of the
phosphorylated isoform of GSK-3β while total GSK-3β was

Figure 2. Chronic YTX treatment did not modify the steady-state
levels of PDE4 in 3xTg-AD neurons but increased it in NonTg
neurons. (A) Quantitative analysis of the effect of YTX on PDE4 levels
as obtained from three independent experiments showing a
significative increase of PDE4 levels in NonTg treated neurons. (B)
Representative experiment showing Western blot bands for PDE4
levels in NonTg and 3xTg-AD neurons and in neurons incubated with
1 nM YTX. Results are mean ± SEM of three experiments, each
performed in duplicate. Percentages were calculated using the basal
PDE4 expression of NonTg neurons as 100% control. *p < 0.05 versus
NonTg neurons without treatment.

ACS Chemical Neuroscience Research Article

dx.doi.org/10.1021/cn400018y | ACS Chem. Neurosci. 2013, 4, 1062−10701064



unaffected, increasing the phospho/total GSK-3β ratio by 51.4
± 15.1% in NonTg neurons treated with YTX and by a 35.6 ±
4.5% in 3xTg-AD treated neurons (Figure 4A). Additionally,

since Aβ can also increase ERK phosphorylation, we studied
the possible interactions of this kinase in the YTX mechanism.
However, as can be seen in Figure 4B, there was no effect of
YTX treatment in phospho/total ERK1/2 ratio. The expression
of the phosphorylated isoform was not affected by YTX
treatment, and the levels of total ERK1/2 protein were only
affected in 3xTg-AD neurons, but this change did not modify
the final ratio. We also observed lower levels of both phospho
and total kinases in 3xTg-AD levels versus NonTg neurons.
Several reports indicated that GSK-3β can be inactivated by

PKC pathways, showing that PKC activation inhibits GSK-
3β34,35 and that this process is followed by tau aggregation.36

Therefore, we studied if PKC could mediate the YTX effects in
tau and GSK-3β. Cytosol and membrane lysates samples from
NonTg and 3xTg-AD cortical neurons treated with YTX and
from nontreated neurons were processed for PKC translocation

Figure 3. Chronic YTX exposure decreases intracellular Aβ
accumulation and tau phosphorylation. (A) Representative confocal
images of NonTg, 3xTg-AD, and 3xTg-AD treated neurons incubated
with the Aβ40−42 antibody, showing a diminished stain in 3xTg-AD
treated neurons. (B) Representative Western blot bands with the AT8
antibody (tau phosphorylated at Ser 199 and Ser 202) in control
NonTg, 3xTg-AD, and YTX-treated 3xTg-AD neurons. Quantitative
analysis of AT8 levels showing a significative decrease in AT8 levels
after YTX treatment. (C) Representative Western blot bands
indicating phospho-tau levels in control NonTg, 3xTg-AD, and
YTX-treated 3xTg-AD neurons with the AT100 antibody (tau
phosphorylated at Ser 212 and Thr 214). Quantification of AT100
levels showing a marked decrease in AT100 band intensity in 3xTg-AD
neurons after YTX treatment. Results are mean ± SEM of three
experiments, each performed in duplicate. Percentages were calculated
using the basal AT8 or AT100 expression of NonTg neurons as 100%
control. **p < 0.01 versus 3xTg neurons. *p < 0.05 versus 3xTg-AD
neurons.

Figure 4. Effect of YTX exposure on GSK-3 and ERK levels. (A)
Chronic YTX treatment increases phosphoGSK-3 expression in 3xTg-
AD neurons. Representative experiment showing Western blot bands
indicating phospho-GSK-3 (Ser9) and GSK-3 total expression in
NonTg and 3xTg-AD neurons alone or treated with YTX and the
corresponding quantification of Western blot band intensities showing
an increase in phospho-GSK-3/total GSK-3 ratio in NonTg and 3xTg-
AD treated neurons versus nontreated primary cortical neurons as
obtained from three independent experiments. *p < 0.05. (B) ERK 1/
2 expression was not modified after YTX treatment. Representative
Western blot bands probed with phospho-ERK1/2 and total ERK
antibodies in NonTg, 3xTg-AD, and YTX treated NonTg and 3xTg-
AD neurons with the corresponding histogram of the quantification
obtained from four independent experiments, each performed in
duplicate.
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analysis. A relative increase in the ratio membranous/cytosolic
fractions was observed in 3xTg-AD treated neurons compared
with nontreated cells with an antibody which recognizes classics
PKC isoforms (α, β, and γ) (Figure 5). Results show that
membranous/cytosolic PKC ratio increased by a 56.18 ± 10.03
in NonTg treated neurons versus nontreated, and increased by
43.52 ± 6.9% in 3xTg-AD treated with YTX versus nontreated
3xTg-AD.
We studied if the blockage of PKA or PDE4 inhibition could

be participating in YTX induced phosphorylated tau decrease.
So H89, a potent and selective inhibitor of cAMP dependent
PKA, 5 μM and 10 μM Rolipram were coincubated with YTX.
Immunoblotting assays with AT8 antibody showed that neither
H89 nor Rolipram inhibited YTX-induced AT8 decrease (data
not shown). As YTX produced PKC activation, we analyzed if
50 nM GF 109203X, a highly selective PKC inhibitor, and 250
nM Chelerythrine, another PKC inhibitor, could modulate
YTX effects over AT8 expression. As it is shown in Figure 5C,
coincubation with Chelerythrine inhibited YTX effects but the
effect was more potent with the PKC inhibitor GF 109203X (p
= 0.03).
To strengthen the relationship between YTX effects and

PKC modulation, we analyzed if these two PKC blockers,
Chelerytrine and GF 109203X, would be able to inhibit also
YTX effects over GSK-3 β. As can be observed in Figure 5D,
coincubation with the two PKC modulators inhibited the
increase in the phospho/total GSK-3β ratio induced by 1 nM
YTX (p = 0.004). Once again, the effect was more emphasized
in the case of GF 109203X. Furthermore, MTT assays were

performed with both PKC blockers and three concentrations of
YTX, 1, 5, and 10 nM, as we previously did with other kinase
modulators. Both compounds elicited a full recovery of
mitochondrial function when they were incubated with 5 nM
YTX, reaching values of 108.1 ± 1.14% and 102.5 ± 4.8%
versus control nontreated cells for Chelerytrine and GF
109203X, respectively. In the case of the highest concentration
tested, 10 nM, neither of the modulators achieved a full cellular
viability recovery. However, MTT values increased 2.9-fold for
Chelerytrine and 2.6-fold for GF 109203X versus 10 nM YTX
treated cells, achieving values of around 50% cellular viability in
the case of the PKC modulators and around 20% in the case of
10 nM YTX alone.

Yessotoxin Effects over VDAC Expression. YTX is
known to act also through some mitochondrial pathways,
showing a potent induced opening of the permeability
transition pore (PTP) in the nanomolar range.37,38 Mitochon-
drial dysfunction acts as a contributor in the pathology of AD
with several changes in the activities of different mitochondrial
enzymes in early AD progression.39 Several works showed that
amyloid precursor protein and amyloid-beta can interact with
the mitochondria, resulting in dysfunction.40,41 The voltage-
dependent anion channel, VDAC, is an integral mitochondrial
protein present also at the neuronal plasma membrane and that
participates in Aβ-induced toxicity. In fact, when VDAC
antibodies are added before Aβ peptide cell treatment,
neuroprotection is observed.42 There is evidence that, as
happens in human AD brains, there is an accumulation of
VDAC in dystrophic neurites around senile plaques in AD

Figure 5. YTX treatment activates PKC in primary cortical neurons. (A) Corresponding quantification of Western blot band intensities showing an
increase in membrane/cytosol ratio in treated neurons versus nontreated primary cortical neurons as obtained from four independent experiments
indicating a PKC translocation. (B) Representative experiment showing Western blot bands indicating PKC levels in cytosol (cPKC) and membrane
(mPKC) fraction samples in NonTg and 3xTg-AD neurons alone or treated with YTX. Results are expressed as percentage of control cells
(nontransgenic neurons). (C) Quantification of AT8 levels in 3xTg-AD neurons treated with YTX alone, YTX plus Chelerytrine (Che) or YTX plus
GF109203X (GFX), showing an increase of AT8 expression with YTX+GFX coincubation. Percentages were calculated using the AT8 expression of
3xTg-AD neurons as 100% control. (D) Quantification of GSK-3β levels in 3xTg-AD neurons treated with YTX alone, YTX plus Che, or YTX plus
GFX, showing a complete blockage of the increased phospho/total GSK-3β ratio induced by YTX in the presence of Che and GFX. *p < 0.05. **p <
0.01. Results are mean ± SEM of six experiments, each performed in duplicate.
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animal models.43 In the same animal model used in the present
work, 3xTg-AD mice, 23 different proteins of the mitochondrial
proteome were found to have an altered expression between
wild type and transgenic mice.44 Among those proteins VDAC-
1 and -2 were upregulated in 3xTg-AD cortices. So, we studied
the expression of this protein in the primary cortical neurons
derived from 3xTg-AD and NonTg fetuses. As it is shown in
Figure 6, VDAC expression is upregulated in 3xTg-AD cortical

neurons in a 52.7 ± 17.2% (p = 0.017) versus NonTg neurons
as previously shown in the animal model. While YTX
pretreatment did not show any effect over VDAC expression
in NonTg neurons, YTX treatment of 3xTg-AD neurons
decreased VDAC band intensity by 23.9 ± 4.9% (p = 0.05) as
can be seen in the corresponding histogram (Figure 6A) and
the representative Western blot in Figure 6B.
Several studies have been released about the effects of YTX

on the viability of different cell lines and primary cultures,23

with various death pathways and different IC50’s. Perez-Gomez
et al. described an IC50 of 20 nM in cerebellar granule
neurons,28 but lower doses induced also toxicity signals. We
show in the present work that primary cortical neurons are
more sensitive to YTX toxicity than the neurons used in the
previous study, setting the IC50 for these cells in 4.27 nM. YTX
is an apoptotic inducer in mammalian cells,23 but recently
another YTX induced death has been reported, named
paraptosis.24 This programmed death is caspase-independent,
leads to necrosis and appears during development and in some
neurodegenerative pathologies.25,26,45 As we have shown, the
YTX-induced cell death in primary cortical neurons was
caspase-independent since the cell permeable caspase inhibitor
Z-VAD did not have any effect over YTX toxicity. The kind of
death triggered by YTX, with cellular granulation and swelling,
leads us to test if the toxin could be promoting some ionic
alterations. Cl− channels are related to the apoptosis
mechanism. Cells undergoing apoptosis showed intracellular

acidification, and Cl− inhibitors produced neuroprotection
against it in neurons.46 The fact that DIDS did not produce any
protection over YTX toxicity and even potentiated it could
point to ionic alterations induced by this marine phycotoxin.
However, DIDS induced a transitory acidification in cells that is
recovered within 10 min,47 but in this case it seems that DIDS
acidification can be increasing YTX toxicity. In contrast,
amiloride was able to partially block YTX induced effects. In
the search of a possible pathway mediating the YTX-induced
cell death, we studied the involvement of different neuro-
transmitters. GABAergic modulators did not show any effect,
but glutamatergic antagonists were able to slightly inhibit the
toxicity elicited by 5 nM YTX, although they failed with higher
doses, indicating a partial or indirect relationship of the
glutamatergic system in the YTX toxicity or that YTX induced
an excitotoxicity process in primary cortical neurons. We also
studied one of the best known cellular targets of YTX, PDEs,
but rolipram, a PDE inhibitor, only partially inhibited the cell
death induced by 10 nM YTX. None of the compounds so far
evaluated elicited a whole cellular protection.
As previously mentioned, works done in our laboratory14

demonstrated that YTX is an activator of PDEs in the presence
of Ca2+, hence decreasing cAMP levels in human lymphocytes.
We did not observe any effect of YTX in cAMP levels, but due
to the high toxicity of YTX in this cellular model the
concentrations of toxin tested here were 1000 times lower
than the concentrations previously used. However, there are
reports in different cell lines indicating a PDE inhibition by
YTX,15 which makes it an interesting compound for AD
screening. Taking advantage of the in vitro AD model
developed from 3xTg-AD mice,30 the possible effects of YTX
over the main pathological hallmarks of this neurodegenerative
disease were tested. PDE4 has been shown to be involved in
memory processes through activation of PKA and CREB
protein.21 Low doses of rolipram, which did not produce
significant effects in the basal levels of cAMP, as happens with
YTX in the present work, enhanced long-term memory in
mice,29 reversing also memory deficits in APP/PS1 transgenic
mouse.19 In this in vitro model of AD, incubation of the
neurons from third to seventh div in the presence of 1 nM YTX
reduced intracellular Aβ accumulation and tau hyperphosphor-
ylation recognized by AT8 and AT100, two widely used
antibodies in tau pathology screening. This effect over
phosphorylated tau was not affected by PKA or PDE4
inhibition, pointing to that in this case these two kinases are
not involved in YTX effects, the opposite of previous works.14

The decrease in both AD hallmarks was accompanied by an
increase in the inactive isoform of GSK-3β, a kinase that
phosphorylates several substrates involved in cellular signaling
and that has been implicated in the abnormal phosphorylation
of tau in AD31,48 which is also activated by Aβ.49 GSK-3 can be
inhibited by PKC activation,34 leading to a reduction in AD
pathology. The data presented in this work are in agreement
with recent works which suggest that YTX action can be
mediated through PKC activation, since we described a
translocation of PKC classic isoforms from cytosol to
membrane fractions, which confirms a PKC activation mediated
by YTX in primary cortical neurons. PKC is widely expressed in
neurons and interacts with several neuronal system such as
cholinergic or GABAergic systems. It participates in learning
and memory and an impairment, when PKC cascades are
interrupted, it is produced.50 PKC dysfunctions are found in
AD, showing PKC levels reduction by Aβ through its binding

Figure 6. Chronic YTX effects over VDAC expression. (A)
Quantitative analysis of the effect of YTX on VDAC levels as obtained
from three independent experiments showing a significative increase in
VDAC expression in 3xTg-AD neurons versus NonTg neurons and a
decreased expression of VDAC in 3xTg-AD neurons treated with YTX
versus nontreated 3xTg-AD. (B) Representative experiment showing
Western blot bands for VDAC levels in nontreated NonTg and 3xTg-
AD neurons and in the same neurons incubated with 1nM YTX.
Results are mean ± SEM of five experiments, each performed in
duplicate. Percentages were calculated using the basal VDAC
expression of NonTg neurons as 100% control. *p < 0.05.
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to PKC, with the consequent inhibition and degradation of the
kinase.11 Several reports about the positive effects of PKC
activators in AD have been released, based on the fact that they
increase soluble amyloid precursor protein and decrease
Aβ40−42 accumulation in transgenic mouse brains.12,13 We
reported here that YTX effects over tau pathology and over
GSK-3β are blocked by PKC inhibitors, confirming the
relationship between this marine phycotoxin and PKC.
The results presented here show that YTX can be an

interesting molecule for the treatment of AD due to its effects
as a PKC activator, resulting in a decrease in tau and Aβ
pathology through an interaction with GSK-3 mediated by
PKC activation. However, the specific mechanism through
which YTX activates PKC and the specific isoforms involved
are still unknown. Hence, further studies about the YTX effects
in PKC activation and the possible implications in AD therapies
will be needed.

■ METHODS
Primary Cortical Neurons. Two colonies of homozygous triple

transgenic (3xTg-AD) mice and wild type nontransgenic (NonTg)
mice were established at the animal facilities of the University of
Santiago de Compostela, Spain, to obtain primary cultures of cortical
neurons. All protocols described in this work were revised and
authorized by the University of Santiago de Compostela Institutional
animal care and use committee.
Primary cortical neurons were obtained from embryonic day 15−17

mice fetuses as recently described elsewhere.30,51,52 Briefly, cerebral
cortex was removed and neuronal cells were dissociated by
trypsinization followed by mechanical trituration in DNase-containing
solution (0.005% w/v) with a soybean trypsin inhibitor (0.05% w/v)
at 37 °C. After that, cells were suspended in Dulbecco’s modified
Eagle’s medium (DMEM) supplemented with p-amino benzoic acid,
insulin, penicillin, and 10% fetal calf serum. The cell suspension was
seeded in multiwell plates precoated with poly-D-lysine and incubated
for 7−10 days in vitro (div) in a humidified 5% CO2/95% air
atmosphere at 37 °C. Cytosine arabinoside, 20 μM, was added before
48 h in culture to prevent growth of non-neuronal cells. In all the
experiments, cortical neurons from NonTg and 3xTg-AD mice were
prepared and processed simultaneously.
Chemicals and Solutions. Plastic tissue-culture dishes were

obtained from Falcon (Madrid, Spain). Fetal calf serum was purchased
from Gibco (Glasgow, U.K.), and DMEM was from Biochrom (Berlin,
Germany). All other chemicals were reagent grade and purchased from
Sigma-Aldrich (Madrid, Spain).
Pure YTX (≥97.9% purity) was obtained from Cifga (Lugo, Spain).

Dimethyl sulfoxide (DMSO) was used for the preparation of stock
solutions. The final DMSO concentration in the extracellular culture
medium was always lower than 0.05%.
Determination of Cellular Viability. Cell viability was assessed

by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetrazolium

bromide) test, as previously described.53 This test measures
mitochondrial function to assess cell viability, showing a good
correlation between a drug-induced decrease in mitochondrial activity
and its cytotoxicity in neuronal cells.54 The assay was performed in
cultures grown in 96-well plates exposed to different compounds
added to the culture medium. Cultures were maintained at 37 °C in
humidified 5% CO2/95% air atmosphere. Saponine was used as
cellular death control. After the exposure time, cells were rinsed and
incubated for 60 min with a solution of MTT (500 μg/mL) dissolved
in Locke’s buffer containing (in mM): 154 NaCl, 5.6 KCl, 1.3 CaCl2, 1
MgCl2, 5.6 glucose, and 10 HEPES, pH 7.4 adjusted with Tris. After
washing off excess MTT, cells were disaggregated with 5% sodium
dodecyl sulfate and absorbance of the colored formazan salt was
measured at 590 nM in a Syngene plate reader.

Western Blotting. Cultured neurons pretreated with YTX from
the third (3rd) to the seventh (7th) div were lysed in 50 mM Tris-
HCl-1% Triton-x100 buffer (pH 7.4) containing a complete
phosphatase/protease inhibitors cocktail (Roche). The protein
concentration was determined by Bradford assay. Samples of cell
lysates containing 20 μg of total protein were resolved in gel loading
buffer (50 mM Tris-HCl, 100 mM dithiotreitol, 2% SDS, 20% glycerol,
0.05% bromophenol blue, pH 6.8) by SDS-PAGE and transferred onto
PVDF membranes (Millipore). The Snap i.d protein detection system
was used for blocking and antibody incubation as previously
described.30 For the analysis of the membranous and cytosolic
fractions, the following protocol was used: membrane samples were
obtained from the remaining cellular pellets after the removal of the
soluble fraction (cytosolic). Then, the same buffer with Triton X-100
(1.0%) was used to homogenize samples. Samples were incubated on
ice for 30 min, exposed to three cycles of sonication, and centrifugated
at 120 000 rpm for 20 min. The supernatant obtained was used as the
membranous fraction. Primary antibodies used in this work are
summarized in Table 1.

The immunoreactive bands were detected using the Supersignal
West Pico chemiluminiscent substrate (Pierce) and the Diversity 4 gel
documentation and analysis system (Syngene, Cambridge, U.K.).
Chemiluminiscence was measured with the Diversity GeneSnap
software (Syngene). β-Actin was used as control for lane loading
and to normalize chemiluminiscence values.

ELISA. The amount of amyloid β in the culture medium was
measured with the Colorimetric BetaMarkTM x-42ELISA kit
(SIGNET) following the protocol indicated by the manufacturer. In
all the experiments, culture medium samples were obtained at the
same days in vitro from NonTg and 3xTg-AD cultures after the
treatment. Optical density was measured at 620 nm in a Syngene plate
reader.

Statistical Analysis. All data are expressed as means ± SEM of
three or more experiments (each performed in duplicate). Statistical
comparison was made by ANOVA with Dunnett’s posthoc analysis or
Student’s t test. P values of <0.05 were considered statistically
significant.

Table 1. List of Antibodies and Dilutions Used

antibody immunogen host dilution source

6E10 Aa 1−16 of Aβ mouse 1:1000 Signet
AT8 peptide with phospho-S199/S202/T205 mouse 1:1000 Pierce
AT100 peptide with phospho-S212/T214 mouse 1:1000 Pierce
phospho-GSK-3β phosphoepitopes Ser9 of GSK-3β rabbit 1:10000 Millipore
GSK-3β recognizes 47 kD GSK-3β protein rabbit 1:1000 Millipore
phospho-ERK1/2 recognizes 42−44 kD phospho-ERK1/2 mouse 1:1000 Cell Signaling
ERK1/2 recognizes 42−44 kD total ERK1/2 mouse 1:1000 Cell Signaling
PDE4A C-terminal region of PDE4A rabbit 1:1000 Thermo Sc
PKC α, β, γ PKC isoforms; does not cross react with other PKC isoforms rabbit 1:1000 Millipore
VDAC KLH-conjugated linear peptide VDAC rabbit 1:1000 Millipore
Actin C-terminal actin fragment, clone C4 mouse 1:20000 Millipore
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