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Azaspiracids (AZAs) are a group of marine toxins recently

described that currently includes 20 members. Not much is known

about their mechanism of action, although the predominant analog

in nature, AZA-1 targets several organs in vivo, including the

central nervous system, and exhibits high neurotoxicity in vitro.

AZA distribution is increasing globally with mussels being most

widely implicated in AZA-related food poisoning events, with

human poisoning by AZAs emerging as an increasing worldwide

problem in recent years. We used pharmacological tools to inhibit

the cytotoxic effect of the toxin in primary cultured neurons.

Several targets for AZA-induced neurotoxicity were evaluated.

AZA-1 elicited a concentration-dependent hyperpolarization in

cerebellar granule cells of 2–3 days in vitro; however, it did not

modify membrane potential in mature neurons. Furthermore, in

immature cells, AZA-1 decreased the membrane depolarization

evoked by exposure of the neurons to 50mM K1. Preincubation of

the neurons with 4,4#-diisothiocyanatostilbene-2,2#-disulfonic acid

(DIDS), 4-acetamido-4#-isothiocyanato-2,2#-stilbenedisulfonic acid

(SITS), 5-nitro-2-(3-phenylpropylamino)benzoic acid (NPPB),

amiloride, or ouabain before addition of AZA-1 decreased the

AZA-1-induced neurotoxicity and the increase in phosphorylated

c-Jun-N-terminal kinase (JNK) caused by the toxin, indicating

that disruption in ion fluxes was involved in the neurotoxic effect

of AZA-1. Furthermore, short exposures of cultured neurons to

AZA-1 caused a significant decrease in neuronal volume that

was reverted by preincubation of the neurons with DIDS or

amiloride before addition of the toxin. The results presented here

indicate that the JNK activation induced by AZA-1 is secondary to

the decrease in cellular volume elicited by the toxin.
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Human poisoning by azaspiracids (AZAs) has emerged as an

increasing problem in Europe in the past years. The structure of

the toxin was identified in Japan and given the name AZA,

with reference to the existence within the molecule of a cyclic

amine (aza group), a single tri-spiro assembly and one carboxylic

acid group (James et al., 2003; Ofuji et al., 1999a). More than 20

compounds have been described in the AZA family (James et al.,
2003; Ofuji et al., 1999a, 2001; Rehmann et al., 2008; Volmer

et al., 2002). Two analogs of azaspiracid (AZA-1) were

characterized, 8-methylazaspiracid (AZA-2) and 22-demethyla-

zaspiracid (AZA-3). Other AZAs (i.e., AZA-4 through AZA-11)

differ by the presence or lack of methyl and hydroxyl groups on

the AZA structure (James et al., 2003; Ofuji et al., 1999a, 2001).

The complete structures of AZA-1, -2, and -3 were recently

revised (Nicolaou et al., 2003, 2006).

The toxic episodes caused by AZAs in humans show

gastrointestinal illnesses, including nausea, vomiting, severe

diarrhea, and stomach cramps (Ofuji et al., 1999b). Adminis-

tration of AZA-1 to mice caused multiple organ injuries,

including necroses in the lamina propria of the small intestine,

thymus and spleen, lung tumors, and hyperplasia in the

stomach, together with lymphocyte injury and fatty changes in

the liver (Ito et al., 2000, 2002). Although these toxins have

been associated with several human intoxications since 1995,

so far there is no information about their mechanism of action

or specific cellular targets.

It has recently been shown that AZA-1 is a potent

neurotoxic agent in primary neuronal cultures showing an

effect several orders of magnitude higher than the cytotoxic

effects previously described in different cell lines (Twiner

et al., 2005; Vale et al., 2007b). In neurons, the cytotoxic

action of AZA-1 was independent of an alteration on the

cytosolic calcium concentration or on F-actin cytoskeleton

disruption and it needed the whole molecular structure of the

toxin (Vale et al., 2007b). More recently, we found that c-Jun-

N-terminal kinase (JNK) activation was associated with the

neurotoxic effect of both AZA-1 and AZA-2 (Vale et al.,
2007a, 2008b); however, the mechanism of AZAs action is

yet unclear, as it remains to be determined whether JNK
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activation is an early or late event in the AZA-induced

cytotoxicity. Recently, several membrane proteins involved in

cell adhesion such as claudins and cadherins have been

related with AZA cytotoxicity, and this effect was sensitive to

extracellular signal regulated protein kinases (Twiner et al.,
2008). Furthermore, AZA-1 exposure has been shown to elicit

an unexpected complexity of cellular changes in human

neuroblastoma cells including an increase in the level of

several proteins involved in cellular metabolism and a pro-

nounced but temporary depletion of ATP levels (Kellmann

et al., 2009). In order to investigate the cellular mechanisms

involved in the AZA-evoked JNK activation and cytotoxicity,

we conducted a pharmacological approach to investigate

modulatory activities in several systems involved in neuronal

functioning as a way to investigate potential pharmacological

targets of AZA-1 cytotoxicity in neurons.

MATERIALS AND METHODS

Chemicals and solutions. Seven-day-old Swiss mice were obtained from

the animal care facilities of the University of Santiago de Compostela. Plastic

tissue culture dishes were purchased from Falcon (Madrid, Spain). Fetal calf

serum was obtained from Gibco (Glasgow, UK), and Dulbecco’s modified

Eagle’s medium (DMEM) was from Biochrom (Berlin, Germany). AZA-1 was

synthesized by Nicolaou et al. (2003, 2006). The mouse monoclonal antibody

against phospho-JNK (p-JNK, dually phosphorylated stress-activated protein

kinase/c-Jun NH2 protein kinase [SAPK/JNK] [Thr183/Try185]) was pur-

chased from Cell Signaling (Madrid, Spain). Bicuculline and c-aminobutyric

acid (GABA) were purchased from Tocris (Biogen Cientı́fica, Madrid, Spain).

All other chemicals were purchased from Sigma-Aldrich (Madrid, Spain).

Experimental solutions were based on Locke’s buffer containing (in millimolar)

154 NaCl, 5.6 KCl, 1.3 CaCl2, 1 MgCl2, 5.6 glucose, 3.6 NaHCO3, and 10

4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid, pH 7.4 adjusted with Tris.

The pH of the buffer containing the different drugs used in this study was

adjusted to 7.4 with Tris before addition to the cells.

Cell cultures. Primary cultures of cerebellar granule cells (CGCs) were

obtained from cerebella of 7-day-old mice as previously described (Vale et al.,

2007a,b, 2008b). In brief, cells were dissociated by mild trypsinization at 37�C,

followed by trituration in a DNAse solution (0.004% wt/vol) containing

a soybean trypsin inhibitor (0.05% wt/vol). The cells were suspended in

DMEM containing 25mM KCl, 31mM glucose, and 0.2mM glutamine

supplemented with p-amino benzoate, insulin, penicillin, and 10% fetal calf

serum. The cell suspension was seeded in 22-mm glass coverslips precoated

with poly-L-lysine and incubated in 6- or 96-multiwell plates for 8–11 days in

a humidified 5% CO2/95% air atmosphere at 37�C. Cytosine arabinoside,

20lM, was added before 48 h in culture to prevent glial proliferation.

Cell viability assays. The cytotoxic action of AZA-1 was studied in

cultured CGC by the MTT (3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyltetra-

zolium bromide) test. The MTT assay was performed as described previously

(Vale et al., 2007b, 2008b). This test, which measures mitochondrial function,

was used to assess cell viability as it has been shown that in neuronal cells,

there is a good correlation between a drug-induced decrease in mitochondrial

activity and its cytotoxicity (Varming et al., 1996). Briefly, after 24 h of

exposure to different concentrations of AZA-1 alone or in combination with

the different drugs tested, cells were rinsed and incubated for 30 min with

a solution of MTT (500 lg/ml) dissolved in Locke’s buffer. After washing off

excess MTT, the cells were disaggregated with 5% SDS and the colored

formazan salt was measured at 590nM in a spectrophotometer plate reader.

MTT data were normalized against the mean absorbance values of control

cells (in the absence of drugs) under each experimental condition and

expressed as percentage of control values.

Determination of plasma membrane potential (Em). The coverslips

plated with CGC were transferred to custom-made recording chambers, in

which the cells were loaded with 20nM [DIBAC4(3)], to monitor Em

(Rodriguez et al., 2008; Vale et al., 2008a). The DIBAC4(3) fluorescence

was monitored using a Nikon C1 confocal microscope and Nikon Plan Apo Tirf

60X, NA 1.45 objective (Nikon, Melville, NY). The images of fluorescence

emitted at 515 nm (after excitation at 488 nm) were collected every 5 s. The

fluorescence intensities, measured in selected regions of interest, were analyzed

off-line using the Nikon EZ-C1 viewer software.

Cell volume measurement. Cell volume was determined from the

maximum cross-sectional area of a cell, assuming that the cell soma swells

and shrinks in a spherical manner. This assumption has been validated in

neocortical cultures, where cell volume changes measured directly using

optical sectioning techniques were not different from those calculated from

the cross-sectional area (Churchwell et al., 1996). Measurement of cross-

sectional areas was performed using the MetaMorph Imaging System

(Universal Imaging Corporation, West Chester, PA). Area values were

normalized to sham controls and expressed as relative cell volume changes.

Immunocytochemistry. For immunocytochemistry, control and treated

cells were fixed in 4% formaldehyde and subsequently labeled with a monoclonal

antibody against dually phosphorylated SAPK/JNK (p-JNK and p-JNK, 1:250).

Immunoreactivity was visualized using an Alexa 546–conjugated secondary

antibody (1:1000 dilution; Molecular Probes, Barcelona, Spain). Cells were

analyzed using a laser scanning confocal microscope (Nikon), with a Hamamatsu

ORCA-ER camera (Hamamatsu Photonics KK, Hamamatsu City, Japan).

Immunocytochemistry controls for the specificity of the detection methods were

carried out by omitting the incubation step with the primary antibodies in one of

each four consecutive coverslips. None of the coverslips run without primary

antibody showed specific labeling comparable to that obtained with the primary

antibodies.

Statistical method. All data are expressed as means ± SEM of n
experiments (each performed in duplicate). Statistical comparison was by

nonpaired Student’s t-test. The p values < 0.05 were considered statistically

significant.

RESULTS

In this study, we evaluated the contribution of several

cellular pathways to the cytotoxic effects of AZA-1 in

primary neuronal cultures and its relationship with the AZA-

induced JNK activation in CGCs. We have recently shown

that AZA-1 is a potent cytotoxic agent in this cellular model

(Vale et al., 2007b), and this effect was related with the

activation of the JNK kinase since the toxin increased the

amount of phosphorylated JNK and caused the nuclear

translocation of the phosphorylated protein (Vale et al.,
2007a). The cellular routes examined in this study focused

on cholinergic receptors, purinergic receptors, GABAA

inhibitory receptors, the sodium-potassium pump, voltage-

dependent sodium channels, and anion homeostasis. First, we

examined the effect of the different drugs on the cytotoxic

action of the toxin after 24 h of exposure of CGC to different

concentrations of AZA-1. Since we have recently reported

a higher cytotoxic effect of AZA-2 in young neurons that
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seemed to be related with a higher effect on JNK

phosphorylation in younger cells (Vale et al., 2008b), all

studies were routinely performed in young (2–3 days in vitro
[div]) and mature (7–8 div) neurons.

Involvement of Neurotransmitters on AZA-1-Induced
Neurotoxicity

In view of the neurological symptoms caused by ip injection

of AZA-1 in mice, we tested the involvement of different

neurotransmitter systems in the neurotoxic effect of the toxin.

Initially, we evaluated the effect of exposure of cerebellar

neurons to AZA-1 on glutamate release; however, we found

that the toxin did not increase the release of glutamate (data not

shown), therefore excluding the involvement of glutamate-

induced neurotoxicity in the cytotoxic effect of AZA-1.

Since the neurological symptoms induced by AZA-1 in mice

include paralysis, we evaluated the involvement of the

cholinergic system in the AZA-1-induced cytotoxicity. With

this purpose, neurons were exposed for 24 h to different

concentrations of AZA-1 (0.5–50nM) in the presence of

different modulators of the cholinergic function. Figure 1A

shows that exposure of CGCs to 50nM AZA-1 for 24 h in

the presence of the cholinergic agonists carbamylcholine

(Carbachol, 1lM) or 5lM 5-hydroxyindole (5OH-indole) did

not modify the cytotoxic effect of AZA-1. Similar results

were found after treatment of the neurons with AZA-1 in the

presence of the cholinergic antagonists a-bungarotoxin

(a-BTX) at 100nM and dihydro-b-erythroidine (DHbE) at

10lM, therefore indicating that AZA-1-induced cytotoxicity is

not related with the cholinergic neurotransmitter system.

It has been documented that AZA-1 increases 3’,S’-Cyclic

Adenosine Monophosphate (cAMP) levels in human lym-

phocytes (Roman et al., 2002), although cAMP modulators

did not modify the cytotoxic effect of AZA-1 in CGCs (Vale

et al., 2007a). Since extracellular nucleotides regulate cellular

function in many cell types via activation of multiple

purinergic receptor subtypes, we also evaluated the in-

volvement of purinergic receptors on AZA-1-induced cyto-

toxicity. Figure 1B shows that exposure of CGCs to 50nM

AZA-1 in the presence of the purinergic agonist N-

acetylcysteine (NAC) at 10lM or the purinergic antagonist

suramin at 100lM did not modify the cytotoxic effect of

AZA-1.

Since AZA-1 inhibits electrical activity in spinal cord

neurons (Kulagina et al., 2006), we also evaluated the

involvement of the GABAergic system on AZA-1-induced

neurotoxicity. Figure 1C shows that 24-h treatment of CGCs

with different concentrations of AZA-1 in the presence of

100lM GABA or 100lM bicuculline did not modify the

effect of AZA-1 on cell viability. However, blockade of the

FIG. 1. Effect of different neurotransmitter modulators on the AZA-1-

induced cytotoxicity as determined with the MTT assay. Neurons were exposed

to 50nM AZA-1 for 24 h in the presence of cholinergic modulators (A) or

purinergic agonists and antagonists (B). (C) Effect of GABAA receptors

modulators on the cytotoxic effect caused after exposure of the cells to different

AZA-1 concentrations (0.5–50nM). Values are means ± SEM of three

independent experiments, each performed in triplicate. *p < 0.05 and

**p < 0.01 versus control cells.
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chloride channel associated to the GABAA receptor by

preincubation of the cells with 200lM picrotoxinin in the

presence of AZA-1 increased AZA-1-induced cytotoxicity at

the higher concentrations of the toxin evaluated. Because

inhibitory GABAergic neurotransmission is influenced by

the internal concentrations of chloride (Blaesse et al., 2009;

Vale and Sanes, 2000), we also evaluated the effect of

chloride cotransporters inhibition with 200lM furosemide or

200lM bumetanide on AZA-1-induced cytotoxicity, how-

ever, neither of these two treatments modified the effect of

AZA-1 on cell viability (data not shown).

Effects of AZA-1 on Membrane Potential

Although initial studies in our laboratory indicated no

effect of AZA-1 on membrane potential in human neuroblas-

toma cells (Roman et al., 2002), an effect of AZA-1 on

electrical activity has been recently reported in mouse spinal

cord neurons (Kulagina et al., 2006). To further explore the

possible action of AZA-1 in membrane potential, cultured

neurons were loaded with the membrane potential–sensitive

dye DIBAC4(3) (Vale et al., 2008a). In young neurons, AZA-1

(1–1000nM) caused an immediate and dose-dependent de-

crease in DIBAC4(3) fluorescence, indicating membrane

hyperpolarization (Fig. 2A). Significant differences between

control and AZA-1-treated cells were found at AZA-1

concentrations equal or higher than 10nM. However, in

cultures of 7- to 8-div exposure of the cells to 1lM AZA-1

did not modify the membrane potential (Fig. 2B). In view

of the effect of AZA-1 on membrane potential, we also

explored the ability of AZA-1 to inhibit stimulus-evoked

membrane depolarizations in CGCs of 2–3 div. As Figure 2C

shows, 50mM Kþ caused an increase in DIBAC4(3) fluores-

cence, indicating membrane depolarization of CGC, and

the Kþ-evoked depolarization was almost completely blocked

(p < 0.001) by preincubation of the cells with 100nM AZA-1

before addition of Kþ.

Effect of Anion Channel Blockers on the Neurotoxic Effect of
AZA-1 in Primary Cultures of CGCs

Cellular membrane hyperpolarization is mainly carried by

chloride and Kþ ions. Therefore, in view of the effect of AZA-1

on membrane potential in CGCs, we further explored the

involvement of cellular mechanisms that participate in the

maintenance of membrane hyperpolarization, such as the effect

of drugs implicated in anion homeostasis, on AZA-1-induced

cytotoxicity. With this purpose, we analyzed the effect of

several anion channel blockers on the AZA-1-induced

neurotoxicity in primary cultures of CGC. First, the effect of

AZA-1 on cell viability in CGCs was investigated in the

presence of the chloride channel blocker 4,4#-diisothiocyana-

tostilbene-2,2#-disulfonic acid (DIDS). As shown in Figure 3,

treatment of the neurons with 100lM DIDS before addition of

AZA-1 significantly decreased the neurotoxic effect of AZA-1

in CGC. However, the neuroprotective effect of DIDS on

AZA-induced cytotoxicity was different in cultures of 2–3 div

and in 7–8 div neurons. Whereas in young neurons, DIDS only

partially, but significantly (p < 0.01), attenuated the AZA-

induced cytotoxicity, the neurotoxic effect of AZA was

FIG. 2. Effect of AZA-1 on DIBAC4(3) fluorescence in primary cultures

of CGCs. In young neurons, AZA-1 (2–3 div) caused a concentration-

dependent decrease on DIBAC4(3) fluorescence (A), whereas at the higher

concentration employed (1lM), it did not affect DIBAC4(3) fluorescence in

cerebellar neurons of 7–8 div (B). (C) At 2–3 div, addition of Kþ 50mM caused

a dose-dependent increase in DIBAC4(3) fluorescence reflecting membrane

depolarization and the effect of 50mM Kþ was decreased by preincubation of

the cells with AZA-1 25 or 100nM. Data are means ± SEM of three

independent experiments, each performed in duplicate. Addition of drugs is

indicated by the arrows.
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FIG. 3. Effect of blockers of anion channels on the AZA-1-induced cytotoxicity as determined with the MTT assay in young and mature neurons. Neurons of

2–3 div (left) or 7–8 div (right) were exposed to different AZA-1 concentrations (0.5–50nM) for 24 h in the presence of 100lM DIDS (A and B), SITS (C and D),

100lM niflumic acid (E and F), or 100lM amiloride (G and H). Values are means ± SEM of three independent experiments. *p < 0.05, **p < 0.01, and ***p <

0.005 versus control cells.
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completely reverted at 7–8 div. This apparent difference in the

protective effect of DIDS in immature and mature neurons is

due to the higher cytotoxicity of AZA-1 in younger cells, as

previously observed with AZA-2 (Vale et al., 2008b). In fact,

in young cultures, AZA-1 caused an average decrease in cell

viability of 90% with an half maximal effective concentration

(EC50) of 5.2 3 10�9M (95% confidence intervals from 2.7 3

10�9M to 10.1 3 10�8M). However, under the same

conditions, AZA-1 decreased cell viability by 65% at 7–8

div, with an EC50 of 9.2 3 10�9M (95% confidence intervals

from 5.9 3 10�9M to 14.3 3 10�8M). Under these conditions,

the cytoprotective effect of DIDS was about 42% in younger

neurons and 54% in older cultures. In contrast, SITS (4-

acetamido-4#-isothiocyanato-2,2#-stilbene-disulfonic acid) an-

other broad-spectrum inhibitor of anion channels did not revert

the AZA-1-induced cytotoxicity in 2–3 div CGCs, whereas it

partially protected CGC of 7–8 div against AZA-1-induced

cytotoxicity. In a similar way, the broad-spectrum chloride

channel blocker niflumic acid at 100lM completely reverted

the cytotoxic effect of AZA-1 in mature neurons, however, it

did not affect the AZA-1-induced cytotoxicity in 2–3 div CGCs

(Fig. 3). To further explore the role of anion homeostasis on the

AZA-1-induced cytotoxicity, we evaluated the effect of

amiloride as an antagonist of Naþ/Hþ exchangers. Pretreatment

of the cells with 100lM amiloride before exposure to different

concentrations of AZA-1 (0.5–50nM) during 24 h completely

eliminated the cytotoxic effect of AZA-1 in older neurons and

greatly attenuated the cytotoxic effect of AZA-1 in younger

cultures (Fig. 3). Again, the apparent difference in the

neuroprotective effect of amiloride in young and mature

neurons is due to the higher cytotoxicity of AZA-1 in immature

neurons. In fact, amiloride decreased the cytotoxic effect of

AZA-1 by 61% in young neurons and 68% in older cultures.

Altogether, these data indicate that AZA-1 neurotoxicity was

related with changes in ion homeostasis. Therefore, to gain

more insight on the role of altered ionic homeostasis on AZA-

1-induced cytotoxicity, we evaluated the possible involvement

of intracellular Kþ on the cytotoxic effect of AZA-1. With

this purpose, the Naþ-Kþ pump was blocked with a low

concentration of ouabain thus preventing Kþ efflux through the

Naþ-Kþ pump. CGC were exposed to ouabain 1lM before

treatment with different concentrations of AZA-1 during 24 h.

Figure 4 shows that ouabain significantly reverted the cytotoxic

effect of AZA-1 in cultures of 7–8 div, thus indicating that Kþ

efflux is involved in the neurotoxic effect of AZA-1. The effect

of ouabain on AZA-1 cytotoxicity in young cultures could not

be evaluated because even low concentrations of ouabain

decreased cell viability at 2–3 div (data not shown). In view of

the protective effect of DIDS and amiloride against AZA-1-

induced neurotoxicity, we evaluated whether long-term

(4 h) exposure of the neurons to the toxin (50nM) caused

changes in intracellular pH; however, we did not observe any

modification in intracellular pH even after 4 h of treatment

(data not shown).

Effect of Anion Channel Blockers on the AZA-1-Induced JNK
Activation

We have recently reported that AZA-1-induced cytotoxicity

is associated with activation of p-JNK in cultured neurons

(Vale et al., 2007a) and that selective blockade of JNK also

blocks the AZA-1-induced neurotoxicity. Therefore, we

examined the effect of the different anion blockers that showed

protection against AZA-1-induced toxicity on the AZA-1-

induced JNK activation. With this aim, cerebellar cultures were

treated either with 50nM AZA-1 for 4 h or with AZA-1 in

combination with the different anion blockers. Figures 5 and 6

show that the AZA-1-induced increase in p-JNK and the

nuclear translocation of the phosphorylated protein were

ameliorated in the presence of DIDS or amiloride both at 3

(Fig. 5) and at 7 div (Fig. 6).

Effect of AZA-1 on Cell Volume

Nowadays, it is still unclear whether the AZA-1-induced cell

damage is a consequence of necrotic or apoptotic mechanisms,

or both (Kellmann et al., 2009). Although caspase activation by

AZA has been recently reported in neuroblastoma cells, the

cytoskeletal changes induced by AZA-1 preceded caspase

activation (Vilarino et al., 2007). It is now known that anion

channel blockers attenuate delayed neuronal death in a variety

of cell types, and it has recently become evident that one of the

early events in apoptosis is the normotonic shrinkage of cells

mediated by the efflux of Kþ and Cl� ions that produce

apoptotic volume decrease (AVD) of the cell (Maeno et al.,
2000). In view of the protective effects of anion blockers

against AZA-1-induced cytotoxicity, we explored whether cell

volume was altered after AZA treatment. In order to do this,

CGCs were exposed for 1 h to AZA-1 10nM either in the

presence or absence of anion channel blockers. Figure 7 shows

that short exposure times (1 h) to 10nM AZA significantly

FIG. 4. Effect of blockade of the Naþ-Kþ-ATPase on the AZA-1-induced

cytotoxicity as determined with the MTT assay neurons of 7–8 div. Cerebellar

neurons were exposed to different AZA-1 concentrations (0.5–50nM) for 24 h

in the presence of 1lM ouabain. Values are means ± SEM of three independent

experiments. *p < 0.05 and ***p < 0.005 versus control cells.
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decreased the neuron cross-sectional area by 22% at 3 div and

17% at 7 div. Furthermore, pretreatment of the neurons with

DIDS or amiloride before addition of AZA-1 prevented the cell

shrinkage induced by AZA-1. Similar results were found with

lower toxin concentrations. Exposure of CGCs to 1nM AZA-1

for 1 h decreased the neuron cross-sectional area by 19% at

3 div and 14% at 7 div. Furthermore, the effect of AZA-1 on

cell volume seemed to be very fast since cell volume changes

were already evident after 20 min of exposure of the cells to

10nM AZA-1.

DISCUSSION

The aim of this work was to investigate the mechanisms

involved in AZA-induced activation of JNK, recently reported

in cerebellar neurons (Vale et al., 2007a, 2008b). Several

potential targets for AZA have been evaluated, involving

cholinergic and purinergic receptors and inhibitory GABAA

receptors. We failed to observe a neuroprotective effect of

cholinergic, purinergic, and GABAA modulators against AZA-

1-induced cytotoxicity in cultured neurons. Similar results were

FIG. 5. Exposure of CGCs of 3 div to 50nM AZA-1 during 4 h alters p-JNK staining and the cellular localization of active-JNK. (A) Control neurons showed

moderate p-JNK immunoreactivity localized to processes and cell bodies. (B) Cells treated with 50nM AZA-1 showed intense p-JNK staining covering the cell

soma and nuclei. Treatment of the neurons with 100lM DIDS (C) or 100lM amiloride (E) did not modify p-JNK immunoreactivity. However, pretreatment of the

cells with DIDS (D) or amiloride (F) before addition of AZA-1 decreased the nuclear translocation of p-JNK caused by AZA-1. Scale bar is 20 lm.
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obtained with the blockers of chloride cotransport bumetanide

and furosemide. Surprisingly, the evaluation of AZA effect on

membrane potential indicated that AZA-1 caused membrane

hyperpolarization in young neurons, but it did not affect

membrane potential in adult neurons. The inhibitory effect of

AZA-1 on membrane potential in young neurons is in agreement

with previous reports, indicating an inhibitory effect of AZA on

spike rate in spinal neurons (Kulagina et al., 2006), although the

mechanism for this inhibitory action of AZA-1 is not fully

elucidated yet. However, the different effect of AZA-1 on

membrane potential in young and adult cultured neurons could

be attributable to the developmental properties of this neuronal

model. In fact, in many neuronal cells, the resting membrane

potential shifts from a relatively depolarized state to a more

depolarized one during development (Nakanishi and Okazawa,

2006). The granule cell in the cerebellum is one such neuronal

cell that changes its resting membrane potential and intrinsic

membrane properties during development (Cathala et al., 2003).

In neurons, inhibitory neurotransmission is mainly carried

out by chloride entry through chloride channels into the cells.

FIG. 6. Chloride channel blockers prevented the increase in p-JNK staining caused by AZA-1 in neurons of 7 div. (A) Control neurons showed moderate

p-JNK immunoreactivity localized to processes and cell bodies. (B) Cells treated with 50nM AZA-1 showed intense p-JNK staining covering the cell soma and

nuclei. Treatment of the neurons with DIDS (C) or amiloride (E) did not modify p-JNK immunoreactivity. Pretreatment of the cells with 100lM DIDS (D) or

100lM amiloride (F) before addition of AZA-1 decreased the nuclear translocation of p-JNK caused by AZA-1. Scale bar is 20 lm.

AZA-1 DECREASES CELL VOLUME 165



Chloride influx can be mediated by neurotransmitters, voltage-

gated chloride channels, or electroneutral chloride cotransporters.

Cytotoxicity experiments indicated that GABAergic inhibitors

and chloride cotransporters were not involved in the cytotoxic

effect of AZA-1. Interestingly, in this neuronal system, anion

channel blockers and ouabain greatly ameliorated the cytotoxic

effect of AZA-1 in immature neurons and completely

eliminated it in older cultures. This difference in the neuro-

protection elicited by anion channel blockers is due to the

higher cytotoxic effect of AZA-1 in younger cells, as

previously described for AZA-2 in the same neuronal model

(Vale et al., 2008b).

In recent years, it has become evident that efflux of Kþ and

Cl� leads to AVD of the cell. Both intrinsic and extrinsic

apoptotic stimuli have been reported to rapidly activate Cl�

conductances in a large variety of cell types (Okada et al.,
2006). The central hypothesis is that several apoptotic events

such as cell body shrinkage, caspase-3 cleavage, cytochrome c

release, endonuclease activation, and, finally, apoptotic death

are mediated by a dramatic disruption of ion homeostasis,

mainly due to loss of intracellular Kþ via potassium permeable

channels and/or a failure of the Naþ-Kþ-ATPase (Yu, 2003).

Moreover, emerging evidence suggests that the cell volume

regulatory mechanisms and the activity of Cl� channels, in

conjunction with Kþ movement, may also play important roles

in apoptosis (Maeno et al., 2000; Wei et al., 2004), and

chloride and potassium channel blockers are known to inhibit

apoptosis in cortical neurons (Wei et al., 2004). Since AZAs

have been recently shown to produce delayed caspase

activation after cytoskeletal disruption (Vilarino et al., 2007),

we hypothesized that the cytoprotective effect of anion channel

blockers against AZA-induced cytotoxicity could be related to

the apoptotic effect of these toxins. In fact, the results presented

here indicated that the cytoprotective effects of anion channel

blockers against AZA-1 cytotoxicity are presumably due to

inhibition of AZA-1-induced apoptosis by these compounds.

On the basis of early occurrence of cell shrinkage and its

relationship to other apoptotic events, it has become evident

that cell volume decrease mediated by Kþ and Cl� efflux may

be a prerequisite for apoptosis (Maeno et al., 2000, 2006).

Indeed, short exposures of the neurons to nontoxic concen-

trations of AZA (1 and 10nM, during 30 or 60 min)

significantly decreased the neuron cross-sectional area, an

effect similar to the effect of the apoptosis inducers

staurosporine or ceramide in cortical cells (Wei et al., 2004).

Furthermore, the cell shrinkage caused by AZAs was

completely reverted in the presence of DIDS or amiloride,

thus indicating that the neuroprotective action of anion channel

blockers against AZA-1-induced cytotoxicity was mediated by

the effect of the toxin on cell volume.

We have recently reported that inhibition of the JNK

activation prevents the cytotoxic effect of AZA and exposure

of the neurons to AZA causes JNK activation in this same

neuronal system (Vale et al., 2007a, 2008b), and hypothe-

sized that this kinase was involved in the neurotoxic effect of

AZAs. Moreover, JNK activation was also observed pre-

viously, after exposure of CGCs to AZA-2, and was higher in

2–3 div neurons than in 7–8 div cultures correlating well with

the cytotoxicity of this AZA analog in cerebellar neurons

(Vale et al., 2008b). In light of the results presented here, we

evaluated the effect of DIDS and amiloride on AZA-1-

induced JNK activation. Interestingly, we found that pre-

incubation of the cells with DIDS or amiloride before addition

of AZA completely eliminated the AZA-induced JNK

activation and nuclear translocation of the protein. The JNK

kinase is activated in response to a variety of stimulus,

including apoptosis in CGCs (Mei et al., 2008; Mundy and

Freudenrich, 2006). Although we could suggest that AZA-1

could interact with transmembrane proteins and disturb the

ion concentration inside the cell, it seems most likely that the

JNK activation caused by AZA-1 is an intermediate event in

the apoptotic process caused by the toxin. Another possibility

that remains to be explored is the interaction of AZA-1 with

volume-sensitive chloride channels (VSOR). Although acti-

vation of the VSOR Cl� channel is induced by cell swelling,

activation of the channel takes place during the AVD process

in nonswollen or even shrunken apoptotic cells (Okada et al.,
2006). Since this apoptosis-associated activity of the VSOR

Cl� channel subsides upon more drastic cell shrinkage

induced by hypertonicity, the threshold cell volume at which

channel opening is triggered must be shifted to a lower level

in apoptotic cells (Cannon et al., 1998; Shimizu et al., 2004).

Reactive oxygen species are known to be involved in the

activation of the VSOR Cl� channel (Okada et al., 2006);

however, we have recently shown that AZA-1, even at

concentrations of 250nM, did not modify the formation of

peroxides in CGCs (Vale et al., 2007a). A direct activation of

FIG. 7. Exposure of CGCs to 10nM AZA-1 for 1 h significantly decreased

the cellular volume measured as the neuron cross-sectional area, both at 3 div

and at 7 div. At 7 div, the decrease in cell volume after exposure of CGCs to

AZA-1 was reverted by preincubation of the cells with either 100lM DIDS or

100lM amiloride before addition of AZA-1. Values are means ± SEM of three

independent experiments. ***p < 0.001 versus control neurons.
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VSOR Cl� channels by AZA-1 could be supported by the fact

that the cytotoxic effect of AZA-1 was blocked by VSOR Cl�

channel blockers but not by blockers of GABAA receptors or

chloride cotransporters, as previously observed after activa-

tion of VSOR Cl� channels in the presence of N-methyl-D-

aspartic acid (Okada et al., 2006). However, the cytoprotec-

tive effect of ouabain against AZA-1-induced cytotoxicity

suggests that the cytoprotective effect of anion channel

blockers against AZA-induced cytotoxicity is mainly due to

the preventive effect of these compounds against apoptosis

(Gulbins et al., 2000; Heimlich and Cidlowski, 2006). With

regard to the neuroprotective effect of amiloride against AZA-

1-induced cytotoxicity, it should be pointed out that activation

of the Naþ/Hþ exchanger is dependent on intracellular

chloride (Aharonovitz et al., 2001; Goss et al., 2001; Hogan

et al., 1997) and requires JNK activation (Goss et al., 2001).

Altogether, the results presented here indicate that AZA-1-

induced JNK activation is secondary to the decrease in cell

volume, presumably during an apoptotic insult, initiated by

the toxin. Notwithstanding, several intra and extracellular

events can be responsible for JNK activation in neuronal cells

(Davis, 2000), and our data indicate that AZA-1 cytotoxicity

is linked with anion channel disturbances.
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