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Abstract The persistent xenobiotic agent 2,3,7,8-tetra-
chlorodibenzo-p-dioxin (TCDD) induces neurotoxic effects
that alters neurodevelopment and behavior both during
development and adulthood. There are many ongoing
efforts to determine the molecular mechanisms of TCDD-
mediated neurotoxicity, the signaling pathways involved
and its molecular targets in neurons. In this work, we have
used SHSYSY human neuroblastoma cells to characterize
the TCDD-induced toxicity. TCDD produces a loss of
viability linked to an increased caspase-3 activity, PARP-1
fragmentation, DNA laddering, nuclear fragmentation and
hypodiploid (apoptotic) DNA content, in a similar way
than staurosporine, a prototypical molecule of apoptosis
induction. In addition, TCDD produces a decrease of
mitochondrial membrane potential and an increase of
intracellular calcium concentration (P < 0.05). Finally,
based on the high lipophilic properties of the dioxin, we
test the TCDD effect on the membrane integrity using
sarcoplasmic reticulum vesicles as a model. TCDD pro-
duces calcium efflux through the membrane and an
anisotropy decrease (P < 0.05) that reflects an increase in
membrane fluidity. Altogether these results support the
hypothesis that TCDD toxicity in SHSYS5Y neuroblastoma
cells provokes the disruption of calcium homeostasis,
probably affecting membrane structural integrity, leading
to an apoptotic process.
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Introduction

Dioxins are currently a very relevant environmental con-
taminant group of molecules that can be included to
polycyclic aromatics hydrocarbons (PAHs) [1]. These
toxins are produced as by-products of several industrial
processes (i.e. manufacture of chemicals and pesticides,
bleaching of paper pulp, etc.) and combustion activities
(i.e. municipal solid waste incineration, burning woods,
etc.) [2, 3]. The prototypical dioxin 2,3,7,8-tetrachlo-
rodibenzo-p-dioxin (TCDD) is a persistent xenobiotic
agent which can produce toxicity and cancer [4]. Due to the
fact that TCDD binds with high affinity to the aryl
hydrocarbon receptor (AhR) it is assumed that its toxic and
carcinogenic effects are mainly mediated by this receptor
[5]. However, there are many aspects of the TCDD toxicity
that are misunderstood and, consequently, still to be
defined. Thus, the studies directed to elucidate the molec-
ular mechanisms implicated in this toxicity are of great
relevance. Besides, neurotoxic effects of dioxin are less
deeply analyzed in comparison with its carcinogenic
action. In vivo studies in rhesus monkey showed that
TCDD-induced changes in behavior [6] and long term
cognitive deficits [7], both during development and in
adulthood. More significant studies were done in humans
after gestational exposure to TCDD and displayed impor-
tant alterations in neurodevelopment [8-11]. Moreover,
TCDD alters normal rat brain development and produces
cognitive disability and motor dysfunction [12, 13] and
abnormal cerebellar maturation in both humans and rodents
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[14]. Data from human studies and experimental observa-
tions provide firm evidences that PCBs and dioxins nega-
tively affect thyroid function and PCBs have been
suggested to interfere with neural development through
thyroid function modulation [15]. But again, the molecular
mechanisms underlying TCDD neurotoxicity are poorly
understood.

There are several in vitro studies, using cerebellar
granule cells and cortical neurons, performed to determine
the mechanisms by which TCDD causes its neurotoxicity.
These works mainly linked TCDD toxicity with an increase
in the intracellular calcium concentration and, as a conse-
quence, neuronal death takes place due to a massive gen-
eration of reactive oxygen species (ROS) [16-18]. The
mechanisms by which TCDD could induce the increase in
calcium concentration are unknown. Therefore it is of high
interest to further study TCDD neurotoxicity to determine
the signaling pathways and to identify the molecular targets
of the dioxin.

TCDD is a molecule with high lipophilic properties
[19]. Due to this, it may be suggested that, at least in part,
its toxic effects could be due to a disruption of calcium
homeostasis as a consequence of alterations in cell mem-
brane integrity. Also, there are evidences that other envi-
ronmental contaminants (i.e. perfluorinated compounds) or
products of lipid peroxidation (i.e. 4-hydroxy-2-nonenal)
can alter calcium homeostasis through alterations in cell
membrane properties [20, 21]. Maintenance of calcium
homeostasis in the cell is very important because this ion is
involved in neuronal plasticity, learning and memory and
neuronal survival [22].

SHSYS5Y cells are a subline of human SK-N-SH cell
line and they have many biochemical and functional
characteristic of neurons [23]. While primary cultures
undergo survival and degeneration problems, as well as the
appearance of genetic abnormalities such as trisomies,
these stable cell lines avoid these problems [24]. Also,
SHSYS5Y cells responses are similar to those found in
human primary culture to cytotoxic compounds [25]. Thus,
this cell line represents a useful model to be used in neu-
rotoxic research.

The effects of TCDD and related substances on apop-
tosis signaling are a matter of discussion, with both
inducing and repressing effects, as reviewed in [26]. Pre-
vious studies from our laboratory have described the toxic
effects of TCDD on NGF-differentiated PC12 cells [27]
and cerebellar granule cells from mouse [28]. The results
indicate that TCDD induces cell death through an apoptotic
process AhR-dependent, albeit on NGF-differentiated
PC12 cells the role of AhR was not prominent. In this
paper, we study TCDD effects in SHSYSY cells aiming to
determine the mechanisms by which this dioxin induces
neurotoxicity.

Materials and methods
SHSYS5Y cells cultures

Human neuroblastoma (SHSYSY) cells were grown in
complete medium containing Dulbecco’s modified Eagle’s
medium (DMEM, Hyclone) with the F-12 nutrients mix-
ture, supplemented with 10 % (v/v) fetal bovine serum
(Sigma), 2 mM L-glutamine (Gibco) and 1 % (v/v) anti-
biotic/antimycotic mixture (Gibco). Cultures were main-
tained at 37 °C in a humidified atmosphere containing 5 %
CO, until reaching the desired confluence. All the experi-
ments were performed at 80-85 % confluence.

TCDD toxicity assays

To determine the TCDD toxicity, SHSYSY cells were
cultured in 24-well plates. The cells were exposed for
90 min to different TCDD concentrations (ranging from
10-1,000 nM) at 37 °C in the culture medium. The toxic
insult was terminated by the removal of the medium, fol-
lowed by the addition of fresh culture medium. When
applicable, cultures were returned to the incubator (37 °C/
5 % CO,), and cell death was assessed 18-24 h postinsult
using the 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenyl-tetra-
zolium (MTT) reduction or the trypan blue exclusion
assays as described below. The ECsy value for TCDD
toxicity represents the 50 % of effect exerted by the dioxin
in SHSYS5Y cells and it was calculated using the logistic
dose response curve from the OriginTM software.

Cell viability measurements by trypan blue exclusion
and MTT reduction assays

Changes in cell viability were determined by MTT reduction
assay as described by [29]. In brief, cultures were incubated
at 37 °C for 1 h with basic saline solution (BSS, 137 mM
NaCl, 3.5 mM KCI, 0.4 mM KH,PO,, 0.33 mM Na,H-
PO47H,O, 5 mM N-tris(thydroxymethyl)methyl-2-ami-
noethanesulfonic acid (TES) pH 7.4, 10 mM b-glucose)
containing 150 pg/ml of MTT. The formazan generated by
mitochondrial dehydrogenase activity of live cells were
dissolved in dimethyl sulfoxide (Sigma) and quantified by
measuring the difference in absorbance between 490 and
650 nm. Data are shown as percentage of control condition
(100 %).

Alternatively, changes in cell viability were determined
by using the trypan blue exclusion assay as previously
described [30]. Cultures were incubated with trypan blue
dye at 0.4 % (w/v) for 4 min, and then washed with BSS
solution to eliminate the excess of the dye. Cells not
stained were considered viable cells. Cells with blue
stained nucleus were considered dead cells. The values
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showed as cell death represent the percentage of non viable
cells from total cells counted. A minimum of 500 cells
were counted in 4-5 microscopic fields per plate. Three
separate cultures and two plates per conditions were used,
at least, for each experimental group. Data are shown as
percentage of control condition (100 %).

Measurements of caspase-3 activity

Caspase 3 activity was measured as previously described
[31]. The caspase 3 substrate used was N-Acetyl-Asp-
Glu-Val-Asp-7-amido-4-methylcoumarin  (Sigma). The
fluorescence was measured with a spectrofluorimeter
Cary Eclipse (Varian) using excitation and emission
wavelengths of 360 and 460 nm. Data were calculated as
fluorescence Units/pg protein. Data are presented as
percentage relative to the activity measured in control
cultures.

Nuclear morphology changes by DAPI labeling

SHSYS5Y cells were cultured in 35 mm dishes. SHSY5Y
cells were incubated with 250 nM TCDD for 90 min and
up to 6 h of additional incubation without TCDD. Then,
cells were incubated with 2 pM 4',6-diamidino-2-pheny-
lindole (DAPI) in PBS buffer (137 mM NaCl, 2.7 mM
KCl, 1.47 mM KH,PO, and 4.3 mM Na,HPO,-7H,0) for
5 min at 37 °C to evaluate nuclear morphology. After
DAPI incubation cells were washed twice with PBS buffer.
Fluorescence was visualized using fluorescence Axoplan
Zeiss microscope with excitation and emission wave-
lengths of 350 and 460 nm, respectively.

DNA fragmentation analysis

DNA fragmentation was analyzed as described by [32].
Cell lysis was performed in 0.3 ml of a solution containing
5SmM Tris (pH 7.5), 20 mM EDTA and 0.5 % Triton
X-100 for 1 h at 4 °C. Nuclei were precipitated by cen-
trifugation at 10,000x g for 15 min. In order to obtain the
DNA, supernatants were treated with 200 pg/ml proteinase
K for 30 min at 60 °C and the DNA was purified by
sequential extraction with phenol, phenol-chloroform (1:1)
and chloroform and precipitated in ethanol-sodium acetate
solution (overnight at —20 °C). Samples were then cen-
trifuged for 30 min at 15,000xg at 4 °C, pellets were
washed with 80 % ethanol and centrifuged again under the
same conditions. Finally, DNA samples were resuspended
in TE buffer or water and incubated with 30 pg/ml of
RNase for 30 min at 37 °C. Samples were run in 1 %
agarose gels and visualized by ethidium bromide staining
and photographed.
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Cell lysates and western immunoblot assay

SHSYS5Y cells were washed with PBS and scraped from
the plates with 1 ml of PBS at 4 °C. Then, samples were
centrifuged at 14,000xg for 30 s and resuspended in
200 ml of lysis buffer containing 50 mM Tris—HCI pH 7.5,
2 mM EDTA, 2 mM EGTA, 270 mM sucrose, 10 mM
b-glycerolphosphate, 5 mM sodium pyrophosphate,
50 mM sodium fluoride, 0.1 mM sodium orthovanadate,
0.1 % (v/v) p-mercaptoethanol and 4 mg/ml complete
protease inhibitor cocktail (Roche). Cells suspensions were
gently shaken for 15 min at 4 °C and centrifuged at
10,000x g for 10 min to obtain whole-cell extracts. Protein
concentration was determined in the supernatants by the
Coomassie protein assay system (Pierce) using bovine
serum albumin as standard. For protein expression analysis
by Western immunoblotting, 30 mg of protein were
denatured, separated in sodium dodecyl sulphate (SDS)-
8 % polyacrylamide gels and transferred to nitrocellulose
membranes by electroblotting. Membranes were blocked
for 2 h at room temperature in TBS-T (50 mM Tris—HCl
pH 7.5, 150 mM NaCl, 0.2 % Tween-20) containing 5 %
(w/v) nonfat milk. Blots were sequentially incubated with
the primary anti-PARP-1 (Roche), anti-f-actin (Sigma) and
secondary antibody HRP (Thermo Scientific), washed in
TBS-T, and visualized using the SuperSignal Iuminol
substrate (Pierce) and chemiluminescence analysis system
ImageQuant 350 (General Electric). Molecular weights for
poly(ADP-ribose) polymerase 1 (PARP-1) and f-actin
bands are 113 and 42 kDa, respectively. Quantification of
band intensity was evaluated using the ImageJ software.

Measurements of calcium concentration

For intracellular calcium concentration measurements
SHSYS5Y cells were cultured in 35 mm dishes. 15 min
before the end of the different TCDD treatments the fluo-
rescent dye Fluo 3-AM (Molecular Probes) was added at
2 UM to the culture medium and cells were incubated for
15 min at 37 °C. This incubation was performed in com-
plete medium or in PBS for calcium or calcium-free assays,
respectively. Samples were then washed twice with PBS
buffer to eliminate the excess of dye. Fluorescence was
visualized using fluorescence Axoplan Zeiss microscope
with excitation and emission wavelengths of 505 and
527 nm, respectively. Fluorescence intensity was evaluated
using the ImagelJ software.

To measure the Ca>*" efflux in sarcoplasmic reticulum
(SR) membranes (prepared as indicated below) in the
presence of TCDD, the fluorescent dye Fura-2 pentapo-
tassium salt (Invitrogen) was used. 10 mg/ml of SR
membranes were loaded with Ca®" in buffer containing
50 mM Tes-Tris pH 7.4, 100 mM KCl, 200 mM sucrose
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and 2 mM Ca*" for 90 min at 37 °C. Ca®*-loaded SR
membranes were diluted to 0.5 mg/ml in the same buffer
without Ca®". The fluorescent probe Fura-2 at 5 pM con-
centration was added to measure the ratio of fluorescence at
340/380 excitation and 510 emission wavelengths. The
fluorescence was measured with a spectrofluorimeter Cary
Eclipse (Varian). Cj;Eg (1 mg/ml) and EGTA (4 mM)
were added to obtain the maximum (due to the disruption
of membranes) and minimum (due to the quelation of
calcium) ratios of fluorescence, respectively. Calcium
concentration was calculated as indicated in [33].

Measurement of mitochondrial membrane potential

To determine the mitochondrial membrane potential
SHSYS5Y cells were cultured in 35 mm dishes. After dif-
ferent TCDD treatments samples were washed twice with
Tyrode’s buffer containing 145 mM NaCl, 5 mM KClI,
10 mM glucose, 1.5 mM CaCl,, 1 mM MgCl, and 10 mM
HEPES pH 7.4. Then, cells were incubated with 20 nM
tetramethyl rhodamine methyl ester (TMRM) (Sigma) in
Tyrode’s buffer during 45 min in darkness. After the
incubation period, samples were visualized using fluores-
cence Axoplan Zeiss microscope with excitation and
emission wavelengths of 549 and 573 nm, respectively.
Fluorescence intensity was evaluated using the Imagel
software.

Propidium iodide (PI) hypodiploid apoptosis assay

TCDD was added at 250 nM concentration. Supernatant of
treated SHSYSY cells was collected and centrifuged 5 min
at 600xg. 800 pul of Vindelov solution (0,01 mM TRIS,
10 mM NaCl, 0,1 mg/ml RNAase and 0.1 % Tween) was
added to the plate and mixed gently by pipetting, observing
the nucleus release under the microscope. The nucleus
were added to the centrifugated supernatant and mixed
gently by pipetting. Samples were centrifuged 8 min at
800x g and the pellet was resuspended in 500 pl of PBS
and 0,003 % PI was added. To quantify the percentage of
hypodiploid cells (sub-G1 phase), samples were processed
and data acquired in a Cytomycs FC-500 flow cytometer
(Beckman Coulter).

Sarcoplasmic reticulum vesicles preparation

Sarcoplasmic reticulum (SR) vesicles were prepared from
rabbit fast-twitch skeletal muscle as previously described
[21, 34]. Protein concentration was either determined by
the method of Lowry using bovine serum albumin as
standard, or deduced from absorption measurements at
280 nm in the presence of 1 % SDS, as in [35].

Fluorescence anisotropy measurements

Fluorescence probe trimethyl ammonium 1,6-diphenyl-
1,3,5-hexatriene (TMA-DPH, Invitrogen) was used to test
SR membrane fluidity in the absence and the presence of
TCDD. Briefly, 30 ng/ml final probe concentration was
added to 50 pg SR protein/ml in 2 ml of buffer containing
200 mM Mops-Tris pH 7.4, 2 mM EGTA and 5 mM
MgCl,, at 25 °C, in darkness with shaking for 15 min.
Fluorescence intensity measurements were carried out at
25 °C with excitation and emission wavelengths of 360 and
430 nm, respectively, and polarization filters in the parallel
and perpendicular orientations. The fluorescence was
measured with a spectrofluorimeter Cary Eclipse (Varian).
Fluorescence anisotropy was calculated as r value as
described by the following equation:

r = (IVV -G X IVH)/(IVV+2 X GXIVH)

where Iyv and Iyy are the fluorescence intensities (H is
horizontal and V is vertical orientation of the excitation
and emission polarizer, respectively) and G = Iygy/Iyy is
the instrumental factor. Lower values of anisotropy corre-
spond to greater membrane fluidity.

Statistical analysis of the data

Statistical analysis was carried out using one-way ANOVA
tests followed by post hoc Tukey tests using Prism 5.0
software (GraphPad). Significance was set at P < 0.05.
Data shown are mean =+ SD.

Results
TCDD induces apoptosis in SHSYS5Y cells

We first analyzed the cell death process (e.g. necrosis or
apoptosis) that takes place after TCDD incubation of
SHSYS5Y human neuroblastoma cells. TCDD toxicity in
SHSYS5Y cells was evaluated in cultures incubated with
dioxin using concentrations ranging from 10 nM to 1 pM
for 90 min. Cell death was measured using the MTT
reduction assay after 18-24 h of additional incubation in
fresh complete medium without TCDD. This set of
experiments allowed us to calculate an ECs, value of loss
in viability induced by TCDD of 292 + 28 nM (Fig. 1a).
This value is similar to that calculated for NGF-differen-
tiated PC12 cell line (218 & 24 nM, [27]) and two times
the value obtained using cerebellar granule cells
(127 £ 21 nM, [28]). To validate the results of cell death
obtained from MTT analysis, we also measured TCDD-
induced cell death in SHSYS5Y cultures using the trypan
blue exclusion assay. The comparison between both
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Fig. 1 Concentration dependence of TCDD toxicity in SHSY5Y
human neuroblastoma cells. a SHSYSY cells were incubated with
different TCDD concentrations (10, 50, 100, 250, 500, 750 and
1,000 nM) for 90 min. Cell death was determined by the MTT
reduction assay between 18 and 24 h after TCDD treatment. The
ECsy value (292 4 28 nM) was calculated using the logistic dose
response curve from OriginTM software. b Comparison between MTT
reduction and trypan exclusion assays in TCDD-induced cell death.
SHSYS5Y cells were incubated with 250 and 500 nM TCDD
concentrations and cell death was assayed using both cell viability
assays. Data shown are mean £ SD (n > 6). *P < 0.05 (different
from control)

viability assays, MTT and trypan blue, was carried out at
two different TCDD concentrations: 250 and 500 nM. The
results obtained clearly indicated that the decrease of cell
viability is similar in both cases 65-70 % and 40-45 %,
respectively (Fig. 1b).

To discriminate between TCDD-induced apoptosis or
necrosis in SHSYSY cultures we measured caspase-3
activity that is widely considered a good marker of apop-
totic cell death. Thus, Fig. 2a shows caspase-3 activity
measurements following TCDD incubation of SHSYSY
cells. Incubation of SHSYSY cultures with 250 nM TCDD
(a concentration close to the ECso value) for 90 min
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Fig. 2 TCDD induces apoptosis in SHSYSY cells. SHSYS5Y cells
were treated with 250 nM TCDD for 90 min and apoptosis markers
were analyzed after TCDD incubation and after 1, 3 and 24 h of
additional incubation without TCDD. Staurosporine (24 h incubation
time) was used as a positive control of apoptosis; (¥, #) P < 0.05
(different from control). a TCDD increases caspase-3 activity.
b Immunoblotting detection of native uncleaved (116 kDa) and cleaved
(85 kDa) forms of PARP-1 in SHSYS5Y cells. ¢ TCDD induces
nucleosomal DNA fragmentation (DNA laddering) in SHSYSY cells



Apoptosis (2012) 17:1170-1181

1175

produced an increment of caspase-3 activity that reached
the maximum (1.5-2-fold increase) at 1 h after TCDD
treatment (Fig. 2a). The caspase-3 activity decreased to
control levels 24 h after TCDD incubation. As a positive
control, SHSYS5Y cells were treated with 30 nM stauro-
sporine [36]. The treatment with this apoptotic inducer for
24 h also provoked a twofold increase in caspase-3 activity
(Fig. 2a).

To further describe about the apoptotic death induced
by TCDD, we analyzed PARP-1 integrity which is a
target of caspase-3 during apoptosis [37]. Incubation of
SHSYSY cultures with 250 nM TCDD for 90 min pro-
duced a decrease of intact PARP-1 and an appearance of
cleaved form of PARP as revealed by western blot
analysis, and this decrease/appearance is also observed at
1 and 3 h after TCDD treatment (Fig. 2b). Again, the
treatment with staurosporine produced a similar pattern
of PARP-1 fragmentation (Fig. 2b). As a consequence of
caspases activation, a nuclear fragmentation takes place
in the cell. This process can be analyzed as a DNA
laddering using electrophoretic approaches. Using the
same experimental conditions than in caspase-3 activity

treatment an extensive DNA laddering is observed in
SHSYS5Y cultures and it can be seen at 1 and 3 h after
TCDD treatment (Fig. 2c). As expected, staurosporine
generated a characteristic DNA laddering of an apoptotic
process (Fig. 2c).

In addition, we studied the ploidy status of SHSYSY
cells in presence of 250 nM TCDD for 90 min by flow
cytometry analysis using PI staining. We found that TCDD
increases the area of the peak corresponding to hypodip-
loid, apoptotic DNA content (~30 %) as compared to
control untreated cells (~5 %) (Fig. 3). The hypodiploid
DNA content increases 1 and 3 h after TCDD treatment up
to 35 % and 4045 %, respectively, in a similar way to that
found with staurosporine (40 %) as a positive control of
apoptosis (Fig. 3).

Nuclear chromatin organization can be visualized by
fluorescence microscopy using DNA-binding fluorescent
dye DAPI. An apoptotic process shows a characteristic
fragmented chromatin. To complete the analysis of the
cell death process induced by TCDD in SHSYSY cells,
we have taken photographs using a fluorescence micro-
scope under the different experimental conditions stud-
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Fig. 3 TCDD increases the hypodiploid (apoptotic) DNA content in
SHSYS5Y cells. SHSYSY cells were treated with 250 nM TCDD for
90 min and cell cycle phases distribution and hypodiploid DNA
content were analyzed by flow cytometry (cell staining was made
with PI) after TCDD incubation and after 1 and 3 h of additional

incubation without TCDD. Cells without any treatment are indicated
as control panel. Staurosporine (24 h incubation time) was used as a
positive control of apoptosis. Quantification of hypodiploid content
from all the conditions assayed is also shown in the additional panel
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with low intensity DAPI labeling reflecting a homoge-
neous chromatin distribution (Fig. 4a, control). Chroma-
tin condensation, denoted by an intense DAPI labeling,
was observed after TCDD incubation at 250 nM con-
centration (Fig. 4a, TCDD). The typical pattern of
nuclear fragmentation of apoptotic nuclei was observed
1, 3 and, particularly, 6 h after TCDD incubation
(Fig. 4a). As a control, the incubation with staurosporine
also provoked similar nuclear condensation to that
observed with TCDD (Fig. 4a, staurosporine). We have
performed the quantification of apoptotic cells (consid-
ered those showing nuclear fragmentation) under the

(@  control TCDD TCOD+1h
TCDD+3h TCDD+6h Staurosporine
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Fig. 4 TCDD induces nuclear fragmentation in SHSYSY cells.
a Chromatin condensation and nuclear fragmentation were analyzed
by fluorescence microscopy using the DNA-binding fluorescent dye
DAPI. SHSYSY cells were treated with 250 nM TCDD for 90 min
and DAPI labeling was photographed after TCDD incubation and
after 1, 3, 6 and 24 h of additional incubation without TCDD.
Staurosporine (24 h incubation time) was used as a positive control of
nuclear fragmentation. Scale bar 20 pm. b Quantification of apoptotic
cells calculated from images shown in panel a. Data shown are
mean = SD (n > 6) and at least 500 cells were counted per
experimental condition. *P < 0.05 (different from control)
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different conditions assayed. The percentage of cells that
have their nuclei fragmented increases from 2 to 3 %
under control conditions, to around 30 % of the cells
after TCDD treatment (Fig. 4b). This percentage of
apoptotic cells observed from fluorescence images fits
well to that obtained from the viability assays, approx.
30 % at 250 nM TCDD concentration (Fig 1). The
quantification of SHSYSY cells incubated in the presence
of staurosporine retrieved a ~22 % of cells with frag-
mented nuclei (Fig. 4b). Altogether, these results allow
us to conclude that TCDD toxicity takes place through
an apoptotic process in SHSYSY cells.

TCDD disrupts calcium homeostasis in SHSYSY cells

Calcium homeostasis is critical to cell physiology and its
perturbation can result in cell death [38]. Due to this, we
analyzed at different times the cytoplasmic calcium con-
centration after TCDD treatment of SHSYSY cells using
the fluorescent dye Fluo 3-AM. Control cells, in the
absence of TCDD, did not show Fluo-3 signal (Fig. 5a,
control). This is consistent with a low micromolar cyto-
plasmic calcium concentration. Incubation with 250 nM
TCDD (up to 90 min) resulted in an increase of Fluo-3
fluorescence, as a consequence of a cytoplasmatic calcium
concentration increase, reaching the maximum at 60 min
of TCDD treatment (Fig. 5a images, b quantification). This
increase in cytoplasmic calcium concentration is sustained
up to 3 h after the TCDD treatment, and the fluorescence
starts to slightly decrease at 6 h after TCDD incubation
(Fig. 5a images, b quantification). As a positive control of
cytoplasmatic calcium disruption, SHSYSY cells were
incubated with 500 uM zinc for 30 min. Zinc readily
increased Fluo-3 fluorescence (Fig. 5a Zn®", b open cir-
cle). To better understand the TCDD-induced changes in
calcium concentration, we performed similar TCDD tox-
icity assays in PBS used as a calcium-free medium. TCDD
toxicity assay up to 90 min in this medium produces
increases of cytoplasmatic calcium concentration reaching
the maximum at 30 min of dioxin incubation that is the
50 % observed with calcium-added medium (Fig. 6). After
90 min of TCDD treatment the cytoplasmic calcium con-
centration decreased to control values (Fig. 6). These
results suggest that the stored calcium from intracellular
deposits has a role in TCDD-dependent toxicity in
SHSYS5Y cells.

TCDD induces the loss of the mitochondrial membrane
potential

It is well established that loss of mitochondrial membrane
potential, as a consequence of calcium overload, can cause
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Fig. 5 TCDD increases the intracellular Ca®*" concentration in
SHSYSY cells. a SHSYS5Y cells were treated with 250 nM TCDD.
Images were taken from 10 to 90 min of incubation with TCDD and
after 1-6 h of additional incubation after TCDD exposure. Zn*t (at
500 pM, 30 min incubation time) was used as a positive control of
cytosolic Ca”* increase. Scale bar 20 pm. b Quantification of the
fluorescence observed per cell. Data shown are mean + SD (n > 6)
and at least 500 cells were counted per experimental condition.
TCDD (closed squares) and Zn>" (open circle)

apoptosis [39]. Thus, we analyzed the mitochondrial
membrane potential in SHSYSY cells after TCDD treat-
ments using the fluorescent dye TMRM. In the absence of
TCDD, control SHSYS5Y cells showed high intensity of
TMRM labeling due to the localization of fluorescent dye
in active mitochondria (Fig. 7a, control). Incubation of
SHSYS5Y cells with 250 nM TCDD for 90 min produced a
decrease of TMRM fluorescence of approx. a 30-35 %
reflecting a descent of mitochondrial membrane potential
and, after a slightly recovery, is finally maintained at 6 and
24 h after TCDD treatment in a 25-30 % (Fig. 7a images,
b closed squares). This result is consistent with the reduced
cell viability, ~30 %, obtained with 250 nM TCDD con-
centration (Fig. 1). In agreement with these results, when
the analysis of the mitochondrial membrane potential is
carried out with 5 nM TCDD concentrations (cell death
lower than 5 %), the same initial decrease in fluorescence
can be observed during TCDD incubation, but a fully
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Fig. 6 Comparison of TCDD-induced intracellular calcium increase
measured by Fluo-3 fluorescence in calcium-free medium (black
bars) and calcium-added medium (grey bars). TCDD was used at
250 nM concentration at different times of incubation up to 90 min.
Data shown are mean + SD (n > 6). (*, #) P < 0.05 (different from
control)

recovery is measured at 6 and 24 h after TCDD treatment
(Fig. 7b, closed circles). Again, treatment with stauro-
sporine for 24 h was used as a positive control of apoptosis,
and a similar mitochondrial membrane potential reduction
to that observed with 250 nM TCDD is measured (Fig. 7a
images, b open circle). These results suggest that TCDD
toxicity in SHSYSY cells takes place through a loss of
mitochondrial membrane potential.

TCDD induces changes in anisotropy and calcium
leakage in SR membranes

The results shown above indicate that TCDD treatment
causes an increment of intracellular calcium concentration
coming from both the exterior of the cell and intracellular
stores. This elevation induces or not cell death depending
of the intensity of TCDD insult. Thus, we try to define the
target of the dioxin in the cell. Due to the high lipophilic
character of TCDD [19], we consider that cell membranes
could be the main target of the dioxin. To analyze this
hypothesis, we used a well-known membrane model: the
SR vesicles prepared as described in Methods. First, we
measured the calcium transport induced by TCDD in Ca®"-
loaded SR membranes by using the fluorescence probe
Fura-2. Under control conditions, external calcium con-
centration is 6.1 £ 1.1 pM, a low micromolar concentra-
tion typically present in distilled water. The addition of
0.5 uM TCDD did not produce a change in external cal-
cium concentration (6.1 & 1.7 uM) but 1 and 3 uM
TCDD-induced a significant increase up to 60.7 £ 7.6 and
88.7 &+ 8.7 uM, respectively (Fig. 8a). These results sug-
gest that TCDD produce a membrane leak that allows the
empty of Ca’*-loaded SR membranes. These suggested
structural alterations of the membrane can be monitored
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with anisotropy measurements using the fluorescence probe
TMA-DPH. The anisotropy was measured in a spectroflu-
orimeter equipped with polarizers, and the results are
shown in Fig. 8b. The addition of TCDD to SR membranes
produced a significant decrease of anisotropy that reflects
an increase of the fluidity of the membrane. The decrease
of anisotropy induced by TCDD (Fig. 8b) fits well with the
calcium passive permeability produced by the dioxin
(Fig. 8a) with similar effects at the TCDD concentrations
assayed. An ECso value for TCDD effects in SR mem-
branes can be calculated from both set of experiments
(0.9-1 uM TCDD).

Discussion
The dioxin (TCDD) is a highly toxic xenobiotic agent that

is very persistent in the different organs of the body,
included the brain [40]. In the last three decades, TCDD
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Fig. 8 TCDD produces structural alteration in membranes. a Ca>"
passive permeability TCDD-induced from Ca**-loaded sarcoplasmic
reticulum (SR) vesicles. b Anisotropy fluorescence changes induced
by TCDD in SR vesicles measured using the fluorescence of TMA-
DPH. Anisotropy theoretically ranges from —0.2 to 0.4. *P < 0.05
(different from control)

toxicity in the nervous system have been analyzed, focus-
ing on its negative effects with developmental and behav-
ioral analysis in animals and humans exposed to this dioxin
during the gestational periods [6—11]. More recent studies
have shown that fetal exposure of TCDD causes defects in
the male reproductive system [41, 42] and alters myelina-
tion and gliogenic potential of the mature CNS of the rat
[43]. Also, this dioxin disrupts neurogenesis of cerebellar
granule cells in mouse [44]. Albeit the efforts have been
intensified to determine the molecular mechanisms, the
signaling pathways involved and the molecular targets in
neurons of dioxin-induced neurotoxicity, these issues are
still to be elucidated.

Several studies have been performed using primary
neuronal cultures to explore the molecular level the TCDD
toxicity. Interestingly, in cerebellar granular cells the
dioxin produces the translocation of protein kinase C
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(PKC) from cytosol to the plasma membrane through the
receptor for activated C kinase (RACK-1) [45]. In addition,
different studies performed in cortical neurons have
implicated glutamate receptors of the N-methyl-p-aspartate
(NMDA) subtype in TCDD toxicity by increasing intra-
cellular calcium concentration [16, 18], which was linked
with AhR-mediated gene expression [17, 18].

Previous studies from our group showed that TCDD
induces cell death through an apoptotic process in both
NGF-differentiated PC12 and cerebellar granule cells cul-
tures but with different contribution of AhR in this process.
While in NGF-differentiated PC12 cells the role of AhR in
TCDD toxicity was not prominent [27], in cerebellar
granule cells this receptor was clearly involved in TCDD
toxicity [28]. As TCDD acts like a tumor promoter in
different cell types by inhibition of apoptosis [46], the
induction of apoptosis is a controversial issue which it has
been showed in other cells like thymocytes [47, 48]. In the
particular case of SHSYSY cells we have found low AhR
expression and the assayed blockers of this receptor, res-
veratrol and o-naphthoflavone, induced a high level of cell
death (data not shown). Thus, we could not test the actual
role of this receptor in TCDD-induced apoptosis.

Our results show that TCDD toxicity cause loss of
viability in SHSYS5Y with an ECs, value of 292 + 28 nM,
in the same order of magnitude to those obtained in NGF-
differentiated PC12 cells and cerebellar granule cells [27,
28]. TCDD toxicity in SHSYSY cells involves an apoptotic
process. This fact is supported by increased caspase-3
activity, PARP-1 fragmentation, DNA laddering, hypo-
diploid DNA content and nuclear fragmentation approa-
ches. Moreover, staurosporine, the prototypical molecule
of apoptosis induction [36] produces similar effects to that
produced by TCDD. Altogether, these data display that
SHSYSY cells undergo apoptosis after TCDD treatment.

There are evidences showing that an excessive and
sustained increment of cytosolic calcium concentration can
produce cell death through an apoptotic pathway [49, 50].
TCDD neurotoxicity has been linked recently with the
highly permeable to calcium NMDA-subtype of glutamate
receptors [16—18]. In this work, we showed that TCDD
causes an increase of cytosolic calcium concentration both
in calcium-free and calcium-added medium, involving not
only the extracellular calcium but the calcium from the
intracellular stores. The set of experiments with the cal-
cium-free medium indicates that intracellular calcium
concentration partially returns to basal levels after the
TCDD treatment, showing that the cation is buffered by the
organelles of the cells or is eliminated by its extrusion out
of the cell. These results could suggest that TCDD pro-
duces an increment of cytosolic calcium concentration
coming from the endoplasmic reticulum and this increase
produces a capacitative calcium entry coming from the

exterior of the cell. Although this mechanism has been
described for other drugs in neuronal cultures in vitro [51],
and calcium release form the endoplasmic reticulum and
capacitative calcium entry have been proposed to be
apoptogenic [52], additional experiments have to be done
to confirm this hypothesis. Also, the disruption of calcium
homeostasis has been found to trigger apoptosis through
loss of mitochondrial integrity and mitochondrial mem-
brane potential [53, 54]. In agreement with this, the results
presented in Figs. 5 and 7 indicated that the time course of
intracellular calcium concentration increase fits well with
the time course of mitochondrial membrane potential
decrease. Mitochondrial membrane potential has been
analyzed in different cell types after TCDD exposure and
the dioxin produced both hyperpolarization [55, 56] and
depolarization [57, 58]. These contradictory results could
be due to a cell type specific problem. Our results are more
consistent as we demonstrate that TCDD causes in
SHSYS5Y cells a decrease in mitochondrial membrane
potential which is comparable in percentage with the loss
of cell viability in culture.

The assessment of the TCDD targets in the cell is a
crucial point. To develop protective treatments to avoid
TCDD toxicity or, at least, ameliorate the dioxin effects in
the human body, it is of great importance the definition of
its molecular targets. The high lipophilic character of
TCDD molecule suggests that cell membranes could con-
stitute one of the main targets for the dioxin. We test this
possibility by measuring passive Ca>" efflux through a
membrane model, SR vesicles, widely used to study active
transport mediated by Ca>"-ATPases. Data from this paper
show passive calcium efflux induced by TCDD in the
absence of ATP, suggesting that the cation transport takes
place through the membrane probably by transient pores
formed by the dioxin. If that possibility is correct, the
anisotropy of the membrane had to be affected, as this
fluorescence parameter reflects the structural organization
of the membrane as a measure of its fluidity. Our data are
clear showing a decrease of the anisotropy close to three-
times that indicates a marked increase in membrane flu-
idity. In a good agreement with our results, changes in
anisotropy induced by TCDD have been previously
described [55, 59]. The ECso value obtained in this set of
experiments is 0.9-1 uM TCDD that is three-times the
EC5q value of TCDD toxicity in SHSYSY cells (0.29 uM),
but it has to be taken into account that we are using two
different model of membranes.

In summary, the results presented in this paper showed
that TCDD-induced cell death in SHSY5Y human neuro-
blastoma cells takes place through an apoptotic process,
that is initiated by a calcium homeostasis disruption that
lead to a loss of mitochondrial membrane potential. The
cell membranes are targets for TCDD that produce
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membrane structural alterations underlying the calcium
homeostasis disruption. Taken together, these findings
suggest that the disruption in calcium homeostasis plays an
important role in TCDD-induced neurotoxicity. Future
work will be conducted to unravel the molecular mecha-
nisms of TCDD neurotoxicity using membrane models to
determine the TCDD effects on membrane integrity.
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