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Apoptosis and necrosis: two distinct events induced by cadmium in
cortical neurons in culture
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1 Cadmium is an extremely toxic metal commonly found in industrial workplaces, a food
contaminant and a major component of cigarette smoke. Cadmium can severely damage several
organs, including the brain. In this work, we have studied both the cadmium toxicity on rat cortical
neurons in culture and the possible protective effect of serum.

2 Our results indicate that: (1) cadmium is taken up by the neurons in a dose and serum dependent
way; (2) cadmium, at concentrations from 1 uM or 10 uM (depending on the absence or the presence
of serum) up to 100 uM, decreases the metabolic capacity, which was evaluated by the XTT
(tetrazolium salt) test; (3) cadmium induces apoptosis and LDH (lactate dehydrogenase) release in a
dose dependent way; (4) in a serum-free medium, the cadmium-induced apoptosis is accompanied by
caspase-3 activation; (5) both the caspase-3 activation and the cadmium-induced apoptosis are
reversed by N-acethyl-Asp-Glu-Val-Asp-aldehyde (Ac-DEVD-CHO), a selective caspase-3 inhibitor,
indicating that the caspase-3 pathway is involved in cadmium-induced apoptosis in cortical neurons;
and (6) the cadmium concentrations which produce caspase-3 activation do not modify the
intracellular ATP levels; however, higher cadmium concentrations lead to both intracellular ATP
depletion and ATP release, but do not increase the caspase-3 activity, indicating that cadmium also
produces cellular death by necrosis.

3 These results suggest that cadmium induces either apoptosis or necrosis in rat cortical neurons,

depending on the cadmium concentration.
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Introduction

Cadmium is a potent cell poison, which causes different types
of damage, including cell death or increase in cell prolifera-
tion. These toxic effects of cadmium are worrying because it
is a highly toxic environmental pollutant released from the
smelting and refining of metals and cigarette smoking. Its
very long biological half-life (30 years) is responsible for the
almost irreversible accumulation in human organs (Nordberg,
1984), thus causing several adverse effects. Food and cigarette
smoke are the biggest sources of cadmium exposure for
people in the general population (Waalkes ez al., 1992). Oral
exposure to cadmium may result in adverse effects on a
number of tissues, including kidney (Sudo et al., 1996), liver
(Koizumi et al., 1996), bone, thyroid gland, testes (Xu et al.,
1996; Jones et al., 1997), the immune system, and the
cardiovascular system. Cadmium also is believed to cause
pulmonary emphysema. Due to its high blood —brain barrier
permeability (Wong & Klaassen, 1982; Babitch, 1988; Sutoo,
1994; Choudhuri et al., 1996; Shukla et al., 1996), cadmium
also affects the nervous system, and neurological disorders
such as learning disabilities and hyperactivity in children may
occur (Pihl & Parkes, 1977; Marlowe et al., 1985).
Parkinsonism after acute exposure to cadmium has been
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described by Okuda et al. (1997), and neurochemical
disturbances of the serotonergic system in the offspring during
the lactational period have been shown in rats exposed to low
levels of cadmium in the drinking water (Andersson et al.,
1997). In neuronal cells, cadmium induces oxidative stress,
which produces protein damage (Stadtman, 1992; Figueiredo-
Pereira et al., 1998) and subsequently neurodegeneration
(Coyle & Puttfarcken, 1993; Cohen & Werner, 1994; Williams,
1995; Okuda et al., 1997). Cadmium is known to enhance the
production of free radicals in the brain (Shukla et al., 1987)
and to interfere with the cellular defence mechanism against
oxidation (Shukla et al., 1989). The toxic effects of cadmium
are rather complex and still debated. Some authors have
suggested that cadmium induces apoptosis in several cell-types
(el Azzouzi et al., 1994; Habeebu et al., 1998; Ishido et al.,
1999; Tsangaris & Tzortzatou-Stathopoulou, 1998; Kim ef al.,
2000; Risso de Faverney et al., 2001; Kondoh et al., 2002) and
recent studies indicate that the cadmium-induced apoptosis
can be inhibited by Zn and other caspase-3 inhibitors (Perry et
al., 1997; Shimada et al., 1998; Galan et al., 2000). On the
other hand, Yuan et al. (2000) have found that cadmium
blocks the chromium-induced apoptosis in Chinese hamster
ovary cells (CHO K1-BH4), via the inhibition of caspase-3.
Thus, these results establish the question whether caspases are
involved in apoptosis.
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Cadmium may bind to intracellular proteins, including
tubulin, troponin C and calmodulin (Akiyama et al., 1990),
as well as human metallothionein (Masters et al., 1994). In
addition, cadmium may bind to plasma transferring (De Smet
et al., 2001), serum albumin (Zhou et al., 1992; Goumakos et
al., 1991) and glycoproteins (Zak et al., 1978). Beside that,
cadmium is a potent inhibitor of voltage-dependent calcium
channels, which have been suggested to be the primary route
for the cadmium uptake by some secretor cells like pituitary
GH,4C, cells (Hinkle et al., 1987), GH; cells (Hinkle ez al.,
1992), rat pheochromocytoma PC12 cells (Hinkle & Osborne,
1994), rat melanotrophs (Shibuya & Douglas, 1992) and even
mammalian neurons (Usai et al., 1999). Although cadmium
toxicity is well proved, its cytotoxic effect is controversial,
given that some authors have indicated that cadmium can kill
cells after a prolonged exposure (Kaji et al., 1993), while
others emphasize that it is a carcinogen in animals and
humans (Jin & Ringertz, 1990; Koizumi & Li, 1992;
Kazantzis et al., 1992). Since cadmium is a toxic agent for
several cells, the aim of this work was to study the
mechanism through which cadmium induces cell death on
cortical neurons and the hypothetical protective role of
serum, since cadmium may bind to the —SH groups of serum
proteins.

Methods

Materials

Eagle’s Minimum Essential Medium (EMEM) was obtained
from Bio-Whittaker (Verviers, Belgium). Foetal calf serum
(FCS) and horse serum (HS) were purchased from Sera-Lab
(Sussex, U.K.). Cytosine arabinoside, poly-D-lysine, gluta-
mine, penicillin G, streptomycin, rabbit polyclonal anti-
GFAP and anti-rabbit IgG FITC antibodies were obtained
from Sigma Chemical Co. (St. Louis, MO, U.S.A.). XTT test
and Kinesis 50 test were purchased from Boehringer
Mannheim (Mannheim, Germany), Annexin-V FLUOS test
from Roche and ATP reagents from BioOrbit (Turku,
Finland). Ac. DEVD-AMC [N-acethyl-Asp-Glu-Val-Asp-
AMC (7-amino-4-methyl coumarin)] and Ac. DEVD-CHO
were from Pharmingen. Other chemicals were reactive grade
products from Merck (Darmstadt, Germany).

Cell culture

Cortical neurons were obtained from foetal rats at 19 days of
gestation as described by Segal (1983) with minor modifica-
tions. Cell suspensions were plated at a density of 10° cells
ml~" in plastic Petri dishes coated with poly-D-lysine
(10 mg ml=") in EMEM supplemented with 0.6% glucose,
0.3 gl ' glutamine, 100 g ml~' penicillin G, 100 pg ml~'
streptomycin, 10% (v v=') FCS and 10% (v v—') HS. Cells
were incubated at 37°C in a humidified atmosphere contain-
ing 5%C0,/95% air. After 72 h of culture, the medium was
changed and cells were incubated in fresh medium supple-
mented with cytosine arabinoside at a final concentration of
10 uM to prevent contaminating glial cell proliferation.
Neurons were used on day 7. Cell viability was assessed by
the trypan blue dye exclusion method and it was routinely
higher than 95%. Both cell staining with cresyl violet to

identify neurons and the specific anti-GFAP antibody to
identify glial cells, were used to check the cell culture purity.

Assay of glial cell contamination

After 7 days of culture, cortical neurons were detached from
the culture plates with 0.25 mM trypsin, which contained
1 mMm EDT in Hank’s balanced salt solution (HBSS). Once
the cells were detached, 0.5 ml FCS was added in order to
neutralise the trypsin action. The cell suspension was then
centrifuged at 4000 x g for 5 min. After the centrifugation,
cells were fixed by 2% (w v) paraformaldehyde in PBS for
30 min and then washed with PBS. Subsequently, cells were
incubated for 1 h with anti-GFAP antibody diluted 1:500 in
PBS at room temperature. After a further wash with PBS,
anti-rabbit IgG FITC conjugated was applied and incubated
for 30 min as before. The secondary antibody was diluted
1:100 in PBS prior to addition. After a final wash with PBS,
the glial cells were identified by flow cytometry analysis.
Under these conditions the positive cells (glial contamination)
were 9+ 3%.

Cadmium treatment

Neurons were incubated with cadmium chloride at concen-
trations between 100 nM and 100 uM in the absence or the
presence of 5% FCS and 5% HS for several periods of time.

Cadmium determination

Neurons were exposed for 24 h at 37°C to different cadmium
chloride concentrations in the absence or the presence of
serum. After incubation, the medium was discarded and the
cell layer was washed twice with PBS. The cell layer was
exposed to 1 ml 0.1 M of acetate buffer (pH 5.5) containing
10 mm EDTA, for 72 h at 4°C. The extract was collected and
the remaining cells were gently washed with 1 ml of the same
buffer; the wash was combined with the extract. The extract
was analysed for the content of cadmium by flameless atomic
absorption spectrophotometry (Perkin Elmer 2280).

XTT test

This assay is based on the ability of metabolically active cells
to reduce tetrazolium salt (XTT) to coloured formazan
compounds; dead cells do not. Thus, this assay detects viable
cells exclusively. The dye intensity can be read at 450 nm/
630 nm wavelengths with a spectrophotometer. The intensity
of the dye is proportional to the number of metabolically
active cells. Neurons plated in a flat 96-well plate and
exposed to different concentrations of cadmium chloride,
were washed with PBS and treated with the reaction solution
according to the Kit specifications. The absorbance of the
samples was measured with an ELISA reader (wavelength
450 nm; reference wavelength 630 nm). Results are expressed
as percentages with regard to the controls (untreated cells).

Assessment of cell morphology
Neuronal morphology was assessed by Phase Contrast

Microscopy at 20 x after various time intervals of incubation
with cadmium. After the exposure to cadmium, neurons were
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washed twice with PBS. Cells were fixed by p-formaldehyde
(4%; w v) for 30 min at room temperature. Finally the
neurons were washed with PBS and observed under the light
microscopy.

Propidium iodide staining

After the incubation with cadmium, the neurons were stained
for 15 min with 0.005% of propidium iodide dissolved in
PBS. Then, the cells were observed under fluorescence
microscopy (Nikon Diaphot 300). Several fields were
observed per condition.

Lactate dehydrogenase (LDH ) release

An LDH assay was performed measuring the reduction of
pyruvic acid to lactic acid according to the following reaction:

LDH
Piruvate + NADH €¢——p Lactate + NAD"

The NADH transformation in NAD was followed by
monitoring the absorbance with a spectrophotometer at
340 nm. For the determination of LDH, the medium and the
cell lysate were collected after 24 h of treatment. Neurons were
lysed with 0.1 M Tris-HCI (pH 7.4) containing 0.1% Triton X-
100. LDH activity was measured in both culture medium and
cell lysate, following the addition of 1 mM pyruvate and
0.2 mM NADH in 0.1 m Tris-HCI (pH 7.4) in a volume of
1 ml. LDH release is given as percentage of LDH found in the
culture medium with respect to the total LDH (the sum between
LDH in the culture medium plus LDH inside the cells).

ATP content and ATP release

ATP was determined by chemiluminescence. This method is
based on the measurement of ATP degradation by the
luciferine/luciferase system according to the following reac-
tion:

ATP + luciferine/luciferase + O, —p Oxiluciferine+
AMP + PPi + CO; + light

The light intensity is measured at 560 nm in a spectro-
luminometer (BioOrbit 1251). Culture medium was taken and
ATP measured using a commercially available kit (ATP
Biomass kit) following the kit instructions.

Cells, plated on ice, were washed twice with PBS and then
lysed with 10 mM Tris-HCI (pH 7.5) containing 0.1% Triton
X-100. The cell lysate was centrifuged at 4°C and 13,000
r.p.m. (Eppendorf centrifuge 5415 C) for 5 min. The
supernatants were taken and placed on ice and the ATP
immediately determined. The ATP inside the cells was
considered as the intracellular ATP content. The released
ATP was considered to be that found in the culture medium.
The released ATP values are expressed as percentage of ATP
in the culture medium over the total ATP content (ATP in
the culture medium + ATP inside the cells).

Determination of neuronal apoptosis by flow cytometry

Apoptosis was assayed using a commercially available kit
(Kinesis 50, BioRad), following the manufacturer’s instruc-

tions. Neurons plated on Petri dishes and treated as indicated
above were harvested using 0.02% EDTA. After centrifuga-
tion at 4000 x g for 5 min, cell pellets were incubated with
0.25 ml PBS and 0.25 ml of the reactive solution, which
includes propidium iodide (Kinesis 50) for 30 min in the dark
at room temperature. Apoptotic neurons were quantified by
flow cytometry (FACS-Scan Flow Cytometer, Becton-Dick-
inson).

Annexin test

This test is based on the property of the apoptotic cells to
induce membrane changes as the translocation of the
phosphatidylserine (PS) from the inner face of the plasma
membrane to the outer leaflet. Under these conditions,
Annexin-V may mark PS according to the specifications of
the test. Cells were analysed under a confocal microscope.

Assay for caspase-3 activity

After various time intervals of incubation with cadmium, the
cortical neurons were washed with PBS and then lysed with
the following buffer (in mMm): Tris-HCl 10 (pH 7.5), NaCl
130, NaH,PO,4 10, Na,HP,O4 10, Triton X-100 0.1% and
natriumpyrophosphate 10. The lysates were centrifuged at
5000 x g for 5 min in an Eppendorf centrifuge 5415 C. The
supernatant was assayed for caspase-3 activity without
further purification. Cytosolic protein (at least 20 ug) was
incubated with 20 uM of Ac. DEVD-AMC in 150 ul of
incubation buffer (20 mmM HEPES -pH 7.5-, 10% glycerol,
2mM DTT). The release of AMC, after 2—-4h, was
monitored using a spectrofluorimeter (Bio-Tek FL 600)
(excitation at 380 nm, emission at 430—460 nm). Under these
conditions the reaction was linear between 0—4 h, or even
longer. In those experiments, in which caspase-3 activity was
measured in the presence of the caspase-3 inhibitor (Ac.
DEVD-CHO), this was added at a final concentration of
50 nM. Caspase-3 activity is expressed as fluorescent arbitrary
units (FAU) pug~' protein 2 h™'.

Protein determination The protein concentration was deter-
mined by the Bradford assay (Bradford, 1976).

Data presentation Data are expressed as mean +s.e.mean of
three or four independent experiments, each one performed in
duplicate with different batches of cells. Statistical compar-
isons were made using the Student’s z-test.

Results
Cadmium uptake

As it is well demonstrated that cadmium is a contaminant
cation that indices neurological disorders, the first purpose of
this study was to check whether the cortical neurons in
culture were able to uptake cadmium. Cadmium was taken
up by the neurons in a way which was dependent on both the
dose and the presence or absence of serum in the treatment
medium (Figure 1). The rate of cadmium uptake was highly
significant from a concentration of 1 uM, showing non-linear
dose dependence. The entry of cadmium inside the cells could
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not be assessed at lower concentrations because of the low
sensitivity of the method employed. After the treatment with
100 uM cadmium, the uptake in the absence of serum was six
times higher than the uptake in a medium supplemented with
serum (317422 ug Cd** mg~' protein and 50.043.1 ug
Cd>* mg~! protein, respectively).

Cell metabolic capacity

The metabolic capacity was measured using the XTT test
(Figure 2). The exposure of cortical neurons to 1 nM—100 uM
cadmium in the absence of serum induced a decrease of their
metabolic capacity from a cadmium concentration of 1 uM.
In the presence of serum, the drop of metabolic activity was
clear from a cadmium concentration of 10 uM. The cadmium
decrease was always lower in a medium with serum than in
its absence, but showed dose-dependence in both cases. All
these results taken together indicate that serum protects
cortical neurons from cadmium toxicity.

Effect of cadmium treatment on neuronal morphology

Results from Figure 3 were obtained after the treatment of
the cells with 10 uM of cadmium either in the presence or the
absence of serum and at different treatment times. Cadmium
modified the neuronal morphology after a 6 h-treatment in a
serum-free medium (Figure 3B), whereas at 24 h it showed a
great loss of neuronal integrity mainly evidenced by the
almost complete disappearance of the axons (Figure 3C).
However, when this treatment was performed in a medium
supplemented with serum there were no morphological
changes at 6 h (Figure 3E), while at 24 h they could be
seen, but always to a lesser extent than in a serum-free
medium (Figure 3F).
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Figure 1 Cadmium uptake by cortical neurons treated for 24 h with
the indicated cadmium concentrations, either in the presence or in the
absence of serum. Results are expressed as ug Cd** mg~! protein.
Data are mean+s.e.mean of two separate experiments from cells of
different cultures, each one performed in triplicate. **=P<0.01 and
*kk=P<0.001.
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Figure 2 Cortical neurons were incubated for 24 h with the
indicated cadmium concentrations, either in the absence or in the
presence of serum. Cell viability was checked by the XTT test.
Results are expressed as percentages over control. Data are
mean +s.e.mean of three separate experiments from cells of different
cultures, each one performed in duplicate. ns=not significant.
**=P<0.01 and ***=P<0.001.

Figure 3 Cadmium effect on morphology of cortical neurons. (A, B,
C) treatment in the absence of serum; (D, E, F) in the presence of
serum. (A and D) control neurons; (B and E) 6 h of treatment with
10 uM cadmium; (C and F) 24 h of treatment with 10 uM cadmium.

Analysis of cell-death induced by cadmium

Propidium iodide is a dye, which stains DNA in such a way
that exclusion of propidium iodide is a signal of cellular
integrity. The images from Figure 4 were obtained after
propidium iodide staining in the absence of serum. They
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show a higher number of nuclei dying in neurons treated with
100 uM of cadmium than in control cells.

LDH release

Cadmium induced a dose-dependent LDH release to the
extracellular medium (Figure 5). After 24 h of exposure in a
serum-free medium, doses of 1 uM cadmium and higher
induced LDH release. In a medium supplemented with
serum, after 24 h of treatment, 10 uM cadmium and higher
concentrations induced LDH release. LDH release was
always higher in a medium deprived of serum than in a
medium supplemented with serum.

Thus, cadmium induces necrosis, this effect being depen-
dent on (1) cadmium concentration and (2) the presence or
the absence of serum in the treatment medium. Similarly to
the results of metabolic ability, serum seems to protect
cortical neurons from cadmium-induced necrosis.

Apoptosis induced by cadmium

Since lower concentrations of cadmium than 1 uM did not
induce necrotic cell death, it was studied whether these
concentrations could induce cell death by apoptosis. The
results obtained (Figure 6) by flow cytometry indicated that
the exposure to 100 nM and 1 uM of cadmium in the absence
of serum caused apoptosis, but higher doses did not. On the

Figure 4 Analysis of cellular death induced by cadmium by
propidium iodide staining: (A) control neurons; (B) cortical neurons
treated with 100 uM cadmium for 24 h in the absence of serum.
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Figure 5 Effect of cadmium on LDH release. Cortical neurons were
incubated with the indicated cadmium concentrations for 24 h, either
in the absence or in the presence of serum. Results are expressed as
percentages of LDH release after subtracting the control values. Data
are mean+s.e.mean of three separate experiments from cells of
different cultures, each one performed in triplicate. ns=not
significant, **=P<0.01 and ***=P<0.001.

other hand, in the presence of serum, cadmium induced
apoptotic cell death at all the studied concentrations. Under
those conditions in which cadmium induced apoptosis, in the
absence of serum, the apoptotic event was always higher than
in the presence of serum. It should be pointed out that serum
deprivation itself induces apoptosis.

Apoptosis measurement by microscopic analysis of
apoptotic cortical neurons

In the early stages of apoptosis changes occur on the cell
surface (Andree et al., 1990; Fadok et al., 1992). One of the
membrane alterations is the translocation of phosphatidyl-
serine (PS) from the inner face of the plasma membrane to
the outer leaflet, by which PS becomes exposed at the
external surface of the cells (Vermes et al., 1995). Annexin-V
is a Ca®'-dependent phosphatidyl-binding protein, which
shows a high affinity for PS. Thus, this protein may be used
as a sensitive probe for membrane alterations and as a
consequence, it may be suitable to detect apoptotic cells. But,
since necrotic cells also expose PS according to the loss of the
membrane integrity, apoptotic cells have to be differentiated
from these necrotic cells. So, simultaneous DNA staining
which is used for the dye exclusion test, allows the
discrimination of necrotic cells from the Annexin-V posi-
tively-stained cell cluster. The images from Figure 7 show
stained cells with both Annexin-V FLUOS and propidium
iodide. One may observe both apoptotic cells (Figure 7C) and
necrotic cells (Figure 7D) when neurons were treated with
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Figure 6 Quantification by flow cytometry of cadmium-induced
apoptosis. Results are expressed as percentages of apoptosis with
regard to the total cells. Data are mean+s.e.mean of three separate
experiments from cells of different cultures, each one performed in
duplicate. ns=not significant. **=P<0.01, *** or eeeP <0.001.

10 uM cadmium for 8 h in a serum-free medium (Figure 7B).
However, there were no PS positive cells in the control
conditions (cells not treated with cadmium) (Figure 7A).

ATP content and ATP release

Necrotic neuronal death has been associated with an early
loss of ATP. However, ATP is thought to be required for the
apoptotic pathway (Ankarcrona et al., 1995; 1996; Bonfoco
et al., 1995). In order to study the possible involvement of
ATP concentrations in the cadmium-induced neuronal death,
the intracellular ATP concentration was measured following
the exposure of the cortical neurons to several cadmium
concentrations for 24 h in the absence of serum (Figure 8).
Cadmium concentrations of 0.1 uM and 1 uM did not alter
the ATP levels with regard to the control, but higher doses
induced almost a total depletion of the intracellular ATP
levels. Additionally, 1 um and higher doses of cadmium
evoked ATP release to the extracellular medium in a dose-
dependent way. This ATP release was inversely correlated
with the intracellular ATP content.

Caspase-3 activity

The caspase family of proteases plays a crucial role in
apoptotic neuronal death. To identify the apoptotic mechan-
ism involved in the cadmium-mediated neuronal death, the
caspase-3-like activity in cortical neurons after the exposure
to cadmium in the absence of serum for 24 h was investigated
(Figure 9). A cadmium concentration of 1 uM, which had
induced the highest apoptosis, increased caspase-3 activity,
whereas higher cadmium concentrations (10 uM) did not
affect or even inhibited caspase-3 activity with regard to the
control.
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Figure 7 Detection of the early phase of apoptosis induced by
cadmium. (A) control neurons; (B) neurons treated with 1 um of
cadmium in a serum-free medium for 8 h; (C) apoptotic cells; (D)
necrotic cells.
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Figure 8 Effect of cadmium on ATP intracellular levels and ATP
release. Cells were exposed for 8 h to the indicated cadmium
concentrations in a serum-free medium. Results are expressed as
percentages of ATP release or pmol [ATP]; ug~' protein. Data are
mean +s.e.mean of three experiments from cells of different cultures,
each one performed in duplicate. ns=not significant, **=P<0.01,
*** =P <0.001.

The addition of the caspase-3 inhibitor tetrapeptide Ac-
DEVD-CHO (50 nM) reversed the cadmium-induced up-
regulation of caspase-3 activity (Figure 10A). The inhibitor
even decreased the caspase-3 activity found in the control.
The caspase-3 inhibitor also decreased the 1 uM cadmium-
induced apoptosis (Figure 10B), without affecting the
apoptosis found in the control cells.
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Discussion

Although the results presented in this work indicate that
cadmium is taken up by the neurons after the exposure to
1 uM or higher doses of cadmium for 24 h, we think that
lower doses may also be taken up by these cells, although we
were unable to detect it because of the low sensitivity of the
atomic spectrophotometric method used in the cadmium
measurement.

The plotting of the uptake rate of cadmium at various
concentrations was non-linear, suggesting that, in addition to
a simple diffusion, other transport mechanisms might be
involved. Thus, the cadmium entry could occur through the
same pathways of Ca?* influx as it has been already
suggested by several authors in different cell types (Limaye
& Shaikh, 1999; Souza et al., 1996; Quamme, 1992; Hinkle et
al., 1987; 1992; Hinkle & Osborne, 1994; Kanthasamy ez al.,
1995; Usai et al., 1999). The cadmium uptake in cortical
neurons was dependent on both the cadmium concentration
and the presence or the absence of serum in the culture
medium.

The amount of cadmium uptaken by the neurons after the
incubation with 100 uM of cadmium in the absence of serum
was about six times higher than the uptake measured in the
presence of serum. These results indicate that serum may
protect neurons from cadmium toxicity. The mechanism
through which serum would protect the neurons might be due
to the high affinity of cadmium to the sulfhydryl groups of
serum proteins (Savolainen, 1995; Jungmann et al., 1993). In
this case, the serum proteins would sequester cadmium, so
that the free cadmium concentration in a medium with serum
would be lower.
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Figure 9 Effect of cadmium on caspase-3-like activity. Cortical
neurons were treated with different cadmium concentrations in the
absence of serum. Results are expressed as FAU ug~! protein 2 h™!
incubation. Data are mean+s.e.mean of three separate experiments
from cells of different cultures, each one performed in triplicate.
ns =not significant, ***= P <0.001.

Since cadmium enters the neurons and is implicated in
neurological disorders (Pihl & Parkes, 1977) we wanted to
study its possible toxic effect on these cells. An XTT test
showed that cadmium affects the neuronal viability in both a
dose- and serum-dependent way. The results obtained with
this test indicated that after 24 h of treatment with cadmium,
the loss of neuronal viability was clear at concentrations of
1 uM cadmium or higher in a serum-free medium and from
10 uM to 100 uM cadmium in a medium supplemented with
serum. These results suggest once more the protective effect
of serum against cadmium toxicity. Time- and dose-
dependent cadmium-induced toxicity has been described by
some authors in other cell types (Figueiredo-Pereira et al.,
1998; Warren et al., 2000; Almazan et al., 2000).

Cadmium also affected the cell morphology after 6 h of
treatment in a serum-free medium, while in a medium with
serum the morphological changes were clearly shown at 24 h,
indicating once more that serum protects against cadmium
damage. These morphological changes were mainly located in
the neural extensions (axons and dendrites), which almost
disappeared after 24 h of treatment with 1 uM of cadmium in
a serum-free medium. Such morphological changes induced
by cadmium have also been described in other cells (Bucio et
al., 1995). These results indicate that cadmium induces
cytotoxicity on cortical neurons although we could not
distinguish between necrosis and apoptosis. In order to
clarify whether the cadmium-induced cytotoxic effect was due
to a necrotic and/or apoptotic mechanism, several parameters
associated with both mechanisms were studied. Our results
performed with propidium iodide showed a higher staining in
neurons treated with 100 uM of cadmium than in non-treated
cells, indicating alterations in the plasma membrane and
death by a necrotic process. An increase in the propidium
iodide signal induced by cadmium has also been described by
Koizumi et al. (1996) in hepatocytes and by Almazan et al.
(2000) in oligodendrocytes. The cadmium-induced LDH
release also suggests a necrotic process. The LDH release
was higher when the exposure to cadmium was performed in
the absence of serum. Under these conditions, the exposure
to 1 uM of cadmium for 24 h was enough to release LDH,
while in the presence of serum, concentrations of 50 uM or
higher were required. The induction of necrosis by cadmium
in cortical neurons was dependent on the cadmium
concentration. The cadmium-induced necrosis accompanied
by LDH release has been found in several cell types (Bucio et
al., 1995; Koizumi et al., 1996; Zimmerhackl et al., 1998).

In addition, the bioenergetic depletion induced by high
cadmium concentrations (evidenced by a decrease in the
intracellular ATP levels and the ATP release to the
extracellular medium) is also a hallmark of necrosis. The
high ATP release accompanied by the decrease in the ATP
levels suggests an important damage in the cell plasma
membrane, responsible for the cell death by necrosis.
Decrease in the intracellular ATP levels besides LDH release
induced by cadmium was also described by Zimmerhackl et
al. (1998) in LLC-PK1 cells and Muller-Taubenberger et al.
(1988), who indicated that cadmium doses of 10 uM and
100 uM decreased the ATP/ADP ratio and increased the lipid
peroxidation in cultured rat hepatocytes.

Our results obtained by flow cytometry, showed that
cortical neurons exposed to 100 nM to 1 uM of cadmium in
the absence of serum for 24 h underwent apoptosis. However,
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Figure 10 Effect of caspase-3 inhibitor on the cadmium-induced modification of caspase-3 activity (A) and apoptosis (B). Cortical
neurons were treated with 1 um of cadmium in a serum-free medium for 24 h, in the absence or the presence of the caspase-3
inhibitor. Untreated cells were exposed to the inhibitor in order to discover the action of this inhibitor itself on the studied
parameters. The insets in Figure 10B represent single results from flow cytometry analysis. Several of these were used to perform the
statistical data indicated in bars. ns=not significant, **= P <0.01, *** or eee= P <0.001.

higher cadmium concentrations did not increase the apoptosis
with regard to the control neurons. When the cadmium
treatment was performed in the presence of serum, there was
a dose-dependent apoptotic increase from 100 nM to 50 uM
of cadmium.

On the other hand, neurons exposed to 1 uM cadmium in
the absence of serum exhibited high apoptosis (measured by
flow cytometry) and slight LDH release, but they also
showed both translocation of phosphatidylserine to the outer
side of the plasma membrane (assessed by using Annexin-V
FLUOS) and DNA staining with propidium iodide, which
indicate apoptosis and necrosis, respectively. This dual
mechanism induced by cadmium is not surprising because
as Nicotera er al. (1999) comment, classical apoptosis and
necrosis represent only the extreme ends of a wide range of
possible morphological and biochemical deaths and these two
death types can occur simultaneously in tissues and cell
cultures exposed to the same stimulus and, often, the
intensity of the same initial insult decides the prevalence of
either apoptosis or necrosis. In our case, the cadmium
concentration of 1 uM seems to represent the switch between
apoptosis and necrosis.

Presence of phosphatidylserine on the outer face of
membrane induced by cadmium has also been evidenced in
U-937 cells from human lymphoma (Li et al., 2000) and in
rat fibroblasts (Kim er al., 2000). The induction of apoptosis
mediated by low cadmium concentrations (1 uM) seems to
involve caspase-3 activation. This process is not accompanied
by a decrease of the intracellular ATP levels, which means
that the energetic depletion in cortical neurons only occurs in

a necrotic death or in an advanced phase of the apoptosis.
These results agree with those found by Eguchi et al. (1997),
who suggested that ATP is critical to induce several apoptotic
events. On the other hand, Nicotera et al. (2000) indicate that
ATP depletion during the early phases of apoptosis can
preclude caspase activation, and consequently switch execu-
tion of cell death towards necrosis. The participation of the
caspase pathway in the cadmium-induced apoptosis in
cortical neurons is supported by the fact that when cortical
neurons were exposed to this cation in the presence of a
caspase-3 inhibitor, there was a reversal of the caspase-3
activation and the apoptosis was prevented. Induction of
apoptosis mediated by cadmium through a caspase-3-related
mechanism has been found for several authors in different
cell preparations (Li et al., 2000; Kim et al., 2000).

The decrease in caspase-3 activity mediated by the highest
cadmium concentration employed, may be due to the
cadmium inhibition of the enzyme activity. This cation can
bind to the sulfhydryl groups of proteins and peptides
(Rastogi et al., 1977), and caspases are cysteine-proteases
with —SH groups in their active sites (Earnshaw et al., 1999).
The oxidation of these —SH groups could alter the enzyme,
and subsequently inhibit its activity. Caspase-3 inhibition by
cadmium has been shown by Yuan et al. (2000) in CHO K1-
BH4 cells.

Cadmium may be responsible for several disturbances in
neurons. Thus, it might bind to cytoskeletal proteins, since
several authors have already found that cadmium produces
cytoskeletal disruption and subsequently cell death (Wang &
Templeton, 1996).
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In summary, the data presented here clearly demonstrate:
(1) that cadmium is a potent toxin for cortical neurons, since
very low concentrations (100 nM) are able to induce cell
death by apoptosis and higher concentrations (10—100 uM)
produce necrotic death of 50% of the neurons in a medium
free of serum and a 30% in a medium with serum, judging by
the viability tests; (2) that serum protects neurons against
cadmium toxicity probably by a mechanism in which
cadmium may be sequestered by its binding to the serum
proteins; (3) that the high ATP release mediated by cadmium
at the highest doses of cadmium (10—100 uM) may probably
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