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Age-related tissue Zn deficiency may contribute to
euronal and glial cell death by apoptosis in Alzhei-
er’s dementia. To investigate this, we studied the

ffects of increasing or decreasing the levels of intra-
ellular labile Zn on apoptosis of human neuroblas-
oma BE(2)-C cells in vitro. BE(2)-C cells were primed
or 18 h with butyrate (1 mM) before addition of stau-
osporine (1 mM), an effector enzyme of apoptosis, for
further 3 h to induce DEVD-caspase activity. An in-

rease in intracellular Zn using Zn ionophore pyri-
hione suppressed DEVD-caspase activity, while a de-
rease in intracellular Zn induced by Zn chelator
PEN mimicked staurosporine by activating DEVD-
aspase in butyrate-primed cells. The distribution of
ntracellular Zn in the cells was demonstrated with
he UV-excitable Zn-specific fluorophore Zinquin. Con-
ocal images showed distinct cytoplasmic and cy-
oskeletal fluorescence. We propose that Zn decreases
he level of apoptosis in neuronal cells exposed to tox-
ns, possibly by stabilizing their cytoskeleton. © 2000

cademic Press

Alzheimer’s disease (AD) and other dementias afflict
significant proportion of the elderly and place a heavy
nancial burden on health care systems. One area of
he cell biology of AD of current interest is the cell
uicide mechanism of apoptosis, which results in the
oss of neurons and glial cells. For example, in AD, cell
eath in the hippocampus is increased up to 30-fold [1,
]. Apoptosis is a normal mechanism, that serves to
elete unwanted or moderately damaged cells, and is
n important factor in determining normal tissue ho-
eostasis and tumour growth and regression [3]. The

poptotic cell undergoes a series of morphological
hanges including decrease in cell volume, dramatic

Abbreviations used: AD, Alzheimer’s disease; PBS, phosphate-
uffered saline; zDEVD-AFC, z-asp-glu-val-asp-7-amino-4-trifluoro-
ethyl-coumarin; [Zn21]i, intracellular labile Zn concentration.
1 To whom correspondence should be addressed. Fax: (161) 8 8222
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embrane integrity. This eventually leads to the cell
ragmenting into apoptotic bodies, which are then shed
r phagocytosed.
Previous studies from our laboratory and others,

oth in vitro and in vivo [4, 5, and Refs. within], indi-
ated a role for Zn in protection against premature
poptosis. Significant concentrations of Zn exist in the
ippocampus and parts of the cerebral cortex, as a
elatively free or loosely bound (labile) pool, and is
mportant for memory function, cognition and behav-
or. These functions are affected in moderate Zn defi-
iency [6–8]. Different neuronal pools of Zn may serve
ifferent cellular functions, including nucleic acid syn-
hesis [7], neurotransmitter storage and secretion in
ertain presynaptic terminals [8] and microtubule po-
ymerization [9].

The influence of Zn on apoptosis has been well doc-
mented. Zn inhibits a Ca21- and Mg21-dependent en-
onuclease, resulting in the inhibition of DNA frag-
entation, deemed as a late step of apoptosis [4]. Zn

upplementation both in vitro and in vivo models have
onfirmed this inhibition. More recent studies have
ndicated a protective role for Zn in the earlier phases
f apoptosis, especially the activation of the caspase
amily of proteases [10]. Principle amongst these is
aspase-3 (formerly known as CPP-32), which in stud-
es with gene-knockout mice has been shown to be
mportant in controlling cell numbers in the brain [11].
ctivation of caspase-3 involves the proteolytic pro-
essing of the 32-kDa cytosolic proenzyme to a tet-
americ heterodimer of 17-kDa subunits and can be
uantified by capacity of cell cytosol to cleave the flu-
rogenic substrate DEVD-AFC [12]. Perry and col-
eagues [13] have shown that Zn inhibits caspase-3
ctivity but only at millimolar concentrations of Zn.
ore recently, micromolar concentrations of Zn were

hown to preferentially suppress caspase-6/Mch-2a, a
aspase involved in lamin cleavage and activation
aspase-3 [10, 14].
To study the effects of Zn on caspase-3 activation and

poptosis in neuronal cells, we have modified the model



of Nuydens et al. [15]. They described a cellular model
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f AD in which human neuroblastoma cells are induced
y the short chain fatty acid butyrate, to undergo es-
ential protein synthesis leading to cytoskeletal alter-
tions and apoptotic death. Butyrate induces aberrant
ene expression by inhibition of histone deacetylase,
esulting in hyperacetylation of histone H4, leading to
he relaxation of the chromatin structure and increase
n the availability of promoter elements of genes to
ranscription factors [16]. Butyrate, at low concen-
rations does not induce caspase-3 and apoptosis,
ut renders these cells highly susceptible to a second
gent like the broad-spectrum protein kinase inhibi-
or staurosporine. Staurosporine promotes cytochrome
release from mitochondria, an early event in apopto-

is [17].
We have therefore used a two-stage model of apopto-

is in which BE(2)-C cells are primed with butyrate for
8 h (Stage I), and then treated for a further 3 h with
taurosporine (Stage II). This model has enabled us to
nvestigate the effect of varying [Zn21]i on early and
ater events in apoptosis of neuroblastoma cells. The
ubcellular distribution of Zn may provide a clue to its
echanism of action. It is likely that the important

ools of Zn in protection against premature apoptosis
re the more labile (free or loosely bound) Zn. The bulk
f cellular Zn is tightly bound in metalloenzymes and
ranscription factors and not depleted even in severe
n deficiency [4, 5, and Refs. within]. These pools were
isualized using a membrane-permeant Zn-specific flu-
rophore Zinquin [5, 18, 19]. In this study we investi-
ated the subcellular distribution of Zn and correlated
ith effects of varying [Zn21]i on the activation of

aspase-3 in neuroblastoma cells.

ATERIALS AND METHODS

Materials. Major materials and their suppliers were: A23187,
DTA, EGTA, herring sperm DNA, Nonidet P-40 (NP-40), dithio-

hreitol, sucrose, Hepes, staurosporine, TPEN, pyrithione (Sigma
hemicals, St. Louis, MO); sodium butyrate (BDH, Poole, England);
enicillin/streptomycin, EDTA/trypsin, glutamine, Chaps (ICN, Au-
ora, OH); gentamicin (David Bull Labs, Melbourne, Vic, Aust);
EVD-AFC (Kamiya Biomedical Co., Tukwila, WA). Zinquin, ethyl-

2-methyl-8-p-toluenesulfonamido-6-quinolyloxy]acetate (Dr. A. D.
ard, Department of Chemistry, University of Adelaide, South Aus-

ralia) [18] was dissolved in DMSO at 5 mM and stored at 220°C in
he dark. Staurosporine was stored at 220°C as stock solution (430
M) in DMSO while TPEN was stored in the same manner at 50
M. All other reagents were reagent-grade, unless indicated.

Cell cultures. BE(2)-C cells were obtained from ECAAC (#95011817)
t passage 17 and cultured in RPMI 1640, Hepes-buffered, pH 7.4
ICN), supplemented with glutamine (2 mM), penicillin (100 IU/ml),
treptomycin (100 mg/ml), gentamicin (160 mg/ml) and 10% fetal
ovine serum (Biosciences, Sydney, Aust) in a humidified atmo-
phere containing 5% CO2. NIE-115 mouse neuroblastoma cells were
gift of Dr. S. Bolsover (Department of Physiology, University Col-

ege, London, UK). The cells were allowed to differentiate by expo-
ure to 2% DMSO for 10 days in complete culture medium. Experi-
ents were performed either in 25-cm2 vented tissue culture flasks

r 6-well plates (Sarstedt, Newton, NC). Cells were allowed to attach
149
est reagents. For cultures with butyrate, stock solutions (400 mM)
n RPMI were made fresh each day and diluted into the cell suspen-
ion to give the desired final concentration (in most experiments this
as 1 mM).

Induction of apoptosis. Stage I: BE(2)-C cells were primed with 1
M butyrate for 18 h. Stage II: These cells were then treated for a

urther 3 h with 1 mM staurosporine. Where Zn status of the cells
as increased, ZnSO4 (25 mM) 1 sodium pyrithione were added at

he same time as staurosporine. Where Zn status of cells was de-
reased, TPEN was added instead of staurosporine.

Assays for apoptosis. Caspase-3 was assayed by cleavage of the
uorogenic substrate zDEVD-AFC (z-asp-glu-val-asp-7-amino-4-
ethyl-coumarin) [16]. Although DEVD-AFC is a preferential sub-

trate of caspase-3, it has been noted that caspase-7 can also cleave
t [18]. Therefore cytosolic enzymatic activity will be referred to by
he more general term of DEVD-caspase. Cells (5 3 106–107 per
ask) were cultured with test reagents, washed 13 with 5 ml of PBS
nd resuspended in 1 ml of NP-40 lysis buffer (as for DNA fragmen-
ation). After 15 min in lysis buffer at 4°C, insoluble material was
elleted at 15,000g and an aliquot of the lysate was tested for
rotease activity. To each assay tube containing 8 mM of substrate in
ml of buffer (50 mM Hepes, 10% sucrose, 10 mM DTT, 0.1% Chaps,
H 7.4), 20 ml of cell lysate was added. After incubation overnight at
oom temperature, caspase activity was quantified by fluorescence
Excitation wavelength 400 nm, Emission wavelength 505 nm) in a
erkin–Elmer LS50 spectrofluorometer. Optimal amounts of added

ysate and duration of assay were taken from linear portions of
urves determined in preliminary experiments.
Apoptosis was also confirmed in randomly selected samples by
orphological criteria and DNA fragmentation [16]. A minimum of

00 cells from replicate tubes was scored. For morphological assess-
ent, cells were examined by phase contrast microscopy after addi-

ion of an equal volume of 0.2% trypan blue in Hank’s balanced salt
olution (PBS), pH 7.4. Apoptotic cells were distinguishable from
ormal cells by their nuclear fragmentation, presence of apoptotic
odies, decreased size and sometimes, intense membrane blebbing.
ells with one or more of these properties were scored as positive. In
ost cases, they excluded trypan blue. In some experiments, acri-

ine orange was added to a final concentration of 10 mM and cells
ere analyzed by fluorescence microscopy for chromatin segregation.
To assay DNA fragmentation, cells (5 3 106–107 in total) were

ysed at 4°C in 1 ml of NP-40 lysis buffer (5 mM Tris–HCl, pH 7.5,
ontaining 5 mM EDTA and 0.5% NP-40) and centrifuged at 13,000g
or 10 min at 4°C. Supernatant fractions containing low-molecular-
eight DNA fragments were assayed for DNA by a fluorometric

echnique [20]. Hoechst dye #33258 was dissolved in deionized water
o a concentration of 1 mg/ml and stored at 4°C. Prior to use, 1 ml of
ye was added per 10 ml of TE buffer (10 mM Tris–HCl, pH 7.4,
ontaining 1 mM EDTA, and 100 mM NaCl). Aliquots of lysate
20–50 ml) were placed into fluorometer-grade disposable cuvettes
Greiner) and 1 ml of diluted dye solution added. Fluorescence was
easured at an excitation wavelength of 356 nm and emission wave-

ength of 458 nm (slit widths 10 nm) in a Perkin–Elmer fluorescence
S50 spectrophotometer. Herring sperm DNA was used to derive a
tandard curve (0–8 ng/ml).

Zn supplementation and depletion experiments. [Zn21]i was in-
reased in BE(2)-C cells using the Zn ionophore sodium pyrithione
5]. Cells in wells or in coverslips (in complete culture medium) were
ncubated for the indicated period of time at 37°C with 25 mM
xogenous ZnSO4 and indicated concentrations of sodium pyrithione.
ells were then washed four times with PBS to remove extracellular
n prior to labeling with Zinquin. For calcium loading, cells were
reated for the indicated period of time with 0.5 mM calcium iono-
hore A23187.
[Zn21]i was decreased in BE(2)-C cells by treatment with the
embrane-permeant Zn(II) chelator TPEN, which binds Zn tightly



and thereby depletes the labile Zn intracellular pool, but not other
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ajor intracellular divalent metal ions such Ca and Mg [5]. Cells
ere incubated for up to 4 h at 37°C with indicated concentrations of
PEN (in complete culture medium).

Fluorescence image analysis. To investigate the subcellular dis-
ribution of labile Zn in neuroblastoma cells, we used the membrane-
ermeant Zn-specific fluorophore Zinquin. Zinquin has a relatively
ow affinity for Zn (Kd in the nM range) such that it is unable to
ompete for tightly chelated Zn in metalloenzymes and can only
onitor the more labile pools. Cells were grown on poly-L-lysine-

oated glass coverslips and incubated with or without ZnSO4 1
yrithione or TPEN for 60 min, as in earlier experiments, before
ddition of 25 mM Zinquin for a further 30 min at 37°C.
Fluorescence image analysis with Zinquin was performed [5, 19].
ells were incubated with 25 mM Zinquin in PBS for 30 min at 37°C.
or video image analysis, specimens were examined using an Olym-
us fluorescent microscope, equipped with a UV-B dichroic mirror for
ow wavelength excitation, and connected to a CCTV video color
amera and computer work station. Images were captured and flu-
rescence was quantified using the Video Pro Image Analysis System
Leading Edge, South Australia).

For greater resolution of the subcellular distribution of Zn in
euroblastoma cells, Zinquin-loaded cells were examined by UV-

aser confocal microscopy. Human neuroblastoma cells were exam-
ned at the Waite Institute in Adelaide. A Bio-Rad MRC-1000 Laser
canning Confocal Microscope System, equipped with a UV-Argon

aser, was used in combination with a Nikon Diaphot 300 inverted
icroscope in fluorescence mode with excitation at 363/8 nm and

mission at 460LP. Coverslips (25 mm square) containing untreated
r treated neuroblastoma cells were inverted onto microscope slides
nd the edges sealed with nail polish. Images were collected using
40 water immersion objective lens with NA 1.15. Each image was
veraged over 4 scans by Kalman filtering. For the study of rat N1E
euroblastoma cells, the same instrument was used at the Bio-Rad
acility in Hemel Hempsted (UK).

Experimental design and data analysis. All experiments were
epeated at least three times. The results of typical experiments are
escribed or data were pooled, as indicated in text. Statistical sig-
ificance was determined by the student t-test and is indicated in
ext or legends to figures.

ESULTS

DEVD-caspase activity. Figure 1A (open circles)
hows the modest increase in DEVD-caspase activity
hen BE(2)-C cells were treated overnight with bu-

yrate. Caspase activity plateaued at 2 mM butyrate
ith no further increase at concentrations up to 10
M. A much greater activation of DEVD-caspase oc-

urred when BE(2)-C cells were treated with a com-
ination of butyrate and 1 mM staurosporine (filled
ircles, Fig. 1A). Synergy with staurosporine was ob-
ained at a range of concentrations of butyrate, but was
ost evident at lower concentrations (e.g., 1 mM).
hus, 1 mM butyrate alone induced 74.3 6 12.3 units
nd 1 mM staurosporine, alone, induced 139.7 6 28.6
nits/106 cells of DEVD-caspase, while a combination
f the two induced 449 6 58.0 units.
In the experiment shown in Fig. 1, the total cell

opulation was harvested and assayed for caspase ac-
ivity. This includes both the adherent (largely viable
r preapoptotic) cells and floating (largely apoptotic)
ells. Increase in DEVD-caspase activity was found in
150
oth populations: attached (open columns, Fig. 1B) and
oating (hatched columns, Fig. 1B), consistent with the
nset of caspase activation before detachment of the
ells from the plates.
Activation of DEVD-caspase was associated with
orphological changes of apoptosis. Typical morpho-

ogical features included presence of one or more intra-
ellular apoptotic bodies, granularity that was often
ocalized to one pole of the cell, exclusion of the vital
ye trypan blue, membrane blebbing and, in some

FIG. 1. Interaction between butyrate and staurosporine in acti-
ation of DEVD-caspase. (A) Subconfluent monolayers of BE(2)-C
ells in wells were treated for 18 h with the indicated concentration
f butyrate before further culture for 3 h in the absence (E) or
resence (F) of 1 mM staurosporine. Floating cells were then col-
ected and lysed together with adherent cells to yield total cell
ysates which were assayed for DEVD-caspase activity. Data are
xpressed as arbitrary fluorescence units/50 ml of lysate (2.5–5 3 105

ells). Bars indicate standard deviations for means of triplicates. A
ypical experiment is shown. The figure shows synergy between the
wo toxins, especially at 1 mM butyrate. (B) Treatments were as in A
xcept that in addition to assay of total cell population for DEVD-
aspase activity (filled columns), the adherent population (striped
olumns) and floating population (shaded columns) were assayed
ndividually. Bars indicate standard deviations for means of tripli-
ates. A typical experiment is shown. The figure shows activation of
EVD-caspase in both populations.
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ells, reduction in volume. There was also extensive
NA fragmentation as determined by presence of DNA

ragments in 13,000g supernatants of lysates (not
hown).

Increasing intracellular Zn in BE(2)-C cells sup-
resses DEVD-caspase activation. An increase in
Zn21]i after pretreatment of cells with ZnSO4 and Zn
onophore pyrithione strongly suppressed induction of
EVD-caspase activity by the combination of 1 mM
utyrate and 1 mM staurosporine (Fig. 2A). By contrast
reloading cells with calcium using calcium ionophore

FIG. 2. Effect of increasing [Zn21]i on activation of DEVD-
aspase. (A) BE(2)-C cells were treated for 18 h without toxin (filled
olumn), with 1 mM butyrate alone (striped columns), with 1 mM
taurosporine alone for the final 3 h (hatched columns) or with
utyrate plus staurosporine (shaded columns). In the final 3 h, cells
ere also treated with 25 mM ZnSO4 1 4 mM pyrithione (Zn-loaded

ells), with 1 mM A23187 (Ca-loaded cells) or no addition (unloaded
ells). Calcium was not added with A23187 because the medium
lready contains 0.6 mM Ca salts. DEVD-caspase activity represents
eans of triplicates. The figure shows suppression of DEVD-caspase

ctivation when [Zn21]i (but not [Ca21]i) was increased during the
nal 3 h. (B) Cells were treated with a combination of butyrate and
taurosporine (as in A) and 25 mM ZnSO4 plus varying concentra-
ions of pyrithione were added during the final 3 h. The figure shows
oncentration-dependent suppression of DEVD-caspase activation.
ars indicate standard deviations. A typical experiment is shown.
151
nhibition of DEVD-caspase activation occurred with
pproximately 0.7 mM pyrithione (Fig. 2B).

Decreasing intracellular Zn in BE(2)-C cells in-
reases DEVD-caspase activation. Depletion of [Zn21]i

y treating cells with the Zn chelator TPEN had a
imilar effect to staurosporine on the induction of
aspase activity. Thus when BE(2)-C cells were primed
or 18 h with 1 mM butyrate, the subsequent addition
f 25 mM TPEN resulted in a substantial activation of
aspase activity (filled squares, Fig. 3A). The increase
n caspase activity began about 100 min after the ad-
ition of TPEN and increased up to 4 h. Under these
onditions 25 mM TPEN alone induced only a little
aspase activity (from 7.0 6 1.0 to 24.3 6 2.9 units).
owever a higher concentration of TPEN (50 mM) re-

ulted in an 18- to 19-fold increase (127.7 6 9.2 units).

FIG. 3. Interaction between TPEN and butyrate on DEVD-
aspase activation. (A) BE(2)-C cells were cultured for 18 h with or
ithout 1 mM butyrate and then for up to a further 250 min in the
bsence or presence of 25 mM TPEN: Control (E), butyrate alone (F),
PEN alone (h) and butyrate 1 TPEN (■). DEVD-caspase activity
epresents means of triplicates; bars indicate standard deviations.
ypical experiment is shown. The figure shows strong synergy be-
ween butyrate and TPEN, with onset of DEVD-caspase activity
fter a lag-phase of 100 min. (B) BE(2)-C cells were cultured for 18 h
ith 0 (filled columns), 1 (striped columns), or 4 (shaded columns)
M butyrate and then for a further 4 h in the absence or presence of
mM staurosporine or 25 mM TPEN.
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f TPEN was very similar to that caused by staurospor-
ne. In agreement with this, a combination of TPEN
nd staurosporine had an additive rather than syner-
istic effect on DEVD-caspase activity.

Distribution of labile Zn in neuroblastoma cells. To
etter understand the mechanism of action of Zn on
euronal apoptosis, [Zn21]i was visualized and quanti-
ed in neuroblastoma cells using the Zn-specific fluoro-
hore Zinquin. Figures 4A–4C shows pseudo-colored
mages of the levels of Zn in BE(2)-C cells obtained by
onventional fluorescence microscopy. TPEN-treated
euroblastoma cells (Fig. 4A) had minimal fluores-
ence compared with the basal fluorescence in un-
reated cells (Fig. 4B). A marked increase in fluores-
ence was seen when cells were treated with ZnSO4 1
yrithione (Fig. 4C). Figures 4D and 4E showed the
trong cytoplasmic Zinquin fluorescence in the Zn-
oaded cells: fluorescence had a starry-sky appearance.

Next, we studied Zn distribution in neuroblastoma
ells possessing a more differentiated morphology; for
his, we used the mouse neuroblastoma cell line NIE-
15 that is induced to form axon-like neurites when
ultured in the presence of 2% DMSO. After 10 days in
ulture with DMSO, large proportion of these cells had
eurites. Zinquin fluorescence was investigated with-
ut further addition of exogenous Zn. Typical cells are
hown in Fig. 4F. There was little fluorescence in the
ell body except for the Golgi region (upper panel of
ig. 4F), while there was strong fluorescence (green–
ed) in the neurite with an apparent cytoskeletal dis-
ribution (lower panel of Fig. 4F). At the foot of the
eurite, there was also intense fluorescence, which
ay correspond to Zn-rich presynaptic vesicles.

ISCUSSION

The main finding of this study is that Zn signifi-
antly modulates an early event in apoptosis of neuro-
lastoma cells. Increasing [Zn21]i in a neuroblastoma
ell line suppressed toxin-induced activation of DEVD-
aspase, a key effector of neuronal apoptosis. Decreas-
ng [Zn21]i rendered the cells much more susceptible to
ctivation of this enzyme. Fluorescence images of
inquin-loaded neuroblastoma cells revealed a paucity
f nuclear labile Zn. Although Zn is expected to be
bundant in the transcription factors and nucleic acid
ynthesizing enzymes, this Zn is tightly bound and
nlikely to be available for Zinquin binding. It is un-

ikely that Zinquin is excluded from the nuclear com-
artment, since Zinquin labels Zn in other membrane
ound organelles [19]. Zinquin fluorescence at the neu-
ite terminal may represent a vesicular pool of Zn
nalogous to the Zn-rich secretory vesicles in the pre-
ynaptic terminals of certain neurons [8]. However it is
ot possible at this stage to determine actual free Zn
152
pparent localization of Zinquin-stainable Zn in the
ytoskeleton of neuroblastoma cells is consistent with
he pronounced effect of Zn deprivation on the stability
f the microtubular cytoskeleton. In marginally Zn-
eficient rats, brain Zn concentration was decreased
ccompanied by microtubular destabilization and de-
ective tubulin polymerization, which were retarded at
n early stage, and were normalized following addition
f Zn to the brain extracts [9, 21]. It is interesting that
he microtubules are disrupted not only in Zn defi-
iency, but also in apoptosis where microtubule rear-
angement is a common early feature.
The microtubular cytoskeleton is also disrupted in
D and infusion of colchicine (microtubule toxin) into

he hippocampi of rats resulted in similar alterations
o those in AD [22]. Intracellular neurofibrillary tan-
les, a hallmark of AD, may represent a cytoskeletal
isturbance in a subset of neurons undergoing apopto-
is. Since both Zn ions and tau (membrane associated
rotein) bind to tubulin and stabilize microtubules [21,
3, 24], tau phosphorylation and Zn deficiency may
ave similar functional effects on the cytoskeleton at
he neuropathological level. Zn promotes noncovalent
nteraction between S100b and tau, resulting in total
nhibition of tau phosphorylation by Ca21/calmodulin-
ependent protein kinase II [25]. Apart from directly
tabilizing the cytoskeleton, Zn may also be protective
y limiting access of aluminum, a neurotoxin that
inds to and disrupts the neuronal cytoskeleton [26].
We propose a two-stage model for activation of
EVD-caspase by neurotoxin and Zn deficiency. In the
rst stage, toxins such as butyrate induce expression of
pro-apoptotic protein, which triggers changes in the

euronal cytoskeleton that result in the formation of
eurofibrillary tangles. In the second stage, a Zn-
eficient environment (achieved by depleting tubulin-
ound Zn) destabilizes the cytoskeleton and thereby
enders the neuron more susceptible to cytoskeletal
amage. Disruption of the cytoskeleton can initiate a
ascade of events involving the proteolytic conversion
f pro-caspases to their active forms, cleavage of criti-
al proteins and cellular fragmentation into apoptotic
odies.
We believe that the findings of this study have im-

ortant implications for AD, where apoptosis is
hought to be the predominant mechanism of the ex-
essive cell death [1, 2] and Zn homeostasis is altered.
he beneficial role of Zn [27–31] or its deleterious ef-

ects [32–34] are unresolved. An age-associated tissue
eficiency of Zn in the brains of AD patients may be
aused by sequestration of Zn within amyloid plaques
33] and displacement of Zn by other metals such as
luminum and lead [26]. This study identifies [Zn21]i

s a critical factor in determining susceptibility of
euronal-like cells to toxin-induced activation of a ma-

or cell-death inducing protease. This supports the
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iew of Potocnik and colleagues [35] who have reported
modest improvement in symptoms following Zn sup-

lementation. Zn supplementation may be effective if
ommenced early to maintain adequate intracellular
n levels, thus delaying the progress of the disease.
here is however a greater need to understand the
echanism of apoptosis in neuronal cells and the role

f Zn deficiency in AD.
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