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CELIULAR ASPECTS OF AIUMINUM TOXICITY:
AIUMINUM UPTAKE BY NEUROBIASTOMA CELLS AND INHIBITION OF

INOSTTOL PHOSPHATE FORMATION BY AIUMINUM IN NEUROBLASTOMA CELLS

Biao Shi

Alumirum is apparently involved in a broad spectrum of
physiological disorders, e.qg., in certain neurodegenerative
diseases 'of humans; sane of these disorders may originate fram
alumimm's primary interaction with a key target in cells. One
possibility is that alumimum interferes with phosphoinositide
signal transduction vhere an intracellular secand messenger,
inceitol 1,4,5~triphosphate (IP;) is generated which, in tumn,
signals intracellular ca®' release.

Employing mirine neurcblastama cells, labelled with [>H]-myo-
inositol, experimental results demonstrate | that aluminmm
application drastically reduces inositol phosphate production
stimilated by Gp protein activators, GTP[S] or fluoride, or the
receptor agonist bradykinin. The inhibition principally affects



formation of IP,, from hydrolysis of phosphatidylinositol
4,5-biphosphate (PIP,), rather than downstream or upstream
reactions distal to IP; formation along the signal transduction.
When alumimm is prechelated with agents impermeable to the plasma
membrane, alumimmm-related inhibition is almost campletely reversed
in intact cells. The application of great excess of Mg?t, GTP[S)
and GIP reduces only partially or not all the inhibition of
inositol phosphate formation by aluminum. In addition to Mg?*/cp
protein-mediated PIP, hydrolysis, phospholipase C reaction can
also be activated directly by applying increasing concentrations of
ca?* in neurcblastama cells. IP; production in both pathways is
sensitive to alumirnum, whereas Ca2+-t:riggered IP, production is
not affected by alumimum application. These findings suggest that
aluminm inhibits inositol phosphate production through its
putative interactions with the Gp protein and phospholipase C.
Exploying atomic absorption spectroscopy, alumimm uptake by
neurcblastama cells was studied. At physiological pH, cells can
protect themselves fram incorporating toxic alumimm. As the medium
pH decreases, cells accumilate large amounts of alumimm against
the ooncentration gradient. At neutral pH, transferrin facilitates
aluminum uptake, presumably via membrane receptors. Low molecular
weight alumimm-chelating metabolites 1like citrate always act to
inhibit alumimm internalization. ca’?', alleged to ameliorate
aluminum toxicity, does not measurably inhibit alumirum uptake by
neurcblastama cells and alumimm binding onto the cellular surface.
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CHAPTER I

LITERATURE REVIEW



Alumiram Toxicity in Animals

Aluminum toxicity in plants was found first this century
(Hartwell and Pember, 1918). In recent decades aluminum toxicity
has drawn enhanced attention, since it creates serious praoblems in
agricultural production and enviroomental protection. In vast
subtropic and tropic areas, accounting for 40% of arable soils in
the world, aluminum toxicity in plants cultivated on acidic soils
constitutes a formidable barrier to food and biomass production
(Osmond et al., 1980). The ecological impact of alumimm toxicity
has been aggravated by envirommental pollution. Brought about by
acid rain causing acidification osoil and water bodies, the
increasingly mobile alumirnm ions are in part responsible for
forest decline in Puropean countries (Shortle and Smith, 1988) and
the 1loss of fish population in lakes and streams in Canada and the
northeastern U.S. (Godbold et al., 1988). As an ecological
consequence, aluminum taken up by plants and aquatic organisms
finally reaches the food chain for human and animals.

Until recently, the significance of alumirum toxicity in
hmans had been largely overlooked. Contimual and unavoidable
exposure to alumimm, slow accumulation and chronic toxicity by the
metal have contributed to this indifference (Ganrot, 1986). In the
past decade a oonsiderable body of evidence has accumilated
implicating alumimm in various diseases, particularly neurological
disorders of mmans. Aluminum toxicity is being recognized with



increasing frequency in patients with renal failure, 1leading to
osteamalacia, anemia or encephalopathy (lLevine et al., 1990). In
these patients, tissue alumimm 1levels correlated directly with
left ventricular mass and inversely sith the velocity of
circumferential fiber shortening (London et al., 1989).

Several studies identified alumirmum as a potential causative
factor in the pathology of various types of dementia, especially
Alzheimer’s syndrame, which is a major health problem among the
elderly (Martyn et al., 1989). In Britain, there are an estimated
600,000 people afflicted with these diseases, accounting for 5% of
pecple over 65 years and 20% of those over 80%. Alumimum has been
found in high concentrations on hippocampal neurons containing
senile plaques and neurofibrillary tangles, which occur in the
brain of subjects with Alzheimer’s syndrame (Roskams and Connor,
1990). In cell culture, 70% of aluminum-treated human neurcblastoma
cells reacted positively with antibody to tao protein and to paired
helical filament, i.e., the changes resemble those seen in
Alzheimer disease brain specimens (Guy et al., 1990).

Amyotropic lateral sclerosis (ALS)-Parkinson-dementia camplex
on Guam has been speculated to originate from a genetic disorder.
However, Wisniewski et al. (1980) noticed that accumlation of
alumimm in neurofilaments in perikarya and proximal axons shared
some features with the neurolesions found in patients. lLater,
Hirano et al. (1984) confirmed that this abnormal structure closely
resembled neuronal alterations in the early stages of AIS.
Recently, employing X-ray microanalysis, Hirsch et al., (1991)



identified increased aluminum accumilation in the substantia nigra
of patients with Parkinson’s disease.

Experimentally, alumirum intoxication in neurological
disorders has been well established in animal models. Intracranial
administration of alumimum to animals produced a progressive
encephalopathy with neurofibrillary degeneration of intermediate
filaments (Selkoe et al., 1979). Abnormal neurcnal axonal transport
of neurofilament proteins has been reported in alumimmr-intoxicated
rabbits (Troncoso et al., 1985). This impaired transport is caused
by alumimm-induced formation of protease-resistant high molecular
weight camplexes fram neurofilamant protein (Nixon, et al., 1990).

Since contact and absorption of alumimm is unvoidable,
everyday exposure to alumimm unlikely leads to pathological events
of human neurodisorders. It is postulated that the onset of these
neurodisorders may involve, besides alumimm itself, intrinsic
factors like genetic lesions, aging and biological agents (Liss et
al., 1989). Aluminum neurctoxicity is rarely expressed in a normal
organism; it occurs only when the normal protective mechanisms are
impaired or altered by intrinsic or extrinsic factors.

Chemical Properties of Alumirum

AS the hardest trivalent metal element in the nature, aluminum
has high ionic charge and small crystalline radius. Its high ratio
of charge-over-radius (z%/r = 43.6¢2 m 1 x 10%8) yields a
reactivity urmatched by other soluble metals (Parker et al., 1989).



Therefore alumirum does not exist as a positive agquo ion, rather,
the nonhydrated alumimum ion has a great tendency to polarize
adjacent atams, in particular ligands which contain small, hard
negative oxygen donor groups (Martell and Motekaitis, 1987). In the
agqueous solution, alumimnum ion strongly polarizes O-H bands of the
water molecule, resulting in the dissociation of a proton fram
water molecule. With a small ionic volume and coordination mumber
of 6, the hydrated alumimm ion is coordinated in its primary
hydration shell by six water molecules in an octahedral
configuration (Nordstrom amd May, 1989), represented by
Al (H,0) 63+' Because of the high positive charge of aluminum
ion, these water molecules: form a tightly bound primary hydration
shell.

The solvation of the alumimm ion largely depends on its
concentration and the solution pH. Free A1°* is the predominant
species at low pH (< 5.2) solution. As the solution pH increases,
the initially hydrated A13*  undergoes stepwise hydrolysis,
progressively losing its hydration shell proton to water molecules
to maintain dissociation equilibrium, thus doubly and singly
charged monomuclear species are formed: (Baes and Mesmer, 1976)

Al (H,0) >t + H,0 = AL (H,0) 5(0H) %+ + Hy0"

Al (H)0) %t + H,0 = AL(H,0) 4 (0H) ,* + H,0"

Al (H0) ,2* + H)0 = AL(H,0) 5(CH); + H0"

Further pH increase in solution will lead to the formation of

neutral and negatively charged species.



Aluminum chemistry is further complicated by a variety of
camplexation reactions. It terds to form electrostatic bonds
preferentially with oxygen donor ligands. In biological systems,
carbaxylate and phosphate groups, inorganic phosphate, muclectides,
and polymcleotides meet this requirement (Martin, 1986).
Therefore, carboxyl oxyanions of proteins and phosphate oxyanions
of lipids provide targets for alumimm binding. Some polyhydroxy
acid metabolites in biological systems like malate, tartrate and
particularly citrate, are well-known alumimm chelators (Martell
and Motekaitis, 1987). In citrate, carboxylate groups are arranged
in a mamner favorable for very strong chelation of the alumimum
ion.

An important feature of aluminum ions is the slow rate of
ligand exchange in and out of the coordination sphere. Ligand
exchange rate for Al is 10°-fold slower than that for Mg2t
(Martin, 1986). 'Ihis feature takes on special importance for
alumimm toxicity, because the low ligand exchange rate makes
alumimm useless as a metal at active sites on proteins and other
cellular campanents. This low rate is partially due to the strict
coordinate mmber 6 for alumimm. The ligand exchange generally
occaurs by a dissociative mechanism (Burgess, 1978), and the
formation of a dissociative intermediate often requires a
coordination mmber higher than 6.

With the complexity of solution and coordination chemistry,
relationships between aluminum stress and biological responses have
not yet been well established, e.g., the identity of aluminum’s



toxic species. Among various alumimm species in solution, free ion
a3t is generally believed to be the active form causing many
alumirum effects (Zhang and Colambili, 1989), but alumimm toxicity
sometimes can be ascribed to Al(cH)2*, Al(oH),", or the sum
of all monomclear species activities (Parker et al., 1989). Under
certain conditions, polymiclear hydroxy-alumimum is highly toxic
(Wagatsuma and Kaneko, 1987). Furthermore, the possibility that
certain aluminum-camplexing ligands may be responsible for
aluminum’s adverse effects cannot be excluded. An example is given
by aluminum-fluoride camplex, which interferes with cellular signal
transduction (Chabre, 1990).

Primary Cellular Lesions for Alumimm Toxicity

For plants, alumimm toxicity is a soilborne problem, and the
major toxic reaction appears on the root surface (Akeson et al.,
1989), where alumimum is taken up. Since the symptoms of alumimum
stress in plants are those characteristic of deficiencies of
several physiologically important ions including calcium, magnesium
and phosphorus , it is generally agreed that alumimm injures
plants mainly by interfering with the metabolism of those essential
elements (Foy et al., 1978).

In hman and animals, the mechanism of alumirum toxicity
remains much more obscure. At the cellular level, a variety of
organelles like chromatin (Walker et al., 1988), cytoskeleton
(Oteiza et al., 1989), mitochondria (Dill et al.,1987) and plasma



membrane (Weis and Haug, 198 ) have been listed as potential
primary injury site(s). At the molecular level, mucleic acids
(Karlik et al., 1980), phospholipids (Deleers et al., 1986),
polysaccharides (Moreno et al., 1985), and proteins are reported to
be vulnerable to alumimm intoxication.

' In in vitro experiments, alumimm inhibits various enzymes. In
these cases, aluminum may inhibit enzyme through its substitution
for physiological factors such as Mg?t, or through its allosteric
interaction with enzyme protein. (Macdonald and Martin, 1988). The
first known example is hexckinase; the brain isamer is more
sensitive to alumimnum relative to muscle isamers. The alumimum-
-induced impairment of cerebral glucose utilization affects
particularly the metabolism of acetylcholine and  other
neurotransmitters, which is typical of diseases associated
clinically with dementia (Lai and Blass, 1984).

In the following sections, we will briefly review same current
theories regarding the primary cellular lesions of alumirum.

1. Alumimm Interaction with Chramatin

Aluminum is reported to have high affinity to mucleic acid
polymers, DNA and RNA. Besides phosphate oxygen, heterocyclic
nitrogen and exocyclic carbonyl on purine and pyrimidine bases also
provide potential binding sites, despite lower affinity for
aluminm (Karlik et al., 1980). Investigations show chramatin being
ane of the cell structures most wvulnerable to alumimm’s action.



In experimental alumimum encephalopathies, alumimm accnnﬁulats
rapidly upon INA containing structures in the nmucleus. and Al/DNA-P
ratio in chramatin of the animal was found as high as 1.05% by
weight (Crapper et al., 1980).

The interaction of alumimm with genetic machinery has not
been investigated in depth. According to very limited information,
at the replication level, INA synthesis in ostecblast-like cells is
substantially inhibited by micromolar alumimm, which in turn
disturbs bone cell proliferation and differentiation (Kasai et al.,
1991,). At the transcription 1level, the alumimm-induced
candensation and aggregation of chramatin may prevent the formation
and maintenance of a transcriptionally campetent open structures,
an important mechanism controlling gene expression, which allows
RNA polymerase access to coding region of DNA. Walker et al. (1989)
examined divalent and trivalent cations in terms of their ability
to cause the campaction of chramatin from rat brain and liver, and
found that alumimm, with its large ionic index 22/r and high
covalent index, was the most reactive. Chramatin treated with
aluminum in vivo and in vitro is less sensitive to DNase II
digestion (Matsumoto, 1988), and coincidently Alzheimer chramatin
was fourd to be less accessible to digestion by micrococcal
mclease. Employing a quantitative dot blot method, results showed
that aluminum indeed had specific depression on some messenger RNA
levels, which might be linked to the direct effect of alumimm on
the transcription of genes. In alumimm-treated rabbit brain, level
of calmodulin mRNA was reduced by 60 -=70%, and the same magnitude
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of reduction of these messengers was found in Alzheimer’s rabbit
brain (Crapper Maclachlan, 1989).

The actual binding sites of alumimm on chraomatin are not
known. One assumption is that alumimum might bind between the
linker histones and INA, based on the fact that dimucleosames
content of linker histone H1 than that fram the control (Crapper
Mclachlan, 1989). A potential site for alumimm’s bridge may be
provided by coordination at amino acid asp-98 and glu-99 of Hl and
DNA phosphate. By anchoring Hl linker histone on INA, alumirum may
prevent the gene expression which only occurs on open euchramatin
regions where Hl linker histones are depleted. Altermatively,
alumimnum may reside on a site on DNA which would be disruptive to
the binding of associating cationic proteins (Record et al., 1978).
In addition, alumimm may act as ocounterion to physiological
cations, such as Mg?*, ca?* or zn®*, required in gene
expression, displacing them fram their normal binding sites on
chramatin (Garnot, 1986).

2. Effect of Alumimum on Cellular Calcium Metabolism

Calcium serves as a second messenger in bioregulation via
various intracellular calcium trigger proteins. In response to a
large variety of externmal stimuli, intracellular calcium transients
are generated. Within the lifetime of these transients, ca®'
binds to trigger proteins (signal input), causing conformational
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changes. These changes play a key role in signal amplification and
transmission (signal output) from the trigger protein to respective
effector enzymes and structural  elements. When Ca?’ coupled
signal transduction is interrupted, severe repercussions on
biological and physiological processes are expected to occur.

As an important biological messenger, cat is subjected to
miltiple cellular controls. Most cells have the capacity of
regulating intracellular Ca’* over a broad range by using diverse
transport systems in endoplasmic reticulum, plasma membrane and
mitochondria, as well as through Ca?t binding proteins (Putney et
al., 1989). Free ca’t concentration in cytosol thus reflects a
balance between influx, efflux, amnd inmtracellular exchange and
redistribution (Login et al., 1987).

It has been known that alumimum stress on plants always
results in an interference with cellular Ca®' metabolism (Zhao et
al., 1987). In recent years, increasing evidence has emerged that
cat regulation may alsobeatargetforaluminm‘nintmdatimin
animal cells. Application of alumimm to ostecblast-like cells
inhibits ca?* accumilation in the cell matrix, which may underlie
the development of alumimm-induced osteamalacia in certain
patients (Ikeda et al., 1986). In laboratory rats, alumimm
overload decreases sacroplasmic reticulum Ca?t transport (Levine
et al., 1990). Perturbation of free Ca’' transients by alumirum
was also reported in phenylephrine-stimilated hepatocytes (Scuofl
et al., 1990).



One possible way by which aluminum manipulates intracellular
ca?t metabolism is involved in the interaction of alumimm with
intracellular Ca?t regulator proteins. A well known exanple is
calmodulin, which mediates a mltitude of Ca2*-dependent
biochemical processes (Siegel and Haug, 1983). Calmodulin has a
profound tendency to bind 4 ca?t in specific loci known as EF
hands. As first two Ca2’ bind to the high-affinity binding sites
IITI and IV, the protein urndergoes conformational changes which
expose a hydrophobic region serving as an interface for the
interaction between calmodulin and target proteins. Aluminum is
able to bind to calmxdulin stoichiometrically at a molar ratio of
3:1. When bound on the protein, alumimm triggers a helix-coil
transition concomitant with an increase in topographic surface
(Yuan and Haug, 1988). The induced geametric rearrangement of
calmodulin severely antagonizes its activity to stimilate effector
proteins like calmodulin-dependent protein kinase which, in turn,
controls Ca?t chamnels on sarcoplasmic reticulum (Gasser et al.,
1988) .

In a newly-proposed approach, alumimm is suggested to
downregulate intracellular Ca?* through phosphoinositide signal
transduction (Birchall and Chappell, 1988), in which second
messenger molecule Ins(1,4,5)P3, IP,, is generated to signal
ca’t release from intracellular stores (Berridge, 1983).
Moreover, IP;, together with its phosphorylation product
Ins(1,3,4,5)P,, presumably controls the entry of external
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Chz*'thra.r;hsecaﬂm&ager-cperated channels on the plasma
membrane (Berridge and Irvine, 1989). This mechanism will be
discussed in detail in later sections.

3. Substitution of aluminum for n;2+

A prevailing hypothesis regarding alumimm intoxication
emphasizes the element’s substitution for magnesium bound on
crucial cellular camponents (Kraal et al., 1990). As a regulator in
various biochemical processes, divalent cation Mg2' is required
forthefm‘ctimsofnmeiu:smzymsarﬂthemintenameof
chramatin conformation (Wadrer 1980).

A13*/Mg?t  mubstitution theory has its solid  chemical
underpinning. It is known that size similarity, rather than charge
identity, plays a key role in permitting metal ion substitution
(Garnot, 1986). The ionic radii of Al3* most closely resemble
those of M;2+ In sixfold coordination, the radius is 0.54 A for
A1** amd  0.72 A for Mg?t (MacDnald and Martin, 1988),
respectively. With a slightly smaller ionic volume but much
stronger ionic index, free A13* jion has enhanced association
constants with many ligands, and is able to campete effectively for
ng"' on binding sites in biological systems, even at n;2+ molar
concentrations 10’8 fold higher than A13t (Miller et al.,
1989) .

In many cases of aluminum-mediated enzyme inhibition,
replacement of aluminum for Mg®t is  implicated (MacDonald and
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Martin, 1988). The Mg?*-mediated enzymes vulnerable to aluminum
include those involved in energy metabolism 1like hexokinase,
glucose-6-phosphate dehydrogenase (Cho and Joshi, 1989), those
involved in phosphate transfer reactions 1like 3’/,5’-cyclic
nucleotide phosphodiesterase, acidic and alkaline phosphatases
adenylate cyclase, and several carboxyl acid esterases 1like
acetylcholine esterase (Macdonald and Martin, 1988).

The fundamental biochemical lesion effected by Al13*/Mg2t
substitution is illustrated by alumimm’s interaction with tubulin
(Macdonald et al, 1987). Mg?t, as the physiological mediator for
assembly of tubulin, is thought to bind at the exchangeable guanine
muclectide (GTP or GDP) binding site (E site) of the protein. After
the polymerization of H;2+-GI'P bound tubulin monamers into
microtubules, the bound GIP is hydrolyzed to GDP and dissociated
fram the tubulin, leading to the next cycle of microtubule
assembly. Aluninm ion Al13Y at subnanamwlar concentration
competes effectively for E site with Mg2t at 1 mM. Because of the
extremely slow ligand exchange rate of Al3%, the hydrolysis and
dissociation of GIP is inhibited on A13*-bound GIP-tubulin,
leading to aberrant microtubule assembly and disassembly.

4. Perturbation of Alunimm on Plasma Membrane

Plasma menbranes manifest alumimm toxicity in two ways:

sexrving as a primary lesion site or as a control of the access of
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aluminum to intracellular targets. In either case, interaction of
aluminum with plasma membrane would be an initial stage in alumimm

Many camponents of plasma membrane may serve as targets for
alumimm, but polar phospholipids are likely the prime candidates.
The negatively charged phospholipids, phosphatidylserine (PS) and
phosphatidylinositol (PI) especially have high affinities for
aluminum binding, but they are mainly located on the cytoplasmic
side of the plasma membrane. On the extracellular side, polar head
regions of zwitterionic phospholipids, e.g., phosphatidylcholine
(PC) and phosphatidylethanolamine (PE), are attractive ligands for
alumimm binding. Such binding may cause drastical changes in
menmbrane surface charge density and transmembrane potential (Akeson
et al., 1989). With this eiecn'ostatic interaction, alumimm was
reported to inhibit voltage gating of VADC chamnel an mitochondrial
outer membrane by neutralizing the channel’s sensor responsible for
voltage dependence (Dill et al., 1987).

Aluminum crosslinking of the polar regions at the membrane
surface was found to be translated deeply into the internal
norpolar regions, inducing a membrane phase separation, aggregation
and membrane fusion (Deleers et al., 1985, Deleers et al., 1986).
In human erythrocytes, the association of alumimnum with plasma
membranes results in an increased lipid order parameter and phase
transition temperature, indicative of more rigid 1lipid packing
(Weis and Haug, 1989). Such imposed changes in membrane structure
and physical properties will influence membrane functions 1like
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permeability. Zhao et al., (1987) demonstrated that the perturbation
of bulk lipid matrix, upon alumirum application, led to enhanced
non-electrolyte transport across plasma membranes. In addition, the
activity of same membrane-bound proteins might be also modified by
the alumimm-induced changes in a lipid enviromment, particularly
in the boundary lipid area. For instance, inhibition of membrane-
bound K'-ATPase by alumiim was found to correlate with the
aluminum-induced decrease in membrane fluidity (Suhayda and Haug,
1986) .

An interesting research area is the effect of alumimm on
membrane lipid peroxidation, which is believed to be a culprit
causing cellular aging. In vivo, the production of 2-thicbarbituric
acid reactive substances (TBARS) was enhanced in brain and liver of
mice after dietary alumimumm intoxication (Fraga et al., 1990). In
in in vitro experiments, alumimm was shown to facilitate
iron—dependent peroxidation in erythrocyte membrane and 1liver
microsames (Quinlan et al., 1988). Due to its electronic
configuration, alumimm is not able to interact directly with
axidative free radicals, therefore the obsexved acceleration of
alumimm on 1lipid peroxidation more 1likely results from its
interaction with 1lipid substrates. One interpretation is that
binding of alumimum on membrane may cause a rearrangement of
membrane phospholipid  molecules, which renders lipids more
accessible to the attack of free radicals (Fraga et al., 1990).
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Alumimum Uptake and Intracellular Distribution

Since aluminum apparently does not have physiological
importance, it is unlikely that there are specific cellular
transport device for its entry. A major criticism of the alumirmm
hypothesis in neurodegenerative disorders is the postulated
relative inaccessibility of the element. However, abnormally high
accumilation of alumimum in the NS argues against this notion.
Because NS neural cells are terminally differentiated, the
alumimm transported to these cells will be accaumilated unless
specific systems are available to remove them. This is different
from other tissues which have a set turnover rate, amd thus
aluninum accumilation over time would be less profound (Roskama and
Connor, 1990).

In postmortem brain samples fram patients with dialysis
encephalopathy, aluminum concentration ranges from 100 - 800 uM
(Garmot, 1986). In experimental intoxication, total brain alumirmum
concentration average about 100 uM and may reach 400 uM. Because of
its nouniform accumlation in different neurons, in vivo levels of
aluminm in sare neuronal populations may greatly exceed the 100 uM
average (Nixon et al., 1990). Human neurcblastama cells (IMR-32)
were shown to accumilate 10-20 nM alumimm against 100 uM aluminum
in the medium (Guy et al., 1990). The intracellular alumirum
concentrations within this range were found in tangle-bearing
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neurons of Guamanian patients with amyotropic lateral sclerosis or
Parkinson’s disease (Perl and Good, 1987).

How does alumimnum enter mammalian cells? With limited
experimental data, it is generally believed that monomuclear forms
of aluminum are responsible for its transport across the plasma
membrane. The hydrocarbon interior of the lipid membrane is not
permeable to these alumimm ions, but the ionophoretic capacity of
phospholipids may provide a means to translocate alumimm, e.g., by
forming non-bilayer configurations 1like reversed vehicles or Hry.
To  illustrate, Al3* adsorption by phosphatidylcholine was
reportedly involved in alumimm wuptake into cytoplasm (Akeson et
al., 1989). In living cells, alumimm ions especially A13* is
likely able to take advantage of co-transport or nonspecific
transport machineries for metal cations.

In search of possible carriers for cellular uptake of
aluminum, investigations have been focussed on two types of
biological molecules: transporting protein, i.e., transferrin, and
low molecular weight metabolites with capacity of chelating
aluminum. Based on chemical study, the small alumimm-chelating
metabolites like citrate have been suggested to provide an
effective means for alumimum transport into cells (Martin, 1986).
However, in most experiments, these little alumimm-chelating
agents virtually protected animals and their cells by preventing
aluninum internalization (Domingo et al., 1988, Guy et al., 1990).
On the other harnds, transferrin has been implicated in facilitating
alumimm uptake by various mammalian cells including human
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neurcblastama cells (Morris et al., 1987) and cells in NS
(Rosskama and Comnor, 1990), presumably through a transferrin
receptor-mediated process.

Since it probably cannot be used physiologically,
intracellular alumiram will possibly be bounrd on sites that are
stranger than cytosolic pool chelators. At slightly acidic
intracellular pH, at which cationic alumimm species are present,
the prime candidates are membrane 1ipophosphates and phosphorylated
proteins (Birchall and Chappell, 1988). The existence of such
strong intracellular chelating pools for alumimm can partially
explain how mammalian cells are able to establish high alumimm
contents against low extracellular alumimum concentration.

Phosphoinositide Signal Transduction

Phosphoinositide signal transduction is a ubiquitous second
messenger system in eukaryotic cells to regulate a large array of
cellular processes including metabolism, secretion, contractiaon,
neural activity and cell pmliferatim (Berridge and Irvine, 1989).
In analogy with cAMP second messenger system, phosphoinositide
signalling pathway consists of three camponents, viz., receptors,
guanine mclectide binding protein (Gp protein) and phospholipase
C, residing in the plasma membrane. In neuronal cells, receptors on
the cell surface detect extracellular stimuli like hormones or
neurotransmitters, and transfer the signals to Gp protein. The

activated G protein in turn triggers effector enzyme phospholipase
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C, and the later cleaves phosphatidylinositol 4,5-biphosphate
(PtdIns(4,5)P,) into inositol 1,4,5 -triphosphate (IP;) and
diacylglycerol, which mobilizes intracellular cCa?* or activates
protein kinase C, respectively (Berridge, 1987).

In the last decade, a mmber of signal-mediating G proteins
have been identified by the cambination of classical biochemistry
ad DNA racmbiratim.tedmiqae.'l‘heyareallhetemt:imic
molecules, consisting of a distinct « subunit and identical 8 and v
subunits (Birnbaumer et al., 1990). o Subunit contains a
high-affinity guanine muclectide binding site and at least one
high-affinity Mg?* binding site. So far nine genes encoding «
subunits have been identified, and 12 polypeptide products of these
genes are known to be implicated in the activities (Freissmith et
al., 1989). The molecular process of G protein activation is
briefly as following: after receiving the signal from the cell
surface receptor, the G protein undergoes conformational change
which facilitates the exchange of bound GDP for GIP, followed by
dissociation of o subunit from By subunits. After this
dissociation, the GTP-bound « subunit becames functional, its
catalyzing .cem:er on the subunit activates phospholipase C.
Concomitantly, GIPase activity of subunit hydrolyses the bound
GTP, leading to association of a and Ay subunits and inactivation
of G, protein (Freissmith et al., 1989).

G protein was originally believed to be a ras oncogene product
(Wakelam et al., 1986), since expression of p21¥T25 in 3T3 cells
.respaﬂmgtnstimlusbyg:wthfactorsledtoalaxqeimrease in
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inositol phosphate formation. Now it is known that there is a
subset of "li-ttle" monamer GIP binding proteins with molecular
masses 20-25 kDa. They include many factors controlling protein
synthesis like the elongation factor, EF-Tu, ard ras, rho, ral amd
rac gene products (Nozawa et al., 1991).

There is a miltiplicity of phospholipases C (PIC) in mammalian
tissues (Rhee et al., 1989). Four types of PIC isomers, assigned
as «, B, vand§, have been identified. In cultured neurcblastama
cells, the major isamer is PIC,,, accounting for 99% of total PIC
activity. Cloning of the four types of PIC isoenzymes has revealed
a surprisingly low degree of similarity in their primary structure,
suggesting different roles ard regulatory properties (Vicenti and
Cattaneo, 1991). The activities of these PIC isamers are distinct
in their respective compartmentation, substrate specificity and
ligand requirement. The soluble phospholipase C apparently uses
only PI as substrate, and is not able to reach the hormone-
sensitive phosphoinositide pool residing in plasma membrane, while
the Gp protein-mediated membrane-bound PIC activity is seemingly
more specific to agonist-sensitive PIP and PIP, (Cockcroft,
1987). The PIC activity can also be activated directly by
intracellular ca?* of increasing concentrations, bypassing
receptor stimulation and Gp protein mediation (Cradle and Crews,
1990) .

Phosphoinositide hydrolysis is followed by the extremely
camplicated inositol phosphate metabolism. In a bewildering array
of phosphorylation and dephosphorylation reactians, dozens of
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isamers of inositol mono-, bi-, tri-, tetraki-, penta-,
hexaphosphates as well as cyclic derivatives are produced (Putney
et al., 1989). Among them, only Ins(1,4,5)P; is firmly
established as the primary signal to  intracellular ca?t
mobilization. It interacts with receptors on the endoplasmic
reticulum and sarcoplasmic reticulum, and triggers the opening of
ca?t charmels on these organellar membranes, resulting in ca2t
efflux from these intracellular stores. The depletion of
IP;-sensitive intracellular Ca®* pools, in turn, signals ca?*
entry mechanism, and extracellular Ca?’ is allowed to enter to
refill the depleted Ca?* pools (Berridge and Irvine, 1989).

Activation of Fluorocaluminate on Phosphoinositide Signal
Transduction

Fluoride anions (F) have long been known to stimulate G
protein-coupled transmembrane signalling. This activation process
was later revealed to be dependent on trace amounts of alumimum
(Sterrweis and Gilman, 1982). In fluoride solutions, alumimm is
able to form various soluble ionic camplexes AIF, X3 (vhere x =
1 - 6) whose stoichiametry depends on the excess concentration of
fluoride. These alumimnm-fluoride complexes, most likely AlF, ,
are proposed to stimilate G protein by acting as analogues of the
terminal phosphate of GTP (Fain et al., 1988).
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On the atamic and molecular bases, there are close
similarities between aluminofluoride camplex AlF,~ and
phosphate group P043’: here fluorine campares to oxygen, and
alumium to phosphorus. With the same size and valence orbitals as
oxygen, fluorine has also the very strong electronegativity and
thus a great capacity of forming hydrogen bonds. Fluorine in an
ionic camplex tends to bind to a hydrogen bond donor group on a
protein. Moreover, an O-H..F is just slightly longer than O-H..O,
and N-H..F and N-H..0 are exactly in the same bond length. Like
phosphorus, alumimum has coordinate mumber of 1 - 6, due to the
possible hybridization of its outer shell 3p electrons with 3d
orbitals. Furthermore, Al-F bond in aluminofluoride has the same
length as a P-O bond in phosphate.

Because of these resemblances, Gp protein may erroneously
take aluminofluoride as phosphate group. According to Chabre’s
model (Chabre, 1990), in a GTP-binding protein whose micleotide
site already contains a GDP, presumably AlF,” is tetrahedrally
bound to four fluorides which are hydrogen-bound on the protein at
or near the mcleotide site, then AlF,” exchanges one of its
fluorides by binding ionically to the terminal oxygen of
-phosphate of the bound GDP. However, unlike r-phosphate of GTP,
the alumimﬂmride bound to the GDP can not form the
pentacoordinated bipyramidal structure which is required for GTP
hydrolysis, thus it locks the catalytic center of G protein in the
activated tetrahedral configuration. In other words, upon binding
of aluminofluoride, G proteins are blocked at the active state as
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with bound non-hydrolyzable GIP analogue GIP[S]. The similar
structure changes in G proteins modified by aluminofluoride or by
GTP[S] were reconsidered (Higashijinﬁ et al., 1987)

Objectives: Possible Impact of Aluminum on Phosphoinositide Signal
Transduction and Cellular uptake of Alumimm.

Taken together, although knowledge has been built regarding
the development of alumimm toxicity syndrame in human and animals,
scant information is available on cellular and molecular mechanisms
associated with aluminum intoxication. Fundamental questions that
must be resolved are those of alumimmmcaused primary cellular
lesion(s) and alumimm uptake across the plasma membrane. The
possible impact of alumimum on phosphoinositide signal transduction
might be related to aluminum-caused neurodiorders. Furthermore,
based in part on findings (Shi and Haug, 1988) in our laboratory we
are therefore advancing the hypothesis that al\mi:mvuptakeby
intact cells is deperdent on medium pH and may also be
interriorized by certain types of carrier-mediated mechanisms. To

test these hypotheses I propose to pursue the following objectives:

OBJECTIVE I: Determine the effect of alumimum on inositol phosphate
formation in phosphoinositide signal transduction

pathway.



25

OBJECTIVE II: Determine alumimum uptake by viable neuracblastama
cells, by varying medium pH and employing potential
carriers.

All experiments will be carried out on non-differential murine
neuraoblastama cells, C1300, clane neuro-2A.

RATIONAL as to abjective I:

1). Aluminum toxicity has been implicated in a broad spectrum
of physiological disorders. This led to a proposal that alumimm’s
toxicity is a mltigene-controlled syndrame. The ability of
alumimm to bind nonspecifically to different cellular camponents
offers the element opportunities to affect various cellular
reactions (Ganrot, 1986). However, it is also possible that a group
of these disorders originates from a single primary cellular
lesion: aluminum interacts with a key target which is critical in
cellular metabolism. What, at present, appear to be pleiotropic
alumimm effects in mammalian cells, may in the end prove to emerge
fran a basic, underlying molecular mechanism. Phosphoinositide
signal transduction could be one of such targets, because it is a
ubiquitous system in eukaryotic cells to regulate many important
cellular processes.

2). A major consequence of aluminum intoxication is the
interference with cellular Ca?* metabolism, which is known to be
partially ocontrolled by phosphoinositide signal transduction.
Aluminum generally perturbs intracellular ca?* metabolism in an
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inhibitory mamner. This .fact suggests that, apart fram  the
activation mode in the presence of fluoride, aluminum may
downregulate intracellular ca?? through signal transduction with
a distinct mechanism.

3). Experimentally, alumimum has been reported to inhibit a
mumber of signal-mediating G proteins 1like transducin in retinal
rod outer segments (Miller et al., 1989), and Gg/G; in cAMP
signalling pathway (Mansour et al., 1983, Johnson, 1988,).

4). A principal mechanism toxicity expression is believed to
be substitution by alumimm for Mg?t at critical cellular
site(s), and Mg?* is a physiological 1ligand in Gp protein-
coupled phosphoinositide signalling process. The replacement of
Mg?t by alumimum at the mucleotide binding center on Gp protein
may result in the inactivation of Gp protein.

5). Alumimum is expected to be bourd on vicinal phosphate
groups on phosphoinositide in particular PIP, (Birchall and
Chappel, 1989), leading to a depletion of hydrolyzable substrate
pools. Alternately, aluminum may bind to IP; (Schofl et al.,
1990), thereby altering IP; metabolic fate and/or IP, binding
affinity to its receptor.

6). Finally, all key camponents of phosphoinositide signal
transduction, i.e., receptors, Gpprol:ein and phospholipase C,
are residing in plasma membrane. Therefore, the perturbance of the
membrane properties by alumimum may indirectly affect the phospho-
inositide metabolism.
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CHAPTER II

AIIUMINUM INTERFERES WITH INOSITOL PHOSPHATE PRODUCTION

BY MURINE NEUROBLASTOMA CELLS
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The effects of alumimm on inositol phosphate formation were
examined in murine neurdblastama NoA cells labelled with
(3H)myo-inositol. In intact cells, alumimm reduced fluoride-
induced inositol phosphate formation in a dose-dependent manner. In
digitonin-permeabilized cells, GTP[S]-stimulated inositol phosphate
formation was inhibited with increasing alumimm doses in a
biphasic mamner with an ICg; value of 20 uM. At 50 uM alumimm,
the inositol phosphate level was reduced by about 2.5 - 3 fold. The
inhibitory effect of alumimm (50 uM) could not be reversed by
increasing GIP[S] concentrations up to 500 uM. Application of
aluminum lowered the accumilation of inositol phosphates mainly by
inhibiting IP, generation rather than by interfering with
metabolic reactions after IP, formation. Pre-chelation of
aluminum with citrate or EGTA campletely abolished the inhibition
of fluoride-induced inositol phosphate production by alumimm in
intact cells, but had little effect on the inhibition of
GIP[S)-induced inositol phosphate production in permeabilized
cells. Applying alumimm prior to GIP[S] stimulation, turnover of
PIP, and PIP became appreciably slower (30 - 45%). In addition of
r'g2+/cp protein stimilation, phosphoinositide hydrolysis. can be
also evoked by increasing the intracellular Ca2* concentration.
When modulated by various divalent cations, inositol phosphate
formation responded to alumimm stress differently.  When Mg2'
was employed, formation of IP;, IP, and IP was inhibited.
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In Ca2*-mediated production, however, only IP; release was
appreciably depressed under alumimm stress; IP, level remained
unaffected. Exposure of cells to alumimm also reduced bradykinin
-triggered IP; production and intracellular ca’t release. These
findings suggest that a primary lesion of alumimm toxicity may be
related to the inhibition of inositol phosphate production through
the metal’s interaction with the phosphoinositide signal trans-
duction pathway, presumably at Gp protein and phospholipase C.

Alumimum has been implicated as a toxic agent in various neuro-
degenerative disorders, e.g., in certain types of senile dementia
(Ganrot, 1986, Crapper Maclachlan, 1989). At this time, no single
mechanism has been identified as causing a primary lesion in the
alumimm toxicity syndrome.

Alumimm is apparently involved in a broad spectrum of
physiological disorders. It is possible that a group of these
disorders originates fram the metal’s interaction(s) with a key
target in basic metabolic pathway(s). A major consequence of
alumirum stress is known to result in a disturbance of cellular
calcium metabolism (Marquis, 1989) which, in turn, is partially
interrelated with signal transduction, involving polyphospho-
inositide hydrolysis linked to a guanine nucleotide binding
protein, named G, protein (Berridge et al., 1983). Via this
pathway, neural cells, in response to extracellular stimuli,
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generate the intracellular messenger inositol-1,4,5-triphosphate
(IP;) to mobilize intracellular Ca?* (Bansal and  Majerus,
1990). In: many types of cells, this signal transduction could be
activated by fluoride in the presence of very low concentrations of
alumiam (Gilman, 1987). Such activation is presumably accomplished
by binding of fluorocaluminate camplexes to the mucleotide center of
Gp protein. Omsequently,Gpprateinislocked in GTP-bourd
activation conformation, thus preventing the effector enzyme from
being switched off, leading to an elevated IP; formation (Chabre
1990) .

However, alumimum stress generally interferes with cellular
ca’t metabolism in an inhibitory mamner (Levine et al., 1990),
suggesting that aluminum may downregulate cellular Cca2' levels
via imterference with phosphoinositide signal transduction by a
mechanism different from the activation mode. Alumiram application
indeed has been shown to cause profound negative effects on Cat
signalling in various types of cells like pancreatic acinar cells
(Wakui et al., 1990). Application of alumimm to rat cortical
slices reportedly depressed the release of inositol phosphate
following stimulation of carbachol (Johnson and Jope, 1986) or
fluoride (Jope, 1987). Moreover, alumimm was found to inhibit
PIP, hydrolysis by phospholipase C from bovine heart (McDonald
and Mamrack, 1988).

There are other possibilities for alumimm to interfere with
IP3/Ca2+ second messenger system, e.g., direct binding to IP,
(Birchall and Chappell, 1988). In addition, key elements, namely



38

receptors, G, protein and phospholipase C, of the signal
transduction pathway are residing in the plasma membrane, and
interaction of alumirum with membrane constituents may indirectly
impact the regulation of the pathway.

Taken together, alumimmm-induced changes in phosphoinositide
signal transduction may provide a basis for understanding the
mechanism whereby the toxic metal exerts its primary effect on
neural cells. Hence, we decided to investigate the effect of
alumimum on phosphoinositide hydrolysis, employing neurcblastoma
cells. Our results demonstrate that application of alumimm
inhibits inositol phosphate formation, presumably by interactions
ofthenetalwithspproteinarﬂpmqinlipasec.

MATERIAIS AND METHODS

Materials

All tissue culture supplies were purchased fram GIBCO Co. (Grand
Island, NY). myo-[2-°H])inositol  (15.6 Ci/mmol) and [32pP)-
orthophosphoric acid were obtained from New England Nuclear
(Boston, MA). GIP[S] was bought from Boehringer Mannheim
(Indianapolis, IN). Bradykinin was cbtained from Sigma Chemical Co.
(St. Louis, MD). All chemical reagents used were of high quality.
Cleaning of plastic ware and the preparation of incubation buffers
and solutions were performed as described (Shi and Haug, 1990).
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Cell Qulture

Cultures of Cl1300 mouse neurcblastama cells, clone neuro-2A
(American Type Culture Collection, Rockville, MD.), were grown as
mentioned recently (Shi and Haug, 1990). The cells were used at
confluence, 7-10 days after our first passage.

Measurement of Inositol Phosphate Formation

Neuradblastama cells in 6-well multidishes were prelabelled for
24-30 h with 1.0 (for intact cells) or 2.0 uCi/ml (for permea-
bilized cell) of myo-[3H]-inositol (15.6 uCi/mmol) in 2.0 ml
Dulbecco Vogt’s modified Eagle medium, DMEM. After labelling until
equilibrium, the radiocactive medium was removed, and cells of the
monolayer (about 2.5 - 5 X 10°/well) were washed twice with the
incubation medium composed of 140 mM NaCl, 5 mM KCl, 10 M
NaHOO,;, 30 mM glucosé, 5 mM MgCl,; the medium was buffered to
the desired pH values with 10 mM Tris, Hepes or Pipes.

Cells of monolayers were subjected to alumimm challenge in 1.0
ml incubation medium containing 10 mM LiCl, 2.5 mM ATP and 1.0 mM
2, 3-diphospho-D-glycerate (Sigma, St. louis, M), prior to
stimilation. The reaction was terminated by an addition of an
ice-cold solution of trichloroacetic acid (Ta), final
concentration 10%. Cells were extracted on ice for 10 min and then
scraped off. The extracts were centrifuged at 1000 g for 5 min, and
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supernatants and pellets were kept for the assay of inositol
phosphates. The extraction procedure was carried out at 0 - 4°C.

A 1.0 ml volume of the supernatant solution was extracted with
2 ml solution of 1,1,2-trichloro-l,2,2-trifluoroethane and
tri-n-octylamine (3 : 1) to remove TCA (Challiss et al., 1988).
After removal of TCA, the upper phase solution was neutralized to
pH 7.0 - 8.0 with 0.2 N NH,GH. Inositol phosphate products in the
solution were separated on a colum containing AG 1-x8 (formate
form, 200-400 mesh, Bio-Rad, Rockville Centre, NY), and [3H]-
inositol mono-, bis-, and triphosphates on the column were eluted
stepwise (Figure 1) by using 0.1 M formic acid solution containing
an increasing ammonium formate gradient (Berridge et al., 1983).
The radiocactivity of the fractions was counted by liquid
scintillation spectrametry.

0

Permeabjlizjtion of Neurcblastama Cells

The per.meabllizatlm procedure followed basically that reported
by Wojcikiewicz and Fain (1988): a monolayer of cells was cooled on
ice for 10 min and DMEM culture medium was removed. After washing
with incubation medium once, cells were incubated in an ice-cold
medium resembling intracellular milieu (140 mM KCl, 20 mM NaCl, 10
mM glucose, 5 mM MgCl, and pH 7.4 buffers with 10 mM Hepes)
containing 15 ug/ml digitonin for 10 min. Microscopic examination
demonstrated that over 95% of cells fail to exclude trypan blue



41

Figure 1. Elution profiles of inositol phosphats by column
chromatography. The water-soluble extracts of  [>H]inositol
-labelled neurcblastama cells, treated -wit.h 10 mM NaF/10 uM
RAlCl; (@) or with no NaF and AlCl; (O), were applied to AG
1-X8 column and eluted with: (A) water; (B) 5 mM sodium
borate/60 mM sodium formate; (C) 0.1 M formic acid/0.2 M
ammonium formate; (D) 0.1 M formic acid/ 0.4 M ammonium formate;
(E) 0.1 M formic acid/1.0 M ammonium formate. Five peaks
represent the metabolites eluted in the order (from left): free
incsitol, glycerophosphoinositol, IP, IP, and IP;. The
volume of each fraction was 1.0 ml. |
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after digitonin poration. Subsequently the permeabilized cells were

washed ance more in incubation medium for 5 min.

Except for minor modifications, 1lipids were extracted and
separated as described (Horwitz and Perlman, 1987). In the case of
(32P)labelled cells, suspended cells, harvested from monolayers,
were prelabelled with [32Pjorthophosphoric acid for 2 h in medium
in 37°C water bath. [3H]inositol (8.0 uCi/ml)- or [32P)ortho-
phosphoric acid (5.0 uCi/ml)-labelled cell pellets were dissolved
in 1.0 ml of ice-cold solvent camposed of chloroform /methanol
/concentrated HC1 (200/100/0.75, v/v/v). The mixture was allowed to
stand in ice for 10 min, then was warmed to roam temperature. After
an addition of 0.2 ml of 0.6N HCl, the solution was centrifuged at
650 g for 5 min and the upper phase and middle flurry were
discarded. The remaining lower phase was washed twice with 0.5 ml
of an "upper phase-like solvent" chloroform/methanol/0.6 N HC1l (3 :
48 : 47). The washed lower phase was campletely dried under a
nitrogen stream, and the residue was dissolved in chloroforny
methanol/H,0 (75:25:2) system.

Inositol phospholipids were separated by thin layer
chramatography with a developing system of chloroform/ methanol/
H,0/ammonium hydroxide (48:40:7:5). The 1labelled 1lipids were
visualized by radicautography after incubation at -=70° C, then
scraped and extracted in CHCl,/MICH/0.2 M HCl (10 : 20 : 8).
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After the addition of 0.5 ml CHCl; and 0.5 ml HyO, the lower

phase was dried and quantified by liquid scintillation counting.

Measurement of Intracellular Calcium

The intracellular free calcium concentration was determined as
described (Zhou et al, 1990, Tojyo et al. 1991). Briefly, suspended
cells (1.5 X 105ml) were 1loaded with membrane-permeant,
esterase-hydrolyzable acetoxy-methyl ester of fura-2 ( 2 uM/ml) for
1 h in DMEM, in a 00, incubator at 37°C. After washing twice, the
fura-2/AM-loaded cells were resuspended in incubation buffer, at 5
X 10° cells/ml. Fluorescence measurement was performed at
excitation wavelength 339 mm and emission wavelength 500 mm.
Intracellular free Ca?’ concentration was calculated fram the
relation:

[Ca?*) = Ky (F - Fpin)/ (Fpay - F)
where K3 = 224 nM (the dissociation constant of ca?t binding to

fura-2).

For our neurcblastama cells, equilibrium labelling was verified
by monitoring the incorporation of  [?H]inositol into the
phospholipid pool. Under our experimental conditions, 24 to 30 h
were needed to attain equilibrium as demonstrated by stable
inositol phosphate accumlation levels (Figure 2). Changes in
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Figure 2. Incorporation of [°H]myo-inositol into inositol
phosphates in neurcblastama cells. Cells of monolayers were
grown in DMEM containing 2.0 uCi/ml [3H]inositol for the times
indicated. [3H]inositol phosphates in samples were extracted
and counted as described in Materials and Methods. The data
points, representing the activities in  total inositol
phosphates, are means + SEM of triplicate samples in a
representative of two experiments. .
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cancentration of [3H] inositol phosphates are therefore indicative

of changes in the amount of corresparding inositol phosphate (Dean
and Beaven, 1989).

Activation of Fluoride on Phosphoinositide Hydrolysis

When neurcblastama N,A cells were treated with fluoride,
enhanced turnover of phosphatidylinositol 4,5-biphosphate (PIP,)
and phosphatidylinositol 4-phosphate (PIP) was cbserved (Figure 3),
similar to other cells tested (Gilman, 1987). With 10 mM fluoride
added, (3%P)pIP, amd  [3?P)PIP couts  in  [3?Pjortho-
phosphoric acid-labelled cells dropped by 50% and 30% fram their
control levels, respectively, whereas the [32P)phosphatylinositol
level was virtually not affected.

‘lbchterminewhettnrtheredlx:timofplpzmﬂtedfrm
fluoride-stimilated PIP, hydrolysis, rather than fram blocking
upstream kinase reactions of phosphoinositides, the release of
inositol phosphates, the hydrolytic products of phosphoinositide,
was measured with [3H]inositol-labelled cells. As  expected,
application of fluworide caused drastic elevation of inositol
phosphate production. The fluoride-dose dependence of the induced
inositol phosphate formation (Figure 4) was coincident with that of
the induced PIP, and PIP depletion up to 10 mM fluoride, (Figure
3). All three major inocsitol phosphates, viz. IP;, IP, and IP
attained their peak values at 5 - 10 mM fluoride, and total
inositol phosphate (IPp, = IPy; + IP, + IP) production was
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Figure 3. Effects of fluoride on [32P)phosphoincsitide
turnover in neurcblastoma cells: PI (A), PIP ( B in B) and
PIP, ( @® in B). Suspended cells, harvested fram monolayers,
were prelabelled with [32P)orthophosphoric acid (5.0 uCi/ml)
in incubation medium, 2 h, at 37 C in a water bath. The labelled
cells were washed, then incubated with NaF at various
cancentrations for 30 min. After the termination of the
reaction, 1lipid extraction and separation, radicactivity was
counted; see description in Materials and Methods. Data are
means + SEM of duplicate samples. P < 0.05 and **P < 0.025
vs. correspanding control (no NaF addition) by Student’s test.
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Figure 4. Dose-dependence of fluoride-induced inositol phosphate
formation in neurcblastama cells: IP (@), IP, (A) and IP;
( @ ). [PH]inositol-labelled cells of monolayers were treated
with 10 mM LiCl for 15 min, then incubated with NaF at various
cancentrations plus 10 AlCl, 30 min, in pH 6.8 incubation
medium, in a 37 C OO, incubator. Data points with * represent
the production in samples treated with 100 mM NaCl. Data are
means + SEM of duplicate samples. *P < 0.05, **P < 0.025 and -
***p < 0.01 vs. corresparding cantrol (no NaF addition).
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enhanced 4 to 5 fold campared with the basal level. With further
increase in NaF concentration, inositol phosphate formation
declined sharply. Since a similar reduction was also found if cells
were treated with NaCl of the same concentration, it was dbviously
caused by high concentrations of Na‘.

The abserved stimulation of inositol phosphate formation by
fluoride was not or only marginally potentiated by application of
aluminum. Presumably trace amounts of endogenocus alumimm sufficed
to form a fluoroaluminate camplex capable of stimulating phospho-
inositide hydrolysis (Cockcroft and Taylor, 1987). In cultured
neurcblastama cells, submicramolar aluminum always existed as

contaminant (Shi and Haug, 1989).

Inhibjtion of Fluoride-Induced Inositol Phosphate  Release by
Aluminum

Fluoride-stimilated phosphoinositide hydrolysis was measured in
the presence of increasing alumimm concentrations (Figure 5). At
low oconcentrations of alumirnum, the induced inositol phosphate
formation was practically not affected. Above 50 uM of aluminum,
inositol phosphate formation was inhibited in a dose~dependent
marmer with IC, value of 250 UM aluminm. At 500 uM alumimm,
the total inositol phosphate production decreased to about 30% of
control value, close to that of the basal level. In the absence of
added fluoride, basal production of inositol phosphates was also
inhibited by alumimm, but significantly less.
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Figure 5. Alumimm-induced inhibition of fluoride-related total
inositol phosphate and IP; (insert) formation. Following
exposure to various alumimm doses for 30 min, intact
- neurcblastama cells in monolayers were incubated an additional
45 min in an medium containing 5.0 mM NaF (@ ), or no NaF added
(O0), pH 6.8, 37 C, in a (O, incubator. The data are those of
a typical experiment carried out in duplicate; three independent
studies afforded similar results. *P < 0.05 and **P < 0.01

vs. control (no aluminum addition).
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Similar data were obtained on rat cortical slices (Jope, 1988):;
application of 0.5 mM alumimum inhibited fluoride-related total
inositol phosphate production by 45%. By monitoring accumilation of
individual inositol phosphate, our results demonstrate that the
formation of three inocsitol phosphates, IP;, IP, and IP, was
reduced in a similar pattern when neurcblastama cells were exposed
to aluminum prior to fluoride stimulation. In our system, IP,
usually accounted for 5 - 10% of total inositol phosphate products.
Given its short life (about 10 sec) and low level (Bansal ard
Majerus, 1990), determination of IP; was less accurate than that
of IP. In the presence of 1lithium (10 mM), an inhibitor of
inositol-1-phosphatase (Huckle and Comn, 1987), the predaminant
inositol phosphate species was IP, accounting for about 70 - 80% of
total inositol phosphates. Assuming that most of IP was originating
from IP;, and that most IP; was converted to IP (Wojcikiewicz
and Fain, 1988), the amount of total inositol phosphate
accumilated, [IPp], where IPp = (IP + IP, + 1IP3), appears
to be a reasonable estimate of total IP; production within the
experimental time frame; at any given time, the quantity of IP,
measured appears to reflect the instant production of IP; at this
moment.

Calculation indicates that the ratio of a specific inositol
phosphate quantity over that of total inositol phosphates, viz.,
[(IP)/[IPp], (IP,)/[IPy) and (IP3)/(IPp], was
approximately oconstant irrespective of the presence of alumimum at
various concentrations (Table 1). This fact suggests that aluminum



Table 1. Inhibition of GIP[S]-induced inositol phosphate

formation by alumimm.

Inositol phosphate production (cpm/well)

Al (uM)

P IP, IP, IRy

0 33840 (80.8) 5860 (14.0) 2210 (5.3) 41900

2 32380 (79.5) 5960 (14.7) 2360 (5,8) 40700

5 29080 (80.3) 5130 (14.2) 2010 (5.6) 36200
10 27500 (81.1) 4600 (13.6) 1830 (5.4) 33920
20 22700 (82.1) 3410 (12.3) 1410 (5.1) 27650
50 16110 (80.8) 2860 (14.3) 980 (4.9) 19950
200 14020 (81.6) 2450 (14.3) 720 (4.2) 17180

500 12460 (78.2) 2590 (16.3) 870 (5.5) 15940

Permeabilized cells were treated with alumirum, then
incubated with 100 uM GTP[S] as in Fig.6. Numbers in
parenthesis represent the fraction, in percentage, of
individual inositol phosphate (i.e., IP, IP, and IP),
elated to total inceitol phosphate accumlation (IPp),
viz., IP/IPy, IP,/IPy and IPy/IPp. Data are means '
of duplicate samples in a representative of three
experiments.
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did not interfere with the sequential kinase or phosphatase
reactions after IP; formation. In other words, the primary action
seemingly ocaurred at or prior to site(s) where IP; was
generated.

In intact cells, inositol phosphate formation was determined as
to its dependence on the duration of alumimm incubation (Figure
11B, curve e). Cells were exposed to alumimum for varying time
periods, then washed with alumimmm—chelating medium prior to
fluoride treatment. A brief treatment of cells for less than 5 min
was accampanied by slight decreases (< 10%) in phosphoinositide
hydrolysis. Apart from that, inositol phosphate production was
drastically reduced as the incubation time was lengthened to 60

min.

Inhibition of GTP(S)-induced Inositol Phosphate Formation by
Alunirm

GTP(S], a naonhydrolyzable analogue of GIP, cantimually
stimilates G protein and is widely used in investigations on
signal transduction (Simonsson et al., 1991). Studies on GTP[S]-
induced inocsitol  phosphate formation were carried out with
digitonin-permeabilized cells, since application of GTP[S] to
intact cells failed to show significant impact. Under our
experimental candition, incubation of monolayer cells in cytosol-
like medium containing 15 ug/ml digitonin on ice yielded over 95%
of cells porated, and maximal GTP[S] stimulation.
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‘Ihe. saturation level of GTP[S]-evoked inositol phosphate
formation was about 2.5 - 3 times higher than the basal level
(Figure 6), i.e., less pronounced than fluoride-induced response,
although GTP[S]-treated cells were labelled with 2.0 uCi/ml of
(*H]inositol, i.e., twofold that used for fluoride-treated cells.
A similar cbservation was reported on rat cortical membranes (Li et
al., 1990). Digitonin permeabilization did not cause leakage of
inositol phosphates to the extracellular milieu since 85 - 90% of
these campounds were found to be associated with cells.

Campared with fluoride-induced inositol phosphate formation,
the GTP[S]-activated process was more respansive to aluminum’s
action. The onset of inhibition of alumimm on inositol phosphate
release became distinct at an aluminum concentration as low as 2 to
5 uM, i.e., at concentrations usually employed in fluoroaluminate
activation experiments; and ICg, shifted to 20 uM. This enhanced
sensitivity is expected because digitonin-porated cells were fully
accessible to alumirum. Moreover, in the absence of fluoride,
aluminum lost its activation capability, and more free alﬁm.inum was
available. In response to alumimm application, GTP[S]-induced
inositol phosphate formation appeared to reflect a biphasic
dependence: a sharp decrease between 0 - 50 nM and gradual decrease
above 50 uM of alumirnum.

vhen [3H)inositol-labelled cells were stimilated with GTP[S]
in the presence of 0.5 mM non-radioactive "cold" IP;, an increase
in [3H]Il='3 formation was accampanied by an egquivalent decrease
in [3H]IP accumilation regardless of alumimm stress. As shown in
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Figure 6. Aluminum-induced inhibition of GTP(S]-triggered total
inocsitol phosphate and IP; (insert) formation. After exposure
to various aluminum concentrations for 15 min, digitonin
-permeabilized neurcblastama cells were further incubated, 60
min, pH 7.4, in an incubation medium containing 100 uM GTP(S]
( @ ), or mo GIP[(S] (O), 37 ¢C, inaCDz incubator. Data are
those of a typical experiment performed in duplicate; three
independent studies afforded similar results. *P < 0.05, **p
< 0.025 and *™*P < 0.01 vs. control (no alumirum addition).



Figure 7, [°H]IP; production in the absence of cold IP; was
25 -30 § that in the presence of cold IP;, and [°H]IP
production in the presence of cold IP; was 35% of that in the
absence of cold IP;. Considering that radicactive IP; might not
be diluted sufficiently by "cold" IP; employed, and that a
certain amount of basal level IP; had been already accumlated
prior to "cold" IP; introduction, the fraction of IP generated
from IP; might have been larger. Nevertheless, these findings
suggest: 1). IP accumlation cbserved in our system is not due to
direct PI and PIP hydrolysis occurring irdepe:ﬂem:lyfranthecp
protein-mediated pathway, and 2). application of alumimm lowered
inositol phosphate accumlation principally by inhibiting IP;
formatiaon.

To test whether the abserved reduction of inositol phosphates
resulted fram aluminum interference with the chramatographic assay
of these metabolites, in particular IP;, experiments were
performed whereby alumimm was added to samples after termination
of reaction and removal of TCA. The results in figure 8 indicate
that no interference with IP; and IP, production was detectable
following such a "post"-incorporation of alumimm, even though a
high concentration of alumimm (500 uM) was found to slow the
elution rate. The radiocactive counts of these cappounds (bars B, C
and D) were virtually identical to those fram "negative" control
(bar A), which had not been treated with alumimum; but were
appreciably higher than those of "positive" controls (bars E, F and
G) which had been exposed to the same alumimm concentration prior
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Figure 7. GIP[S]-induced [3H]incsitol phosphate formation in
the presence of non-radioactive IP;. Digitonin-permeabilized
cells, either treated with 50 uM alumimum or with no alumimm,
were incubated with 100 WM GTP(S] in the presence of 0.5 mM
non-radicactive IP; or in the absence of non-radiocactive IP,

for 20 min.
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Figure 8. Effects of alumirnum on the chramatographic assay of
incsitol phosphates in GTP(S]-stimilated permeabilized cells.
"Pre-alumimm" samples were treated with alumiram doses of 50
(B)., 200 (C), 500 (D) uM, prior to GIP(S] (100 uM) stimulation.
"Post-alumimm" samples were treated with identical  doses
(E,F,G) after removal of trichlorcacetic acid. Sample "A" is the
cantrol where nm:nmmmtw, neither befare nor
after GTP[S] stimilation. Data are means ‘1- SEM from a single
experiment with duplicate samples. *P < 0.05, **P < 0.025
ard ***p < 0.01 vs. carresponding control (sample A).
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to GTP[S] stimlation. Quantitation of IP levels was also
unaffected by "post"-addition of alumimum up to 200 uM, and it
became slightly reduced (about 10%) at 500 uM alumimm (37840 cpm
on bar D vs. 40140 com on bar A).

The effect of alumirum on inositol phosphate formation was
examined in a GTP[S] dose-deperdent mammer (Figure 9). With no
alumirnum added, inositol phosphate production attained its plateau
at 20 uM GTP[S], and ECg, value for GIP[S] was 2.5 uM. Following
application of 50 uM aluminum, the saturation level was reached at
50 uM GIP[S], and ECg;; shifted to the right slightly (5 uM).
Apart fram these, addition of alumirum did not change largely the
graph depicting the relationship of the induced inositol phosphate
formation vs. GIP[S] concentration, albeit alumimm reduced
remarkably the inositol phosphate level at a given GTP[S] dose. In
other words, the inhibitory effect of alumimm was not reversed by
increasing GTP[S] dose up to 500 uM.

Similar results were cbtained with GTP (in the presence of 100
uM GTP[S]). As shown in figure 10, application of GTP up to 5 nM
(100 fold excess over alumimm) had practically no influence on
aluminum -related inhibition of inositol phosphate formation. At 5
mM GIP, the production of inositol phosphates decreased at
approximately the same degree in the absence and presence of
aluminm, suggesting that the dbserved reduction was due to the
dilution of GTP[S], a permanent Gp protein activator, by its
analog GTP.
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Figure 9. GTP(S] dose-dependence of ircsitol phosphate formation
in permeabilized cells. Cells were preincubated in the presence
of 50 uM alumimm ( @ ) or in the absence of alumirum ( A )
prior to stimilation of GIP(S] at various concentrations.
Typical data of total inositol phosphate production are means +
SEM of duplicate samples; two independent experiments were

performed. *P < 0.05, *P < 0.025 and ***P < 0.01 by

paired test.
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Figure 10. Inhibition of alumiram on inositol phosphate
formation in the presence of exogenous GTP. Control or alumimm
(50 um)- -treated permeabilized cells were stimulated with 100
uM GTP(S] in the presence of GIP of various concentrations in
medium. Data are means + SEM of duplicate samples. *p < 0.05,
**p < 0.025 and **Pp < 0.01 by paired t test.



Time Course of GTP[S]-induced Inositol Phosphate Formation in The
Absence and Presence of Aluminum

At variance with stimilation of inositol phosphate formation by
agonists, in which maximal IP; enhancement is seen within seconds
(Figure 11), the response of inositol phosphate accumilation to
GTP[S] was slower but lasting much longer (Figure 17). The lag in
onset of the GTP[S] stimilation found here was also reported on
other cells, and was attributed to the time required for GTP[S] to
exdnngewithetrbgermsguaninenlcleotidemGppmtein.

According to our time course experiments, the kinetics of
inositol phosphate production followed basically the same pattern
regardless of alumimm (50 uM) treatment. In both cases, responding
to GIP(S] addition, IP; initially increased rapidly, attaining a
plateau at 10 min, followed by elevation of IP, level, which
reached its peak value at about 30 min, and IP gradually
accumilated. At 1 h, IP, level began to decline, but IP was still
increasing with time. The presence of alumim attemuated inositol
phosphate production at each time point, but the general shape of
the time ocourse curve remained unaltered campared with that of
control cells. For example, IP, accumilations (Figure 11A)
reached their plateau levels at about the same time regardless. of
alumimm administration, but the height (2800 cpm) in the presence
of alumimum declined to 40% of the corresponding control values

(6800 cpm).
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Figure 11. Time ocourse of GTP[S]-induced inositol phosphate
formation in the absence or presence of alumimm. Time course of
IPy (B:@0O ), IP (B:AA), IP, (A:A4 ), and IP; (A: @ O )
production was measured in the presence of 250 uM alumirmm
(solid symbols), or in the absence of added alumimum (open
symbols) . After treatment with alumirmm for 15 min,
permeabilized cells were stimilated with 100 uM GTP(S] for
various times. In panel A: The left ordinate refers to IP,
(A A ), the right ordinate to IP; formation (@O0O). Typical
data are means + SEM of duplicate samples; three independent
experiments were carried out. *P < 0.05, **P < 0.025 and
***p < 0.01 by paired test.

Temporal deperdence of fluoride-induced total inositol
phosphate formation in intact neurcblastama cells on
preincubation of cells with alumimum (B: curve e). Cells were
preincubated with 200 uM alumimm for various times, then
s:bjectedtostimlat.imwith S mM NaF for 45 min. Data are
means + SEM of duplicate sample fraom two independent
experiments.
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Figure 11. Time course of GIP[S]-induced inositol phosphate

formation in the absence or presence of alumimum.
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Ipp accumlated similarly to that of IP, increasing linearly
within the time period of 10 to 60 min (Figure 11B). The tlme
course curves in the absence and presence of alumimm had different
slopes: 34000 cpm vs. 14000 cpm. The ratio of the slopes, i.e., the
ratio of the estimated average IP; production in the absence of
aluminum wvs. that in the presence of alumimm is 2.4, similar to
the ratio of instant IP; production, 2.8, calculated directly
from the TIP3 levels in 10 - 60 min plateau. This finding with the
temporal pattern of individual inositol phosphate formation,
further support the notion that alumimm’s inhibitory effect occurs
at sites of IP; formation rather than at events after 1IP;

formation.
Inhibition of Alumimm in The Presence of Chelating Agents

For experiments on intact cells (Figure 12B), alumimm was
pre-mixed with chelating agents, BGTA or citrate, at a molar ratio
of 1.1 (chelator/metal). Alumimnum camplexes of these chelators were
found to be excluded from entering cells within the short time used
(shi and Haug, 1990, Guy et al., 1991). After removal of aluminum
-containing medium, cells were washed with chelator-cantaining
buffer, then plain buffer, and finally exposed to fluoride. When
citrate (bar 3) or EGTA (bar 4) was present in the medium,
phosphate inositol production was as high as that in the positive
control (bar 0), i.e., in cells which had not been treated with
alumirum. Examining cells pretreated with alumiram alone (bar 1),



Figure 12. Effects of alumimm-chelators on aluminum-induced
inhibition of inositol phosphate formation. Alumimm-induced
inhibition of fluoride-triggered, total inositol phosphate,
IPp, and IP; formation in intact neurcblastama cells (B) and
of GTP(S]-induced IRy, and IP; formation in permeabilized
cells (A), in the absence, or presence of chelating agents. Bar
0 represents the respective control sample, i.e., without
alumirmum and without chelator. Intact cells (B) were
preincubated, 30 min, with 500 uM alumirum (1 and 2), 500 uM
alumimum + 550 uM citrate (3), 500 uM aluninm + 550 uM EGTA
(4), 550 uM citrate (5), or 550 uM EGTA (6), then washed with
incubation medium containing 5 mM citrate and plain buffer.
Finally the washed cells were exposed to stimilation with 5 nM
NaF, for 45 min, in the medium containing no alumimm except for
samples 1 and 2, which were incubated in the medium containing
500 uM alumirum. Permeabilized cells (A) were treated with 200
uM alumirum (1), 200 uM alumimm + 220 uM citrate (3), 200 uM
alumimm + 220 uM BEGTA (4), 220 uM citrate (5), or 220 uM BGTA
(6) prior to GTP[S] stimulation (100 uM). Typical data are means
+ SEM of duplicate samples; two indeperdent experiments were

*

performed. *P < 0.05, **P < 0.025 and ***P < 0.01 wvs.

corresparding control (sample 0)
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Figure 12. Effects of alumimnum—chelators on alumimm-

induced inhibition of inositol phosphate formation
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inhibition persisted after washing cells with a chelator-containing
medium: IPp (12500 cpm/well) and IP3 (1060 cpm/well) levels
were about 30% of the respective control value (bar 0,44390 and
3720 cpm/well, respectively).

Conducting similar experiments on permeabilized cells (Figure
123), cells were simply incubated with alumimm prechelated with
BEGTA or citrate prior to GTIP[S] stimilation. The spectra of the
aluminum’s inhibition were different from those in intact cells.
When citrate was employed (bar 3), inhibition of inositol phosphate
formation by alumimum (bar 2) was anly slightly reversed (13220 cpm
on bar 3 vs. 10550 cgm on bar 2). This observation suggested that
the chelating agents were eliminating the inhibitory effect by
preventing alumimm’s interiorization into intact cells. If
alumimm was premixed with BGTA (bar 4), the inhibition of inositol
phosphate release in the presence of aluminum (bar 2) was even
potentiated (8600 cpm on bar 4 vs. 10500 com on bar 2). Such an
EGTA-related reduction was also found in the absence of alumimm
(19200 cgm an bar 6 vs. 25600 cpom on bar 0), it is apparently
caused by chelation of physiological cations, 1like H;2+ and
ca?t, by BGTA. Unlike citrate, EGTA does not selectively chelate
alumiram, and it has high affinity to bind various divalent
cations, in particular ca®t.
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Effect of Aluminum on Turnover of Inositol Phospholipids

To further examine alumimm’s putative action site along the
signal transduction pathway, the impact of alumimum on inositol
phosphol ipid turmover was investigated (Figure 13). With no
aluminum added, stimulation by GTP[S] (sample B) resulted in a 40%
PIP, and 30% PIP loss, respectively. Thus, campared with
GTP(S]-induced increase in inositol phosphate production,
GTP[S]-induced PI'P‘-Z and PIP turnover were significantly smaller.
Similar data were reported in other systems 1like rat pituitary
tumor cells (Wojcikiewicz and Fain, 1988) and mouse keratinocytes
(Lee and Yuspa, 1991). This result is expected because only a
portion of the phosphoinositide .pool is hormone-sensitive
(Berridge, 1987). The concomitant depletion of PI after GTP[S]
stimilation was even less pronounced (about 10 %), probably because
of a larger size of cellular PI pool, and mobilization of a small
portion of PI appears sufficient to replenish the PIP, pool for
hydrolysis.

Applying alumimm prior to GIP(S] stimulations, PIP, and PIP
levels appreciably increased whereas the PI level was elevated
marginally. At 50 uM aluminum (sample C), the levels of PIP and
PIPmerevezsedtothecorrwpaﬂim control levels. Above 200
uM alumim (sample D and E), PIP, and PIP levels attained their
respective plateau, about twice as high as their control values.
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Figure 13. Effect of alumimum on GTP[S]-induced phosphoinositide
turnover. Permeabilized cells were treated with O uM (A,B), 50
w (C), 200 uM (D), and 500 uM (E) alumiram, for 15 min, then
samples (B,C,D,E) were subsequently exposed to stimulation with
GTP(S] (100 u), for 60 min. Control A was not treated with
GTP(S] during 60 min incubation. Extraction and analysis see
description in Materials and Methods. Typical data are means +
Sixofduplicatesanpls;mirﬂeperﬂentexpeﬁmﬁsﬁre
performed.
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Effects of Aluminum on Inositol Phosphate Formation Evoked by
Various Divalent Cations

Application of divalent cations, Lt;2+, ca?t amd m2+,
stimilated phosphoinositide hydrolysis in different ways (Figure
14). Mg?* stimilation on inositol phosphate production was only
cbservable in the presence of GTP[S] (bar 3), whereas effects of
cat or Mn?t appeared to be  independent of Gp protein
activator, i.e., enhanced formation occurred to approximately the
same degree in the absence (Figure 13A) and presence (Figure 13B)
of GIP(S). Application of Mn?* (bar 5) increased IP and IP,
formation by a factor 2 - 3 but failed to elicit a detectable
increase in IP; formation. This finding is in accord with reports
that Mn®t enhances phosphoinositide hydrolysis by stimlating
inositol headgroup exchange in phosphatidylinositol (PI) in an
agonist-insensitive pool, which is apparently inaccessible to
PIP,-specific phospholipase C (Schoepp, 1985). Addition of ca?*
(bar 7) caused remarkable increases in IP, accumlation,
accounting for 40% of total inositol phosphate, which is believed
to be a characteristic of Ca?'-stimilated phosphoincsitide
hydrolysis (Brammer et al., 1988).

Interestingly, when modulated by these cations, production of
inositol phosphate responded to alumimum stress differentially
(Figure 14). Upon Mg?t stimilation, production of all three
inocsitol phosphates was inhibited in a parallel mamner in
alumimm-stressed cells (Figqure 14B, bar 4). The inhibition of
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Figure 14. Effect of alumimm on Mg2*-, ca?*-, or Mn?t-
mediated inositol phosphate formation in the presence (B), or
absence () Of GTP[S]. After pretreatment with 50 uM alumirum
for 15 min, permeabilized cells were incubated with 5.0 mM
Mg2* (bar 3 and 4), or 5.0 M Mn®* (bar 5 and 6), or 0.5 mM
ca®t (bar 7 and 8), or cambinations of the respective cation
with 100 uM GTP[S] (100 uM), for 60 min. Samples represented by
even-mumbered bars were treated with alumimm, as opposed to
odd-mumbered bars which were not treated with alumirum. Samples
represented by bars 1 and 2 are the control, in which no
divalent cation was administered. Typical data + SEM of
duplicate samples; two independent experiments were carried aut.
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ca?*-mediated inositol phosphate production by alumimm was found
to be dependent on free Ca®t concentration and inositol phosphate
species. When 0.5 1M Ca’* were applied (bar 8), IP, release was
depressed more than 50% under alumirnum stress. But IP, production
decreased only 10%, and IP formation was reduced moderately (25 -
30%), and <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>