UC Irvine
UC Irvine Previously Published Works

Title
Intracellular calcium and neurotoxic events

Permalink
https://escholarship.org/uc/item/8kt1g7rh

Journal
Neurotoxicology and Teratology, 11(6)

ISSN
0892-0362

Author
Bondy, Stephen C

Publication Date
1989-11-01

DOI
10.1016/0892-0362(89)90032-9

Copyright Information

This work is made available under the terms of a Creative Commons Attribution License,
availalbe at https://creativecommons.org/licenses/by/4.0/

Peer reviewed

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/8kt1g7rh
https://creativecommons.org/licenses/by/4.0/
https://escholarship.org
http://www.cdlib.org/

Neurotoxicology and Teratology, Vol. 11, pp. 527-531. © Pergamon Press plc, 1989. Printed in the U.S.A.

Intracellular Calcium and Neurotoxic Events

STEPHEN C. BONDY

University of California, Irvine, Southern Occupational Health Center
Department of Community and Environmental Medicine, Irvine, CA 92717

BONDY, S. C. Intracellular calcium and neurotoxic events. NEUROTOXICOL TERATOL 11(6) 527-531, 1989. —Calcium is
important in many intracellular regulatory processes. However, the maintenance of low levels of this cation within the cytosol is
essential for maintenance of cell viability, in view of the large concentration gradient of ionic calcium across the plasma membrane.
The expenditure of energy is needed to maintain intracellular calcium concentration [Ca>*]; at normal levels. In addition, the integrity
of the limiting membrane is also vital for this function. Thus, any disruption of membrane characteristics or of mitochondrial anabolic
processes may lead to deleterious levels of [Ca®*};. The toxicity of a wide range of unrelated agents may, therefore, be in part due
to elevation of cytosolic calcium. This general event may synergize with the more selective harmful properties of a compound, thus
adversely affecting cell metabolism. The capacity now exists to measure levels of [Ca®*]; in isolated cells or organelles such as
synaptosomes. The use of such in vitro models can be of value in the evaluation of the neurotoxic potential of compounds. This
method, in conjunction with the use of pharmacological agents known to act at specific sites, and with the use of radioactive calcium

0892-0362/89 $3.00 + .00

in translocation studies, also has utility in the delineation of the biochemical mode of action of neurotoxic agents.

Intracellular calcium Neurotoxicity

Synaptosomal metabolism

Membrane integrity Mitochondrial function

THE ROLE OF CALCIUM IN THE NERVOUS SYSTEM

Calcium is recognized as a key regulatory component in a wide
range of cellular processes. Several classes of protein kinase have
their activity modulated by calcium. These include a large number
of 3'5’cyclic AMP protein kinases, as well as protein kinase C and
the numerous calmodulin-regulated kinases. Superimposed on this
is the characteristic of excitable tissue, of extensive depolariza-
tion-mediated calcium entry in the cell. Neurotransmitter and
neuroendocrine release processes depend upon this rapid flux of
Ca®*. However, in order to effect cessation of release events,
Ca®" must quickly be restored to resting levels. These calcium
oscillations essential for neuronal functioning are in the range
10~ 7-10"° M and, thus, involve 100-fold changes in the levels of
intracellular ionic calcium, [Ca®*];. The concentration of free
calcium in extracellular fluid is about 1 mM, several orders of
magnitude greater than maximal [Ca®"]; observed under normal
circumstances.

DETERMINANTS OF (Ca®*)

The levels of [Ca®*]; represent the sum of many processes
some of which effect increases in intracellular calcium while
others act to reduce calcium levels.

Reduction

Reduction of [Ca®*]; is generally against a concentration
gradient and, thus, requires expenditure of energy. Such energy
may be in the form of ATP as in the calcium pumps found within
the plasma membrane, the mitochondrion and the endoplasmic
reticulum. In addition, energy may be expended by consumption
of a previously established gradient of another ion. Such ion
exchangers exist at the plasma membrane (Na*/Ca®* exchange)
and at the mitochondrial surface (H*/Ca®* exchange). Ca®>* may
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be extruded from the cell surface or sequestered within the
mitochondrion or endoplasmic reticulum by chelation or precipi-
tation as calcium phosphate. Since reduction of [Ca®*]; is energy-
dependent, while its elevation is not, deficiencies of cellular
anabolic metabolism may secondarily lead to failure to maintain
relatively low [Ca®*];.

Elevation

Two main sources of elevation of [Ca2+]i exist. Extracellular
calcium may enter the cell through the plasma membrane. Such
entry may be by way of specific calcium channels or exchangers.
A number of distinctive calcium channels have been pharmaco-
logically identified. Ca®* entry may also be effected by nonspe-
cific damage to the cell membrane, since the integrity of this
membrane is essential for maintenance of the enormous gradient
between Ca’* of the extracellular fluid and that of the cytosol.
Under normal circumstances, passive membrane permeability for
Ca ions is four orders of magnitude lower than for Na or K ions
(42). Eighty percent of such passive leak is through quiescent Na
channels (16).

Another major means by which Ca>* may be elevated within
the cell is by release of ionic calcium from intracellular stores in
mitochondria or endoplasmic reticulum. Less than 1% of the total
cellular calcium content is in the free, soluble form; the bulk being
sequestered in subcellular membranes and organelles. Such stores
can be liberated by mitochondrial damage, or by specific messen-
ger chemicals such as inositol triphosphate. The latter process is a
finely regulated system whereby events at the cell surface can
effect intracellular enzyme activation, with phosphoinositides
acting as a primary and calcium as a secondary information
carrier. K™ depolarization can both allow Ca®* entry into excit-
able tissue and also induce release of Ca’" from intracellular
storage sites (28).
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THE RELATION OF [Ca®*] TO CELL DEATH

High levels of [Ca®"]; have often been correlated with irre-
versible damage to cells. However, whether such a correlation is
causally related is not always clear. Calcium elevation may in
some circumstances merely reflect breakdown of cellular integrity
or failure of energy-generating metabolic events, either of which
will undoubtedly lead to elevated [Ca®*],. Many toxic agents act
on mitochondrial function or on cell membranes. Cyanide, an
inhibitor of oxidative phosphorylation and mitochondrial ATP
generation, can elevate [Ca®*J; in a neuronal-derived cell line
(27). General anesthetics which can disrupt membrane structure,
also elevate axonal [Ca®*]; (56). However, calcium influx may
accompany toxic effects in nerve cells without necessarily being
the cause of cell death. Thus, the accumulation of insoluble
calcium deposits is associated with many types of neurological
damage including seizures (23), spinal cord injury (5), uremia (2},
aluminum encephalopathy (20), lead poisoning (53), and kainic
acid treatment (33). In any event, [Ca®*]; can often serve as an
effective indicator of imminent cell death (15). A more complex
question is to what extent can an abnormally high [Ca**]; act as a
toxic agent and directly contribute to cell damage.

Many potential routes for cell disruption by way of elevated
[Ca®"], have been proposed. Calcium-activation of proteases can
cause excessive protein degradation (12,52). Calcium-effected
activation of phospholipases elevates free fatty acid levels and this
could trigger oxidative cell damage (47). Calcium-activated brain
transglutaminase has been shown to cause crosslinking of neuro-
filament proteins into an unsoluble polymer in an in vitro study,
implying disruption of axoplasmic transport processes (46). At-
tempts to maintain [Ca®"), at physiologic levels can lead to
secondary deposition of excess calcium phosphate, which may
itself be disruptive to the cell (54). Calcium may also potentiate
oxidative cell injury (51), but conflicting data which suggest a
protective role for calcium in such circumstances (19) have also
been presented. The influence of oxidative processes upon calcium
metabolism is less ambiguous. A variety of prooxidants have been
shown to induce calcium release from mitochondria probably
consequent to oxidative destruction of pyridine nucleotides (41).

Evidence for elevated [Ca®"]; being a cause rather than merely
an effect of neurotoxic damage includes reports where the pres-
ence of calcium in the incubation medium can exacerbate the
toxicity of excitatory amino acids (20, 21, 26, 37, 43) and a
variety of toxins (45). The toxicity of excess synaptic activity,
resulting in calcium reducing mechanisms being overwhelmed
(23), also suggests a direct toxic role for calcium, as do the
protective properties of calcium antagonists such as Mg?™ (57),
Cd?”" and verapamil (18,37). Conversely, the cellular toxicity of
calcium ionophores which allow calcium translocation across the
plasma membrane (5,34) also substantiates a direct role for
calcium in cell injury. Neuronal calcium accumulation following
ischemia precedes cell death by several days (44) and such
accumulation is found in dying rather than dead cells (22).

THE ASSAY OF [Ca?*]; AND THE UTILITY OF SYNAPTOSOMES

Recent techniques allow the visualization of [Ca®*]; in living
cells to be followed by spectophotometric or fluorescent means.

The development of fluorescent probes, quin-2, fura-2 and
indo, allows a relatively direct assay of responses of [Ca®"]; to
differing environmental conditions (24). The procedure involves
the diffusion of a relatively nontoxic dye ester into the cytosol and
its subsequent hydrolysis to a free anionic tetracarboxylic acid,
reversibly chelating calcium. The calcium complex, when suitably
excited, emits a characteristic fluorescent signal. When used in a
synaptosomal preparation, such dyes do not significantly modulate
some key parameters such as ATP content and membrane potential

BONDY

of the synaptosome. Furthermore, the physiological properties of
the dye-loaded synaptosome, such as neurotransmitter release and
other responses to pharmacological agents, appear to be appropri-
ate (30,31). Limitations of the use of these dyes include:

1. The generation of small quantities of toxic formaldehyde
during ester hydrolysis.

2. The buffering effect of these compounds will slow the response
of calcium transients to altered environmental conditions.

3. Other potential complications include the potential formation
of calcium-insensitive fluorescent species from fura-2 (25) and
the dependence of measured responses on the exact intracellu-
lar location of this dye (3).

4. The possibility that some neurotoxic metals will either quench
dye fluorescence or form a fluorescent complex similar to the
calcium-dye complex (39). The presence of several metals such
as Fe’*, Mn?*, Zn®*, Pb®", Hg?>" can lead to erroneous
calculations of [Caza’]i (4,30). These problems do not exist for
the 5,5 difluoro derivative of 1,2-bis (o-amino-phenoxy)
ethane N,N,N!, N'-tetraacetic acid (FBAPTA). This indicator
can be monitored by '°F NMR spectroscopy (49). In this case,
each metal chelate possesses a distinctive resonance profile
and, thus, levels of several metals can be simultaneously
determined. Another advantage of the NMR approach is its
potential for study of calcium levels within nervous tissue
regions in intact animals.

Aequorin has been used as a luminescent probe for calcium for
almost 20 years (35). It has the disadvantages of a nonlinear
response to [Ca®*];, a responsivity to Mg®" and relatively low
light emission. However, its advantages include a poor affinity for
calcium so that the normal distribution of calcium in cellular
compartments is not influenced and more rapid calcium transients
are not slowed, and a superior signal/noise ratio (58). Similar
disadvantages and advantages may exist for the dye, arsenazo III,
whose absorbance increases in the presence of Ca®* (1). The
merits of a variety of calcium-measuring procedures are well
reviewed by Cobbold and Rink (11).

NEUROTOXICITY AND [Ca®"};

Neurotoxic agents have the potential to influence [Ca®*]; by
disruption of any of the many systems engaged in maintaining
calcium homeostasis (Fig. 1). The mode of action of some agents
is more understood than others. Thus, cyanide-induced elevations
of [Ca®"]; are likely to be mediated by inhibition of oxidative
phosphorylation, while the toxicity of the anticholinesterase diiso-
propylfluorophosphate (DFP) may be in part due to neuronal
hyperactivity and excess calcium entry through specific voltage-
operated channels at the plasma membrane (17). Anesthetic-
induced elevations of [Ca®*], may have their origins in modulation
of the overall microviscosity of the plasma membrane (14).
However, the toxicity of organochlorine insecticides or organo-
metals may involve damage to both mitochondria and the plasma
membrane (6, 31, 32). These chemicals with a relatively high
LDy, are likely to be less specific than pharmacological agents or
biological toxins, both of which have a relatively precise effect
due to man-made or evolutionary design, respectively. Chemicals
with inadvertent toxicity to man generally act at more than a single
locus.

When a comparison is made between the effects of chemicals
upon synaptosomal ATP levels and [Ca”*];, agents can be divided
into two broad classes (Fig. 2). Inhibitors of oxidative phosphor-
ylation depress ATP severely, but [Ca®*]; is only relatively
modestly elevated. In contrast, several organometal and organo-
chlorine neurotoxicants can greatly elevate [Ca®*],, while ATP
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FIG. 1. Mechanisms by which neurotoxic agents may increase neuronal levels of free ionic calcium.

levels are not very depressed. Thus the maintenance of [Ca®*]; at
a low level does not seem to require a fully functioning mitochon-
drial ATP generating system. This suggests that mitochondria are
not the major site of damage caused by these neurotoxic agents. It
also implies that calcium-removing processes have a priority for
available energy when ATP levels are abnormally depressed (31).

A promising aspect of the use synaptosomes in this type of
study is the finding that the effect upon [Ca®*]; of toxic agents
within a given class is directly related to their known neurotoxicity
in vivo. Thus, the neurotoxic insecticide chlordecone is much
more potent than the closely related nonneurotoxic mirex in
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FIG. 2. Synaptosomal [Ca®*]; and ATP levels after exposure to various
chemicals for 10 minutes at 37°C. Bars represent standard errors of each
parameter assayed [from Bondy and Komulainen (9)}.

elevating [Ca®*], (32). Similar parallels have been found for
mono, di, and trimethy] tins, of which only the latter is neurotoxic
(31). Also analogous is the response of {Ca>*], to various isomers
of hexachlorocyclohexane, of which the y-isomer (lindane) is the
most neurotoxic (6). Such a good correlation between toxic
potency and effects on [Ca®*); suggests that these events might be
causally related. Furthermore, it may be that the ability to elevate
synaptosomal [Ca®*]; in vitro may be an indicator of neurotoxicity
in the intact animal.

Synaptosomal studies also have the potential for a more defined
study of factors influencing the effect of toxic chemicals. For
example, ganglioside GM, pretreatment appears to increase the
resistance of the synaptosomal plasma membrane to damage by
chlordecone (7). Also, the vulnerability of synaptosomes to
chlordecone-induced lesions is increased in preparations derived
from aged animals (8). The use of fura-2 in such studies can also
give another index of synaptosomal integrity, namely the rate at
which this dye leaks out of synaptosomes. This index of mem-
brax;e; permeability often confirms damage as evidenced by a rising
[Ca7];.

Comparison of results obtained on [Ca®*]; with those derived
from *>Ca studies of calcium movements, shows that they measure
very different phenomena. Concentrations of organochlorine in-
secticides which elevate [Ca®*]; can also depress “*Ca uptake by
synaptosomes. This has been attributed to synaptosomal leakiness
being sufficient to prevent accumulated “>Ca being retained during
the washout process (6,32). Similarly, while ethanol increases
synaptosomal [Ca®*]; (14), **Ca uptake is reduced (48,50). In this
case, the inhibition has been related to blockage of specific
calcium channels.

While aluminum elevates total accuamulation of calcium in the
nervous system (59), it also inhibits rapid voltage-dependent
calcium influx into synaptosomes (29). Thus, short-term calcium-
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related events may not always allow prediction of the effects of
chronic exposures.

Another circumstance where [Ca®*]; can be elevated while
*3Ca uptake is depressed, is when mitochondrial damage is the
underlying lesion. Under such circumstances, [Ca®*]; can be
elevated as ion pumps fail, but **Ca accumulation may be
depressed since 80% of *°Ca taken up by synaptosomes is rapidly
accumulated by mitochondria. Thus, any damage at this locus
could inhibit such uptake. For this reason, anoxia depresses **Ca
uptake by synaptosomes (38). However, some neurotoxic agents
may simultaneously elevate [Ca®*]; and “*Ca uptake (31), so these
assays clearly represent relatively unrelated parameters.

CONCLUSIONS

The functioning of the nervous system requires intermittent
major elevations of free ionic calcium levels in the cytosol. This
flux is likely to be more sensitive to disruption than maintenance
of an unchanging homeostasis. Many neurotoxic agents act by
increasing neuronal firing rates and causing hyperactivity within
the nervous system. Virtually all insecticides possess this prop-
erty. While elevated calcium levels are a result of such excess
excitability, it is likely that such elevations both contribute to
cellular damage and act synergistically by leading to further
transmitter release and hyperactivity. Such events obviously have
the potential of being propagated transneuronally.

The plasma membrane is the first cellular constituent to
encounter xenobiotic chemicals and, thus, can be especially
sensitive to disruption and this inevitably can imperil the mainte-
nance of the large and critical gradient between extra- and
intracellular calcium. Another potential target is the mitochon-
drion. This organelle contains a range of potential sites critical for
optimal oxidative phosphorylation. This is a particularly active
system within central nervous tissue. The exceptionally high basal
energy demand of the brain is due largely to the need for
maintenance of ionic gradients (36). Any entropy-increasing event
in the cell can further enhance the need for anabolic, aerobic
metabolism. Thus, elevations of [Ca>*]; may constitute part of a
final common pathway through which the toxic effects of many
agents are expressed. Harmful chemicals may act initially by
various means including a) damage to energy-generating systems,
b) changes in plasma membrane integrity or excitability and c¢)
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FIG. 3. Proposed means by which elevated [Ca’*]; may mediate and
exacerbate various forms of neurotoxic damage.

initiation of oxidative damage (Fig. 3).

The site of toxic attack resulting in elevation of [Ca®"]; can in
part be dissected out by use of a range of pharmacological agents
acting at a clearly specific locus. However, this identification
procedure has limitations. It is important to bear in mind that
protection against chemicals acting at targets remote from direct
calcium-regulating systems can often be achieved by use of
selective calcium channel blockers (17).

Elevated [Ca®*]; is a feature common to many neurotoxic
events, superimposed on which are the more distinctive features of
each xenobiotic agent. It is likely that the adaptive capacity of
nervous tissue may be challenged in a synergistic manner by such
a conjunction of such specific and nonspecific events.

ACKNOWLEDGEMENTS

The expert secretarial assistance of Ms. Laurie Nute is gratefully
acknowledged. This work was supported by the National Institutes of
Health (ES04071).

REFERENCES

1. Ackerman, K. E. O.; Heinonen, E.; Kaila, K.; Scott, I. G. Quanti-
tative measurements of the cytosolic Ca®" activity within isolated
guinea pig nerve endings using entrapped arsenazo III and quin 2.
Biochem. Biophys. Acta 858:275-284; 1986.

2. Adler, A. J.; Berlyne, G. M. Effect of chronic uremia in the rat on
cerebral mitochondrial calcium concentrations. Kidney Int. 27:523—
529; 1985.

3. Almers, W.; Neher, E. The Ca signal from fura-2 loaded mast cells
depends strongly on the method of dye loading. FEBS Lett. 192:
13-18; 1985.

4. Arslan, P.; Di Virgilio, F.; Beltrame, M.; Tsien, R. Y.; Pozzan, T.
Cytosolic Ca®>* homeostasis in Ehrlich and Yoshida carcinomas. J.
Biol. Chem. 260:2719-2727; 1985.

5. Banik, N. L.; Hogan, E. L.; Hsu, C. Y. The multimolecular cascade
of spinal cord injury: studies on prostanoids, calcium and proteinases.
Neurochem. Pathol. 7:57-78; 1987.

6. Bondy, S. C.; Halsall, L. C. Lindane-induced modulations of calcium
levels within synaptosomes. Neurotoxicology 9:645-652; 1988.

7. Bondy, S. C.; Halsall, L. C. GM, ganglioside enhances synaptosomal
resistance to chemically-induced damage. Neurosci. Lett. 84:229-
233; 1988.

8. Bondy, S. C.; Martin, J.; Halsall, L. C.; McKee, M. Increased

fragility of neuronal membranes with aging. Exp. Neurol. 103:61-63;
1989.

9. Bondy, S. C.; Komulainen, H. Intracellular calcium as an index of
neurotoxic damage. Toxicology 49:35-41; 1988.

10. Choi, D. W. Glutamate neurotoxicity in cortical cell cultures is
calcium dependent. Neurosci. Lett, 58:293-297; 1985.

11. Cobbold, P. H.; Rink, T. J. Fluorescence and bioluminescence
measurement of cytoplasmic free calcium. Biochem. J. 248:313-328;
1987.

12. Coyle, J. T. Neurotoxic action of kainic acid. J. Neurochem. 41:1-11;
1983.

13. Danjell, L. C.; Harris, R. A. Neuronal intracellular calcium concen-
trations are altered by anesthetics: relationship to membrane fluidiza-
tion. J. Pharmacol. Exp. Ther. 245:1-7; 1988.

14. Daniell, L. C.; Brass, E. P.; Harris, R. A. Effect of ethanol on
intracellular ionized calcium concentrations in synaptosomes and
hepatocytes. Mol. Pharmacol. 32:831-837; 1987.

15. Dienel, G. A. Regional accumulation of calcium in postischemic
brain. J. Neurochem. 43:913-925; 1984.

16. DiPolo, R.; Rojas, H.; Beauge, L. A. Ca?* at rest and during
prolonged depolarization in dialyzed squid axons. Cell Calcium
3:19-41; 1982.



INTRACELLULAR CALCIUM AND NEUROTOXIC EVENTS

17.

18.

19.

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Dretchen, K. L.; Bowles, A. M.; Raines, A. Protection by phenytoin
and calcium channel blocking agents against the toxicity of diisopro-
phylfluorophosphate. Toxicol. Appl. Pharmacol. 83:584-589; 1986.
Escoubet, B.; Griffaton, G.; Lechat, P. Verapamil depresses the
synthesis of lipoxygenase products by hypoxic cardiac rat fibroblasts
in culture. Biochem. Pharmacol. 35:1879-1882; 1986.

Faris, M. W_; Reed, D. J. Mechanism of chemical-induced toxicity.
Toxicol. Appl. Pharmacol. 79:296-306; 1985.

Farnell, B. J.; Crapper McLachlan, D. R.; Baimbridge, K.; De Boni,
U.; Wong, L.; Wood, P. L. Calcium metabolism in aluminum
encephalopathy. Exp. Neurol. 88:68-83; 1985.

Garthwaite, G.; Garthwaite, J. Amino acid neurotoxicity: intracellular
sites of calcium accumulation associated with the onset of irreversible
damage to rat cerebellar neurons in vitro. Neurosci. Lett. 71:53-58;
1986.

Gramsberger, J. B. P.; Veenma-Duin, L.; Loopujijt, L.; Paans, A. M.
J.; Korf, J. Imaging of the degeneration of neurons and their processes
in rat or cat brain by **Ca Cl, autoradiography or **Ca Cl, positron
emission tomography. J. Neurochem. 50:1798-1807; 1988.
Griffiths, T.; Evans, M. C.; Meldrum, B. S. Intracellular calcium
accumulation in rat hippocampus during seizures induced by bicucul-
line or allylglycine. Neuroscience 10:385-395; 1983.

Grynkiewicz, G.; Peonie, M.; Tsien, R. Y. A new generation of Ca?t
indicators with greatly improved fluorescence properties. J. Biol.
Chem. 260:3440-3450; 1985.

Highsmith, S.; Bloebaum, P.; Snowdowne, K. W. Sarcoplasmic
reticulum interacts with the Ca®* indicator precursor fura-2-AM.
Biochem. Biophys. Res. Commun. 138:1153-1162; 1987.

Hori, N.; Ffrench-Mullen, J. M. H.; Carpenter, D. O. Kainic acid
responses show pronounced Ca®* dependence. Brain Res. 358:
380-384; 1985.

Johnson, J. D.; Conroy, W. G.; Isom, G. E. Alteration of cytosolic
calcium levels in PC 12 cells by potassium cyanide. Toxicol. Appl.
Pharmacol. 88:217-224; 1987.

Kobayashi, S.; Kanaide, H.; Nakamura, M. K™ -depolarization in-
duces a direct release of Ca’?* from intracellular storage sites in
cultured vascular smooth muscle cells from rat aorta. Biochem.
Biophys. Res. Commun. 129:877-884; 1985.

Koenig, M. L.; Jope, R. S. Aluminum inhibits the fast phase of
voltage-dependent calcium-influx into synaptosomes. J. Neurochem.
49:316-320; 1987.

Komulainen, H.; Bondy, S. C. Estimation of free calcium within
synaptosomes and mitochondria with fura-2; comparison with quin-2.
Neurochem. Int. 10:55-64; 1987.

Komulainen, H.; Bondy, S. C. Increased free intrasynaptosomal Ca**
by neurotoxic organometals: distinctive mechanisms. Toxicol. Appl.
Pharmacol. 88:77-86; 1987.

Komulainen, H.; Bondy, S. C. Modulation of levels of free calcium
within synaptosomes by organochlorine insecticides. J. Pharmacol.
Exp. Ther. 241:575-581; 1987.

Korf, J.; Postema, F. Regional accumulation and cation shifts in rat
brain by kainate. J. Neurochem. 43:1052-1060; 1984.

Lehman, A. Neurotoxicity of calcium ionophore A23187 in immature
rat cerebellar slices. Neurosci. Lett. 79:263-266; 1987.

Llinas, R.; Nicholson, C. Calcium in depolarization-secretion cou-
pling: an aequorin study in squid giant synapse. Proc. Natl. Acad. Sci.
72:187-190; 1975.

Mata, M.; Fink, D. J.; Gainer, H.; Smith, C. B.; Davidsen, L.;
Sakavi, H.; Schwartz, W. J.; Sokoloff, L. Activity dependent energy
metabolism in rat posterior pituitary primarily reflects sodium pump
activity. J. Neurochem. 34:213-215; 1980.

Murphy, T. H.; Malouf, A. T.; Sastre, A.; Schaar, R. L.; Coyle, J.
T. Calcium-dependent glutamate cytotoxicity in a neuronal cell-line.
Brain Res. 444:325-332; 1988.

Peterson, C.; Nicholls, D. G.; Gibson, G. E. Subsynaptosomal

39.

41.

42,

43.

45.

46.

47.

48.

49.

50.

S1.

52.

53.

54.

55.

56.

57.

58.

59.

531

calcium distribution during hypoxia and 3,4 diaminopyridine treat-
ment. J. Neurochem. 45:1779-1790; 1985.

Pounds, J. G.; Rosen, J. F. Cellular Ca** homeostasis and Ca*"-
mediated cell processes as critical targets for toxicant action: concep-
tual and methodological pitfalls. Toxicol. Appl. Pharmacol. 94:
331-341; 1988.

. Price, M. T.; Olney, J. W.; Samson, L.; La Bruyere, J. Calcium

influx accompanies but does not cause excitation-induced neuronal
necrosis in retina. Brain Res. Bull 14:369-376; 1985.

Richter, C.; Frei, B. Ca>" release from mitochondria induced by
prooxidants. Free Radical Biol. Med. 4:365-375; 1988.

Rojas, E. In: Bonting, S. L.; De Pont, J., eds. Comprehensive
biochemistry —Membrane transport. vol. 2. Amsterdam: Elsevier
Holland; 1981.

Rothman, S. M.; Thurston, J. H.; Hauhart, R. E. Delayed neurotox-
icity of excitatory amino acids in vitro. Neuroscience 22:471-480;
1987.

. Sakamoto, N.; Kogure, K.; Kato, H.; Ohtomo, H. Disturbed Ca®*

homeostasis in the gerbil hippocampus following brief transient
ischemia. Brain Res. 364:372-376; 1986.

Schanne, F. A. X.; Kane, A. B.; Young, E. E.; Farber, J. L. Calcium
dependence of toxic cell death: a final common pathway. Science
206:700-702; 1979.

Selkoe, D. J.; Abraham, C.; Ihara, Y. Brain transglutaminase: in vitro
crosslinking of human neurofilament proteins into insoluble polymers.
Proc. Natl. Acad. Sci. 79:6070-6074; 1972.

Siesjo, B. K.; Agardh, C. D. Hypoglocemia, In: Lajtha, A., ed.
Handbook of neurochemistry. vol. III. New York: Plenum Press;
1983:353-380.

Skattebol, A.; Rabin, R. A. Effects of ethanol on **Ca”>" uptake in
synaptosomes and PC12 cells. Biochem. Pharmacol. 35:2227-2229;
1987.

Smith, G. A.; Hesketh, R. T.; Metcalfe, J. C.; Feeney, J.; Morris, P.
G. Intracellular calcium measurements by '>FNMR of fluorine labeled
chelators. Proc. Natl. Acad. Sci. 80:7178-7182; 1983.

Stokes, J. A.; Harris, R. A. Alcohols and synaptosomal calcium
transport. Mol. Pharmacol. 22:99-104; 1982.

Thor, H.; Hartzell, P.; Orrenius, S. Potentiation of oxidative cell
injury in hepatocytes which have accumulated Ca™™*. J. Biol. Chem.
259:6612-6615; 1984.

Tolnai, S.; Von Althen, I. Calcium dependent proteolysis in the
myocardium of rats subjected to stress. Life Sci. 47:1117-1122; 1987.
Tonge, J. I.; Burry, A. F.; Saal, J. R. Cerebellar calcification: a
possible marker of lead poisoning. Pathology 9:289-300; 1977.
Trump, B. F.; Bekeresky, I. K.; Sato, T.; Laiho, K. V.; Phelps, P.
C.; De Claris, N. Cell calcium, cell injury and cell death. Environ.
Health Perspect. 57:281-287; 1984,

Tsokos-Kuhn, J. O.; Smith, C. V.; Mitchell, J. R.; Tate, C. A.;
Entman, M. L. Evidence for increased membrane permeability of
plasmalemmal vesicles from livers of phenobarbital-induced CCl,-
intoxicated rats. Mol. Pharmacol. 30:444-451; 1986.

Vassort, G.; Whittembury, J.; Mullins, L. J. Increases in intracellular
Ca”* and decreases in internal H* are induced by general anesthetics
in squid axons. Biophys. J. 50:11-19; 1986.

Vink, R.; Mclntosh, T. K.; Demediuk, P.; Weiner, M. W.; Faden, A.
I. Decline in intracellular free Mg?* is associated with irreversible
tissue injury after brain trauma. J. Biol. Chem. 263:757-761; 1988.
Ware, J. A.; Johnson, P. C.; Smith, M.; Salzman, E. W. Aequorin
detects increased cytoplasmic calcium platelets stimulated with phor-
bol ester or diacylglycerol. Biochem. Biophys. Res. Commun. 133:
98-104; 1985.

Yase, Y. The role of aluminum in CNS degeneration with interaction
of calcium. In: Liss, L., ed. Aluminum neurotoxicity. Park Forest, IL:
Pathotox Publishers; 1980.





