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Neurotoxicity of Zinc : The Involvement of Calcium Homeostasis and Carnosine
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Abstract

Zinc is an essential trace element that is abundantly present in the brain. In spite of its importance for normal brain
functions, it is widely recognized that excess zinc is neurotoxic. Numerous studies have indicated that zinc is crucial for
neuronal injury after transient global ischemia and is linked with the pathogenesis of vascular type of dementia. We have
investigated the molecular mechanisms of zinc-induced neurotoxicity in vitro and have explored substances that protect
zinc-induced neurotoxicity. Pharmacological evidence based on results of our own and numerous other studies has indi-
cated the significance of Ca® dyshomeostasis in the mechanism of zinc-induced neuronal injury. The introduction of zinc
into neurons is reportedly mediated through several types of Ca*-permeable channels. Ca** channel blockers attenuate
zinc-induced neurotoxicity. Furthermore, calcium overload attenuates zinc neurotoxicity, and vice versa. In this paper, we
review the routes of zinc entry and mechanisms of zinc-induced neuronal death in relation with calcium homeostasis. The
possible role of carnosine (8-alanyl histidine), a dipeptide that is present in the brain, as an endogenous protective sub-
stance for neuronal injury is also discussed.

Keywords : Calcium homeostasis, vascular type of dementia, ischemia, excite toxicity

Introduction

Zinc is essential for most organisms. Zinc plays impor-
tant roles in various physiological functions such as mi-
totic cell division, protein synthesis, and DNA and RNA
synthesis as a co-factor of more than 300 enzymes or
metalloproteins”. The human body contains approxi-
mately 2 g of zinc, mostly in testes, muscle, liver, and
brain tissues. In the brain, zinc is accumulated in the hip-
pocampus, amygdala, cerebral cortex, thalamus, and ol-
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factory cortex. The total zinc content in the hippocampus
is estimated as 70-90 ppm (dry weight)”. Although some
zinc in the brain binds firmly to metalloproteins or en-
zymes, a substantial fraction of zinc (approximately 10%
or more) forms free zinc ions (Zn”") or is loosely bound
and is histochemically detectable by the staining using
chelating reagents”. The chelatable zinc is stored in the
presynaptic vesicles of particular excitatory neurons ; it
is secreted from vesicles to synaptic clefts with excita-
tory neurotransmitter glutamate during the neuronal exci-
tation. Its concentration is estimated as approximately
300 uM?. Although the physiological role of synaptically
released zinc has not yet been defined precisely, there is
increasing evidence suggesting that zinc is necessary for
learning and memory®.

Nonetheless, despite its importance, the disruption of
zinc homeostasis has been implicated in several neurode-
generative diseases including Alzheimer’s disease®™”,
prion disease”, amyotrophic lateral sclerosis (ALS)”, and
Wilson’s disease'”. In particular, excess zinc can be neu-
rotoxic, and is suspected to have a causative role in neu-
ronal injury after transient global ischemia, ultimately

11,12)

leading to vascular-type of dementia’~?. We have inves-
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tigated the mechanism of zinc-induced neurotoxicity in
vitro using GT1-7 cells (immortalized hypothalamic neu-

rons"” "

. Our pharmacological studies have implicated
calcium homeostasis is implicated in the routes of zinc
entry and its neurotoxicity.

A substance that protects against zinc-induced neuro-
nal death can be a candidate for prevention or treatment
of neurodegeneration after ischemia, and ultimately pro-
vide a clue to the drugs that can treat vascular-type of se-
nile dementia'®. After exploring such substances, we
have found that carnosine (B-alanyl histidine) protects
GT1-7 cells against zinc-induced neurotoxicity'”. Car-
nosine is localized in neurons of the olfactory bulb and in

*® where it is not vulnerable to ischemic neuro-

glial cells
nal injuries. In this paper, we review the possible mecha-
nism of zinc neurotoxicity and its relation with Ca* dy-
shomeostasis based on the results of our own and other
studies. The possible role of carnosine as an endogenous
protective substance for neuronal injuries is also dis-

cussed.

Zinc and delayed neuronal death in ischemia

After transient global ischemia, the interruption of
blood flow and the consequent oxygen-glucose depriva-
tion causes the delayed neuronal death in the hippocam-
pus or in the cerebral cortex. Neurons in CA1 or CA3 re-
gions in the hippocampus, which exhibit the accumula-
tion of zinc, are most vulnerable. Neuronal death and
consequent cognitive dysfunction are believed to be
based on pathogenesis of vascular-type of dementia in
elderly people’™. In response to ischemia, an excitatory
neurotransmitter - glutamate - is released from nerve ter-
minals and accumulates in synaptic clefts. Excess gluta-
mate causes over-stimulation of its receptors. It then in-
duces the entry of large quantities of Ca* to responding
neurons through N-methyl-D-aspartate (NMDA)-type
glutamate receptors or voltage-gated Ca* channels. It is
widely believed that the increased intracellular Ca* trig-
gers various pathways of apoptotic neuronal deathafter
ischemia™.

Recent studies have suggested that zinc plays essential
roles in the glutamate-induced neuronal death after ische-
mia™. As described above, a submillimolar level of zinc
is co-released with glutamate to synaptic clefts by mem-
brane depolarization in the ischemic condition. Choi and
co-workers reported that zinc caused apoptotic death of

*. They also revealed

primary cultured cortical neurons
that zinc is accumulated in the cell bodies of degenerat-

ing neurons after transient global ischemia®. The move-

ment of chelatable zinc from presynaptic terminals into
postsynaptic neuronal cell bodies, namely, ‘zinc translo-
cation’ is suggested to contribute to the mechanism of
zinc accumulation and neuronal injury. Zinc transloca-
tion occurred in vulnerable neurons in the hippocampus
prior to the onset of the delayed neuronal death after
transient global ischemia’. Administration of calcium
EDTA (Ca EDTA), a membrane-impermeable chelator
that chelates cations except for calcium, blocked translo-
cation of zinc, protected the hippocampal neurons after
transient global ischemia, and reduced the infarct vol-
ume””. These results firmly indicate zinc as a key factor
in delayed neuronal death after transient global ischemia,
which might be involved in the pathogenesis of vascular-
type of dementia. The accumulation of zinc has also been
observed after head trauma™ and seizures™ implying that
zinc neurotoxicity might underlie the pathological
mechanisms of various neuronal injuries.

GT1-7 cells : a model system for investigating zinc
neurotoxicity in vitro

To elucidate the role of zinc in neuronal injuries, many
researchers have investigated the characteristics and the
mechanism of zinc neurotoxicity in vitro, mainly using
primary cultured neurons of the rat cerebral cortex™ or
PC-12 cells*. However, we found that GT1-7 cells (im-
mortalized hypothalamic neurons) are much more sensi-
tive to zinc than are other neuronal cells'”, and have in-
vestigated the mechanism of zinc-induced neurotoxicity
using the GT1-7 cells. Figure 1 shows the viability of GT
1-7 cells, PC-12 cells, B-50 cells (neuroblastoma cell
line), primary cultured neurons of the rat cerebral cortex,
and primary cultured neurons of the rat hippocampus af-
ter the exposure to identical concentrations of zinc.
Among these neuronal cells, GT1-7 cells exhibited the
lowest viability after zinc exposure. Furthermore, zinc
caused apoptotic death of GTI1-7 cells in a dose-
dependent and time-dependent manner™'”. The degener-
ated GTI1-7 cells were terminal deoxynucleotidyl
transferase-mediated biotinylated UTP nick end labeling
(TUNEL) positive and exhibited the appearance of DNA
fragmentation.

The GT1-7 cells were developed by Mellon et al. by
genetically targeting tumorigenesis of mouse hypotha-
lamic neurons®. The cells possess neuronal characteris-
tics such as the extension of neuritis, the secretion of
gonadotropin-releasing hormone (GnRH), and the ex-
pression of neuron-specific proteins or receptors includ-
ing microtubule-associated protein 2 (MAP2), tau protein,
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Fig.1 Zinc-induced death of GT1-7 cells
A : Zinc-induced neurotoxicity of GT1-7 cells and other neuronal cells

ZnCl; (50 uM) was administered to B-50 cells, PC-12 cells, GT1-7 cells, and primary cultured neurons of rat cerebral

cortex (Cortex), or hippocampus (Hippocampus). After 24 h exposure, viability was measured using WST-1 method.
Data are means = S.E.M., n=6. Results are modified from Ref. No. 15.

B : Images of GT1-7 cells with or without zinc exposure

GT1-7 cells were observed with C18-rhodamine staining by fluorescent microscopy. GT1-7 cells could extend neu-

ronal processes under a serum-free condition (control). However, after 24 h of exposure to ZnCl, (50 #M), the shrink-

age of the processes and the cell bodies was observed (Zn).

neurofilament, synaptophysine, GABAA receptor, gluta-
mate receptor, dopamine receptor, and L-type Ca’ chan-
nels. Meanwhile, the GT1-7 cells lack or possess low
levels of ionotropic glutamate receptor and did not ex-

) Glutamate and zinc are both

hibit glutamate toxicity
neurotoxic. Therefore, it is difficult to distinguish the ef-
fects of zinc and glutamate using other neuronal cells.
These properties imply that the GT1-7 cell line is as an
excellent model system for investigation of zinc-induced

neurotoxicity.

Mechanism of zinc-induced neurotoxicity

Numerous studies have been undertaken to elucidate
the mechanism of zinc-induced cell death. Considerable
accumulated evidence indicates that zinc causes the fail-
ure in energy production in mitochondoria and produces
reactive oxygen species (ROS)”*>. An imaging study us-
ing a zinc-sensitive fluorescent dye and a mitochondrial
marker revealed that zinc is localized in mitochondria™.
Zinc is reported to inhibit various mitochondrial enzymes

such as mitochondrial complex I, aconitase, cytochrome
c oxidase, a-ketogulutarate dehydrogenase, glyceralde-
hydes-3-phosphate  dehydrogenase (GAPDH), and
monoamine oxidase. Zinc also inhibits the intracellular

7. We have demonstrated that

trafficking of mitochondria
the administration of sodium pyruvate, an energy sub-
strate, significantly inhibited zinc-induced death of GT1-
7 cells”. Shelline and his collegues have reported that
zinc exposure caused the decreased levels of NAD™ and
ATP of cultured cortical neurons, and that pyruvate re-
stored the NAD™ level™*. Pyruvate was also reported to
attenuate zinc-induced death’ of oligodendrocyte progeni-

38) 39)

tor cells™ or retinal cells”™. Furthermore, the administra-

tion of pyruvate attenuated the neuronal death after

0. Therefore, it is possible that energy

ischemia in vivo
failure and the inhibition of glycolysis in mitochondria
are based on the mechanism of zinc neurotoxicity.

It is also reported that zinc produced ROS and caused
the oxidative damages as a result of mitochondrial im-

35)

pairments™. However, considering that zinc is required
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in Cu, Zn-super oxide dismutase (SOD) and that it pro-
tects neurons from oxidative damage, the role of zinc in
oxidative stress remains controversial.

The most established effect of zinc in the central nerv-
ous system is the inhibition of NMDA-type glutamate re-
ceptor’”. Meanwhile, zinc does not affect or increases the
responses mediated by amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid (AMPA)-type glutamate recep-
tors. Although it is widely believed that zinc regulates
the excitability of glutamatergic neurons, involvement of
glutamate receptors in zinc neurotoxicity in cultured cor-
tical neurons has also been suggested. Agonists of gluta-
mate receptors, such as NMDA or AMPA, enhance zinc-
induced neurotoxicity in cultured cortical neurons™*,
However, our findings in GT1-7 cells, which lack such
glutamate receptors, are inconsistent ; antagonists or ag-
onists of excitatory neurotransmitters (D-APV, glutamate,
CNQX), or those of inhibitory neurotransmitters (bicu-
culline, muscimol, baclofen, GABA) did not attenuate

the viability of GT1-7 cells after zinc exposure”'”.

A

50

Therefore, it is possible that NMDA or AMPA contrib-
utes to processes of zinc entry into neurons, but is not re-
lated the intracellular apoptotic pathways.

To evaluate the involvement of other metal ions in
zinc neurotoxicity, we have observed the viability of GT
1-7 cells with or without various metal ions after expo-
sure to zinc (Fig. 2), and found that equimolar addition
of A" and Gd* markedly inhibited zinc-induced neuro-
toxicity'?. Moreover, overloading of Ca® and Mg™ also
blocked zinc-induced death of GT1-7 cells; zinc pre-
vented GT1-7 cells from neurotoxicity induced by cal-
cium overload vice versa. These results suggest that dy-
shomeostasis of calcium might be involved in the zinc
neurotoxicity mechanism.

Routes of zinc entry through Ca* permeable chan-
nels

It is widely believed that the entry of zinc into the tar-
get neurons and the increase of intracellular Zn*' ([Zn®'])
is the primary event of the pathway of zinc-induced

Relative viability (%)

Zn*" Zn** Zn*' Zn*" Zn®* Zn** Zn®" Zn®*" Zn**
+ o+ + + o+ o+ o+ +
Cu?* Fe?* Fe’* Mn?' Li* Pb* Gd** AP
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+ +
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Fig.2 Metal-metal interactions in zinc-induced neurotoxicity

A : Effects of various metals on zinc neurotoxicity to GT1-7 cells

Various metal solutions including 50 M of CuCl, (Cu™), FeCl, (Fe™), FeCl; (Fe*"), MnClL, (Mn™), LiCl; (Li"), PbCl,
(Pb™), GACl; (Gd™), AICL (AI®), or 2 mM of CaCl, (Ca™), MgCl, (Mg”) were preadministered to GT1-7 cells prior to
the exposure to ZnCI2 (50 uM). After 24 h, the viability was measured using the WST-1 method. For the compensation

of endogenous toxicity of the metal, the difference was calculated between the viability of the metal alone and viability

of zinc and metal, and was described as the relative viability. Data are means = S.E.M., n=6. * p<0.01. Results are

modified from Ref. No. 16.
B : Effects of calcium overload

The viability of GT1-7 cells was compared among control (culture media contains 1.8 mM of Ca™), Zn** (50 M of
ZnCl, was preadministered), Ca™ (5 mM of CaCl, was preadministered), and Zn*+ Ca™ (50uM of ZnCl, and 5 mM of
CaCl, were co-administered). Both Zn*" and Ca™ both caused marked death of GT1-7 cells, but co-administration of
Zn* and Ca* protected GT1-7 cells. Data are means + S.E.M., n=6. * p<0.01.
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Fig. 3 Structure of carnosine

apoptosis. Sensi et al. observed a temporal change of
[Zn™]; in cultured cortical neurons using a zinc-sensitive
fluorescent dye, Mag fura-5 ; those results revealed that
[Zn™']; is increased after 15 s of exposure to zinc under a
depolarization condition by high K'*. The [Zn™] in-
crease was attenuated by blockers of the voltage-gated
Ca’ channel, including Gd*, verapamil, and nimodipine.
Results also showed that the application of NMDA or ka-

inite in the presence of extracellular zinc increased [Zn™"].

Activation of these glutamate-related channels also
causes the entry of Ca™ through voltage-gated Ca* chan-
nels. Therefore at least three major routes of Zn’" entry
have been identified; voltage-gated Ca® channels,
NMDA-type glutamate receptors, and AMPA/kainite-
type glutamate receptors™. Although the NMDA-type
glutamate receptors are present in most neurons and gate
highly Ca**-permeable channels, the permeablity of Zn**
through AMPA /kainate channels is greater than NMDA-
receptor channels. In a normal condition, most hip-
pocampal neurons express AMPA receptors with subunit
GluR2, which are poorly permeable to divalent cations
including Ca™ and Zn*. However, after ischemia, the
acute reduction in the expression of GluR2 subunit oc-
curs, and neurons possess specific type of AMPA recep-
tors which channels are directly Ca™ permeable (Ca-
AMPA /kainate channels)*”. The appearance of Ca-
AMPA /kainate channels causes the increased permeabil-
ity of Ca* and enhances the toxicity. Furthermore, in-
tracerebral administration of 1-naphtyl acetyl spermine, a
blocker of Ca-AMPA/kainate channel, protected hip-
pocampal neurons from ischemia-induced neurodegen-
eration and the accumulation of zinc in vulnerable neu-
rons*. Therefore, the expression of Zn*-permeable Ca-
AMPA /kainite channels and the entry of Ca®" and/or Zn™
through the channels are mediators of the delayed neuro-
nal death after ischemia®. Considering that Ca EDTA, a
zinc chelator, attenuates the ischemia-induced downregu-
lation of GIuR2 gene”, zinc is also implicated in the
transcriptional regulation in Ca-AMPA/kainite channels.
These data are consistent with our pharmacological re-
sults. We have demonstrated that Gd*, a blocker of
voltage-gated Ca*'channel, and Al”, reportedly inhibits

various types of Ca’" channels, prevented zinc-induced
apoptosis of GT1-7 cells. Furthermore, Kim et al. re-
ported that zinc neurotoxicity in PC-12 cells was blocked
by an L-type Ca’ channel blocker, nimodipine, and en-
hanced by the L-type Ca™ channel opener, S(-)-Bay K
8644,

Our results, which indicate that Zn® inhibits Ca*" tox-
icity, and vice versa, might be explained by the competi-
tion with Zn*" and Ca*" through the above Ca*'-permeable
channels. However, the zinc’s effects might be complex
considering that low concentrations of Zn*" inhibit
voltage-gated Ca** channels.

Zinc influx and efflux through zinc transporters
Zinc-specific membrane transporter proteins (zinc
transporters) also play a role in the influx and efflux of
zinc'. Zinc transporters mainly control zinc homeosta-
sis ; they facilitate zinc influx in deficiency and efflux
during zinc excess. Recently, several putative zinc trans-
porters were identified and characterized. One of them,
zinc transporter 1 (ZnT-1) is a membrane protein with six
transmembrane domains. It is widely distributed in mam-
malian cells. In the brain, the distribution of ZnT-1 is
parallel to chelatable zinc. ZnT-1 is activated by excess
zinc and the expression of ZnT-1 is induced after tran-

sient global ischemia®™

. On the contrary, dietary zinc de-
ficiency decreases expression of ZnT-1. Consequently, it
is provable that ZnT-1 plays a pivotal role in efflux of
zinc and in protection from zinc toxicity®. Another im-
portant zinc transporter in the brain is ZnT-3, which lo-
calizes in the membranes of presynaptic vesicles, trans-
ports zinc into synaptic vesicles, and maintains high zinc

concentrations in the vesicles™.

However, the physi-
ological role of ZnT-3 and vesicular zinc remain elusive
considering recent results obtained from ZnT-3 knock

out mice’*”.

Carnosine as an endogenous protective substance
for zinc neurotoxicity

The implication of zinc in transient global ischemia
suggests that substances that inhibit zinc neurotoxicity
might be candidates for drugs for prevention or treatment
of brain ischemia, and finally for vascular-type of de-
mentia. We have developed a convenient and sensitive
assay system for screening such substances using GT1-7
cells, which are highly vulnerable to zinc, and have ex-
amined inhibitory effects of various agricultural prod-
ucts'. Among those tested, we found that carnosine (5-
alanyl histidine) significantly inhibited zinc-induced neu-
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Fig. 4 Hypothetical scheme of zinc neurotoxicity

Zinc (Zn : closed circle) coexists with glutamate (Glu : open circle) in presynaptic vesicles and is secreted with neu-
ronal excitation. In normal conditions, secreted zinc binds to NMDA type glutamate receptor (NMDA-R) and modu-
lates postsynaptic excitability. Carnosine is synthesized in the glial cells and is secreted with the stimulus by glutamate
and zinc ; it protects neurons from glutamate-zinc neurotoxicity. The feedback pathway contributes to zinc homeostasis.
Concentrations of intracellular zinc ([Zn'];) are also maintained by ZnT-1. Pyruvate is also released from glial cells and
protects neurons from mitochondrial energy deficit caused by zinc.

However, in pathological conditions such as transient global ischemia, great amounts of both glutamate and zinc are
released into synaptic clefts. Zinc potentiates the expression of Ca*'-permeable AMPA /kainate-type glutamate receptor
(Ca-A/K) channels. Zinc is translocated into postsynaptic target neurons through Ca-A/K channels or other pathways
such as voltage-gated L-type Ca*" channel (VGLC) or NMDA receptors (NMDA-R). Increased [Zn*']; inhibits numer-
ous enzymes including mitochondria respiratory enzymes, and causes energy depletion. Meanwhile, excess glutamate
also increases [Ca™].. The increase of Ca-A/K channels and the increased [Zn*']; contribute to the increase of [Ca™ .. The
increased [Ca®]: consequently triggers various apoptotic pathways including the activation of calpain. Carnosine is de-
creased in aged bodies. Therefore, the protective effects of carnosine in the hippocampus or cerebral cortex might be in-
sufficient in cases of pathological conditions in the aged brain.

Dyshomeostasis of zinc and calcium eventually causes delayed neuronal death after transient global ischemia ; it ul-
timately leads to the pathogenesis of vascular-type of dementia.

rotoxicity'”. Carnosine is a small dipeptide that is abun- balance in muscles after exercise. It is also suggested that
dant in muscles of fishes, chickens, and mammals®™. Al- carnosine has antioxidant activity®” and chelating ability
though its physiological roles remain elusive, it is sug- of metals including Zn** and Cu”™ ™. In the brain, car-

gested that carnosine plays important functions in pH nosine exists in neurons of the olfactory bulb ; it is se-



32  Biomed Res Trace Elements 18(1) : 26-34, 2007

creted to synaptic clefts with excitatory neurotransmitter
glutamate during neuronal excitation™. It is interesting
that olfactory bulb neurons are less sensitive to damages
after ischemia than are hippocampal neurons despite the
accumulation of zinc. Moreover, carnosine is synthesized
and stored in glial cells, such as astrocytes and oligoden-
drocytes. Bakardjiev reported that glutamate caused the
release of carnosine from oligodendrocytes™. The re-
sponse was mediated through AMPA-type glutamate re-
ceptors and was enhanced by zinc. Considering this evi-
dence correctively, carnosine might serve as an endoge-
nous protector from neuronal injury. Furthermore, car-
nosine content is varied during development and it de-

creases in muscles of aged animals™

. Therefore, dietary
supplementation of carnosine might be effective for pre-

vention or treatment of neurodegeneration after ischemia.

Conclusion

Considering the evidence presented in this paper col-
lectively, we have inferred a scheme for zinc neurotoxic-
ity and the role of carnosine (Fig. 4). In the normal con-
dition, neuronal excitation causes the release of gluta-
mate and zinc. However, zinc regulates the postsynaptic
excitability by the binding to NMDA-type glutamate re-
ceptor. Zinc in the synaptic clefts is re-uptaken or binds
to carnosine released from glial cells by the stimuli of
glutamate and zinc. This feedback pathway of carnosine-
zinc protects neurons from glutamate toxicity and zinc
toxicity. However, in the pathological conditions such as
ischemia, oxygen-glucose deprivation induces the release
of excess glutamate as well as zinc in the synaptic clefts.
Excess zinc enhances the expression of Ca-AMPA/ka-
inite channels, and is translocated through the Ca-AMPA
/kainite channels or through other pathways into the tar-
get neuron, where zinc inhibits various enzymes, inhibits
mitochondria respiration, causes energy depletion, and
produces ROS. Excess glutamate induces elevation of in-
tracellular Ca® level of the target neuron. Elevated levels
of intracellular Ca™ trigger various apoptotic pathways
such as activation of calpain, the activation of caspases
or other enzymatic pathways related to apoptosis ; ulti-
mately it leads to neuronal death. Zinc also influences in-
tracellular Ca’ levels and enhances effects of glutamate.

Zinc might play a role like that of Janus, an ancient
Roman god of doorways with two different faces, in the
brain : both zinc depletion and excess zinc cause severe
damage to neurons'. Further research about the role of
zinc in neuronal injury and the significance of zinc ho-
meostasis might give rise to the development of new

treatments for neurodegenerative diseases.

References

1) Hambidge M : Human zinc deficiency. J Nutr 130 :
1344S-98, 2000.

2) Frederickson CJ: Neurobiology of zinc and zinc-
containig neurons. Intern. Review Neurobiol 31 :
145-238 (1989).

3) Frederickson CJ, Suh SW, Silva D, Frederickson CJ,
Thompson RB : Importance of zinc in the central
nervous system : the zinc-containing neuron. J Nutr
130 : 1471S-83S (2000).

4) Frederickson CJ, Klitenick MA, Manton WI, Kirk-
patrick JB : Cytoarchitectonic distribution of zinc
in the hippocampus of man and the rat. Brain Res
273 : 335-9, 1983.

5) Takeda A : Movement of zinc and its functional
significance in the brain. Brain Res Brain Res Rev
34 :137-48, 2000.

6) Huang X, Cuajungco MP, Atwood CS, Moir RD,
Tanzi RE, Bush Al: Alzheimer’s disease, beta-
amyloid protein and zinc. J Nutr 130 : 1488S-92S
(2000).

7) Kawahara M, Arispe N, Kuroda Y, Rojas E: Al-
zheimer’s disease amyloid beta-protein forms Zn*'-
sensitive, cation-selective channels across excised
membrane patches from hypothalamic neurons. Bio-
physical J 73 : 67-75, 1997.

8) Watt NT and Hooper NM : The prion protein and
neuronal zinc homeostasis. Trends Biochem Sci 28 :
406-10, 2003.

9) Valentine JS and Hart PJ: Misfolded CuZnSOD
and amyotrophic lateral sclerosis. Proc Natl Acad
Sci US A 100 : 3617-22, 2003.

10) Brewer GJ: Recognition, diagnosis, and manage-
ment of Wilson’s disease. Proc Soc Exp Biol Med
223, 39-46, 2000.

11) Choi DW and Koh JY: Zinc and brain injury.
Annu Rev Neurosci 21 : 347-75, 1998.

12) Konoha K, Sadakane Y, Kawahara M : Zinc neuro-
toxicity and its role in neurodegenerative diseases, J.
Health Sci 52 : 1-8, 2006.

13) Kawahara, M, Kato-Negishi M, Kuroda Y : Pyru-
vate blocks zinc-induced neurotoxicity in immortal-
ized hypothalamic neurons. Cellular and Molecular
Neurobiology 22 : 87-93, 2002.

14) Kawahara M, Kato-Negishi M, Hosoda R, Kuroda
Y : Characterization of zinc-induced apoptosis of
GT1-7 cells. Biomed Res Trace Elements 13 : 280-



15)

16)

17)

18)

19)

20)

21)

22)

23)

24)

25)

26)

27)

Zinc Neurotoxicity and Calcium 33

281, 2002.

Konoha K and Kawahara M : Zinc-induced apop-
totic death of cultured neuronal cells. J Kyushu
Univ Health and Welfare 5 : 247-251, 2004.
Konoha K, Sadakane Y, Kawahara M : Effects of
gadolinium and other metal on the neurotoxicity of

immortalized hypothalamic neurons induced by zinc.

Biomed Res Trace Elements 15 : 275-277, 2004.
Konoha K, Sadakane Y, Kawahara M : Zinc ho-
meostasis and neuronal death. Trace Nutrients Res
21: 77-83,2004.

Sadakane Y, Konoha K, Kawahara M : Protective
activity of mango (Mangifera indica L.) fruit
against a zinc-induced neuronal cell death is inde-
pendent of its antioxidant activity, Trace Nutrients
Res 22 : 73-79, 2005.

Konoha K, Sadakane Y, Kawahara M : Carnosine
protects GT1-7 cells against zinc-induced neurotox-
icity : a possible candidate for treatment for vascu-
lar type of dementia, Trace Nutrient Res 23 : 1-8,
2006.

Bonfanti L, Peretto P, De Marchis S, Fasolo A.
Carnosine-related dipeptides in the mammalian
brain. Prog Neurobiol 59 : 333-53, 1999.

Lee JM, Grabb MC, Zipfel GJ, Choi DW : Brain
tissue responses to ischemia. J Clin Invest 106 :
723-31, 2000.

Choi DW : Neurodegeneration : cellular defences
destroyed. Nature 433 : 696-8, 2005.

Weiss JH, Sensi SL, Koh JY : Zn(2+): a novel
ionic mediator of neural injury in brain disease.
Trends Pharmacol Sci 21 : 395-401, 2000.

Koh JY and Choi DW : Zinc toxicity of cultured
cortical neurons : involvement of N-methyl-D-
asparatate receptors. Neuroscience 4 : 1049-1057,
1994,

Koh JY, Suh SW, Gwag BJ, He YY, Hsu CY, Choi
DW : The role of zinc in selective neuronal death
after transient global cerebral ischemia. Science
272 : 1013-6, 1996.

Lee JM, Zipfel GJ, Park KH, He YY, Hsu CY, Choi
DW : Zinc translocation accelerates infarction after
mild transient focal ischemia. Neuroscience 115 :
871-8, 2002.

Calderone A, Jover T, Mashiko T, Noh KM, Tanaka
H, Bennett MV, Zukin RS : Late calcium EDTA
rescues hippocampal CAl neurons from global
ischemia-induced death. J Neurosci 24 : 9903-13,
2004.

28)

29)

30)

31)

32)

33)

34)

35)

36)

37)

38)

39)

Hellmich HL, Frederickson CJ, DeWitt DS, Saban
R, Parsley MO, Stephenson R, Velasco M, Uchida
T, Shimamura M, Prough DS : Protective effects of
zinc chelation in traumatic brain injury correlate
with upregulation of neuroprotective genes in rat
brain. Neurosci Lett 355 : 221-5, 2004.

Cote A, Chiasson M, Peralta MR 3rd, Lafortune K,
Pellegrini L, Toth K: Cell type-specific action of
seizure-induced intracellular zinc accumulation in
the rat hippocampus. J Physiol 566 : 821-37, 2005.
Kim AH, Sheline CT, Tian M, Higashi T, McMa-
hon RJ, Cousins RJ, Choi DW: L-type Ca(2+)
channel-mediated Zn(2+) toxicity and modulation
by ZnT-1 in PC12 cells. Brain Res 886 : 99-107,
2000.

Mellon PL, Windle JJ, Goldsmith PC, Padula CA,
Roberts JL, Weiner RI : Immortalization of hypo-
thalamic GnRH neurons by genetically targeted tu-
morigenesis. Neuron 5 : 1-10, 1990.

Mahesh VB, Zamorano P, De Sevilla L, Lewis D,
Brann DW : Characterization of ionotropic gluta-
mate receptors in rat hypothalamus, pituitary and
immortalized gonadotropin-releasing hormone
(GnRH) neurons (GT1-7 cells). Neuroendocrinol-
ogy 69 : 397-407, 1999.

Sheline CT, Behrens MM, Choi DW : Zinc-induced
cortical neuronal death : contribution of energy fail-
ure attributable to loss of NAD(+) and inhibition of
glycolysis. J. Neurosci 20 : 3139-3146, 2000.

Cai AL, Zipfel GJ, Sheline CT : Zinc neurotoxicity
is dependent on intracellular NAD levels and the
sirtuin pathway. Eur J Neurosci 24 :2169-2176,
2006.

Dineley KE, Votyakova TV, Reynolds IJ : Zinc in-
hibition of cellular energy production : implications
for mitochondria and neurodegeneration. J Neuro-
chem 85 : 563-70, 2003.

Sensi SL, Ton-That D, Sullivan PG, Jonas EA, Gee
KR, Kaczmarek LK, Weiss JH : Modulation of mi-
tochondrial function by endogenous Zn2+ pools.
Proc Natl Acad Sci U S A. 100 : 6157-62, 2003.
Malaiyandi LM, Honick AS, Rintoul GL, Wang QJ,
Reynolds IJ : Zn®' inhibits mitochondrial movement
in neurons by phosphatidylinositol 3-kinase activa-
tion. J Neurosci 25 : 9507-14, 2005.

Kelland EE, Kelly MD, Toms NJ : Pyruvate limits
zinc-induced rat oligodendrocyte progenitor cell
death. Eur J Neurosci 19 : 287-94, 2004.

Yoo MH, Lee JY, Lee SE, Koh JY, Yoon YH:



34

40)

41)

42)

43)

44)

45)

46)

47)

48)

Biomed Res Trace Elements 18(1) : 26-34, 2007

Protection by pyruvate of rat retinal cells against
zinc toxicity in vitro, and pressure-induced ischemia
in vivo. Invest Ophthalmol Vis Sci 45 : 1523-30,
2004.

Lee JY, Kim YH, Koh JY : Protection by Pyruvate
against Transient Forebrain Ischemia in Rats. J Neu-
rosci 21 : RC171, 2001.

Westbrook GL and Mayer ML : Micromolar con-
centrations of Zn>" antagonize NMDA and GABA
responses of hippocampal neurons. Nature 328 :
640-3, 1987.

Weiss JH, Hartley DM, Koh JY, Choi DW : AMPA
receptor activation potentiates zinc neurotoxicity.
Neuron 10 : 43-9, 1993.

Sensi SL, Canzoniero LM, Yu SP, Ying HS, Koh
JY, Kerchner GA, Choi DW. Measurement of intra-
cellular free zinc in living cortical neurons : routes
of entry. J Neurosci 17 : 9554-64, 1997.

Gorter JA, Petrozzino JJ, Aronica EM, Rosenbaum
DM, Opitz T, Bennett MV, Connor JA, Zukin RS.
Global ischemia induces downregulation of Glur2
mRNA and increases AMPA receptor-mediated Ca**
influx in hippocampal CA1l neurons of gerbil. J
Neurosci 17 : 6179-88, 1997.

Noh KM, Yokota H, Mashiko T, Castillo PE, Zukin
RS, Bennett MV : Blockade of calcium-permeable
AMPA receptors protects hippocampal neurons
against global ischemia-induced death. Proc Natl
Acad Sci U S A. 102 : 12230-5, 2005.
Pellegrini-Giampietro DE, Gorter JA, Bennett MV,
Zukin RS : The GluR2 (GluR-B) hypothesis : Ca
(2+)-permeable AMPA receptors in neurological
disorders. Trends Neurosci 20 : 464-70, 1997.
Colvin RA, Davis N, Nipper RW, Carter PA : Zinc
transport in the brain : routes of zinc influx and ef-
flux in neurons. J Nutr 130 : 1484S-7S, 2000.

Tsuda M, Imaizumi K, Katayama T, Kitagawa K,

49)

50)

51)

52)

53)

54)

55)

56)

57)

Wanaka A, Tohyama M, Takagi T. Expression of
zinc transporter gene, ZnT-1, is induced after tran-
sient forebrain ischemia in the gerbil. J Neurosci
17 : 6678-84, 1997.

Palmiter RD : Protection against zinc toxicity by
metallothionein and zinc transporter 1. Proc Natl
Acad Sci U S A. 101 : 4918-232004, 2004.

Palmiter RD, Cole TB, Quaife CJ, Findley SD:
ZnT-3, a putative transporter of zinc into synaptic
vesicles. Proc Natl Acad Sci U S A. 93 : 14934-9,
1996.

Salazar G, Craige B, Love R, Kalman D, Faundez
V: Vglutl and ZnT3 co-targeting mechanisms
regulate vesicular zinc stores in PC12 cells. J Cell
Sci 118 : 1911-21, 2005.

Lopantsev V, Wenzel HJ, Cole TB, Palmiter RD,
Schwartzkroin PA :
mossy fibers does not affect synaptic excitability of

Lack of vesicular zinc in

CA3 pyramidal cells in zinc transporter 3 knockout
mice. Neuroscience 116 : 237-48, 2003.

Gariballa SE, Sinclair AJ : Carnosine : physiologi-
cal properties and therapeutic potential. Age Ageing
29 :207-10, 2000.

Boldyrev AA, Dupin AM, Bunin AYa, Babizhaev
MA, Severin SE: The antioxidative properties of
carnosine, a natural histidine containing dipeptide.
Biochem Int 15 : 1105-13, 1987.

Matsukura T, Tanaka H: Applicability of zinc
complex of L-carnosine for medical use. Biochemis-
try (Mosc) 65 : 817-23, 2000.

Bakardjiev A : Carnosine and beta-alanine release
is stimulated by glutamatergic receptors in cultured
rat oligodendrocytes. Glia 24 : 346-51, 1998.
Stuerenburg HJ : The roles of carnosine in aging of
skeletal muscle and in neuromuscular diseases. Bio-
chemistry (Mosc) 65 : 862-5, 2000.



