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THE NEUROBIOLOGY OF ZINC 
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Abstract | The use of zinc in medicinal skin cream was mentioned in Egyptian papyri from 
2000 BC (for example, the Smith Papyrus1), and zinc has apparently been used fairly steadily 
throughout Roman2 and modern times (for example, as the American lotion named for its zinc 
ore, ‘Calamine’). It is, therefore, somewhat ironic that zinc is a relatively late addition to the 
pantheon of signal ions in biology and medicine. However, the number of biological functions, 
health implications and pharmacological targets that are emerging for zinc indicate that it might 
turn out to be ‘the calcium of the twenty-first century’.

To nutritionists, zinc is an essential micronutrient3; 
to biochemists, it is a component of enzymes and 
other proteins4; whereas to environmentalists and 
marine biologists, free zinc in water is a toxic pollutant5 
BOX 1. To neuroscientists, zinc is not only a micro nutrient 
and a component of proteins, but is also an ionic signal. 
Zn2+ moves through gated membrane channels 6,7 and 
among various organelles and storage depots within 
cells8,9, modulating protein function by binding to and 
detaching from zinc-dependent proteins throughout 
the cell9–11. Like calcium, excess free zinc in body 
tissues is toxic12.

Zn2+ is selectively stored in, and released from, the 
presynaptic vesicles of a specific type of neuron, which 
is found chiefly in the mammalian cerebral cortex 
(FIG. 1). These zinc-releasing neurons also release gluta-
mate, and the term ‘gluzinergic’ has, therefore, been 
proposed to describe them13,14. Most glutamate- and 
zinc-releasing neurons have their cell bodies in either 
the cerebral cortex or the limbic structures (amygdala 
and septum) of the forebrain15. Therefore, the glutamate- 
and zinc-releasing neuronal system comprises a vast 
cortical–limbic associational network that unites limbic 
and cerebrocortical functions.

In the fifty years since zinc’s signalling role was first 
discovered16, a broad outline of the function of gluta-
mate- and zinc-releasing neurons has emerged (FIG. 2). 
Zinc seems to modulate the overall excitability of the 
brain through its effects on glutamate, and probably 

γ-aminobutyric acid (GABA), receptors17, and is also 
thought to be important in synaptic plasticity18,19.

Here, we describe the biology of glutamate- and 
zinc-releasing neurons and review the current evidence 
for the normal function of these neurons and their 
synaptic zinc signals. We also review findings that 
implicate zinc signals in the pathophysiology of acute 
brain damage and degenerative brain diseases.

Discovery of glutamate–zinc neurons
Focal deposits of ‘free’ or ‘exchangeable’ zinc were first 
found in the brain by Maske16, who used a histochemical 
method that could detect only the exchangeable zinc. 
Although he was primarily interested in zinc-secreting 
pancreatic cells, Maske also looked at the brains of his 
test animals, where he found a conspicuous, bright red 
band of zinc–dithizonate staining.

We now know that the band was comprised of 
hip po campal mossy fibre axons, the giant terminals 
of which are rich in exchangeable zinc. Moreover, we 
also now know that the mossy fibres are just one example 
of many intrinsic, cerebrocortical pathways,  the axons 
of which sequester zinc and glutamate in their syn-
aptic vesicles. Although glutamatergic, the long axon 
pathways that project into the cerebral cortex and 
those that project corticopedally to subcortical targets 
have no vesicular zinc20–23,24. Likewise, glutamatergic 
pathways that originate outside the cerebral cortex and 
limbic nuclei contain only token amounts of stainable 
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metals25,26. By contrast, in some areas of the cerebral 
cortex, glutamate- and zinc-releasing neurons contribute 
almost half of all of glutamatergic synapses27.

Measuring synaptic release of zinc. Three methods 
have been used to show synaptic zinc release: before-
and-after imaging of zinc in the boutons, analytical 
detection of zinc released into perfusates and, most 
recently, direct imaging of released zinc using fluores-
cent extracellular probes.

Haug and colleagues launched the before-and-after 
studies, and showed that staining of vesicular zinc in 
mossy fibres vanished within hours of axon transection, 
even though the ultrastructure of the axon terminals 
remained intact for several days28. Many have repli-
cated Haug’s basic result, using stimuli such as 24 h of 
electrical stimulation29, 2–4 h of status epilepticus29–31, 
excitotoxic injury, such as ischaemia–reperfusion32, 
and head trauma33, all of which dramatically deplete 
the boutons of zinc.

In a variation of the before-and-after protocol, 
vesicular zinc is labelled in situ, and release of the label 
is observed. This approach is somewhat problematic, 
as it is a zinc–label complex that is released, not 
zinc per se. Nevertheless, several groups have shown 
robust and reliable release of zinc–label complexes 
from boutons on electrical stimulation34,35, or over 
time in the absence of stimulation36. Most recently, 
the release of zinc–N-(6-methoxy-8-quinolyl)-p-
toluenesulphonamide (TSQ) was elegantly shown 
on a pulse-by-pulse basis, with each action poten-
tial releasing zinc37. Several groups have observed 
calcium-dependent zinc release into perfusates of 
electrically or chemically stimulated brain tissue 
in vivo and in vitro38–42. One recent innovation is 
the use of fluorimetry to distinguish between free 
zinc and bound zinc in the perfusates of stimulated 
tissue. Using brain microdialysis, the release of up 
to 100 nM of free zinc has been observed during 
excitotoxic stimulation of brain tissue43.

Direct imaging of synaptic zinc release is the defini-
tive method, and has now been done successfully in 
four laboratories. In the first study, released zinc was 
detected by a biosensor, which consisted of a zinc met-
alloenzyme that lacks zinc (apo-carbonic anhydrase, 
apoCA) and a fluorescent reporter that shifts emission 
on binding to holo-carbonic anhydrase (holoCA)44. 
Later work using more direct imaging of tissue slices 
revealed much faster zinc release (30 ms45,46). Three fluor-
escent probes, each with different kinetics and affinities, 
have all yielded estimates of the amount of zinc that is 
released in the 10–30 μM range43–46. Of course, such 
estimates reflect an average amount throughout the 
tissue, and concentrations in the cleft would presumably 
be much higher during the brief synaptic release events, 
whereas concentrations measured with a relatively large 
dialysis probe would be lower. One caveat that emerges 
from comparative studies is that the amount of zinc in 
the vesicles of the mossy axons of young altricial animals 
(for example, rats) is vanishingly small, and does not 
mature until ~75 days after birth. This is because the 
granule neurons are born postnatally, and their mossy 
axons are correspondingly late to appear and sequester 
zinc47,48,49. So, zinc release from the immature hippo-
campus is always modest compared with that in the 
adult hippocampus50.

Zinc entry into somata and dendrites. Neuronal somata 
and dendrites are studded with zinc-permeable, gated 
channels, which include the NMDA (N-methyl-d-
aspartate) channel, voltage-gated calcium channels and 
the calcium-permeable AMPA (α-amino-3-hydroxy-
5-methyl-4-isoxazole propionic acid)/kainate channel 
(Ca2+-A/K). Zinc influx through these channels has 
been shown using 65Zn tracing51, nuclear magnetic 
resonance (NMR) with zinc-specific contrast agents52 
and fluorescent measurements of free intracellular zinc 
([Zn2+]i)

30,53–56.
Because presynaptic terminals release zinc, and 

the post synaptic somata and dendrites have zinc-
permeable channels, it follows that, under favourable 

Box 1 | Zinc signals outside the brain 

Historically, neurotransmitters and neuromodulators were often identified and 
characterized in tissues or organs other than the brain, then tracked into the brain 
and linked to behaviour. For example, acetylcholine was first identified in the 
heart240, adrenaline in the vasculature, GABA (γ-aminobutyric acid) in crayfish 
muscle241 and peptides in the gut242. Research on zinc signalling follows this same 
historical pattern, in that the first zinc-secreting cells to be characterized were the 
insulin- (and zinc-) secreting cells of the pancreas and the fluid- (and zinc-) secreting 
cells of the venom–salivary gland in snakes243.

Today, there is broad awareness of zinc signalling throughout the body, with a 
dozen or more individual zinc-secreting cells types known. These zinc-secreting cells 
include the submandibular salivary gland244 (modified to a venom gland in snakes), 
the pancreatic β-cells245 and pancreatic exocrine cells245, the prostate epithelial 
cells246, Paneth cells in the intestine247, mast cells248, granulocytes (three types)249,250, 
pituitary cells (four types251) and CNS neurons (three types)128,252. Intriguingly, the 
biological and physiological roles of these myriad somatic zinc signals are still largely 
unknown and unstudied.

Figure 1 | Intravital staining of mossy fibres in the rat using the fluorescent probe ZP1. 
a | Inset is a x4 survey view of the hippocampal formation; the enlargement shows the bright 
staining in the stratum lucidum (SL) and lack of staining in the stratum pyramidale (SP). 
b | A further enlargement of the SL, showing individual mossy boutons (bright puncta), three of 
which (arrows) are further magnified in the inset253. 
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conditions, Zn2+ will translocate from inside a presyn-
aptic neuron to inside a postsynaptic neuron. Because 
both glutamate and depolarization open the zinc-per-
meable channels6,57–59, maximum zinc translocation 
would be expected during intense neuronal activity. 
There is considerable evidence that such translocation 
contributes to zinc-induced cell injury in excitotoxic-
ity (see below). There is also evidence that a smaller-
volume translocation might occur during physiological 
synaptic signalling, with the translocated zinc perhaps 
triggering further signalling cascades in the post-
synaptic neuron18. However, it is difficult to distinguish 
those zinc signals that have entered a cell through the 
plasma membrane from those that have arisen through 
the mobilization of zinc from intracellular proteins.

Intracellular mobilization and somatic release. In 
addition to the zinc that is released from presynaptic 
terminals into the extracellular fluid, there is also a 
pool of releasable zinc in perikarya. One source of this 
zinc is the metallothioneins (MTs), from which zinc 
can be released rapidly by nitrosylation or oxidation 
of the thiol ligands60,61.

Thioneins are small proteins (~3000 Da) that con-
tain several cysteine residues that allow them to bind 
metals, including zinc62. They function physiologically 
by accepting zinc from other zinc-binding ligands, 
including proteins. Thionein can bind seven zinc 
atoms through 20 cysteine residues in zinc clusters63. 
Oxidation or nitrosylation of cysteine residues in the 

zinc cluster results in the release of zinc64, so these pro-
teins can function as zinc donors to other zinc-binding 
proteins. Metallated thionein is in equilibrium with the 
unmetallated (or apo-) thionein65.

The metallothionein 3 (MT3) isoform is found 
only in the brain and testes, whereas other isoforms 
are more widespread66,67. In mice that lack MT3, cell 
injury in hippocampal field CA1 and the thalamus 
is significantly reduced after brain injury 68, which 
implies that zinc released from MT3 can contribute 
to cell injury. By contrast, in hippocampal field CA3, 
loss of MT3 increases cell death after excitotoxic 
injury, presumably because the presynaptic release of 
zinc is so pronounced in CA3 REF. 46 that the post-
synaptic MT3 functions more as a zinc sink than a 
zinc source.

Given that nitric oxide (NO) can mobilize zinc from 
proteins (notably MT3), and that neuronal somata fill 
up with free zinc from this source under excitotoxic 
conditions, it is possible that zinc could flow directly 
from the perikaryal cytoplasm into the surrounding 
extracellular milieu69. Zinc-permeable channels6, 70,71 
or transporters72,73 could mediate this somatic zinc 
‘release’. This phenomenon has not been shown directly, 
but images of zinc effluxing into the medium around 
brain slices as they undergo ischaemia–reperfusion 
injury are supportive74. In these images, the regions 
showing maximal release include the pyramidal cell 
stratum, which contains only pyramidal neuron 
somata (FIG. 3).

Figure 2 | Synaptic zinc transport. Vesicles decorated with the zinc transporter ZnT3 protein are assembled in the Golgi 
apparatus of glutamate- and zinc-releasing neurons (1) and transported down the axon (2). Once in the presynaptic terminal, 
the vesicles can be seen to contain both glutamate and free zinc. Calcium- and impulse-dependent exocytosis expels both 
zinc and glutamate (4), both of which have receptors on the postsynaptic membrane. In some cases, both receptors are 
components of the same iontophore, as with the GluR and GluM receptors TABLE 1.  Zinc modulates myriad channels, 
transporters and receptors locally and (perhaps) after diffusing a few tens of micrometres, on neurons and glial cells (6–10). 
All calcium channels have some zinc permeability (5 and 9), and zinc-permeating postsynaptic neurons are chaperoned by 
the thionein-metallothionein system (11). Oxidation and nitrosylation of thiols in metallothionein (MT) releases Zn2+ from MT 
(12), possibly leading to ‘somatic’ release of zinc.
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So far, the NO–MT–Zn2+ signalling cascade has been 
observed only in pathological situations, such as status 
epilepticus, trauma or ischaemia–reperfusion75,76,77. 
However, it is possible that this pathway also operates 
at a reduced level in the healthy brain18. The coupling 
of NMDA receptors to neuronal nitric oxide synthase 
(nNOS)78,79 could mediate this putative pathway.

Transporters
Two groups of proteins that are involved in zinc transport 
are known; the divalent cation transporter (DCT) fam-
ily  80 and the zinc transporter (ZnT) family  81. However, 
the ZnT proteins might only modulate transport indi-
rectly  82, whereas the DCT family have been shown to 
be direct transporters72,80. The elucidation of the ways 
in which these proteins cooperate to regulate zinc meta-
bolism and signalling will, no doubt, be a fascinating 
new chapter in the neurobiology of zinc.

Physiological functions of zinc signals. Research on 
the neuropharmacology of zinc signals is hindered 
by the fact that zinc is an ion, not a molecule. Therefore, 
there are no synthetic or metabolic enzymes to inhibit 
or stimulate, nor any receptor agonists or antagonists 
that can be deployed. Furthermore, in any biologically-
relevant medium near normal pH, exogenous zinc will 
precipitate as zinc hydroxide complexes, or bind to 
myriad ligands in the medium and tissue, which means 
that the actual free zinc signal produced is often less 
than 0.1% of the total zinc added83. However, proper 
control of the free zinc concentration (pZn) is possible 
using pZn buffers84–86 and measuring methods87. 

Excitatory amino acid receptors. The NMDA-type 
glutamate ionophore was found to be inhibited by zinc 
in 1987 REF. 88. The zinc-sensitivity of this molecule 
is now understood to be mediated by two separate 
mechanisms: a voltage-independent site on the NR2A 
subunit that has an IC50 in the single-digit nanomolar 
range86,89, and a less sensitive, voltage-dependent site on 
the NR2B90 subunit, where ionic current is depressed by 
low-micromolar concentrations of zinc.

The high-affinity site on NR2A is especially interest-
ing, because the apparent extracellular pZn of healthy 
brain tissue is between 8 and 9 (that is, the concentration 
of free  Zn2+ is between 1 nM and 10 nM). This implies 
that the zinc site on NR2A is normally partially occupied 
by zinc, and that the NMDA channel current is corre-
spondingly depressed. This, in turn, implies that merely 
chelating the extracellular zinc to above pZn = 10 (free 
zinc concentration below 0.1 nM) should increase the 
excitability of the exposed brain tissue. Several investiga-
tors have observed that the introduction of a sufficiently 
high-affinity zinc chelator leads to increased amplitude 
of  NMDA-mediated postsynaptic responses84,91,92, 
increased excitability and/or lowered threshold for 
seizure induction93–96.

The inhibitory effect of zinc on the NR2A sub-
unit is synergistic with the inhibitory effect of 
protons, with zinc shifting the pH sensitivity of NR2A 
towards stronger inhibition at a given pH89. So, the 
maximum depression of NMDA currents occurs 
when extracellular pH and pZn2+ are simultaneously 
falling. However, the on-rate and, in particular, the 
off-rate of Zn2+–NR2A binding is slow 89, so a relative 
change will be seen in this tonic downregulation of the 
NR2A subunit when the zinc concentration changes. 
This probably explains why brief ‘puffs’ of zinc fail to 
alter NMDA-gated currents97, whereas zinc chelation 
relieves zinc inhibition84,91–96.

 Zinc also causes a paradoxical delayed increase in 
the sensitivity of the NMDA receptors to agonists. This 
delayed effect (over hours) is mediated by increased 
tyrosine phosphorylation of the NR2A and NR2B 
subunits, which decreases their sensitivity to zinc-
mediated tonic inhibition98,99. This negative feedback 
results in a net potentiation of synaptic currents, 
which is mediated by the NMDA receptor. A similar 
long-term potentiation (LTP) of the glutamate synapse 
through exposure to Zn2+ has been shown at the mossy 
fibre–CA3 synapse, where the zinc seems to function 
intracellularly in the CA3 pyramidal neurons18.

Recent detailed analysis showed that ~45% of all 
dendritic spines in the stratum radiatum of the hippo-
campus receive zinc-containing glutamatergic synaptic 
input, whereas ~55% receive zinc-free glutamatergic 
input27. Intriguingly, the zinc-containing inputs prefer-
entially innervate postsynaptic sites with NMDA-type 
receptors, as opposed to AMPA or kainate receptors27. 
This implies that the zinc-mediated downregulation of 
NMDA receptors is based on local release of zinc from 
the immediately adjacent presynaptic terminal.

Inhibitory amino acid receptors. The second receptor 
to be studied intensively for zinc sensitivity was the 
GABAA (GABA type A) receptor100. Two decades of 
elegant work by Smart and colleagues17,101 and oth-
ers102–104 have culminated in almost complete expli-
cation of the molecular mechanisms by which zinc 
modulates GABAA receptors105. The α1β3 splice variant 
is most sensitive to zinc: other α and β variants have 
lower sensitivity, and GABAA receptors that contain 
γ subunits have greatly reduced sensitivity, owing to the 

Figure 3 | Zinc release into the extracellular fluid of a hippocampal slice induced by 
nitric oxide. The 60-min experiment begins in (1). A zinc-sensing fluorescent probe is present 
in the extracellular fluid, and shows essentially no extracellular zinc in frame 1 (baseline), then 
shows increasing amounts being released in frames 2–4, as the oxygen–glucose deprivation 
proceeds. Immediately after reperfusion, zinc efflux is enhanced (oxygen–glucose replacement; 
frame 4), and reaches a maximal after 30 min of reperfusion (frame 7, 60 min). The entire zinc 
release in this oxygen–glucose deprivation paradigm can be blocked by inhibition of nitric oxide 
synthase by L-NAME (N(omega)-nitro L-arginine methylester). The hippocampal slice is shown 
in (8) in brightfield. Modified, with permission, from REF. 74 © (2004) International Brain 
Research Organization.
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interposition of the γ subunit, which disrupts the α–β 
interface site105.

Several exemplary experiments have used the 
blockade (chelation) protocol to reveal the effects of 
endogenous zinc signals on GABA receptors106–108. 
Because there are neurons in the spinal cord that 
release GABA along with zinc109, the modulation of 
GABA receptors by zinc is probably a vital factor in 
normal brain function .

Changes in the zinc modulation of GABA recep-
tors have been implicated in the aetiology of epilepsy. 
Mody, Coulter and others110–112 have suggested that 
the seizure-induced sprouting of zinc-releasing axons 
into ectopic locations could result in ectopic release 
of zinc, thereby reducing GABAA receptor-mediated 
inhibition and enhancing seizure susceptibility111. The 
release of GABAA receptor-inhibiting quantities of zinc 
in the brains of rats with a history of seizures has not 

yet been found113, but this hypothesis remains attrac-
tive. In addition to the sprouting of zinc-releasing axons, 
further changes in the zinc modulation of GABA recep-
tors might contribute to progressive epileptogenesis114. 
GABA-receptor modulation by zinc also changes 
dramatically during early brain development115, and in 
the adult circadian pacemaker region as a function of 
the circadian cycle116.

Other receptors, channels and transporters. Zinc has 
been proposed to affect aminergic117–120, purinergic121,122 
and cholinergic123,124 receptors, but the physiological 
importance of such putative effects remains uncer-
tain. It has also recently been shown that the glycine125 
and proton126,127 receptors are sensitive to zinc. Given 
the strong evidence that glycine and zinc co-localize 
in presynaptic terminals in the brain stem and spinal 
cord128, the fact that zinc inhibits glycine receptors at 
high concentrations (>10 µM) and facilitates them 
at slightly lower concentrations (<10 µM) might have 
physiological significance129–131. The co-activation 
of acid-sensing proton receptors by zinc could also 
be important, especially in excitotoxic brain injury 
scenarios, in which both extracellular pZn and pH are 
likely to fall127,132,133.

The recently-described zinc-sensing receptor, which 
is a membrane-spanning protein that is sensitive to zinc 
under physiological conditions134, also merits further 
attention. This receptor, which has been  described on 
epithelial cells, initiates calcium mobilization through 
calcium/calmodulin dependent protein kinase activa-
tion of cell growth and proliferation, thereby giving the 
Zn2+ signal potent control over the fate of skin tissue134. 
Similar zinc sensors might be present in other tissues, 
including the brain.

Several types of voltage-gated channels and trans-
porters have also been shown to be sensitive to exo-
genous zinc TABLE 1. Intriguing examples include the 
inhibition of glutamate-uptake transporters by zinc135 
(another mechanism by which zinc could modulate 
glutamatergic synaptic transmission), and the effects 
of zinc on the cocaine-sensitive site of dopamine-
reuptake transporters (a potential therapeutic target 
for the treatment of cocaine abuse)136.

Zinc and brain function
Brain excitability. Zinc inhibits both excitatory and 
inhibitory receptors, so, in principle, it could make 
the forebrain neurons more excitable, less excitable or 
have no net effect. However, the administration of zinc 
chelators has generally produced outright paroxysmal/
epileptiform brain activity, lowered the threshold for 
seizure induction, or increased the excitatory post-
synaptic potentials (EPSPs) or excitatory postsynaptic 
currents (EPSCs) at NMDA receptor synapses, which 
indicates that the dominant effect of Zn2+ in the normal 
brain is to reduce excitability, thereby functioning as an 
endogenous anticonvulsant. Unfortunately, the converse 
treatment, which involves intracranial administration 
of zinc salts, is directly cytolethal and proconvulsive137 
(but see REF. 138).

Table 1 | Zinc-sensitive targets in the central nervous system

Specific protein Main effect of zinc References

Glutamate receptors

AMPA Up- and downregulates 254

NMDA Tonic downregulation
Phasic effect disputed

99,255

Metabotropic Downregulates 256

Other receptors

GABAA Mostly downregulates 17,257

GABAB Mimics, downregulates 258

Glycine Upregulates 125

Sigma 2 Mimics 259,260

Acetylcholine Up- and downregulates 124

Adenosine Up- and downregulates 121

Serotonin Downregulates 261

Dopamine Up- and downregulates 117,118

Catecholamine Up- and downregulates 120

Melanocortin Upregulates 262

Zinc receptor Mobilizes intracellular Ca2+ 134

Proton receptor Zinc–proton synergy 89

Opioid Downregulates 263

Channels

Ca2+ Blocks, inhibits 264

K+ Up- and downregulates 265

Na+ Mixed 102,266

Cl– Facilitates 267

Ca2+-amyloid Blocks 268

Transporters

Glutamate Decreases uptake 135,269

Dopamine Decreases uptake 136,270

AMPA, α-amino-3-hydroxy-5-methyl-4 isoxazole propionic acid; GABAA/GABAB, γ-aminobutyric 
acid type A/B; NMDA, N-methyl-D-aspartate.
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Synaptic plasticity. The conspicuous concentration of 
glutamate- and zinc-releasing terminals in the neocor-
tex and limbic structures (the septum and amygdala) 
indicates that glutamate- and zinc-releasing synapses 
might have a special role in the synaptic plasticity 
that underlies learning and memory139,140. It has been 
suggested that both developmental and experiential 
plasticity are zinc-dependent.

The plasticity of the young mammalian brain is 
frequently accompanied by changes in innervation 
by zinc-containing neurons. For example, the diff-
erentiation of striosomes in the caudate–putamen is 
first signalled by the appearance of zinc-containing 
boutons in each striosome141, followed by innervation 
that separates the striosomes from the matrix. A simi-
lar example can be observed in the lateral geniculate 
nucleus, where zinc-containing boutons appear briefly 
when the nucleus undergoes reorganization after 
de nervation142. Furthermore, in visual and somato-
sensory cortical areas, zinc-containing innervation is 
an early marker for the various columns and barrels 
that delineate sensory fields19,143, and changes in the 
early sensory experience are reflected in changes in 
the pattern of zinc-containing innervation19.

The idea that glutamate- and zinc-releasing synapses 
might have a zinc-dependent mode of experiential 
plasticity has been tested repeatedly, with mixed results. 
The role of zinc in LTP at the mossy fibre–pyramidal 
synapse, where the giant zinc-filled mossy boutons 
contact the CA3 pyramidal neurons, has been studied 
by five groups. Three groups found no change in LTP 
as a result of zinc chelation37,92,139, whereas the fourth 
found that blocking zinc signalling blocked LTP144 and 
the fifth found that LTP could be blocked or induced 
by zinc chelation or delivery, respectively17. The dif-
ferences in preparation and methods that account for 
these discrepancies remain to be established.

Acute toxicity of free zinc
Although zinc lacks redox activity and has traditionally 
been regarded as relatively non-toxic145, there is increas-
ing evidence that free ionic zinc is a potent killer of neu-
rons and glia. Yokoyama and associates146 showed that 
15 min exposure to 300–600 µM zinc results in exten-
sive neuronal death in cortical cell culture. Combined 
with the discovery that neurons store up to 300 µM of 
free zinc in their terminals147 and release zinc when they 
are depolarized29,38,39, these findings indicated that zinc 
has an active role in neuronal injury.

This possibility was strengthened by the observa-
tion that membrane depolarization — which invariably 
accompanies acute brain injury148,149 — greatly increases 
the potency of zinc as a neurotoxin. For instance, in 
cortical cell culture, depolarization with high concen-
tration (25 mM) potassium media allows just a 5-min 
exposure to 100 µM zinc to kill most neurons150. This 
mechanism of increased toxicity probably involves zinc 
influx, and subsequent calcium influx, through L-type 
calcium channels. NMDA and calcium-permeable 
AMPA/kainate channels might also provide routes for 
zinc entry 59,70,151.

Recent work using zinc-buffered cell growth media 
has shown that eukaryotic cells die if grown in media 
that contains free zinc in excess of ~100 nM (pZn  =  7)83. 
Preliminary estimates indicate that the physiological 
[Zn2+]i in eukaryotic cells is in the low picomolar range 
(pZn ~12.5)43. When the [Zn2+]i falls to the levels that 
are induced by strong chelators (pZn>15), apoptosis 
can be triggered152. When the [Zn2+]i rises to nanomolar 
concentrations (pZn< 9), toxicity ensues56,153.

Zinc toxicity in vivo. The idea that zinc toxicity could 
contribute to neuronal injury in vivo was first sug-
gested in 1988, on the basis of findings in rats that had 
undergone prolonged seizures or transient cerebral 
ischaemia30,154,155. Staining of adjacent brain sections 
from these animals with TSQ and acid fuchsin revealed 
a striking correlation between zinc accumulation in cell 
bodies and cell death. It was shown later that both neu-
ronal death and zinc accumulation in transient cerebral 
ischaemia were reduced or prevented by the zinc chela-
tor calcium edetate (CaEDTA), but not by the non-zinc 
chelator zinc edetate (ZnEDTA)156. Subsequently, the 
principle of endogenous zinc toxicity as a contributing 
mechanism has been investigated and shown to be valid 
in other injury models, including blunt head trauma33, 
focal ischaemia157, oxygen–glucose deprivation 
in vitro158 and glucose deprivation in vivo159.

Zinc translocation. Vesicular zinc was initially 
thought to be the only releasable pool of zinc154, and 
it was assumed that the zinc that appears in injured 
neurons was probably of presynaptic origin154. The 
later discovery that zinc could enter neurons through 
various voltage- and glutamate-gated channels sup-
ported this hypothesis7,71, as did the discovery that 
the membrane-impermeant zinc chelator CaEDTA 
substantially reduced zinc accumulation in degen-
erating neurons33,156,157. Because CaEDTA remains in 
the extracellular space, this finding was taken to be 
consistent with the chelation of released zinc in the 
extracellular space. 

If presynaptically-released zinc were the only source 
of toxic zinc that contributed to the degeneration of 
postsynaptic neurons, animals with no presynaptic zinc 
should not be susceptible to such zinc toxicity in excito-
toxic brain injury situations. Mice that lack the zinc 
transporter ZnT3 show no histochemically reactive 
zinc in their presynaptic vesicles, and this is associated 
with a substantial reduction in the amount of neuronal 
zinc staining and neuronal death in the CA3 region of 
the hippocampal formation, where synaptic release of 
zinc from the mossy boutons is extensive160. However, 
other brain regions in which the synaptic zinc input is 
scanty did not show diminished zinc staining in these 
mutants, which indicates that the zinc in injured neu-
rons comes from both presynaptic and other sources.

Other toxic mechanisms. The ‘zinc-translocation’ 
hypothesis is now recognized as incomplete69 for sev-
eral reasons. First, zinc accumulation in degenerating 
neurons is always observed, to some extent, in areas 
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that are only lightly innervated by glutamate- and zinc-
releasing fibres. For example, thalamic neurons are 
surrounded by terminals that lack vesiclular zinc13,154, 
but still show zinc accumulation following ischaemia 
or seizures156. Second, even in Znt3-null mice, extensive 
zinc accumulation has been observed in degenerating 
CA1 and thalamic neurons160. Last, the recent discov-
ery that extracellular CaEDTA can remove zinc from 
inside cells and even presynaptic vesicles161 indicated 
that zinc blockade by CaEDTA could no longer be 
accepted as evidence that the zinc had travelled through 
the extracellular fluids.

Zinc accumulation in degenerating neurons of 
Znt3-null mice indicates that there are other dyna mic 
zinc sources besides that found in synaptic vesicles. 
Zinc can be mobilized from MT3, and possibly also 
from mitochondria, and this intracellular zinc release 
could lead to a somatic release of zinc into the extra-
cellular fluid with subsequent zinc translocation into 
neighbouring cells. The direct role of nitric oxide in 
releasing this MT3 pool of zinc during excitotoxicity 
was recently shown by Wei74 (FIG. 3) and others76,77 (for 
a review, see REF. 75).

Zinc-initiated cell death pathways
Initially, the toxic effect of zinc was puzzling, because 
zinc had been considered to be a relatively innocuous 
metal and was known to inhibit apoptosis in diverse 
cell systems162.

Although zinc is not itself an oxidant, several lines 
of evidence indicate that zinc toxicity is mediated 
largely by oxidative stress. First, zinc-induced cell death 
is accompanied by increased levels of super oxides 
and lipoperoxides, which are markers for oxidative 
injury163–165. Second, zinc-induced cell death is attenu-
ated by various antioxidative measures166,167. Last, free-
radical-generating enzymes, such as NADPH oxidase, 
are induced and activated after zinc exposure, and their 
inhibitors attenuate zinc toxicity168.

Zinc-induced apoptosis. Neurons that are briefly 
exposed to high concentrations of zinc show signs of 
necrosis, such as cell body swelling and destruction 
of intracellular organelles163. However, under condi-
tions of less fulminant zinc toxicity, signs of apoptosis, 
such as DNA fragmentation and caspase activation, are 
observed166,169.

The mechanisms for zinc-triggered apoptosis 
are now being identified. In zinc-exposed neurons, 
both  the neurotrophin receptor p75NTR and p75NTR-
associated death executor (NADE) are induced170, 
which is a combination that can trigger caspase 
activation and apoptosis171. In addition, zinc can 
trigger the release of pro-apoptotic proteins, such as 
cytochrome c and apoptosis-inducing factor (AIF), 
from mitochondria172. It is not known to what extent 
apoptosis contributes to zinc-related acute brain 
injury, but in rat models of ischaemia or seizures, 
in which zinc is likely to function as a neurotoxin, 
p75NTR and NADE are co-induced in neurons that 
undergo cell death170,173.

Nitric oxide and zinc toxicity. Nitric oxide has a pivotal 
role in zinc toxicity. It releases seven zinc ions from 
each MT molecule77, and the brain-specific MT3 
isoform has a considerably lower threshold for zinc 
release by nitric oxide than the other isoforms174. 

Inhibition of nitric oxide synthase (NOS) markedly 
reduces the release of zinc from brain slices74 and 
reduces the appearance of zinc staining after trau-
matic or epileptic brain injury (C.J.F. and R. Masalha, 
unpublished observations) or hypoglycaemic brain 
injury158, so it is clear that nitric oxide-mediated 
release of zinc from MT has a crucial excitotoxic role. 
Nitric oxide also rapidly releases zinc from presynaptic 
terminals175, thereby contributing to cell death through 
the zinc-translocation mechanism. Furthermore, 
elevated intracellular zinc induces and activates nNOS 
in cultured cortical neurons176, so zinc and nitric oxide 
can both trigger a destructive cycle.

Poly-ADP-ribose polymerase. The final pathway to 
zinc-induced cell necrosis seems to occur through 
poly-ADP-ribose polymerase (PARP) activation, 
which has been shown in other cases of predominantly 
necrotic cell death177. DNA damage induced by oxida-
tive and nitrative stresses activates PARP, which transfers 
the ADP-ribose moiety from nicotinamide adenine 
di nucleotide (NAD+) to various target proteins. As up 
to several hundred moieties are transferred to one pro-
tein molecule, continued activation of PARP results in a 
drastic depletion of NAD+ and ATP178. Consistent with 
the idea that PARP activation is limited to necrosis177, 
induction of apoptosis by chronic exposure to low con-
centrations of zinc169 is not attenuated by the deletion 
of PARP1 REF. 179.

Zinc and neurodegenerative disease
Alzheimer’s disease. One of the pathological hallmarks 
of Alzheimer’s disease is the marked accumulation of 
amyloid-β (Aβ) protein, in the form of senile plaques 
and cerebrovascular amyloid deposits180–182. There 
is considerable evidence that free zinc in the extra-
cellular fluid induces amyloid deposition183,184 (FIGS 4 
and 5), and early-phase clinical trials indicate that zinc 
chelation inhibits Aβ-plaque deposition185,186.

The Aβ peptide is produced from the proteolytic 
cleavage of amyloid precursor protein (APP)182. A spe-
cific and saturable binding site for zinc (KD = 750 nM) 
has been reported in the cysteine-rich region on the 
ectodomain of APP187,188. This site has homology 
to all known members of the APP superfamily and 
the amyloid precursor-like proteins 1 and 2 (APLP1 
and APLP2)187, which indicates that zinc interaction 
might have an important, evolutionarily conserved 
role in APP function and metabolism. Many obser-
vations indicate a role for zinc in sustaining the 
adhesiveness of APP during cell–cell and cell–matrix 
interactions189,190.

Aβ40 specifically and saturably binds zinc, mani-
festing higher-affinity binding (KD = 107 nM) with 
a 1:1 (zinc:Aβ) stoichiometry and lower-affinity 
binding (KD = 5.2 µM) with a 2:1 stoichiometry183,184. 
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Because the pZn of the extracellular brain milieu is 
apparently in the 8–9 range ([Zn2+] ~1–10 nM), it 
would be expected that Aβ40 would bind little zinc 
under normal conditions. However, events that lead 
to a sustained decrease in pZn owing to a sustained 
release of zinc from cells, such as a transient hypop-
erfusion, head trauma or even local paroxysmal 
neuronal firing75, could lead to the saturation of 
the higher- and (potentially) the lower-affinity zinc 
sites. Zinc release in excess of 100 nM (pZn = 7) has 
been observed in such circumstances43.

The zinc-binding site in Aβ40 has been mapped to 
a stretch of contiguous residues between amino-acid 
residue positions 6 and 28, and the histidine residue at 
position 13 seems to have a crucial role in zinc-medi-
ated aggregation191. Occupation of the zinc binding 
site192 inhibits α-secretase-type cleavage, and might 
influence the generation of Aβ from APP, as well as 
increasing the biological half-life of Aβ by protecting 
the peptide from proteolytic attack183. Zinc rapidly pre-
cipitates synthetic human Aβ40 REF. 184, and chelation 
treatment completely reverses this precipitation193.

Although zinc-induced Aβ precipitation at pH 7.4 is 
highly specific to zinc, copper and iron can also induce 
partial aggregation, which increases substantially under 
mildly acidic conditions (pH 6.6)194. Zinc, copper and 
iron are all markedly enriched in amyloid plaques195 
TABLE 2, but only copper and zinc co-purify with the 
Aβ extracted from post-mortem human brains196 and 
have been shown to coordinate with Aβ in plaques197.

 There is considerable indirect evidence that APP 
and Aβ might function as copper chaperones or efflux-
ers183,184,194,198. In addition, knockout mice that lack either 
APP or APLP2 show specific elevations in brain and 
liver copper levels199, whereas overexpression of APP or 
of APP’s 100-amino-acid carboxy-terminal (APP-C100) 
fragment results in decreased copper levels200,201. Studies 
in yeast, as well as primary neuronal cultures from APP-
knockout mice and APP-transgenic mice202, confirm 
that APP and Aβ expression mediates the export of a 
significant fraction of neuronal copper.

In the mouse brain, copper and iron levels increase 
with age203. One idea to explain this is that Aβ REF. 198 
becomes hypermetallated with age, and is abnormally 
oxidized during the physiological processing of cop-
per204. Abnormal binding of copper to Aβ could yield 
two adverse outcomes: toxicity, mediated by redox 
activity, and oxidative modification of Aβ. Aβ–Cu2+ 
complexes are strongly reductive, and generate hydro-
gen peroxide catalytically from biological reducing 
agents, including cholesterol196,205,206. The redox activity 
is stronger for human Aβ42 than for human Aβ40 or the 
rat Aβ peptide, which correlates with the toxicity of the 
peptide in cell culture207. Copper-mediated oxidation 
of Aβ causes damage to histidine and tyrosine side-
chains208, dityrosine crosslinking209 and sulphoxidation 
of the sole methionine residue that is located at posi-
tion 35 REF. 210. This methionine residue is essential 
for keeping metallated Aβ in its normal (redox-silent) 
location within lipid membranes211,210. Therefore, 
oxidation of Aβ by copper might be the first step in 
the liberation of soluble Aβ species that can later be 
precipitated by zinc (FIG. 4). This might explain why 
almost all the Aβ deposits found in the brains of 
individuals with Alzheimer’s disease are oxidized213. 
The generation of hydrogen peroxide by soluble but 
oxidized forms214 of Aβ might explain the association 
of brain Aβ accumulation with the severe peroxidative 
damage that is characteristic in the brains of individu-
als with Alzheimer’s disease215 and of APP transgenic 
mice216. Zinc and copper chelators reverse Zn/Cu-
induced aggregation of synthetic Aβ in vitro217, inhibit 

Figure 4 | Zinc in the amyloid-β plaques of Alzheimer’s 
disease. Three cortical senile plaques from post-mortem 
human brains are immunostained for amyloid-β (a), and 
three similar plaques are stained for zinc using 
N-(6-methoxy-8-quinolyl)-p-toluenesulphonamide 
(TSQ) fluorescence (b). Reproduced, with permission, 
from REF. 204 © (2003) Elsevier Science.

Figure 5 | Proposed model for pathogenic copper and zinc interaction with amyloid-β 
in Alzheimer’s disease. Copper and iron levels increase in specific subcellular 
compartments of the brain with age. Amyloid-β (Aβ) becomes overwhelmed in its attempt to 
contain or transport copper, and becomes oxidized by copper or hydrogen peroxide (H2O2). 
This leads to protease-resistant dityrosine species, as well as oxidation of methionine 35 on 
Aβ, which allows Aβ to escape its constitutive membrane compartment. This drives up the 
levels of soluble Aβ (monomeric and oligomeric) in the brain. When bound to copper, these 
forms are toxic owing to their redox activity and the catalytic generation of  H2O2. These 
soluble Aβ species drift into the interstitial spaces of the brain, where they are driven out of 
solution by the exceptionally high concentrations of zinc influx at the glutamatergic synapses 
and the perivascular spaces, resulting in plaque formation and cerebral amyloid angiopathy 
(CAA). Although the zinc partially quenches Aβ-mediated redox activity, the amyloid deposits 
are still sites of considerable H2O2 formation and oxidation.
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Aβ-mediated hydrogen peroxide formation196,206 and 
solubilize Aβ from amyloid deposits in post-mortem 
brain tissue from patients with Alzheimer’s disease215.

Studies of the impact of the genetic ablation of 
ZnT3 in the Tg2576 mouse model of Alzheimer’s 
disease have provided evidence that synaptically 
released zinc underlies amyloid pathology. We found 
that the complete absence of any staining for synaptic 
vesicle zinc in the knockout mouse was accompa-
nied by a profound reduction in the cerebral plaque 
load216. Both synaptic zinc levels and plaque burden 
increased to a greater degree with age in female com-
pared with male mice, which indicates that sex hor-
mones influence synaptic zinc levels216. Preliminary 
evidence indicates that oestrogen might reduce the 
level of synaptic vesicle zinc, perhaps by modulating 
the expression level of the adaptor protein 3 (AP3) 
complex, which is required for the correct insertion 
of ZnT3 into vesicular membranes216. Cerebral amy-
loid angiopathy is also decreased in ZnT3-knockout 
Tg2576 mice compared with Tg2576 controls, which 
indicates that there might be a ZnT3-dependent com-
munication of plasma and neuronal zinc through the 
cerebrovascular walls217.

Besides the direct effect of the pZn on amyloid 
aggregation, it is also possible that zinc contributes 
to the pathology of Alzheimer’s disease through 
interaction with other zinc-dependent or zinc-
containing proteins. Considering that ~3% of all proteins 
contain zinc-binding motifs, this is a likely prospect. 
Potential candidates that might have an indirect, 
zinc-related role in Alzheimer’s disease include 
α2-macroglobulin, nerve growth factor-β (NGFβ), 
S100 calcium-binding protein β (S100β), metal-
lothionein and zinc-dependent proteases. Several 
reports have indicated that in neocortical tissue that 
is affected by Alzheimer’s disease, zinc levels rise in 
excess of the molar increase of Aβ (for a review, see 
REF. 14). Tissue fractionation studies to elaborate this 
elevation have not yet been reported, but it is prob-
able that several proteins will have increased zinc 
stoichiometry in advanced Alzheimer’s disease.

Amyotrophic lateral sclerosis. Two abnormalities of 
zinc-metalloproteins are implicated in the patho-
physiology of amyotrophic lateral sclerosis (ALS or 
Lou Gehrig’s disease). First is the well-established fact 

that the familial form of ALS is caused by mutations 
in the metalloenzyme Cu/Zn-superoxide dismutase 
(SOD)218,219. Mutations in SOD are associated with 
ALS-like spinal motor defects in mice, and different 
mutants have different amounts of wild-type enzymatic 
activity, which range from 0% (arginine substituted for 
histidine at amino acid position 46 (His46Arg) and 
Gly85Arg) to 100% (Gly37Arg). SOD1-knockout mice 
do not develop the ALS phenotype220, and the age of 
onset and duration of disease in ALS-transgenic mice 
is unaffected by levels of wild-type SOD1 activity221, 
which indicates that the toxicity of mutant SOD1 is 
the result of a gain of function.

Several gain-of-function redox reactions have been 
proposed for mutant SOD1, and, currently, at least 
two seem plausible. Increased peroxidase activity has 
been reported in vitro221,222 in the His48Gln, Ala4Val, 
and Gly93Ala variants, although not consistently222. 
Increased peroxidase activity in vivo has been reported 
in the Ala4Val and Gly93Ala223 species. Copper-replete, 
zinc-deficient SOD1 has been reported to confer tox-
icity by producing peroxynitrite according to these 
reactions, and loss of zinc from mutant SOD1 has been 
proposed to be a primary pathogenic event224.

The second zinc metalloprotein that is aberrant 
in patients with ALS is metallothionein, immuno  -
  re activity to which is elevated in the brain and liver218,219. 
The same pattern occurs in a transgenic-mouse 
model of ALS: SOD1-Gly93Ala-transgenic mice show 
increased MT1, MT2 and MT3 expression in astrocytes 
and increased MT3 in neurons225. Metallothionein 
elevation is probably compensatory (for example, 
in response to oxidative stress) and protective. In 
the Gly93Ala mutant SOD1 transgenic model of ALS, 
deficiency of MT1, MT2 or MT3 exacerbates the 
ALS phenotype226,227.

Zinc as a therapeutic target
Whether the aim is to treat an acute, toxic excess of free 
zinc, as occurs in excitotoxic brain injury, or to treat a 
possible chronic elevation of free zinc, as might occur 
in Alzheimer’s disease, the pZn of the brain must be 
maintained within physiological limits. As mentioned 
above, the pZn of the mammalian brain seems to be 
in the range of 10–20 nM43, and deviations substan-
tially above or below this range are proconvulsive and 
cytolethal, respectively (FIG. 6).

Table 2 | Metal levels in patients with Alzheimer’s disease and healthy individuals

Location Zinc µg g–1 (µM)* Copper µg g–1 (µM)* Iron µg g–1 (µM)*

Plaque rim 67 (1024)‡ 23 (357)‡ 52 (938)‡

Plaque core 87 (1327)‡ 30 (474) 53 (951)‡

Total senile plaque 69 (1055)‡ 25 (393)‡ 53 (940)‡

Alzheimer’s neuropil 51 (786)§ 19 (304) 39 (695)

Control neuropil 23 (346) 4 (69) 19 (338)

*Numbers in brackets represent molar concentrations, which were converted with the assumption of a sample density equivalent to 
1 g cm–3; ‡p<0.05 (plaque values compared with neuropils from patients with Alzheimer’s disease); §p<0.05 (neuropils from patients with 
Alzheimer’s disease compared with neuropils from control individuals). Adapted from REF. 195.
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Upstream regulation of free zinc. One novel approach to 
controlling pZn would be to slow or reduce the release 
of free zinc. As nitric oxide seems to trigger much of 
the zinc release that occurs in injury scenarios (see 
above), inhibiting whichever NOS is responsible for 
the zinc-releasing  nitric oxide is a plausible approach 
to reducing zinc-induced brain injury. Inhibition of 
nNOS has shown promise in reducing both the amount 
of zinc released and the number of zinc-staining neu-
rons (and, therefore, potentially the number of injured 
neurons) after excitotoxic injury74,75,159.

Buffering free zinc. There are three options for zinc-
based drug development. First, zinc buffers with 
equilibrium constants in the 10–8 to 10–9 range would 
maintain pZn in the optimal range (9>pZn>8), thereby 
preventing excess zinc damage while avoiding a harm-
ful degree of zinc deficiency. Second, for acute brain 
injuries (for example, stroke, trauma, ischaemia and 
hypoperfusion), short-lived chelation with compounds 
that have higher binding affinity might allow some 
control of zinc toxicity with minimal deleterious effects 

of lowered zinc. Last, ‘pro-buffers’ or ‘tethered buffers’ 
could be targeted towards specific cytological compart-
ments, acting on zinc only when or where such zinc 
buffering is therapeutic.

The strategy of using a relatively weak chelator has 
already produced promising results in both animal and 
human studies of Alzheimer’s disease. The quinoline 
compound clioquinol — a lipophilic chelator that 
crosses the blood–brain barrier — binds zinc in the 
mid-nanomolar range. Oral clioquinol has been shown 
to dramatically reduce the amount of amyloid plaques in 
transgenic mice and to slow the rate of cognitive decline 
in patients with Alzheimer’s disease185,186,202.

Another promising use of the low-affinity approach 
has been reported for the excitotoxic, acute zinc-toxicity 
syndrome in which the zinc ionophore, pyrithione, can 
rescue cultured cells from zinc toxicity if administered 
at the right time228. Pyrithione presumably transports 
free zinc down its concentration gradient across the 
membrane, thereby rescuing cells from zinc toxicity 
when intracellular pZn is lower than extracellular pZn. 
Unfortunately (but not unexpectedly), pyrithione exac-
erbates zinc toxicity if applied when the extracellular 
pZn is lower than the intracellular pZn43.

The idea of a ‘pro-drug’ chelator is also under 
active investigation as a treatment for Alzheimer’s 
disease. A classical strong chelator (BAPTA) is ren-
dered lipophilic and inactive by the addition of alkyl 
chains. Once through the blood–brain barrier and 
embedded in a cell wall (lipid membrane), the pro-
drug (DP-109) can be transformed into active BAPTA 
by membrane lipases. It is, therefore, expected that 
DP-109 will chelate metals predominantly in the 
vicinity of cell membranes. In Tg2576 mice, DP-109 
significantly reduced Aβ-plaque load by ~60–80% 
without noticeable side effects229 (FIG. 7). The related 
compound DPb99 has also proved efficacious in small 
samples of human patients as a neuroprotectant against 
the zinc-mediated injury that is caused by stroke and 
during bypass surgery230.

Downstream control of zinc-triggered signals. Therapies 
that target later events are also promising. As discussed 
above, diverse serial and parallel events contribute to 
zinc-induced cell death. First, as zinc toxicity is largely 
mediated by oxidative and nitrosative stress8,163,165,176,, 
antioxidants and NOS inhibitors might be useful. 
Second, the targeted inhibition of PARP179,198 might be 
effective in reducing zinc toxicity. Third, anti-apoptosis 
measures, such as caspase inhibition, might be a pos-
sibility. Although these mechanisms have been shown 
to contribute to zinc toxicity in cell culture, they are 
considered more or less general mechanisms of cell 
death in acute brain injury. At present, it is not known 
whether any particular neuroprotectant is more effective 
against zinc toxicity than other injury mechanisms. As 
a result, more studies might be needed to identify drug 
targets that are more specific to zinc toxicity. NADPH 
oxidase might be such a target, because it is induced and 
activated during zinc toxicity but much less so during 
calcium excitotoxicity231.

Figure 6 | Extracellular zinc buffering. The concentration 
of free zinc in the brain is normally low, in the 1 to 10 nM 
range (pZn = 8–9). During excitotoxic insults (such as 
stroke, cardiac arrest, head trauma or seizures), pZn falls, 
and neurons are at risk of zinc-induced toxicity. 
Alternatively, if the zinc concentration falls too low 
(pZn >> 10), there is increased excitability in the cortical 
circuitry, and, if deficiency is maintained for too long, 
deficiency-induced apoptosis. Buffering can control pZn, 
both in vivo and in vitro, which prevents these damaging 
processes.

Figure 7 | Effect of zinc and copper chelation on amyloid neuropathology in a 
transgenic mouse model of Alzheimer’s disease. Tg2576 mice were given either the 
control vehicle (a) or the metal chelator DP-109 (b, 5 mg kg–1) daily for 3 months, after which 
their brains were removed and assayed for congophilic amyloid deposition around blood 
vessels (arrows) and parenchyma (arrowheads). Sections show Congo red-stained cortex. 
The number of congophilic vessels per brain section is shown in c. Mean, n = 13;  standard 
error of the mean, n = 15); *significant difference (p<0.01). Reproduced, with permission, from 
REF. 229 © (2004) Elsevier Science.

10 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro

R E V I E W S

© 2005 Nature Publishing Group 

 



Pyruvate protects against zinc-induced cell death 
in cortical and oligodendrocyte progenitor cell cul-
tures232. Pyruvate protection is quite specific to zinc 
toxicity, because pyruvate does not attenuate calcium-
overload excitotoxicity in the same cortical cell cul-
ture233. Consistently, in a rat model of transient global 
ischaemia in which the role of zinc is established155,156, 
pyruvate almost completely blocks zinc accumula-
tion as well as neuronal death throughout the brain. 
A direct antioxidative effect and/or normalization of 
NAD+ levels might contribute to cytoprotection by 
pyruvate234,235.

Another possible neuroprotectant with specificity 
against zinc-mediated injury is tissue plasminogen 
activator (tPA), which is currently used for throm-
bolysis in human patients236. Although most of tPA’s 
biological effect is mediated by its protease activity237, 
blockade of zinc toxicity by tPA takes place even in 
the presence of excess protease inhibitors238. Although 
the protective mechanism is still unclear, tPA does 
not seem to function by reducing extracellular zinc or 

zinc influx into cells239. A preliminary result indicates 
that certain membrane receptors with tyrosine kinase 
activity might mediate this effect, as the epidermal 
growth factor receptor tyrosine kinase inhibitor C56 
can reverse the protection (J. Y. Koh, unpublished 
observations). If the effective moiety and its cognate 
membrane receptors can be identified, development 
of tPA-derived peptides that prevent zinc toxicity 
might be possible.

Conclusions and future directions
Like calcium, zinc is proving to be an essential and 
ubiquitous ionic signal in a myriad of cells and tis-
sues. Because fluorescent calcium probes frequently 
respond to zinc as well, separating calcium signals 
from zinc signals will be mandatory in future research. 
Therapies based on manipulating zinc signals by pre-
venting release, blocking channels, altering transport 
and buffering the pZn of target tissues are all likely 
to have increasingly important roles in twenty-first 
century medicine.

1.  Arab, S. M. Medicine in Ancient Egypt [online], <http://www.
arabworldbooks.com/articles8.htm> (2004). 

2.  Rehren, T. Small size, large scale Roman brass production 
in Germania Inferior. J. Archaeol. Sci. 26, 1083–1087 
(1999). 

3.  Sandstead, H. H. Causes of iron and zinc deficiencies and 
their effects on brain. J. Nutr. 130, 347S–349S (2000).

4.  Berg, J. M. Zinc fingers and other metal-binding domains. 
Elements for interactions between macromolecules. 
J. Biol. Chem. 265, 6513–6516 (1990).

5.  Lock, K. & Janssen, C. R. Comparative toxicity of a zinc 
salt, zinc powder and zinc oxide to Eisenia fetida, 
Enchytraeus albidus and Folsomia candida. Chemosphere 
53, 851–856 (2003).

6.  Sensi, S. L., Yin, H. Z. & Weiss, J. H. AMPA/kainate 
receptor-triggered Zn2+ entry into cortical neurons induces 
mitochondrial Zn2+ uptake and persistent mitochondrial 
dysfunction. Eur. J. Neurosci. 12, 3813–3818 (2000).

7.  Weiss, J. H., Sensi, S. L., & Koh, J. Y. Zn2+: a novel ionic 
mediator of neural injury in brain disease. Trends 
Pharmacol. Sci. 21, 395–401 (2000).

8.  Sensi, S. L., Ton-That, D. & Weiss, J. H. Mitochondrial 
sequestration and Ca2+-dependent release of cytosolic 
Zn2+ loads in cortical neurons. Neurobiol. Dis. 10, 100–108 
(2002).

9.  Haase, H. & Maret, W. Intracellular zinc fluctuations 
modulate protein tyrosine phosphatase activity in insulin/
insulin-like growth factor-1 signaling. Exp. Cell Res. 291, 
289–298 (2003).

10.  Maret, W., Yetman, C. A. & Jiang, L. Enzyme regulation by 
reversible zinc inhibition: glycerol phosphate 
dehydrogenase as an example. Chem. Biol. Interact. 130–
132, 891–901 (2001).
Reveals the role of thionein as a zinc-shuttle that 
carries zinc signals to specific proteins.

11.  Maret, W., Jacob, C., Vallee, B. L. & Fischer, E. H. Inhibitory 
sites in enzymes: zinc removal and reactivation by thionein. 
Proc. Natl Acad. Sci. USA 96, 1936–1940 (1999).

12.  Choi, D. W. & Koh, J. Y. Zinc and brain injury. Annu. Rev. 
Neurosci. 21, 347–375 (1998).

13.  Frederickson, C. J. Neurobiology of zinc and zinc-
containing neurons. Int. Rev. Neurobiol. 31, 145–238 
(1989).

14.  Frederickson, C. J. & Bush, A. I. Synaptically released zinc: 
physiological functions and pathological effects. Biometals 
14, 353–366 (2001).

15.  Slomianka, L., Danscher, G. & Frederickson, C. J. Labeling 
of the neurons of origin of zinc-containing pathways by 
intraperitoneal injections of sodium selenite. Neuroscience 
38, 843–854 (1990).

16.  Maske, H. A new method for demonstrating A and B cells 
in the islands of Langerhans. (Translation) Klin. 
Wochenschr. 33, 1058 (1955). 

17.  Smart, T. G., Xie, X. & Krishek, B. J. Modulation of 
inhibitory and excitatory amino acid receptor ion channels 
by zinc. Prog. Neurobiol. 42, 393–341 (1994).

18.  Li, Y., Hough, C. J., Frederickson, C. J. & Sarvey, J. M. 
Induction of mossy fiber→Ca3 long-term potentiation 
requires translocation of synaptically released Zn2+. 
J. Neurosci. 21, 8015–8025 (2001).
Shows that  the translocation of zinc from 
presynaptic terminals into postsynaptic neurons 
has a role in physiological signalling — in LTP.

19.  Brown, C. E. & Dyck, R. H. Rapid, experience-dependent 
changes in levels of synaptic zinc in primary 
somatosensory cortex of the adult mouse. J. Neurosci. 
22, 2617–2625 (2002).

20.  Garrett, B. & Slomianka, L. Postnatal development of 
zinc-containing cells and neuropil in the visual cortex 
of the mouse. Anat. Embryol. (Berl.) 186, 487–496 
(1992).

21.  Casanovas-Aguilar, C., Miro-Bernie, N. & Perez-Clausell, J. 
Zinc-rich neurones in the rat visual cortex give rise to 
two laminar segregated systems of connections. 
Neuroscience 110, 445–458 (2002).

22.  Casanovas-Aguilar, C., Reblet, C., Perez-Clausell, J. & 
Bueno-Lopez, J. L. Zinc-rich afferents to the rat neocortex: 
projections to the visual cortex traced with intracerebral 
selenite injections. J. Chem. Neuroanat. 15, 97–109 
(1998).

23.  Casanovas-Aguilar, C. et al. Callosal neurones give rise to 
zinc-rich boutons in the rat visual cortex. Neuroreport 6, 
497–500 (1995).

24.  Frederickson, C. J. & Moncrieff, D. W. Zinc-containing 
neurons. Biol. Signals 3, 127–139 (1994).

25.  Danscher, G., Howell, G., Perez-Clausell, J. & Hertel, N. 
The dithizone, Timm’s sulphide silver and the selenium 
methods demonstrate a chelatable pool of zinc in CNS. 
A proton activation (PIXE) analysis of carbon tetrachloride 
extracts from rat brains and spinal cords intravitally 
treated with dithizone. Histochemistry 83, 419–422 
(1985).

26.  Frederickson, C. J., Rampy, B. A., Reamy-Rampy, S. & 
Howell, G. A. Distribution of histochemically reactive zinc in 
the forebrain of the rat. J. Chem. Neuroanat. 5, 521–530 
(1992).

27.  Sindreu, C. B., Varoqui, H., Erickson, J. D. & Perez-
Clausell, J. Boutons containing vesicular zinc define a 
subpopulation of synapses with low AMPAR content in rat 
hippocampus. Cereb. Cortex 13, 823–829 (2003).
Shows that almost half of synapses on some cortical 
dendrites are glutamate and zinc releasing, and that 
these are preferentially located at NMDA receptor-
loaded spines. 

28.  Haug, F. M., Blackstad, T. W., Simonsen, A. H. & Zimmer, J. 
Timm’s sulfide silver reaction for zinc during experimental 
anterograde degeneration of hippocampal mossy fibers. 
J. Comp. Neurol. 142, 23–31 (1971).

29.  Sloviter, R. S. A selective loss of hippocampal mossy fiber 
Timm stain accompanies granule cell seizure activity 
induced by perforant path stimulation. Brain Res. 330, 
150–153 (1985).

30.  Frederickson, C. J., Hernandez, M. D., Goik, S. A., 
Morton, J. D. & McGinty, J. F. Loss of zinc staining from 
hippocampal mossy fibers during kainic acid induced 
seizures: a histofluorescence study. Brain Res. 446, 
383–386 (1988).

31.  Riba-Bosch, A. & Perez-Clausell, J. Response to kainic 
acid injections: changes in staining for zinc, FOS, cell 
death and glial response in the rat forebrain. Neuroscience 
125, 803–818 (2004).

32.  Sorensen, J. C., Mattsson, B., Andreasen, A. & 
Johansson, B. B. Rapid disappearance of zinc positive 
terminals in focal brain ischemia. Brain Res. 812, 265–269 
(1998).

33.  Suh, S. W. et al. Evidence that synaptically-released zinc 
contributes to neuronal injury after traumatic brain injury. 
Brain Res. 852, 268–273 (2000).

34.  Budde, T., Minta, A., White, J. A. & Kay, A. R. Imaging free 
zinc in synaptic terminals in live hippocampal slices. 
Neuroscience 79, 347–358 (1997).

35.  Varea, E., Ponsoda, X., Molowny, A., Danscher, G. & 
Lopez-Garcia, C. Imaging synaptic zinc release in living 
nervous tissue. J. Neurosci. Methods 110, 57–63 (2001).

36.  Perez-Clausell, J. & Danscher, G. Release of zinc 
sulphide accumulations into synaptic clefts after in vivo 
injection of sodium sulphide. Brain Res. 362, 358–361 
(1986).

37.  Quinta-Ferreira, M. E. & Matias, C. M. Hippocampal mossy 
fiber calcium transients are maintained during long-term 
potentiation and are inhibited by endogenous zinc. Brain 
Res. 1004, 52–60 (2004).

38.  Assaf, S. Y. & Chung, S. H. Release of endogenous Zn2+ 
from brain tissue during activity. Nature 308, 734–736 
(1984).

39.  Howell, G. A., Welch, M. G. & Frederickson, C. J. 
Stimulation-induced uptake and release of zinc in 
hippocampal slices. Nature 308, 736–738 (1984).
The discovery that zinc is released in a calcium- and 
impulse-dependent manner from central neurons.

40.  Aniksztejn, L., Charton, G. & Ben Ari, Y. Selective release 
of endogenous zinc from the hippocampal mossy fibers 
in situ. Brain Res. 404, 58–64 (1987).

41.  Charton, G., Rovira, C., Ben Ari, Y. & Leviel, V. 
Spontaneous and evoked release of endogenous Zn2+ 
in the hippocampal mossy fiber zone of the rat in situ. 
Exp. Brain Res. 58, 202–205 (1985).

42.  Takeda, A., Sawashita, J., Takefuta, S., Ohnuma, M. & 
Okada, S. Role of zinc released by stimulation in rat 
amygdala. J. Neurosci. Res. 57, 405–410 (1999).

43.  Zornow, M. et al. Zinc and glutamate signaling during 
ischemia and reperfusion. Neuroscience (in the press). 

44.  Thompson, R. B., Whetsell, W. O. Jr, Maliwal, B. P., 
Fierke, C. A. & Frederickson, C. J. Fluorescence 
microscopy of stimulated Zn(II) release from organotypic 
cultures of mammalian hippocampus using a carbonic 
anhydrase-based biosensor system. J. Neurosci. Methods 
96, 35–45 (2000).

NATURE REVIEWS | NEUROSCIENCE  ADVANCE ONLINE PUBLICATION | 11

R E V I E W S

© 2005 Nature Publishing Group 

 



45.  Li, Y., Hough, C. J., Suh, S. W., Sarvey, J. M. & 
Frederickson, C. J. Rapid translocation of Zn2+ from 
presynaptic terminals into postsynaptic hippocampal 
neurons after physiological stimulation. J. Neurophysiol. 
86, 2597–2604 (2001).

46.  Ueno, S. et al. Mossy fiber Zn2+ spillover modulates 
heterosynaptic N-methyl-D-aspartate receptor activity in 
hippocampal CA3 circuits. J. Cell Biol. 158, 215–220 
(2002).

47.  Altman, J., Brunner, R. L. & Bayer, S. A. The hippocampus 
and behavioral maturation. Behav. Biol. 8, 557–596 (1973).

48.  Bayer, S. A. & Altman, J. Hippocampal development in the 
rat: cytogenesis and morphogenesis examined with 
autoradiography and low-level X-irradiation. J. Comp. 
Neurol. 158, 55–79 (1974).

49.  Frederickson, C. J., Howell, G. A. & Frederickson, M. H. 
Zinc dithizonate staining in the cat hippocampus: 
relationship to the mossy-fiber neuropil and postnatal 
development. Exp. Neurol. 73, 812–823 (1981).

50.  Kay, A. R. Evidence for chelatable zinc in the extracellular 
space of the hippocampus, but little evidence for synaptic 
release of Zn. J. Neurosci. 23, 6847–6855 (2003).

51.  Sheline, C. T., Ying, H. S., Ling, C. S., Canzoniero, L. M. & 
Choi, D. W. Depolarization-induced 65zinc influx into cultured 
cortical neurons. Neurobiol. Dis. 10, 41–53 (2002).

52.  Benters, J. et al. Study of the interactions of cadmium and 
zinc ions with cellular calcium homoeostasis using 
19F-NMR spectroscopy. Biochem. J. 322, 793–799 (1997).

53.  Marin, P., Israel, M., Glowinski, J. & Premont, J. Routes of 
zinc entry in mouse cortical neurons: role in zinc-induced 
neurotoxicity. Eur. J. Neurosci. 12, 8–18 (2000).

54.  Thompson, R. B., Maliwal, B. P. & Zeng, H. H. Zinc 
biosensing with multiphoton excitation using carbonic 
anhydrase and improved fluorophores. J. Biomed. Opt. 
5, 17–22 (2000).

55.  Jia, Y., Jeng, J. M., Sensi, S. L. & Weiss, J. H. Zn2+ currents 
are mediated by calcium-permeable AMPA/kainate 
channels in cultured murine hippocampal neurones. 
J. Physiol. (Lond.) 543, 35–48 (2002).

56.  Sensi, S. L. et al. Measurement of intracellular free zinc in 
living cortical neurons: routes of entry. J. Neurosci. 17, 
9554–9564 (1997).

57.  Atar, D., Backx, P. H., Appel, M. M., Gao, W. D. & Marban, E. 
Excitation-transcription coupling mediated by zinc influx 
through voltage-dependent calcium channels. J. Biol. 
Chem. 270, 2473–2477 (1995).

58.  Kerchner, G. A., Canzoniero, L. M., Yu, S. P., Ling, C. & 
Choi, D. W. Zn2+ current is mediated by voltage-gated Ca2+ 
channels and enhanced by extracellular acidity in mouse 
cortical neurones. J. Physiol. (Lond.) 528, 39–52 (2000).

59.  Yin, H. Z., Ha, D. H., Carriedo, S. G. & Weiss, J. H. 
Kainate-stimulated Zn2+ uptake labels cortical neurons with 
Ca2+-permeable AMPA/kainate channels. Brain Res. 781, 
45–55 (1998).

60.  Maret, W. The function of zinc metallothionein: a link 
between cellular zinc and redox state. J. Nutr. 130, 
1455S–1458S (2000).

61.  Maret, W. Oxidative metal release from metallothionein via 
zinc-thiol/disulfide interchange. Proc. Natl Acad. Sci. USA 
91, 237–241 (1994).

62.  Vallee, B. L. The function of metallothionein. Neurochem. 
Int. 27, 23–33 (1995).

63.  Maret, W. & Vallee, B. L. Thiolate ligands in metallothioneins 
confer redox activity on zinc clusters. Proc. Natl Acad. Sci. 
USA 95, 3478–3482 (1998). 

64.  Maret, W. The function of zinc metallothionein: a link 
between cellular zinc and redox state. J. Nutr. 130 (5S 
Suppl.), 145S–148S (2000).

65.  Jacob, C., Maret, W. & Vallee, B. L. Control of zinc transfer 
between thionein, metallothionein, and zinc proteins. 
Proc. Natl Acad. Sci. USA 95, 3489–3494 (1998).

66.  Uchida, Y., Taiko, K., Titani, K. I. Y. & Tomonaga, M. The 
growth inhibitory factor that is deficient in the Alzheimer’s 
disease brain is a 68 aminoacid metallothionein-like protein. 
Neuron 7, 337–347 (1991).

67.  Palmiter, R. D., Findley, S. D., Whitmore, T. E. & 
Durnam, D. M. MT-III, a brain-specific member of the 
metallothionein gene family. Proc. Natl Acad. Sci. USA 89, 
6333–6337 (1992).

68.  Lee, J. Y., Kim, J. H., Palmiter, R. D. & Koh, J. Y. Zinc 
released from metallothionein-III may contribute to 
hippocampal CA1 and thalamic neuronal death following 
acute brain injury. Exp. Neurol. 184, 337–347 (2003).

69.  Frederickson, C. J., Maret, W. & Cuajungco, M. P. Zinc and 
excitotoxic brain injury: a new model. Neuroscientist 10, 
18–25 (2004).

70.  Sensi, S. L., Yin, H. Z., Carriedo, S. G., Rao, S. S. & 
Weiss, J. H. Preferential Zn2+ influx through Ca2+-permeable 
AMPA/kainate channels triggers prolonged mitochondrial 
superoxide production. Proc. Natl Acad. Sci. USA 96, 
2414–2419 (1999).

71.  Weiss, J. H. & Sensi, S. L. Ca2+-Zn2+ permeable AMPA or 
kainate receptors: possible key factors in selective 
neurodegeneration. Trends Neurosci. 23, 365–371 (2000).

72.  Colvin, R. A., Davis, N., Nipper, R. W. & Carter, P. A. Zinc 
transport in the brain: routes of zinc influx and efflux in 
neurons. J. Nutr. 130, 1484S–1487S (2000).

73.  Colvin, R. A., Davis, N., Nipper, R. W. & Carter, P. A. 
Evidence for a zinc/proton antiporter in rat brain. 
Neurochem. Int. 36, 539–547 (2000).

74.  Wei, G., Hough, C. J., Li, Y. & Sarvey, J. M. Characterization 
of extracellular accumulation of Zn2+ during ischemia and 
reperfusion of hippocampus slices in rat. Neuroscience 
125, 867–877 (2004).

75.  Frederickson, C. J., Maret, W. & Cuajungco, M. P. Zinc and 
excitotoxic brain injury: a new model. Neuroscientist 10, 
18–25 (2004).

76.  Bossy-Wetzel, E. et al. Crosstalk between nitric oxide and 
zinc pathways to neuronal cell death involving mitochondrial 
dysfunction and p38-activated K+ channels. Neuron 41, 
351–365 (2004).

77.  Aizenman, E. et al. Induction of neuronal apoptosis by thiol 
oxidation: putative role of intracellular zinc release. 
J. Neurochem. 75, 1878–1888 (2000).
Introduces the notion of thiol-liberated free zinc as a 
generic apoptosis death signal.

78.  Rameau, G. A., Chiu, L. Y. & Ziff, E. B. NMDA receptor 
regulation of nNOS phosphorylation and induction of neuron 
death. Neurobiol. Aging 24, 1123–1133 (2003).

79.  Rameau, G. A., Chiu, L. Y. & Ziff, E. B. Bidirectional 
regulation of neuronal nitric-oxide synthase phosphorylation 
at serine 847 by the N-methyl-D-aspartate receptor. J. Biol. 
Chem. 279, 14307–14314 (2004).

80.  Colvin, R. A., Fontaine, C. P., Laskowski, M. & Thomas, D. 
Zn2+ transporters and Zn2+ homeostasis in neurons. 
Eur. J. Pharmacol. 479, 171–185 (2003).

81.  Palmiter, R. D., Cole, T. B., Quaife, C. J. & Findley, S. D. 
ZnT-3, a putative transporter of zinc into synaptic vesicles. 
Proc. Natl Acad. Sci. USA 93, 14934–14939 (1996).
The first evidence to indicate that the ZnT3 protein 
is necessary for zinc accumulation in neuronal 
vesicles.

82.  Segal, D. et al. A role for ZnT-1 in regulating cellular cation 
influx. Biochem. Biophys. Res. Commun. 323, 1145–1150 
(2004).

83.  Thompson, R., Frederickson, C., Fierke, C. & Bector, G. in 
Practical Aspects of Fluorescence Sensing in Biology 
(ed. Thompson, R.) (CRC, Florida, in the press).

84.  Paoletti, P., Ascher, P. & Neyton, J. High-affinity zinc 
inhibition of NMDA NR1–NR2A receptors. J. Neurosci. 
17, 5711–5725 (1997).

85.  Patton, C., Thompson, S. & Epel, D. Some precautions in 
using chelators to buffer metals in biological solutions. 
Cell Calcium 35, 427–431 (2004).

86.  Aslamkhan, A. G., Aslamkhan, A. & Ahearn, G. A. 
Preparation of metal ion buffers for biological 
experimentation: a methods approach with emphasis on 
iron and zinc. J. Exp. Zool. 292, 507–522 (2002).

87.  Thompson, R. B. et al. Fluorescent zinc indicators for 
neurobiology. J. Neurosci. Methods 118, 63–75 (2002).

88.  Peters, S., Koh, J. & Choi, D. W. Zinc selectively blocks the 
action of N-methyl-D-aspartate on cortical neurons. Science 
236, 589–593 (1987).

89.  Low, C. M., Zheng, F., Lyuboslavsky, P. & Traynelis, S. F. 
Molecular determinants of coordinated proton and zinc 
inhibition of N-methyl-D-aspartate NR1/NR2A receptors. 
Proc. Natl Acad. Sci. USA 97, 11062–11067 (2000).

90.  Coughenour, L. L. & Barr, B. M. Use of trifluoroperazine 
isolates a [3H]ifenprodil binding site in rat brain membranes 
with the pharmacology of the voltage-independent ifenprodil 
site on N-methyl-D-aspartate receptors containing NR2B 
subunits. J. Pharmacol. Exp. Ther. 296, 150–159 (2001).

91.  Martin, D., Ault, B. & Nadler, J. V. NMDA receptor-mediated 
depolarizing action of proline on CA1 pyramidal cells. 
Eur. J. Pharmacol. 219, 59–66 (1992).

92.  Vogt, K., Mellor, J., Tong, G. & Nicoll, R. The actions of 
synaptically released zinc at hippocampal mossy fiber 
synapses. Neuron 26, 187–196 (2000).

93.  Mitchell, C. L. & Barnes, M. I. Proconvulsant action of 
diethyldithiocarbamate in stimulation of the perforant path. 
Neurotoxicol. Teratol. 15, 165–171 (1993).

94.  Mitchell, C. L., Barnes, M. I. & Grimes, L. M. 
Diethyldithiocarbamate and dithizone augment the toxicity 
of kainic acid. Brain Res. 506, 327–330 (1990).

95.  Dominguez, M. I., Blasco-Ibanez, J. M., Crespo, C., 
Marques-Mari, A. I. & Martinez-Guijarro, F. J. Calretinin/
PSA-NCAM immunoreactive granule cells after 
hippocampal damage produced by kainic acid and DEDTC 
treatment in mouse. Brain Res. 966, 206–217 (2003).

96.  Dominguez, M. I., Blasco-Ibanez, J. M., Crespo, C., 
Marques-Mari, A. I. & Martinez-Guijarro, F. J. Zinc chelation 
during non-lesioning overexcitation results in neuronal death 

in the mouse hippocampus. Neuroscience 116, 791–806 
(2003).

97.  Lin, D. D., Cohen, A. S. & Coulter, D. A. Zinc-induced 
augmentation of excitatory synaptic currents and glutamate 
receptor responses in hippocampal CA3 neurons. 
J. Neurophysiol. 85, 1185–1196 (2001).

98.  Manzerra, P. et al. Zinc induces a Src family kinase-mediated 
up-regulation of NMDA receptor activity and excitotoxicity. 
Proc. Natl Acad. Sci. USA 98, 11055–11061 (2001).

99.  Kim, T. Y., Hwang, J. J., Yun, S. H., Jung, M. W. & Koh, J. Y. 
Augmentation by zinc of NMDA receptor-mediated synaptic 
responses in CA1 of rat hippocampal slices: mediation by 
Src family tyrosine kinases. Synapse 46, 49–56 (2002).

100.  Westbrook, G. L. & Mayer, M. L. Micromolar concentrations 
of Zn2+ antagonize NMDA and GABA responses of 
hippocampal neurons. Nature 328, 640–643 (1987).

101.  Smart, T. G. & Constanti, A. Pre- and postsynaptic effects 
of zinc on in vitro prepyriform neurones. Neurosci. Lett. 40, 
205–211 (1983).

102.  Horning, M. S. & Trombley, P. Q. Zinc and copper influence 
excitability of rat olfactory bulb neurons by multiple 
mechanisms. J. Neurophysiol. 86, 1652–1660 (2001).

103.  Legendre, P. & Westbrook, G. L. Noncompetitive inhibition 
of γ-aminobutyric acidA channels by Zn. Mol. Pharmacol. 
39, 267–274 (1991).

104.  Ben Ari, Y. & Cherubini, E. Zinc and GABA in developing 
brain. Nature 353, 220 (1991).

105.  Hosie, A. M., Dunne, E. L., Harvey, R. J. & Smart, T. G. 
Zinc-mediated inhibition of GABAA receptors: discrete 
binding sites underlie subtype specificity. Nature Neurosci. 
6, 362–369 (2003).

106.  Xie, X. M. & Smart, T. G. A physiological role for endogenous 
zinc in rat hippocampal synaptic neurotransmission. Nature 
349, 521–524 (1991).

107.  Ruiz, A., Walker, M. C., Fabian-Fine, R. & Kullmann, D. M. 
Endogenous zinc inhibits GABAA receptors in a hippocampal 
pathway. J. Neurophysiol. 91, 1091–1096 (2004).

108.  Xie, X., Hider, R. C. & Smart, T. G. Modulation of GABA-
mediated synaptic transmission by endogenous zinc in the 
immature rat hippocampus in vitro. J. Physiol. (Lond.) 478, 
75–86 (1994).

109.  Wang, Z., Li, J. Y., Dahlstrom, A. & Danscher, G. Zinc-
enriched GABAergic terminals in mouse spinal cord. Brain 
Res. 921, 165–172 (2001).

110.  Buhl, E. H., Otis, T. S. & Mody, I. Zinc-induced collapse of 
augmented inhibition by GABA in a temporal lobe epilepsy 
model. Science 271, 369–373 (1996).

111.  Coulter, D. A. Epilepsy-associated plasticity in γ-
aminobutyric acid receptor expression, function, and 
inhibitory synaptic properties. Int. Rev. Neurobiol. 45, 
237–252 (2001).

112.  Shumate, M. D., Lin, D. D., Gibbs, J. W., Holloway, K. L. & 
Coulter, D. A. GABAA receptor function in epileptic human 
dentate granule cells: comparison to epileptic and control 
rat. Epilepsy Res. 32, 114–128 (1998).

113.  Molnar, P. & Nadler, J. V. Lack of effect of mossy fiber-
released zinc on granule cell GABAA receptors in the 
pilocarpine model of epilepsy. J. Neurophysiol. 85, 
1932–1940 (2001).

114.  Kapur, J. & MacDonald, R. L. Rapid seizure-induced 
reduction of benzodiazepine and Zn2+ sensitivity of 
hippocampal dentate granule cell GABAA receptors. 
J. Neurosci. 17, 7532–7540 (1997).

115.  Brooks-Kayal, A. R. et al. γ-Aminobutyric acidA receptor 
subunit expression predicts functional changes in 
hippocampal dentate granule cells during postnatal 
development. J. Neurochem. 77, 1266–1278 (2001).

116.  Kretschmannova, K., Svobodova, I. & Zemkova, H. 
Day-night variations in zinc sensitivity of GABAA receptor-
channels in rat suprachiasmatic nucleus. Brain Res. Mol. 
Brain Res. 120, 46–51 (2003).

117.  Schetz, J. A., Chu, A. & Sibley, D. R. Zinc modulates 
antagonist interactions with D2-like dopamine receptors 
through distinct molecular mechanisms. J. Pharmacol. 
Exp. Ther. 289, 956–964 (1999).

118.  Schetz, J. A. & Sibley, D. R. Zinc allosterically modulates 
antagonist binding to cloned D1 and D2 dopamine 
receptors. J. Neurochem. 68, 1990–1997 (1997).

119.  Uki, M. & Narahashi, T. Modulation of serotonin-induced 
currents by metals in mouse neuroblastoma cells. Arch. 
Toxicol. 70, 652–660 (1996).

120.  Swaminath, G., Steenhuis, J., Kobilka, B. & Lee, T. W. 
Allosteric modulation of β2-adrenergic receptor by Zn2+. 
Mol. Pharmacol. 61, 65–72 (2002).

121.  Rosati, A. M. & Traversa, U. Mechanisms of inhibitory 
effects of zinc and cadmium ions on agonist binding to 
adenosine A1 receptors in rat brain. Biochem. Pharmacol. 
58, 623–632 (1999).

122.  Traversa, U. & Rosati, A. Zinc and cadmium ions differently 
modulate A1 adenosine receptors. Acta Physiol. Hung. 84, 
465–467 (1996).

12 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro

R E V I E W S

© 2005 Nature Publishing Group 

 



123.  Palma, E., Maggi, L., Miledi, R. & Eusebi, F. Effects of Zn2+ 
on wild and mutant neuronal α7 nicotinic receptors. Proc. 
Natl Acad. Sci. USA 95, 10246–10250 (1998).

124.  Garcia-Colunga, J., Gonzalez-Herrera, M. & Miledi, R. 
Modulation of α2β4 neuronal nicotinic acetylcholine 
receptors by zinc. Neuroreport 12, 147–150 (2001).

125.  Chattipakorn, S. C. & McMahon, L. L. Pharmacological 
characterization of glycine-gated chloride currents recorded 
in rat hippocampal slices. J. Neurophysiol. 87, 1515–1525 
(2002).

126.  Baron, A., Schaefer, L., Lingueglia, E., Champigny, G. & 
Lazdunski, M. Zn2+ and H+ are coactivators of acid-sensing 
ion channels. J. Biol. Chem. 276, 35361–35367 (2001).

127.  Baron, A., Waldmann, R. & Lazdunski, M. ASIC-like, proton-
activated currents in rat hippocampal neurons. J. Physiol. 
(Lond.) 539, 485–494 (2002).

128.  Birinyi, A., Parker, D., Antal, M. & Shupliakov, O. Zinc co-
localizes with GABA and glycine in synapses in the lamprey 
spinal cord. J. Comp. Neurol. 433, 208–221 (2001).

129.  Laube, B. et al. Modulation by zinc ions of native rat and 
recombinant human inhibitory glycine receptors. J. Physiol. 
(Lond.) 483, 613–619 (1995).

130.  Quest, A. F., Bloomenthal, J., Bardes, E. S. & Bell, R. M. 
The regulatory domain of protein kinase C coordinates four 
atoms of zinc. J. Biol. Chem. 267, 10193–10197 (1992).

131.  Bloomenthal, A. B., Goldwater, E., Pritchett, D. B. & 
Harrison, N. L. Biphasic modulation of the strychnine-
sensitive glycine receptor by Zn2+. Mol. Pharmacol. 46, 
1156–1159 (1994).

132.  Choi, D. W. Zinc neurotoxicity may contribute to selective 
neuronal death following transient global cerebral ischemia. 
Cold Spring Harb. Symp. Quant. Biol. 61, 385–387 (1996).

133.  Choi, D. W. Possible mechanisms limiting N-methyl-D-
aspartate receptor overactivation and the therapeutic 
efficacy of N-methyl-D-aspartate antagonists. Stroke 21, 
III20–III22 (1990).

134.  Hershfinkel, M., Moran, A., Grossman, N. & Sekler, I. A zinc-
sensing receptor triggers the release of intracellular Ca2+ and 
regulates ion transport. Proc. Natl Acad. Sci. USA 98, 
11749–11754 (2001).

135.  Vandenberg, R. J., Mitrovic, A. D. & Johnston, G. A. 
Molecular basis for differential inhibition of glutamate 
transporter subtypes by zinc ions. Mol. Pharmacol. 54, 
189–196 (1998).

136.  Richfield, E. K. Zinc modulation of drug binding, cocaine 
affinity states, and dopamine uptake on the dopamine 
uptake complex. Mol. Pharmacol. 43, 100–108 (1993).

137.  Itoh, M. & Ebadi, M. The selective inhibition of hippocampal 
glutamic acid decarboxylase in zinc-induced epileptic 
seizures. Neurochem. Res. 7, 1287–1298 (1982).

138.  Morton, J. D., Howell, G. A. & Frederickson, C. J. Effects of 
subcutaneous injections of zinc chloride on seizures 
induced by noise and by kainic acid. Epilepsia 31, 139–144 
(1990).

139.  Xie, X. & Smart, T. G. Modulation of long-term potentiation 
in rat hippocampal pyramidal neurons by zinc. Pflugers 
Arch. 427, 481–486 (1994).

140.  Weiss, J. H., Koh, J. Y., Christine, C. W. & Choi, D. W. 
Zinc and LTP. Nature 338, 212 (1989).

141.  Vincent, S. R. & Semba, K. A heavy metal marker of the 
developing striatal mosaic. Brain Res. Dev. Brain Res. 45, 
155–159 (1989).

142.  Land, P. W. & Shamalla-Hannah, L. Transient expression of 
synaptic zinc during development of uncrossed 
retinogeniculate projections. J. Comp. Neurol. 433, 
515–525 (2001).

143.  Dyck, R., Beaulieu, C. & Cynader, M. Histochemical 
localization of synaptic zinc in the developing cat visual 
cortex. J. Comp. Neurol. 329, 53–67 (1993).

144.  Lu, Y. M. et al. Endogenous Zn2+ is required for the induction 
of long-term potentiation at rat hippocampal mossy fiber-
CA3 synapses. Synapse 38, 187–197 (2000).

145.  Murphy, J. V. Intoxication following ingestion of elemental 
zinc. JAMA 212, 2119–2120 (1970).

146.  Yokoyama, M., Koh, J. & Choi, D. W. Brief exposure to zinc 
is toxic to cortical neurons. Neurosci. Lett. 71, 351–355 
(1986).

147.  Frederickson, C. J., Klitenick, M. A., Manton, W. I. & 
Kirkpatrick, J. B. Cytoarchitectonic distribution of zinc in the 
hippocampus of man and the rat. Brain Res. 273, 335–339 
(1983).

148.  Siesjo, B. K. Basic mechanisms of traumatic brain damage. 
Ann. Emerg. Med. 22, 959–969 (1993).

149.  Hossmann, K. A. Periinfarct depolarizations. Cerebrovasc. 
Brain Metab. Rev. 8, 195–208 (1996).

150.  Weiss, J. H., Hartley, D. M., Koh, J. Y. & Choi, D. W. AMPA 
receptor activation potentiates zinc neurotoxicity. Neuron 
10, 43–49 (1993).

151.  Koh, J. Y. & Choi, D. W. Zinc toxicity on cultured cortical 
neurons: involvement of N-methyl-D-aspartate receptors. 
Neuroscience 60, 1049–1057 (1994).

152.  Kolenko, V. M. et al. Mechanism of apoptosis induced by 
zinc deficiency in peripheral blood T lymphocytes. 
Apoptosis 6, 419–429 (2001).

153.  Canzoniero, L. M., Turetsky, D. M. & Choi, D. W. 
Measurement of intracellular free zinc concentrations 
accompanying zinc-induced neuronal death. J. Neurosci. 
19, RC31 (1999).

154.  Frederickson, C. J., Hernandez, M. D. & McGinty, J. F. 
Translocation of zinc may contribute to seizure-induced 
death of neurons. Brain Res. 480, 317–321 (1989).
The discovery that zinc accumulates in neurons 
injured by excitotoxicity.

155.  Tonder, N., Johansen, F. F., Frederickson, C. J., Zimmer, J. 
& Diemer, N. H. Possible role of zinc in the selective 
degeneration of dentate hilar neurons after cerebral 
ischemia in the adult rat. Neurosci. Lett. 109, 247–252 
(1990).

156.  Koh, J. Y. et al. The role of zinc in selective neuronal death 
after transient global cerebral ischemia. Science 272, 
1013–1016 (1996).
The first demonstation that chelation of metals can 
rescue neurons from ischaemic injury and death.

157.  Lee, J. M. et al. Zinc translocation accelerates infarction 
after mild transient focal ischemia. Neuroscience 115, 
871–878 (2002).

158.  Yin, H. Z., Sensi, S. L., Ogoshi, F. & Weiss, J. H. Blockade of 
Ca2+-permeable AMPA/kainate channels decreases 
oxygen-glucose deprivation-induced Zn2+ accumulation and 
neuronal loss in hippocampal pyramid neurons. J. Neurosci. 
22, 1273–1279 (2002).

159.  Suh, S. W., Garnier, P., Aoyama, K., Chen, Y. & 
Swanson, R. A. Zinc release contributes to hypoglycemia-
induced neuronal death. Neurobiol. Dis. 16, 538–545 (2004).

160.  Lee, J. Y., Cole, T. B., Palmiter, R. D. & Koh, J. Y. 
Accumulation of zinc in degenerating hippocampal neurons 
of ZnT3-null mice after seizures: evidence against synaptic 
vesicle origin. J. Neurosci. 20, RC79 (2000).
The first study to show that zinc accumulation in 
injured neurons is independent of synpatic vesicle 
zinc.

161.  Frederickson, C. J. et al. Depletion of intracellular zinc from 
neurons by use of an extracellular chelator in vivo and 
in vitro. J. Histochem. Cytochem. 50, 1659–1662 (2002).

162.  Sunderman, F. W. Jr. The influence of zinc on apoptosis. 
Ann. Clin. Lab. Sci. 25, 134–142 (1995).

163.  Kim, E. Y. et al. Zn2+ entry produces oxidative neuronal 
necrosis in cortical cell cultures. Eur. J. Neurosci. 11, 
327–334 (1999).

164.  Sensi, S. L., Yin, H. Z. & Weiss, J. H. Glutamate triggers 
preferential Zn2+ flux through Ca2+ permeable AMPA 
channels and consequent ROS production. Neuroreport 
10, 1723–1727 (1999). 
Showed that calcium permeable AMPA/Kainate 
channels are the main route of zinc entry to 
postsynaptic neurons. Also links zinc and oxidative 
stress.

165.  Noh, K. M., Kim, Y. H. & Koh, J. Y. Mediation by membrane 
protein kinase C of zinc-induced oxidative neuronal injury in 
mouse cortical cultures. J. Neurochem. 72, 1609–1616 
(1999).

166.  Kim, Y. H., Kim, E. Y., Gwag, B. J., Sohn, S. & Koh, J. Y. 
Zinc-induced cortical neuronal death with features of 
apoptosis and necrosis: mediation by free radicals. 
Neuroscience 89, 175–182 (1999).

167.  Seo, S. R. et al. Zn2+-induced ERK activation mediated by 
reactive oxygen species cause cell death in differentiated 
PC12 cells. J. Neurochem. 78, 600–610 (2001).

168.  Noh, K. M. & Koh, J. Y. Induction and activation by zinc of 
NADPH oxidase in cultured cortical neurons and astrocytes. 
J. Neurosci. 20, RC111 (2000).
NADPH oxidase might be one of the effectors of 
zinc-induced oxidative stress.

169.  Lobner, D. et al. Zinc-induced neuronal death in cortical 
neurons. Cell Mol. Biol. (Noisy-le-grand) 46, 797–806 
(2000).

170.  Park, J. A., Lee, J. Y., Sato, T. A. & Koh, J. Y. Co-induction 
of p75NTR and p75NTR-associated death executor in neurons 
after zinc exposure in cortical culture or transient ischemia in 
the rat. J. Neurosci. 20, 9096–9103 (2000).

171.  Mukai, J. et al. NADE, a p75NTR-associated cell death 
executor, is involved in signal transduction mediated by the 
common neurotrophin receptor p75NTR. J. Biol. Chem. 275, 
17566–17570 (2000).

172.  Jiang, D., Sullivan, P. G., Sensi, S. L., Steward, O. & 
Weiss, J. H. Zn2+ induces permeability transition pore 
opening and release of pro-apoptotic peptides from neuronal 
mitochondria. J. Biol. Chem. 276, 47524–47529 (2001).

173.  Yi, J. S., Lee, S. K., Sato, T. A. & Koh, J. Y. Co-induction of 
p75NTR and the associated death executor NADE in 
degenerating hippocampal neurons after kainate-induced 
seizures in the rat. Neurosci. Lett. 347, 126–130 (2003).

174.  Yang, Y., Maret, W. & Vallee, B. L. Differential fluorescence 
labeling of cysteinyl clusters uncovers high tissue levels of 
thionein. Proc. Natl Acad. Sci. USA 98, 5556–5559 (2001).

175.  Frederickson, C. J., Cuajungco, M. P., LaBuda, C. J. & 
Suh, S. W. Nitric oxide causes apparent release of zinc from 
presynaptic boutons. Neuroscience 115, 471–474 (2002).

176.  Kim, Y. H. & Koh, J. Y. The role of NADPH oxidase and 
neuronal nitric oxide synthase in zinc-induced poly (ADP-
ribose) polymerase activation and cell death in cortical 
culture. Exp. Neurol. 177, 407–418 (2002).

177.  Ha, H. C. & Snyder, S. H. Poly(ADP-ribose) polymerase is a 
mediator of necrotic cell death by ATP depletion. Proc. 
Natl Acad. Sci. USA 96, 13978–13982 (1999).

178.  Szabo, C. & Dawson, V. L. Role of poly(ADP-ribose) 
synthetase in inflammation and ischaemia-reperfusion. 
Trends Pharmacol. Sci. 19, 287–298 (1998).

179.  Sheline, C. T., Wang, H., Cai, A.-L., Dawson, V. L. &. 
Choi, D. W. Involvement of poly ADP ribosyl polymerase-1 
in acute but not chronic zinc toxicity. Eur. J. Neurosci. 18, 
1402–1409 (2003).

180.  Terry, R. D. & Katzman, R. Senile dementia of the Alzheimer 
type. Ann. Neurol. 14, 497–506 (1983).

181.  Glenner, G. G. & Wong, C. W. Alzheimer’s disease: initial 
report of the purification and characterization of a novel 
cerebrovascular amyloid protein. Biochem. Biophys. Res. 
Commun. 120, 885–890 (1984).

182.  Masters, C. L. et al. Amyloid plaque core protein in 
Alzheimer disease and Down syndrome. Proc. Natl Acad. 
Sci. USA 82, 4245–4249 (1985).

183.  Bush, A. I., Pettingell, W. H. Jr, Paradis, M. D. & Tanzi, R. E. 
Modulation of A β adhesiveness and secretase site 
cleavage by zinc. J. Biol. Chem. 269, 12152–12158 (1994).

184.  Bush, A. I. et al. Rapid induction of Alzheimer A β amyloid 
formation by zinc. Science 265, 1464–1467 (1994).
First report that amyloid-β specifically and saturably 
binds and is precipitated by zinc.

185.  Regland, B. et al. Treatment of Alzheimer’s disease with 
clioquinol. Dement. Geriatr. Cogn. Disord. 12, 408–414 
(2001).

186.  Ritchie, C. W. et al. Metal-protein attenuation with 
iodochlorhydroxyquin (clioquinol) targeting Aβ amyloid 
deposition and toxicity in Alzheimer disease: a pilot phase 2 
clinical trial. Arch. Neurol. 60, 1685–1691 (2003).

187.  Bush, A. I., Pettingell, W. H. Jr. de Paradis, M., Tanzi, R. E. & 
Wasco, W. The amyloid β-protein precursor and its 
mammalian homologues. Evidence for a zinc-modulated 
heparin-binding superfamily. J. Biol. Chem. 269, 
26618–26621 (1994).

188.  Bush, A. I. et al. A novel zinc(II) binding site modulates the 
function of the β A4 amyloid protein precursor of Alzheimer’s 
disease. J. Biol. Chem. 268, 16109–16112 (1993).

189.  Multhaup, G., Bush, A. I., Pollwein, P. & Masters, C. L. 
Interaction between the zinc (II) and the heparin binding site 
of the Alzheimer’s disease β A4 amyloid precursor protein 
(APP). FEBS Lett. 355, 151–154 (1994).

190.  Multhaup, G. et al. Copper-binding amyloid precursor 
protein undergoes a site-specific fragmentation in the 
reduction of hydrogen peroxide. Biochemistry 37, 
7224–7230 (1998).

191.  Liu, S. T., Howlett, G. & Barrow, C. J. Histidine-13 is a 
crucial residue in the zinc ion-induced aggregation of the 
A β peptide of Alzheimer’s disease. Biochemistry 38, 
9373–9378 (1999).

192.  Esch, F. S. et al. Cleavage of amyloid β peptide during 
constitutive processing of its precursor. Science 248, 
1122–1124 (1990).

193.  Huang, X. et al. Zinc-induced Alzheimer’s Aβ1-40 
aggregation is mediated by conformational factors. 
J. Biol. Chem. 272, 26464–26470 (1997).

194.  Atwood, C. S. et al. Dramatic aggregation of Alzheimer Aβ 
by Cu(II) is induced by conditions representing physiological 
acidosis. J. Biol. Chem. 273, 12817–12826 (1998).

195.  Lovell, M. A., Robertson, J. D., Teesdale, W. J., 
Campbell, J. L. & Markesbery, W. R. Copper, iron and zinc 
in Alzheimer’s disease senile plaques. J. Neurol. Sci. 158, 
47–52 (1998).

196.  Opazo, C. et al. Metalloenzyme-like activity of Alzheimer’s 
disease β-amyloid. Cu-dependent catalytic conversion of 
dopamine, cholesterol, and biological reducing agents to 
neurotoxic H2O2. J. Biol. Chem. 277, 40302–40308 (2002).

197.  Dong, J. et al. Metal binding and oxidation of amyloid-β 
within isolated senile plaque cores: Raman microscopic 
evidence. Biochemistry 42, 2768–2773 (2003).

198.  Atwood, C. S. et al. Characterization of copper interactions 
with Alzheimer amyloid β peptides: identification of an 
attomolar-affinity copper binding site on amyloid β1-42. 
J. Neurochem. 75, 1219–1233 (2000).

199.  White, A. R. et al. The Alzheimer’s disease amyloid 
precursor protein modulates copper-induced toxicity and 
oxidative stress in primary neuronal cultures. J. Neurosci. 
19, 9170–9179 (1999).

NATURE REVIEWS | NEUROSCIENCE  ADVANCE ONLINE PUBLICATION | 13

R E V I E W S

© 2005 Nature Publishing Group 

 



200.  Smith, M. A. et al. Amyloid-β deposition in Alzheimer 
transgenic mice is associated with oxidative stress. 
J. Neurochem. 70, 2212–2215 (1998).

201.  Cuajungco, M. P., Frederickson, C. J. & Bush, A. I. 
Amyloid-β metal interaction and metal chelation. Subcell. 
Biochem. 38, 235–254 (2005).

202.  Bellingham, S. A. et al. Gene knockout of amyloid 
precursor protein and amyloid precursor-like protein-2 
increases cellular copper levels in primary mouse cortical 
neurons and embryonic fibroblasts. J. Neurochem. 91, 
423–428 (2004).

203.  Maynard, C. J. et al. Overexpression of Alzheimer’s disease 
amyloid-β opposes the age-dependent elevations of brain 
copper and iron. J. Biol. Chem. 277, 44670–44676 (2002).

204.  Bush, A. I. The metallobiology of Alzheimer’s disease. 
Trends Neurosci. 26, 207–214 (2003).

205.  Huang, X. et al. Cu(II) potentiation of Alzheimer Aβ 
neurotoxicity. Correlation with cell-free hydrogen peroxide 
production and metal reduction. J. Biol. Chem. 274, 
37111–37116 (1999).
Genetic ablation of ZnT3 decreases vessel wall 
amyloid-β deposition in an APP transgenic mouse 
model of Alzheimer’s disease.

206.  Huang, X. et al. The A β peptide of Alzheimer’s disease 
directly produces hydrogen peroxide through metal ion 
reduction. Biochemistry 38, 7609–7616 (1999).

207.  Rottkamp, C. A. et al. Redox-active iron mediates amyloid-β 
toxicity. Free Radic. Biol. Med. 30, 447–450 (2001).

208.  Atwood, C. S. et al. Copper catalyzed oxidation of Alzheimer 
Aβ. Cell Mol. Biol. (Noisy-le-grand) 46, 777–783 (2000).

209.  Atwood, C. S. et al. Copper mediates dityrosine cross-
linking of Alzheimer’s amyloid-β. Biochemistry 43, 560–568 
(2004).

210.  Barnham, K. J. et al. Neurotoxic, redox-competent 
Alzheimer’s β-amyloid is released from lipid membrane by 
methionine oxidation. J. Biol. Chem. 278, 42959–42965 
(2003).

211.  McLean, C. A. et al. Soluble pool of Aβ amyloid as a 
determinant of severity of neurodegeneration in Alzheimer’s 
disease. Ann. Neurol. 46, 860–866 (1996).

212.  Cherny, R. A. et al. Aqueous dissolution of Alzheimer’s 
disease Aβ amyloid deposits by biometal depletion. J. Biol. 
Chem. 274, 23223–23228 (1999).
Amyloid-β causes toxicity by producing hydrogen 
peroxide catalytically on binding copper ions.

213.  Head, E. et al. Oxidation of Aβ and plaque biogenesis in 
Alzheimer’s disease and Down syndrome. Neurobiol. Dis. 
8, 792–806 (2001).

214.  Turnbull, S., Tabner, B. J., El Agnaf, O. M., Twyman, L. J. & 
Allsop, D. New evidence that the Alzheimer β-amyloid 
peptide does not spontaneously form free radicals: an ESR 
study using a series of spin-traps. Free Radic. Biol. Med. 
30, 1154–1162 (2001).

215.  Hensley, K. et al. Brain regional correspondence between 
Alzheimer’s disease histopathology and biomarkers of 
protein oxidation. J. Neurochem. 65, 2146–2156 (1995).

216.  Lee, J. Y., Cole, T. B., Palmiter, R. D., Suh, S. W. & Koh, J. Y. 
Contribution by synaptic zinc to the gender-disparate 
plaque formation in human Swedish mutant APP 
transgenic mice. Proc. Natl Acad. Sci. USA 99, 
7705–7710 (2002).

217.  Friedlich, A. L. et al. Neuronal zinc exchange with the blood 
vessel wall promotes cerebral amyloid angiopathy in an 
animal model of Alzheimer’s disease. J. Neurosci. 24, 
3453–3459 (2004).
The precipitation of amyloid-ββ in the post-mortem 
brain tissue of patients with Alzheimer’s disease is 
reversible with zinc chelation.

218.  Sillevis Smitt, P. A. et al. Metallothionein in amyotrophic 
lateral sclerosis. Biol. Signals 3, 193–197 (1994).

219.  Sillevis Smitt, P. A., Blaauwgeers, H. G., Troost, D. & 
de Jong, J. M. Metallothionein immunoreactivity is 
increased in the spinal cord of patients with amyotrophic 
lateral sclerosis. Neurosci. Lett. 144, 107–110 (1992).

220.  Reaume, A. G. et al. Motor neurons in Cu/Zn superoxide 
dismutase-deficient mice develop normally but exhibit 
enhanced cell death after axonal injury. Nature Genet. 13, 
43–47 (1996).

221.  Liochev, S. I., Chen, L. L., Hallewell, R. A. & Fridovich, I. 
Superoxide-dependent peroxidase activity of H48Q: a 
superoxide dismutase variant associated with familial 
amyotrophic lateral sclerosis. Arch. Biochem. Biophys. 
346, 263–268 (1997).

222.  Singh, R. J. et al. Reexamination of the mechanism of 
hydroxyl radical adducts formed from the reaction between 
familial amyotrophic lateral sclerosis-associated Cu,Zn 
superoxide dismutase mutants and H2O2. Proc. Natl Acad. 
Sci. USA 95, 6675–6680 (1998).

223.  Roe, J. A. et al. In vivo peroxidative activity of FALS-mutant 
human CuZnSODs expressed in yeast. Free Radic. Biol. 
Med. 32, 169–174 (2002).

224.  Estevez, A. G. et al. Induction of nitric oxide-dependent 
apoptosis in motor neurons by zinc-deficient superoxide 
dismutase. Science 286, 2498–2500 (1999).

225.  Gong, Y. H. & Elliott, J. L. Metallothionein expression is 
altered in a transgenic murine model of familial amyotrophic 
lateral sclerosis. Exp. Neurol. 162, 27–36 (2000).

226.  Nagano, S. et al. Reduction of metallothioneins promotes 
the disease expression of familial amyotrophic lateral 
sclerosis mice in a dose-dependent manner. Eur. 
J. Neurosci. 13, 1363–1370 (2001).

227.  Puttaparthi, K. et al. Disease progression in a transgenic 
model of familial amyotrophic lateral sclerosis is dependent 
on both neuronal and non-neuronal zinc binding proteins. 
J. Neurosci. 22, 8790–8796 (2002).

228.  Canzoniero, L. M., Manzerra, P., Sheline, C. T. & Choi, D. W. 
Membrane-permeant chelators can attenuate Zn2+-induced 
cortical neuronal death. Neuropharmacology 45, 420–428 
(2003).

229.  Lee, J. Y., Friedman, J. E., Angel, I., Kozak, A. & Koh, J. Y. 
The lipophilic metal chelator DP-109 reduces amyloid 
pathology in brains of human β-amyloid precursor protein 
transgenic mice. Neurobiol. Aging 25, 1315–1321 (2004).

230.  Rosenberg, G., Angel, I., Kozak, A., Rehovot, I. & 
Schneider, D. Evaluation of safety and changes in the NIH 
stroke scale, Rankin, and Barthel scores following DP-b99 
administration in acute stroke patients. Stroke 35, 338 (2004).

231.  Kawahara, M., Kato-Negishi, M. & Kuroda, Y. Pyruvate 
blocks zinc-induced neurotoxicity in immortalized 
hypothalamic neurons. Cell. Mol. Neurobiol. 22, 87–93 
(2002).

232.  Kelland, E. E., Kelly, M. D. & Toms, N. J. Pyruvate limits zinc-
induced rat oligodendrocyte progenitor cell death. Eur. 
J. Neurosci. 19, 287–294 (2004).

233.  Lee, J. Y., Kim, Y. H. & Koh, J. Y. Protection by pyruvate 
against transient forebrain ischemia in rats. J. Neurosci. 21, 
RC171 (2001).

234.  Dobsak, P. & Courderot-Masuyer, C. Antioxidative 
properties of pyruvate and protection of the ischemic rat 
heart during cardioplegia. J. Cardiovasc. Pharmacol. 34, 
651–659 (1999).

235.  Sheline, C. T., Behrens, M. M. & Choi, D. W. Zinc-induced 
cortical neuronal death: contribution of energy failure 
attributable to loss of NAD+ and inhibition of glycolysis. 
J. Neurosci. 20, 3139–3146 (2000).

236.  Albers, G. W. Advances in intravenous thrombolytic 
therapy for treatment of acute stroke. Neurology 57, 
S77–S81 (2001). 

237.  Tsirka, S. E., Rogove, A. D. & Strickland, S. Neuronal cell 
death and tPA63. Nature 384, 123–124 (1996).

238.  Kim, Y. H., Park, J. H., Hong, S. H. & Koh, J. Y. 
Nonproteolytic neuroprotection by human recombinant 
tissue plasminogen activator. Science 284, 647–650 (1999).

239.  Siddiq, M. M. & Tsirka, S. E. Modulation of zinc toxicity by 
tissue plasminogen activator. Mol. Cell. Neurosci. 25, 
162–171 (2004).

240.  Bennett, M. R. The concept of transmitter receptors: 100 
years on. Neuropharmacology 39, 523–546 (2000).

241.  Fatt, P. & Katz, B. The effect of inhibitory nerve impulses on 
a crustacean muscle fibre. J. Physiol. (Lond.) 121, 374–389 
(1953).

242.  Whitcomb, D. C. & Taylor, I. L. A new twist in the brain-gut 
axis. Am. J. Med. Sci. 304, 334–338 (1992).

243.  Delezenne, C. & Morel, H. Action catalytique des venins des 
serpents sur les acids nucleiques. Cr. Acad. Sci. 244–246 
(1919).

244.  Frederickson, C. J., Perez-Clausell, J. & Danscher, G. 
Zinc-containing 7S-NGF complex. Evidence from zinc 
histochemistry for localization in salivary secretory granules. 
J. Histochem. Cytochem. 35, 579–583 (1987).

245.  Kristiansen, L. H., Rungby, J., Sondergaard, L. G., 
Stoltenberg, M. & Danscher, G. Autometallography allows 
ultrastructural monitoring of zinc in the endocrine pancreas. 
Histochem. Cell Biol. 115, 125–129 (2001).

246.  Sorensen, M. B., Stoltenberg, M., Juhl, S., Danscher, G. & 
Ernst, E. Ultrastructural localization of zinc ions in the rat 
prostate: an autometallographic study. Prostate 31, 
125–130 (1997).

247.  Muller, A. & Geyer, G. Submicroscopic heavy metal 
localization in the prosecreta of the Paneth cells of the 
mouse. (Translation) Gegenbaurs. Morphol. Jahrb. 113, 
70–77 (1969).

248.  Gustafson, G. T. Heavy metals in rat mast cell granules. 
Lab. Invest. 17, 588–598 (1967).

249.  Gol’dberg, E. D., Bovt, V. D. & Eshchenko, V. A. Diagnostic 
value of selective cytochemical reaction to zinc in peripheral 
blood granulocytes. (Translation) Klin. Lab Diagn. 25–27 
(1993).

250.  Ieshchenko, V. A., Bovt, V. D., Skoliboh, S. O. & Volovyk, M. V. 
The cytochemical dithizone reaction of the blood 
granulocytes in zinc-deficient states. (Translation) Lik. Sprava. 
86–88 (1994).

251.  Thorlacius-Ussing, O. Zinc in the anterior pituitary of rat: a 
histochemical and analytical work. Neuroendocrinology 
45, 233–242 (1987).

252.  Haug, F. M. Electron microscopical localization of the zinc 
in hippocampal mossy fibre synapses by a modified sulfide 
silver procedure. Histochemie 8, 355–368 (1967).

253.  Frederickson, C. J. et al. Method for identifying neuronal 
cells suffering zinc toxicity by use of a novel fluorescent 
sensor. J. Neurosci. Methods 139, 79–89 (2004).

254.  Shen, Y. & Yang, X. L. Zinc modulation of AMPA receptors 
may be relevant to splice variants in carp retina. Neurosci. 
Lett. 259, 177–180 (1999).

255.  Molnar, P. & Nadler, J. V. Synaptically-released zinc inhibits 
N-methyl-D-aspartate receptor activation at recurrent 
mossy fiber synapses. Brain Res. 910, 205–207 (2001).

256.  Zirpel, L. & Parks, T. N. Zinc inhibition of group I mGluR-
mediated calcium homeostasis in auditory neurons. 
J. Assoc. Res. Otolaryngol. 2, 180–187 (2001).

257.  Casagrande, S., Valle, L., Cupello, A. & Robello, M. 
Modulation by Zn2+ and Cd2+ of GABAA receptors of rat 
cerebellum granule cells in culture. Eur. Biophys. J. 32, 
40–46 (2003).

258.  Xie, X. & Smart, T. G. Giant GABAB-mediated synaptic 
potentials induced by zinc in the rat hippocampus: 
paradoxical effects of zinc on the GABAB receptor. Eur. 
J. Neurosci. 5, 430–436 (1993).

259.  Connor, M. A. & Chavkin, C. Ionic zinc may function as an 
endogenous ligand for the haloperidol-sensitive sigma 2 
receptor in rat brain. Mol. Pharmacol. 42, 471–479 (1992).

260.  Patterson, T. A., Connor, M., Appleyard, S. M. & Chavkin, C. 
Oocytes from Xenopus laevis contain an intrinsic sigma 
2-like binding site. Neurosci. Lett. 180, 159–162 (1994).

261.  Hubbard, P. C. & Lummis, S. C. Zn2+ enhancement of the 
recombinant 5-HT3 receptor is modulated by divalent 
cations. Eur. J. Pharmacol. 394, 189–197 (2000).

262.  Holst, B., Elling, C. E. & Schwartz, T. W. Metal 
ion-mediated agonism and agonist enhancement in 
melanocortin MC1 and MC4 receptors. J. Biol. Chem. 
277, 47662–47670 (2002).

263.  Tejwani, G. A. & Hanissian, S. H. Modulation of mu, delta 
and kappa opioid receptors in rat brain by metal ions and 
histidine. Neuropharmacology 29, 445–452 (1990).

264.  Davies, P. A., Wang, W., Hales, T. G. & Kirkness, E. F. 
A novel class of ligand-gated ion channel is activated by 
Zn2+. J. Biol. Chem. 278, 712–717 (2003).

265.  Easaw, J. C., Jassar, B. S., Harris, K. H. & Jhamandas, J. H. 
Zinc modulation of ionic currents in the horizontal limb of the 
diagonal band of Broca. Neuroscience 94, 785–795 (1999).

266.  Green, W. N., Weiss, L. B. & Andersen, O. S. Batrachotoxin-
modified sodium channels in planar lipid bilayers. 
Characterization of saxitoxin- and tetrodotoxin-induced 
channel closures. J. Gen. Physiol. 89, 873–903 (1987).

267.  Kajita, H., Whitwell, C. & Brown, P. D. Properties of the 
inward-rectifying Cl– channel in rat choroid plexus: 
regulation by intracellular messengers and inhibition by 
divalent cations. Pflugers Arch. 440, 933–940 (2000).

268.  Lin, H., Zhu, Y. J. & Lal, R. Amyloid β protein (1-40) forms 
calcium-permeable, Zn2+-sensitive channel in reconstituted 
lipid vesicles. Biochemistry 38, 11189–11196 (1999).

269.  Spiridon, M., Kamm, D., Billups, B., Mobbs, P. & Attwell, D. 
Modulation by zinc of the glutamate transporters in glial 
cells and cones isolated from the tiger salamander retina. 
J. Physiol. (Lond.) 506, 363–376 (1998).

270.  Wu, Q., Coffey, L. L. & Reith, M. E. Cations affect 
[3H]mazindol and [3H]WIN 35,428 binding to the human 
dopamine transporter in a similar fashion. J. Neurochem. 
69, 1106–1118 (1997).

Acknowledgements
A.I.B. is supported by funds from the National Institute on Aging, 
the National Health and Medical Research Council of Australia, the 
Australian Research Council Federation Fellowship, the Alzheimer’s 
Association and the American Health Assistance Foundation.

Competing interests statement
The authors declare competing financial interests: see Web verson 
for details

 Online links

DATABASES
The following terms in this article are linked online to:
Entrez Gene: http://www.ncbi.nlm.nih.gov/entrez/query.
fcgi?db=gene
AIF | APLP1 | APLP2 | APP | MT3 | NGFβ | nNOS | PARP | SOD | 
S100β | ZnT3

FURTHER INFORMATION
Bush’s Laboratory: http://www.mhri.edu.au
Access to this interactive links box is free online.

14 | ADVANCE ONLINE PUBLICATION  www.nature.com/reviews/neuro

R E V I E W S

© 2005 Nature Publishing Group 

 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /SyntheticBoldness 1.00
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice




