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Introduction
Zrt-Irt-like proteins (ZIPs) are involved in the transport 

of Zn2+ into the cytoplasm, while the zinc transporter (ZnT) 
family is involved in the transport of Zn2+ out of the cytoplasm.  
ZIPs and ZnTs serve to regulate Zn2+ homeostasis in the living 
body including the brain [1-3].  The basal concentrations of 
extracellular Zn2+ and intracellular Zn2+ are approximately 
10 nM [4] and 100 pM (Fig. 1B) [5,6], respectively, in the 
brain, while the basal concentrations of extracellular Ca2+

Review

Summary
Neuronal Zn2+ homeostasis is closely linked with not only cognitive function but also cognitive decline, while 
there is no hormone involved in zinc homeostasis unlike calcium homeostasis.  Extracellular Zn2+ dynamics is 
modifi ed by extracellular levels of glucocorticoids and glutamate, which are linked with stress response.  Extracellular 
glucocorticoid signal is transmitted via not only glucocorticoid receptors but also mineralocorticoid receptors.  
Membrane corticosteroid receptors dynamically modifi es synaptic Zn2+ dynamics in the hippocampus.  Synaptic 
plasticity, i.e., long-term potentiation (LTP), which is a cellular mechanism of memory, is aff ected by rapid intracellular 
Zn2+ dysregulation via membrane corticosteroid receptor activation in the CA1; Corticosterone rapidly induces 
the increase in intracellular Zn2+ via membrane corticosteroid receptor activation, and decreases phosphorylated 
CaMKII level, resulting in attenuating CA1 LTP.  The mechanism of intracellular Zn2+ dysregulation is diff erent 
between membrane mineralocorticoid and glucocorticoid receptor-mediated signaling.  In contrast, corticosterone-
induced intracellular Ca2+ dysregulation is less crucial for aff ecting CA1 LTP.  The basal concentration (~100 pM) 
of intracellular Zn2+ is much lower than that (~100 nM) of intracellular Ca2+.  Therefore, the precise mechanism 
is required to regulate intracellular Zn2+ homeostasis because of more critical neurotoxicity of Zn2+.  This review 
summarizes the physiological signifi cance of intracellular Zn2+ homeostasis focused on signaling of corticosterone and 
glutamate in the extracellular compartment.
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and intracellular Ca2+, which are 1.3 mM and 100 nM (Fig. 1A), respectively, are much higher than of extracellular Zn2+ and 
intracellular Zn2+, resulting in much less attention paid to Zn2+ than Ca2+ to understand brain function and brain dysfunction.  
For understanding synaptic function, for example, no attention has been paid to Zn2+ in the extracellular compartment; Zn2+

is not added to artifi cial cerebrospinal fl uid (ACSF), i.e., the brain extracellular medium widely used for in vitro and in vivo 
experiments.  Not only neuronal excitation but also synaptic plasticity such as long-term potentiation (LTP), a cellular mechanism 
of memory, are modifi ed in brain slices bathed in ACSF without Zn2+ where the original neurophysiology may be modifi ed [7,8].

In the brain, approximately 80% of zinc is zinc metalloproteins.  Approximately 20% is histochemically reactive as determined 
by Timm’s sulfi de-silver staining and concentrated in the synaptic vesicles of a subclass of glutamatergic neuron [9].  The latter 
serves as a signal factor, free Zn2+, in both the intracellular and extracellular compartments.  Synaptic Zn2+ dynamically functions 
in conjunction with synaptic activity, i.e., glutamatergic synapse activity in the limbic system including the hippocampus [10,11].  
Synaptic Zn2+ plays a key role in not only cognitive function but also cognitive decline.  However, there is no hormone involved in 
zinc homeostasis unlike calcium homeostasis.  Extracellular Zn2+ dynamics, which is linked with intracellular Zn2+ homeostasis, 
is dynamically modifi ed by the changes in extracellular circumstances.  Dietary zinc defi ciency activates the hypothalamo-
pituitary-adrenocortical (HPA) system and increases glucocorticoid secretion from the adrenal cortex [12].  Extracellular levels 
of glucocorticoids modify extracellular Zn2+ dynamics followed by modifying intracellular Zn2+ level [13].  Extracellular levels 
of glucocorticoids and glutamate, which are linked with stress response, aff ects not only intracellular Ca2+ homeostasis but also 
intracellular Zn2+ homeostasis.

This review summarizes the physiological signifi cance of intracellular Zn2+ homeostasis focused on signaling of corticosterone 
and glutamate in the extracellular compartment.

Intracellular buff ering of Ca2+ and Zn2+

Vulnerability to Ca2+ dysregulation is facilitated with brain aging [14-16].  Ca2+ dysregulation is not ubiquitous in the brain, 
and has been observed in specifi c cell populations and areas.  For example, the expression of L-type Ca2+ channels is age-relatedly 
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Figure 1. Intracellular buff ering systems of Ca2+ and Zn2+

A  The infl ux of extracellular Ca2+ is dynamically induced through Ca2+ channels for intracellular Ca2+ signaling, while 
the basal concentration of intracellular Ca2+ is strictly regulated by the efflux of cytosol Ca2+ to the extracellular 
compartment and the reuptake of cytosol Ca2+ into the Ca2+ stores. 

B  The infl ux of extracellular Zn2+ is also dynamically induced through Zn2+-permeable GluR2-lacking AMPA receptors 
(Zn2+-AMPAR) for intracellular Zn2+ signaling. While the basal concentration of intracellular Zn2+ is regulated by the 
Zn2+-buff ering system, i.e., Zn2+ transporters (ZIPs and ZnTs), MTs, and internal stores containing Zn2+, the mechanism 
is poorly understood.
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elevated in hippocampal pyramidal cells [17].  N-Methyl-D-aspartate (NMDA) receptor function is age-relatedly reduced in the 
frontal cortex and the hippocampus [18], suggesting that a compensatory mechanism is induced in the process of brain aging 
to regulate the availability of intracellular Ca2+ signaling.  On the other hand, intracellular Ca2+ buff ering is involved not only in 
cognitive function but also in cognitive decline, and is weakened with brain aging (Fig. 1A) [15].

To regulate the availability of intracellular Zn2+ signaling, a compensatory mechanism is also induced in the process of brain 
aging.  The zinc concentration in presynaptic vesicles is reduced by the decrease in ZnT3 protein with aging [19,20], while the 
extracellular zinc concentration is age-relatedly increased in the hippocampus [21].  Intracellular Zn2+ buff ering is also involved 
not only in cognitive function but also in cognitive decline.  However, the Zn2+-buff ering system is more poorly understood than 
the Ca2+-buff ering system (Fig. 1).  Weakened intracellular Ca2+ buff ering, with a net decrease in the Ca2+-buff ering capacity, is 
linked with both normal aging [15] and neurological disorders such as AD [22].

The Zn2+-buff ering system is composed of Zn2+ transporters (ZIPs and ZnTs), Zn2+-binding proteins such as metallothioneins 
(MTs), internal stores containing Zn2+, and Ca2+-permeable channels, which is dynamically linked with synaptic excitation (Fig. 
1B).  Judging from the increased concentration of extracellular Zn2+ [21], it is estimated that intracellular Zn2+ buff ering is modifi ed 
in the aged brain of rats [23].  The characteristics (easiness) of extracellular Zn2+ infl ux may lead to reduced intracellular Zn2+-
buff ering capacity in the aged dentate gyrus, which represents weakened intracellular Zn2+ buff ering [23].  Because MT synthesis 
in the hippocampus is induced even in aged rats, it is estimated that MT-mediated Zn2+-buff ering capacity is not signifi cantly 
diff erent between young and aged hippocampus [24].  MTs are of benefi t to maintaining intracellular Zn2+ homeostasis under 
acute changes in intracellular Zn2+ concentration [24].

Corticosteroid receptor-mediated synaptic Zn2+ dynamics in the hippocampus
The HPA system is activated after exposure to stress followed by increase in glucocorticoid secretion from the adrenal cortex 

[25-27].  Glucocorticoids pass through the brain barrier system and modulate cognitive activity bidirectionally [28-30].  Under 
stressful circumstances, glucocorticoids are excessively and/or persistently secreted and considered a major factor for stress-related 
memory disorders [31,32].  Glucocorticoids (corticosterone in rodents) act on via both mineralocorticoid and glucocorticoid 
receptors, which exist on the plasma membrane and in the cytosolic compartment.  Many of glucocorticoid actions require time 
to lead to changes in gene expression (>15–30 min), while glucocorticoids have rapid non-genomic actions via the membrane-
bound receptors [33].

The hippocampus is enriched with mineralocorticoid and glucocorticoid receptors and is a target area under stressful 
circumstances.  Glucocorticoids facilitate glutamate release from the neuron terminals via the rapid action of membrane 
mineralocorticoid receptors [34,35].  On the basis of the evidence on co-release of glutamate and Zn2+ from a subclass of 
glutamatergic neurons, i.e., zincergic neurons, it is estimated that glucocorticoids facilitate Zn2+ release from zincergic neuron 
terminals under stressful conditions [36] and that Zn2+ accumulation in the extracellular compartment plays a key role for 
cognitive decline in cooperation with glutamate accumulation in the extracellular compartment [36-38].

Synaptic plasticity, i.e., long-term potentiation (LTP) has been extensively studied in the hippocampus [39].  The entorhinal 
cortex is connected with the hippocampus and both areas play a key role for cognitive performance (Fig. 2).  In the hippocampal 
CA1, pyramidal cells are innervated by the non-zincergic perforant pathway from the entorhinal cortex and also by zincergic 
Schaff er collateral from the hippocampal CA3 pyramidal cells (Fig. 2).  Zn2+ released from Schaff er collateral is required to induce 
LTP at the Schaff er collateral-CA1 pyramidal cell synapses in the CA1 (Fig. 3 and 4) [40], while excess Zn2+ release attenuates the 
LTP [41].  In contrast, Zn2+ released from internal stores is required to induce LTP at the perforant pathway-CA1 pyramidal cell 
synapses in the CA1 (Fig. 3 and 4) [42].  Extracellular Zn2+ preferentially passes through Ca2+- and Zn2+-permeable GluR2-lacking 
α-amino-3-hydroxy-5-methyl-4-isoxazolepropionate (AMPA) receptors followed by intracellular Zn2+ dysregulation (toxicity) 
when glutamate accumulates in the extracellular compartment of the CA1, resulting in neurodegeneration including cognitive 
decline [43-46].  Extracellular glutamate-mediated cognitive decline, which is induced by stimulation with high K+, is linked 
with intracellular Zn2+ dysregulation, but not intracellular Ca2+ dysregulation [47].  In 6-hydroxydopamine-induced Parkinson’s 
disease in rats, nigral dopaminergic degeneration is also induced by intracellular Zn2+ dysregulation, but not intracellular Ca2+

dysregulation [48].  Ca2+- and Zn2+-permeable GluR2-lacking AMPA receptors are more closely linked with intracellular Zn2+

toxicity than intracellular Ca2+ toxicity [49,50], because the basal concentration of intracellular Zn2+ is much lower.
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Acute stress induces a rapid corticosterone rise in the hippocampus of rats and impairs memory formation [51,52].  Non-
genomic actions, especially via membrane mineralocorticoid receptor activation, are involved in the impairment of memory 
retrieval [53-55].  Although intracellular Zn2+ dysregulation is induced by excess signaling of extracellular glutamate, there has 
been no evidence on the relationship between synaptic Zn2+ dynamics and membrane corticosteroid receptors.  We postulated 
that rapid modifi cation of synaptic Zn2+ dynamics is linked with membrane corticosteroid receptors and leads to in vivo aberrant 
synaptic plasticity [38].

In the CA1, rapid changes in CA1 pyramidal cell function emerge via presyanptic and postsynaptic membrane mineralocorticoid 
receptors: corticosterone increases glutamate release probability pre-synaptically and causes a suppression in potassium current 
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Figure 2. The hippocampus is connected with the entorhinal cortex via the perforant pathway
 Mossy fi ber and Schaff er collateral (the grey arrow) are zincergic and perforant pathway is non-zincergic.

Figure 3. Intracellular Zn2+ signaling is required for both perforant pathway LTP and Schaff er collateral LTP followed by 
hippocampus-dependent memory.

 The fi gure represents the area surrounded by the dotted line of Fig. 2.  At perforant pathway synapses, Ca2+ signaling 
via NMDA receptor activation might be involved in Zn2+ release from the internal stores, which is required for 
perforant pathway LTP.  At Schaff er collateral synapses, in contrast, transsynaptic Zn2+ infl ux through Zn2+-permeable 
GluR2-lacking AMPA receptors is required for Schaff er collateral LTP. EC, entorhinal cortex; SLM, stratum lacunosum-
moleculare; SR, stratum radiatum.
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post-synaptically, leading to enhanced CA1 pyramidal cell excitability [56].  Corticosterone-induced increase in extracellular 
Zn2+, which is linked with Schaff er collateral excitation, induces the subsequent attenuation of Schaff er collateral LTP in vivo 
[38].  Corticosterone-induced increase in extracellular Zn2+ may lead to intracellular Zn2+ dysregulation.  In rat brain slices, 
corticosterone-induced rapid increases in extracellular and intracellular Zn2+ are canceled in the presence of spironolactone, a 
mineralocorticoid receptor antagonist that canceled corticosterone-induced attenuation of CA1 LTP.  Corticosterone rapidly 
increases Zn2+ release from the Schaff er collateral via membrane mineralocorticoid receptor activation and then increases 
intracellular Zn2+ in CA1 pyramidal cells probably via Zn2+-permeable GluR2-lacking AMPA receptor activation, resulting 
in the attenuated CA1 LTP (Fig. 5B).  On the other hand, mifepristone, a glucocorticoid receptor antagonist, which canceled 
corticosterone-induced attenuation of CA1 LTP, also canceled corticosterone-induced rapid increase in intracellular Zn2+, but not 
extracellular Zn2+, suggesting that the short-term block of corticosterone-induced increase in intracellular Zn2+ with mifepristone 
is also benefi t to canceling of the attenuated CA1 LTP.  The mechanism of intracellular Zn2+ dysregulation is diff erent between 
membrane mineralocorticoid and glucocorticoid receptor-mediated signaling (Fig. 5B).  Corticosterone-induced rapid increase in 
intracellular Ca2+ is blocked by spironolactone, but not by mifepristone, suggesting that corticosterone-induced rapid intracellular 
Ca2+ dysregulation is less crucial for aff ecting CA1 LTP than rapid intracellular Zn2+ dysregulation.

Synaptic Zn2+ and Ca2+/calmodulin-dependent protein kinase II (CaMKII)
Corticosterone regulates AMPA receptors traffi  cking including Zn2+-permeable GluR2-lacking AMPA receptors and facilitates 

LTP in the hippocampus [57-60].  Newly synthesized LTP-related proteins can be captured at new binding sites via CaMKII, a key 
molecule for LTP, for structural synapse enlargement, sustaining the potentiated state for a long term.  The location of CaMKII 
is crucial for the construction of the potentiated state [61,62].  The interplay between the kinase and structural functions of 
CaMKII is important for defi ning a time window permissive for synaptic plasticity [63].  It is estimated that Zn2+ concentrates 
in the postsynaptic density (PSD) via intracellular Zn2+ signaling after LTP induction, which can be linked with membrane 
mineralocorticoid and glucocorticoid receptor activation (Fig. 5A), and is able to infl uence the recruitment of ProSAP/Shank 
proteins to PSDs in a family member-specifi c manner during the course of synaptogenesis and structural plasticity [64,65]. 
Intracellular Zn2+ concentration might reach a few nanomolar for synaptic plasticity.

Total and phosphorylated CaMKII are increased in the hippocampal CA1 after CA1 LTP induction [66,67].  In contrast, 
chronic stress decreases basal levels of phosphorylated CaMKII and then attenuates LTP induction [68].  It is possible that Zn2+
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Figure 4. Intracellular Zn2+ imaging in hippocampal CA1
 The basal level of intracellular Zn2+ in the CA1, which represents the area surrounded by the dotted line of Fig. 2, is 

imaged with intracellular ZnAF-2. Intracellular Zn2+ increases even in the stratum lacunosum-moleculare (SLM) where 
the perforant pathway connects with CA1 pyramidal cells after high-frequency stimulation (HFS) to induce LTP (Fig. 3). 
PCL, pyramidal cell layer; SLM, stratum lacunosum-moleculare; SR, stratum radiatum.
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can directly modulate CaMKII activity for synaptic plasticity (Fig. 5A).  At high micromolar concentrations (~400 μM), Zn2+ 

turns CaMKII into an increased mobility form on SDS-PAGE in vitro [69], while it is improbable in vivo.  Intracellular Zn2+ 

concentration may reach low nanolmolar (~10 nM), an estimated concentration of extracellular Zn2+, under the perfusion with 
ZnCl2 and corticosterone prior to LTP induction, while the concentration may be neurotoxic [70].

Under stressful condition, on the other hand, corticosterone decreases the basal levels of phosphorylated CaMKII and the 
decreases are canceled by co-perfusion with CaEDTA, an extracellular Zn2+ chelator, or spironolactone, suggesting that the rapid 
infl ux of extracellular Zn2+ induced by corticosterone via presynaptic activation of membrane mineralocorticoid receptors into 
CA1 pyramidal cells leads to the decrease in the basal level of phosphorylated CaMKII (Fig. 5B).

Perspective
The basal concentration of intracellular Zn2+ is approximately 1000 times lower than that of intracellular Ca2+, resulting in 

more critical neurotoxicity of Zn2+.  We need to understand the precise mechanism on regulation of intracellular Zn2+ homeostasis, 
i.e., the Zn2+-buff ering system under physiological and pathological conditions [71,72].

References
[1] Dufner-Beattie J, Kuo YM, Gitschier J, Andrews GK: The adaptive response to dietary zinc in mice involves the diff erential cellular 

localization and zinc regulation of the zinc transporters ZIP4 and ZIP5. J Biol Chem 279: 49082-49090, 2004.

[2] Cousins RJ, Liuzzi JP, Lichten LA: Mammalian zinc transport, traffi  cking, and signals. J Biol Chem 281: 24085-24089, 2006.

[3] Fukada T, Kambe T. Molecular and genetic features of zinc transporters in physiology and pathogenesis. Metallomics 3: 662-674, 2011.

[4] Frederickson CJ, Giblin LJ, Krezel A, McAdoo DJ, Muelle RN, Zeng Y, Balaji RV, Masalha R, Thompson RB, Fierke CA: Concentrations 
of extracellular free zinc (pZn)e in the central nervous system during simple anesthetization, ischemia and reperfusion. Exp Neurol 198: 
285-293, 2006.

[5] Sensi SL, Canzoniero LMT, Yu SP, Ying HS, Koh JY, Kerchner GA, Choi DW: Measurement of intracellular free zinc in living cortical 
neurons: routes of entry. J Neurosci 15: 9554-9564, 1997.

Figure 5. Schematic diagram on bidrectional synaptic Zn2+ dynamics via membrane corticosteroid receptor-mediated 
signaling in LTP induction
A  The release of glutamate and Zn2+ is increased from Schaffer collateral by learning behavior and the increase 

is accelerated by glucocorticoid (GC): Presynaptic activation of membrane mineralocorticoid receptors (MCR) 
increases the release probability followed by the infl ux of extracellular Zn2+ through Zn2+-permeable GluR2-lacking 
AMPA receptors (Zn2+-AMPAR). Postsynaptic membrane corticosteroid receptors are also involved in the increase in 
intracellular Zn2+ in CA1 pyramidal cells followed by LTP (left). 

B  After exposure to stress, intracellular Zn2+ is excessively increased in CA1 pyramidal cells according to the bold 
arrows; presynaptic membrane mineralocorticoid receptors and postsynaptic membrane corticosteroid receptors, 
which are excessively activated, induce intracellular Zn2+ dysregulation followed by impaired LTP via the decrease in 
phosphorylated CaMKII (right). GCR, glucocorticoid receptor.



rev-28

Zn2+ and corticosteroid receptors Suzuki M. et al.

Metallomics Research 2021 (1) #MR202105

[6] Colvin RA, Bush AI, Volitakis I, Fontaine CP, Thomas D, Kikuchi K, Holmes WR. Insights into Zn2+ homeostasis in neurons from 
experimental and modeling studies. Am. J. Physiol. Cell Physiol., 294, C726-742, 2008.

[7] Tamano H, Nishio R, Shakushi Y, Sasaki M, Koike Y, Osawa M, Takeda A: In vitro and in vivo physiology of low nanomolar concentrations 
of Zn2+ in artificial cerebrospinal fluid. Sci Rep 7: 42897, 2017.

[8] Takeda A, Tamano H: Significance of low nanomolar concentration of Zn2+ in artificial cerebrospinal fluid. Mol Neurobiol 54: 2477-
2482, 2017.

[9] Frederickson CJ: Neurobiology of zinc and zinc-containing neurons. Int Rev Neurobiol 31: 145-238, 1989.

[10] Takeda A, Nakamura M, Fujii H, Tamano H: Synaptic Zn2+ homeostasis and its significance. Metallomics 5: 417-423, 2013.

[11] Tamano H, Takeda A: Age-dependent modification of intracellular Zn2+-buffering in the hippocampus and its impact. Biol Pharm Bull 
42: 1070-1075, 2019.

[12] Takeda A, Tamano H, Kan F, Itoh H, Oku N: Anxiety-like behavior of young rats after 2-week zinc deprivation. Behav Brain Res 177: 
1-6, 2007.

[13] Takeda A, Tamano H: Insight into zinc signaling from dietary zinc deficiency. Brain Res Rev 62: 33-44, 2009.

[14] Foster TC: Calcium homeostasis and modulation of synaptic plasticity in the aged brain. Aging Cell 6: 319-325, 2007.

[15] Kumar A, Bodhinathan K, Foster TC: Susceptibility to calcium dysregulation during brain aging. Front Aging Neurosci 1: 2, 2009.

[16] Toescu EC, Vreugdenhil M: Calcium and normal brain ageing. Cell Calcium 47: 158-164, 2010.

[17] Thibault O, Landfield PW: Increase in single L-type calcium channels in hippocampal neurons during aging. Science 272: 1017-1020, 1996.

[18] Zamzow DR, Elias V, Shumaker M, Larson C, Magnusson KR: An increase in the association of GluN2B containing NMDA receptors 
with membrane scaffolding proteins was related to memory declines during aging. J Neurosci 33: 12300-12305, 2013.

[19] Adlard PA, Parncutt JM, Finkelstein DI, Bush AI: Cognitive loss in zinc transporter-3 knock-out mice: a phenocopy for the synaptic and 
memory deficits of Alzheimer’s disease? J Neurosci 30: 1631-1636, 2010.

[20] Lee JY, Kim JS, Byun HR, Palmiter RD, Koh JY: Dependence of the histofluorescently reactive zinc pool on zinc transporter-3 in the 
normal brain. Brain Res 1418: 12-22, 2011.

[21] Takeda A, Koike Y, Osawa M, Tamano H: Characteristic of extracellular Zn2+ influx in the middle-aged dentate gyrus and its involvement 
in attenuation of LTP. Mol Neurobiol 55: 2185-2195, 2018.

[22] Berridge MJ: Dysregulation of neural calcium signaling in Alzheimer disease, bipolar disorder and schizophrenia. Prion 7: 2-13, 2013.

[23] Takeda A, Tamano H, Murakami T, Nakada H, Minamino T, Koike Y: Weakened intracellular Zn2+-buffering in the aged dentate gyrus 
and its involvement in erasure of maintained LTP. Mol Neurobiol 55: 3856-3865, 2018.

[24] Takeda A, Tamano H, Hashimoto W, Kobuchi S, Suzuki H, Murakami T, Tempaku M, Koike Y, Adlard PA, Bush AI: Novel defense by 
metallothionein induction against cognitive decline: from amyloid β1-42-induced excess Zn2+ to functional Zn2+ deficiency. Mol Neurobiol 
55: 7775-7788, 2018.

[25] Tamano H, Kan F, Oku N, Takeda A: Ameliorative effect of Yokukansan on social isolation-induced aggressive behavior of zinc-deficient 
young mice. Brain Res Bull 83; 351-355, 2010.

[26] Nicolaides NC, Kyratzi E, Lamprokostopoulou A, Chrousos GP, Charmandari E: Stress, the stress system and the role of glucocorticoids. 
Neuroimmunomodulation 22: 6-19, 2015.

[27] Gjerstad JK, Lightman SL, Spiga F: Role of glucocorticoid negative feedback in the regulation of HPA axis pulsatility. Stress 21: 403-416, 2018.

[28] McEwen BS, Sapolsky RM: Stress and cognitive function. Curr Opin Neurobiol 5: 205-216, 1995.

[29] Kim J, Yoon KS: Stress: Metaplastic effects in the hippocampus. Trends Neurosci 21: 505-509, 1998.

[30] Kim JJ, Diamond DM: The stressed hippocampus, synaptic plasticity and lost memories. Nat Rev Neurosci 3: 453-462, 2002.

[31] McEwen BS Bowles NP, Gray JD, Hill MN, Hunter RG, Karatsoreos IN, Nasca C: Mechanisms of stress in the brain. Nat Neurosci 18: 
1353-1363, 2015.

[32] Joëls M, de Kloet ER: The brain mineralocorticoid receptor: A saga in three episodes. J Endocrinol 234: T49-T66, 2017.

[33] Evanson NK, Herman JP, Sakai RR, Krause ER: Nongenomic actions of adrenal steroids in the central nervous system. J Neuroendocrinol 
22: 846-861, 2010.

[34] Karst H, Berger S, Turiault M, Tronche F, Schutz G, Joels M: Mineralocorticoid receptors are indispensable for nongenomic modulation 
of hippocampal glutamate transmission by corticosterone. Proc Natl Acad Sci SSA 102: 19204-19207, 2005.

[35] Joëls M, Karst H, DeRijk R, de Kloet ER: The coming out of the brain mineralocorticoid receptor. Trends Neurosci 31: 1-7, 2008.

[36] Takeda A, Suzuki M, Tamano H, Takada S, Ide K, Oku K: Involvement of glucocorticoid-mediated Zn2+ signaling in attenuation of 
hippocampal CA1 LTP by acute stress. Neurochem Int 60: 394-399, 2012.



rev-29

Suzuki M. et al.Zn2+ and corticosteroid receptors

Metallomics Research 2021 (1) #MR202105

[37] Sandi C: Glucocorticoids act on glutamatergic pathways to affect memory processes. Trends Neurosci 34: 165-176, 2011.

[38] Suzuki M, Sato Y, Tamura K, Tamano H, Takeda A: Rapid intracellular Zn2+ dysregulation via membrane corticosteroid receptor activation 
affects in vivo CA1 LTP. Mol Neurobiol 56: 1356-1365, 2019.

[39] Lynch MA: Long-Term Potentiation and Memory. Physiol Rev 84: 87-136, 2004.

[40] Takeda A, Suzuki M, Tempaku M, Ohashi K, Tamano H: Influx of Extracellular Zn2+ Into the Hippocampal Ca1 Neurons Is Required 
for Cognitive Performance Via Long-Term Potentiation. Neuroscience 304: 209-216, 2015.

[41] Takeda A, Takada S, Nakamura M, Suzuki M, Tamano H, Ando M, Oku N: Transient Increase in Zn2+ in Hippocampal CA1 Pyramidal 
Neurons Causes Reversible Memory Deficit. PLoS One 6: e28615, 2011.

[42] Tamano H, Nishio R, Takeda A: Involvement of intracellular Zn2+ signaling in LTP at perforant pathway-CA1 pyramidal cell synapse. 
Hippocampus 27: 777-783, 2017.

[43] Frederickson CJ, Koh JY, Bush AI: The neurobiology of zinc in health and disease. Nat Rev Neurosci 6: 449-462, 2005.

[44] Kwak S, Weiss JH: Calcium-permeable AMPA channels in neurodegenerative disease and ischemia. Curr Opin Neurobiol 16: 281-287, 2006.

[45] Weiss JH: Ca permeable AMPA channels in diseases of the nervous system. Front Mol Neurosci 4: 42, 2011.

[46] Takeda A, Koike Y, Osawa M, Tamano H: Characteristic of extracellular Zn2+ influx in the middle-aged dentate gyrus and its involvement 
in attenuation of LTP. Mol Neurobiol 55: 2185-2195, 2018.

[47] Takeda A, Tamano H, Hisatsune M, Murakami T, Nakada H, Fujii H: Maintained LTP and memory are lost by Zn2+ influx into dentate 
granule cells, but not Ca2+ influx. Mol Neurobiol 55: 1498-1508, 2018.

[48] Tamano H, Nishio R, Morioka H, Takeda A: Extracellular Zn2+ influx into nigral dopaminergic neurons plays a key role for pathogenesis 
of 6-hydroxydopamine-induced Parkinson’s disease in rats. Mol Neurobiol 56: 435-443, 2019.

[49] Tamano H, Morioka H, Nishio R, Takeuchi A, Takeda A: AMPA-induced extracellular Zn2+ influx into nigral dopaminergic neurons 
causes movement disorder in rats. NeuroToxicology 69: 23-28, 2018.

[50] Nakajima S, Saeki N, Tamano H, Nishio R, Katahira M, Takeuchi A, Takeda A: Age-related vulnerability to nigral dopaminergic degeneration 
in rats via Zn2+-permeable GluR2-lacking AMPA receptor activation. NeuroToxicology 83: 69-76, 2021.

[51] Tronche C, Piérard C, Coutan M, Chauveau F, Liscia P, Béracochéa D: Increased stress-induced intra-hippocampus corticosterone rise 
associated with memory impairments in middle-aged mice. Neurobiol Learn Mem 93: 343-351, 2009.

[52] Chauveau F, Tronche C, Piérard C, Liscia P, Drouet I, Coutan M, Béracochéa D: Rapid stress-induced corticosterone rise in the hippocampus 
reverses serial memory retrieval pattern. Hippocampus 20: 196-207, 2010.

[53] Sajadi AA, Samaei SA, Rashidy-Pour A: Intra-hippocampal microinjections of anisomycin did not block glucocorticoid-induced impairment 
of memory retrieval in rats: An evidence for non-genomic effects of glucocorticoids. Behav Brain Res 173: 158-162, 2006.

[54] Khaksari M, Rashidy-Pour A, Vafaei AA: Central mineralocorticoid receptors are indispensable for corticosterone-induced impairment 
of memory retrieval in rats. Neuroscience 149: 729-738, 2007.

[55] Dorey R, Piérard C, Shinkaruk S, Tronche C, Chauveau F, Baudonnat M, Béracochéa D: Membrane Mineralocorticoid but not Glucocorticoid 
Receptors of the Dorsal Hippocampus Mediate the Rapid Effects of Corticosterone on Memory Retrieval. Neuropsychopharmacology 
36: 2639-2649, 2011.

[56] Olijslagers JE, De Kloet ER, Elgersma Y, Van Woerden GM, Joëls M, Karst K: Rapid changes in hippocampal CA1 pyramidal cell function 
via pre- as well as postsynaptic membrane mineralocorticoid receptors. Eur J Neurosci 27: 2542-2550, 2008.

[57] De Kloet ER, Oitzl MS, Joëls M: Stress and cognition: Are corticosteroids good or bad guys? Trends Neurosci 22: 422-426, 1999.

[58] Martin S, Henley JM, Holman D, Zhou M, Wiegert O, van Spronsen M, Joëls M, Hoogenraad CC, Krugers HJ: Corticosterone alters 
AMPAR mobility and facilitates bidirectional synaptic plasticity. PLoS One, 4: e4714, 2009.

[59] Conboy L, Sandi C: Stress at Learning Facilitates Memory Formation by Regulating AMPA Receptor Trafficking Through a Glucocorticoid 
Action. Neuropsychopharmacology 35: 674-685, 2010.

[60] Whitehead G, Jo J, Hogg EL, Piers T, Kim DH, Seaton G, Seok H, Bru-Mercier G, Son GH, Regan P, Hildebrandt L, Waite E, Kim BC, 
Kerrigan TL, Kim K, Whitcomb DJ, Collingridge GL, Lightman SL, Cho K: Acute stress causes rapid synaptic insertion of Ca2+ -permeable 
AMPA receptors to facilitate long-term potentiation in the hippocampus. Brain 136: 3753-6375, 2013.

[61] Lee SJ, Escobedo-Lozoya Y, Szatmari EM, Yasuda R: Activation of CaMKII in single dendritic spines during long-term potentiation. 
Nature 458: 299-304, 2009.

[62] Halt AR, Dallapiazza RF, Zhou Y, Stein IS, Qian H, Juntti S, Wojcik S, Brose N, Silva AJ, Hell JW: CaMKII bind- ing to GluN2B is 
critical during memory consolidation. EMBO J 31: 1203-1216, 2012.

[63] Kim K, Lakhanpal G, Lu HE, Khan M, Suzuki A, Hayashi MK, Narayanan R, Luyben TT, Matsuda T, Nagai T, Blanpied TA, Hayashi 
Y, Okamoto K: A Temporary Gating of Actin Remodeling during Synaptic Plasticity Consists of the Interplay between the Kinase and 
Structural Functions of CaMKII. Neuron 87: 813-826, 2015.



rev-30

Zn2+ and corticosteroid receptors Suzuki M. et al.

Metallomics Research 2021 (1) #MR202105

[64] Grabrucker AM, Knight MJ, Proepper C, Bockmann J, Joubert M, Rowan M, Nienhaus GU, Garner CC, Bowie JU, Kreutz MR, 
Gundelfinger ED, Boeckers TM: Concerted action of zinc and ProSAP/Shank in synaptogenesis and synapse maturation. EMBO J 30: 
569-581, 2011.

[65] Tao-Cheng JH, Toy D, Winters CA, Reese TS, Dosemeci A: Zinc Stabilizes Shank3 at the Postsynaptic Density of Hippocampal Synapses. 
PLoS One 11: e0153979, 2016.

[66] Ouyang Y, Rosenstein A, Kreiman G, Schuman EM, Kennedy MB: Tetanic Stimulation Leads to Increased Accumulation of Ca2+/
Calmodulin-Dependent Protein Kinase II via Dendritic Protein Synthesis in Hippocampal Neurons. J Neurosci 19: 7823-7833, 1999.

[67] Racaniello M, Cardinale A, Mollinari C, D'Antuono M, De Chiara G, Tancredi V, Merlo D: Phosphorylation Changes of CaMKII, 
ERK1/2, PKB/Akt Kinases and CREB Activation during Early Long-Term Potentiation at Schaffer Collateral-CA1 Mouse Hippocampal 
Synapses. Neurochem Res 35: 239-246, 2010.

[68] Gerges NZ, Aleisa AM, Schwarz LA, Alkadhi KA: Reduced basal CaMKII levels in hippocampal CA1 region: Possible cause of stress-
induced impairment of LTP in chronically stressed rats. Hippocampus 14: 402-410, 2004.

[69] Lengyel I, Fieuw-Makaroff S, Hall AL, Sim AT, Rostas JA, Dunkley PR: Modulation of the phosphorylation and activity of calcium/
calmodulin-dependent protein kinase II by zinc. J Neurochem 75: 594-605, 2000.

[70] Takeda A, Tamano H: Impact of synaptic Zn2+ dynamics on cognition and its decline. Int J Mol Sci 18: 2411, 2017.

[71] Kawahara M, Kato-Negishi M, Tanaka KI: Amyloids: Regulators of Metal Homeostasis in the Synapse. Molecules 25: 1441, 2020.

[72] Sato Y, Takiguchi M, Tamano H, Takeda A: Extracellular Zn2+-dependent amyloid-β1-42 neurotoxicity in Alzheimer’s disease pathogenesis. 
Biol Trace Elem Res 199: 53-61, 2021.


