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Synaptically Released Zinc Triggers Metabotropic Signaling
via a Zinc-Sensing Receptor in the Hippocampus
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Zn 2⫹ is coreleased with glutamate from mossy fiber terminals and can influence synaptic function. Here, we demonstrate that synaptically released Zn 2⫹ activates a selective postsynaptic Zn 2⫹-sensing receptor (ZnR) in the CA3 region of the hippocampus. ZnR activation
induced intracellular release of Ca 2⫹, as well as phosphorylation of extracellular-regulated kinase and Ca 2⫹/calmodulin kinase II.
Blockade of synaptic transmission by tetrodotoxin or CdCl inhibited the ZnR-mediated Ca 2⫹ rises. The responses mediated by ZnR were
largely attenuated by the extracellular Zn 2⫹ chelator, CaEDTA, and in slices from mice lacking vesicular Zn 2⫹, suggesting that synaptically released Zn 2⫹ triggers the metabotropic activity. Knockdown of the expression of the orphan G-protein-coupled receptor 39
(GPR39) attenuated ZnR activity in a neuronal cell line. Importantly, we observed widespread GPR39 labeling in CA3 neurons, suggesting
a role for this receptor in mediating ZnR signaling in the hippocampus. Our results describe a unique role for synaptic Zn 2⫹ acting as the
physiological ligand of a metabotropic receptor and provide a novel pathway by which synaptic Zn 2⫹ can regulate neuronal function.

Introduction
Histochemically reactive or “free” Zn 2⫹ in the brain is mostly
localized within glutamatergic synaptic vesicles in the hippocampus and in a variety of forebrain areas (Frederickson and Moncrieff, 1994). Uptake of Zn 2⫹ ions into synaptic vesicles is mediated by the Zn 2⫹ transporter, zinc transporter 3 (ZnT3), and
deletion of the gene encoding it results in the elimination of the
synaptic Zn 2⫹ pool (Palmiter et al., 1996; Cole et al., 1999). At
mossy fiber synapses, Zn 2⫹ is coreleased with glutamate in an
activity-dependent manner (Vogt et al., 2000; Qian and Noebels,
2005). The hippocampal mossy fibers, by virtue of their high
concentration of synaptic Zn 2⫹ and their well defined circuitry,
have been the focus of many of the studies on the role of Zn 2⫹ in
the CNS.
While increases in intracellular free Zn 2⫹ (Sensi et al., 1999)
have been associated with neuronal death (Aizenman et al., 2000;
McLaughlin et al., 2001; Sensi and Jeng, 2004; Zhang et al., 2004),
a physiological role for synaptically released Zn 2⫹ is still largely
unknown. Prior work has focused primarily on the function of
synaptic Zn 2⫹ as a modulator of ionotropic receptors. For example, it has been shown that Zn 2⫹ modifies the activity of postsynaptic NMDA receptors through interactions with specific low
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and high affinity binding sites (Paoletti et al., 1997; Rachline et al.,
2005; Izumi et al., 2006). Additionally, zinc ions have been shown
to block the activity of GABAA receptors (Hosie et al., 2003; Ruiz
et al., 2004). Synaptic plasticity has thus been reported to be
affected by Zn 2⫹ by shaping NMDA (Vogt et al., 2000) or GABA
synaptic potentials (Ruiz et al., 2004), by modulating assembly of
the postsynaptic density (Gundelfinger et al., 2006), or by regulating long-term potentiation (LTP) (Li et al., 2001; Huang et al.,
2008). Despite these findings, Zn 2⫹-dependent allosteric regulation of ionotropic pathways may not fully explain how endogenous Zn 2⫹ is linked to all these physiological processes (Paoletti
et al., 2009).
Metabotropic receptors play a critical role in synaptic transmission (Nicholls et al., 2006). These receptors mediate slow synaptic potentials, activate intracellular signaling pathways, and indirectly modulate ion channels and transporters. Metabotropic
receptors (mGluRs) are also involved in changes in synaptic plasticity via activation of the mitogen-activated protein (MAP) kinase pathways and in the regulation of gene expression (Volk et
al., 2006). Activation of the mossy fibers has been shown to induce intracellular Ca 2⫹ release from postsynaptic CA3 neurons
via a metabotropic pathway (Kapur et al., 2001). Although synaptic Zn 2⫹ is released in this region, a role for this ion in metabotropic signaling has heretofore not been demonstrated.
We previously characterized a Zn 2⫹-sensing receptor, ZnR, in
epithelial cells, which induces release of intracellular Ca 2⫹ mediated by a G␣q-protein through the IP3 pathway (Hershfinkel et
al., 2001). In the present study, we demonstrate that synaptic
Zn 2⫹ specifically triggers metabotropic activity in the CA3 hippocampal region through activation of a ZnR. Our results also
suggest that the orphan G-protein-coupled receptor 39 (GPR39)
mediates neuronal ZnR activity.
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Materials and Methods
Slice preparation. Experimental procedures were performed in accordance with protocols approved by the committee for the Ethical Care and
Use of Animals in Research at Ben Gurion University. After decapitation,
brains were quickly removed and placed into ice-cold (4°C) artificial CSF
(ACSF). Coronal slices, 400 m thick, from mice postnatal day 8 (P8) to
P16, were produced on a vibrating microtome (Campden Instruments)
as described previously (Qian and Noebels, 2005; Frederickson et al.,
2006). Slices were maintained at room temperature in ACSF for 1 h,
containing the following (in mM): 124 NaCl, 3 KCl, 1.25 NaH2PO4, 26
NaHCO3, 10 dextrose, 2 MgSO4, and 2 CaCl2, saturated with 95% O2 and
5% CO2.
Cell culture and GPR39 silencing. Human neuroblastoma cells, SHSY5Y, were cultured in DMEM as described previously (Kan et al., 2007).
Cells were seeded on 10 mm glass coverslips to 80% confluency and
imaged after 24 h as described below. For gene silencing experiments,
cells were cotransfected with the silencing plasmids, 3 g of shGPR39 or
shT1R3, and 1 g YFP plasmid in 35 mm plates, using Lipofectamine
2000 as described by the manufacturer (Invitrogen), and imaged 48 h
after transfection. The target sequence of the GPR39 for shRNA was
CCATGGAGTTCTACAGCATtt and that of T1R3 was CUUAGGAUGAAGGGGGACUtt.
Fluorescence imaging. Slices were loaded with the Ca 2⫹ indicator
Fura-2 A.M. (25 M, TefLabs) for imaging experiments, or Fluo-4 A.M.
(25 M, Invitrogen), for confocal analysis, in the presence of 0.02% pluronic acid for 20 min, as described previously (Beierlein et al., 2002). The
imaging system consisted of an upright fluorescence microscope (Olympus BX51; Olympus Optical), Polychrome II monochromator (TILL
Photonics) and a SensiCam cooled charge-coupled device (PCO). Fluorescence imaging measurements were acquired with Imaging Workbench 2 (Axon Instruments) as described previously (Hershfinkel et al.,
2001). The ratio of the Fura-2 fluorescence response excited at 340 and
380 nm was determined. Representative traces from each experiment,
averaged over ⬃60 cells from at least 3 slices ⫾ SEM are shown. In some
experiments, the intracellular Ca 2⫹ concentration was determined by
calibration of intracellular Ca 2⫹ in slices superfused with the calcium
ionophore, Bromo-A23187, in the presence of 5 mM Ca 2⫹ (Rmax) or 5
mM EGTA (Rmin), as described previously (Grynkiewicz et al., 1985;
Hershfinkel et al., 2001), using a Kd of 220 nM (for Fig. 1, Rmax ⫽ 1.56 and
Rmin ⫽ 0.84, and for Fig. 6, Rmax ⫽ 1.62 and Rmin ⫽ 0.89).
Because calcium stores are often rapidly depleted, and store refilling
may take several seconds, and because ZnR activity may undergo rapid
desensitization, repetitive application of Zn 2⫹ or electrical stimuli were
avoided. We therefore monitored Ca 2⫹ responses triggered by only a
single stimulation per slice. If required, cells were preincubated in ACSF
containing Zn 2⫹ (for the desensitization protocol) or inhibitors before
imaging. Slices were imaged within 15–30 min after loading with the
intracellular dye, except for the desensitization experiment which required extended time for the recovery of the intracellular Ca 2⫹. In some
of the experiments, the fluorescence response after stimulation remained
at an elevated plateau or was followed by a slow rise, an effect that was
more apparent in the presence of inhibitors, since the signal was attenuated but this nonrelated, elevated plateau persisted. This elevated fluorescence may arise from several factors, including activation of the store
operated channels, continuous release of Ca 2⫹ from the IP3 sensitive
store (Bianchi et al., 1999; Nakamura et al., 2000), or slow permeation of
Zn 2⫹, or Cd 2⫹ (see Fig. 6 A) via voltage sensitive Ca 2⫹ channels, leading
to Fura-2 fluorescence (Hinkle et al., 1987).
The change in the fluorescence response, “⌬R,” was determined by
subtracting the maximal signal after stimulation from the baseline signal.
The ⌬R (the number of slices for each experiment is indicated in the
figure legend) was averaged and is presented in the bar graphs. Statistical
analyses were performed using a student’s t test, compared with control
or ANOVA with post hoc comparisons as relevant.
For studying the metal selectivity of the receptor, the ⌬R was obtained
after application of each heavy metal in the presence or absence of the
G␣q inhibitor. The ⌬R obtained in the presence of the inhibitor was
subtracted from the ⌬R measured in its absence, to eliminate the fluo-
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rescence response triggered via Gq-independent pathways. Thus, we determined the residual G␣q-dependent fluorescent response triggered by
the ions, which was marked as ⌬RGq inhibitor.
Confocal imaging analysis was performed using slices loaded with the
Ca 2⫹ indicator, Fluo-4 (5 M). Images were acquired by a Zeiss LSM 510
system using a 20⫻ objective (488 nm excitation). Changes in Fluo-4
signal were monitored after the application of Zn 2⫹ and subsequently
slices were washed and stained on stage with Sulforhodamine 101, SR101
(Sigma, 1 M in ACSF) (Nimmerjahn et al., 2004) for 2 min. The slices
were subsequently rinsed in ACSF and imaged at an excitation wavelength of 540 nm.
Fluorescence imaging of cultured cells was performed as described
previously (Hershfinkel et al., 2001). Cells were loaded with Fura-2 (3
M) for 20 min and allowed to recover for 30 min. Transfected cells were
identified by monitoring YFP fluorescence (excitation at 480 nm) and
Ca 2⫹ signals were monitored and averaged only on the transfected cells.
Mossy fiber stimulation. Transverse slices were prepared from mice at
P8 –P16 as described above, and imaged within 60 –90 min to avoid
synaptic Zn 2⫹ depletion (Yin et al., 2002; Frederickson et al., 2006).
Slices were loaded with Fura-2 as described above and intracellular Ca 2⫹
imaging was performed by digitally acquiring the fluorescent images
every 3 s. A bipolar tungsten electrode placed near the hilus of the dentate
gyrus was used to stimulate mossy fibers. Electrical stimuli (66 Hz, 100
A for 150 ms, total of 10 pulses) were delivered to the mossy fibers using
Master-8 stimulator unit (A.M.P.I.), and intracellular Ca 2⫹ was monitored in the CA3 hippocampal region.
Desensitization protocol. Slices were pretreated with 75 M Zn 2⫹ for 15
min, washed, and allowed to recover in ACSF for 60 –100 min. Control
slices were treated with ACSF for the same time period. Slices were then
loaded with Fura-2 and imaged using the same protocol as above. Finally,
Zn 2⫹ (300 M) was reapplied and the Ca 2⫹ response compared between
control and Zn 2⫹-pretreated slices.
Immunohistochemical analysis. For GPR39 labeling, mice were perfused intracardially with 1% sodium sulfide in PBS (50 ml) followed by
4% paraformaldehyde in PBS (50 ml) and 5 m paraffin-embedded
sections were prepared. Sections were then deparaffinized in xylene and
rehydrated in decreasing concentrations of ethanol. Antigen retrieval was
achieved by boiling the slide-mounted sections in 0.01 M citric acid
buffer, pH 6.0, in a microwave for 10 min. The sections were then rinsed
in PBS, incubated in blocking solution for 30 min in room temperature,
and incubated overnight in primary antibody. The following dilutions
were used: rabbit anti-GPR39 (Novus Biological, 1:1000); NeuN (NeuN
Alexa 488, Millipore, 1:500) and MAP2 (Santa Cruz Biotechnology,
1:200), at room temperature. After rinsing in PBS, the sections were
incubated for 1 h with affinity-purified cy2 or cy3-conjugated goat antirabbit IgG (The Jackson Laboratory), rinsed in PBS, and mounted with
anti-fade solution (Kierrkegaard). The tissue was imaged in a confocal
microscope (Zeiss LSM 510) with 488 nm or 543 nm excitation wavelength for cy2 and cy3 staining, respectively.
For kinase phosphorylation analysis, 400 m slices were incubated
with Zn 2⫹ (100 M for 90 or 180 s). Some slices were pretreated with the
G␣q inhibitor (1 M, YM-254890, 10 min) or the ionotropic glutamate
receptor (iGluR) inhibitors, CNQX (20 M) and AP5 (50 M), and the
Ca 2⫹ channel blocker, nimodipine (1 M). Immunohistochemical analysis was performed as described previously (Sekler et al., 2002). Briefly,
slices were frozen in OCT embedding media (Tissue-TEK), sectioned on
a cryostat (10 m) and fixed in 4% paraformaldehyde at room temperature (20 min). Sections were rinsed in PBS, incubated in blocking solution for 30 min at room temperature, and then incubated for 3 h with
anti-phosphorylated extracellular regulated kinase (pERK1/2) (SigmaAldrich) at 1:100 or overnight with anti-phosphorylated Ca 2⫹/calmodulin kinase (pCaMKII) (Santa Cruz Biotechnology, 1:200). This was followed by 1 h incubation in Cy3-conjugated secondary antibody (The
Jackson Laboratory). Immunolabeled sections were mounted with
DAPI-containing mounting medium (Immunomount) and viewed in a
Zeiss Axiomat microscope equipped with appropriate fluorescence barrier and excitation filters or in a Zeiss LSM 510 confocal microscope.
Images were analyzed and digitally captured into the ImageJ analysis
software to quantify pERK1/2 or pCaMKII phosphorylation, and nor-
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malized to the respective DAPI staining to control for the number of cells in the region of interest. The images were assigned false color
scales and superimposed with Adobe Photoshop 7.0 software (Adobe Systems). Graphs
represent mean of the normalized fluorescence
determined from at least 3 regions obtained
from three independent experiments ⫾ SEM.

Results
A metabotropic response is triggered
by Zn 2ⴙ
To determine if Zn 2⫹ activates metabotropic signaling in the brain, we used coronal hippocampal slices. Cells were loaded
with Fura-2 and treated with Zn 2⫹ by direct delivery into the ACSF perfusate. Application of 200 M Zn 2⫹ triggered a rapid
increase in Fura-2 fluorescence in the pyramidal cell layer of the CA3 hippocampal
region (Fig. 1 A, B) in the presence or absence of extracellular Ca 2⫹. This response
was similar to that induced by ATP (300
M, see inset), shown previously to trigger
a metabotropic purinergic response
(Yamazaki et al., 2002). After application
of Zn 2⫹, the decline to resting Ca 2⫹ levels
was somewhat slower in the presence of
extracellular Ca 2⫹, possibly due to Ca 2⫹
influx via the store-operated Ca 2⫹ channel, activated after store depletion (Wu et
al., 2004). Because Zn 2⫹ can permeate
into neurons and because Fura-2 has a
high affinity for this ion (Kd ⫽ 2 nM), it was
important to establish that the fluorescence signal observed was related to
changes in intracellular Ca 2⫹ and not
Zn 2⫹. Endoplasmic reticulum (ER) Ca 2⫹
stores were depleted, using the ER Ca 2⫹
pump inhibitor, thapsigargin (TG, 1 M), Figure 1. A metabotropic Zn 2⫹-dependent Ca 2⫹ response is observed in the hippocampus. A, Fluorescence image before
applied with the purinergic agonist ATP (left), and after (right) application of 200 M zinc (⫻10). Inset shows high magnification images (⫻40). B, Intracellular Ca 2⫹
(300 M) to enhance intracellular Ca 2⫹ re- signal in the pyramidal cell layer, CA3, after application of extracellular Zn 2⫹ (200 M) in the presence or absence of 2 mM Ca 2⫹
lease. Subsequent applications of Zn 2⫹ in the ACSF perfusate. The response after application of ATP (300 M) is shown in the inset. C, ER Ca 2⫹ stores were depleted using
(200 M) (Fig. 1C,D) failed to elicit an in- TG (1 M), an ER Ca 2⫹ pump inhibitor, and the purinergic agonist, ATP (300 M). Subsequently, Zn 2⫹ (200 M) was applied and
crease in Fura-2 signal (10 ⫾ 2% of re- Fura-2 fluorescence was monitored. D, A summary of the averaged Zn 2⫹-dependent Ca 2⫹ response in the presence or absence
2⫹
2⫹
sponse in control), indicating that the flu- of extracellular or intracellular Ca , is presented (**p ⬍ 0.01, n ⫽ 10 for each treatment). E, Zn was applied at the indicated
2⫹
2⫹
concentrations,
and
the
calibrated
intracellular
Ca
level
as
a
function
of
increasing
Zn
concentration
is shown (n ⫽ 4 for
orescence response is not mediated by
2⫹
Zn 2⫹ permeation, but rather by release of each concentration). The data were fitted to a Michaelis–Menten equation and yielded an apparent Km of 146 ⫾ 26 M for Zn
and a Hill coefficient of 1 ⫾ 0.8.
2⫹
Ca from TG-sensitive stores. We then
assessed the Zn 2⫹ concentration depenthe inactive analog of this inhibitor U73343 (1 M) the Zn 2⫹dence of the observed Ca 2⫹ rise (Fig. 1 E). The Zn 2⫹-dependent
2⫹
2⫹
dependent response was similar (92 ⫾ 11%) to control (Fig.
Ca response was observed over a wide range of Zn concen2 A, B). The G␣q inhibitor YM-254890 (1 M) (Sharir and Hertrations (i.e., from tens to hundreds micromolar) with an appar2⫹
shfinkel,
2005) inhibited the Zn 2⫹-dependent Ca 2⫹ response by
ent Km of 146 ⫾ 26 M. Together, these results indicate that Zn
68 ⫾ 4% compared with control (Fig. 2 B). Since mGluRs meditriggers an intracellular Ca 2⫹ signal in the CA3 region, which is
ate metabotropic signaling in this region, we compared the
extracellular Ca 2⫹ independent, and mediated by Ca 2⫹ release
Zn 2⫹-dependent response in the presence or absence of mGluR
from TG-sensitive stores (Fig. 1 D).
inhibitors. To ascertain that the mGluRs were blocked, saturating
We next asked if the Zn 2⫹-induced Ca 2⫹ signal is mediated
concentrations of the inhibitors were used (Nakamura et al.,
through a Gq-coupled receptor and via the IP3 pathway, both
2000), and their efficacy was also verified by monitoring their
characteristic of the described previously ZnR-mediated reability to block the Ca 2⫹ response triggered by the group I
sponses in non-neuronal cells (Hershfinkel et al., 2001). Applica2⫹
mGluR agonist DHPG (( S)-3,5-dihydroxyphenylglycine) (Biantion of 200 M Zn after treatment with the phospholipase C
chi et al., 1999). Application of the mGluR5 inhibitor MPEP
(PLC) inhibitor U73122 (1 M) resulted in a Ca 2⫹ rise that was
(2-methyl-6-(phenylethynyl)-pyridine; 5 M), with the mGluR1
inhibited by 77 ⫾ 3% compared with control. In the presence of
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dependent fluorescence (⌬RGq inhibitor ⫽
0.05 ⫾ 0.09 or 0.1 ⫾ 0.05, respectively). This
indicates that Cd 2⫹ and Pb 2⫹ do not induce
a metabotropic Ca 2⫹ rise, and that the ZnR
response is selective for Zn 2⫹.
Previous work in our lab has shown
that the epithelial ZnR undergoes profound functional desensitization after prolonged exposure to Zn 2⫹ at concentrations which can activate the ZnR (AzrielTamir et al., 2004; Sharir and Hershfinkel,
2005). Such a regulatory mechanism
would be especially relevant in the CNS,
considering the pathophysiological implications of sustained activation of the IP3
pathway (Tang et al., 2003), and the potential excessive release of synaptic Zn 2⫹ during intense excitatory activity (Weiss et al.,
2000). To determine if Zn 2⫹-dependent
signaling in neurons undergoes desensitization, slices were pretreated with 75 M
Zn 2⫹ for 15 min and then washed in ACSF
(see Materials and Methods). We subsequently applied 300 M Zn 2⫹ while monitoring the Ca 2⫹ response. The Zn 2⫹ and
ATP-dependent Ca 2⫹ response observed
in the control slices (pretreated with
ACSF) is smaller than that shown in Figure
2 B, and may result from the prolonged interval before imaging. The Zn 2⫹dependent
Ca 2⫹ response in slices that
Figure 2. The Ca 2⫹ rise triggered by Zn 2⫹ is mediated by a Gq- and PLC-dependent pathway. A, Slices were pretreated (as
2⫹
marked) with the PLC inhibitor U73122 (1 M, active form) or its inactive derivative U73343 (1 M, control) and Zn 2⫹ (200 M) were pre-exposed to Zn was only 15 ⫾
was applied. As control, ATP (300 M) was subsequently applied. The Ca 2⫹ signal (Fura-2) is shown. B, The averaged Ca 2⫹ rise 2% compared with control (Fig. 2 D)
triggered by Zn 2⫹ in the presence of the inhibitors of PLC (U73122, 1 M) or G␣q (YM-254890, 1 M) or the mGluR1 and 5 (⌬R ⫽ 0.33 ⫾ 0.02 in control compared
2⫹
pretreated
inhibitors (AIDA and MPEP, respectively) at the indicated concentrations (**p ⬍ 0.01, n ⫽ 20 for control and n ⫽ 9 for all other with 0.05 ⫾ 0.01 in the Zn
2⫹
2⫹
treatments). C, The fluorescent response observed after application of Cd and Pb were monitored in the absence or slices), while application of ATP triggered
presence of the G␣q inhibitor (1 M, YM-254890). The difference (⌬RGq inhibitor) between the response in the presence or absence a robust Ca 2⫹ rise (Fig. 2 D). As shown,
of the inhibitor is shown (**p ⬍ 0.01, n ⫽ 5). D, Slices were pretreated with 75 M Zn 2⫹ or ACSF for 15 min, washed, and allowed ATP-induced Ca 2⫹ responses were someto recover in ACSF for 60 –100 min. Zn 2⫹ (300 M) was then reapplied while monitoring the Ca 2⫹ response. As control, what larger in Zn 2⫹-desensitized preparaATP (300 M) was subsequently applied (**p ⬍ 0.01, n ⫽ 7).
tions, likely due to the fact that intracellular stores had not been depleted by a ZnRinhibitor AIDA (1-aminoindan-1,5-dicarboxylic acid; 500 M),
mediated response. Together, these results indicate that the
attenuated the Ca 2⫹ signal induced by 100 M DHPG by 62 ⫾
Zn 2⫹-dependent metabotropic response triggered in the CA3
6% (n ⫽ 8), while 10 M MPEP in the presence of 1 mM AIDA
region is mediated through a Gq-coupled receptor via the IP3
reduced the DHPG-dependent response by 69 ⫾ 5% (n ⫽ 8). In
pathway, and undergoes a Zn 2⫹-dependent desensitization sim2⫹
2⫹
contrast, the Zn -dependent Ca signal was not reduced at
ilar to that described previously for the epithelial ZnR.
either concentration of the mGluR inhibitors ( p ⬎ 0.3) (Fig. 2 B),
To determine whether neurons or glia exhibit metabotropic
suggesting that the Zn 2⫹-triggered response is not related to
Zn 2⫹-dependent Ca 2⫹ release, Zn 2⫹ was applied as before and
mGluRs, but is mediated via a distinct metabotropic pathway.
the Ca 2⫹ response monitored in a confocal microscope (Fig. 3A).
The metal selectivity of the metabotropic response was then asSlices were subsequently stained with the astroglial marker SR101
sessed, focusing on Cd 2⫹ and Pb 2⫹. Cd 2⫹ is a group IIB metal,
(Sulforhodamine 101) (Nimmerjahn et al., 2004). As shown in
like Zn 2⫹, which binds with high affinity to Zn 2⫹ binding sites on
Figure 3B, cells which exhibited a Zn 2⫹-dependent Ca 2⫹ rise
2⫹
proteins such as metallothionein (Henkel and Krebs, 2004). Pb
(white arrows) were not labeled with the astrocyte marker, SR101
is a divalent metal that has been shown to alter synaptic function
suggesting that ZnR activity is not found in astroglia. To further
(White et al., 2007). To avoid background effects mediated by
address this issue, we asked if ZnR activity is observed in an
permeation of the ions, and to resolve if these ions trigger the
established neuronal cell line, SH-SY5Y, a subclone of the SKmetabotropic Ca 2⫹ response, we determined the difference beN-SH cell line. SH-SY5Y cells were previously used to study neutween the maximal Fura-2 signal, triggered by Cd 2⫹, Pb 2⫹ or
rite outgrowth, cell growth and glutamate toxicity (Canals et al.,
Zn 2⫹, in the presence or absence of the G␣q inhibitor
2005; Smith et al., 2009). As shown in Figure 3C, application of
(⌬RGq inhibitor, see Materials and Methods). As shown in Figure
200 M Zn 2⫹, a concentration which triggered robust ZnR activ2C, the Zn 2⫹-dependent Fura-2 response was largely blocked by the
ity in the slices (Fig. 1), was also followed by an intracellular Ca 2⫹
G␣q inhibitor (1 M), yielding a ⌬RGq inhibitor ⫽ 0.65 ⫾ 0.05. In
rise in the SH-SY5Y cells. When SH-SY5Y cells were treated with
contrast, the inhibitor did not significantly reduce Cd 2⫹ or Pb 2⫹the G␣q inhibitor, YM-254890 (1 M), the Zn 2⫹-induced Ca 2⫹
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response was inhibited by 95 ⫾ 3% compared with control (Fig. 3C) (⌬R ⫽ 0.61 ⫾
0.15 in control and 0.03 ⫾ 0.01 in the presence of the inhibitor), indicating that the
Zn 2⫹-dependent Ca 2⫹ response is mediated via a Gq-dependent pathway.
MAP and CAM kinase pathways are
activated by metabotropic
Zn 2ⴙ-dependent signaling
Activation of extracellular regulated kinase (ERK1/2) and Ca 2⫹/calmodulindependent protein kinase (CaMKII) play
fundamental roles in hippocampal synaptic plasticity and neuronal survival (Hansen et al., 2003; Giovannini, 2006; Luo and
DeFranco, 2006; Cohen-Matsliah et al.,
2007). Because intracellular Ca 2⫹ rise can
activate these pathways (Berkeley and
Levey, 2003), we sought to determine if the
Zn 2⫹-dependent metabotropic response
could trigger ERK1/2 or CaMKII phosphorylation in neurons. As shown in Figure 4, A and B, application of Zn 2⫹ (100
M, 90 s) led to a fourfold increase in
pERK1/2 in the CA3 region compared
with control. Colocalization with DAPI
using confocal microscopy indicated that
pERK1/2 staining was abundant in the nuclear and perinuclear regions (Fig. 4 A,
bottom). Application of blockers of the
2⫹
2⫹
iGluRs (20 M CNQX and 50 M AP5) Figure 3. Zn -dependent Ca rise is monitored in CA3 neurons but not in astrocytes. A, Confocal microscope analysis of
2⫹
2⫹
slices
that
were
loaded
with
the
Ca
indicator, Fluo-4 (5 M). The Ca 2⫹ rise after application of Zn 2⫹ in two representative cells
(Fig. 4 B), and the Ca channel blocker,
2⫹
2⫹
nimodipine (1 m), did not attenuate the is shown. B, Cells that showed Zn2⫹ -dependent Ca rise were indicated (arrows) and subsequently SR101 (1 M) was added to
mark astroglia cells (red). C, Zn (200 M) was applied to SH-SY5Y neuronal cells loaded with Fura-2 in the absence or presence
2⫹
Zn -dependent phosphorylation of
of the G␣q inhibitor (1 M YM-254890) (**p ⬍ 0.01, n ⫽ 9).
ERK1/2, indicating that it is mediated by
2⫹
extracellular Zn and not by its potential
mined by immunoblot analysis (Fig. 5A). As a control, a hairpin
permeation through these pathways. As illustrated in Figure 4, C
construct targeted against T1R3, a closely related GPCR, did not alter
2⫹
and D, application of Zn also resulted in an increase of ⬃50%
GPR39 expression in SH-SY5Y cells (Fig. 5A). The Ca 2⫹ response to
in phosphorylated CaMKII. Finally, to assess the role of the
application of Zn 2⫹ was then monitored in SH-SY5Y cells transmetabotropic pathway in mediating Zn 2⫹-dependent kinase
fected with shGPR39 or in cells transfected with either shT1R3 or
phosphorylation, slices were treated with the G␣q inhibitor YMwith an empty vector. As shown in Figure 5, B and C, the Zn 2⫹254890 (1 M) before application of Zn 2⫹. As shown in Figure 4,
dependent Ca 2⫹ response was similar in vector and shT1R3application of the G␣q inhibitor reduced the Zn 2⫹-dependent
expressing cells, but significantly attenuated (by 73 ⫾ 7%) in cells
phosphorylation of both ERK1/2 and CaMKII to baseline levels.
transfected with shGPR39. We then asked whether GPR39 was enTogether, our results indicate that a G␣q-coupled pathway medogenously expressed in the hippocampus. Immunofluorescent la2⫹
diates Zn -dependent ERK1/2 and CaMKII phosphorylation in
beling of GPR39 (Fig. 5D) was observed as punctuate staining at the
the CA3 region of the hippocampus.
periphery of cells expressing the neuronal nuclear marker (NeuN) in
CA3. Some punctuate staining was also observed near dendrites in
2ⴙ
GPR39 mediates neuronal Zn -dependent signaling
the CA3 region (Fig. 5D, inset). This suggests that GPR39 is present
It was recently suggested that a member of the ghrelin receptor famon the cells that exhibit Zn 2⫹-dependent metabotropic activity.
2⫹
ily of GPCRs, namely GPR39, can be activated by serum Zn (YaThese results are consistent with the hypothesis that GPR39 may
suda et al., 2007). The physiological significance of the Zn 2⫹mediate ZnR signaling in CA3 neurons.
dependent signal mediated by GPR39 activation remains unclear,
however (Holst et al., 2007; Yasuda et al., 2007). We hypothesized
Synaptic Zn 2ⴙ triggers ZnR-dependent response in the
that GPR39 might be the ZnR itself and thus sought to determine if
2⫹
CA3 region
it mediates neuronal Zn -dependent signaling. The endogenous
expression of GPR39 was initially determined by immunoblot analWhile the experiments described above strongly support the noysis of the neuronal SH-SY5Y cells (Fig. 5A). This cell line is partiction that a metabotropic receptor is activated in neurons in the
ularly useful for ectopic expression of genes and RNA constructs
CA3 region by exogenous Zn 2⫹, induction of the Ca 2⫹ response
by synaptically released Zn 2⫹ is required to demonstrate the
because of the high transfection efficiency that is typically achieved.
physiological significance of this phenomenon. To address this
A short hairpin RNA (shGPR39) construct targeted to silence
issue, synaptic Zn 2⫹ release was induced by electrical stimulation
GPR39 efficiently lowered GPR39 expression in these cells, as deter-
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This response was blocked by application
of the voltage-gated Na ⫹-channel blocker
tetrodotoxin (1 M, 91 ⫾ 3% inhibition
compared with control) (Fig. 6 B, D). We
also applied CdCl (200 M) at a concentration that did not attenuate a metabotropic
signal triggered by ATP (data not shown)
yet is known to effectively inhibit the
Ca 2⫹-channels that govern synaptic release (Hinkle et al., 1987; Rosenmund and
Stevens, 1996). Similar to the effect of tetrodoxin (TTX), application of CdCl inhibited the fluorescence response in the
CA3 cells after stimulation of the mossy
fibers (Fig. 6 B, D) (86 ⫾ 5% inhibition
compared with control), suggesting that
the metabotropic Ca 2⫹ response in the
CA3 region is triggered by synaptic transmission. Application of the G␣q inhibitor
YM-254890 (1 M) also resulted in a 92 ⫾
4% inhibition of the responses, compared
with control slices (Fig. 6 B, D). The inhibitory action of YM-254890 indicates that a
Gq-coupled receptor triggers the Ca 2⫹ response in the CA3 neurons after mossy fiber stimulation. The observed Ca 2⫹ signals occurred over a range of several
seconds, characteristic of metabotropic
receptor-mediated physiological responses (Fig. 1) (Kapur et al., 2001). Inhibitors of iGluRs, namely CNQX (20 M)
and AP5 (50 M), failed to attenuate the
Ca 2⫹ rise (Fig. 6C). Finally, in slices that
were treated with AIDA and MPEP, inhibitors, respectively, of mGluR1 and
mGluR5, the Ca 2⫹ response triggered by
the electrical stimulation was reduced by
⬃50%, compared with the response in
control slices (Fig. 6 D). A similar inhibitory effect was observed in slices treated
with both the mGluR and iGluR inhibitors
(1 mM AIDA, 10 M MPEP, 20 M CNQX
and 50 M AP5). Thus, a significant, residual metabotropic Ca 2⫹ response persisted in the presence of mGluR inhibitors, while the G␣q inhibitor completely
inhibited this response (Fig. 6 D). This
suggests that after synaptic release a receptor distinct from the mGluRs is responsible for a substantial metabotropic
Ca 2⫹ response in CA3.
Figure 4. The metabotropic Zn 2⫹-dependent response is followed by phosphorylation of ERK1/2 and CaMKII in the CA3
To assess the role of Zn 2⫹ in triggering
region. A, Zn 2⫹ (100 M, 90 s) was applied to slices in the presence or absence of the G␣q inhibitor (1 M, YM-254890). Slices the synaptically mediated metabotropic
were then reacted with pERK1/2 antibody, shown in red, and DAPI (blue). Images acquired at ⫻10 (top) and ⫻63 (confocal,
2⫹
response, electrical stimulation was
bottom) are shown. B, Quantitative analysis of ERK1/2 phosphorylation normalized to DAPI staining in the CA3 region. Shown is Ca
2⫹
performed
in the presence of the cellthe phosphorylation after application of Zn in the absence or presence of the ionotropic glutamate inhibitors (CNQX, 20 M and
2⫹
chelator, CaEDTA,
AP5, 50 M) and Ca 2⫹ channel blocker (nimodipine 1 M), or the G␣q inhibitor (1 M YM-254890) (**p ⬍ 0.01, n ⫽ 6). C, Slices impermeable Zn
2⫹
treated with Zn (100 M, 3 min), in the presence or absence of the G␣q inhibitor, were then reacted with pCaMKII antibodies which does not significantly affect extra(red) and DAPI (blue). D, Quantitative analysis of pCaMKII staining normalized to DAPI staining (**p ⬍ 0.01, n ⫽ 6).
cellular Ca 2⫹ concentration (Qian and
Noebels, 2005). As shown in Figure 7, A
of the mossy fibers using a protocol consisting of 10 pulses at 66
and B, in the presence of 10 ⌴ CaEDTA, the Ca 2⫹ response
2⫹
within the CA3 layer was only slightly lower than that in control.
Hz (Fig. 6 A) while monitoring intracellular Ca changes in CA3
neurons. As shown in Figure 6 B, a robust increase in intracellular
However, an inhibitory effect was observed in the presence of
Ca 2⫹ concentration was triggered after the electrical stimulation.
either 150 M or 1 mM CaEDTA (Fig. 7B) (inhibition of 51 ⫾ 5%
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or 54 ⫾ 7%, respectively, compared with
control). This indicates that synaptically
released Zn 2⫹ mediates a major part of the
metabotropic Ca 2⫹ response. The relatively short time required to induce the
metabotropic effect indicates that CaEDTA is unlikely to affect this signaling by
regulating the protein expression pattern,
as was previously demonstrated for GluR2
activation (Calderone et al., 2004). Finally,
we asked if the mGluR inhibitors together
with the chelator have an additive effect in
blocking the metabotropic Ca 2⫹ response.
As shown in Figure 7B, the metabotropic
signal after electrical stimulation of the
mossy fibers in the presence of the mGluR
inhibitors (1 mM AIDA and 10 M MPEP)
and CaEDTA (150 M) was attenuated by
84 ⫾ 6%. Thus, the coapplication of the
chelator together with the mGluR inhibitors yielded a significantly smaller response than that monitored in the presence of either CaEDTA ( p ⬍ 0.05) or the
inhibitors alone ( p ⬍ 0.05).
Mice deficient in ZnT3 lack synaptic
Zn 2⫹ while maintaining apparently normal
synaptic activity, including release of glutamate and GABA (Cole et al., 2000, 2001; Lopantsev et al., 2003). In agreement with previous studies (Qian and Noebels, 2005), we
observed that stimulation of the mossy fibers
was followed by a significantly lower fluorescence signal by the extracellular Zn 2⫹sensitive dye, Newport green (1 M), in slices
from ZnT3 knock-out (KO) mice compared
with wild-type controls (data not shown).
These mice can thus serve as a useful model
to determine the role of synaptic Zn 2⫹ in
activating the ZnR and subsequent metabotropic Ca 2⫹ signaling. The Ca 2⫹ response
after stimulation of the mossy fibers in slices
from ZnT3 KO mice was 56 ⫾ 7% of the Figure 5. ZnR signaling is mediated by GPR39. A, Western blot analysis of GPR39 expression in SH-SY5Y cells transfected with
2⫹
after application of Zn 2⫹ (100 M) in cells transfected with
response in slices from wild-type (WT) mice control vector, shGPR39 or shT1R3 plasmids. B, The Ca response
2⫹
the
shGPR39
or
vector
(control).
C,
Quantitative
analysis
of
the
Zn
-dependent Ca 2⫹ rise in cells transfected with the shGPR39,
(Fig. 7C). Thus, in slices from mice lacking
synaptic Zn 2⫹, we observed ⬃45% inhibi- shT1R3 or control (**p ⬍ 0.01, n ⫽ 9). D, Confocal images of GPR39 labeling (red) and the neuronal marker NeuN (green) in the
CA3. A combined image of both indicates that GPR39 is expressed in neuronal cells (bottom left). Bright field image is also shown
tion of the metabotropic signaling in CA3 (bottom right). Insert shows staining of the dendritic marker MAP2 (green) combined with GPR39 labeling (red) in the CA3
(Fig. 7D), similar to the reduction of the neurons (scale bar, 10 m).
metabotropic signal by CaEDTA in WT
mice (Fig. 7B). Application of exogenous
the extracellular Zn 2⫹ chelator in slices from the WT, but not the
Zn 2⫹ to slices from the ZnT3 KO mice, however, was followed by a
ZnT3 KO mice, together with the substantially attenuated metaboCa 2⫹ rise (108 ⫾ 7%) similar to WT controls (Fig. 7D). This Ca 2⫹
tropic Zn 2⫹ response in the ZnT3 KO mice, support the conclusion
2⫹
response triggered by exogenous Zn in slices from ZnT3 KO mice
that synaptic Zn 2⫹, released from mossy fiber terminals, activates a
indicates that the lack of synaptic Zn 2⫹, rather than a deficiency of
ZnR and triggers Ca 2⫹ signaling in CA3 neurons of the
ZnR, is responsible for the attenuated metabotropic response. Aphippocampus.
plication of CaEDTA (150 M) to slices from ZnT3 KO mice yielded
2⫹
a Ca response that did not significantly differ from the response
Discussion
obtained in nontreated ZnT3 KO slices (Fig. 7E,F). Finally, applicaPrevious studies have suggested that synaptic Zn 2⫹ is a neurotion of the mGluR inhibitors, using the same experimental paradigm
modulator, acting allosterically at ionotropic synaptic receptors
described in Figure 6D, was followed by a Ca 2⫹ response that was
(Vogt et al., 2000; Smart et al., 2004; Paoletti et al., 2009). The
much smaller than the response in the nontreated, ZnT3 KO slices
present work demonstrates, for the first time, that Zn 2⫹ specifi(Fig. 7F) (73 ⫾ 3% inhibition). Thus, the mGluR inhibitors exhibit
cally activates metabotropic signaling in neurons, and does so via
significantly ( p ⬍ 0.01) greater inhibition of the response in ZnT3
a Zn 2⫹-sensing receptor. This finding is supported by the attenKO slices than their effect in the WT slices. The inhibitory effect of
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metabotropic signaling in the CA3 region
is IP3-dependent rather than rayonidinereceptor dependent (Kapur et al., 2001).
The lack of a Zn 2⫹-dependent Ca 2⫹ rise in
cells labeled by the astroglial marker,
SR101, suggests that although glial cells express metabotropic receptors, the Zn 2⫹dependent metabotropic response is mediated primarily by neurons.
Our results indicate that the transient
metabotropic Ca 2⫹ response in CA3 neurons is triggered by synaptically released
Zn 2⫹ after mossy fiber stimulation. The
Ca 2⫹ response triggered by electrical stimulation was inhibited by blockade of synaptic transmission. Furthermore, the response is attenuated in the presence of an
extracellular Zn 2⫹ chelator, CaEDTA, or
in slices from mice lacking synaptic Zn 2⫹.
The synaptic Zn 2⫹-dependent Ca 2⫹ response was also mediated via a Gqcoupled mechanism. We conclude, therefore, that in addition to glutamate,
metabotropic signaling in the CA3 cells is
mediated by synaptically released Zn 2⫹.
We used CaEDTA at concentrations
sufficient to remove Zn 2⫹ from the extracellular milieu, based on steady state conditions (http://www.stanford.edu/⬃cpatton/webmaxc/webmaxcS.htm) and the
expected concentration of released-Zn 2⫹
(Vogt et al., 2000; Qian and Noebels,
2005). At low concentration of the chelator (10 M), no significant effect on ZnR
activity was apparent. This is consistent
with the fact that ZnR is not activated by
baseline concentrations of extracellular
Zn 2⫹, because of its relative low affinity
(Km ⬃150 M) (Fig. 1), unlike the high
affinity Zn 2⫹ binding sites on the NMDA
receptor (Qian and Noebels, 2005). In the
presence of 150 M or 1 mM CaEDTA,
however, the ZnR response was reduced.
In previous studies, CaEDTA, at similar
concentrations, did not effectively reduce
a transient rise in extracellular Zn 2⫹ because of its slow chelation activity (Qian
Figure 6. Mossy fiber stimulation triggers a metabotropic Ca 2⫹ rise that is partially independent of the mGluRs. A, Schematic repre- and Noebels, 2005). The effective inhibisentationoftheexperimentalsetupforelectricalstimulation.Astimulatingelectrodewasplacedatthemossyfiberaxons,nearthedentate tion of the ZnR response is probably regyrus(DG)andtheFura-2signalwasmonitoredintheCA3pyramidalcelllayer.ShownisarepresentativetimelapseCa 2⫹ signalacquired lated to the relatively low affinity of the
from a single cell, after electrical stimulation (66 Hz, 100 A for 150 ms, total of 10 pulses) of the mossy fibers at the marked time. B, The
ZnR to Zn 2⫹, suggesting such that even
Ca 2⫹ response in the CA3 region after electrical stimulation of the mossy fibers in the presence or absence of the G␣q inhibitor (1 M,
2⫹
YM-254890), with the voltage-gated Na ⫹-channel blocker TTX (1 M), or with the voltage-gated Ca 2⫹ channel blocker CdCl (200 M). partial reduction of extracellular Zn will
Representative responses averaged over 25 cells in 1 slice. C, Slices were treated with the iGluR inhibitors (CNQX, 20 M and AP5, 50 M) suffice to lower its concentration below
subsequently the mossy fibers were stimulated and the Ca 2⫹ response is shown. Representative responses averaged over 24 cells in 1 the threshold of ZnR. Such reduction in
2⫹
may not be apparent
slice. D, The averaged responses of the Ca 2⫹ rise triggered after electrical stimulation of the mossy fibers in control slices (n ⫽ 23) or in extracellular Zn
slices treated with TTX (n ⫽ 6), CdCl (n ⫽ 6), the G␣q inhibitor (n ⫽ 6), the mGluR1 and 5 inhibitors (AIDA and MPEP, respectively, n ⫽ using high affinity Zn 2⫹-sensitive dyes. In
6)orthemGluRsinhibitorstogetherwiththeiGluRsinhibitors(1mM AIDA,10 M MPEP,20 M CNQXand50 M AP5,n⫽4)(*p⬍0.05, addition, metabotropic receptors are often
**p ⬍ 0.01; NS, nonsignificant).
distantly located from the release site of
neurotransmitters (Knöpfel and Uusiuation of the Zn 2⫹-dependent Ca 2⫹ rise after depletion of Ca 2⫹
saari, 2008), as we also show for the GPR39 (Fig. 5). Thus, prostores in the ER, and after inhibition of the IP3 pathway using a
longed diffusion time of Zn 2⫹ toward its receptor may enable
G␣q inhibitor or PLC blocker. A role for the IP3 pathway in ZnR
more effective chelation of Zn 2⫹ by CaEDTA.
signaling is consistent with a previous study suggesting that
While some studies have suggested that synaptic Zn 2⫹ does
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not affect activity-dependent plasticity,
but rather, reshapes the NMDA response
(Vogt et al., 2000), others support an effect
of synaptic Zn 2⫹ on modulation of longterm synaptic changes in the hippocampus
(Xie and Smart, 1994; Li et al., 2001; Izumi
et al., 2006). Furthermore, synaptic Zn 2⫹
was shown previously to facilitate LTP in
fear conditioning pathways by attenuating
GABAergic inhibition (Kodirov et al.,
2006). Recently, synaptic Zn 2⫹ was suggested to enhance mossy fiber LTP by activating intracellular signaling of TrkB receptors (Huang et al., 2008; Nagappan et
al., 2008). Interestingly, TrkB signaling is
strongly regulated by GPCRs, via signaling
pathway similar to that activated by ZnR
(Hwang et al., 2005; Chen et al., 2007). It
has also been reported that TrkB is activated by extracellular Zn 2⫹ through regulation of metalloproteases (Hwang et al.,
2005). An intriguing question remains
whether ZnR links synaptic Zn 2⫹ to regulation of LTP.
Our results indicate that extracellular
Zn 2⫹, via the ZnR, activates mitogenactivated protein kinase (MAPK) and
CaMKII pathways. Activation of the
MAPK pathway by intracellular Zn 2⫹ rise
(Seo et al., 2001; Harris et al., 2004), or
after oxidative or nitrosative stress
(McLaughlin et al., 2001; Du et al., 2003;
Zhang et al., 2004, 2007), is associated with
neuronal death. In contrast, activation of
MAPK by extracellular Zn 2⫹, in neurons,
has been shown to be anti-apoptotic (An et
al., 2005). Activation of CaMKII has also
been linked to neuronal survival, and inactivation of CaMKII during seizure increases neuronal cell death (Hansen et al.,
2003). Zinc has been shown to activate
CaMKII (Lengyel et al., 2000), while an extracellular Zn 2⫹ chelator suppressed
CaMKII activity in the hippocampus (Tan
2⫹
2⫹
2⫹
response in cells in the
and Chen, 1997). In the absence of synap- Figure 7. The metabotropic Ca response is attenuated in the absence of synaptic Zn . A, The Ca 2⫹
CA3
region
after
electrical
stimulation
of
the
mossy
fibers
in
the
presence
or
absence
of
the
extracellular
Zn chelator CaEDTA at
2⫹
tic Zn , hippocampal CA3 neurons are
the indicated concentrations. Representative responses averaged over 28 cells in 1 slice. B, The averaged Ca 2⫹ response in the
more vulnerable to seizure-induced cell presence or absence of CaEDTA (n ⫽ 9) at the indicated concentration, or 150 M CaEDTA in the presence of the mGluR inhibitors
death (Domínguez et al., 2003; Côté et al., (n ⫽ 6), or CaEDTA with the mGluR and iGluR inhibitors (n ⫽ 4) (*p ⬍ 0.05 compared with control and #p ⬍ 0.05 compared with
2005), consistent with a prosurvival role CaEDTA alone; NS, nonsignificant). The control is the same as in Figure 6 D. C, The response of cells in the CA3 region after electrical
for ZnR-dependent activation of MAPK stimulation of the mossy fibers in slices obtained from ZnT3 KO versus WT, control, mice. Representative responses averaged over
and CaMKII. Finally, both the MAPK and 23 cells in 1 slice. D, Summary of the Ca 2⫹ responses triggered in slices from the ZnT3 KO and WT mice after electrical stimulation
CaMKII pathways are critical players in or the application of exogenous Zn 2⫹ using the paradigm described in Figure 1 (**p ⬍ 0.01, n ⫽ 11 for each treatment, the WT
is the same as in Fig. 6 D for the stimulation induced response and to Fig. 2 B for the exogenous Zn 2⫹ application). E, The
synaptic plasticity, involved in hippocam- control
2⫹
pal learning and memory (Rosenblum et Ca rise triggered in slices from the ZnT3 KO mice in the presence or absence of CaEDTA. Representative response averaged over
al., 2002; Miyamoto, 2006). Our results 26 cells in 1 slice. F, Averaged response after electrical stimulation of the mossy fibers in slices from ZnT3 KO mice in the presence
of CaEDTA (n ⫽ 7) or the mGluR inhibitors (500 M AIDA, 5 M MPEP, n ⫽ 7) (**p ⬍ 0.01).
show that Zn 2⫹, applied for a shortduration (i.e., 90 s), induces translocation of
1990; Domínguez et al., 2003). These effects complement the
pERK1/2 to the nucleus.
phenotype of the ZnT3 knock-out mice, which are more suscepChanges in expression and function of metabotropic glutatible to kainate-induced seizures (Cole et al., 2000). At present, it
mate receptors appear to be critical factors in the etiology of
is unclear how synaptic Zn 2⫹ is related to seizure activity. The
epileptic seizures (Pitsch et al., 2007). Interestingly, chelation of
2⫹
2⫹
involvement of Zn 2⫹ in modulating GABA and NMDA receptors
synaptic Zn , as well as dietary Zn deficiency, are associated
does not dictate either an inhibitory or excitatory role for this
with increased susceptibility to seizures (Fukahori and Itoh,
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metal, and thus, provides no clear basis for assigning it a role in
seizure generation. As such, ZnR function in the hippocampus
may represent a novel contributor to the overall regulation of
neuronal excitability by Zn 2⫹.
Effects of Zn 2⫹ on synaptic plasticity and neuronal excitability, and effects of Zn 2⫹ deficiency on learning and memory in
mice and humans are well documented (Cole et al., 2000; Lopantsev et al., 2003; Smart et al., 2004; Kodirov et al., 2006). Since
ZnT3 is considered the principal transport system for the loading
of Zn 2⫹ ions into synaptic vesicles, and knockout of this transporter completely eliminates Zn 2⫹ from these vesicles (Frederickson et al., 2006; Linkous et al., 2008), the relatively mild
phenotype characterizing ZnT3 KO mice has been somewhat unexpected. Our finding that the metabotropic Ca 2⫹ response in
slices from ZnT3 KO mice was unaffected by CaEDTA, suggests
that it is not mediated via the ZnR.
The metabotropic Zn 2⫹-dependent activity we observed in
CA3 neurons is remarkably similar to the extracellular Zn 2⫹dependent response we previously characterized in epithelial cells
(Hershfinkel et al., 2001; Sharir and Hershfinkel, 2005; Dubi et
al., 2008). The molecular identity of the receptor mediating this
response had been unknown. The orphan GPCR GPR39 is a
member of the ghrelin receptor family (McKee et al., 1997).
Obestatin was initially proposed as the putative ligand for GPR39
(Zhang et al., 2005), yet, subsequent studies failed to confirm this
(Lauwers et al., 2006). It was subsequently suggested that Zn 2⫹
may directly interact with this receptor and enhance its signaling
(Holst et al., 2004). The results presented here suggest that
GPR39 may indeed directly mediate Zn 2⫹-dependent signaling.
The metal selectivity and dose dependence of the neuronal ZnR
present in the hippocampus (Fig. 2), and those described for
GPR39 (Yasuda et al., 2007) are strikingly similar. It has been
reported, moreover, that GPR39 mRNA is expressed in the CNS,
and specifically in the hippocampus (Jackson et al., 2006). Consistent with these findings, our immunofluorescence analysis indicates that GPR39 expression is highly enriched in the CA3 neurons that are postsynaptic to the Zn 2⫹-rich mossy fibers, the
same cells that mediate synaptically released Zn 2⫹-dependent
metabotropic activity. Thus, we propose that GPR39 is a critical
component of ZnR metabotropic signaling, and, most likely, that
GPR39 and ZnR are one and the same receptor.
In conclusion, we have identified Zn 2⫹-dependent metabotropic activity in hippocampal CA3 neurons. This activity in
brain areas rich in synaptic Zn 2⫹ may represent the long-sought
link between dynamic changes in extracellular Zn 2⫹ and neuronal signaling mediated by this metal. Our data suggest that specific Zn 2⫹-sensing receptor activity, putatively mediated by
GPR39, triggers synaptic Zn 2⫹-dependent metabotropic signaling in the CA3 region. This is the first evidence that Zn 2⫹ is not
only a modulatory ion, but acts via a specific postsynaptic receptor to trigger neuronal metabotropic signaling.
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