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ABSTRACT 

A hallmark of Alzheimer’s disease is accumulation of amyloid beta (Aβ) deposits, 

which are associated with neuronal dysfunction, spine loss and impaired Ca2+ homeostasis. 

Amyloid beta (Aβ) binds to and is aggregated by Zn2+, a metal released from synaptic 

glutamatergic vesicles during neuronal activity. Synaptically released Zn2+ activates a 

metabotropic Gq-coupled Zn2+-sensing receptor, mZnR/GPR39, and induces Ca2+-signaling 

in postsynaptic neurons. We asked if Aβ, as a Zn2+ binding protein, regulates neuronal Zn2+-

signaling mediated by mZnR/GPR39 using SHSY-5Y cells and cortical neurons from 

GPR39 wildtype and knockout mice. Following acute or chronic treatment with Aβ 

neuronal Zn2+-dependent Ca2+ release via mZnR/GPR39 is significantly reduced. This 

impairment is overcome when excess Zn2+ is applied, suggesting that impaired Ca2+-

signaling results from Aβ binding of Zn2+. The Zn2+-dependent mZnR/GPR39 activation 

triggers phosphorylation of extracellular regulated kinase (ERK1/2) and upregulates 

expression of the chaperone protein clusterin (Clu). Importantly, neuronal Zn2+-dependent 

ERK1/2 phosphorylation and upregulation of Clu are attenuated by silencing mZnR/GPR39 

as well as by Aβ treatment. In contrast, Zn2+-dependent AKT phosphorylation is not 

mediated by mZnR/GPR39 and is not attenuated by Aβ treatment. Thus, Zn2+ signaling via 

mZnR/GPR39 is distinctively disrupted by a critical pathological component of Alzheimer’s 

disease.  
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BACKGROUND 

Neurons have a pool of free Zn2+ ions that are selectively sequestered into pre-synaptic 

glutamatergic vesicles by the Zn2+ transporter 3 (ZnT3) (Wenzel et al. 1997, Cole et al. 

1999). These Zn2+ ions are released together with glutamate in an activity dependent manner 

and interact with several post synaptic targets {Sensi, 2011 #4009;Kalappa, 2015 

#4634;Anderson, 2015 #4534}. Most prominent among these targets is the metabotropic 

Zn2+ sensing receptor, mZnR/GPR39, which is a Gq-protein coupled receptor distinctly 

activated by synaptically released Zn2+ (Hershfinkel et al. 2001, Hershfinkel 2014). A 

functional mZnR/GPR39 was identified in hippocampal CA3 neurons that are postsynaptic 

to the vesicular Zn2+-containing mossy fibers (Besser et al. 2009) as well as in cortical 

neurons (Saadi et al. 2012), but not in glia. Following its activation, mZnR/GPR39 induces 

intracellular Ca2+ signaling via a metabotropic pathway (Ganay et al. 2015, Chorin et al. 

2011) leading to the upregulation of K+/Cl- cotransporter 2 (KCC2) activity, thereby 

modulating neuronal Cl- gradient and the GABAA reversal potential (Saadi et al. 2012, 

Chorin et al. 2011, Gilad et al. 2015). In addition, mZnR/GPR39 activation in the auditory 

brainstem leads to Ca2+-dependent synthesis and release of the endocannabinoid 2-

arachidonoylglycerol (2-AG) from postsynaptic neurons, resulting in inhibition of excitatory 

neurotransmitter release (Perez-Rosello et al. 2013). Thus, mZnR/GPR39 serves as an 

important modulator of neuronal signaling following release of synaptic Zn2+, and is 

associated with enhanced inhibitory tone. Indeed, mice lacking mZnR/GPR39 are 

profoundly seizure prone (Gilad et al. 2015).   

Accumulating evidence suggests that synaptic Zn2+ has an important role in activating 

neuronal signaling that is associated with cognitive function and that its loss is followed by 

impairment of learning or memory function (Sensi et al. 2011, Adlard et al. 2014, Adlard et 

al. 2010). During aging, tissue Zn2+ levels are altered (Rembach et al. 2014, Adlard et al. 

2010). A role for mislocalization of Zn2+ and depletion of intracellular stores was suggested 
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to underlie this effect, and treatment with drugs that deliver Zn2+ into the cells resulted in 

cognitive improvement (Faux et al. 2010, Geiser et al. 2013). In agreement, cognitive 

decline is enhanced in aged mice lacking ZnT3 (ZnT3 KO) and thereby synaptic Zn2+ 

(Adlard et al. 2010), and recovery of memory function in ZnT3 KO mice is observed 

following treatment with a metal chaperone (Adlard et al. 2015). However, the cellular 

pathways that link synaptic Zn2+ loss to memory impairment or even neuronal dysfunction 

are not well understood.  

The most common form of dementia, causing memory loss and decline in cognitive 

function, is Alzheimer’s disease. This neurodegenerative disorder is characterized by the 

widespread deposition of amyloid-β (Aβ) aggregates or plaques. Zinc ions bind to soluble 

Aβ and promote their aggregation and oligomerization (Curtain et al. 2001, Huang et al. 

1997, Stoltenberg et al. 2007). In fact, it was shown that Aβ oligomerization and 

accumulation in synapses is dependent on synaptically released Zn2+ (Deshpande et al. 

2009). Indeed, Zn2+ dyshomeostasis was suggested to play a major role in the pathogenesis 

of Alzheimer’s disease (Sensi et al. 2011, Adlard et al. 2010, Ayton et al. 2015, Takeda et al. 

2014) and metal ionophores were shown to restore ion homeostasis and cognitive deficits 

(Adlard et al. 2008, Crouch et al. 2011, Liang et al. 2015). Changes in neuronal Ca2+ 

signaling are also seen in the presence of Aβ and neuronal hyperactivity triggered by Aβ 

was suggested as a critical early stage of the neurodegenerative process (Busche et al. 2008, 

Busche et al. 2012). Since synaptic Zn2+-dependent mZnR/GPR39 activity induces 

intracellular Ca2+ signaling, we asked if Aβ interferes with mZnR/GPR39. Here we show 

that neuronal mZnR/GPR39 pathway involving Ca2+, ERK1/2 and clusterin signaling, all 

relevant to Alzheimer’s disease, are impaired by the presence of Aβ.  
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MATERIALS AND METHODS 

Cell cultures. Human neuroblastoma cells (SHSY-5Y), were cultured in Dulbecco’s 

modified Eagle’s medium (DMEM), supplemented with 10% fetal bovine (calf) serum 

(FBS), 2mM L-Glutamine and 0.1 mg/ml antibiotic penicillin streptomycin solution 

(Biological Industries, Kibbutz Beit Haemek, Israel). All cells were cultured in a humidified 

atmosphere of 5% CO2 at 37°C. For imaging measurements cells were seeded onto 13 mm 

glass coverslips in 50–80% confluence, and imaged after 24–48 h as described below. For 

biochemical analysis cells were seeded in 80% confluence in 60 mm tissue culture dishes in 

the absence of serum for 24 h prior to assaying. Mouse cortical cultures were prepared using 

experimental procedures performed in accordance with a protocol approved by the 

committee for the Ethical Care and Use of Animal in Experiments at the Faculty of Health 

Sciences at Ben-Gurion University. Primary cortical neuronal cultures were prepared from 

embryonic WT and GPR39 knockout (KO) mice (E15-16) of both genders, as previously 

described (Saadi et al. 2012). Briefly, cortices were mechanically dissociated by pipetting in 

Hanks' balanced salts solution (HBSS) (4ml HBSS and 20mM Hepes pH 7.4) and were 

plated in neurobasal plating media, supplemented with 5% fetal bovine serum (FBS),           

2% B-27, 1% Glutamax-100X, and 1 µg/ml gentamicin. Cell were plated onto poly-D-

lysine-coated glass coverslips (13mm) at a cell density of 5x105 cells/ml in 24-wells culture 

plates and maintained at 37˚C in 5% CO2. At 2-3 days in vitro (DIV) growth medium was 

changed to neurobasal growth medium, supplemented with 2% B-27 and 1% Glutamax-

100X. Mouse cortical cultures contained about 70% neuronal cells (Fig. 3A, (Saadi et al. 

2012, Brewer et al. 1993) and were utilized at 6-12 DIV. PCR was used to screen GPR39 

genotypes from mouse tail samples (Moechars et al., 2006). Primers 5′-

ACCCTCATCTTGGTGTACCT-3′ and 5′-ATGTAGCG CTCAAAGCTGAG-3′ amplified 

a 311 bp band from the wild-type allele, whereas primers 5′-GGAACTCTCACT 
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CGACCTGGG-3′ and 5′-GCAGCGCATCGCCTTCTATC-3′ amplified a 262 bp band from 

the knock-out allele (see Fig. 3C). 

 

GPR39 Silencing. For gene-silencing experiments, SHSY-5Y cells were transfected 

with siGPR39 or a scrambled (siSCR) siRNA construct (40nM, Sigma-Aldrich) in 60 mm 

plates or 6-well plates. The target sequence of the GPR39 for siRNA was: sense 5' 

CCATGGAGTTCTACAGCATtt, anti-sense: 5' ATGCTGTAGAACTCCATGGtt. siRNA 

transfection was performed using the CaPO4 precipitation protocol in cultures of 50-70% 

confluence (Ohana et al. 2004). Experiments or imaging procedures were preformed 48h 

after transfection. For positive control some cells were transfected with yellow fluorescent 

protein (YFP), showing transfection efficiency of about 70-80%. 

Real time-PCR analysis. Quantitative RT-PCR was used to estimate GPR39 mRNA 

levels. Cells were seeded on 60mm plates and lysates were prepared in 0.05% trypsin 

(Biological Industries, Kibbutz Beit Haemek, Israel) and were homogenized using 

QIAshredder as described by the manufacturer (QIAGEN). Total RNA was purified using 

RNeasy Mini Kit as described by the manufacturer (QIAGEN). 1µg RNA was converted to 

cDNA using Verso cDNA synthesis Kit, as described by the manufacturer (Thermo 

Scientific). cDNA was diluted 1:16 with ultrapure water, and subject to real time PCR 

procedure (Taqman), which was done with Absolute Blue QPCR kit as described by the 

manufacturer (Thermo Scientific). Primers and probes were supplied by Solaris by the 

following sequences: for GPR39: forward primer CATCTTCCTGAGGCTGA, reverse 

primer ATGATCCTCCGTC TGGTTG, probe TATGCTGGATGCCCAAC; and for Actin: 

forward primer TGGAGAAAATCTGGCACCAC, reverse primer GGTCTCAAACAT 

GATCTGG, probe ACCGCC AGAAGATGACC. 

         Aβ preparation and treatment. Aβ solution was prepared by dissolving 1mg of Aβ1-42 

(4514 MW, prepared in the Florey Institute for Neuroscience and Mental Health, Parkville 
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Victoria, Australia) in 1ml NaOH (10mM) to a concentration of 221µM, which was then 

diluted with Tris-HCl (100mM, pH 7) buffer to a stock solution of 50µM (Teplow 2006). 

The solution was aliquoted and incubated at 37oC for 3 days then stored in -80oC until used 

(Wei et al. 2002). For acute treatment of cells, Aβ1-42 (1µM) was added to Ringer’s solution 

and cells were incubated for 30min and subsequently washed with Ringer’s solution and 

imaged or lysed. For chronic treatment, Aβ1-42 (10µM) was added to the growth medium for 

24h and cells were then washed with Ringer’s solution and treated as above. 

Fluorescent imaging for intracellular Ca2+. The imaging system consisted of an 

Axiovert 100 inverted microscope (Zeiss), polychrome V monochromator (TILL 

Photonics), and a SensiCam cooled charge-coupled device (PCO). Fluorescent imaging 

measurements were performed with Workbench 4.0 software (Indec Biosystems).             

All results shown are the means of an independent coverslips, with averaged response of 

about 10 cells in each coverslip (Chorin et al. 2011). SHSY-5Y were incubated for 30min 

with   2μM Fura-2 acetoxymethyl ester (AM) (TEF-labs) in 0.1% BSA in Ringer's solution 

containing: 120mM NaCl, 5.4mM KCl, 0.8mM MgCl2, 20mM Hepes, 15mM glucose, 

1.8mM CaCl2 (All chemicals were purchased from Sigma). Then, neurons were washed in 

Ringer's solution for 20min and mounted into a chamber allowing cells to be perfused 

during recording. Fura-2 was excited at 340nm and 380nm and imaged with a 510nm long-

pass filter. Results are presented as the ratio (R) of the fluorescence signal obtained in each 

region of interest (ROI, neuronal cell) upon excitation at 340nm/380nm. Since our 

measurements are performed at 0.3 Hz and in the absence of extracellular Ca2+, we could 

only monitor the slow metabotropic release of Ca2+ from intracellular stores, but not any 

putative ionotropic signals. Aβ1-42 (1µM) treatment was applied 30min before cells were 

loaded. Application of the metabotropic ligands was done following initial acquisition of 

baseline Fura-2 fluorescence signal while superfusing neurons with Ca2+-free Ringer’s 

solution. Zn2+ (100µM or 200μM) was then applied for about 60 sec and the neurons were 
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finally washed with Ca2+-free Ringer’s control solution. The fluorescent signal changes of 

ROIs around cells were monitored as a function of time. Initial rates of the responses were 

determined and presented in the bar graphs, averaged over 3-5 coverslips. Representative 

traces from one coverslip (averaged over about 10 cells) are shown for each paradigm and 

rates of initial Ca2+ rise were calculated from all traces (coverslips) obtained. The initial rate 

of the ligand-dependent metabotropic Ca2+ response represents the response directly elicited 

by the receptor and does not depend on other pathways that are involved in Ca2+ removal 

from the cytoplasm (Verkhratsky 2004). Initial rates of fluorescence change from all traces 

were averaged to give the rate per experimental paradigm. ∆R/s is the average of initial rate 

over at least 10 coverslips per experimental condition, and is presented in the bar graphs. 

Immunoblots. Primary cortical neurons at 6-12 DIV or SHSY-5Y cells were seeded in 

35mm or 60mm plates respectively, and starved in serum-free medium 24h before 

harvesting. For monitoring kinase activation, (ERK or AKT) cells were washed in Ca2+- free 

Ringer’s solution (as above) pH 7.4 for 30min. Pre-incubation with the indicated inhibitors 

for the indicated times was used for the analysis of the various signal transduction pathways 

involved in zinc signaling: MAPK inhibitor, U0126 (10µM, Calbiochem) for 30min and 

LY294002 (25µM, Ascent) for 1 h, and throughout the experiments. In relevant experiments, 

pre-incubation with Aβ1-42 was applied for 30min or 24h (1µM and 10µM, respectively). 

Then cells were exposed for 10min to Ringer’s solution supplemented with or without 

ZnSO4 (100µM). Cells were washed and incubated with Ringer’s solution for 15 or 120min 

for MAPK or PI3K pathways analysis, respectively, then harvested (Ganay et al. 2015). For 

clusterin expression experiments cells were seeded on 6-well plates. 24h after seeding cells 

were pre-incubated with Aβ1-42 (1µM) or Ringer's solution for 30min, and then cells were 

exposed to Zn2+ (100µM) or control solution for 10min.  Some cell cultures were treated 

with H2O2 (100µM) for 15min. Following each of these treatments, cells were washed with 

Ringer’s solution for 30min, then fresh serum-free medium was applied and cells were 
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returned to incubator. After 24h the same procedure was performed (treatment with Zn2+, 

Aβ or H2O2), and following a total of 48h (or 72h for H2O2) cells were harvested and 

clusterin expression was analyzed (Cohen et al. 2012b).  

For Aβ1-42 oligomers detection, the Aβ1-42 was prepared as indicated in Methods.  

Samples were diluted with SDS sample buffer was added and samples were incubated in 

R.T for 5min. Samples were separated on a 12% Tris-Glycin SDS-PAGE gel and blotted 

onto nitrocellulose membranes, Aβ1-42 was detected using anti Aβ 6E10 antibody 

(Cat#803017,  Biolegend, 1:1000).    

Following treatment, cells were harvested and lysed with lysis buffer (Deoxycholate 

0.5%, 25mM NaF, 10mM NaPO4, 10μM MgCl2, 1mM Sodium orthovanadate, 5mM EDTA 

pH 7.4, 5mM EGTA pH 7.4, 100mM NaCl, 2% Tritone X–100, 25mM NaF, 10mM Sodium 

pyrophosphate), freshly supplemented with protease inhibitor mixture (Sigma), 1mM 

sodium Vanadate, 25mM sodium fluoride, and 20mM PNPP. Lysates were centrifuged for 

30min (12,000 rpm) at 4°C. Supernatants, were collected, protein concentration were 

determined using Bio-Rad protein assay, SDS sample buffer was added, and samples were 

heated at 95˚C for 5min and then frozen at -80˚C until used. Neuronal protein samples 

(25μg) were separated on 10% SDS-PAGE and blotted onto nitrocellulose membranes, as 

previously described (Cohen et al. 2012a). Proteins were detected using antibodies raised 

against the double-phosphorylated (M9692, Sigma-Aldrich) or total ERK1/2 (M5670, 

Sigma-Aldrich) or to phosphorylated AKT (pAKT) (#9271-S473, Cell signaling) and total 

AKT (sc-5298, Santa Cruz), antibodies against clusterin (sc-6420, Santa Cruz), antibodies 

against actin (Cat# 08A000060, MP Biomedicals), Densitometric analysis of expression 

level was performed using EZQuant-Gel software (EZQuant). Phosphorylated protein 

(pERK1/2 or pAKT) levels were normalized to total protein (tERK1/2 or tAKT) levels and 

clusterin levels were normalized to actin levels. All protein levels are presented as a 
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percentage of the phosphorylation or expression level measured in control, untreated, cells. 

Each bar graph represents an average of three independent experiments. 

Statistical Analysis. Data are expressed as the means ± S.E.M. Each treatment was 

compared with the control or Zn2+ treatment as indicated, and statistical significance 

between groups was evaluated as required, using student’s T-test or ANOVA analysis with 

post hoc Tukey test, performed by SPSS; *p<0.05. 

 

RESULTS 

Neuronal Zn2+-dependent Ca2+ signaling is attenuated by Aβ 

We first determined if Aβ modulates Zn2+-dependent Ca2+ signaling. A robust 

intracellular Ca2+ (Ca2+
i) rise was monitored in SHSY-5Y neuronal cells following 

application of Zn2+ in control (siSCR) cells but not in cells transfected with an siRNA 

construct aimed to silence mZnR/GPR39, siGPR39, (Fig. 1A, 80±4% decrease compared to 

control). Real-time PCR analysis of mZnR/GPR39 mRNA levels showed 80±0.1% decrease 

in siGPR39 transfected cells compared to control cells transfected with a scrambled siRNA 

(siSCR, Fig. 1B). These results therefore indicate that the Zn2+-dependent metabotropic Ca2+ 

response is mediated by mZnR/GPR39. SHSY-5Y cells were then pre-incubated with Aβ1-42 

oligomers (1µM, 30min, prepared as described in Methods, Fig. 1C), which are observed in 

Alzheimer’s disease , specifically the 56 kDa form that is found in our preparation (Lesne et 

al. 2008, Zahs & Ashe 2013). The Ca2+
i response to Zn2+ was attenuated in the presence of 

Aβ1-42 (Fig Fig. 1D). Application of Zn2+ (100µM) to Aβ treated cells resulted in a 30±5% 

decrease in the metabotropic Ca2+
i response, compared to control cells (Fig. 1G). To 

determine if binding of Zn2+ to Aβ reduces its effective availability to mZnR/GPR39, we 

added an increased concentration of Zn2+ and hence free-Zn2+ was more available in the 

presence of Aβ. The increased Zn2+ concentration (200µM) triggered a Ca2+
i response that 

was similar in control and Aβ treated cells (Fig Fig. 1E and ,G). To determine whether more 

10 
 



enduring treatment with Aβ will also affect Zn2+ signaling, cells were pre-incubated with Aβ 

(10µM) for 24h, a concentration that will compensate for the degradation of Aβ in the 

medium (Cirrito et al. 2003). In agreement with previous studies (Saadipour et al. 2013, 

Yerbury et al. 2007, Qin et al. 2008), about 80-90% of the SHSY-5Y cells survived this Aβ 

treatment (Fig. 1F, right panel), allowing similar numbers of SHSY-5Y cells in the culture 

as in the control, untreated, cells (Figs. 1D and F, right panel). The Zn2+-dependent 

metabotropic Ca2+
i response of intact SHSY-5Y cells following the chronic Aβ treatment 

was decreased by 40±3% compared to control cells not treated with Aβ (Fig Fig. 1 F and G). 

These results support our hypothesis that Aβ attenuates Zn2+-dependent mZnR/GPR39 

activation.  

mZnR/GPR39 activates ERK1/2 signaling in SHSY-5Y neurons  

Previous studies suggest that Zn2+ triggers the mitogen activated kinase (MAPK) 

pathway that is essential for cognitive function (Rosenblum et al. 2002, Li et al. 2014). We 

investigated whether mZnR/GPR39 is essential for Zn2+-dependent activation of this 

pathway by studying ERK1/2 phosphorylation, which is the downstream kinase of MAPK 

cascade (Rubinfeld & Seger 2005). Extracellular Zn2+ (100µM, 10min) was applied to 

SHSY-5Y cells and phosphorylation of ERK1/2 was monitored at 10-180min following the 

treatment (Fig. 2A). Application of Zn2+ using this paradigm avoids desensitization of 

mZnR/GPR39 or Zn2+ permeation into the cells (Besser et al. 2009, Chorin et al. 2011). As 

shown, Zn2+ significantly increased pERK1/2 levels, reaching a peak at 10-15min, 

compared to control cells. Application of the MAPK pathway inhibitor U0126 (10µM) 

abolished baseline pERK1/2 expression as well as the extracellular Zn2+-dependent effect.  

To specifically study the role of mZnR/GPR39 in Zn2+-dependent ERK1/2 activation, 

SHSY-5Y cells transfected with siGPR39 were used. Under baseline conditions, pERK1/2 

levels were similar in siGPR39 and siSCR cells (Fig. 2B). However, Zn2+-dependent 
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pERK1/2 levels were attenuated in siGPR39 cells compared siSCR (30±8% lower; Fig. 2B), 

suggesting that mZnR/GPR39 is mediating Zn2+-dependent ERK1/2 phosphorylation.   

 

mZnR/GPR39-dependent activation of ERK1/2 is inhibited by Aβ 

We then asked if Aβ also attenuates ERK1/2 activation by Zn2+. SHSY-5Y cells were 

pre-incubated with Aβ1-42 (1µM, 30min) and the phosphorylation of ERK1/2 by 

extracellular Zn2+ (100µM, 10min) was monitored (Fig Fig. 2C). In Aβ-treated SHSY-5Y 

neurons we observed a significant decrease, of 20±4%, in Zn2+-dependent pERK1/2 levels 

(Fig. 2C,) compared to cells treated only with Zn2+. Notable, application of Aβ alone (30 

min) did not activate this pathway. We then asked if the interaction of Aβ with Zn2+ is 

responsible for the decreased activation of this important signaling pathway. As we 

observed with its the effect on Ca2+ release (Fig Fig. 1EC, E), increased Zn2+ concentration 

(200µM) in the presence or absence of Aβ resulted in similar levels of pERK1/2 (Fig. 2D).  

 

mZnR/GPR39-dependent activation of ERK1/2 is inhibited by Aβ in primary neurons 

We then asked if mZnR/GPR39 signaling is also found in primary hippocampal neurons. 

Primary cortical cultures from WT mice (Fig. 3A, top panel), show Zn2+-dependent Ca2+ 

release in the neuronal but not glia cells in the culture (Fig. 3A, bottom panel), as previously 

described (Saadi et al. 2012). In addition, primary neurons show Zn2+-dependent ERK1/2 

activation monitored at 10-180min following the treatment, which was also inhibited by 

U0126 (Fig. 3B). Thus, the signaling in primary neurons is similar to that shown in SHSY-

5Y neuronal cells (Fig. 1-2). The rapid and prolonged ERK1/2 activation indicates that Zn2+ 

is an important first messenger related to cognitive function. To determine the specific effect 

of mZnR/GPR39 we have used neuronal cultures from GPR39 KO mice (Fig Fig. 3C, top 

panel). Importantly, while Zn2+ treatment increased pERK1/2 levels by about 2-fold in WT 

cortical neurons, pERK1/2 levels were not upregulated by Zn2+ in neurons from 
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mZnR/GPR39 KO mice (Fig Fig. 3C, middle and bottom panels). Our previous studies 

(Besser et al. 2009) and the experiments shown above (Fig. 3A) indicated that 

mZnR/GPR39 activity is found in neurons but not glia cells, hence the loss of Zn2+-

dependent ERK1/2 activation in the mZnR/GPR39 KO culture supports our notion that it is 

mediated by neurons and not glia cells that may be found in the mZnR/GPR39 KO culture 

to a similar extent. Taken together, the cell line results and the in vitro studies indicate that 

Zn2+ triggers ERK1/2 phosphorylation via mZnR/GPR39 in cortical neurons. Finally, we 

asked if Aβ attenuates ERK1/2 activation by Zn2+ in primary cortical neurons. Neurons pre-

incubated with Aβ1-42 (1µM, 30min) showed a significant decrease, of 30±3%, in the 

phosphorylation of ERK1/2 triggered by extracellular Zn2+ (100µM, 10min), compared to 

activation by Zn2+ in the absence of Aβ1-42 (Fig. 3D). Hence in primary cortical neurons, the 

presence of Aβ1-42 significantly attenuates mZnR/GPR39 dependent signaling.  

 

 Zn2+-dependent activation of PI3K pathway is mZnR/GPR39-independent and is not 

attenuated by Aβ 

To study if Zn2+, via mZnR/GPR39, regulates the PI3K pathway we monitored          

Zn2+-dependent AKT phosphorylation. Application of Zn2+ (100µM, 10min) induced a small 

increase in pAKT level in SHSY-5Y cells (Fig. 4A), which peaked 120min after Zn2+ 

treatment compared to control cells that were maintained for the same time period. The 

Zn2+-dependent activation of pAKT, as well as baseline phosphorylation, was reversed by 

the PI3K inhibitor LY294002 (25µM) acting upstream to AKT (Fig. 4A). In primary 

cortical cultures (Fig. 4B), Zn2+ induced a similar pattern of increase in pAKT levels 

reaching maximal activation at 120min. To study the role of mZnR/GPR39 in this Zn2+-

dependent AKT activation, we used the siGPR39 SHSY-5Y cells and mZnR/GPR39 KO 

cortical neurons. In contrast to the effect on pERK1/2, Zn2+ treatment induced upregulation 

of pAKT in siGPR39 silenced cells that was similar to the effect of Zn2+ on the siSCR cells 
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(Fig. 4C). Moreover, similar levels of pAKT activation were also seen in neurons from WT 

or mZnR/GPR39 KO mice (Fig. 4D). These results suggest that AKT activation is                  

Zn2+-dependent but is not mediated by mZnR/GPR39 in neurons. We then asked if Aβ 

modulates the Zn2+-dependent activation of AKT. As shown in Fig. 4E-F, treatment with Aβ 

alone did not affect pAKT expression in SHSY-5Y or cortical neurons.  Application of Zn2+ 

(100μM, 10min) triggered similar pAKT expression in the presence or absence of Aβ in 

SHSY-5Y cells and in primary cortical neurons (Fig Fig. 4E-F, respectively). These results 

suggest that, unlike the effects of Aβ on mZnR/GPR39-depndent signaling, Zn2+ binding by 

Aβ does not abolish activation of the AKT pathway.  

 

Neuronal mZnR/GPR39-dependent upregulation of Clu is inhibited by Aβ  

Since the chaperone protein clusterin (Clu) was previously shown to be regulated by 

Zn2+ (Trougakos & Gonos 2002, Kaisman-Elbaz et al. 2009), we asked if mZnR/GPR39 

regulates Clu expression in neurons and if this signal is also modulated by Aβ. We 

compared Zn2+-dependent cytoplasmic Clu (cClu) protein expression level in SHSY-5Y 

transfected with siSCR versus siGPR39 cells. Short application of Zn2+ (100µM, 10min), on 

two consecutive days, triggers mZnR/GPR39 activation without Zn2+ permeation into the 

cells (Dubi et al. 2008, Cohen et al. 2012b). A 30±5% increase in the expression of Clu was 

monitored following Zn2+ treatment in siSCR cells (Fig. 5A), confirming that Zn2+ promotes 

the expression of this protein. Treatment of the cells with Aβ1-42 (1μM, 30min) enhanced 

Clu expression by 50±5% compared to control cells, suggesting that a feedback mechanism 

may enhance Clu expression to protect the cells in the presence of Aβ. But application of 

both Aβ and Zn2+ negated the increased Clu expression seen with either stimulus alone, and 

returned Clu levels to the levels monitored in untreated cells (Fig. 5A). To determine if 

stress may upregulate Clu expression as a general protective mechanism we used H2O2 

stimulation. Similar to the effect of Aβ1-42 treatment, we show a 49±7% increase in Clu 
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expression in cells treated with H2O2 (100µM, 15min, Fig. 5B). Importantly, mZnR/GPR39 

silencing completely reversed the effect of Zn2+, but not that of Aβ, on Clu expression (Fig. 

5C). Moreover, baseline Clu levels were lower in siGPR39 cells suggesting that endogenous 

Zn2+ release and subsequent activation of mZnR/GPR39 may induce expression of Clu.  

Taken together our results indicate that extracellular Zn2+ upregulates Clu expression in 

neurons via activation of mZnR/GPR39. 

 

  

DISCUSSION 

Previous studies showed that mZnR/GPR39 is essential for Zn2+-dependent Ca2+ rise in 

hippocampal (Besser et al. 2009, Chorin et al. 2011, Ganay et al. 2015) and cortical neurons 

(Saadi et al. 2012), but not in glia cells. Here, using siGPR39 silencing in neuronal SHSY-

5Y cells or cortical neuronal cultures from GPR39 KO mice, we show here that the neuronal 

Zn2+-dependent ERK1/2, MAPK pathway, and Clu signaling are also mediated by 

mZnR/GPR39 dependent. The effect of mZnR/GPR39 silencing. in both preparations 

suggests that the receptor is a major mediator of Zn2+ signaling in neurons(Saadi et al. 2012, 

Besser et al. 2009). Activation of MAPK pathway by extracellular Zn2+ is well documented 

as a pro-survival signal in neurons (An et al. 2005, Zhu et al. 2002). A similar signaling 

pathway triggered by the metabotropic glutamate receptor, mGlu1a, led to sustained 

activation of ERK1/2 and protected neurons from apoptosis (Emery et al. 2010). Activation 

of mZnR/GPR39 induced similar prolonged ERK1/2 activation, suggesting this may also 

provide a protective role. Activation of the MAPK pathway, however, was associated with 

caspase-independent or apoptotic neuronal cell death when it was triggered by intracellular 

Zn2+ rise (Ho et al. 2008, Kim et al. 1999). Moreover, ERK1/2 signaling was implicated in 

neuronal death triggered by oxidative stress and subsequent release of intracellular Zn2+ 

from cellular thiols (Chu et al. 2004, Du et al. 2002, Zhang et al. 2007). Intracellular Zn2+ 
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release also plays a role in the Kv2.1-mediated apoptosis by coordinating the activation of 

p38MAPK and Src kinase (Redman et al. 2009, He & Aizenman 2010, He et al. 2015). 

Although these cell death pathways involve ERK1/2 activation by Zn2+, the source of the 

Zn2+ is intracellular, suggesting a different role for intracellular Zn2+ and mZnR/GPR39 

signaling. 

Our results further show that Aβ attenuates mZnR/GPR39 activity, abolishing the Zn2+-

dependent intracellular Ca2+ rise, pERK1/2, and Clu expression in neurons. This is likely via 

the binding of Zn2+ with Aβ that selectively impairs the interaction of Zn2+ with the 

mZnR/GPR39 receptor. In contrast, Zn2+-dependent activation of AKT persisted in the 

presence of Aβ, showing that mZnR/GPR39 is more vulnerable to Aβ interrupting its 

interaction with Zn2+. Activation of ERK1/2, by nicotine or rutin, has been suggested to 

protect neurons from Aβ toxicity in several studies in vivo and in vitro (Moghbelinejad et al. 

2014, Xue et al. 2014;Wei et al. 2002). Our results however indicate that Zn2+-dependent 

ERK1/2 activation is largely attenuated in the presence of Aβ, suggesting that this protective 

mechanism is impaired. Thus, the interaction between Aβ and Zn2+ not only promotes the 

formation of plaques (Ayton et al. 2013, Bush et al. 1994), but also downregulates neuronal 

protective signaling pathways. Clu is known to have a role in clearance of Aβ from the 

synaptic cleft, and was therefore suggested to act as a key player in the progression of 

Alzheimer’s disease. Several studies demonstrated that Zn2+, via mZnR/GPR39, can 

regulate Clu expression and cell fate (Cohen et al. 2012b, Kaisman-Elbaz et al. 2009). In 

cortical neurons, Clu expression was induced by Zn2+, via mZnR/GPR39, but again the 

complex Aβ/Zn2+ did not activate this pathway. (Yerbury et al. 2007, Zhang et al. 2005, 

Criswell et al. 2003){Howlett, 2013 #4708} that may be involved (Wiggins et al. 2003)in a 

protective effect of Aβ clearance(Yerbury et al. 2007, Howlett et al. 2013, Yu & Tan 2012)} 

Previous studies have shown the Clu may serve as a stress induced factor activated to rescue 

cells during injury (Yerbury et al. 2007, Zhang et al. 2005, Criswell et al. 2003). In neurons, 
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Clu has been suggested as a neuroprotective agent induced during spreading depression 

(Wiggins et al. 2003) or involved in Aβ clearance (Yerbury et al. 2007, Howlett et al. 2013, 

Yu & Tan 2012). In agreement, we show that upon a mild exposure to Aβ or H2O2 insults 

the expression of Clu is increased. In contrast, the complex Aβ/Zn2+ reversed the 

upregulation of Clu, a fact that supports our notion that interaction between Aβ and Zn2+, in 

Alzheimer’s disease, interferes with neuronal signaling. Finally, previous studies have 

indicated that mZnR/GPR39 activation enhances the neuronal inhibitory drive and reduces 

the sensitivity to kainate induced seizure (Gilad et al. 2015, Perez-Rosello et al. 2013, Saadi 

et al. 2012, Chorin et al. 2011). The results presented here suggest that in the presence of Aβ 

this mechanism would be lost and more excitatory activity may be expected. In agreement, 

several studies have identified hyperactive neuronal Ca2+ signaling in Alzheimer’s 

transgenic mice models (Busche et al. 2008, Busche et al. 2012) and even spontaneous 

seizure activity (Palop et al. 2007).  

Our results demonstrate that AKT activation in neurons is triggered by extracellular 

Zn2+, independent of mZnR/GPR39. This is in contrast to epithelial cells where 

mZnR/GPR39 was essential for Zn2+ activation of AKT (Cohen et al. 2012b, Dubi et al. 

2008). Moreover, the Zn2+-dependent activation of AKT persisted in the presence of Aβ. In 

the prostate Zn2+ is chelated by citrate, nevertheless this complex attenuated mZnR/GPR39 

signaling via its desensitization (Dubi et al. 2008). Interestingly, elevated ratio between 

pAKT and tAKT was described Alzheimer’s disease postmortem brains compared to 

controls (Mufson et al. 2012). Our results suggest that the complex of Aβ/Zn2+ interacts 

with the AKT/PI3K pathway and may be involved in the increased pAKT found in 

Alzheimer’s brains.  

Altogether, Zn2+-dependent mZnR/GPR39 activation results in intracellular Ca2+ rise 

and activation of ERK1/2 and Clu expression in cortical neurons, but is attenuated in the 

presence of Aβ. Restoration of mZnR/GPR39 signaling, in the presence of Aβ, may provide 
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a novel pathway for maintaining neuronal function and enhancing neuronal survival in 

Alzheimer’s disease. 
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FIGURE LEGENDS:  

Figure 1: Aβ regulation of Zn2+-dependent Ca2+
i signaling. A. Representative traces of 

Ca2+
i, as measured by Fura-2AM fluorescence in SHSY-5Y cells transfected with siGPR39 

or siSCR. Extracellular Zn2+ (200µM) was applied as indicated, left panel. Averaged initial 

rates of Ca2+
i increases are shown in the right panel (n=15 coverslips in 3 different 

experiments, ***p<0.001, Student’s T-test). B. Quantitative PCR measurements of mRNA 

level of mZnR/GPR39 in SHSY-5Y cells transfected with siGPR39 or a scrambled 

construct, siSCR (n=3, ***p<0.001, Student’s T-test). C. Western blot analysis of Aβ1-42 

oligomers separated on a 12% Tris-Glycin SDS/PAGE gel (left lane 5µg and right lane 10 

µg protein) and probed with the 6E10 antibody. D. SHSY-5Y cells were treated with Aβ1-42 

(1µM, 30min) or without it (control). Representative Ca2+
i response, as measured using 

Fura-2 loaded cells, to extracellular Zn2+ (100µM) is shown in the left panel. Representative 

picture of Fura-2AM  loaded SHSY-5Y cells, right panel.  E. Excess extracellular Zn2+ 

(200µM) was applied to Aβ1-42 (1µM, 30min) treated SHSY-5Y cells or controls, 

representative Ca2+
i responses are shown. F. SHSY-5Y cells were treated with Aβ (10µM, 

24h), and the Ca2+
i response to extracellular Zn2+ (100µM) is shown in the left panel, 

Representative picture of Fura-2AM loaded SHSY-5Y cells, right panel. G. Average initial 

rate of Ca2+
i rise triggered by extracellular Zn2+. (n=15 coverslips in 5 independent 

experiments for each group; **p<0.01, ANOVA). 
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Figure 2: Zn2+-dependent ERK1/2 phosphorylation is mediated by mZnR/GPR39 and 

attenuated by Aβ in SHSY-5Y neuronal cell line. A. SHSY-5Y neuronal cells were exposed 

to Zn2+ (100µM) for 10min, control cells were maintained in Ringer’s solution. Cells were 

washed and harvested at the indicated time intervals. The MAPK inhibitor, U0126 (10µM, 

30min) was applied in the presence or absence of Zn2+. Representative blot (top panel) and 

quantification of pERK1/2 expression normalized to tERK1/2 are shown (bottom panel, n=3 

independent experiments performed in triplicates). B. Phosphorylation of ERK1/2 was 

monitored in SHSY-5Y cells transfected with siGPR39 or siSCR, treated as in A.  C. 

Representative blot (top panel) and quantification of pERK1/2 normalized to tERK 

expression (bottom panel) in SHSY-5Y cells pre-treated with or without Aβ1-42 (1µM, 

30min) and then treated with or without Zn2+ (100µM) for 10min, cell were harvested 

15min after Zn2+ treatment. D. Representative blot (top panel) and quantification of 

normalized pERK1/2 normalized to tERK expression (bottom panel) in SHSY-5Y cells pre-

treated with or without Aβ1-42 (1µM, 30min) and then treated with or without excess Zn2+ 

(200µM) for 10min, cell were harvested 15min after Zn2+ treatment. The blots in each figure 

are taken from the same experimental blot at one exposure; gaps are shown where non-

consecutive lanes from the same blot are presented. (*p< 0.05, **p< 0.01, ***p<0.001 

compared to control; # p< 0.05, ##p<0.01 compared to Zn2+ only treatment, ANOVA, n=3 

independent experiments performed in triplicates for all groups). 

 

Figure 3: Zn2+-dependent ERK1/2 phosphorylation is mediated by mZnR/GPR39 and 

attenuated by Aβ in primary neuronal culture. A. Cortical primary culture stained with the 

neuronal markera specific neuronal staining, Neun (red, top panels) and with the nuclear 

stain, DAPI (blue, top panels). Left panel shows Neun staining overlapped with bright field 

image, right panel shows overlapped Neun and DAPI staining. , Representative traces of 

Ca2+
i, as measured by Fura-2AM fluorescence inresponses obtained from cortical primary 
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neurons al culture (leftbottom panel, left showing Fura-2 fluorescence image, right showing 

the traces from neuronal cells in the culture). Note that glia cells (marked with red arrows in 

the left panel) do not exhibit a Zn2+-dependent Ca2+ rise. B. Cortical primary cultures were 

treated as in Figure 2A and ERK1/2 phosphorylation was determined. Representative blots 

(top panel) and quantification of pERK1/2 expression normalized to tERK1/2 (bottom panel) 

are shown. C. Cortical primary cultured cells obtained from WT or GPR39 KO mice. Top 

panel shows PCR analysis of GPR39 transcripts using primers for the WT and GPR39 KO 

alleles. Cells were treated as in Figure 2B and ERK1/2 phosphorylation was determined. D. 

Representative blots (topmiddle panel) and quantification of pERK1/2 normalized to tERK 

expression (bottom panel) are shown. D.  in cCortical primary culture obtained from WT 

mice were pre-treated with or without Aβ1-42 (1µM, 30min) and then treated with or without 

Zn2+ (100µM) for 10min, cell were harvested 15min after Zn2+ treatment. The representative 

blots (top panel) shown in each figure are taken from the same experimental blot at onethe 

same exposure; gaps are shown where non-consecutive lanes from the same blot are 

presented. Quantification of normalized pERK1/2 to tERK1/2, following treatment with 

Zn2+, is shown (Bottom panel). (*p< 0.05, **p< 0.01, ***p<0.001 compared to control; # p< 

0.05, ##p<0.01 compared to Zn2+ only treatment. n=3 independent experiments performed 

in triplicates for all groups). 

 

Figure 4: Zn2+-dependent AKT phosphorylation in neurons. A. SHSY-5Y neuronal cells 

were exposed to Zn2+ (100µM) for 10min, control cells were maintained in Ringer’s 

solution. Cells were washed and harvested at the indicated time intervals. The AKT 

inhibitor, LY294002 (25µM) was applied in the presence or absence of Zn2+. Representative 

blot (top panel) and quantification of normalized pAKT expression normalized to tAKT are 

shown (bottom panel). B. Cortical primary cultures were treated as in A. Representative 

western blot (top panel) and quantification of pAKT expression normalized to tAKT are 
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shown (bottom panel). C. SHSY-5Y cells were transfected with siGPR39 or siSCR, as in 

Fig. 1. Cells were exposed to Zn2+ (100µM) for 10min, control cells were maintained in 

Ringer’s solution. Cells were harvested 120min after Zn2+ treatment. Representative blot 

(top panel) and quantification of normalized pAKT expression (bottom panel) are shown 

and normalized to tAKT. D. Representative blot (top panel) and quantification of pAKT 

normalized to tAKT in cortical neurons treated as in C. E. Representative blot (top panel) 

and quantification of pAKT normalized to tAKT expression (bottom panel) in SHSY-5Y 

cells pre-treated with or without Aβ1-42 (1µM, 30min) and then treated with or without Zn2+ 

(100µM) for 10min, cell were harvested 120min after Zn2+ treatment. F. Representative blot 

(top panel) and quantification of pAKT normalized to tAKT expression (bottom panel) in 

cortical neuronal culture treated as in E. The blots in each figure are taken from the same 

experimental blot at one exposure; gaps are shown where non-consecutive lanes from the 

same blot are presented. (*p< 0.05, **p< 0.01, ***p<0.001 compared to control; # p< 0.05, 

##p<0.01 compared to Zn2+ only treatment. n=3 independent experiments performed in 

triplicates for all groups).  

 

Figure 5:Aβ attenuates Zn2+-dependent Clu expression. A&C. SHSY-5Y cells transfected 

with siSCR (A) or siGPR39 (C), as in Fig. 1, were incubated with or without Aβ (1µM, 

30min), and Zn2+ (100µM) was applied for 10min, for two consecutive days (see Methods). 

Representative western blot images of clusterin expression (top panel) and their quantitative 

analysis (bottom panel) are shown. β-Actin bands were used for loading control, and 

presented as percentage activation of the level in siSCR control, dashed line shows the level 

of Zn2+-dependent Clu expression in siSCR cells. B. SHSY-5Y cells were incubated with or 

without H2O2 (100µM, 15min). Representative western blot images of clusterin expression 

(top panel) and their quantitative analysis (bottom panel) are shown. β-Actin bands were 

used for loading control, and presented as percentage of control. Results are mean ± SEM of 
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4 independent experiments (#p<0.05, ##p<0.0, ###p<0.001 compared to Zn2+ only 

treatment; *p<0.05 compared to control). 
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