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A B S T R A C T   

Zinc transporter 1 (ZnT1; SLC30A1) is present in the neuronal plasma membrane, critically modulating NMDA 
receptor  function and  Zn2+ neurotoxicity.  The mechanism mediating  Zn 2+ transport  by  ZnT1,  however,  has 
remained elusive. Here, we investigated ZnT1-dependent Zn 2+ transport by measuring intracellular changes of 
this  ion  using  the  fluorescent  indicator  FluoZin-3.  In  primary  mouse  cortical  neurons,  which  express  ZnT1, 
transient addition of extracellular Zn 2+ triggered a rise in cytosolic Zn2+ , followed by its removal. Knockdown of 
ZnT1 by adeno associated viral (AAV)-short hairpin RNA (shZnT1) markedly increased rates of Zn 2+ rise, and 
decreased rates of its removal, suggesting that ZnT1 is a primary route for Zn2+ efflux in neurons. Although Zn 2+

transport by other members of the SLC30A family is dependent on pH gradients across cellular membranes, 
altered H + gradients were not coupled to ZnT1-dependent transport. Removal of cytoplasmic Zn 2+ , against a 
large inward gradient during the initial loading phase, suggests that Zn2+ efflux requires a large driving force. We 
therefore asked if Ca 2+ gradients across the membrane can facilitate Zn 2+ efflux. Elimination of extracellular 
Ca2+ abolished Zn2+ efflux, while increased extracellular Ca 2+ levels enhanced Zn2+ efflux. Intracellular Ca 2+

rises, measured in GCaMP6 expressing neurons, closely paralleled cytoplasmic Zn 2+ removal. Taken together, 
these results strongly suggest that ZnT1 functions as a Zn2+ /Ca2+ exchanger, thereby regulating the transport of 
two ions of fundamental importance in neuronal signaling.   

Introduction 

Although  zinc  is  critical  for  neuronal  development,  survival  and 
function [1, 2], cytoplasmic accumulation of excess zinc ions (Zn2+ ) can 
be  neurotoxic  [1,  3].  As  such,  tight  regulation  of  intracellular  Zn 2+

concentrations  by  its  compartmentalization  is  essential  for  proper 
neuronal function [2]. Numerous Zn 2+ transporters from both the ZnT 
(SLC30A) and ZIP (SLC39A) families of proteins are present in neurons, 
and they function to transfer the metal ion either from (ZnTs) or into 
(ZIPs)  the  cytoplasm  [4–6].  One  of  the  best  characterized  neuronal 
transporters is ZnT3 (SLC30A3), which is essential for accumulation of 
Zn2+ in synaptic vesicles in a large number of excitatory and inhibitory 
synapses throughout the brain [7–11]. Synaptic Zn 2+ is released during 
neuronal  activity  and  plays  an  important  role  in  shaping  neuronal 
signaling and synaptic responses [9, 12–15], notably by modulating the 
activity of postsynaptic NMDA receptors [10, 16, 17]. In addition to 

ZnT3,  ZnT1  (SLC30A1)  is  also  necessary  for  Zn2+ regulation  of  the 
Zn2+ -sensitive  GluN2A-containing  NMDA  receptors  [17].  ZnT1  is  a 
highly conserved and ubiquitously expressed protein [18, 19] present on 
the plasma membrane of both neurons and glia [20–23]. Silencing of 
ZnT1 expression in cultured cells can strongly modulate Zn 2+ toxicity, 
and global knockout of this transporter is embryonically lethal [21, 24]. 
Expression levels and activity of ZnT1 are highly regulated by changes in 
cytoplasmic  Zn2+ [25–27],  suggesting  that  this  transporter  plays  an 
important  role  in  Zn 2+ homeostasis.  In  neurons,  ZnT1  has  reduces 
cytosolic Zn 2+ accumulation following prolonged (30 min) incubation 
with the metal ion [24]. ZnT1 is enriched at the postsynaptic density, 
and  by  limiting  postsynaptic  Zn 2+ accumulation  following  its  trans-
location from presynaptic release sites [22, 23, 28], it protects neurons 
from Zn 2+ toxicity. 

Despite the well-established function of ZnT1 on neuromodulation 
and neuroprotection, the mechanism of ZnT1 transport remains 
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unknown. ZnT family members expressed in acidic intracellular organ-
elles function as Zn2+ /H + exchangers [29, 30], primarily as a result of 
the  strong pH-dependence  of a  highly  conserved, histidine-rich  Zn2+

binding site on the protein [31, 32]. However, this mechanism may not 
account for ZnT1-mediated Zn 2+ transport, as proton gradients across 
the neuronal plasma membrane may be negligible under normal phys-
iological conditions  [33, 34].  This suggests  a different mechanism is 
required to facilitate ZnT1-dependent Zn 2+ transport which is, indeed, 
described in the present study. 

Results 

ZnT1 functions to extrude Zn2+ in cortical neurons 

We first carried out immunostaining for ZnT1, together with either 
the axonal marker Tau or the dendritic marker MAP2, and observed 
abundant presence of the transporter throughout the somata as well as 
processes in cultured mouse cortical neurons (Fig. 1A,B, Mander’s co-
efficient  of  0.7 ± 0.1  for  Tau  and  0.7 ± 0.2  for  MAP2,  n = 4).  In 
agreement with previous studies [17, 35], we also found that ZnT1 is 

tightly co-localized with the GluN2A subunit of the NMDA receptor in 
these cells (Fig. 1C, Mander’s coefficient of 0.9 ± 0.1, n = 5). Next, in 
order to reduce ZnT1 expression levels in neurons, we assembled an 
AAV2 hSyn virus encoding a sequence aimed to silence ZnT1 (shZnT1) 
carrying  an  RFP  fluorescent  tag  to  detect  positively  infected  cells. 
Infection rates were high, as approximately 80–90% of neurons in the 
cultures were positive for RFP. Effective silencing of the transporter was 
confirmed by qPCR analysis of ZnT1 mRNA levels (Fig. 1D), as well as by 
immunoblot analysis of protein expression levels (Fig. 1E and Supple-
mental Fig. 1A). Both analyses  demonstrated approximately  50% 
knockdown of ZnT1. Consistent with mRNA downregulation, cortical 
cultures infected with shZnT1 showed similar 50% decrease in ZnT1 
immunofluorescence, when compared to ZnT1 levels from control cul-
tures infected with an RFP-expressing virus only (Fig. 1F). Importantly, 
neurons infected with shZnT1 did not exhibit significant alteration in 
mRNA expression of other neuronal ZnTs or ZIPs (Supplemental Fig. 
1B). These results indicate that viral expression of shZnT1 selectively 
reduces ZnT1 expression. 

Next, we evaluated whether silencing ZnT1 would result in 
decreased  Zn2+ efflux  following  a  short  exposure  to  Zn 2+ .  Cortical 

Fig. 1.ZnT1 is required to extrude Zn 2+ in cortical neurons. (A) Representative images of ZnT1 immuno-staining (green) in mouse cortical cultures with anti-Tau 
(blue) axonal marker (X60), with (B) anti-MAP2 (red) dendritic marker (X60), or with (C) anti-GluN2A subunit of NMDAR (X20). Scale bar is 10 µM. (D) ZnT1 mRNA 
levels after AAV2 hSyn shZnT1 or control infection of cortical neurons. (n = 3, t-test, ***p = 0.007) (E) WB analysis of neurons virally infected as in D, right panel 
shows densitometry analysis of protein levels normalized to actin (n = 5, t-test, *p = 0.02). (F) Representative image of immuno-fluorescent labeling of shZnT1 (X60) 
and control infected neurons with anti-ZnT1 (green), RFP fluorescence of the virus (red), and DAPI (blue). Lower panel shows ZnT1 staining along a process, zoom 
over the area marked by the box. Right panel is quantification of ZnT1 staining level along isolated processes ( n = 12, t-test, *p = 0.01,). (G) Cortical neurons, 
infected with shZnT1 or control virus as in D, were loaded with the Zn 2+ sensitive, cell permeant, FluoZin-3 and treated with 50 µM Zn 2+ as indicated, and then 
washed with Zn 2+ -free solution. Representative traces of the fluorescent signal are shown. Insert shows magnification of aligned traces during Zn 2+ removal phase 
(dashed box). Middle panel shows averaged initial rates of fluorescence increase (marked by box, Zn2+ loading), calculated over the first 100 s following addition of 
Zn2+ . (n = 13, t-test, *p = 0.02). Right panel shows averaged rate of fluorescence change upon wash with Zn2+ -free solution (marked by dashed box, Zn2+ removal), 
calculated over 200 s, from the maximal signal. (n = 13, t-test, *p = 0.04). (H) Virally infected neurons, as in G, were treated with 200 µM Zn 2+ and representative 
traces of FluoZin-3 are shown, with the insert showing the aligned traces during the Zn 2+ removal phase. Middle and right panels show rates of fluorescence change 
during the loading (marked by box) and removal (marked by dashed box) phases. ( n = 13, t-test, ns-non significant, with p = 0.22 and, **p = 0.002 respectively) For 
interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.). 
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cultures were loaded with the cell permeant form of the Zn 2+ -selective 
fluorescent indicator FluoZin-3 [36] and then transiently exposed to 50 
µM  Zn2+ , yielding  an increase  in fluorescence. Changes in FluoZin-3 
fluorescence  represent  the  net  cytosolic  rise  of  Zn2+ concentration, 
resulting  from  the  combined  influx  of  the  ion  into  the  cell  and  its 
concomitant removal from the cytoplasm. The transient Zn 2+ exposure 
was then followed by treatment with a Zn 2+ -free extracellular solution. 
Changes in FluoZin-3 fluorescence at this stage represent primarily the 
efflux of Zn 2+ from the cytoplasmic compartment. We observed that 
during the initial Zn 2+ exposure, the rate of Zn2+ rise was significantly 
faster  in  ZnT1  knockdown  (shZnT1)  neurons  compared  to  control, 
ZnT1-expressing  cells  (Fig.  1G).  This  suggests  that  during  transient 
exposure  to  extracellular  Zn2+ ,  ZnT1-dependent  Zn2+ efflux  strongly 
counteracts the inward movement of the ion. Upon removal of Zn 2+

from the extracellular solution, the decrease in cytosolic Zn 2+ (negative 
rate) was faster in control cells when compared to shZnT1 cells (Fig. 1G, 
right panel). Thus, Zn 2+ efflux is much slower in ZnT1-defficient neu-
rons. The Zn2+ removal rate, however, may be influenced by the overall 
level of accumulated Zn2+ , as well as FluoZin-3 occupancy [37], which 
was notably higher in shZnT1 cells (red trace) when compared to con-
trols. To correct for this potential confound, we utilized a higher Zn 2+

concentration (200 µM) during the initial exposure. At this high con-
centration of Zn 2+ , we expect that transport activity mediated by ZnT1 
would not be able to effectively counteract rapid influx of Zn 2+ . Indeed, 

note that the rates of FluoZin-3 fluorescence increase under these con-
ditions  were  not  significantly  different  between  shZnT1  and  control 
cells,  leading  to  similar  Zn 2+ accumulation  (Fig.  1H).  Upon  Zn 2+

removal  from  the  extracellular  solution,  we  again  observed  a  more 
pronounced decrease in fluorescence (i.e. Zn 2+ efflux) in control cells 
when compared to shZnT1 cells (Fig. 1H). These results strongly suggest 
that decreased expression of ZnT1 impairs Zn 2+ efflux in cortical neu-
rons, indicating that ZnT1 is the predominant Zn 2+ _extruder in neurons. 

If ZnT1 is a major route for Zn2+ extrusion in neurons, then enhanced 
Zn2+ efflux  rates  would  be  expected  in  cells  with  increased  ZnT1 
expression. Cortical neurons were thus pre-exposed to Zn 2+ (50 µM in 
MEM containing 0.01% BSA for 12 h), a condition that enhances ZnT1 
expression via activation of the metal response element transcription 
factor 1 (MTF-1) [26]. Indeed, mRNA analysis confirmed a nearly 4-fold 
enhancement in neuronal ZnT1 expression under these conditions, when 
compared to vehicle-treated (control) cells (Fig. 2A). Immunoblot and 
immuno-fluorescence  analysis  of  ZnT1  protein  levels  showed  a  less 
pronounced, albeit significant, effect of approximately two-fold increase 
of ZnT1 expression in Zn 2+ pre-treated cells (Fig. 2B,C). Importantly, 
this Zn 2+ treatment was not neurotoxic, as evidenced by similarly low 
levels lactate dehydrogenase (LDH) activity, an index of cellular damage 
[38], in the extracellular fluid obtained from control and Zn2+

pre-treated  cultures  (Fig.  2D).  Although  mRNA  expression  of  other 
plasma membrane ZnTs and ZIPs did not change significantly by this 

Fig. 2.Elevated ZnT1 levels in cortical neurons enhance Zn2+ efflux. Cortical cultured mouse neurons were pre-treated with 50 µM Zn 2+ in the presence of 0.01% 
BSA for 12 h to enhance ZnT1 expression, or control cells not treated with Zn 2+ . (A) ZnT1 mRNA levels (n = 3, t-test, **p = 0.001) and (B) protein levels measured 
with WB and quantified using densitometry. (n = 6, t-test, *p = 0.02). (C) Representative immunofluorescence images of ZnT1 expression using anti-ZnT1 antibodies 
(left panels, NC- negative control without primary antibody) and its quantification (right panel, n = 4, t-test, ***p = 0.0001). (D) LDH activity in neurons treated with 
Zn2+ as described compare to control (n = 3, t-test, ns-non-significant). (E) Representative traces of FluoZin-3 fluorescence in cortical neurons pre-treated with Zn 2+

or controls, that are transiently perfused with 50 µM Zn 2+ as indicated. Middle and right panels show initial rates of fluorescence change during the loading (marked 
by box, rate during initial 100 s following addition of Zn 2+ ) and removal (marked by dashed box, rate during 200 s period following the maximal signal) phases. ( n =
14, t-test, ** p = 0.003). 
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treatment, we did observe a very slight but significant decrease of the 
vesicular Zn2+ transporter ZnT3 as a result of the Zn 2+ pre-treatment 
(Supplemental  Fig.  1C).  Next,  we  monitored  Zn 2+ transport  using 
FluoZin-3. Neurons were incubated with a cell permeant Zn 2+ chelator 
(0.5 µM TPEN, 15 min. following FluoZin-3 loading) to reduce baseline 
fluorescence that remained relatively high following Zn2+

pre-treatment, and subsequently extensively washed with a Zn 2+ -free 
solution  to  remove  excess  TPEN.  We  then  monitored  changes  in 
FluoZin-3 fluorescence in neurons transiently exposed to 50 µM Zn2+ as 
described earlier. Neurons pre-treated with Zn2+ , and thus with 
increased ZnT1 expression level, demonstrated significantly slower rates 
of Zn2+ rise that yielded overall decreased maximal fluorescent signal, 
when compared to control neurons (Fig. 2E). In addition, upon extra-
cellular Zn 2+ removal, neurons pre-treated with Zn 2+ exhibited a more 
pronounced cytoplasmic Zn 2+ efflux. Since ZnT3 acts to remove cyto-
solic Zn2+ by accumulating it in synaptic vesicles, it is noted that the 
slightly lower expression may account for a small increase in cytosolic 
Zn2+ accumulation,  leading  to  an  underestimation  of  the  rate  of 
ZnT1-dependent  efflux.  Altogether,  these  results  indicate  that  ZnT1 
expression levels regulate intracellular neuronal Zn2+ concentrations by 
influencing the extrusion rates of the ion. 

pH changes affect cytoplasmic Zn2+ levels in neurons but do not drive Zn2+

removal 

Members of the ZnT family expressed in organelles with an acidic 
lumen act as Zn2+ /H + exchangers to transport cytoplasmic Zn2+ into the 
organelles [30]. Indeed, disruption of vesicular proton gradients 
strongly attenuates Zn2+ transport via ZnT5 and ZnT2 [29, 39]. If ZnT1 
were  also  a  Zn2+ /H + exchanger,  then  we  would  expect  that  acidic 
extracellular pH would enhance ZnT1-dependent Zn2+ efflux. To test for 
this, neurons loaded with FluoZin-3 were initially exposed to 200 µM 
Zn2+ at pH 7.4, to allow its rapid cytoplasmic accumulation. We then 
monitored  rates  of  Zn2+ efflux  in  neurons  perfused  with  Zn 2+ -free 
extracellular solutions at pH 6. This pH enhances the H+ inward gradient 
and would therefore be expected to enhance Zn2+ efflux, manifested as a 
faster decrease in FluoZin-3 signal upon removal of extracellular Zn 2+ . 
Yet, we observed that FluoZin-3 fluorescence continued to dramatically 
increase during the Zn 2+ -free, pH 6 treatment (Fig. 3A). Since Zn 2+ is 
not present in the extracellular solution during this stage, the increased 
levels  of  intracellular  Zn 2+ are  likely  generated  from  other  sources. 
Nonetheless,  the  more  pronounced  H+ gradient  is  not  sufficient  to 
enhance  Zn2+ efflux,  which  would  be  expected  to  reduce  its  rate  of 
accumulation. Moreover, if ZnT1 were a Zn 2+ /H + exchanger, perfusion 
of the cells with an alkaline solution (pH 8) would decrease or prevent 
Zn2+ removal  by  increasing  the  outward  H+gradient.  Following  the 
cytosolic Zn 2+ rise (200 µM Zn 2+ at pH 7.4), we observed that Zn 2+

removal rates in neurons exposed to a pH 8, Zn2+ -free, solution were not 
different than rates in cells exposed to physiological pH levels (Fig. 3A). 
These results strongly suggest that, unlike vesicular ZnT transporters, 
ZnT1  does  not  likely  function  as  a  Zn 2+ /H + exchanger  in  cortical 
neuronal plasma membranes. 

We then asked whether this paradigm triggers changes in intracel-
lular pH using cells loaded with the fluorescent pH-sensitive indicator 
BCECF. Neurons were transiently exposed to 200 µM Zn 2+ (pH 7.4), 
which we previously showed led to rapid cytosolic Zn 2+ accumulation 
(Fig.  3A).  This  Zn2+ influx  produced  no  changes  in  intracellular  pH 
(Fig. 3B). It is conceivable that even if H+ /Zn 2+ exchange had occurred, 
it  may  have  not  been  sufficient  to  affect  cytosolic  pH.  Subsequent 
extracellular Zn2+ removal and perfusion with acidic (pH 6) solution led 
to pronounced intracellular acidification (Fig. 3B). Note that this cyto-
plasmic acidification was concurrent with the previously noted intra-
cellular Zn 2+ accumulation (Fig. 3C). Prior studies showed liberation of 
Zn2+ from intracellular sources by similar brief cytoplasmic acidifica-
tion [40]. Thus, liberation of Zn 2+ is likely responsible for the enhanced 
accumulation  we  observed  during  exposure  of  the  cells  to  acidic, 

Zn2+ -free,  solution  (Fig.  3A).  It  may  be  argued  that  the  Na + /H +

exchanger [41, 42] may mask ZnT1-dependent H+ transport. However, 
our results show that the small pH changes observed are not followed by 
a recovery of pH, which is a hallmark of Na+ /H + exchanger [41, 42]. As 
such, these results show that ZnT1-dependent Zn2+ efflux is not coupled 
to H+ influx. 

Finally, we asked whether ZnT1-dependent Zn 2+ efflux could still 
modulate the rate of Zn 2+ rise, triggered by its liberation during acidi-
fication. To test this, we compared rates of Zn2+ removal in control and 
shZnT1 neurons. Transient exposure to 200 µM extracellular Zn 2+ (pH 
7.4) resulted in comparable rates of cytoplasmic Zn 2+ rise in both con-
trol  and  shZnT1-expressing  neurons  (Fig.  3D),  as  described  earlier 
(Fig. 1H). Neurons were then washed with a Zn 2+ -free acidic (pH 6) 
solution.  We  observed  similar  increases  in  FluoZin-3  fluorescence  in 
control and shZnT1 neurons, suggesting that pH-dependent cytoplasmic 
Zn2+ accumulation, following removal of extracellular Zn 2+ , was inde-
pendent of ZnT1 expression (Fig. 3D,E). Notably, these large increases in 
cytoplasmic  Zn2+ were  not  observed  in  shZnT1  neurons  when,  as 
described earlier, the Zn2+ -free treatment was performed at neutral pH. 
These results indicate that acidic pH-dependent Zn 2+ accumulation is 
not influenced by ZnT1 and is largely due to the intracellular liberation 
of  Zn2+ [40].  It  must  be  noted  that  neuronal  H + -dependent  Zn2+

transport had been previously observed [43, 44] and closely linked to 
the activity of ZIP transporters [44]. Our results clearly indicate that 
knockdown of ZnT1 does not affect the pH dependent intracellular Zn2+

rise, therefore we conclude that ZnT1 is not a component of the previ-
ously described Zn2+ /H + exchange. 

ZnT1 is a neuronal Zn2+ /Ca2+ exchanger 

The results described thus far do not support the possibility that ZnT1 
couples Zn2+ efflux to H + transport, and therefore it requires a different 
counter-ion.  Considering  that  ZnT1-dependent  Zn 2+ efflux  can  act 
against an inward gradient and modulate the initial rate of cytosolic 
Zn2+ rise (Fig. 1G), suggests that a strong counter driving force is pre-
sent. We hypothesized that the large Ca2+ gradients across the neuronal 
plasma membrane [45] may provide this driving force. To test this hy-
pothesis,  we  measured  the  rates  of Zn2+ removal in  the presence  or 
absence of extracellular Ca 2+ . We monitored fluorescence changes in 
FluoZin-3 loaded neurons that were initially exposed to Zn 2+ (200 µM) 
at physiological Ca 2+ concentrations (1.8 mM), and subsequently we 
determined  rates  of  Zn 2+ efflux  while  perfusing  with  extracellular 
Zn2+ -free solutions containing or devoid of Ca 2+ . In support of our hy-
pothesis,  the  cytoplasmic  Zn2+ removal,  manifested  as  a  decrease  in 
FluoZin-3 fluorescence (negative rate), was observed only when Ca 2+

was present in the wash solution (Fig. 4A). When we varied the Ca 2+

concentration  during  the  Zn2+ removal  phase,  we  noted  that  higher 
levels of Ca2+ (5 mM) accelerated the rates of Zn2+ transport (Fig. 4A). 
These results strongly argue that extracellular Ca 2+ is critical for Zn 2+

efflux. As rapid  Zn 2+ influx can be  mediated through Ca 2+ channels 
[46], particularly L-Type Ca 2+ Channels (LTCC) [47, 48], we monitored 
Zn2+ transport in the presence of an LTCC inhibitor, nifedipine (1 µM). 
Rates of Zn2+ rise following exposure to 200 µM Zn2+ were not inhibited 
by  nifedipine  (Fig.  4B),  likely  because  synchronous  voltage  changes 
sufficient to open LTCC are not induced in our experiment. Furthermore, 
Zn2+ removal rates were also not affected by nifedipine, suggesting that 
LTCC likely do not play a role in Zn 2+ efflux. Next, we investigated 
whether the absence of extracellular Ca2+ would influence rates of Zn2+

rise during the Zn 2+ exposure phase. Indeed, we observed intracellular 
Zn2+ rises  at  rates  that  were  nearly  2-fold  higher  in  the  absence  of 
extracellular Ca2+ (Fig. 4C). This pronounced change in Zn2+ rises was, 
in fact, highly reminiscent of the Zn 2+ rises observed in shZnT1 cells 
(Fig. 1G), suggesting that the presence of extracellular Ca2+ is essential 
for  the  ZnT1-dependent  Zn2+ efflux  that  occurs  while  neurons  are 
exposed to extracellular Zn 2+ . Importantly, upon removal of extracel-
lular  Zn2+ ,  the  Zn2+ efflux  phase  was  absent  in  Ca2+ -free  solutions 

N. Gottesman et al.                                                                                                                                                                                                                             



Cell Calcium 101 (2022) 102505

5

Fig. 3.ZnT1 does not show Zn2+ /H + reciprocal activity in cortical neurons. (A) FluoZin-3 fluorescence of cortical neurons, treated with 200 µM Zn 2+ as indicated. 
Subsequent wash was done with Zn2+ -free solutions at different pH as indicated. Right panel shows averaged rate of Zn 2+ removal (marked by dashed box, 200 s 
period following the maximal signal, n = 12, ANOVA, ***p = 0.003, ****p < 0.0001). (B) Traces of fluorescence signals from cortical neurons loaded with the pH 
sensitive dye BCECF, that were treated transiently with 200 µM Zn2+ as in A. (C) Overlap of traces obtained with FluoZin-3 (green) and BCECF (black), taken from A 
and B, during the Zn2+ removal phase (marked by the dashed line in B), showing that cytosolic Zn2+ continues to accumulate concomitant with cytosolic pH decrease. 
(D) Representative traces of FluoZin-3 fluorescence from shZnT1 and control neurons, that were transiently treated with 200 µM Zn 2+ (pH 7.4) and subsequently 
perfused with Zn 2+ -free solution at the indicated pH value. Right panel shows averaged rates of Zn 2+ removal (marked by dashed box, rate during 200 s period 
following the maximal signal), dashed red line represents the average rate of Zn 2+ removal in shZnT1 neurons washed with solution at pH 7.4, as obtained in Fig. 1. 
(n = 7,  t-test,  ns-  not  significant)  (E)  Cortical  neurons  were  infected  with  the  AAV2  hSyn  shZnT1  or  control  virus  (as  in  Fig.  1)  and  loaded  with  FluoZin-3. 
Representative images from control and shZnT1 neurons, as in Fig. 3D, showing RFP fluorescence (red, left panels) and FluoZin-3 fluorescence (green), during 
baseline acquisition (middle panels) and after perfusion with solution at pH 6 (right panels) For interpretation of the references to color in this figure legend, the 
reader is referred to the web version of this article.). 
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(Fig. 4C). Further supporting a link between Zn 2+ efflux and extracel-
lular Ca2+ . Finally, if ZnT1-dependent efflux counteracted Zn 2+ loading 
when cortical neurons were exposed to 50 µM Zn 2+ (Fig. 1G), then we 
expect that in the absence of extracellular Ca2+ this concentration of Zn2 

would be sufficient to significantly increase cytosolic Zn2+ . We therefore 
determined rates of Zn2+ efflux following transient exposure of neurons 
to only 50 µM Zn 2+ in Ca2+ -free solutions. Upon removal of Zn 2+ , we 
monitored a significant decrease in FluoZin-3 fluorescence in the pres-
ence of extracellular Ca 2+ (1.8 mM), but not when cells were washed 
with  Ca 2+ -free  solution  (Fig.  4D).  Moreover,  initial  rates  of  Zn 2+

removal were enhanced by the presence of 5 mM Ca2+ (Fig. 4D). We also 

noted that rates of Zn2+ efflux in this paradigm were comparable to the 
rates obtained following loading of 200 µM  Zn 2+ in Ca 2+ -containing 
solutions (Fig. 4A). These results strongly suggest that extracellular Ca2+

is coupled to ZnT-dependent Zn2+ efflux in neurons. 
While the previous experiments show that the Zn2+ efflux properties 

of ZnT1 are Ca2+ -dependent, it remains to be established whether ZnT1 
is a Zn2+ /Ca2+ exchanger. If this were to be the case, Ca2+ ions should be 
transported into neurons concomitantly with Zn2+ extrusion. To 
monitor intracellular Ca 2+ , we infected cortical neurons with  a viral 
vector encoding the Ca2+ fluorescent reporter GCaMP6 [49, 50]. These 
cells were exposed to 200 µM Zn2+ in the presence of physiological Ca2+

Fig. 4.ZnT1 transport is Ca2+ -dependent. (A) Representative traces of FluoZin-3 fluorescence in cultured cortical neurons, transiently treated with 200 µM Zn2+ in a 
solution containing 1.8 mM Ca 2+ . Neurons were then washed with a solution containing Ca 2+ at the indicated concentration. Insert shows the Zn 2+ removal phase 
(region marked by the dashed box). Right panel shows averaged rate of Zn 2+ removal (rate during 200 s period following the maximal signal, as marked by the 
dashed box, n = 10, ANOVA, *p = 0.04, ****p < 0.0001). (B) Representative traces of FluoZin-3 loaded neurons treated with Zn 2+ as in A (black trace) or in the 
presence of 1 µM nifedipine (gray trace). Right panel shows averaged rate of Zn2+ loading (marked by box, rate during initial 100 s following addition of Zn 2+ ) and 
Zn2+ removal (marked by dashed box, rate during 200 s period following the maximal signal, n = 14, t-test, ns- not significant). (C) FluoZin-3 fluorescence from 
neurons perfused with 50 µM Zn2+ in a Ca2+ -free solution or in a solution containing 1.8 mM Ca2+ . Averaged rates of Zn2+ loading (marked by box, rate during initial 
100 s following addition of Zn 2+ ) and removal (marked by dashed box, rate during 200 s period following the maximal signal) are shown in the middle and right 
panels. (n = 10, t-test, *p = 0.03, ****p < 0.0001) (D) FluoZin-3 fluorescence in cultured cortical neurons transiently treated with 50 µM Zn 2+ in Ca2+ -free solution, 
followed by perfusion with solution containing Ca 2+ at the indicated concentrations. Insert shows the Zn 2+ removal phase (region marked by dashed box). Right 
panel shows averaged rates of Zn2+ removal (rate during 200 s period following the maximal signal, n = 12, ANOVA, **p = 0.003, ****p ≤ 0.0001). 
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concentrations (1.8 mM) in order to trigger Zn 2+ influx. Under these 
conditions, we observed no changes in GCaMP6 fluorescence (Figs. 5A, 
B). However, during the Zn 2+ -free treatment that followed, we noted 
pronounced increases in GCaMP6 signals (Fig. 5A,B), suggesting that the 

Zn2+ efflux was accompanied by a measurable Ca2+ influx. Control cells 
that were not treated with Zn 2+ demonstrated stable intracellular Ca 2+

levels for the duration of the experiment (Fig. 5A). Regardless of prior 
treatment, exposure to 10 µM glutamate produced a marked increase in 

Fig. 5.Reciprocal Ca2+ transport in ZnT1 expressing cortical neurons. (A) Representative fluorescent signal from cortical neurons expressing the Ca 2+ sensitive 
GCaMP6 indicator. Neurons were perfused with solution containing 1.8 mM Ca 2+ and were transiently treated with 200 µM Zn 2+ (black trace) or without Zn 2+ as 
control (gray trace). Neurons were then washed with Zn 2+ -free and Ca2+ -containing solution, as in Fig. 4. Finally, glutamate was added to trigger a metabotropic 
Ca2+ response, indicating that physiological cytosolic Ca2+ responses are apparent in both cultures. Right panel shows averaged rates of GCaMP6 fluorescence change 
during the initial 60 s following removal of Zn 2+ (n = 10, t-test, **p = 0.006). (B) Representative images of GCaMP6 fluorescence signal obtained at indicated time 
points, for a Zn2+ treated culture as described in A. (C) Representative traces from GCaMP6 expressing cells treated with Zn2+ as in A (black trace) or in the presence 
of 1 µM nifedipine (dark gray trace). In addition, neurons expressing GCaMP6 were treated with Zn 2+ (as indicated) and then washed with Ca 2+ -free solution (light 
gray trace). As control, glutamate was applied, indicating that physiological Ca 2+ signals are apparent in all cultures. Right panel shows averaged rates of GCaMP6 
fluorescence change during the initial 60 s following removal of Zn 2+ , or in cells that were not treated with Zn 2+ at all (white bar). (n = 10, ANOVA, **** p ≤

0.0001). (D) Cortical neurons infected with AAV2 hSyn shZnT1 or control RFP tagged virus in addition to GCaMP6 as in A. Representative GCaMP6 fluorescence from 
shZnT1 or control neurons perfused with 1.8 mM Ca 2+ -containing solution, and transiently treated with 200 µM Zn 2+ , as in A. Right panel shows averaged rates of 
GCaMP6 fluorescence increases following removal of Zn2+ (obtained during initial 60 s following removal of Zn 2+ (n = 20, t-test, ** p = 0.008). 

N. Gottesman et al.                                                                                                                                                                                                                             



Cell Calcium 101 (2022) 102505

8

the Ca2+ signal, serving as an important positive control (Fig. 5). To 
exclude a role for LTCC in this Ca2+ influx, we repeated the experiment 
in the presence of nifedipine (1 µM). As shown in Fig. 5C, the rate of 
Ca2+ rise upon Zn2+ efflux was similar in control cells and cells treated 
with nifedipine. This is in agreement with our previous results (Fig. 4B), 
showing that in this paradigm LTCC are not involved in Zn 2+ transport. 
Finally, we asked if the Ca 2+ rise is induced by ZnT1-dependent ex-
change of intracellular Zn 2+ with extracellular Ca 2+ . For this purpose, 
neurons  were  initially  loaded  with  Zn 2+ ,  and  then  washed  with  a 
Ca2+ -free solution during the Zn 2+ efflux phase. We observed that the 
GCaMP6 fluorescence rise was completely abolished in the absence of 
extracellular Ca 2+ (Fig. 5C), indicating that Ca 2+ influx is coupled to, 
and required for Zn 2+ efflux. 

To  determine  whether  ZnT1  is  essential  for  the  Ca2+ influx,  we 
compared the rates of Ca2+ influx in control versus shZnT1 cells. Neu-
rons previously co-infected with GCaMP6 and shZnT1-expressing vec-
tors, or with GCaMP6 and RFP-only vectors, were exposed to 200 µM 
Zn2+ followed by treatment with extracellular Zn 2+ -free solutions that 
contained physiological Ca2+ (1.8 mM). Pronounced Ca2+ signals were 
observed  upon  Zn2+ removal  in  control  neurons  but  not  in  shZnT1 
neurons (Fig. 5D), supporting an essential role for ZnT1 in mediating 
Ca2+ influx upon Zn 2+ removal. Our results thus strongly suggest that 
ZnT1  represents  a  previously  unrecognized  Zn2+ /Ca2+ exchanger  in 
neuronal plasma membranes. 

Discussion 

Results presented here, using Zn2+ and Ca2+ fluorescence imaging 
and ZnT1 knockdown, have identified ZnT1 as a previously unrecog-
nized Zn2+ /Ca2+ exchanger. We show that ZnT1-mediated Zn 2+ efflux 
occurs in the presence of extracellular Zn2+ at concentrations that are 4 
orders  of  magnitude  higher  than  its  cytoplasmic  levels  [51,  52]. 
Removal  of  cytoplasmic  Zn2+ against  this  large  gradient  requires  a 
strong driving force, which can be facilitated by the similarly steep Ca2+

inward gradients across the plasma membrane [45]. Our data show that 
an inward Ca 2+ gradient is essential for Zn 2+ removal, and that recip-
rocal Zn 2+ /Ca2+ transport is  mediated by ZnT1. Importantly, knock-
down of ZnT1 abolished both, Zn2+ efflux and the reciprocal Ca2+ influx. 
Both Ca2+ and Zn2+ are key elements in neuronal signaling, modulating 
synaptic plasticity and neuronal viability in a variety of physiological 
and pathophysiological conditions [1, 3, 53]. The interaction between 
these signaling ions is well-established, as Zn2+ is a strong modulator of 
several Ca2+ ionotropic pathways [2, 12, 16, 54]. Intracellular Zn 2+ can 
also activate neuronal ryanodine receptors on the endoplasmic reticu-
lum to trigger cytosolic Ca 2+ transients [55, 56]. Moreover, Zn 2+ is the 
ligand  of  the  G  protein-coupled  receptor  mZnR/GPR39,  triggering 
intracellular Ca 2+ signaling in neurons [15, 57–59]. Our results identify 
ZnT1 as an additional, critical regulator of signaling pathways triggered 
by both Zn 2+ and Ca2+ . 

ZnT1 function had been primarily associated with reduction in Zn 2+

neurotoxicity [21, 60–62] under neuropathological conditions of pro-
longed  exposure  to  Zn2+ [1,  63–65].  Neuronal  Zn2+ permeation  can 
occur via ZIP transporters, transient receptor potential channels (TRP), 
ligand  and  voltage  gated  channels  [66–68].  Here,  we  show  that 
ZnT1-dependent Zn2+ /Ca2+ exchange is a major pathway for neuronal 
Zn2+ efflux, modulating the initial rate of cytoplasmic Zn 2+ rise during 
transient  exposure  to  this  ion,  a  condition  that  may  occur  following 
synaptic release of Zn2+ from ZnT3-containing terminals [12, 69, 70]. 
Notably, our study uses a relatively short exposure to Zn 2+ that may 
more closely reflect a physiologically-relevant scenario, especially when 
compared  to  conditions  previously  employed  to  study  ZnT1  activity 
[24].  While  this  is  still  a  prolonged  exposure  compared  to  synaptic 
release, our data clearly shows that ZnT1-dependent efflux occurs even 
during the very initial loading phase and therefore suggests that it is 
likely physiologically relevant. Cytoplasmic Zn 2+ modulates numerous 
intracellular  cellular  targets,  including  numerous  kinases  as  well  as 

transcription factors such as MTF-1 [71–73], ZnT1 may thus participate 
as an important regulatory component of these signaling cascades. 

Our results also suggest that ZnT1 may be a potential trigger for 
specific Ca2+ signaling processes in neurons. While formation of ZnT1- 
dependent extracellular Zn 2+ microdomains appears to be critical for 
the inhibition of the highly Zn 2+ -sensitive GluN2A-containing NMDA 
receptors  following  synaptic  Zn 2+ release  [17],  the  reciprocal  cyto-
plasmic Ca2+ microdomains that are likely induced via the 
ZnT1-dependent  Zn2+ /Ca2+ exchange  could  also  strongly  regulate 
NMDA receptor activity and neuronal Ca 2+ signaling [74–76]. Impor-
tantly, Ca 2+ entry through NMDA receptors during neuronal activity 
initiates gene expression and synaptic plasticity via recruitment of the 
Ca2+ binding protein calmodulin [77]. Thus, ZnT1-dependent changes 
in intracellular Ca 2+ levels in proximity to the NMDA receptor could also 
directly affect synaptic plasticity. 

During excitotoxic activity, prolonged rises in intracellular Zn 2+ may 
be neurotoxic [28, 78]. The exposure to 200 µM Zn2+ used in some of our 
experiments  may  reflect  these  conditions,  suggesting  that  ZnT1  will 
provide an essential neuroprotective role during pathologic conditions, 
as previously suggested [21, 62]. Intriguingly, as neuronal Ca 2+ over-
load can, in and of itself, be toxic [79, 80], it remains to be determined 
whether ZnT1-dependent intracellular Ca 2+ changes may contribute to 
the well-known toxic consequences of Zn 2+ exposure in neurons [1, 2, 
66, 78, 80]. Rises in intracellular Zn2+ induce mitochondrial dysfunction 
and subsequent neuronal Ca2+ deregulation, and thus Zn 2+ itself is a 
possible  component  of  Ca2+ -mediated  neurotoxic  signaling  processes 
[63, 81]. It would be interesting if ZnT1, in its role as a Zn 2+ /Ca2+

exchanger, may induce Ca2+ influx and act as an additional component 
of neuronal toxicity under certain circumstances. However, slow rates of 
ZnT1-dependent transport activity, and its attenuation of toxic 
NMDA-dependent  Ca2+ influx  [65],  may  in  fact  reduce,  rather  than 
enhance, excitotoxic injury. Regardless, our results highlight the intri-
cate  relationships  that  exist  between  Zn 2+ and  Ca2+ in  neuronal 
signaling pathways. 

Members of ZnT family that are expressed on acidic vesicles, such as 
ZnT5 or ZnT8, act as Zn2+ /H + exchangers and their activity is powered 
by the large pH gradients across the vesicular membrane [29, 31, 32]. In 
contrast, ZnT1 is expressed on the plasma membrane where H + gradi-
ents may not be prominent under physiological conditions, and as such 
would not be expected to provide the driving force for Zn 2+ efflux. We 
found that lowering the extracellular pH to 6 abolished neuronal Zn 2+

removal, suggesting that even extracellular acidic milieu does not pro-
vide a driving force that is sufficient to induce for Zn 2+ efflux. As such, 
ZnT1-dependent Zn2+ transport is most likely not coupled to H + gradi-
ents.  Moreover,  in  the  presence  of  acidic  extracellular  solutions  we 
observed cytoplasmic acidification and further Zn 2+ accumulation. One 
would  expect  that  silencing  of  ZnT1,  which  attenuates  Zn2+ efflux, 
would enhance Zn 2+ accumulation under acidic conditions. However, 
our results show similar rates of Zn2+ accumulation upon acidification in 
control and shZnT1 silenced neurons. One potential explanation for this 
observation is that the ensuing cytoplasmic acidic conditions interfere 
with  Zn 2+ coordination  at  the  His-binding  sites  on  ZnT1,  thereby 
inhibiting ZnT1-dependent Zn 2+ efflux in control neurons, resulting in 
similar Zn 2+ accumulation rates as in ZnT1 silenced neurons. Indeed, 
ZnT8-dependent  Zn2+ transport  into  acidic  organelles  depends  on 
release of Zn2+ from His-residues in the lumen acidic conditions [31]. 
Another scenario is that the cellular acidification, following exposure of 
neurons to pH 6, results in rapid liberation of Zn 2+ from metal binding 
proteins or other cytosolic ligands [40, 82], which cannot be effectively 
counteracted by ZnT1-mediated transport. A recent study, using 
reconstituted  liposomes  expressing  ZnT1  and  the  E.  coli  F0F1  ATP 
synthase, demonstrated ZnT1-dependent H+ transport in the presence 
mM  concentrations  of  Zn2+ and  a  steep  ATP-dependent  outward  H+

gradient [83]. However, it is unclear if the H + transport was coupled to 
ZnT1-dependent transport as ZnT1-lacking reconstituted vesicles also 
effectively transported H + , and direct measurement of Zn 2+ transport 
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was not demonstrated. Moreover, kinetic properties of ZnT1 obtained in 
this study, using 1–10 mM Zn 2+ , are dramatically different than those 
obtained for other ZnT members in the same preparation [84]. Although 
we cannot rule out a possible effect of acidic intracellular pH on the Zn2+

binding site of ZnT1, our results, strongly indicate that ZnT1 provides 
limited  or  no  Zn 2+ /H + exchange  across  neuronal  cell  membranes. 
Another putative counter ion to Zn 2+ is Na+ , which is present at a very 
high inward gradient supporting numerous transporters [41, 85], and 
could also support Zn2+ efflux. However, previous studies addressing the 
mechanism  underlying  transport  by  ZnTs  indicated  that  Na+ is  not 
transported by these proteins [29, 86]. The observed dramatic modu-
lation of transport by Ca2+ suggests that ZnT1 is a Zn2+ /Ca2+ exchanger. 

The Zn2+ metal-binding site, conserved among most members of the 
ZnT family is composed of a His-Asp-His-Asp-motif [6, 87]. Analysis of 
the coordination geometries of metal ions indicates that Zn 2+ , among 
other  metals, has a preference  to His-residues within the tetrahedral 
geometry  of  this  binding  site  [87].  Indeed,  replacement  of  a  single 
His-residue to an Asp-within the Zn 2+ binding site in vesicular ZnT5 or 
ZnT8 abolishes their binding selectivity between Zn 2+ and Cd2+ [30]. 
Bioinformatics scanning of residues that are located on Ca 2+ -binding 
sites of proteins, identified Asp-residues as having the highest affinity for 
Ca2+ [86]. The ZnT1 putative binding site that is formed of a 
His-Asp-His-Asp-motif is therefore composed of residues that have the 
highest  affinity  for  both  Zn 2+ (His)  and  Ca2+ (Asp).  However,  Ca2+

binding sites have a distinct conformation with several Asp-residues that 
are not shared with the Zn2+ binding site on ZnT1. Such distinct binding 
sites are also described for other proteins that bind both Zn 2+ and Ca2+

[88–90]. While the His-Asp-His-Asp-motif in the metal binding site of 
ZnT1 is preserved among most members of the SLC30A family, there is 
substitution of Asn-for His-at the metal binding site of ZnT10 
(SLC30A10),  which  protects  neurons  from  manganese  toxicity  [91]. 
Interestingly, Zn 2+ has very low preference to Asn, and, indeed, ZnT10 is 
indifferent to this metal ion [86]. Both Ca 2+ and Mn2+ show preference 
to Asn-binding, leading ZnT10 to function as a Mn 2+ /Ca2+ exchanger 
[86]. It remains to be determined whether other ZnT family members 
that have the His-Asp-His-Asp-motif are capable of mediating 
Zn2+ /Ca2+ exchange when exposed to varying Ca2+ gradients. 

Our study identifies ZnT1 as a physiologically relevant modulator of 
neuronal Zn2+ and Ca2+ transport in neurons, and, as such, may strongly 
influence synaptic signaling and plasticity. 

Materials and methods 

All  experimental  procedures  performed  on  animals  are  done  in 
accordance with a protocol approved by the committee for Ethical Care 
and Use of Animals in Research at the Faculty of Health Sciences at Ben- 
Gurion University of the Negev. 

Primary cortical neurons. Primary cortical neurons were obtained 
from newborn RccB57 (WT) mice (P1–2). Cortices were dissociated with 
mechanic pipetting in Hanks’ balanced salts solution (HBSS) (4 ml HBSS 
and 20 mM HEPES pH 7.4). The cell suspension was cultured in neu-
robasal  growth  medium,  supplemented  with  5%  fetal  bovine  serum 
(FBS), 2% B-27, 1% Glutamax-100X, and 1 µg/ml gentamicin. After 24 h 
growth medium was changed to neurobasal growth medium, supple-
mented with 2% B-27 and 1% Glutamax-100X. All cells were cultured in 
a humidified atmosphere of 5% CO2 at 37 ◦C. For imaging experiments, 
15 × 104 cells were seeded per 50 µg poly-D-lysin-treated coverslips (12 
mm) in 24 well plates. 

Fluorescent Imaging. The imaging system consists of an Olympus 
inverted microscope, and a CoolLED charge coupled device. Fluorescent 
imaging measurements are acquired with Cell Sense (Olympus micro 
Imaging software). Zinc imaging is conducted as follows: First, cells are 
seeded on coverslips and grow for two weeks. Then, cells are loaded with 
dyes according to the experiment and perfused with Ringer’s solution 
(composed  of,  in mM:  120 NaCl;  5.4  KCl;  1.8  CaCl2;  0.8  MgCl2;  10 
HEPES; 10 glucose; pH 7.4/ pH 6/ pH 8). Coverslips are then mounted in 

a  microscope  chamber  that  allows  rapid  solution  exchange.  For  zinc 
imaging FluoZin-3 (1.5 μM), a Zn 2+ -selective indicator was used [36]. 
Staining performed for 25 min and subsequently washed for at least 15 
min.  FluoZin-3 is excited at ~494 nm and imaged with a ~516 nm 
long-pass filter. For pH changes, staining was performed using BCECF 
(2′,7′-Bis-(2-Carboxyethyl)−5-(and-6)-Carboxyfluorescein)  dye  for  20 
min and washed for 10 min. BCECF is a radiometric dye excited at ~490 
nm versus its isobestic point of ~440 nm and is detected at 535 nm [58]. 
For calcium measurements we used the GCaMP6 slow indicator. Neu-
rons (DIV 7,8) were infected with hSyn AAV2 GCaMP6 virus, and used 
for imaging 7 days following infection. GCaMP6 is excited at ~494 nm 
and  imaged  with  a  ~516  nm  long-pass  filter.  Rates  of  fluorescence 
change were calculated by linear fit to the initial phase of the response 
and were averaged and presented in bar graphs. All results shown are 
average ±SD,  presented  as  boxplots,  of  at  least  three  independent 
experiments. 

Real time-PCR analysis. RT-PCR was used to determine ZnT1 mRNA 
levels in cortical cultures infected with AAV2 hSyn shZnT1 virus versus 
control RFP tagged vector (Fig. 1), or in neurons pre-treated with Zn 2+

versus control neurons that were exposed to a similar medium 
replacement  without  Zn2+ (Fig.  2).  RNA  was  purified  with  PureLink 
RNA Mini Kit (Ambion, ThermoFisher Scientific) as described by the 
manufacturer and treated with DNase (Invitrogen) in the process. One 
µg RNA was converted to cDNA using Quanta cDNA synthesis Kit as 
described by the manufacturer. cDNA was diluted 1:5 with ultrapure 
water and subjected to real time PCR procedure (Taqman). Primers and 
probes were supplied by Integrated DNA Technologies. Gene expression 
levels were normalized to Actin. The following primers were used: ZnT1- 
Mm.PT.58.42957893; β Actin - Mm.PT.58.33257376.gs 

Generation of AAV2–323 vector and gene silencing. Viral vectors 
based on adeno-associated virus (AAV) for expression of short hairpin 
RNA (shRNA) were utilized for targeted silencing of ZnT1 transporter in 
cortical neuronal cultures. shRNA sequences for ZnT1 as well as control 
were supplied by TransOMIC Technologies, USA (shZnT1 –  sense 5 ′- 
AAAGGCGCCAAC AGTTAGCATA-3′, all shRNAs contained TAGT-
GAAGCCACAGA TGTA mir-30a loop). All the shRNA sequences were 
preceded by the RFP gene under the Human synapsin 1 gene promoter. 
Control  vector  contained  the  RFP  sequence  alone,  since  scrambled 
controls  resulted  in  unexplained  massive  neuronal  death.  Only  RFP- 
positive cells were utilized for any experimental procedures involving 
the AAV targeted silencing. AAV2–323 was produced as described pre-
viously [92]. Briefly, AAVs were generated in HEK-293T cells (ATCC) 
using calcium phosphate transfection. To obtain the packed virions, 72 h 
after the transfection cells were lysed in lysis buffer (150 mM NaCl and 
500 mM Tris) by 3 freeze-thaw cycles (on 37 ◦C and −80 ◦C) after which 
the buffer was incubated with 100 U/mL benzonase (Sigma; E1014) for 
1 h on 37 ◦C. The lysate was stored on 4 ◦C until used. 

Immunocytochemistry. For immunocytochemistry analysis, 
14–16DIV neurons seeded on coverslips were washed and embedded 
with 4% PFA. Sections were exposed to 0.3% triton solution as antigen 
retrieval step. Blocking was done using blocking buffer (5% milk, 0.1% 
triton) for 1 h at room temperature. Then, cells were incubated with 
primary antibodies (see below) diluted in 1:2 dilution of blocking so-
lution for 1 h. The next day, sections were washed and incubated in 
fluorophore conjugated secondary antibodies for 1 h in the dark. Pri-
mary antibodies used: Anti-ZnT1 (SLC30A1) Antibody (Alomone #AZT- 
011) 1:200, Anti Tau (SySy #314 004) 1:500, Anti MAP 2 (SySy #188 
011) 1:300, Anti GluN2A/NR2A (NeuroMab #75–288) 1:300. second-
ary antibodies used: Alexa488 donkey anti mouse, Alexa488 or 
Alexa647 conjugated goat anti rabbit, Alexa594 conjugated goat anti 
guinea  pig,  Jackson  ImmunoResearch  Laboratories.  Finally,  sections 
were  washed  and  mounted  using  Dapi-containing  immunomount  to 
mark nuclei. 

Western-blot analysis.  Protein expression  was  monitored  using 
western blot analysis. Cortical cultured neurons were tested for ZnT1 
protein levels after infection with shZnT1 viral vector (Fig.1) or after 
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treatment with Zn 2+ (50 µM Zn 2+ for 12 h, Fig. 2). Neuronal cultures 
were infected on DIV7–8 and cells were harvest a week later into lysis 
buffer (50 mM HEPES pH 7.4, 10% glycerol, 10 mM MgCl 2, 150 mM 
NaCl, 1 mM EDTA, 1 mM EGTA, 1% (v/v) Triton X-100) in the presence 
of Protease Inhibitor Cocktail (1:50 complete, Sigma-Aldrich, Israel). 
Lysates  were  placed  on  ice  for  10  min  and  centrifuged  for  30  min 
(12,000 rpm) at 4 ◦C. Supernatants were collected and protein concen-
trations  were  determined  using  Bio-Rad  protein  assay,  SDS  sample 
buffer was added, and samples were boiled for 5 min and then frozen at 
−20 ◦C  until  used.  Proteins  were  separated  on  an  SDS-PAGE  and 
analyzed using antibodies raised against mZnT1 (SYSY #166–103, or 
Alomone #AZT-011) and mActin (1:10,000, MP-Biomedicals) at 4 ◦C 
overnight. The next day membranes were exposed to goat anti-mouse or 
anti-rabbit horseradish peroxidase-conjugated antibodies (Jackson 
ImmunoResearch Laboratories) for 1 h in RT. Densitometry analysis of 
expression level was performed using EZQuant-Gel software (EZQuant, 
Israel). Protein levels were estimated as the ratio of ZnT1 to Actin in 
each sample. Each bar graph represents an average of at least three in-
dependent experiments. 

Cellular viability detection. Cortical neurons were treated with 50 
µM Zn2+ for 12 h in MEM medium supplemented with 0.01% BSA and 
25  mM HEPES. Growth  medium was  collected and  LDH release  was 
determined using a commercial kit (ab102526, Abcam, Inc). 

Statistical analysis. Each boxplot represents data from n repetitions 
that denotes the number of coverslips analyzed for each condition (for 
imaging  paradigms  or  immunofluorescence  analysis)  with  about  20 
neurons monitored in each coverslip. For mRNA or protein quantifica-
tion, n denotes the number of lysates used. All experiments were per-
formed  on  at  least  three  independent  cortical  culture  preparations. 
Statistical analysis was performed using Student’s t-test with no assume 
equal  SDs,  or  ANOVA  using  Tukey  multiple  correction  test,  where 
appropriate. *p < 0.05, **p < 0.01, ***p < 0.001, ****p ≤ 0.0001, ns- 
non-significant. 
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