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The ZIP3 Zinc Transporter Is Localized to Mossy Fiber
Terminals and Is Required for Kainate-Induced
Degeneration of CA3 Neurons
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Tight regulation of neuronal Zn>" is critical for physiological function. Multiple Zn*>" transporters are expressed in the brain,
yet their spatial distribution and distinct roles are largely unknown. Here, we show developmental regulation of the expres-
sion of Zn®>" transporters ZIP1 and ZIP3 in mouse hippocampal neurons, corresponding to previously described increase in
neuronal vesicular Zn>" during the first postnatal month. Rates of Zn>" uptake in cultured mouse hippocampal neurons,
monitored using FluoZin-3 fluorescence, were higher in mature neurons, which express higher levels of ZIP1 and ZIP3. Zn*"
uptake was attenuated by ~50% following silencing of either ZIP1 or ZIP3. Expression of both ZIP1 and ZIP3 was ubiquitous on
somas and most neuronal processes in the cultured neurons. In contrast, we observed distinct localization of the transporters in adult
mouse hippocampal brain, with ZIP1 predominantly expressed in the CA3 stratum pyramidale, and ZIP3 primarily localized to the
stratum lucidum. Consistent with their localization, silencing of ZIP1 expression in vivo reduced Zn*>" uptake in CA3 neurons while
ZIP3 silencing reduced Zn>" influx into dentate gyrus (DG) granule cells in acute hippocampal slices. Strikingly, in vivo silencing of
ZIP3, but not ZIP1, protected CA3 neurons from neurodegeneration following kainate-induced seizures. Our results indicate that dis-
tinct Zn>" transporters control Zn>" accumulation and toxicity in different neuronal populations in the hippocampus and suggest
that selective regulation of Zn>" transporters can prevent seizure induced brain damage.
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(s )

Zinc plays a major role in neuronal function and its dysregulation is associated with neurodegeneration. Multiple zinc transporters
are expressed in neurons, yet little is known on their distinct roles. Here, we show that the plasma membrane ZIP1 and ZIP3 zinc
transporters are expressed on distinct neuronal populations in the CA3 region of the hippocampus. We show that ZIP1 mediates
zinc influx into postsynaptic cells, while ZIP3 is responsible for zinc re-uptake from this synapse into dentate granule cells. We fur-
ther show that silencing of ZIP3, but not ZIP1, can rescue the postsynaptic cells from kainate-induced neurodegeneration. This sug-
gests that neuronal zinc toxicity and degeneration can be modulated by regulation of specific zinc transporters function. /

(MF) terminals of the hippocampal dentate gyrus (DG) granule

Introduction : .
A large component of Zn** in the brain is localized to synaptic cells (Frederickson et al, 1981, 1992; Frederickson and
Danscher, 1990). MF terminals accumulate increasing amounts

vesicles of excitatory synapses, most strikingly in the mossy fiber
of vesicular Zn>" during the first postnatal month (Slomianka

and Geneser, 1997; Nitzan et al, 2002). Vesicular Zn** is
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released during physiological activity to modulate neurotrans-
mission via interaction with postsynaptic neurotransmitter
receptors, as well as activation of metabotropic zinc receptor
(mZnR/GPR39) signaling (Besser et al., 2009; Saadi et al., 2012;
Anderson et al., 2015; Gilad et al., 2015; Kalappa et al., 2015;
Krall et al, 2021). Changes in intracellular Zn>" levels can be
also detected following its translocation into postsynaptic cells
following synaptic release, or after intracellular liberation from


https://orcid.org/0000-0003-4134-1218
https://orcid.org/0000-0002-7550-1550
https://orcid.org/0000-0001-9610-4194
https://orcid.org/0000-0003-1652-1989
mailto:hmichal@bgu.ac.il

Bogdanovicet al. e Loss of ZIP3 Rescues CA3 Neurons from Degeneration

metal binding proteins, such as metallothioneins (Aizenman et
al., 2000; Weiss and Sensi, 2000; Zhang et al., 2004; Sensi et al.,
2011). Excessive accumulation of Zn?" is neurotoxic (Zhang
et al., 2007; Ji et al., 2019;Aizenman et al., 2020; Granzotto
et al., 2020), and, as such, tight spatiotemporal regulation of
neuronal Zn>" is of fundamental importance to maintain
neuronal integrity.

In addition to metallothioneins (Krezel and Maret, 2021),
two families of Zn>" transporters are responsible for intracellular
Zn*" distribution by mediating movement of this ion across cel-
lular and organelle membranes (Krall et al., 2021). The ZRT-
IRT-like transporters (ZIP) of the SLC39A superfamily transport
Zn*" into the cytosol, while members of the ZnT, SLC30A
superfamily of transporters, as well as TMEM163 (Styrpejko and
Cuajungco, 2021), move the metal out of the cell or into mem-
branous organelles. Of the 25 Zn*" transporters (14 ZIPs, 10
ZnTs, and TMEMI163), many are expressed in an organelle-,
cell-, or tissue-specific manner (Gaither and Eide, 2001; Milon et
al., 2001; Nitzan et al., 2002; Kambe et al., 2015). In neurons,
ZnT3 is essential for sequestration of Zn”>" into synaptic vesicles,
establishing the well-described pool of vesicular Zn>" present in
the MFs (Palmiter et al., 1996; Wenzel et al., 1997; McAllister
and Dyck, 2017). Several ZIP transporters are present in neurons
(Qian et al.,, 2011; Nishikawa et al., 2017), but their specific roles
in Zn>"-mediated cellular processes had not been well character-
ized. Mice lacking ZIP1 and ZIP3, which are ubiquitous cell
membrane Zn”>" importers (Dufner-Beattie et al., 2005; Belloni-
Olivi et al., 2009), exhibit lower neuronal loss in the CA1 hippo-
campal region following kainate-induced epileptic seizures (Qian
et al, 2011). While this study pointed to an important role for
Zn** uptake mechanisms in neuronal survival or death, it did
not define the specific roles played by each of the two transport-
ers. Indeed, despite their critical potential role in neurodegenera-
tion, little is known about the specific localization and function
of ZIP1 and ZIP3 in neurons. As such, we set out to determine
whether ZIP1 and ZIP3 have distinct roles in neuronal Zn**
uptake and whether they differentially affect degeneration
and survival following injury. Our results indicate that ZIP1
and ZIP3 expression is developmentally regulated and that
in the adult hippocampus, ZIP1 and ZIP3 are present in dif-
ferent strata and regulate Zn>* transport in distinct neuro-
nal populations. Further, we demonstrate that ZIP3, but not
ZIP1, is involved in neuronal degeneration following epi-
leptic seizures.

Materials and Methods

All experimental procedures involving animals were performed accord-
ing to approved protocols and in accordance with the committee for
Ethical Care and Use of Animal in Experiments at the Faculty of Health
Sciences at Ben-Gurion University. Animals were housed on a 12/12 h
light/dark cycle, at a temperature of 20-24°C and 30-70% relative hu-
midity and were provided with mice chow and water ad libitum.

Primary hippocampal neuronal cultures

Primary hippocampal neurons were prepared from postnatal day (P)0
C57BL/6JRcc mouse neonates. Hippocampi were treated with papain
(Worthington) and dissociated by mechanic pipetting in HBSS supplied
with 20 mm HEPES (pH 7.4), and cells were seeded on 50 pg poly-D-
lysin-coated coverslips (12 mm) in 24-well plates at the density of
5 % 10° cells/ml (coverslip). During the initial 24 h, cells were cultured in
neurobasal medium (Invitrogen), supplemented with 5% fetal bovine se-
rum (FBS), 2% B-27, 1% Glutamax-100x, and 1 ug/ml gentamicin, after
which the medium was devoid of serum. To suppress glial growth, 5 um
cytosine 3 -D-arabinofuranoside (AraC) was added to the medium on
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days in vitro (DIV5). All cells were cultured in a humidified atmosphere
of 5% CO, at 37°C.

Immunofluorescent labeling of primary hippocampal neuronal cultures
Cell-seeded coverslips were removed from growth media, washed with
PBS and immediately fixed in 4% paraformaldehyde for 10 min at room
temperature. Next, cells were permeabilized with 0.1% Triton X-100 in
PBS (3 min) and blocking was performed with 5% normal goat serum in
PBS (1 h) at room temperature. Cells were incubated with either rabbit
polyclonal anti-ZIP1 or anti-ZIP3 antibody (Abcam #abl105416,
#ab117568), some coverslips were co-incubated with guinea pig anti-
TAU (SySy 314004), in blocking solution for 1 h at room temperature.
Following extensive wash with PBS, cells were incubated with appropri-
ate secondary antibodies (Alexa488-conjugated or Alexa594-conjugated
goat anti-rabbit and Alexa594-conjugated goat anti-guinea pig, Jackson
ImmunoResearch). Coverslips were then mounted with Fluoromount
DAPI-containing mounting medium.

Immunofluorescent labeling of hippocampal tissue sections

Anesthetized (ketamine/xylazine) C57BL/6JRccHsd mice (1 or 14d and
1-1.5months old) were transcardially perfused with ice cold PBS and
4% paraformaldehyde. Brains were extracted and postfixed in the same
fixative overnight at 4°C. Tissue was then washed with PBS, dehydrated
with increasing series of ethanol, cleared with toluene and infiltrated
with paraffin. Ten-micrometer paraffin sections were obtained on a ro-
tary microtome. After heat induced antigen retrieval in 10 mm sodium
citrate (95°C, 10 min), tissue sections were washed and blocked with 5%
NGS, 0.01% Triton X-100 in PBS (blocking solution). For ZIP1/ZIP3
double immunolabeling, sections were incubated overnight at 4°C with
primary anti-ZIP1 (Abcam abl05416), and then incubated with
Alexa488 conjugated monovalent F(ab) Fragments of Affinity-Purified
goat anti-rabbit secondary antibodies for 1 h at room temperature. Slices
were subsequently incubated with ZIP3 primary antibody (Abcam
ab117568) overnight at 4°C, and then incubated with Alexa 647 goat
anti-rabbit antibody for 1 h at room temperature. Sections were
mounted with Fluoromount DAPI-containing mounting medium. For
colocalization of ZIP1 or ZIP3 with Calbindin, following the above
deparaftinization, antigen retrieval and blocking, sections were incu-
bated with either rabbit anti-ZIP1 or ZIP3 (Abcam ab105416, ab117568)
primary antibody mixed with mouse anti-Calbindin (Swant D-28K, 300)
antibody overnight at 4°C, and with secondary antibodies (Alexa488-
conjugated goat anti-mouse and Alexa594-conjugated goat anti-rabbit)
as described above. For colocalization of ZIP3 and vesicular glutamate
transporter 1 (Vglutl), following the above deparaffinization, anti-
gen retrieval, sections were blocked with 5% normal horse serum,
0.01% Triton X-100 in PBS on room temperature for 1 h. Sections
were then incubated with rabbit anti-ZIP3 and goat anti-Vglutl
(SySy, 135307) antibody overnight on 4°C, washed with PBS and
incubated for 1 h at room temperature with a cocktail of Alexa488
conjugated donkey anti-goat and Alexa594 conjugated donkey
anti-rabbit antibodies. Fluorescent images were acquired with
appropriate filters using Nikon Eclipse Ti confocal microscope.
Colocalization and overlap coefficients were calculated using
Image]/Coloc2 plugin. Quantification of fluorescent signal meas-
urements was performed in Adobe Photoshop, by averaging mean
gray values of five randomly selected regions per hippocampal slice
in stratum lucidum and in stratum pyramidale. For comparison,
all data were normalized to mean values of the signal in the pyram-
idal layer for each age/transporter group.

Quantitative PCR (qPCR) analysis

For measuring mRNA levels of Zn>" transporters in primary hippocam-
pal neurons, cells were washed with PBS and homogenized using
QIAshredder (QIAGEN) as suggested by the manufacturer. For hippo-
campal tissue measurements, hippocampi were dissected from wild-type
(WT) mice of different ages following anesthesia with ketamine and
xylazine and subsequent decapitation. Hippocampal tissue was dissoci-
ated and lysed in Lysis Buffer (Ambion, ThermoFisher Scientific) sup-
plemented with B-mercaptoethanol. RNA was purified with
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PureLink RNA Mini kit (Ambion, ThermoFisher Scientific) as
described by the manufacturer and treated with DNase (Invitrogen).
One microgram of purified RNA was converted to cDNA using
Quanta cDNA synthesis kit as described by the manufacturer, which
was then subjected to real-time PCR procedure (Tagman, Applied
Biosystems). Primers and probes were supplied by Integrated DNA
Technologies. The following sequences were used for the primers:
ZIP1 forward primer, CTTGTAAGC CAGCGTGATCT and reverse
primer, CTGCCATAGATGAGGCCTTG; ZIP3 forward primer,
AGAAACCCACCATCATGAGC and reverse primer, CGTATTC
CTGGCTA CATGCTT; ZIP12 forward primer, GTGAGTAAC
AGTGCATCTGCT and reverse primer, CTCAAC CATCCACAA
AGCCT; ZnT1 forward primer, TCCCATTTACTTGTACAT
CCACTG and reverse primer, CCAACACCAGCAATTCCAACG;
ZnT3 forward primer, GAGAATCCAAAC CGGGAATAGAG and
reverse primer, TACTTACCACGTTGCCTCTG; ZnT10 forward
primer, ACACCTCTGATATTGAGTGCTTC reverse primer, AC
CGTGTTCTCTAATGTAGCAG; Actin forward primer, AGGTC
TTTACGGATGTCAACG and reverse primer, ATTGGCAAC
GAGCGGTT. Gene expression levels were normalized to actin and
are presented as fold increase relative to the level in 3-d-old animals
or DIV10 primary hippocampal neurons.

Generation of adeno-associated virus (AAV) particles for gene silencing
Gene transfer vectors based on AAV for expressing short hairpin RNA
(shRNA) were used for targeted silencing of ZIP1 or ZIP3 transporters
in vitro or in vivo. shRNA sequences for ZIP1, ZIP3 as well as scramble
control were supplied by Transomic Technologies (control: sense 5'-
ACACGT GTTGACAATTAATCAT-3"; shZIP1: sense 5'-CCCCCTT
GCAAGAGTTCATCTA-3'; shZIP3: sense 5'-ACGGTGGCACCT TC
CTGTTTGA-3', all shRNAs contained TAGTGAAGC CACAGATGTA
mir-30a loop). All the shRNA sequences were under the U6 promoter,
preceded by the RFP gene under the human synapsin 1 gene promoter.
Only RFP-positive cells were used for any experimental procedures involv-
ing the AAV-targeted silencing. For in vitro transduction, viral particles
were prepared as described previously (Groh et al,, 2008) in HEK-293T cells
using both the pD1 and pD2 helper plasmids. For in vivo delivery, AAV-
PHP.eB particles were produced as previously described (Challis et al.,
2019). Briefly, viral particles were harvested 72 h after transfection in HEK-
293T cells, the cells were lysed (buffer containing 150 mwm NaCl and 50 mm
Tris) by three freeze-thaw cycles (37°C and —80°C) after which the buffer
was incubated with 100 U/ml benzonase (Sigma; E1014) for 1 h at 37°C.
This crude lysate was stored at 4°C and used for neuronal culture transduc-
tion. AAV-PHP.eB particles were purified for in vivo use by iodixanol
(Optiprep, Sigma; D1556) gradient (15%, 25%, 40%, and 60%). Viruses
were then concentrated using Amicon filters (EMD, UFC910024), and for-
mulated in sterile PBS. Titer for each of the produced viruses was measured
by determining the number of DNase I-resistant vg using qPCR. Finally, 1-
2 x 10° vg were administered by intracranioventricular frechand injections
of 2l per ventricle to cryoanesthetized PO/P1 littermate C57BL/6JRcc
mouse neonates, at approximately half the distance between the eye and the
A, as described previously (Kim et al., 2014). Subsequent experimental pro-
cedures were performed three or five weeks after injections for live tissue
imaging or neurodegeneration assay, respectively.

Fluorescent Zn’" imaging in primary neuronal cultures

Live cell imaging was performed, as described (Ganay et al,, 2015), on an
Axiovert 100 inverted microscope (Zeiss) with 10x objective connected
to Polychrome V monochromator (TILL Photonics) and fluorescence
changes were recorded with SensiCam cooled charge-coupled camera
(PCO) and measured with Imaging Workbench 5 (Indec). For silencing
experiments, hippocampal cultures were transduced with viral vectors
aimed to silence ZIP1 or ZIP3 or with a scramble control vector on
DIV10. One week after transduction, cells were washed in physiological
Ringer’s solution (containing 120 mm NaCl, 5.4 mm KCl, 0.8 mm MgCl,,
20 mm HEPES, 15 mum glucose, and 1.8 mm CaCl,, at pH 7.4) and loaded
with the cell permeant FluoZin-3 AM in Ringer’s solution (1 um, 30 min,
room temperature). Cells were washed for 20 min after which the cover-
slips were mounted in a recording chamber on the imaging microscope.
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Cells were exposed to nominally Ca®>"-free Ringer’s solution for ~60 s
to obtain baseline fluorescence level, followed by addition of 100 um
Zn*". Fluorescence signal was recorded every 3 s and averaged over a
minimum of 10 neurons (RFP-positive neurons for silencing experi-
ments) for each coverslip. Traces are shown, and slopes of signal change
were determined over initial 100 s, following addition of Zn>*. Averaged
rates over n experiments are presented in the boxplots.

Fluorescent Zn*" imaging in acute hippocampal slices

Live tissue imaging was performed as described (Chorin et al,, 2011) on
an Olympus (IX-50) microscope with 10x water-immersed objective,
connected to a Polychrome IV monochromator (TILL Photonics) and
fluorescence changes were recorded with SensiCam cooled charge-
coupled camera (PCO) and measured with Imaging Workbench 5
(Indec). Mouse C57BL/6JRcc neonates (PO-P1) were transduced with
AAV-PHP.eB viral vectors aimed to silence ZIP3 or ZIP3 or scramble
control vector, by intracranioventricular injections. Three weeks after
transduction (P21), transverse brain slices (300 um) were produced
from animals of either sex. Acute slices were kept in continuously oxy-
genized artificial CSF (ACSF; 124 mm NaCl, 26 mm NaHCO;, 1.25 mm
NaH,PO,, 2 mm MgSOy,, 2 mm CaCl,, 3 mm KCl, and 10 mum glucose, at
pH 7.4) at room temperature for at least 1 h. For live imaging of cytosolic
Zn*" changes, we used the cell permeant Zn**-sensitive fluorescent dye,
FluoZin-3. Slices were loaded with 1 um FluoZin-3 AM in the presence of
0.02% pluronic acid, dissolved in ACSF, for 45 min (Gee et al., 2002; Chorin
et al,, 2011). Slices were incubated in fresh ACSF for additional 30 min, after
which the slices were transferred to the recording chamber and mounted
on the imaging microscope. To avoid Zn*>* orthophosphate precipitates,
during imaging the ACSF was changed to NaH,PO,-free ACSF as previ-
ously done (Besser et al., 2009). For each brain slice, minimum of 10 RFP-
positive neurons were selected, either in DG or CA3 hippocampal region,
and baseline fluorescence was obtained (60 s) followed by addition of 200
M Zn*". Fluorescence signals were recorded every 3 s and fluorescence in
each region of interest was normalized to its own baseline values. Traces are
shown, and slopes of signal change were determined over initial 100 s.
Averaged rates over n experiments are presented in the boxplots. For vesic-
ular Zn?* measurements, slices were loaded with 30 um Zinpyr1 (ZP1) for
30 min, which accumulates in vesicles (Burdette et al., 2001; Woodroofe et
al., 2004), washed two times in ACSF, and rapidly transferred to the record-
ing chamber. For each brain slice, minimum of 10 DG RFP-positive neu-
rons were selected, and slices were superfused with ACSF for ~3 min to
obtain baseline and then the membrane permeable Zn*" chelator TPEN
(40 pm) was added. Fluorescence images were recorded every 30 s for the
initial 5 min, to reduce bleaching images were acquired only every 150 s for
20 min, and finally for the last 5-min fluorescence was recorded every 30 s.
Traces are shown, and fluorescence decrease was determined as a difference
between the baseline and the final fluorescence intensity values, ATPEN,
and presented as percentage of fluorescence decrease in control slices.

Neurodegeneration assay (Fluoro-Jade B and Nissl histochemistry)

Neonate C57BL/6JRcc mice (PO-P1) received intracranioventricular
transduction of AAV vectors aiming to silence ZIP1 or ZIP3 or with
scrambled control vector. Kainic acid (3mg/ml) was administered
five weeks later intraperitoneally to all animals in doses of 25-30 mg/kg
and animals were continuously recorded to evaluate the seizure scores
(using the following scale: grade 1, staring/unresponsive; grade 2, focal
clonic convulsion, tail rigidity; grade 3, forelimb clonus with rearing into
sitting position; grade 4, loss of posture broken by periods of total still-
ness; grade 5, continuous grade four seizures, status epilepticus; grade 6,
body in clonus, as previously used; Gilad et al., 2015). Only animals that
reached grade 5 (13 out of 15 animals, 4/5 animals in control or shZIP1,
and 5/5 animals in shZIP3 group) were used for further immunohisto-
chemical analysis. 30 min after initial grade 5 seizure all animals were
treated with 10 mg/kg Diazepam to prevent further seizures and subse-
quent neurodegeneration. Animals were killed 24 h. after the seizures
(using ketamine/xylazine cocktail anesthesia and perfusion with ice cold
PBS and 4% paraformaldehyde). This protocol for early neurodegeneration
following kainate administration was previously used to determine neuronal
injury in ZIP1/ZIP3 double knock-out mice (Qian et al, 2011).
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Importantly, relatively small but consistent cell death is observed in the hip-
pocampus in this strain of mice in the latter study, as well as in others
(Schauwecker and Steward, 1997; McKhann et al, 2003; Schauwecker,
2003; Schauwecker et al., 2009). Our data show significant and consistent
cell death at 24 h after kainate injection in all animals studied, as previously
shown (McLin and Steward, 2006; Tzeng et al., 2013). Brains were har-
vested, postfixed in the same fixative overnight, and cryoprotected in
20% and 30% sucrose solutions. Finally, brains were embedded in
Optimal cutting temperature compound (OCT) and frozen in liquid
nitrogen. Twenty-micrometer coronal sections were obtained on a
cryostat, mounted on gelatin coated glass slides and dried at room tem-
perature overnight, and stored at —80°C. Neurodegeneration was
assessed by Nissl (cresyl violet) staining and numbers of degenerating neu-
rons were quantified using Fluoro-Jade B labeling (Millipore). Nissl stain-
ing and Fluoro-Jade B labeling were performed on serial sections for each
animal. For Niss] staining, sections were washed and incubated in 50%/
50% Chloroform/Methanol solution for 4 h at room temperature.
Following incubation in descending series of ethanol and rehydration sol-
utions, slides were incubated for 5min in Niss] staining solution, previ-
ously heated to 37°C. Excess dye was washed with brief rinse in water and
distaining was performed with 95% ethanol until satisfactory level of stain
was observed. Slides were dehydrated with absolute ethanol, cleared in xy-
lene and mounted with DPX mounting medium. Neurodegeneration was
observed as small apoptotic darker stained nuclei and regions of hippo-
campal tissue that showed loss of cellular elements or thickness of the
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Increased ZIP1 and ZIP3 expression during maturation of primary hippocampal neurons enhances Zn>* uptake.
A, ZIP1 (upper, magenta) and ZIP3 (lower, yellow) immunofluorescent labeling of DIV12 primary hippocampal neurons. Nuclei
are stained with DAPI (blue). B, ZIP1 (upper, magenta) and ZIP3 (lower, yellow) co-immunolabeling with the axonal marker
Tau (blue) of DIV21 primary hippocampal neurons. €, Analysis of mRNA expression levels of ZIP1 and ZIP3 in DIV17 hippocam-
pal neurons compared with DIV10 (normalized to 1, shown as dotted line; n=3 cultures per age group; *p < 0.05, t test). D,
Traces of FluoZin-3 fluorescence changes (left) in cultured hippocampal neurons perfused with 100 zum n**in Ringer’s solu-
tion, added at the indicated time. Averaged initial slope of fluorescent signal rise (right), representing Zn*" influx, in hippo-
campal neurons (DIV10: n=34 coverslips in 5 independent experiments; DIV17: n=23 coverslips in 4 independent
experiments; ***p < 0.001; using ¢ test compared with DIV10). E, Representative images (10x magnification) of primary hip-
pocampal neurons, before (50 s, marked in D) and after (250 s) exposure to 100 In**-containing Ringer's solution, as
used for D. Cultures of DIV10 neurons shown in left panels and DIV17 neurons shown in right panels. Scale bar for 4, B:

J. Neurosci., March 30, 2022 - 42(13):2824-2834 - 2827

specific region. For Fluoro-Jade B labeling,
slides were washed and submerged in 80%
ethanol, 1% NaOH for 5min, and then in
descending series of ethanol and rehydra-
tion solutions. Slides were then transferred
to potassium permanganate 0.06% (in
water) for 10 min, rinsed in water 1min
and incubated in 0.0004% Fluoro-Jade B in
0.1% acetic acid vehicle solution. Slides
were cleared in xylene after absolute etha-
nol dehydration and mounted using DPX
mounting medium. Quantification of
Fluoro-Jade-positive (FJT) cells was per-
formed on three to four brain sections, no
less than 200 um apart, per animal and
averaged number of FJ " cells per section is
shown in boxplots.

Statistical analysis

Unless otherwise stated, all data are shown in
box and whisker plots with all data points and
max-min value bars, number of mice used for
each experiment is shown in legends.
Statistical significance between the groups was
determined following normality test, using
the Shapiro-Wilk test, and using the Student’s
t test. Unpaired ¢ test with Welch’s correction
or one-way ANOVA with post hoc Tukey’s
test, as appropriate; *#p < 0.05, **p <0.01,
0 < 0,001

*kk

DIV10 DIv17

Results

ZIP1 and ZIP3 expression and Zn>"
transport are developmentally
regulated in hippocampal neurons in
vitro
We first sought to determine temporal
and spatial changes in expression of ZIP1
and ZIP3 in cultured hippocampal neu-
rons. Immunofluorescent labeling of
ZIP1 or ZIP3 in young cultured hippo-
campal neurons (DIV12), shows that
both transporters are expressed in the
majority of the cells (Fig. 1A). Moreover,
we detected a similar expression profile in mature hippocampal
neurons (DIV21; Fig. 1B), with ZIP1 and ZIP3 expression outlin-
ing somas, Tau-positive axons and Tau-negative dendrites. Both,
mature and young neurons exhibit ZIP1 immunostaining on the
entirety of the cells, whereas ZIP3 signal is found primarily, but
not exclusively, on neuronal somas in young neurons, extending
into neuronal processes during maturation of the cells (Fig. 14,
B). qPCR analysis of young and mature neurons shows that
mRNA expression levels of ZIP1 increase by 19 * 4% and ZIP3
levels increase by 48 + 8% (Fig. 1C) during in vitro maturation.
To determine whether ZIP1 and ZIP3 expression levels affect
neuronal Zn®" accumulation, we studied transport activity in
primary cultured neurons loaded with the Zn**-sensitive cyto-
solic fluorescent probe FluoZin-3 while transiently exposing cells
to 100 um Zn>", Rates of Zn>* accumulation were increased by
46 = 12% in mature neurons compared with young cells (Fig.
1D,E). These data suggest that ZIP1 and ZIP3 are developmen-
tally, but not differentially, expressed in primary neuronal cul-
tures, and that both may play an important role in Zn**
transport.

To distinguish between Zn** transport mediated by ZIP1 or
ZIP3 in cultured neurons, we selectively silenced either ZIP1 or
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ZIP3 using shRNA adeno-associated viral vec-
tors expressing RFP as marker. We then moni-
tored Zn’" accumulation using FluoZin-3
fluorescence in RFP-positive cells. Rates of
Zn** transport were reduced by 52 * 6% in
shZIP1-expressing cells and by 45* 6% in
shZIP3-expressing cells, compared with control
cells expressing a scrambled sequence (Fig. 24,
B). These values are in agreement with the
reduction in Zn>" transport noted earlier on
knock-out of both transporters (Qian et al.,
2011). Unfortunately, silencing of both trans-
porters simultaneously induced widespread
neuronal cell death in the cultures, such that
Zn*" uptake could not be assessed. This is
likely the result of severe Zn>" deficiency (Ahn
et al,, 1998, 2000; Kim et al., 2015) induced by
loss of both Zn** importers, as well as a possi-
ble lack of compensatry mechanisms for Zn>"
uptake in the mature neuronal culture. Next,
we asked whether the expression of other neuro-
nal Zn** transporters (Lovell et al, 2005;
Bosomworth et al., 2013; Leyva-Illades et al,
2014) may be affected following either ZIP1 or
ZIP3 downregulation. qPCR analysis (Fig. 2C)
indicated that the shZIP1 constructs resulted in
silencing of 39*+ 8% of ZIP1, while shZIP3
yielded 63 * 13% knock-down of ZIP3. We
noted that ZnT3 mRNA levels were also
reduced (35 * 4%) in ZIP3 knock-down cells.
However, neither shRNA constructs signifi-
cantly altered the expression of other transport-
ers examined, namely, ZIP12, ZnTI, and
ZnT10, previously linked to neuronal function
(Qin et al., 2009; Bosomworth et al., 2013;
Chowanadisai et al., 2013; Sindreu et al., 2014;
Krall et al., 2020). These results suggest a previ-
ously unanticipated role for ZIP3 in vesicular
Zn*" accumulation, indirectly associated with
ZnT3 expression. Altogether, our data indicate
that downregulation of either ZIP1 or ZIP3
expression results in decreased rates of Zn*"
uptake that is likely not mediated by changes in
expression of other transporters.
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Figure 2. Silencing of ZIP1 or ZIP3 expression lowers Zn®* uptake in cultured hippocampal neurons. A, Traces of
FluoZin-3 fluorescence of primary hippocampal neurons, transduced with shRNA constructs to silence ZIP1 or ZIP3
(shZIP1, magenta; shZIP3, yellow) or control viral vector (gray). Neurons were perfused with Ringer's solution and
treated with 100 um In** at the indicated time. Right panel shows averaged initial rates of fluorescence change
(n > 23 coverslips per group from 6 independent experiments; ***p < 0.001; using ANOVA comparison relative to

control cells). B, Representative images of FluoZin-3 fluorescence in primary hippocampal neurons, at the time points

Distinct ZIP1 and ZIP3 expression and
function in acute hippocampal slices

Since neurons in cultures may vary in protein
expression or behavior (Dabrowski et al., 2003;
Belle et al., 2018), we next evaluated the expres-
sion of ZIP1/ZIP3 in intact hippocampal tissues. We first moni-
tored the age-dependent expression of these transporters and
found that between P7 and P14 mRNA levels of ZIP1 increased
by 50 =10% (Fig. 3A) and ZIP3 mRNA levels increased by
66 = 13% (Fig. 3A). Thus, in agreement with the in vitro results,
ZIP transporters expression is increased during neuronal
maturation.

Next, we determined ZIP1 and ZIP3 expression pattern by
immunostaining analysis in hippocampal slices. In tissues from
1- to 1.5-month-old (adult) mice (Fig. 3B), ZIP1 was predomi-
nantly expressed in stratum pyramidale, while ZIP3 fluorescent
signal was mainly localized in stratum lucidum, MF-rich region
near the CA3, but not in CA1 (Fig. 3C,D). Some overlap of the

marked by arrows in A (10 magnification). C, Analysis of mRNA expression levels of relevant In** transporters in
control (normalized to 1, shown as dotted line) and shRNA transduced primary hippocampal neurons (n = 3-5 cultures
for each group; *p < 0.05, **p < 0.01; using t test relative to control cells).

fluorescent signals was nonetheless observed in the interface
between the MFs and the pyramidal cell layer (Fig. 3C).
Consistent with ZIP3 staining of MFs, we also observed ZIP3
staining in the DG cells (Fig. 3E). Interestingly, ZIP3 expression
pattern was similar to the previously observed Timm’s stain of
Zn*" in the hippocampus (Sekler et al., 2002), and to the corre-
sponding immunostaining pattern previously observed for ZnT3
(Palmiter et al., 1996; Cole et al., 1999). This again suggests a link
between ZIP3 and zincergic presynaptic neurons. To determine
whether this expression pattern is developmentally regulated, we
then stained tissue from 14-d-old mice (Fig. 3F,G) and neonates
(P1; Fig. 3H). In hippocampal tissue from 14-d-old mice, we
found clear ZIP1 and ZIP3 expression in both CA3 pyramidal
cell layer and the stratum lucidum, although ZIP1 expression
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els are 20 images. D, E, ZIP1 (magenta, upper panels) and ZIP3 (yellow, lower panels) immunolabeling of hippocampal CA3 region (D) and DG (E) in tissues from one-month-old mice. F,
Similar ZIP1 and ZIP3 staining in CA3 region in 14-d-old mouse. G, Normalized fluorescence of ZIP1 and ZIP3 in stratum lucidum compared with stratum pyramidale in different ages (n =3
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tended to be higher in CA3 cells, while ZIP3 levels were slightly
increased in the lucidum layer (Fig. 3G). We could not detect
expression of either protein in the neonate brain (Fig. 3H), in
agreement with the low mRNA expression even at P3 (Fig. 3A).

To further assess whether ZIP3 localizes to MF termi-
nals, we performed co-immunofluorescent labeling with the
MF marker calbindin (Fig. 4A). Colocalization analysis
revealed that ZIP3, but not ZIP1, had strong overlap in
expression pattern with that of calbindin (Fig. 4A,C).
Similar overlap was observed in intensity profiles of ZIP3
and the vesicular glutamate transporter, Vglutl, suggesting
that these transporters expression profiles colocalize in hip-
pocampal tissue (Fig. 4B,C). These results suggest that in
adult mouse brain, while ZIP1 is expressed on the postsy-
naptic CA3 neurons, ZIP3 is primarily expressed on the
MFs terminals of DG neurons.

Considering the distinct expression pattern of ZIP1 and ZIP3
in the hippocampus, we next asked whether ZIP1 and ZIP3 are
responsible for Zn>" uptake into the different ends of the MFs-
pyramidal cell synapses. We silenced ZIP1 or ZIP3 expression
using AAV-php.EB viral vectors, containing shZIP1 or shZIP3
constructs, which had been previously delivered to the mice (see
Materials and Methods). Each of the vectors also expressed RFP,
which served as a marker for identifying infected cells (Fig. 54,
D). Note that RFP expression is seen in CA3 cells (Fig. 54), and
also in DG cells including the MF terminals in the CA3 lucidum
layer (Fig. 5D), suggesting that numerous fibers originate from
mature DG infected neurons. We then performed live tissue
imaging of acute hippocampal slices with the cell permeant
FluoZin-3 to measure cytosolic Zn>* uptake in neurons from
different hippocampal subregions. In slices obtained from mice
previously transduced with AAV-RFP-shZIP1, CA3 pyramidal
neurons demonstrated 30 = 12% lower Zn>" uptake rate com-
pared with RFP-expressing control cells (Fig. 5B). In contrast,
silencing of ZIP3 did not diminish Zn>" uptake in the CA3 post-
synaptic region (Fig. 5C). This finding is in agreement with our
result showing that ZIP1, but not ZIP3, is expressed on the CA3
pyramidal cells (Fig. 3). Based on the localization of ZIP3 on the
MF terminals of the DG granule cells (Figs. 3, 4), we next imaged
Zn** uptake in the dentate granule cells (Fig. 5D). Granule cells

showed 47 = 10% decreased Zn>" accumulation in shZIP3 neu-
rons compared with control RFP-expressing cells (Fig. 5E).
These results, together with the specific localization of ZIP1 and
ZIP3 shown in Figure 3, strongly support a distinct role for ZIP1
and ZIP3 in Zn®>" uptake in specific neuronal populations. As
such, ZIP1 is responsible for postsynaptic uptake of Zn>" into
CA3 pyramidal cells, whereas ZIP3 mediates uptake of Zn>" into
the presynaptic cells. To test whether silencing of ZIP3 also
affects vesicular accumulation of Zn>* in the MFs, we loaded
shZIP3 hippocampal slices with the Zn*"-selective dye, ZP1,
which accumulates in vesicular compartments (Burdette et al.,
2001). To quantify the accumulated level of Zn*", we determined
the difference in fluorescent signal influenced by the cell perme-
ant Zn>" chelator, TPEN (40 um), which quenches ZP1 fluores-
cence. This difference in the fluorescent signal, ArTPEN (Aras et
al.,, 2009), represents the initial level of Zn** accumulated in the
vesicle. We then calculated the difference of the fluorescent sig-
nal between baseline and TPEN treatment. The quenching of
ZP1 fluorescence by TPEN was similar in shZIP3 and control
neurons (Fig. 5F), indicating that silencing of ZIP3 does not
reduce baseline vesicular Zn>" levels. This suggests that silencing
of ZIP3 does not abolish the long-term accumulation of Zn>" in
synaptic vesicles, at least within the timeframe of these
experiments.

Silencing of ZIP3, but not ZIP1, prevents seizure-dependent
CA3 pyramidal cells neurodegeneration

We next sought to determine the individual contributions of
ZIP1 and ZIP3 to neuronal injury following kainate-induced
seizures, as the concomitant loss of both transporters together
has previously been shown to be neuroprotective (Qian et al.,
2011). Mice were infected with either shZIP1 or shZIP3 using
the viral vectors, as described above, and seven weeks later, mice
were injected intraperitoneally with 25-30 mg/kg kainic acid to
induce epileptic seizures, as described previously (Tse et al,
2014). We analyzed neuronal degeneration in the CA3 region
only in mice that showed grade 5 seizure (continuous rearing
and loss of posture) that was maintained for 30min (see
Materials and Methods). In hippocampal tissues obtained from
the mice 24 h after seizure (see Materials and Methods),
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Nissl staining revealed apoptotic bodies and neuronal
degeneration throughout the CA3 pyramidal layer in all
control animals (Fig. 6A, Top panels) and in animals trans-
duced with AAV-RFP-shZIP1 (Fig. 6A, central panels). In
contrast, neuronal loss was markedly reduced in AAV-RFP-
shZIP3 transduced animals (Fig. 6A, bottom panels) com-
pared with controls or to shZIP1 transduced animals. This
reduction in neuronal loss was evident despite the fact that
grade 5 seizures were still present in these animals. To
quantify neuronal degeneration, we used Fluor-Jade B (FJ)
staining, which marks injured cells. In the CA3 region
of AAV-RFP-shZIP3 transduced animals, we monitored
54 +18% less FJ* (Fluoro-Jade B positive) cells compared
with control animals (Fig. 6B,C). Moreover, shZIP3 tissue
contained 63 * 14% fewer FJ© cells compared with AAV-
RFP-shZIP1 transduced animals. Finally, silencing of ZIP1
using the shZIP1 construct did not show any protection from
kainic acid induced neurotoxicity, and numbers of FJ* cells
were similar to the control group (Fig. 6B,C). Taken together,
these results suggest that ZIP3, but not ZIP1, has a critical role
in kainate neurotoxicity of CA3 pyramidal cells.

Discussion

Expression of Zn*" transporters is upregulated during the first
postnatal weeks, together with multiple proteins (Slomianka and
Geneser, 1997), but can also be modulated by Zn*" availability
(Liuzzi et al., 2001; Nitzan et al., 2002; Sekler et al., 2002; Huang
et al., 2006). We observe significant upregulation of ZIP1 and
ZIP3 expression that is paralleled by increased rates of neuronal
Zn*" influx in hippocampal neurons during the first two weeks
in vitro. In acute hippocampal tissue sections, neither transporter
was detectable at the first postnatal day, but by two weeks of age,
we find marked expression of both proteins in the CA3 pyrami-
dal cell layer as well as in the stratum lucidum. This increased
expression of ZIP1 and ZIP3 is concomitant with increased syn-
aptic Zn*" concentrations in CA3 hippocampal region (Nitzan
et al., 2004; McAllister and Dyck, 2017), suggests that there may
be developmental homeostatic regulation of ZIP1 and ZIP3
expression and Zn>" accumulation. Surprisingly, we observed
that in the adult hippocampus (1-1.5 months) the transporters
are expressed in distinct regions, with ZIP1 primarily localized to
the stratum pyramidale of the CA3 and ZIP3 mainly present
in the dentate granule cells and the MFs extending from them
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#p < 0.05 compared with control; **p < 0.01 compared with shZIP1, using ANOVA).

into the stratum lucidum. Since ZIP3 mRNA is similarly
expressed in both strata (Allen Mouse Brain Atlas, 2004), we sug-
gest that ZIP3 protein expression may be tightly regulated by the
accumulated Zn”" that is found in the MF terminals together
with ZnT3 (Palmiter et al, 1996; Wenzel et al, 1997).
Importantly, the specific expression pattern of ZIP1 and ZIP3
agrees with our findings that the activity of the transporters
affects Zn*" accumulation in distinct strata of the hippocampus.
Accordingly, silencing of ZIP1 reduced Zn>" accumulation in
CA3 neurons, while ZIP3 silencing reduced Zn>* accumulation
in DG cells. These findings support our hypothesis that ZIP1 and
ZIP3 have distinct roles in regulating Zn®>" during neuronal
activity.

Expression of ZIP3 follows the pattern of the glutamate trans-
porter 1 expression, suggesting that ZIP3 is in close proximity to
glutamatergic vesicles-containing synaptic terminals, similar to
the ZnT3 expression pattern (Salazar et al., 2005; McAllister and
Dyck, 2017). Thus, we suggest that ZIP3-mediated influx of
Zn*" into the dentate granule cells is important for re-uptake
and re-packaging of Zn>" previously released from the MFs.
Interestingly, transient silencing of ZIP3 in hippocampal cultures
induced a decrease in ZnT3 expression, suggesting that ZIP3 and
ZnT3 transporter function may be coordinated to regulate Zn>*
homeostasis. In contrast, we did not see a decrease in the synap-
tic Zn>" pools in the DG cells following ZIP3 silencing in vivo.
This indicates that although rapid Zn*" influx and re-uptake is
attenuated in the dentate granule cells by ZIP3 silencing, the
long-term accumulation of vesicular Zn*" (at least within the
timeframe studied here) is maintained even in the absence of
ZIP3. Such uptake can be mediated by numerous Zn*" trans-
porting proteins, which may be upregulated during the develop-
ment of shZIP3 mice that were infected at P1. In contrast, in
primary neuronal cultures silencing was performed only on day
10, when the neurons are relatively differentiated (Ichikawa et
al., 1993) and therefore adaptation of Zn** re-uptake mecha-
nisms may be less likely to appear. Indeed, silencing both ZIP1
and ZIP3 in the cultured neurons resulted in massive cell death,
likely as a result of severe Zn>" deficiency in the absence of the
compensatory re-uptake mechanisms. Clearly, additional studies
are needed to further characterize the complex regulation of
Zn*" present in synaptic terminals.

Here, we describe specific localization of ZIP1 and ZIP3 and
their distinct roles in Zn** accumulation, suggesting that these
transporters play different roles in Zn>" related neurotoxicity in
the CA3 region of the hippocampus. Surprisingly, we found that
silencing of the postsynaptic ZIP1 had no effect on survival of
CA3 neurons, suggesting that the influx mediated by this trans-
porter is not a main route for Zn>" entry into postsynaptic neu-
rons during excitotoxic conditions. In fact, previous studies
suggested that excitotoxicity-induced neuronal Zn>" transloca-
tion into postsynaptic cells is primarily mediated by Ca®"-per-
meable AMPA channels and voltage gated Ca** channels (Sensi
et al., 1999; Jia et al., 2002; Takeda et al., 2009; Medvedeva et al.,
2017; Ji and Weiss, 2018). Another important mechanism for
Zn** toxicity is via intracellular liberation in the postsynaptic
cells (Aizenman et al., 2000) which is also likely independent of
ZIP1. Thus, our results further indicate that ZIP1-dependent
Zn*" permeation is not a major player in neuronal death in exci-
totoxic conditions. Nonetheless, the precise physiological role for
this transporter remains to be established.

In contrast to the effect of ZIP1 silencing, knock-down of
ZIP3 resulted in attenuated CA3 neuronal death, suggesting that
regulation of presynaptic Zn>" uptake is critically important for
neuronal survival during excitotoxic conditions. What possible
mechanism may account for this observation? For one, the loss
of ZIP3 from the presynaptic MF terminals, and possible
decreased re-uptake, may promote activation of mechanisms
shown previously to decrease synaptic glutamatergic excitation
in the postsynaptic cells. For example, we previously demon-
strated that transient changes in extracellular Zn*" activate
mZnR/GPR39 signaling and lead to enhanced inhibition via up-
regulation of the potassium/chloride co-transporter KCC2 in
postsynaptic cells (Besser et al, 2009; Chorin et al, 2011).
Moreover, mZnR/GPR39 activation also induces postsynaptic
production and release of the endocannabinoid 2-arachidonoyl-
glycerol, which, in turn, leads to a subsequent decrease in presyn-
aptic glutamate release (Perez-Rosello et al., 2013). Alternatively,
the exposure of postsynaptic neurons to increased levels of Zn*",
because of diminished re-uptake in the absence of ZIP3, may
eventually lead to sub-lethal Zn®" permeation into postsynaptic
neurons. This, in turn, may trigger activation of adaptive neuro-
protective processes, including increased expression of



Bogdanovicet al. e Loss of ZIP3 Rescues CA3 Neurons from Degeneration

metallothionein (Aras et al., 2009). Buffering of Zn>* by MT-III
in the postsynaptic cells has been suggested to protect CA3 neu-
rons from ischemia induced cell death (Medvedeva et al., 2017).
Interestingly, such an adaptive mechanism may, in fact, require
ZIP1 activity in postsynaptic CA3 neurons. Indeed, in the ab-
sence of both ZIP1 and ZIP3 postsynaptic CA3 neurons are not
protected from seizure damage, in contrast to CAl neurons
(Qian et al, 2011), suggesting that the adaptive rescue mecha-
nism activated by ZIP3 silencing in CA3 neurons cannot be trig-
gered without ZIP1-dependent Zn>" influx. Our results thus
strongly point to critical, novel avenues to pursue in the regula-
tion of neuronal cell death processes via modulation of specific
Zn*" transporter function.
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