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Neurobiology of Disease

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 21 is critical for physiological functioMultiple Zrf' transporters are expressed in the brain,
yet their spatialdistribution and distinct roles are largely unknowhlere,we show developmentetgulation ofthe expres-
sion of Zrf' transporters ZIP1 and ZIP3 in mouse hippocampelirons corresponding to previously described increase in
neuronalvesicular ZA' during the first postnatalmonth. Rates ofZn?" uptake in cultured mouse hippocampaleurons,
monitored using FluoZin-3 fluorescenaegre higher in mature neuronwhich express higher levelsZiP1 and ZIP3Zr?’
uptake was attenuated by ;50% following silencing of either ZIP1 orEAp¥&ssion 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 transportel
mouse hippocamgahin,with ZIP1 predominantly expressed in the CA3 stratum pyraandafdP3 primarily localized to the
stratum lucidunConsistent with their localizatisigncing of ZIP1 expression in vivo reducddufiiake in CA3 neurons while
ZIP3 silencing reduced Zmnflux into dentate gyrus (DG) granule cells in acute hippostirepStrikinglyin vivo silencing of
ZIP3,but not ZIP1protected CA3 neurons from neurodegeneration following kainate-induc&ulse&suks indicate that dis-
tinct Zrf" transporters contrd@h?' accumulation and toxicity in different neurgrglulations in the hippocampus and suggest
that selective regulation ot'Zimansporters can prevent seizure induced brain damage.
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Significance Statement

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

N

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

A large component of Z#1 in the brain is localized to synaptic Cells (Fredericksonet al., 1981, 1992; Fredericksonand
vesicles of excitatory synapses, most strikingly in the mossy figepscher,1990).MF terminals accumulate increasing amounts
of vesicular ZR" during the first postnatalmonth (Slomianka
and Geneser,1997; Nitzan et al., 2002). VesicularZn?' is
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metalbinding proteins,such as metallothioneins (Aizenman et days in vitro (DIV5). All cells were cultured in a humidified atmosphere
al.,2000;Weiss and Sens2000;Zhang et al.2004;Sensi et al., of 5% CQat 37°C.

2011).Excessive accumulati i i . . .
) tion of Z# is neurotoxic (Zhang Immunofluorescent labeling of primary hippocampal neuronal cultures

etal, 2007;Ji et al., 201 9;A|.zenman .et al.,2020; Granzgtto Cell-seeded coverslips were removed from growth medished with

et al., 2020), anq, as such, tight spatiotemporal regulation of pgg gng immediately fixed in 4% paraformaldehyde for 10 min at room

neuronal Zn?" is of fundamental importance to maintain  temperatureNext, cells were permeabilized with 0.1% Triton X-100 in

neuronal integrity. PBS (3 min) and blocking was performed with 5% normal goat serum in
In addition to metallothioneins (Krezel and Maret, 2021), PBS (1 h) at room temperature. Cells were incubated with either rabbit

two families of ZA' transporters are responsible for intracellulapolyclonal anti-ZIP1 or anti-ZIP3 antibody (Abcam #ab105416,

Zn?' distribution by mediating movement of this ion across ceftab117568)some coverslips were co-incubated with guinea pig anti-

lular and organelle membranes (Kra#t al., 2021).The ZRT-  TAU (SySy 314004jn blocking solution for 1 h at room temperature.

IRT-like transporters (ZIP) of the SLC39A superfamily transpo llowing extensn{e wgsh with PBS, cellg were incubated with appropri-

7Zn2" into the cytosol, while membersof the ZnT, SLC30A ate seco.ndary. antibodies (Alexa4§8-conjugated or Ale'xa594.-conjugated

. ’ ’ . oat anti-rabbit and Alexa594-conjugated goat anti-guinealpigison

supeﬁamﬂy of transporters, as well as TMEM163 (Styrpejko 3 unoResearch)Coverslips were then mounted with Fluoromount

Cuajngco,2021),move the metazl10ut of the cell or into mem-  pAp|_containing mounting medium.

branous organellesOf the 25 Zn“" transporters (14 ZIPs10

ZnTs, and TMEM163), many are expressed in an organelle-, Immunofluorescent labeling of hippocampal tissue sections

cell-, or tissue-specific manner (Gaither and Eide, 2001; MilorAgesthetized (ketamine/xylazine) C57BL/6JRccHsd mice (1 or 14 d and

al, 2001;Nitzan et al.,2002;Kambe et al.,2015).In neurons,  1-1.5 months old) were transcardially perfused with ice cold PBS and

ZnT3 is essential for sequestration A'Zinto synaptic vesicles, 4% paraformaldehyde. Brains were extracted and postfixed in the same

establishing the well-described pool of vesiculat Present in fixative overnight at 4°C. Tissue was then washed with PBS, dehydrated

the MFs (Palmiter et al.,1996;Wenzelet al., 1997;:McAllister with increasing series othanol,cleared with toluene and infiltrated

. with paraffin. Ten-micrometer paraffin sections were obtained on a ro-
andDyck, 2017). Several ZIP transporters are present in neur microtome After heat induced antigen retrieval in 10Mrsodium

.(Qlanmet al., 2011; Nishikawa et al., 2017), but their specific rolgte (95°C, 10 min), tissue sections were washed and blocked with 5%
in Zn~"-mediated cellular processes had not been well charact@ts 0.01% Triton X-100 in PBS (blocking solutionffor ZIP1/ZIP3

ized. Mice lacking ZIP1 and ZIP3, which are ubiquitous cell  double immunolabelingsections were incubated overnight at 4°C with
membrane ZA' importers (Dufner-Beattie et al., 2005; Belloni-primary anti-ZIP1 (Abcam ab105416), and then incubated with

Olivi et al., 2009), exhibit lower neuronal loss in the CA1 hippd¥exa488 conjugated monovalent F(ab) Fragments of Affinity-Purified
canpal region following kainate-induced epileptic seizures (Qigeat anti-rabbit secondary antibodies for 1 h at room temperature. Slices
etal.,2011).While this study pointed to an important role for Were subsequently incubated with ZIP3 primary antibody (Abcam

Zn?’ uptake mechanisms in neuronalirvivalor death, it did ab117568) overnight at 4°Gand then incubated with Alexa 647 goat

- P ti-rabbit antibody for 1 h at room temperature. Sectionswere
not define the specific roles played by each of the two transpdit- ; . : .
ers. Indeed, despite their critical potential role in neurodegenefgunted with Fluoromount DAPI-containing mounting mediunt-or
ti little is k bout th ific | lizati d functi colocalization ofZIP1 or ZIP3 with Calbindin, following the above
ion, fittle 1s nowr? about the speciiic localization an unF: Iondeparaffinizationantigen retrievaland blocking, sections were incu-
of ZIP1 and ZIP3 in neuronsis suchwe set out to determine y,ateq with either rabbit anti-ZIP1 or ZIP3 (Abcam ab105416, ab117568)
whether ZIP1 and ZIP3 haYe d'St'f‘Ct roles in neuronaZn- primary antibody mixed with mouse anti-Calbindin (Swant D-28K, 300)
uptake and whether they differentially affect degeneration  antibody overnightat 4°C, and with secondary antibodies (Alexa488-
and survival following injury. Our results indicate that ZIP1  conjugated goat anti-mouse and Alexa594-conjugated goat anti-rabbit)
and ZIP3 expression is developmentally regulated and that as described abovEor colocalization of ZIP3 and vesicular glutamate
in the adult hippocampus, ZIP1 and ZIP3 are present in dif- transporter 1 (Vglut1), following the above deparaffinization, anti-
ferent strata and regulate Zr?1 transport in distinct neuro- gen retrieval, sections were blocked with 5% normalhorse serum,
nal populations. Further, we demonstrate that ZIP3, but not 0.01% Triton X-100 in PBS on room temperature for 1 h. Sections

ZIP1. is involved in neuronal degeneration following epi- were then incubated with rabbit anti-ZIP3 and goat anti-Vglut1
loptic seizures 9 9P (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
Materials and Methods anti-rabbit antibodies. Fluorescent images were acquired with

All experimental procedures involving animals were performed accora@ppropriate filters using Nikon Eclipse Ti  confocal microscope.
ing to approved protocols and in accordance with the committee for Colocalization and overlap coefficients were calculated using
Ethical Care and Use of Animal in Experiments at the Faculty of HeallthageJ/Coloc2 plugin. Quantification of fluorescent signal meas-
Sciences at Ben-Gurion Universifjnimals were housed on a 12/12 h urements was performed in Adobe Photoshop,by averaging mean
light/dark cycleat a temperature of 20-24°C and 30-70% relative hu-gray values of five randomly selected regions per hippocampal slice

midity and were provided with mice chow and water ad libitum. in stratum lucidum and in stratum pyramidale. For comparison,
all data were normalized to mean values of the signal in the pyram-
Primary hippocampal neuronal cultures idal layer for each age/transporter group.

Primary hippocampaheurons were prepared from postnatddy (P)0

C57BL/6JRcc mouse neonatétippocampiwere treated with papain  Quantitative PCR (qPCR) analysis

(Worthington) and dissociated by mechanic pipetting in HBSS suppligdr measuring mRNA levels ofZriransporters in primary hippocam-

with 20 mm HEPES (pH 7.4)and cells were seeded on 50 mg poly-D-pal neurons, cells were washed with PBS and homogenized using
lysin-coated coverslip§12 mm) in 24-well platesat the density of ~ QlAshredder (QIAGEN) as suggested by the manufactéier hippo-

5 10 ®cells/ml (coverslip). During the initial 24 h, cells were cultured dampal tissue measurements, hippocampi were dissected from wild-type
neurobasal medium (Invitrogen), supplemented with 5% fetal bovine §&T) mice of different ages following anesthesia with ketamine and

rum (FBS), 2% B-27, 1% Glutamax-100, andg/ml gentamicin, after xylazine and subsequent decapitatiblippocampal tissue was dissoci-
which the medium was devoid of serum. To suppress glial growth, 5 ated and lysed in Lysis Buffer (AmbioithermoFisher Scientific) sup-
cytosine b-D-arabinofuranoside (AraC) was added to the medium on plemented with b-mercaptoethanol. RNA was purified with
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PureLink RNA Mini kit (Ambion, ThermoFisher Scientific) as
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Cells were exposed to nominally £afree Ringer’s solution for ;60 s

described by the manufacturer and treated with DNase (Invitrogen). to obtain baseline fluorescence levébllowed by addition of 100 rm

One microgram of purified RNA was converted to cDNA using

Zn?" . Fluorescence signalas recorded every 3 s and averaged over a

Quanta cDNA synthesis kit as described by the manufacturer, which minimum of 10 neurons (RFP-positive neurons for silencing experi-

was then subjected to real-time PCR procedure (TagmanApplied
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, CCAACACCAGCAATTCCAAC;
ZnT3 forward primer, GAGAATCCAAAC CGGGAATAGAG and
reverse primer, TACTTACCACGTTGCCTCTG; ZnT10 forward
primer, ACACCTCTGATATTGAGTGCTTC reverse primer, AC

ments) for each coverslip. Traces are shown, and slopes of signal change
were determined over initial 100 s, following addition &f Zaveraged
rates over n experiments are presented in the boxplots.

Fluorescent 21\ imaging in acute hippocampal slices

Live tissue imaging was performed as described (Chorin et al., 2011) on
an Olympus (I1X-50) microscope with 10 water-immersed objective,
connected to a Polychrome IV monochromator (TILL Photonics) and
fluorescence changewere 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 viralvectors aimed to silence ZIP3 or ZIP3 or scramble
control vector, by intracranioventricular injectionsThree weeks after

CGTGTTCTCTAATGTAGCAG; Actin forward primer, AGGTC transduction (P21),transverse brain slicef300 m) were produced

TTTACGGATGTCAACG and reverse primer, ATTGGCAAC  from animals of either sexcute slices were kept in continuously oxy-

GAGCGGTT. Gene expression levels were normalized to actin and genized artificial CSF (ACSF; 1241NaCl, 26 mu NaHCG;, 1.25 mu

are presented as fold increase relative to the level in 3-d-old animals NaHzPOs, 2 mu MgSQ, 2 mm CaCh, 3 mw KCI, and 10 m glucose, at

or DIV10 primary hippocampal neurons. pH 7.4) at room temperature for at least 1 h. For live imaging of cytosolic
Zn?" changesye used the cepermeant Zf' -sensitive fluorescent dye,

Generation of adeno-associated virus (AAV) particles for gene silencligoZin-3. Slices were loaded wittm FluoZin-3 AM in the presence of

Gene transfer vectors based on AAV for expressing short hairpin RNB.02% pluronic acid, dissolved in ACSF, for 45 min (Gee et al., 2002; Chorir

(shRNA) were used for targeted silencing of ZIP1 or ZIP3 transporterstal., 2011). Slices were incubated in fresh ACSF for additional 30 min, aftel

in vitro or in vivo. shRNA sequences for ZIP1, ZIP3 as well as scrambibich the slices were transferred to the recording chamber and mounted

control were supplied by Transomic Technologies (contrsense 59- on the imaging microscop&o avoid Zr#! orthophosphate precipitates,

ACACGT GTTGACAATTAATCAT-39;shZIP1:sense 59-CCCCCTT during imaging the ACSF was changed to NB}-free ACSF as previ-

GCAAGAGTTCATCTA-39shZIP3:sense 59-ACGGTGGCACCT TC ously done (Besser et al., 2009). For each brain slice, minimum of 10 RFP-

CTGTTTGA-39, all shRNAs contained TAGTGAAGC CACAGATGTApostive neurons were selecteither in DG or CA3 hippocampal region,

mir-30a loop).All the shRNA sequences were under the U6 promoterand baseline fluorescence was obtained (60 s) followed by addition of 200

preceded by the RFP gene under the human synapsin 1 gene promoten.Zn?" . Fluorescence signals were recorded every 3 s and fluorescence in

Only RFP-positive cells were used for any experimental procedures iagotvregion of interest was normalized to its own baseline values. Traces ar

ing the AAV-targeted silencingor in vitro transductionyiral particles shown,and slopes ofignalchange were determined over inititd0 s.

were prepared as described previously (Groh et al., 2008) in HEK-298Veralied rates over n experiments are presented in the boxplots. For vesic:

using both the pD1 and pD2 helper plasmfést in vivo deliverAAV-  ular Zrf' measurements, slices were loaded with idpyr1 (ZP1) for

PHP.eB particles were produced as previously described (Chadlls et 30 min, which accumulates in vesicles (Burdette et al., 2001; Woodroofe et

2019). Briefly, viral particles were harvested 72 h after transfection indHEX04), washed two times in ACSF, and rapidly transferred to the record-

293Tcells, the cells were lysed (buffer containing1™8Chand 50 m  ing chamber. For each brain slio&imum of 10 DG RFP-positive neu-

Tris) by three freeze-thaw cycles (37°C &0dC) after which the buffer rons were selecteahd slices were superfused with ACSF for ;3 min to

was incubated with 100 U/ml benzonase (Sigrt@14) for 1 h at 37°C. obtain baseline and then the membrane permeabit Zmelator TPEN

This crude lysate was stored at 4°C and used for neuronal culture traf@ae) was added. Fluorescence images were recorded every 30 s for the

tion. AAV-PHP.eB particles were purified for in vivo use by iodixanol initial 5 min, to reduce bleaching images were acquired only every 150 s for

(Optiprep,Sigma;D1556) gradien{15%,25%,40%,and 60%).Viruses 20 min, and finally for the last 5-min fluorescence was recorded every 30 s.

were then concentrated using Amicon filters (EMD, UFC910024), and faces are shown, and fluorescence decrease was determined as a differen

mulated in sterile PBS. Titer for each of the produced viruses was mémtweeh the baseline and the fiflabrescence intensity valug$PEN,

by determining the number of DNase I-resistant vg using gPCR. Finalpdpresented as percentage of fluorescence decrease in control slices.

2 10 °® vg were administered by intracranioventricular freehand injections

of 2 miper ventricle to cryoanesthetized PO/P1 littermate C57BL/6JRguUrodegeneration assay (Fluoro-Jade B and Niss| histochemistry)

mouse neonates, at approximately half the distance between the eyeNgRnge C57BL/6JRcanice (P0-P1) received intracranioventricular

I, as described previously (Kim et al., 2014). Subsequent experimentz@nsi@duction of AAV vectors aiming to silence ZIP1 or ZIP3 or with

cedures were performed three or five weeks after injections for live ti§§@mbled control vector. Kainic acid (3 mg/ml) was administered
imaging or neurodegeneration assay, respectively. five weeks later intraperitoneally to all animals in doses of 25-30 mg/kg

and animals were continuously recorded to evaluate the seizure scores
Fluorescent Zil imaging in primary neuronal cultures (using the following scalgrade 1 staring/unresponsivegrade 2 focal
Live cell imaging was performed, as described (Ganay et al., 2015), afoait convulsion, tail rigidity; grade 3, forelimb clonus with rearing into
Axiovert 100 inverted microscope (Zeiss) with 10 objective connecteditting position,grade 4, loss of posture broken by periods of total still-
to Polychrome V monochromator (TILL Photonics) and fluorescence ness; grade 5, continuous grade four seizures, status epilepticus; grade 6,
changes were recorded with SensiCam cooled charge-coupled camebady in clonus, as previously used; Gilad et al., 2015). Only animals that
(PCO) and measured with Imaging Workbench 5 (Indec). For silencimgached grade 5 (13 out of 15 animals, 4/5 animals in control or shZIP1,
experimentshippocampalcultures were transduced with viralectors  and 5/5 animals in shZIP3 group) were used for further immunohisto-
aimed to silence ZIP1 or ZIP3 or with a scramble controlvector on  chemicalanalysis30 min after initialgrade 5 seizure alhnimals were
DIV10. One week after transduction, cells were washed in physiologitrglated with 10 mg/kg Diazepam to prevent further seizures and subse-
Ringer’s solution (containing 120mmaCl, 5.4 m KCI, 0.8 nw MgCh,  quent neurodegeneratiomnimals were killed 24 h.after the seizures
20 mm HEPES, 15 mglucose, and 1.8umrCaCl, at pH 7.4) and loaded (using ketamine/xylazine cocktilesthesia and perfusion with ice cold
with the cell permeant FluoZin-3 AM in Ringer’s solutiom(,130 min, PBS and 4% paraformaldehyde). This protocol for early neurodegeneration
room temperature). Cells were washed for 20 min after which the coviettowing kainate administration was previously used to determine neuronal
slips were mounted in a recording chamber on the imaging microscopgury in ZIP1/ZIP3 double knock-out mice (Qian et al., 2011).
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specific region.For Fluoro-Jade B labeling,
slides were washed and submerged in 80%
ethanol, 1% NaOH for 5 min, and then in
descending series ofethanol and rehydra-
tion solutions. Slides were then transferred
to potassium permanganate 0.06% (in
water) for 10 min, rinsed in water 1 min
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 (FJ') cells was per-
formed on three to four brain sections, no

3 less than 200 nm apart, per animal and
averaged number of Fl cells per section is
shown in boxplots.
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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 t test with Welch’s correction
or one-way ANOVA with post hoc Tukey’s
test, as appropriate; *#p , 0.05, **p, 0.01,
***p, 0.001.
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Figure 1. Increased ZIP1 and ZIP3 expression during maturation ofepriorerghiysmdtspizte. Results

A, ZIP1 (uppegenta) and ZIP3y@leer), immunofluorescent labeling of DIV12 primearphépphozai aIS .

are stained with (BREB,ZIP1 (uppeagenta) and ZIP3 yielloer) co-immunolabeling withrtmrlemor%i)m and ZIP3 expression and Zi
Tau (blue) of DIV21 primary hippocampal neurons. C, Analysis of MRNA expression levels dif 2IFsPariar g ayelepmaipisibam-

pal neurons compared with DIV10 (normalized to 1, shown as dotted line; n = 3 cultures per g@uledag i hipEeasenabneurons in
Traces of FluoZin-3 fluorescence changes (left) in neliuved bifosadnwat 260in Ringer’'s solwitro

tionadded at the indicatedvenaged irstigbe of quorescentistg(TéghlE)presentinﬁ Zmfluxin hippo- We first soughtto determine temporal
campaleuron®IV1@ = 34 coversiipS independestperimeriidy 1 = 23 coversiipd independentgnd spatial changes in expression of ZIP1
experiments; ***p 0.001; using t test compared with DIV10). E, Representative images (10 magpifigatiqp) &fjﬁﬂf’@@fhm’ﬁbcampaﬁeu—
pocampaurorisefore (50varked in D) and after (250 s) exposui#ifoddiftaining Ringer's smutiq ns. Immunofluorescent labeling of
used for Dultures@f/10 neurons shown in left panels and DIV17 neurons sl8nateibfaighBoan P1. or ZIP3 in young cultured hippo-

10 mm. campal neurons (DIV12), shows that
both transporters are expressed in the
majority of the cells (Fig. 1AYloreover,
we detected a similar expression profile in mature hippocampal

2003; Schauwecker et &2009).Our data show significant and consistenf'€UONS (DIvat; Fig.. ,1 B), with ZIP1 and ZIP3 gxpressiqn outlin-
cel death at 24 h after kainate injection in all animals studied, as previddsiPmas, Tau-positive axons and Tau-negative dendrites. Both,
shown (McLin and Stewar@p06;Tzeng et al.2013) Brains were har- mature and young neurons exhibit ZIP1 immunostaining on the

vestedpostfixed in the same fixative overnighgind cryoprotected in ~ €ntirety of the cells, whereas ZIP3 signal is found primarily, but
20% and 30% sucrose solutionsFinally, brains were embedded in ~ not exclusively, on neuronal somas in young neurons, extending
Optimal cutting temperature compound (OCT) and frozen in liquid  into neuronal processes during maturation of the cells (Fig. 1A,
nitrogen. Twenty-micrometercoronal sectionswere obtained ona  B). gPCR analysis ofyoung and mature neurons shows that
cryostat, mounted on gelatin coated glass slides and dried at room temRNA expression levels of ZIP1 increase by 19 6 4% and ZIP3
perature overnight, and stored at ~ 80°C. Neurodegeneration was |evels increase by 48 6 8% (FI) during invitro maturation.
assessed by Nissl (cresyl violet) staining and numbers of degeneratingngstermine whether ZIP1 and ZIP3 expression levels affect
rons were quantified using Fluoro-Jade B labeling (Millipore). Nissl staiaronalZn?' accumulationwe studied transportactivity in
ing and Fluoro-Jade B labeling were performed on serial sections forﬁﬁ%ry cultured neurons loaded with the ZA-sensitive cyto-
animal.For Nissl stainingsections were washed and incubated in 50%{ i fluorescent probe FluoZin-3 while transiently exposing cells
50% Chloroform/Methanolsolution for 4 h at room temperature. to 100 mu Zn?" . Rates of Z&' accumulation were increased by
Following incubation in descending series of ethanol and rehydrationfgl-G 12% in méture neurons com d with I .

o pared with young cells (Fig.

utions,slides were incubated for 5 min in Nis$aining solutionprevi-
ously heated to 37°C. Excess dye was washed with brief rinse in watgp -These data suggest that ZIP1 and ZIP3 are developmen-

distaining was performed with 95% ethanol until satisfactory level of 4% Put not differentially,expressed in primary neL.Jrona:Ilzjl-

was observed. Slides were dehydrated with absolute ethanol, cleared#i§§~and that both may play an important - role in Zn

lene and mounted with DPX mounting medium. Neurodegeneration wegnsport.

observed as smalpoptotic darker stained nuclei and regions of hippo-  To distinguish between 2 transport mediated by ZIP1 or
campaltissue that showed loss of cellular elements or thickness of th&€lP3 in cultured neurons, we selectively silenced either ZIP1 or

Importantly, relatively small but consistent cell death is observed in the hip-
pocampus in this strain of mice in the latter studas wellas in others
(Schauwecker and Stewart997;McKhann et al., 2003;Schauwecker,
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ZIP3 using shRNA adeno-associated viral vec- A

shZIP3-expressing cells, compared with control
cells expressing a scrambled sequence (Fig. 2A,
B). These valuesare in agreement with the
reduction in Zn?! transportnoted earlier on
knock-out of both transporters(Qian et al.,
2011).Unfortunately,silencing of both trans-
porters simultaneouslyinduced widespread
neuronalcell death in the cultures such that Control shZIP1 shZIP3

Zn?" uptake could not be assessedlhis is -

50s
¥

o
<

tors expressing RFP as marker. We then moni- Zn2* 20-
tored Zn?' accumulation using FluoZin-3 DIV19 -
fluorescencen RFP-positive cells. Rates of & = 1.5 " e
Zn?" transport were reduced by 52 6 6% in " CI:’Z"I:“I" 3
- i o/ 1 ® s c
shZIP1-expressingells and by 456 6% in <hZIP3 § 1.0
<
E

Initial rate of FluoZin3

& £

0
Control shZIP1 shZIP3

FIF,
100s

likely the result of severeZndeficiency (Ahn 50s
et al., 1998, 2006;im et al., 2015) induced by

lossof both Zr?! importers, as well as a possi-

ble lack of compensatry mechanisms foPZn

uptake in the mature neuronalculture. Next,

we asked whether the expression of other neuro-
nal Zn?' transporters(Lovell et al., 2005;
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silencing of 39 6 8% of ZIP1, while shzIP3 NT1s N 3 15] é 545l

yielded 63 6 13% knock-down of ZIP3. We 82 82 4= —=
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Krall et al., 2020). These results suggest a previ- 3 Eos s Eos; 3 Bost L

ously unanticipated role for ZIP3 in vesicular 00— —— ool —M 00— ——
shZIP1  shZIP3 shZIP1 shZIP3 shZIP1 shZIP3

Zn?" accumulationjndirectly associated with

ZnT3 expressiomltogetherour data indicate Figure 2. Silencing of ZIP1 or ZIP3 expres$ionptakerin Zultured hippoeamywa, Traces of

that downregulation ofeither ZIP1 or ZIP3  FluoZin-3 fluorescemizearf hippocamepabrisansduced with shRNA constructs to sii?ige ZIP1 or
expression results in decreased ratesAi¢! (shZIPhagentshZIPgellow) or contir@ivector (grdygurons were perfused with Ringer’s solution a
uptake that is likely not mediated by changes ffgated with 16021 at the indicated tRight parstlows averagedriaitialdfuorescence change
expression of other transporters. (n 23 coverslips per group from 6 independerit‘eppériieénsing ANOVA comparison relative to
contrakells). Bepresentative images of FluoZin-3 fluorescence imgrimumsy, hipthecimeadoints
marked by arrows in A (10 magn@igatidysis of mMRNA expression level8'df aelsparteZnin
control (normalized to 1, shown as dotted line) and shRNA transduced primary hippocampal n
for each group; *p 0.05, **p 0.01; using t test relative to control cells).

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- fluorescentsignalswas nonethelesobserved in the interface

sion of ZIP1/ZIP3 in intact hippocampal tissues. We first monibetween the MFs and the pyramidal cell layer (Fig. 3C).

tored the age-dependengxpression ofthese transporters and Consistent with ZIP3 staining ofMFs, we also observed ZIP3

found that between P7 and P14 mRNA levels of ZIP1 increassthining in the DG cells (Fig. 3Hnterestingly, ZIP3 expression

by 50 6 10% (Fig. 3A) and ZIP3 mRNA levels increased by patern was similar to the previously observed Timm'’s stain of

66 6 13% (Fig. 3A). Thus, in agreement with thevitro results, Zn?' in the hippocampus (Sekler et al., 2002), and to the corre-

ZIP transporters expressionis increasedduring neuronal sponding immunostaining pattern previously observed for ZnT3

maturation. (Palmiter et al., 1996; Cole et al., 1999). This again suggests a link
Next, we determined ZIP1 and ZIP3 expression pattern by between ZIP3 and zincergic presynaptic neurdfis determine

immunostaining analysis in hippocampal slidestissues from whether this expression pattern is developmentally regulated, we

1- to 1.5-month-old (adult) mice (Fig3B), ZIP1 was predomi- then stained tissue from 14-d-old mice (Fig. 3fa/&) neonates

nantly expressed in stratum pyramidaiehile ZIP3 fluorescent (P1; Fig. 3H). In hippocampaltissue from 14-d-old mice,we

signal was mainly localized in stratum lucidud;-rich region  found clear ZIP1 and ZIP3 expression in both CA3 pyramidal

near the CA3but not in CA1 (Fig.3C,D).Some overlap of the cell layer and the stratum lucidum,although ZIP1 expression
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Figure 3.Developmental regulation and specific expression of ZIP1 and ZIP3 in the hippocampus. A, Comparison of mRNA levels of ZIP1 and Z|
the indicated ages (*p 0.05, **p 0.01; relative to 7 d, as determined by ANOVA comparisons, n = 3—4 mice per age group). B, Representative i
ZIP3 (yellow, lower panel) immunolabeling in hippocampal tissue from adult animals. Right panels are merged images with DAPI staining (10). C
pocampal CA3 region, targeting ZIP1 (magenta) and ZIP3 (yellow) and co-stained with DAPI for nuclei (blue). Left panels show zoom-in of the re
els are 20 image£ PIP1 (magamaer panels) and ZIP3 (yellow, lower panels) immunolaBéithgegidripiicandpBIG (E) in tissues from onE;month-old
Similar ZIP1 and ZIP3 staining in CA3 region i6 Noaralizettlserescence of ZIP1 and ZIP3 in stratum lucidum compared with stratum pyramidale
mice for each age; *p*®089,01,”*p 0.001; t tesisnon significanBIf, and ZIP3 staining in neonatal P1 mouse tissue [dashed lines mark the borde
lucidum (SL) and stratum pyramidale (SP); scale bar: 100 mm in all images].
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Figure 4.ZIP3 colocalizes with MF neuronal markers. A, ZIP1 (magenta, upper panels) and ZIP3 (yellow, lower panels) co-immunofluorescent lal
and DAPI nuclear stain (blue). B, ZIP3 (yellow) and Vglut1 (green) co-immunofluorescent labeling. Nuclei are stained with DAPI (blue). Scale bar
ficients of ZIP1 and ZIP3 with calbindin and ZIP3 with Vglut1 (n = 3—4 sections per group; ***p 0.001 compared with ZIP1/Calbindin, using t test)

tended to be higher in CA3 cells, while ZIP3 levels were slightihowed 47 6 10% decreased Zmccumulation in shZIP3 neu-
increased in the lucidum layer (Fig3G). We could not detect rons compared with control RFP-expressing cell§Fig. 5E).
expression of either protein in the neonate brain (Fi§H), in  These results, together with the specific localization of ZIP1 and
ageement with the low mRNA expression even at P3 (Fig. 3AXIP3 shown in Figure 3, strongly support a distinct role for ZIP1
To further assess whether ZIP3 localizes to MF termi- and ZIP3 in Zn?"! uptake in specific neurongbopulations As
nals, we performed co-immunofluorescent labeling with the  such,ZIP1 is responsible for postsynaptic uptake ofZninto
MF marker calbindin (Fig. 4A). Colocalization analysis  CA3 pyramidal cells, whereas ZIP3 mediates uptaké'ofridn
revealed that ZIP3, but not ZIP1, had strong overlap in the presynaptic cellsTo test whether silencing of ZIP3 also
expression pattern with that ~ of calbindin (Fig. 4A,C).  affects vesicular accumulation @h?" in the MFs, we loaded
Similar overlap was observed in intensity profiles of ZIP3  shZIP3 hippocampakliceswith the Zn 2" -selective dyeZP1,
and the vesicular glutamate transporter,Vglut1, suggesting which accumulates in vesicular compartments (Burdette et al.,
that these transporters expression profiles colocalize in hip- 2001). To quantify the accumulated level & Zwe determined
pocampal tissue (Fig. 4B,C). These results suggestthat in  the difference in fluorescent signal influenced by the cell perme-
adult mouse brain, while ZIP1 is expressed on the postsy- ant Zr#' chelator, TPEN (4Gw), which quenches ZP1 fluores-
naptic CA3 neurons, ZIP3is primarily expressed on the cence. This difference in the fluorescent sigr@RPEN (Aras et
MFs terminals of DG neurons. al., 2009), represents the initial level of'Zaccumulated in the
Considering the distinct expression pattern of ZIP1 and ZIR&sicle. We then calculated the difference of the fluorescent sig-
in the hippocampuswe next asked whether ZIP1 and ZIP3 arenal between baseline and TPEN treatmerfhe quenching of
responsible for ZA' uptake into the different ends of the MFs- ZP1 fluorescence by TPEN was similar in shZIP3 and control
pyramidalcell synapsesiVe silenced ZIP1 or ZIP3 expression neurons (Fig.5F), indicating that silencing of ZIP3 does not
using AAV-php.EB viralvectors containing shZIP1 or shZIP3 reduce baseline vesiculaf Ztevels. This suggests that silencing
constructs, which had been previously delivered to the mice (86&IP3 does not abolish the long-term accumulation &f Zn
Materials and Methods). Each of the vectors also expressed RlyRaptic vesicles,at least within the timeframe of these
which served as a marker for identifying infected cells (5#g. experiments.
D). Note that RFP expression is seen in CA3 cells (Fig. 5A), and
also in DG cells including the MF terminals in the CA3 lucidunsilencing of ZIP3, but not ZIP1, prevents seizure-dependent
layer (Fig.5D), suggesting that numerous fibers originate fromCA3 pyramidal cells neurodegeneration
mature DG infected neurons.We then performed live tissue We next soughtto determine the individual contributions of
imaging of acute hippocampalsliceswith the cell permeant ZIP1 and ZIP3 to neuronal injury following kainate-induced
FluoZin-3 to measure cytosolic Zfl uptake in neurons from  seizuresas the concomitant loss of both transporters together
different hippocampal subregions. slices obtained from mice has previously been shown to be neuroprotective (Qian et al.,
previously transduced with AAV-RFP-shZIPCA3 pyramidal 2011). Mice were infected with either shZIP1 or shZIP3 using
neurons demonstrated 30 6 12% lowerZnuptake rate com- theviral vectors, as described above, and seven weeks later, mice
pared with RFP-expressing contreklls (Fig.5B). In contrast, were injected intraperitoneally with 25-30 mg/kg kainic acid to
siencing of ZIP3 did not diminish Zh uptake in the CA3 post- induce epileptic seizuresas described previously (Tse etl.,
synaptic region (FigC). This finding is in agreement with our 2014). We analyzed neuronaflegeneration in the CA3 region
result showing that ZIP1, but not ZIP3, is expressed on the CA8ly in mice that showed grade 5 seizure (continuous rearing
pyramidal cells (Fig. 3). Based on the localization of ZIP3 on thed loss of posture) that was maintained for 30 min (see
MF terminals of the DG granule cells (Figs. 3, 4), we next imadkaterials and Methods)n hippocampaltissues obtained from
Zn?" uptake in the dentate granule cells (Fig. 5D). Granule ceflee mice 24 h after seizure (see Materials and Methods),
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Figure 5.ZIP1 and ZIP3 are medfdtimgtake in distinct neupmpallations in hippocamyfRspresentative fluorescent images of acute $iippedeonpal
mice transduced with AAV-RFP-shRNFed)1k{iRieR;down ZIP1 exprasdistained with nucleatidddLeft panshows the whole hippocampus (scale
bar:250 mmyith CA3 region marked barbxight panghows a zoom-ithef CA3 region (scalel B&rmmiRFP-positive CA3 pyraminiahs (e.@hite

arrows in right panel) express the silencingBcBrdmttiing slices were loaded with FaraZaigals were monitored in RFP-posiiveocitits, Zh
transporRepresentative traces show FluoZin-3 fluorescence from slices transduced withByisBRIP SnfpelmiatiBiesy, contractor (black trace) in

left panelé\veraged initibpe quantificatioddf accumulation in CA3 pyraetidahs is shown in the corresponding righiReprelsentative fluorescent
images of acute slices transduced with AAV-RFP-shRNA vectors aimebéfi piemstedtPBé¢radiole hippocampus (5ermakith DG marked in
boxNote expression of RFP fluorescence in the stratum luciduetosf &AGeegRight panisla zoom-in on the DG cells (st@alerbafRFP-positive

DG granule cells express the silencing constritetai@ayys in right paBgfiuoZin-3 fluorescent signals were monitored in RFP-positive cells expressin
(yellow trace) or cofthtatk trace) vedtepresentative traces are shown in thateftapamabed ingiape quantification Bf Zecumulation in DG granule
neurons is shown in the corresponding rigBtipesidtom shZIP3 transduced animals were loaded witf trsensiicaldy@@seline fluorescent sig-
nalwas acquired and th érelator TPENf0vas added as maReptesentative traces are shown in thedefl frrmeleraged difference between base-
line fluorescent sigmal the sigratl 30 min following applicatibRER) TPEN shown in the right p&hel 0.05, ***p 0.001,n.s:non significanking t

testn = 9-12 hippocansfiaks from 3 animals for each group).

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. Inthe CAS3 region
of AAV-RFP-shZIP3 transduced animals, we monitored
54 6 18% less FJ (Fluoro-Jade B positive) cells compared
with control animals (Fig. 6B,C). Moreover, shZIP3 tissue
contained 63 6 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

Discussion

Expression of ZA' transporters is upregulated during the first
postnatal weeks, together with multiple proteins (Slomianka and
Genser,1997),but can also be modulated by 2h 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 celllayer as welbs in the stratum lucidumThis increased
expression of ZIP1 and ZIP3 is concomitant with increased syn-
aptic Zr?"! concentrations in CA3 hippocampatgion (Nitzan

et al., 2004; McAllister and Dyck, 2017), suggests that there may
be developmentahomeostatic regulation ofZIP1 and ZIP3
expression and ZA' accumulation Surprisingly,we observed

that in the adult hippocampus (1-1.5 months) the transporters

were similar to the control group (Fig. 6B,C). Taken together, are expressed in distinct regions, with ZIP1 primarily localized to
these results suggest that ZIP3, but not ZIP1, has a critical roke stratum pyramidale ofthe CA3 and ZIP3 mainly present

in kainate neurotoxicity of CA3 pyramidal cells.

in the dentate granule cells and the MFs extending from them
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Figure 6. Silencing of hippo@Ppaixpression prevents seizure-induced neurodegenenatioonsf RBgsentaia lovefdpanel) and high (&fht

panel) magnification micrographs of Nissl staining showing neurodegeneration in the CA3 pyramidal layer, 24 h following kainic acid administratic
transduced with shRNA-RFP-AAV control empty vectors (top panels) or vectors aimed to silence ZIP1 (middle panels) or ZIP3 (bottom panels). £
recognized. B, Adjacent sections (to those presented in A) were stained with Fluoro-Jade B (green) marking degenerating neurons. Representati
fication images are shown, as in A. Scale bar: 400 mm in 4 and 100 mm in@()NB,@cmnidkﬂahieuroﬁﬂn =4 mice for control and shZIP1, n = 5 mi
#p 0.05 compared with control; **p 0.01 compared with shZIP1, using ANOVA).

into the stratum lucidum. Since ZIP3 mRNA is similarly Here, we describe specific localization of ZIP1 and ZIP3 and
expressed in both strata (Allen Mouse Brain Atlas, 2004), we thagr distinct roles in Zrf' accumulationsuggesting that these
gestthat ZIP3 protein expression may be tightly regulated by thansporters play different roles in Znrelated neurotoxicity in
accumulated ZA' that is found in the MF terminals together the CA3 region of the hippocampus. Surprisingly, we found that
with ZnT3 (Palmiter et al., 1996; Wenzel et al., 1997). silencing of the postsynaptic ZIP1 had no effect on survieél
Importantly, the specific expression pattern @P1 and ZIP3  CA3 neurons, suggesting that the influx mediated by this trans-
agrees with our findings that the activity of the transporters porter is not a main route for 21 entry into postsynaptic neu-
affects ZA' accumulation in distinct strata of the hippocampusrons during excitotoxic conditions. In fact, previous studies
Accordingly,silencing ofZIP1 reduced Z&' accumulation in  suggested that excitotoxicity-induced neurofiaf’ transloca-
CA3 neurons, while ZIP3 silencing reducedZmccumulation  tion into postsynaptic cells is primarily mediated by aper-
in DG cells. These findings support our hypothesis that ZIP1 gAgdable AMPA channels and voltage gated @hannels (Sensi
ZIP3 have distinct roles in regulating Zn*' during neuronal et al., 1999; Jia et al., 2002; Takeda et al., 2009; Medvedeva et al.,
activity. 2017; Ji and Weiss,2018).Another important mechanism for
Expression of ZIP3 follows the pattern of the glutamate trag®* toxicity is via intracellular liberation in the postsynaptic
porter 1 expression, suggesting that ZIP3 is in close proximitydélls (Aizenman et a2000) which is also likely independent of
glutamatergic vesicles-containing synaptic termingilsiilar to  ZIP1. Thus, our results further indicate that ZIP1-dependent
the ZnT3 expression pattern (Salazar et al., 2005; McAllister &i#' permeation is not a major player in neuronal death in exci-
Dyck, 2017). Thus, we suggestthat ZIP3-mediated influx of  totoxic conditions. Nonetheless, the precise physiological role for
Zn?" into the dentate granule cells is important for re-uptake this transporter remains to be established.
and re-packaging ofZn®" previously released from the MFs.  |n contrast to the effect of ZIP1 silencing,knock-down of
Interestingly, transient silencing of ZIP3 in hippocampal culturg#P3 resulted in attenuated CA3 neuronal death, suggesting that
induced a decrease in ZnT3 expression, suggesting that ZIP3rggdiation of presynaptic 2h uptake is critically important for
ZnT3 transporter function may be coordinated to regulat€'Zn neuronalsurvivalduring excitotoxic conditionsWhat possible
homeostasis. In contrast, we did not see a decrease in the sypsgehanism may account for this observation? For dine Joss
tic Zn?' pools in the DG cells following ZIP3 silencing in vivo.of ZIP3 from the presynapticMF terminals, and possible
This indicates that although rapid 2h influx and re-uptake is  decreased re-uptakemay promote activation of mechanisms
attenuated in the dentate granule cells by ZIP3 silencinthe  shown previously to decrease synaptic glutamatergic excitation
long-term accumulation ofvesicular ZR' (at leastwithin the  in the postsynaptic cellsFor example,we previously demon-
timeframe studied here) is maintained even in the absence ofstrated that transient changesin extracellular Zn?" activate
ZIP3. Such uptake can be mediated by numerousZntrans-  mZnR/GPR39 signaling and lead to enhanced inhibition via up-
porting proteins, which may be upregulated during the developegulation of the potassium/chloride co-transporter KCC2 in
ment of shZIP3 mice that were infected at P1n contrast,in  postsynapticcells (Besseret al., 2009; Chorin et al., 2011).
primary neuronal cultures silencing was performed only on daWoreover,mZnR/GPR39 activation also inducepostsynaptic
10, when the neurons are relatively differentiated (Ichikawa etproduction and release of the endocannabinoid 2-arachidonoyl-
al, 1993) and therefore adaptation oZn?' re-uptake mecha- glycerol, which, in turn, leads to a subsequent decrease in presyn-
nisms may be less likely to appebtrdeed,silencing both ZIP1  aptic glutamate release (Perez-Rosello et al., 2013). Alternatively,
and ZIP3 in the cultured neurons resulted in massive cell deatheexposure of postsynaptic neurons to increased level§' of Zn
likely as a result of severe Zndeficiency in the absence of the because offiminished re-uptake in the absence &IP3, may
compensatory re-uptake mechanisms. Clearly, additional studéentually lead to sub-lethal Znpermeation into postsynaptic
are needed to further characterize the complex regulation of neurons. This, in turn, may trigger activation of adaptive neuro-
Zn?" present in synaptic terminals. protective processes,including increased expression of
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metallothionein (Aras et al., 2009). Buffering of Zby MT-III Dufner-Beattie J, Huang ZL, Geiser J, Xu W, Andrews GK (2005) Generation
in the postsynaptic cells has been suggested to protect CA3 neuand characterization of mice lacking the zinc uptake transporter ZIP3.
rons from ischemia induced cell death (Medvedeva et al., 2017).Mol Cell Biol 25:5607-5615.

Interestinglysuch an adaptive mechanism mayfact, require Frederickson CJ, Danscher G (1990) Zinc-coptaining neurons in hippocam-
ZIP1 activity in postsynaptic CA3 neurondndeed,in the ab- pus and related CNS structures. Prog Brain Res 83:71-84.

. Frederickson CJHowell GA, Frederickson MH (1981)Zinc dithizonate
sence of both ZIP,1 and ZIP3 pgstsynaptlc CA3 neurons are not staining in the cat hippocampus: relationship to the mossy-fiber neuropil
protected from seizure damagein contrast to CA1 neurons and postnatal development. Exp Neurol 73:812-823.

(Qian et al.,2011),suggesting that the adaptive rescue mechasredericksonCJ, Rampy BA, Reamy-RampyS, Howell GA (1992)
nlsmactlvated by ZIP3 silencing in CA3 neurons cannot be trig- Distribution of histochemically reactive zinc in the forebrain of the rat. J
gered without ZIP1-dependenZn?' influx. Our results thus Chem Neuroanat 5:521-530.

Strong|y point to Critica| novel avenues to pursue in the regu|£aither LA, Eide DJ (2001) Eukaryotic zinc transporters and their regulation.

tion of neuronal cell death processes via modulation of specmc Biometals 14:251-270.
Zn2" transporter function. Ganay T,Asraf H, Aizenman E,Bogdanovic M,Sekler |, HershfinkelM

(2015) Regulation of neuronal pH by the metabotropic Zn(21)-sensing
Gqg-coupled receptor, mZnR/GPR39. J Neurochem 135:897-907.
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