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The Astrocytic Zinc Transporter ZIP12 Is a Synaptic Protein
That Contributes to Synaptic Zinc Levels in the Mouse
Auditory Cortex
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Synaptically released zinc is a neuronal signaling system that arises from the actions of the presynaptic vesicular zinc transporter

protein zinc transporter 3 (ZnT3). Mechanisms that regulate the actions of zinc at synapses are of great importance for many aspects

of synaptic signaling in the brain. Here, we identify the astrocytic zinc transporter protein ZIP12 as a candidate mechanism that

contributes to zinc clearance at cortical synapses. We identify small-molecule compounds that antagonize the function of ZIP12

in heterologous expression systems, and we use one of these compounds, ZIP12 modulator 8, to increase the concentration

of ZnT3-dependent zinc at synapses in the brain of male and female mice to inhibit the activity of neuronal AMPA and NMDA

glutamate receptors. These results identify a cellular mechanism and provide a pharmacological toolbox to target the molecular

machinery that supports the actions of synaptic zinc in the brain.
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Significance Statement

Synaptic zinc is loaded into presynaptic glutamatergic vesicles by the protein zinc transporter 3 (ZnT3), where it is coreleased

with glutamate during synaptic transmission. Evidence from clinical studies in humans shows that alterations in the expression

of the neuronal zinc transporter protein ZnT3 and the astrocytic zinc transporter protein ZIP12 are associated with schizophre-

nia, suggesting that dysregulation of these brain-specific zinc transporter proteins may contribute altered synaptic signaling in

the brain. Our results show that ZIP12 protein is expressed by astrocytes at synapses in the brain. We identify pharmacological

agents that inhibit ZIP12, and we use them to modulate zinc levels in the brain. This research advances our understanding of

the roles of synaptic zinc in health and disease.

Introduction
Zinc is enriched in the neocortex with ∼20% of total cortical zinc
found in glutamatergic synaptic vesicles (Cole et al., 1999). This
pool of zinc is termed “synaptic zinc” because it is loaded into
presynaptic glutamatergic vesicles by the protein zinc transporter
3 (ZnT3) and released into the synaptic cleft along with gluta-
mate during synaptic transmission (Cole et al., 1999;
Frederickson et al., 2005; McAllister and Dyck, 2017a). There
are 11 members of the zinc transporter family of proteins
(ZnT, Slc30a1–11) that reduce cytoplasmic zinc by transporting
it out of cells or into intracellular compartments (including
synaptic vesicles) and 14 members of the Zrt, Irt-like family of
proteins (ZIP, Slc39a1–14) that increase cytoplasmic zinc by
transporting it into the cytoplasm from extracellular domains
(ECD) and endosomal compartments (Kambe et al., 2015;
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Styrpejko and Cuajungco, 2021). Different tissues have different
expression levels of ZnT and ZIP proteins, and some, such as
ZnT3 and ZIP12, are selectively and highly expressed in the brain
(Palmiter et al., 1996; Seve et al., 2004; Chowanadisai et al., 2013)
with high ZnT3 expression in a large subset of neurons (Zeisel
et al., 2015; Chen et al., 2019) and high ZIP12 expression in astro-
cytes (Zhang et al., 2014a; Nishikawa et al., 2017; Boisvert et al.,
2018), a major class of glia. Since astrocytes are an integral com-
ponent of excitatory synapses (Perea et al., 2009) crucial for con-
trolling the dynamics of glutamate reuptake after its release (Rose
et al., 2018), they are well positioned to regulate other aspects of
excitatory transmission, such as synaptic zinc levels.

During neurotransmission, free zinc levels in the synaptic
cleft rise from nanomolar to tens of micromolar levels over
millisecond timescales, returning to basal nanomolar levels
within a few hundred milliseconds (Vogt et al., 2000; Vergnano
et al., 2014; Morabito et al., 2022; Bender et al., 2023). This
suggests the presence of a powerful system for the rapid removal
of free zinc following its release, but the molecular components
of this system remain unknown. ZIP12 (Slc39a12) has a very
high affinity for zinc with an apparent Km value of ∼6 nM
(Chowanadisai et al., 2013). Crucially, this high affinity of ZIP12
for zinc is appropriate to set the low nanomolar levels of free
zinc near synaptic clefts (Vergnano et al., 2014; Anderson
et al., 2015). Mounting evidence from clinical studies with
humans shows that changes in the expression of ZnT3 and
ZIP12 are associated with schizophrenia—a major neuropsychi-
atric disorder that affects ∼1% of people worldwide (Insel, 2010).
By analyzing postmortem brain tissue samples from people with
schizophrenia compared with age-matched controls, recent stud-
ies found that schizophrenia is associated with reduced cortical
ZNT3 mRNA and protein expression (Perez-Becerril et al.,
2016) and with increased ZIP12 mRNA expression (Scarr et al.,
2016; Dean et al., 2024). This indicates that ZnT3 and ZIP12
may regulate zinc signaling in people and suggests that their
dysregulation may contribute to the etiology of this disorder.
To date, efforts to pharmacologically affect synaptic zinc signal-
ing using the metal chaperones clioquinol and PBT2 have had
beneûcial effects on the cognitive deûcits observed in ZnT3
knock-out (KO) mice (Adlard et al., 2015) and aging wildtype
(WT) mice (Adlard et al., 2014); however, these approaches do
not exclusively affect synaptic zinc signaling, so there is a crucial
need to develop more speciûc tools.

Here, we show that ZIP12 is expressed at cortical synapses, we
identify small-molecule compounds that speciûcally target the
function of ZIP12 in heterologous expression systems (ZIP mod-
ulators; ZiMos), and we use one of these compounds, ZIP12
modulator 8 (ZiMo12.8), to increase the inhibitory effects of
synaptically released zinc on neuronal AMPA and NMDA gluta-
mate receptors in acute brain slices of the mouse auditory cortex
(ACx). Together, our results uncover mechanisms that shape
synaptically released zinc and identify a pharmacological
approach to target the molecular machinery important for the
function of synaptic zinc at synapses in the brain.

Materials and Methods
Animal handling. WTC57Bl/6 mice (Jackson Laboratory) and ZnT3

KOmice (Jackson Laboratory) aged Postnatal Day (P)32–P35 (for histol-
ogy experiments) and aged P21–P35 (for electrophysiology experiments)
were used in accordance with the animal welfare guidelines and regula-
tions of West Virginia University, the US National Institutes of Health,
and the Society for Neuroscience. All procedures were approved by the
Institutional Animal Care and Use Committee of West Virginia

University. Both male and female mice were used in these experiments.
Experiments using ZnT3 KO mice were performed blind to their
genotype.

Perfusions. Male and female WT mice aged P35 were anesthetized
and perfused transcardially using carbogenated artiûcial cerebral spinal
üuid (ACSF; in mM: 130 NaCl, 3 KCl, 2.4 CaCl2, 1.3 MgCl2,
20 NaHCO3, 3 HEPES, 10 D-glucose; saturated with 95% O2/5% CO2
(vol/vol), ~300 mOsm), pH 7.25–7.35, followed by 4% paraformalde-
hyde (PFA) with 0.0028% glutaraldehyde in phosphate-buffered saline
(PBS). Brains were immediately removed and placed into PFA overnight.
Brains were then cryopreserved in 30% sucrose in PBS and sectioned cor-
onally or sagittally at 25 μm on a microtome (Thermo Fisher Scientiûc
Sliding Microtome Microm HM450) with a BFS-40MPA Freezing
Stage (Physitemp Instruments). Sections were stored free-üoating in
0.01% sodium azide in PBS at 4°C.

Immunohistochemistry. Sections were ûrst blocked for 1 h at room
temperature in blocking buffer [1% bovine serum albumin (BSA), 10%
fetal bovine serum, 1% Triton X-100 in PBS]. Sections were then incu-
bated for 48 h at 4°C with primary antibody (chicken anti-GFP,
1:1,000, Abcam, 13970; guinea pig anti-bassoon, 1:200, Synaptic
Systems, 141 004; mouse IgG1 anti-ZnT3, 1:1,000, Synaptic Systems,
197 011; chicken anti-EAAT1, 1:1,000, Synaptic Systems, 250 116; mouse
IgG1 anti-MAP2, 1:1,000, Synaptic Systems, 188 011; rabbit anti-ZIP12,
1:1,000, Sigma-Aldrich, AV44127) in blocking buffer and washed three
times for 10 min in PBS. Sections incubated with secondary antibody
(goat anti-chicken Alexa Fluor 488, Jackson ImmunoResearch
Laboratories, 103-545-1555; goat anti-guinea pig Alexa Fluor 555,
Invitrogen, A-21435; goat anti-mouse IgG1 Alexa Fluor 555,
Invitrogen, A-21127; goat anti-rabbit Alexa Fluor 594, Jackson
ImmunoResearch Laboratories, 111-585-144; goat anti-mouse IgG1
Alexa Fluor 594, Jackson ImmunoResearch Laboratories, 115-587-158;
goat anti-rabbit Alexa Fluor Plus 647, Invitrogen, A32733TR; goat anti-
rabbit Alexa Fluor 750, Invitrogen, A-21039) in blocking buffer (1:500)
for 2 h at room temperature, washed three times in PBS for 10 min,
washed two times in 0.1 M phosphate buffer for 5 min, and mounted
to glass slides with ProLong Glass Antifade Mountant (Invitrogen) and
covered with a No.1.5 glass coverslip.

Fluorescent imaging and analysis. The 20×20 μm (1,024× 1,024 pixel)
confocal Z-stacks (0.2 µm Z-step) were obtained using Leica Stellaris 8 with
a 100× oil immersion objective. Z-stacks were analyzed using Fiji
(Schindelin et al., 2012). A Gaussian blur (sigma of 0.04 μm) was applied
to each image to ûlter out noise. To determine puncta distance and puncta
overlap, images were analyzed through the Fiji plugin DiAna. Puncta
were determined with an XY radius of 3.0 (0.06 µm) and Z radius of
2.0 (0.04 µm) and noise of 15.0. Thresholding was set to the mean
üuorescence intensity of the Z-stack + 2 × standard deviation of the
mean üuorescence intensity and a minimum volume of 15 pixels.
Puncta overlap was calculated as the percentage of each EAAT1
(Fig. 1C) or ZIP12 (Fig. 1E) punctum volume that overlapped with a
bassoon, ZnT3, or ZIP12 punctum. Pairs of puncta with zero percentage
overlap are excluded from these calculations. To determine the dendritic
spine size, üuorescent images of GFP-expressing dendrites were
obtained, and the head of each spine within each image was selected
and thresholded. The area of each spine head was determined automat-
ically using Fiji’s measurement tool. The presence of a protein at each
synapse was determined through a statistical measure of puncta üuores-
cence against the background üuorescence of a 1 × 1 μm area around the
puncta. Expression was deûned as the mean puncta üuorescence inten-
sity being greater than the mean + 2× standard deviation of the mean
background üuorescence intensity. Fluorescence intensity was deter-
mined automatically using Fiji’s measurement tool. Rotation analysis
was performed by rotating one of the üuorescent channels in multicolor
images 90° clockwise as indicated in the corresponding ûgure legend.
This analysis can reveal spatial association between puncta if image rota-
tion reduces the number of spatially overlapping pairs of puncta and the
percentage of overlapping pixels shared by overlapping puncta; the
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number of pairs of puncta resulting from rotation analysis is listed in the
corresponding ûgure legend.

HEK293 compound screening. HEK293 cells (ATCC) were trans-
fected with 0.67 mg of human Myc-DDK-ZIP12 cDNA (OriGene plas-
mid, RC227331) using FuGene HD (Qiagen). ZIP12 cDNA-transfected
HEK293 cells were then placed in 60 wells of a 98-well plate. Cell culture
media were vacuumed from wells and 60 µl of a 1 µM FluoZin-3, AM
and 1 µM CellTracker Red CMPTX (Thermo Fisher Scientiûc) in clear
serum-free media were added to each well. The cells were incubated
for 30 min at 37°C. After incubation, the media were removed and
replaced with clear HBSS. The wells were then rinsed, and each well
was given either one compound (1 µM per well, 50 wells) or a dimethyl
sulfoxide (DMSO) vehicle (10 wells). The well plate was immediately
taken to a plate reader for üuorescent zinc uptake assay. The assay con-
sisted of 300 s of a baseline measurement of FluoZin-3 üuorescence
intensity without any ZnCl2 and then 300 s of measuring üuorescence
intensity after the addition of 0.5 µM ZnCl2. The zinc-insensitive
CellTracker Red CMPTX üuorescence was also measured throughout
the assay as a control and used as a normalization for FluoZin-3 cell
üuorescence. To normalize üuorescence data, a ratio was calculated by
dividing the FluoZin-3 üuorescence intensity measurements by the
CellTracker Red CMPTX üuorescence intensity measurements within
the same well. This normalization accounted for variation in cell number
between wells. The change in üuorescence from the baseline to the addi-
tion of ZnCl2was then calculated for each compound and compared with
the vehicle (Fig. 3D). The difference to the vehicle for each compound
was then graphed and compared with every other compound, where a
negative difference indicated an antagonist (Fig. 3E). For experiments
shown in Figure 3, J and K, the high-affinity, fast, cell-permeant zinc che-
lator TPA (20 µM; Huang et al., 2013) was added to the bath to reduce
the zinc-dependent üuorescence of FluoZin-3 and verify that the üuores-
cence increases following ZnCl2 addition were not due to non zinc-
dependent sources such as autoüuorescence signals that can increase
over time due to metabolic stress (Surre et al., 2018) or due to phototox-
icity from the excitation light used in üuorescent imaging (Icha et al.,
2017).

Virtual compound screening. The virtual screen was performed by
docking Hit2Lead (ChemBridge) compounds into putative binding
pockets of the ZIP12-ECD. The structure of ZIP12 was obtained from
AlphaFold v4 (AF-Q5FWH7-F1-v4) and the dimerization interface
identiûed by a structural and sequence alignment of this model with
the ZIP4-ECD monomer (PDBID:4XA2). From our Hit2Lead com-
pound list, we generated 3-D .sdf ûles of each compound by conversion
of their SMILES to 2-D representations, and then 3-D representations
using the MMF94 + s forceûeld in RDKit (rdkit.org). The subregion of
the ZIP12 model was selected, and each ligand was virtually docked
within the AutoDock Vina Extension available in the SAMSON software
suite (Trott and Olson, 2010; Eberhardt et al., 2021). Using the
DataWarrior structural–activity relationship (SAR) suite (openmolecu-
les.org), analysis was performed by combining data from both previously
screened and unscreened compounds to determine substructure similar-
ities that consistently resulted in high inhibition of “in cell” tests (Sander
et al., 2015).

Western blot. Cell culture samples were obtained by ûrst rinsing cells
within the six-well plate with cold PBS and then vacuumed. More PBS
was added, and a cell scraper was used to free cells from the bottom of
the well plate to be pipetted into microcentrifuge tubes. The cells were
centrifuged for 5 min at 1,500 RPM, and the supernatant was discarded.
Samples were then incubated with RIPA buffer (Sigma-Aldrich) and a
protease inhibitor cocktail (1 mMAEBSF, 800 nM aprotinin, 50 μMbes-
tatin, 15 μM×10−64, 20 μM leupeptin, 10 μMpepstatin A, 5 mM EDTA;
Thermo Fisher Scientiûc) on ice for 30 min, centrifuged for 10 min at
12,000 RPM and 4°C, and the supernatant was saved. Using the Pierce
BCA Protein Assay Kit (Thermo Fisher Scientiûc), the concentration
of each sample was determined, and sample concentrations were then
reduced to the lowest sample concentration using Milli-Q ultrapure

water. Samples were then mixed 1:1 with 5% β-mercaptoethanol
(Thermo Fisher Scientiûc) in 2× Laemmli sample buffer (Bio-Rad
Laboratories) and boiled for 5 min at 100°C. Samples were separated
on 4–20%Mini-PROTEANTGXGels (Bio-Rad Laboratories) and trans-
ferred to 0.2 μm PVDF membrane (Bio-Rad Laboratories) using a
25 mM Tris, 192 mM glycine, 0.1% (w/v) SDS buffer (Bio-Rad
Laboratories). The membrane was ûrst blocked using 3% BSA
(G-Biosciences) for 1 h at room temperature and then incubated with
rabbit anti-ZIP12 primary antibody in 3% BSA (1:1,000,
Sigma-Aldrich, AV44127) overnight at 4°C. The membrane was washed
three times in PBS (Fisher Bioreagents) with 0.1% Tween 20 (T,
Sigma-Aldrich) for 15 min. The membrane was then incubated with
goat anti-rabbit secondary antibody conjugated to horse radish peroxi-
dase (1:2,000, Bio-Rad Laboratories, 1721019) in PBST for 1 h at room
temperature and washed three times for 15 min with PSBT.
SuperSignal West Pico PLUS Stable Peroxide (Thermo Fisher
Scientiûc) was mixed 1:1 with SuperSignal West Pico PLUS Luminol/
Enhancer (Thermo Fisher Scientiûc) and placed gently over the mem-
brane and imaged using an Amersham Imager 680 (GE Life Sciences).
After imaging, the membrane was rinsed with PBST, incubated with rab-
bit anti-glyceraldehyde 3-phosphate dehydrogenase (GAPDH; 1:1,000,
Bio-Rad Laboratories, VPA00187) in 3% BSA overnight at 4°C, and
then washed three times with PBST for 15 min. Themembrane was incu-
bated with goat anti-rabbit secondary antibody conjugated to horse rad-
ish peroxidase (1:2,000, Bio-Rad Laboratories, 1721019) in PBST for 1 h
at room temperature, washed three times for 15 min with PSBT, and
then imaged as previously described. To quantify the bands, the
Western blots were analyzed using Fiji (Schindelin et al., 2012). The
intensity of each band was measured through Fiji’s automatic measuring
tool. The background surrounding each band was measured the same
way and subtracted from the band intensity. The resulting band intensi-
ties were then made into a ratio of ZIP12 band intensity/GAPDH band
intensity.

Stereotaxic surgeries. Male and female WT and ZnT3 KO mice at
P21–P28 were anesthetized with inhaled isoüurane (induction, 3% in
oxygen; maintenance, 1.5% in oxygen) and secured in a stereotaxic frame
(Stoelting). Core body temperature was maintained at ~37°C with a heat-
ing pad, and eyes were protected with ophthalmic ointment. Lidocaine
(1%) was injected under the scalp, and an incision was made into the
skin at the midline to expose the skull. Using a 27 gauge needle as a scal-
pel, a small craniotomy (~0.4 mm diameter) was made over the inferior
colliculus at coordinates 1.3 mm posterior and 1.0 mm lateral to the
lambda. Borosilicate glass pipettes (VWR International) were pulled to
a shallow taper (length, >1 cm; tip diameter, ~30 µm) and advanced
into the region of interest at an angle ∼25° off the horizontal plane.
Injection pipettes were backûlled with mineral oil (Sigma-Aldrich) and
ûlled with pGP-AAV-syn-jGCaMP8m-WPRE (titer 5e12–5e13 genome
copies/mL, Addgene) or cholera toxin subunit B conjugated to Alexa
Fluor 555 (CTB-555, 1 mg/µl, Thermo Fisher Scientiûc). They were con-
nected to 5 μl glass syringes (Hamilton) via capillary tubing and con-
trolled with syringe pumps (World Precision Instruments). Pipettes
were inserted 1.5 mm deep into the craniotomy, and 0.4 µl of CTB-555
was injected at 0.2 µl per minute for 2 min, or 0.9 µl of AAV was injected
at 0.3 µl per minute for 3 min. After injections, the pipettes were left in
place for 2 min prior to removal, and then the scalp of the mouse was
closed with cyanoacrylate adhesive. Mice received an injection of nonste-
roidal anti-inüammatory drug meloxicam during the injection proce-
dure and a diet of meloxicam tablets (Bio-Serv) for 72 h after surgery.
Mice were monitored for signs of postoperative stress and pain.

Brain slice electrophysiology. Acute brain slice experiments using
WT and ZnT3 KO (P25–P35) male and female mice were performed
as previously described (Bender et al., 2023). Slices were examined during
experiments to conûrm accurate placement of the injection sites. Brain
slices of ACx were cut in chilled carbogenated choline-based solution
of the following composition (in mM): 110 choline chloride, 25
NaHCO3, 25 D-glucose, 11.6 sodium ascorbate, 3.1 sodium pyruvate,
2.5 KCl, 0.5 CaCl2, 7 MgCl2. AMPA receptor miniature excitatory
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postsynaptic current (mEPSC) experiments were carried out using carbo-
genated ACSF with the following composition (in mM): 130 NaCl, 3 KCl,
2.4 CaCl2, 1.3MgCl2, 20 NaHCO3, 3 HEPES, 10D-glucose, 0.0005 tetrodo-
toxin (TTX), saturated with 95% O2/5% CO2 (vol/vol), pH 7.25–7.35,
~300 mOsm. All solutions were continuously bubbled with carbogen.
Contaminating zinc was removed from the ACSF for all experiments by
stirring the ACSF with Chelex 100 resin (Bio-Rad Laboratories) for 1 h.
High-purity CaCl2 and MgCl2 salts (99.995% purity; Sigma-Aldrich)
were added to the ACSF after the Chelex resin was ûltered using Nalgene
rapid üow ûlters lined with polyethersulfone (0.2 µM pore size). All plastic
and glassware were washed with 5% high-purity nitric acid. Mice were ûrst
anesthetizedwith isoüurane and then immediately decapitated. Brains were
rapidly removed, and coronal slices (300 µm) of the cortexwere prepared in
chilled choline chloride cutting solution using a vibratome (VT1200 S;
Leica Biosystems). Slices were then transferred into a holding chamber of
carbogenated ACSF and incubated for ~30 min at 35°C and then incu-
bated at room temperature for ~30 min before electrophysiological
experiments were performed. For electrophysiological experiments,
slices were transferred into the recording chamber and perfused with car-
bogenated ACSF at a rate of 1–2 ml/min. Recordings were performed at
30–32°C using an in-line heating system (Warner Instruments).
Corticocollicular neurons were identiûed by their labeling with the retro-
grade labeler cholera toxin subunit B conjugated to Alexa Fluor 555
(Thermo Fisher Scientiûc). Electrophysiological recordings were made
using an ampliûer (MultiClamp-700B, Axon Instruments), a digital to
analog converter (USB-6229, National Instruments), and ephus (Suter
et al., 2010). Voltage-clamp recordings were conducted using borosilicate
pipettes (Warner Instruments) pulled to tip resistances of 3–5 MΩ
(Sutter Instrument) ûlled with a cesium-based internal solution with
the following composition (in mM): 128 cesium-methanosulfonate,
10 HEPES, 4 MgCl2, 4 Na, 2 ATP, 0.3 Tris-GTP, 10 Tris-phosphocreatine,
0.5 cesium-EGTA, 3 Na-ascorbate, 1 QX314, pH 7.23 (303 mOsm) at
−70 mV holding. Series (Rseries) and input resistance (Rinput) were deter-
mined in a voltage-clamp mode (command potential set at −70 mV) by
giving a −5 mV voltage step, which resulted in transient current
responses. Rseries was determined by dividing the −5 mV voltage step
by the peak current value generated immediately after the step in
the command potential. The difference between the baseline and
steady-state hyperpolarized current (ΔI) was used to calculate Rinput
using the following formula: Rinput=−5 mV/ΔI−Rseries. Membrane
time constant (τ; in msec) is the weighted time constant calculated
via ûtting a double exponential to the decay phase of the test step.
Cell capacitance (in picofarads) was calculated by dividing the time
constant by the input resistance. Current density was calculated as
the holding current divided by the capacitance of the cell. For tonic
NMDA receptor current experiments, a modiûed low-magnesium
ACSF was used, with the following composition (in mM): 130 NaCl,
3 KCl, 2.4 CaCl2, 0.05 MgCl2, 20 NaHCO3, 3 HEPES, 10 D-glucose,
0.0005 TTX, 0.02 SR95531 (gabazine), 0.025 DNQX, and 0.01 glycine,
saturated with 95% O2/5% CO2 (vol/vol), pH 7.25–7.35, ~300 mOsm.
AP5 (50 µM), ZX1 (300 µM), ZiMo12.8 (10 µM), and ZiMo12.9
(10 µM) were bath applied where indicated. ZiMo12.8 and ZiMo12.9
were dissolved in DMSO.

Statistical analysis. Analysis was performed with Fiji (Schindelin
et al., 2012), MATLAB (MathWorks), and Prism (GraphPad). For statis-
tical comparisons, a Student unpaired t test was used if the group data
passed Lilliefors test for normality. If the group data were not normally
distributed, a Kruskal–Wallis one-way ANOVA was used. A statistical
comparison was determined to be signiûcant if the p value was <0.05
for single comparisons or by use of Dunn’s multiple-comparison test
for multiple comparisons. Statistically signiûcant differences are denoted
in ûgures with an asterisk (*), and p values are listed in the ûgure legends.
Statistical analyses were performed using Prism (GraphPad), MATLAB
(MathWorks), and Excel (Microsoft). Bar plots show the mean with
error bars representing ±standard error of the mean (SEM). Detailed
information about the statistical tests used are available in Extended
Data Table 1-1.

Results
To investigate the potential roles of ZIP12 in synaptic function,
we ûrst assessed the expression pattern of ZIP12 protein in the
brain. Single-cell sequencing studies have consistently found
that ZIP12 mRNA expression is highly enriched in astrocytes
compared with other types of brain cells (Fig. 1A; Zhang et al.,
2014b; Zeisel et al., 2015; Clarke et al., 2018; Yao et al., 2021).
Since ZIP12 is a zinc transporter protein that targets the plasma
membrane (Chowanadisai et al., 2013), we hypothesized that
ZIP12 protein would be expressed by astrocytes in the brain
and would be localized to synapses. To address these hypotheses,
we performed immunohistochemical staining for ZIP12 in brain
sections of mouse ACx (see Materials and Methods; Fig. 1B).
Along with ZIP12, we also stained for the synaptic proteins bas-
soon (a presynaptic protein that assists in tethering vesicles at the
active zone of synapses; Takao-Rikitsu et al., 2004; tom Dieck
et al., 2005; Magupalli et al., 2008) and excitatory amino acid
transporter 1 (EAAT1; an astrocytic protein that is responsible
for glutamate reuptake into astrocytes after it is released from
presynaptic terminals; Bunch et al., 2009; Fig. 1B). We hypothe-
sized that if EAAT1, bassoon, and ZIP12 are also closely associ-
ated, this would support the role of astrocytic ZIP12 expression at
synapses. We quantiûed these relationships and found that, con-
sistent with our hypothesis, EAAT1 was closely associated with
ZIP12 and bassoon (Fig. 1C), suggesting that EAAT1 and
ZIP12 are proteins expressed in astrocytic processes near the
active zone of synapses (Takao-Rikitsu et al., 2004; tom Dieck
et al., 2005; Magupalli et al., 2008). Next, we hypothesized that
if astrocytic ZIP12 interacts with synaptically released zinc at
synapses, ZIP12 and ZnT3 would also show a high degree of
colocalization. To test this hypothesis, we performed staining
for ZnT3, ZIP12, and bassoon as above. We found a signiûcant
association of ZIP12 with ZnT3 with bassoon (Fig. 1D,E) in the
cortex, suggesting that ZIP12 and ZnT3 might function to sup-
port synaptic zinc release and clearance. Together, these results
suggest that astrocytes express the transporter proteins ZIP12
and EAAT1 which interact with zinc and glutamate in synaptic
terminals after they are released from presynaptic vesicles during
synaptic transmission.

Given the association between ZnT3 and ZIP12 puncta in the
brain, we hypothesized that these proteins would localize to post-
synaptic structures. To address this, we performed stereotaxic
injections of a retrograde AAV-GCaMP8m (see Materials and
Methods) into the right inferior colliculus of WT mice to induce
the expression of GCaMP8m in Layer 5 corticocollicular neurons
in the ACx (Fig. 2A). We stained mouse cortical sections for
MAP2 and ZIP12 to orient ZIP12 to the dendritic organization
of GFP-expressing neurons in the cortex (Fig. 2A). We next
quantiûed the relationship of ZIP12 and ZnT3 with postsynaptic
dendritic spines in the cortex with antibodies for ZIP12 and
ZnT3 (see Materials and Methods). Using GFP üuorescence,
dendritic spines in layer 2/3 of the cortex were imaged and ana-
lyzed using a threshold measure of the spine head area (Fig. 2B–F;
Hruska et al., 2022; Manning et al., 2024). Consistent with the
association of ZnT3 with larger dendritic spines in the cortex
(Manning et al., 2024), ZIP12 was also expressed at larger dendri-
tic spines (Fig. 2F), with a majority of dendritic spines located at
synapses that coexpress astrocytic ZIP12 and neuronal ZnT3
(Fig. 2G,H). Together, these results show that presynaptic
ZnT3 and astrocytic ZIP12 are both associated with postsynaptic
dendritic spines in the cortex, suggesting that these proteins are
functionally coordinated with each other at synapses.
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Having established that ZIP12 is expressed at synapses in the
mouse cortex, we next sought methods to assess the functional
consequences of ZIP12 on synaptic signaling. Speciûcally, we
were interested in a method to reduce ZIP12 function because
this could have therapeutic applications in disease models related
to upregulation of ZIP12 expression, such as schizophrenia
(Scarr et al., 2016; Dean et al., 2024). As a ûrst step toward this
goal, we established a ZIP12 activity assay based on heterologous
expression systems that have been previously used to study the
function of zinc transporters such as ZIP4 (Zhang et al., 2016,
2017; Hoch et al., 2020), ZIP13 (Bin et al., 2011), and ZnT5
(Ohana et al., 2009). HEK293 cells were transfected with human
Myc-tagged ZIP12 cDNA, and zinc uptake was determined using
a üuorescent indicator in both transfected and native cells (Hoch
et al., 2020). Transfection with ZIP12 cDNA resulted in increased
ZIP12 expression by HEK293 cells (Fig. 3A). We quantiûed zinc
uptake in HEK293 cells with FluoZin-3, AM—an intracellular,
Zn2+-selective indicator that increases in üuorescence when
bound to zinc (Hoch et al., 2020). 0.5 µM ZnCl2 was added to
both native and ZIP12-transfected HEK293 cells (Fig. 3B).

Consistent with expression of ZIP12 resulting in increased zinc
transport into HEK293 cells, zinc application to cells transfected
with ZIP12 cDNA resulted in increased üuorescent intensity
compared with native cells (Fig. 3C). Having established a
ZIP12 transport assay, we screened 610 compounds (1 µM)
from a small-molecule library (Hit2Lead, ChemBridge; Fig. 3D,E)
on ZIP12-transfected HEK293 cells. We quantiûed the effects
of these putative ZIP12 modulator (ZiMo12) compounds on
ZIP12 function by normalizing the changes in FluoZin-3 üuor-
escence compared with vehicle in ZIP12-transfected HEK293
cells and ranked the effect of the compounds from most
antagonistic to most agonistic (Fig. 3E). Next, we sought to
identify structural similarities between antagonist compounds
by performing a virtual docking experiment combined with
SAR analysis. Virtual docking experiments were performed
by docking compounds into a putative binding site on the
ZIP12 dimerization interface (see Materials and Methods;
Fig. 3F,G,H; Extended Data Table 2-1). We focused on this
dimerization interface because these residues are crucial for
the homodimerization and zinc transport capacity of ZIP4,

Figure 1. ZIP12 is a synaptic protein. A, Relative gene expression of ZIP12 showing high expression in astrocytes. Also shown are markers for glia (EAAT1), neurons (GAD1, VGLUT1, and

bassoon), and vesicles (ZnT3). Images are scatterplot projections of single-cell RNA sequencing data generated from data in Yao et al. (2021), accessed at celltypes.brain-map.org/rnaseq and

celltypes.brain-map.org/rnaseq/mouse_ctx-hpf_10x, and displayed in accordance with Allen Institute Transcriptomics Explorer citation policy. B, Example image of bassoon (cyan), ZIP12

(magenta), and EAAT1 (yellow) puncta in Layer 2/3 of mouse ACx. C, Left, Cumulative distribution of the overlap between EAAT1 and bassoon (cyan) puncta and EAAT1 and ZIP12 (magenta)

puncta. The cartoon inset shows the volume measured was where the EAAT1 punctum (yellow) and either a ZIP12 (magenta) or bassoon (cyan) punctum overlapped. Right, Average volume

overlap for all pairs of puncta natively and with the EAAT1 channel rotated (bassoon, p< 1.00 × 10−15; native, 3,804 pairs; rotated, 2,973 pairs; ZIP12, p< 1.00 × 10−15; native, 1,889 pairs;

rotated, 1,309 pairs; n= 3 mice; Kruskal–Wallis test with Dunn’s multiple comparisons). D, Example image of bassoon (cyan), ZnT3 (orange), and ZIP12 (magenta) puncta in layer 2/3 of mouse

ACx. E, Left, Cumulative distribution of the overlap between ZIP12 and bassoon (cyan) puncta and ZIP12 and ZnT3 (orange) puncta. Right, Average volume overlap for both pairs of puncta

natively and with the ZIP12 channel rotated (bassoon, p= 1.92 × 10−13; native, 519 pairs, rotated, 109 pairs; ZnT3, p< 1.00 × 10−15; native, 711 pairs; rotated, 80 pairs; n= 3 mice; Kruskal–

Wallis test with Dunn’s multiple comparisons). Asterisks (*) indicate statistically significant values. All values are given as mean ± SEM.
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another member of the LIV-I family of zinc transporter pro-
teins and close homolog to ZIP12 (Kambe et al., 2015; Zhang
et al., 2016, 2017). The dimerization interface was targeted by
homology modeling in which the sequence of ZIP12 was
mapped onto the structure of ZIP4 (Fig. 3F,G). Our results
showed that compounds with the highest inhibition and high-
est predicted binding affinity were consistently bound to the
linker region connecting the ECD of ZIP12. These compounds

all contained four cyclic rings which were generally nonpolar
while also having relatively high üexibility owing to separation
of cyclic structures.

Based on these results, four compounds with high predicted
binding affinity to ZIP12 and that experimentally acted as antag-
onists were used in further trials to assess ZIP12 speciûcity
(Fig. 3I,J). To assess speciûcity of these compounds on ZIP12 ver-
sus other proteins expressed by HEK293 cells, we performed

Figure 2. ZIP12 and ZnT3 are associated with dendritic spines. A, Top, Example image of corticocollicular neurons (GFP; white), MAP2 (green), and ZIP12 (magenta) in the ACx. Yellow dotted

box indicates area imaged for bottom. Bottom, Zoomed in example of corticocollicular neurons and spines (GFP; white), MAP2 (green), and ZIP12 (magenta) in layer 2/3 of the ACx.

B, Example image of a synapse in layer 2/3 that does not express any zinc transporter proteins. White outline indicates the dendrite and dendritic spine. Merged image shows ZnT3 (orange)

and ZIP12 (magenta) stains. C, Example image of a synapse that only expresses ZnT3. Same color scheme as in B. D, Example image of a synapse that only expresses ZIP12. Same color scheme as

in B. E, Example image of a synapse that expresses both ZnT3 and ZIP12. Same color scheme as in B. F, Average spine areas for synapses with no zinc transporters (black), just ZIP12 (magenta),

just ZnT3 (orange), and both zinc transporters (purple) (none n= 23 spines; ZIP12 n= 19 spines; ZnT3 n= 24 spines; ZnT3 and ZIP12 n= 103 spines in three mice; none-ZIP12, p= 3.43 × 10−3;

none-ZnT3, p= 2.50 × 10−3; none-ZnT3 and ZIP12, p= 7.00 × 10−8; ZIP12-ZnT3, p= 0.2746; ZIP12-ZnT3 and ZIP12, p = 9.17 × 10−5; ZnT3-ZnT3 and ZIP12, p = 3.94 × 10−4; unpaired t

test). G, Pie chart showing the percentage of total synapses with no zinc transporters, just ZIP12, just ZnT3, and both zinc transporters. Same color scheme as G. H, Cartoon showing the tripartite

synapses based on the results in A–G. Asterisks (*) indicate statistically significant values. All values are given as mean ± SEM.
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Figure 3. Identifying small-molecule compounds that reduce ZIP12-mediated zinc fluorescence in HEK293 cells. A, Top, Western blot bands for ZIP12 (top) and GAPDH (bottom) from native

and ZIP12 cDNA-transfected HEK293 cells. B, Cartoon depicting the function of FluoZin-3. With the addition of ZnCl2, the cells will fluoresce more. C, Example images of native (top) and

transfected (bottom) HEK293 cells with FluoZin-3 after the addition of ZnCl2. D, Example high-throughput zinc uptake assay traces in transfected HEK293 cells with either a vehicle (black)

or a test compound (cyan). Examples show a compound with no effect on FluoZin-3 fluorescence (ZiMo12.9) and a compound that reduced FluoZin-3 fluorescence (ZiMo12.8). E, The difference

in fluorescence for each test compound compared with the vehicle after the addition of ZnCl2. Cyan labels indicate key compounds. F, Left, Space-filling model of ZIP12 (AF-Q504Y0-F1-v4)

Regions 1 and 2 colored blue and red, respectively. Right, Conservation scores of residues located within Region 1 and Region 2 (arbitrary designation) of a putative binding pocket of ZIP12.

ConSurf (Ashkenazy et al., 2016; Yariv et al., 2023) run of 150 ZIP12 homologs shows that both regions contain clusters of structurally (s) and functionally (f) conserved residues. G, Docked pose of

ZiMo12.8 (stick diagram) in pocket of ZIP12 shown as a space-filling model (gray). H, The binding affinity to the ECD of ZIP12 for each compound tested. Cyan labels indicate key compounds. I, The

molecular structure for the four compounds chosen for further experiments. J, Example zinc uptake assay traces of native (black) and ZIP12-transfected (red) HEK293 cells with the prior addition of a

vehicle (left) or a compound (right). K, The average fluorescence of FluoZin-3 after the addition of ZnCl2 in native (black) and ZIP12-transfected (red) HEK293 cells. The left bar indicates the addition of a

vehicle while the right is the addition of a compound (native vehicle n= 6 wells; ZIP12 vehicle n= 6 wells; ZiMo12.6 vs ZIP12; p = 8.9 × 10−4; ZiMo12.7 vs ZIP12; p= 0.0393; ZiMo12.8 vs

ZIP12; p = 0.0010; n = 6 wells per group; unpaired t test). Asterisks (*) indicate statistically significant values. All values are given as mean ± SEM.
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additional experiments comparing the effects of these com-
pounds in native HEK293 cells versus ZIP12-transfected
HEK293 cells. With these additional trials, the membrane-
permeable zinc chelator TPAwas added at the end of the imaging
session to return the üuorescence back to the baseline, ensuring
that the üuorescence signals were zinc-dependent. Both trans-
fected and native HEK293 cells underwent the zinc uptake assay
in the presence of either vehicle or one of the top compounds
(Fig. 3J). Three of these four compounds were able to reduce
the zinc-mediated increase in FluoZin-3 üuorescence of
ZIP12-transfected HEK293 cells to levels similar to untransfected
HEK293 cells, suggesting that they are speciûcally acting to
reduce the zinc transport capacity of ZIP12 expressed by trans-
fected HEK293 cells (Fig. 3K). Together, these results suggest
that the effects of these compounds on FluoZin-3 üuorescence
are ZIP12 expression-dependent and are not due to other mech-
anisms—such as directly chelating zinc or directly affecting
FluoZin-3 üuorescence—in this screening assay.

Having identiûed putative ZIP12 antagonists using SAR anal-
ysis combined with heterologous expression systems, we next
set out to assess the effect of ZIP12 antagonist compounds on
synaptic function. Because ZiMo12.8 had the largest effect on
FluoZin-3 üuorescence in ZIP12-expressing HEK293 cells
(28% signal reduction; Fig. 3K) and had the smallest effect on
native HEK293 cells (1% signal reduction; Fig. 3K), we focused
on this compound for experiments in acute brain slices of mouse
ACx. We hypothesized that if ZIP12 contributes to synaptic zinc
clearance following its release into the synaptic cleft, ZiMo12.8
could increase zinc levels by reducing the zinc transport capacity
of ZIP12 (Fig. 4A) and thereby increase zinc inhibition of gluta-
mate receptors (McAllister and Dyck, 2017b). To test this
hypothesis, we labeled layer 5 corticocollicular neurons by per-
forming a stereotaxic injection of retrograde axonal tracer chol-
era toxin subunit B conjugated to Alexa Fluor 555 (CTB-555)
into the right inferior colliculus of mice (Fig. 4B,C). We then pre-
pared acute brain slices containing the ACx and visually targeted
üuorescent neurons for electrophysiological recordings.Whole-cell
patch–clamp recordingswere performed under voltage-clamp con-
ditions in the presence of TTX to block sodium channels and isolate
action potential-independent AMPA receptor-mediated miniature
excitatory postsynaptic currents (mEPSCs; Fig. 4D). The addition
of ZiMo12.8 resulted in a signiûcant decrease in AMPA receptor
mEPSC amplitudes, consistent with increased zinc levels in the cleft
that became inhibitory to AMPA receptors (Blakemore and
Trombley, 2004, 2019) by reducing the zinc transport activity
of ZIP12 (Fig. 4E–G). The effects of ZiMo12.8 were dependent
on the presence of synaptic zinc, because similar experiments
using ZiMo12.8 in ZnT3 KO mice—which lack synaptic zinc—
resulted in no changes to AMPA receptor mEPSC amplitudes
(Fig. 4H–J). Furthermore, inWTmice, the high-affinity, extracel-
lular, zinc-speciûc chelator ZX1 (Pan et al., 2011; Anderson et al.,
2015; Kalappa et al., 2015; Morabito et al., 2022; Upmanyu et al.,
2022; Bender et al., 2023) occluded the effects of ZiMo12.8 on
mEPSC amplitudes. Together, these results suggest that the effects
of ZiMo12.8 on AMPA receptor mEPSCs are due to increasing
extracellular ZnT3-dependent zinc levels (Fig. 4K–M), that these
effects can be occluded by genetic or pharmacological removal of
zinc from synapses, and that ZiMo12.8 does not act directly on
AMPA receptors in the absence of zinc.

These electrophysiological results are consistent with
ZiMo12.8 causing a ZnT3-dependent, ZX1-sensitive increase in
extracellular zinc levels at synaptic connections in the brain.
However, because changing zinc levels can have a range of effects

on AMPA receptor function (from enhancement, to suppression,
to no effect; Blakemore and Trombley, 2004; Pan et al., 2011;
Kalappa et al., 2015; Blakemore and Trombley, 2019; Bender
et al., 2023), we hypothesized that the summation of these differ-
ent effects of zinc on AMPA receptor function combine into the
small but signiûcant decrease in mEPSC amplitudes by
ZiMo12.8. Although these results are consistent with an increase
in synaptic zinc levels by ZiMo12.8, the range of possible effects
of increasing zinc levels on AMPA receptor function is a poten-
tial caveat to this interpretation. To address this, we utilized a
complimentary approach to assess the effects of ZiMo12.8 on
zinc levels in the brain. Because NMDA receptors are unidirec-
tionally inhibited by increased zinc levels (Paoletti et al., 1997;
Rachline et al., 2005; Tovar and Westbrook, 2012; Hansen
et al., 2014), we hypothesized that if the inhibition of AMPA
receptor function we observe is due to ZiMo12.8 increasing
zinc levels, this increase in zinc should also cause inhibition of
NMDA receptor function. To test this hypothesis, we performed
whole-cell patch–clamp recordings under voltage-clamp condi-
tions in ACSF containing low levels of magnesium to remove
the NMDA pore block by magnesium at negative membrane
potentials (Mayer et al., 1984; Bender et al., 2023). The ACSF
also contained TTX, SR95531 (gabazine), the AMPA receptor
antagonist DNQX, and the NMDA receptor agonist glycine in
order to isolate NMDA receptor-mediated tonic currents
(Povysheva and Johnson, 2012). The addition of ZiMo12.8
decreased the tonic currents (Fig. 5A–E), consistent with
ZiMo12.8 increasing zinc inhibition of NMDA receptors
(Paoletti et al., 1997; Rachline et al., 2005; Tovar and
Westbrook, 2012; Hansen et al., 2014). AP5 further reduced these
currents showing that they are mediated by NMDA receptors
(Fig. 5C–E). In experiments where AP5 was bath applied before
ZiMo12.8, AP5 occluded the effect of ZiMo12.8 on tonic currents
(Fig. 5F,G), conûrming that the inhibition of tonic currents by
ZiMo12.8 depends on the function of NMDA receptors.
Importantly, these effects of ZiMo12.8 were also observed
when current density was used as the measurement of tonic
NMDA receptor activity (Lu et al., 2006; Gall and Dupont,
2019; Wu et al., 2021; Wyroślak et al., 2023) suggesting that
the effects are due to zinc inhibition of NMDAR and not due
to changes in the cell capacitance in response to ZiMo12.8. We
next hypothesized that if the effects of ZiMo12.8 result from
ZIP12 antagonism, a different small molecule with low binding
affinity for ZIP12 would not increase zinc-dependent inhibition
of NMDA receptors. We therefore performed similar experi-
ments with ZiMo12.9—which had no effect on HEK293 cell
ZIP12-dependent zinc transport (Fig. 3D,E) and had low binding
affinity for ZIP12 (Fig. 3H). Consistent with our hypothesis,
ZiMo12.9 had no effect on tonic NMDA receptor currents in
neurons (Fig. 5H,I). This result indicates that the inhibition of
tonic NMDA receptor currents by ZiMo12.8 is not a general
effect of small molecules, the vehicle used to deliver it into the
ACSF, or due to other factors such as the duration of the whole-
cell recordings or the dialysis of neuronal intracellular milieu that
occurs in these experiments. Taken together, these electrophysi-
ological results suggest that ZiMo12.8 acts to increase levels of
synaptically released zinc in the extracellular space via decreasing
the zinc transport activity of ZIP12 in the brain.

Discussion

As the importance of synaptic zinc in normal brain function is
becoming more evident, there is a crucial need to understand

8 • J. Neurosci., March 26, 2025 • 45(13):e2067242025 Manning et al. • ZIP12 Contributes to Synaptic Zinc Levels in the Brain



the cellular andmolecular mechanisms that control the dynamics
of this powerful signaling system. This need is made more urgent
because of the growing body of evidence that links altered synap-
tic zinc signaling to neurological conditions such as autism (Yoo
et al., 2016), schizophrenia (Carrera et al., 2012; Perez-Becerril
et al., 2016), and Alzheimer’s disease (Lee et al., 2002; Beyer

et al., 2009; Adlard et al., 2010) suggesting that synaptic zinc sig-
naling could provide novel targets for therapeutic approaches in
the treatment of these disorders. While the importance of ZnT3
for loading zinc ions into synaptic vesicles is well established
(Palmiter et al., 1996; Kantheti et al., 1998; Cole et al., 1999;
2001; Vogt et al., 2000; Salazar et al., 2005, 2009; Upmanyu

Figure 4. ZiMo12.8 increases ZnT3-dependent zinc inhibition of AMPA receptors in mouse ACx. A, Cartoon of a tripartite glutamatergic synapse showing the corelease of zinc and glutamate

into the synaptic cleft from the presynaptic neuron, where it acts on AMPA glutamate receptors of the postsynaptic neuron, with an astrocyte expressing ZIP12 clearing zinc from the cleft.

B, Example image of an acute brain slice of the inferior colliculus and schematic representation of the injection of the retrograde label cholera toxin subunit B conjugated to an Alexa Fluor 555

fluorophore (CTB-555). C, Example image of an acute brain slice of ACx showing CTB-555 labeled corticocollicular (CCol) neurons in Layer 5. D, Left, Schematic representation of a labeled CCol

neuron in patch-clamp configuration. Right, Example image of a labeled CCol neuron in the ACx in whole-cell patch–clamp configuration. E, Left, Example whole-cell patch–clamp recording of

AMPA-mediated mEPSCs in acute brain slices of ACx from WT mice in both control conditions (black) and after bath application of ZiMo12.8 (pink). Right, Onset-aligned example mEPSCs from

both before (black) and after (pink) treatment with ZiMo12.8. F, Cumulative probability distribution showing AMPA-mediated mEPSC amplitudes normalized to the average amplitude of control

mEPSCs in control conditions and after application of ZiMo12.8 in acute brain slices of ACx from WT mice. Colors as in E. G, Bar plot showing the average change in mEPSC amplitude after

application of ZiMo12.8, normalized to the average amplitude of control mEPSCs in acute brain slices of ACx from WT mice (WT ZiMo12.8, mean = 0.925 ± 0.0295 SEM; p= 0.0448; n= 7 cells

from 5 mice; paired t test). H, Left, Example whole-cell patch–clamp recording of AMPA-mediated mEPSCs in acute brain slices of ACx from ZnT3 KO mice in both control conditions (blue) and

after bath application of the novel ZIP12 antagonist ZiMo12.8 (pink). (Right) Onset-aligned example mEPSCs from both before (blue) and after (pink) application of ZiMo12.8. I, Cumulative

probability distribution showing the cumulative probability of AMPA-mediated mEPSC amplitudes normalized to the average amplitude of control mEPSCs in control conditions and after appli-

cation of ZiMo12.8 in acute brain slices of ACx from ZnT3 KO mice. Colors as in H. J, Bar plot showing the average change in mEPSC amplitude after application of ZiMo12.8, normalized to the

average amplitude of control mEPSCs in acute brain slices of ACx from ZnT3 KO mice (ZnT3 KO ZiMo12.8, mean = 0.919 ± 0.05557 SEM; p= 0.2453; n= 7 cells from 5 mice; paired t test). K, Left,

Example whole-cell patch–clamp recording of AMPA-mediated mEPSCs in acute brain slices of ACx from WT mice pretreated with ZX1 (yellow) and after bath application of ZiMo12.8 (pink).

Right, Onset-aligned example mEPSCs from both before (yellow) and after (pink) treatment with ZiMo12.8. L, Cumulative probability distribution showing the cumulative probability of

AMPA-mediated mEPSC amplitudes normalized to the average amplitude of control mEPSCs in control conditions and after application of ZiMo12.8 in acute brain slices of ACx from WT

mice pretreated with ZX1. Colors as in K. M, Bar plot showing the average change in mEPSC amplitude after application of ZiMo12.8, normalized to the average amplitude of control

mEPSCs in acute brain slices of ACx from WT mice pretreated with ZX1 (WT with ZX1 + ZiMo12.8, mean = 0.941 ± 0.0826 SEM; p= 0.4982; n= 4 cells from 3 mice; paired t test).

Asterisks (*) indicate statistically significant values. All values are given as mean ± SEM.
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et al., 2022), much less is known about the molecular machinery
that controls synaptic zinc levels during synaptic transmission.
Here we identify ZIP12 as a protein that contributes to extracel-
lular zinc levels during synaptic transmission.

Synaptic zinc as a potent neuromodulatory signaling system
(Pan et al., 2011; Vergnano et al., 2014; Anderson et al., 2015;
Kalappa et al., 2015; Kouvaros et al., 2020; Cody and
Tzounopoulos, 2022) that supports normal sensory processing
(Anderson et al., 2017; Wu and Dyck, 2018; Kumar et al.,
2019; Bender et al., 2023; McCollum et al., 2024) and ZnT3
KO mice (which lack synaptic zinc) display a range of cognitive,
sensory, and behavioral deûcits (Adlard et al., 2010; Martel et al.,
2011; Sindreu et al., 2011; Yoo et al., 2016; Thackray et al., 2017;
Wu and Dyck, 2018; Kumar et al., 2019; Zong et al., 2024).
Synaptic zinc affects multiple aspects of excitatory and inhibitory
neurotransmission. Exogenous zinc is an allosteric modulator

that inhibits NMDA receptors (Legendre and Westbrook,
1990), with GluN2A-containing NMDA receptors inhibited by
nanomolar levels of zinc (Paoletti et al., 1997; Tovar and
Westbrook, 2012; Hansen et al., 2014). More recent work dem-
onstrates that endogenous, synaptically released zinc inhibits
NMDA receptors and affects synaptic plasticity (Vogt et al.,
2000; Pan et al., 2011; Vergnano et al., 2014; Anderson et al.,
2015). Synaptic zinc inhibits or potentiates AMPA receptor func-
tion (Kalappa et al., 2015; Bender et al., 2023) and triggers endo-
cannabinoid synthesis that acts as a retrograde messenger to
reduce presynaptic vesicular release probability (Perez-Rosello
et al., 2013) and regulates chloride gradients and GABA signaling
(Chorin et al., 2011) via the actions of the metabotropic zinc
receptor GPR39 (Hershûnkel, 2018). At different concentrations,
zinc also allosterically inhibits GABA receptors (Barberis et al.,
2000), inhibits or potentiates glycine receptor function

Figure 5. ZiMo12.8 increases ZnT3-dependent zinc inhibition of NMDA receptors in mouse ACx. A, Cartoon of a tripartite glutamatergic synapse showing the corelease of zinc and glutamate

into the synaptic cleft from the presynaptic neuron, where it acts on NMDA glutamate receptors of the postsynaptic neuron, with an astrocyte expressing ZIP12 clearing zinc from the cleft. B, Left,

Schematic representation of a layer 5 cortical neuron in patch-clamp configuration. Right, Example image of a layer 5 cortical neuron in the ACx in whole-cell patch–clamp configuration. C, Left,

Example patch-clamp recording of the tonic NMDA receptor current from a layer 5 neuron in an acute brain slice of the ACx from WT mice, with the application of ZiMo12.8 (pink) and the NMDAR

antagonist AP5 (purple). D, Top, Time course of tonic current recorded from the same cell in C, with the application of ZiMo12.8 (pink) and the NMDAR antagonist AP5 (purple). Bottom,

Corresponding time course of capacitance measurements for the same cell. E, Bar plot showing the change in holding current (left) and current density (right) after the application of

ZiMo12.8 and AP5 (holding current, ZiMo12.8, mean = 0.791 ± 0.00129 SEM; p= 3.82 × 10−5; AP5, mean = 0.527 ± 0.0492 SEM; p= 0.0107; ZiMo12.8 vs AP5, p= 0.034; current density,

ZiMo12.8, mean = 0.7372 ± 0.017889 SEM; p= 0.0046; AP5, mean = 0.51641 ± 0.0308 SEM; p= 0.0040; ZiMo12.8 vs AP5, p= 0.0204; n= 3 cells from 3 mice; paired t test). Colors as in D.

F, Example patch-clamp recording of the tonic NMDA current from a layer 5 neuron in an acute brain slice of the ACx from WT mice, with the application of the NMDAR antagonist AP5 (purple)

before application of ZiMo12.8 (pink). G, Bar plot showing the change in holding current (left) and current density (right) as a measure of tonic NMDA in control conditions and after the application

of AP5 and after the application of ZiMo12.8 in AP5 (holding current, WT+ AP5, mean = 0.71208 ± 0.027692 SEM; p= 0.0091; AP5 + ZiMo12.8, mean = 0.9474 ± 0.041436 SEM; p= 0.3392; current

density, WT+ AP5, mean = 0.68877 ± 0.022718; p= 0.0053; AP5 + ZiMo12.8, mean = 1.0112 ± 0.022636 SEM; p= 0.6688; n= 3 cells from 3 mice; paired t test.) Colors as in D. H, Example patch-

clamp recording of the tonic NMDA current from a layer 5 neuron in an acute brain slice of the ACx from WTmice, with the application of the ZiMo12.9 (green) and the NMDAR antagonist AP5 (purple). I,

Bar plot showing the change in holding current (left) and current density (right) as a measure of tonic NMDA in control conditions, and after the application of ZiMo12.9 and AP5 (holding current,

WT + ZiMo12.9, mean = 0.96886 ± 0.022698 SEM; p= 0.2637; WT + AP5, mean = 0.67735 ± 0.074598 SEM; p= 0.0228; WT + ZiMo12.9 vs WT + AP5, p= 0.0132; current density, WT +

ZiMo12.9, mean = 1.009 ± 0.020602 SEM; p= 0.6910; WT + AP5, mean = 0.54374 ± 0.11247 SEM; p= 0.0270; WT + ZiMo12.9 vs WT + AP5, p= 0.0262; n= 4 cells from 4 mice; paired

t test). Colors as in H, Asterisks (*) indicate statistically significant values. All values are given as mean ± SEM.
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(Trombley et al., 2011; Perez-Rosello et al., 2015), and potentiates
kainate glutamate receptors (Veran et al., 2012). Our results
uncover additional synaptic mechanisms that can contribute to
the time course and concentration of zinc during synaptic trans-
mission, which are crucial for determining the physiologically
relevant roles of zinc at speciûc synapses in the brain.

Our results add to the growing list of zinc transporter proteins
that contribute to synaptic signaling in the brain. Recent work
has clearly shown that ZnT1 associates with GluN2A-containing
NMDA receptors and contributes to zinc inhibition of these
glutamate receptors at synaptic connections in the central
nervous system (Krall et al., 2020). In addition, ZIP4 expressed
by neurons forms close associations with synaptic proteins in
the dendrites of cultured neurons (De Benedictis et al., 2021).
Thus, our ûndings that the astrocytic protein ZIP12 is also a
synaptic protein increase the compliment of zinc transporter
proteins that support synaptic physiology and synaptic zinc sig-
naling. Together, these results extend the network of synaptic
proteins in the brain that coordinate the effects of synaptic zinc
on synaptic transmission and further expand the repertoire of
astrocytic proteins that support synaptic function.

In this study, we have identiûed ZIP12 as a synaptic protein
and targeted its function at mouse cortical synapses.
Pharmacological agents to selectively interfere with the removal
of neurotransmitters from the synaptic cleft are powerful tools
used for investigating synaptic function. From acetylcholinester-
ase inhibitors (Colović et al., 2013), glutamate reuptake inhibitors
(Shimamoto et al., 1998), and GABA reuptake inhibitors
(Braestrup et al., 1990), advancements in our understanding of
synaptic physiology based on these tools have contributed to
our understanding of synaptic function. This study identiûes
another synaptic protein to target with pharmacological agents
to affect brain function. The zinc transporter system is an appeal-
ing target for neuromodulation because of its synapse speciûcity
(Zeisel et al., 2015; Yao et al., 2021; Bender et al., 2023). Since not
all synapses contain ZnT3 (Manning et al., 2024) or the same
number or composition of AMPA and NMDA receptors
(Nusser et al., 1998; Nusser, 2000; Masugi-Tokita et al., 2007),
it is likely that zinc can have a diverse range of effects based on
synapse-speciûc zinc release and clearance and on the speciûc
expression of glutamate receptors. Unlike agents that target
NMDA receptors such as ketamine and memantine (Johnson
et al., 2015; Zhang et al., 2021; Chou et al., 2022; Wilcox et al.,
2022; Ma et al., 2023) which are widely expressed throughout
the nervous system, ZIP12 modulators have the potential to
selectively affect glutamate receptors at synapses that express
both ZnT3 and ZIP12, offering the ability to more precisely target
certain synapses in the brain. Future studies establishing the spe-
ciûcity and potency of pharmacological compounds for ZIP12
over other zinc transporters (such as ZIP4; Kambe et al., 2015)
will be required to more fully interpret the effects of ZIP12 antag-
onists on synaptic signaling and brain function. Our present
results show that the effects of ZiMo12.8 depend on the presence
of ZIP12, ZnT3, extracellular zinc, and glutamate receptors, but
do not rule out possible effects of ZiMo12.8 on other protein tar-
gets. The lack of effect of ZiMo12.8 on zinc levels in native
HEK293 cells suggests that this compound has speciûc actions
on ZIP12; however, future experiments to characterize the
potency and speciûcity of ZiMo12.8 for ZIP12 will be required
to understand and address potential off-target interactions of
ZiMo12.8 with other proteins.

Astrocytes are integral components of synapses throughout
the brain (Eroglu and Barres, 2010; Khakh and Sofroniew,

2015; Khakh and Deneen, 2019). They tile cortical space so
that a single astrocyte supports the function of many types of
synapses that occur within each astrocyte’s spatial domain
(Bushong et al., 2002, 2004; Baldwin et al., 2024). Astrocytes
are sensitive to neurotransmitters such as GABA, acetylcholine,
and adenosine triphosphate (Durkee and Araque, 2019) and
can express neurotransmitter receptors such as muscarinic ace-
tylcholine receptors, dopamine receptors, metabotropic GABA
receptors, and purinergic receptors (Shan et al., 2021). Because
they are also sensitive to glutamate via the actions of EAAT1
and EAAT2 (Chaudhry et al., 1995; Bergles et al., 1997;
Diamond et al., 1998; Petr et al., 2015; Sipe et al., 2021) and meta-
botropic glutamate receptors (Panatier et al., 2011; Morel et al.,
2014), they have simultaneous access to multiple modes of
synaptic signaling that occur within their territory. Combined
with their ability to generate intracellular calcium transients
(Goenaga et al., 2023; Gau et al., 2024) that can propagate to
neighboring astrocytes (Kuga et al., 2011; Fujii et al., 2017), there
is an emerging appreciation for a signaling role of astrocytes in
information processing (Papouin et al., 2017) and synaptic
development (Sipe et al., 2021) and as additional pathways for
information propagation in the brain (Araque et al., 2014).
Together, our ûndings highlight another contribution of non-
neuronal brain cells to synaptic function, further expanding the
repertoire of how these cells can contribute to normal and path-
ological conditions relating to zinc signaling in the brain.

Limitations

In this study we report the role of the astrocytic zinc transporter
protein ZIP12 to contribute to synaptic function, identify phar-
macological agents to target this protein, and use one of these
agents to increase zinc levels in mouse brain slices. However,
while our current results cannot rule out effects of ZiMo12.8
on other proteins, the effects of ZiMo12.8 on glutamate receptors
depend on ZnT3-dependent zinc. Future experiments designed
to increase the speciûcity and potency of small molecules for
ZIP12 compared with other proteins and zinc transporters,
such as ZIP4, will be required to fully characterize these tools.
Additionally, more reûned heterologous expression systems
(such as astrocyte cultures) in combination with genetic deletion
or silencing approaches in the brain to knock out or knock down
ZIP12 in speciûc cell types will be required to more fully under-
stand the speciûc roles of this zinc transporter in the brain.
Overall, this study establishes ZIP12 as a synaptic protein that
supports synaptic function, reveals molecular pathways impor-
tant for brain function, and suggests potential targets for thera-
peutic interventions based on modulating zinc’s effects on
synaptic physiology.
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