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NEUROSCIENCE

A CRE/DRE dual recombinase transgenic mouse reveals
synaptic zinc-mediated thalamocortical
neuromodulation

Stylianos Kouvaros'*f, Brandon Bizup't, Oscar Solis?>, Manoj Kumar', Emilya Ventriglia?,
Fallon P. Curry?, Michael Michaelides*3*, Thanos Tzounopoulos'*

Synaptic zinc is a neuromodulator that shapes synaptic transmission and sensory processing. The maintenance
of synaptic zinc is dependent on the vesicular zinc transporter, ZnT3. Hence, the ZnT3 knockout mouse has been
a key tool for studying the mechanisms and functions of synaptic zinc. However, the use of this constitutive
knockout mouse has notable limitations, including developmental, compensatory, and brain and cell type spe-
cificity issues. To overcome these limitations, we developed and characterized a dual recombinase transgenic
mouse, which combines the Cre and Dre recombinase systems. This mouse allows for tamoxifen-inducible Cre-
dependent expression of exogenous genes or knockout of floxed genes in ZnT3-expressing neurons and DreO-
dependent region and cell type-specific conditional ZnT3 knockout in adult mice. Using this system, we reveal a
neuromodulatory mechanism whereby zinc release from thalamic neurons modulates N-methyl-p-aspartate re-
ceptor activity in layer 5 pyramidal tract neurons, unmasking previously unknown features of cortical

Copyright © 2023 The
Authors, some

rights reserved;
exclusive licensee
American Association
for the Advancement
of Science. No claim to
original U.S. Government
Works. Distributed
under a Creative
Commons Attribution
License 4.0 (CC BY).

neuromodulation.

INTRODUCTION

Zinc is essential to life. As a constituent of nearly 3000 mammalian
proteins, zinc plays a key role in protein structure, enzymatic catal-
ysis, and cellular regulation (I). Although the chemistry and biology
of zinc metalloproteins have historically dominated the field of zinc
biology, there is a growing appreciation for a signaling role of
mobile zinc found in secretory tissues such as the prostate, pancreas,
and, especially, the brain (2). In the brain, it has been known for
more than two decades that the vesicular zinc transporter ZnT3 se-
questers zinc into the synaptic vesicles of a substantial subset of
neurons (3-5). This discovery has generated the fascinating hypoth-
esis that vesicular, synaptically released (synaptic) zinc is a neuro-
modulator in glutamatergic and y-aminobutyric acid (GABA)—
releasing (GABAergic) synapses (3, 6, 7). During the past 10
years, studies from our laboratories and others have established
that synaptic zinc inhibits GluN2A N-methyl-p-aspartate receptors
(NMDAR) and AMPA receptors (AMPAR), potentiates GABA re-
ceptors, and modulates sensory processing (3, 5, 8-19). In the au-
ditory cortex (AC), synaptic zinc signaling shapes sound processing
by modulating the response gain and frequency tuning of layer 2/3
(L2/3) principal neurons (PNs) and somatostatin (SOM) and par-
valbumin (PV) interneurons in a cell type—specific manner, and this
modulation is associated with improved sound frequency discrim-
ination (13, 14). Moreover, synaptic zinc signaling is necessary for
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cortical adaptation to changes in background sound stimulus statis-
tics (20). Thus, synaptic zinc fine-tunes neurotransmission and
sensory processing.

The pattern of Znt3 mRNA expression is consistent with the
pattern of histochemically stained vesicular zinc (21), and this stain-
able zinc is absent in ZnT3 knockout (KO) mice (4). This finding
has rendered the ZnT3 KO mouse a key tool for studying the mech-
anisms and roles of synaptic zinc. Many previous studies have de-
scribed numerous deficits associated with ZnT3 KO mice (7, 19, 22—
25), but given the constitutive lack of ZnT3, it is possible that some
of the observed phenotypes might be due to developmental deficits
and not directly to the actions of ZnT3 and vesicular zinc in adult
mice. In addition, there are numerous studies where these KO mice
do not show any deficits in physiological or behavioral assays that
are associated with zincergic synapses (7). It is possible that poten-
tial roles of zinc signaling might be obscured by compensatory
mechanisms due to the lack of ZnT3 throughout development.
Moreover, the identification of zincergic neurons is limited by the
existing histochemical technique, which does not label all known
zincergic cell bodies, as it relies on the retrograde transport of
zinc selenide from the axon terminal to the cell body of origin
(26, 27). Last, with the current tools and techniques, it is not feasible
to silence or stimulate zincergic neurons in either a cell type—specif-
ic or anatomically specific manner to examine their functional role.

To overcome these limitations, we developed a new transgenic/
knock-in mouse, the dual recombinase ZnT3-CreERT2/Rox-
mCherry mouse, which allows for the concomitant use of Cre-
Lox and DreO-Rox recombinase systems in vivo. These mice
express a tamoxifen-inducible CRE recombinase estrogen receptor
mutant (ERT2) fusion protein in ZnT3-expressing cells and contain
Rox recombination sites flanking the ZnT3 exon 2 locus and an in-
verted mCherry reporter sequence (Fig. 1A). This dual recombinase
transgenic mouse, which combines the Cre and Dre recombinase
systems (Fig. 1A), allows for Cre-dependent expression of

10f 15



SCIENCE ADVANCES | RESEARCH ARTICLE

B

ZnT3-CreERT2**/Rox**-mCherry

A
Rox12 Rox
AAV—Dr‘eO/ @oxifen

2013 ZnT3-Cre-ERT2
and mCherry
E F
AAV Flex.tdTomato in AC AAV.Flex.tdTomato in AC AAV.Flex.tdTomato in AC L1
o L2/3
>
©
— L4
]
© LS
o]
O L6
0 . 1
S00hm Fraction of tdTomato
ZnT3-CreERT2**/Rox**-mCherry ZnT3-CreERT2**/Rox**-mCherry ZnT3-CreERT2--/Rox~--mCherry
+ tamoxifen no tamoxifen + tamoxifen labeled cells
G H I = CreERT2'/Rox"

== CreERT2--/Rox"-
100

1

CreERT2"-/Rox~

|

% of Znt3* cells

9. 3 25 )

&

[ 0 =
SN Dre - + - +
2 mCh - — + +

Fig. 1. Genetic construct design and validation of ZnT3-CreERT2/Rox-mCherry mouse. (A) Schematic illustration showing the genetic strategy of ZnT3-CreERT2/Rox-
mCherry mouse. (B) Representative histology of Znt3 and Cre mRNA expression in AC L2/3 from atransgenic ZnT3-CreERT2*/*/Rox™*-mCherry mouse. (C) Stitched image
of the AC of a ZnT3-CreERT2**/Rox*"*-mCherry mouse injected with AAV.Flex.tdTomato and treated with tamoxifen for 5 days. Putative ZnT3-expressing cells express
tdTomato (red). L5 PT PNs labeled via green retrobeads injection in the inferior colliculus (IC). 4',6-Diamidino-2-phenylindole (DAPI) labels the nuclei of all cells (blue). (D)
ZnT3-CreERT2*"*/Rox**-mCherry mouse injected with AAV.Flex.tdTomato but not treated with tamoxifen. (E) ZnT3-CreERT2~/~/Rox'~-mCherry mouse injected with
AAV.Flex.tdTomato and treated with tamoxifen for 5 days to induce CRE expression. (F) Distribution of tdTomato labeled (ZnT3-expressing) neurons across all cortical
layers (means + SEM; n = 5 mice, five slices per mouse). (G to 1) Comparison of Znt3, Dre, and mCherry expression mRNA in mouse AC L2/3. (G) Coronal scheme depicting
the region analyzed (red square). (H) Confocal images showing representative images of RNAscope FISH of Znt3 mRNA (cyan), Dre mRNA (magenta) and mCherry mRNA
(yellow) expression in the AC of ZnT3-CreERT2~/~/Rox~’~-mCherry (top) and ZnT3-CreERT2*/*/Rox™*-mCherry (bottom) mice. () Quantification of the proportion of Znt3
cells that colocalize with Dre and/or mCherry (mCh) [means + SEM; n = 2 wild-type (WT) and 3 ZnT3-CreERT2*'*/Rox™"*-mCherry mice, n = 2 sections per mousel.

exogenous genes or KO of floxed genes in ZnT3-expressing cells RESULTS
and Dre-dependent conditional KO of ZnT3 (coupled with Generation and validation of the ZnT3-CreERT2/Rox-
mCherry reporter expression; Fig. 1A) in adult mice (28). Thus, mCherry transgenic mouse
the Cre system allows for the transgenic expression of genetically ~ZnT3-CreERT2"*/Rox"'*-mCherry mice were generated on a
encoded constructs to selectively label and genetically manipulate ~ C57BL/6 background. The 5' CreERT2 was in-frame fused to the
targeted populations of zincergic neurons. Furthermore, targeted endogenous ATG start site of the mouse Slc30a3 gene (Znt3), and
expression of the DreO recombinase via viral vectors, or crossing the 3' CreERT2 was fused with the P2A—exon 1 coding sequence to
of these mice with DreO-expressing lines, can generate region-  allow for expression of CreERT2 and ZnT3 (Fig. 1A and fig. S1).
and cell type—specific conditional ZnT3 KO in adult mice (28). The flippase recognition target (FRT)—flanked neomycin selection
Here, we use this unique transgenic mouse to establish previously  cassette was inserted between these two sequences, and upon dele-
unknown  biological  insights  into  thalamocortical tion of this cassette, the CreERT2 sequence was spliced to become
neuromodulation. functional. The inverted mCherry cassette was inserted in intron 2.
Exon 2 of ZnT3 and the inverted mCherry cassette were flanked by
ROX12 and ROX sites for DreO-mediated recombination and con-
ditional expression of the mCherry reporter (Fig. 1A).
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To validate the line, we first used RN Ascope fluorescent in situ
hybridization (FISH) to confirm expression of Cre mRNA, intact
expression of Znt3 mRNA, and colocalization of Cre mRNA with
Znt3 mRNA. We focused on AC L2/3 , where previous studies
have revealed abundant zincergic cells (27), and found that Cre
mRNA was detected only in Znt3-positive cells (Fig. 1B). In con-
trast, no Cre mRNA was observed in Znt3-negative cells (Fig. 1B),
confirming that ZnT3-CreERT2""*/Rox""*-mCherry mice express
CRE recombinase specifically in Znt3-positive cells.

Next, we tested the ability of the expressed Cre-ERT?2 to induce
selective and tamoxifen-induced recombination in Znt3-positive
cells in the AC. To demarcate the AC boundaries, we injected
ZnT3-CreERT2""*/Rox*"-mCherry mice with green fluorescent
retrograde beads into the inferior colliculus (IC), so that green
fluorescent—labeled AC cells would correspond to L5 corticocollic-
ular neurons [CCols; also termed pyramidal tract (PT)] (Fig. 1C)
(29). We also injected the AC of these mice with a Cre-dependent
adeno-associated viral (AAV) vector (AAV.Flex.tdTomato),
followed by treatment with tamoxifen for 5 days. Four weeks after
the injection, we examined mice for tdTomato expression (red) and
retrobead fluorescence (green) in the AC (Fig. 1C). Consistent with
previous reports for ZnT3 expression (27), the majority of ZnT3-
positive tdTomato-labeled neurons were localized to L2/3
(Fig. 1F). We did not observe any tdTomato-positive cells in
ZnT3-CreERT2"*/Rox""-mCherry mice that were injected with
AAV Flex.tdTomato but not injected with tamoxifen (Fig. 1D) or
in ZnT3-CreERT27/"/Rox/~-mCherry mice injected with
AAV Flex.tdTomato and treated with tamoxifen (Fig. 1E). These
results validate the selectivity of the transgenic mouse to ZnT3-
expressing cells, only in the presence of tamoxifen.

Subsequently, to validate the efficacy of DreO/Rox-mediated
recombination at the ZnT3 locus, we first injected
AAV.Syn.DreO in ZnT3-CreERT2""*/Rox*'*-mCherry and ZnT3-
CreERT2™'7/Rox™/~-mCherry mice into the AC and then per-
formed RNAscope FISH experiments. ZnT3-CreERT2/*/
Rox""*-mCherry and ZnT3-CreERT2™/~/Rox '~-mCherry mice
showed similar Znt3 and DreO expression (Fig. 1H). This was ex-
pected because the AAV.Syn.DreO transduces all neurons and the
available Znt3 RNAscope probe does not distinguish cells with
intact versus excised Znt3. CreERT2"*/Rox*'*-mCherry mice
expressed mCherry only when DreO was coexpressed (Fig. 1, H
and I). In ZnT3-CreERT2"*/Rox"’*-mCherry mice, ~85% of
Znt3-expressing cells also coexpressed DreO and mCherry
(Fig. 1, H and I). ZnT3-CreERT2™/"/Rox'~-mCherry did not
express mCherry either in the presence or in the absence of DreO
expression (Fig. 1, H and I). Together, these results validate the spe-
cificity and indicate the efficacy of DreO/Rox-mediated
recombination at the ZnT3 locus.

To validate whether these mice can induce cell type—
specific DreO-mediated recombination, we crossed ZnT3-
CreERT2**/Rox*'*-mCherry mice with PV-Dre** mice (28),
which express DreO in PV neurons. Consistent with the genetic
strategy shown in Fig. 1A, expression of mCherry (after DreO-
mediated recombination) is found only in ZnT3-Cre*’~/
Rox"'"::PV-Dre*’~ mice and only in PV-positive interneurons (fig.
S2), indicating cell type—specific DreO-mediated recombination.

To further confirm the ability of DreO-mediated recombination
to induce functional deletion of Znt3 and expression of
the mCherry reporter in these mice, we injected ZnT3-
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CreERT2"*/Rox*"*-mCherry and ZnT3-CreERT27/7/
Rox~/~-mCherry mice with AAV.Syn.DreO to express DreO
specifically in neurons and AAV.CaMKII.GCaMPé6f to express the
green fluorescent protein-based genetically encoded calcium
indicator (GCaMP6f) specifically in PNs into the AC (Fig. 2A).
To assess whether DreO-mediated recombination induced
mCherry expression, we used an anti-mCherry antibody in
AC-containing fixed brain sections from mice injected with
both viruses (Fig. 2B). We detected GCaMP6f expression
in both ZnT3-CreERT2"*/Rox**-mCherry and ZnT3-
CreERT2™7/Rox™'~-mCherry mice, but only ZnT3-CreERT2"/*/
Rox""*-mCherry mice showed selective expression of mCherry
fluorescence in the AC (Fig. 2B). To confirm the functional loss
of ZnT3 in mCherry-positive cells, we performed in vivo transcra-
nial wide-field GCaMP6f calcium imaging in awake mice 3 to 4
weeks after AAV injections (Fig. 2C). We relied on an approach
we have used in prior studies, where application of ZX1, an extra-
cellular, fast, high-affinity zinc-specific chelator (8, 30), decreased
responses to sound in primary AC (A1) PNs in wild-type (WT)
mice but had no effect in constitutive ZnT3 KO mice (13, 14).
When we plotted the sound-evoked responses before and after
ZX1 infusion, we found, as expected, that ZX1 decreased the PN
responses to sound in ZnT3-CreERT2™'7/Rox '~-mCherry mice
(Fig. 2D), indicating that synaptic zinc signaling enhances the PN
responses in Al. In contrast, we found that the effect of ZX1 was
eliminated in ZnT3-CreERT2"*/Rox""*-mCherry mice (Fig. 2E),
consistent with constitutive ZnT3 KO mice. These results demon-
strate the functional loss of ZnT3 in AC neurons and validate the
DreO-mediated recombination.

A previously unknown thalamocortical zincergic pathway
modulates NMDARs in AC L5 PNs

Histochemical approaches to date have revealed a zincergic band in
L1 of the neocortex (27, 31). However, the cellular origin of the ter-
minals that form this band is unknown. Given that L1 receives
strong thalamic input (32, 33), we hypothesized that the thalamus
may be one source of these L1 zincergic terminals in the AC. While
previous studies have shown that thalamic neurons are lacking of or
express ZnT3 only transiently during early development (31, 34—
36), the techniques and tools used to date are neither able to label
all zincergic cell bodies nor can they assess whether identified zin-
cergic neurons form functional modulatory synapses (26). To
address these limitations and determine whether the thalamus
sends functional zincergic synapses to the AC, we injected ZnT3-
CreERT2""*/Rox"*-mCherry mice with AAV.Flex.tdTomato into
the auditory thalamus [medial geniculate body (MGB)] to express
tdTomato in ZnT3-positive neurons, and we treated the mice with
tamoxifen for 5 days. Thirty days after injection, we examined these
mice for tdTomato expression (red) in the MGB. We found tdTo-
mato-positive zincergic cells in the MGB (Fig. 3A). To evaluate the
localization of zincergic cells in the MGB, we used an anti-calbindin
antibody, which preferentially labels the medial and dorsal but not
the ventral MGB (37). We found that zincergic cells were mostly
distributed in the dorsal (AMGB) and medial (mMGB) divisions
of the nucleus (Fig. 3, A and B). We did not observe any labeled
zincergic cells in ZnT3-CreERT2**/Rox""*-mCherry mice that
were injected with the same AAV in the absence of tamoxifen or
in ZnT3-CreERT2™7/Rox™'~"-mCherry mice treated with tamoxi-
fen (fig. S3, A and B). We additionally evaluated the expression
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Fig. 2. Validation of DreO-mediated of functional deletion of ZnT3. (A and B) Virally-mediated Znt3 KO in AC pyramidal neurons. (A) Left: Schematic illustration of
stereotaxic injections of two viral vectors (AAVs); one for GCaMP6f expression (AAV.CaMKII.GCaMP6f, green) and one for ZnT3 ablation [AAV.phSyn1(S).Dre0.bGHpA] in
AC neurons in ZnT3-CreERT2**/Rox™*-mCherry or ZnT3-CreERT2~/~/Rox~’~-mCherry mice. Right: Illustration of AC slice showing the imaging area. (B) Stitched
images of AC of injected ZnT3-CreERT2~/Rox™/~-mCherry (left) and ZnT3-CreERT2*/*/Rox*’*-mCherry (right) mice. mCherry expression (red) indicates ZnT3-KO
cells. (C) Schematic of the experimental setup illustrating in vivo transcranial wide-field GCaMP6f calcium imaging in A1 PNs. (D) Left: Average effect of control
(black) and ZX1 (red), an extracellular zinc chelator, on PN responses to broadband noise of different intensities [30- to 80-dB sound pressure level (SPL) sounds]
in ZnT3-CreERT2™/~ /Rox™/~-mCherry mice [two-way analysis of variance (ANOVA), ZX1 effect, *P < 0.0001]. Right: Scatter plot of sound-evoked responses in control
versus ZX1 in ZnT3-CreERT2™/~/Rox~’~-mCherry mice. Dashed line represents unity. (***P = 0.0002, n = 5 mice, permutation test). (E) Left: Same as in (D, left) but in
ZnT3-CreERT2**/Rox**-mCherry mice (two-way ANOVA, ZX1 effect, P = 0.9439). Right: Same as in (D, right) but in ZnT3-CreERT2*"*/Rox*’*-mCherry mice (P = 0.94, n

= 6 mice, permutation test). Table ST shows the statistical details.

pattern of mCherry labeling following DreO/Rox-mediated recom-
bination in the MGB. ZnT3-CreERT2"*/Rox""*-mCherry mice in-
jected with AAV.Syn.DreO into the MGB revealed mCherry
labeling in a similar pattern to that of the tdTomato expression,
with a higher proportion of labeled cells in the medial and dorsal
regions as compared to the ventral MGB (Fig. 3, C and D). We
did not observe any mCherry-positive zincergic cells in ZnT3-
CreERT2™'~/Rox'~-mCherry mice injected with AAV.Syn.DreO
(fig. S3C). Together, these results indicate that a subset of thalamic
neurons are zincergic and mainly localized in the medial and dorsal
regions of the MGB.

Next, we examined whether these MGB zincergic neurons form
functional synapses in the AC. To achieve this, we injected the MGB
of ZnT3-CreERT2"*/Rox""*-mCherry mice with AAV.CamKII.-
ChR2.eYFP to express Channelrhodopsin (ChR2) in MGB PNs,
along with AAV.Syn.DreO to express DreO specifically in
neurons to delete ZnT3 (Fig. 4A) or AAV.Flex.tdTomato to
control for potential effects of the viral injection. Thalamic axons
that terminate in L1 mostly make contacts with the ascending
apical dendritic tufts of L5 PNs. To test whether thalamocortical
synapses to L5 PNs neurons are modulated by synaptic zinc released
by thalamic neurons, we performed in vitro brain slice
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electrophysiology experiments. To test this hypothesis, we targeted
the L5 PT neurons, in which CCols are a subtype (38); it is known
that PTs extend their dendritic arborizations into L1 of the cortex,
including AC, where they receive thalamic input (32, 39). After la-
beling PT CCols by injecting red retrograde beads into the IC and
localizing the AC (29), we applied a single pulse of blue focal light
onto L1 to elicit NMDAR light evoked (Lev)—excitatory postsynap-
tic current (EPSCs) from labeled L5 PT's (Fig. 4, B and C). When we
injected the control virus (AAV.Flex.tdTomato) into the MGB, we
found that ZX1 enhanced the amplitude of NMDAR Lev-EPSCs,
supporting the notion that thalamic zincergic synapses are func-
tional and that synaptic zinc inhibits NMDAR EPSCs in PTs
[Fig. 4, C (left) and D]. The ZX1 effect was eliminated when AAV.-
Syn.DreO was injected to delete ZnT3 in MGB zincergic neurons
[Fig. 4, C (right) and D], suggesting that synaptically released zinc
from ascending thalamic neurons inhibits NMDAR EPSCs in AC
PT neurons. This is an important finding demonstrating previously
unknown thalamic modulation of AC PT neurons by synaptic zinc
released from MGB neurons.
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Fig. 3. ZnT3-CreERT2/Rox mice reveal that a subset of thalamic neurons
express ZnT3. (A) Representative stitched MGB image of coronal section from
ZnT3-CreERT2"*/Rox**-mCherry mice injected with AAVs in MGB to label
ZnT3-expressing cells (AAV.Flex.tdTomato) and treated with tamoxifen. Anti-cal-
bindin labeling (green) was used to determine MGB subregions. White arrows in-
dicate tdTomato-labeled cells. (B) Average fraction of tdTomato-labeled cells by
MGB subregion corresponding to (A) (means + SEM; n = 4 mice, 10 slices per
mouse). (C) Representative stitched MGB image of coronal section from
CreERT2*"*/Rox**-mCherry mice injected with AAV in MGB to delete ZnT3 from
MGB neurons [AAV.phSyn1(S).DreO.bGHpA] showing mCherry expression after
Dre recombination. Anti-calbindin labeling (green) was used to determine MGB
subregions. White arrows indicate mCherry-labeled cells. (D) Average fraction of
mCherry-labeled nuclei by MGB subregion corresponding to (C) (means + SEM; n
= 3 mice, 10 slices per mouse).

Cell type—specific Znt3 expression and cell type— and
synapse-specific zincergic signaling in AC

ZnT3 is strongly expressed in the AC (27); however, the molecular
makeup and proportion of ZnT3-expressing glutamatergic or GA-
BAergic neurons in this region remains unknown. To address this,
we used RNAscope FISH to quantify cell subtype density (Fig. 5A)
in AC L2/3 of adult WT mice. We found that Znt3 mRNA was ex-
pressed in 55.7% of glutamatergic cells and 60.5% of GABAergic
cells (Fig. 5B), as demonstrated by colocalization of punctate
nuclear labeling with vesicular glutamate transporter 1 (VglutI)
or vesicular GABA transporter (Vgat) mRNA. Next, we sought to
determine which GABAergic cell population expressed Znt3, and
we found that Znt3 mRNA was present in half of the PVs and
SOMs (55 and 57%, respectively) but absent in vasoactive intestinal
polypeptide-expressing (VIP) cells (Fig. 5B). We also quantified the
average proportions of all AC L2/3 cells and found that Znt3-posi-
tive cells represent 38% of the neuronal population in the AC. Ap-
proximately half of Znt3-positive cells consisted of glutamatergic
cells (16% of all cells) and GABAergic cells (4% of all cells;

Kouvaros et al., Sci. Adv. 9, eadf3525 (2023) 9 June 2023

Fig. 5C). It is possible that the remaining half of the zincergic
cells did not colocalize with either Vglutl or Vgat, because the
mRNA levels detected were too low for quantification by the
methods used in the study. Another possibility is that many zincer-
gic cells may be non-neuronal. Notably, when evaluating Znt3 ex-
pression with interneuronal subtypes, Znt3 was coexpressed with
PV in 2% of cells and with SOM in 2% of cells but was not coex-
pressed in VIP cells (Fig. 5C). In summary, these results define
the cell type—specific pattern of Znt3 expression in AC L2/3.

Next, we investigated how cell type—specific expression of Znt3
affects synaptic zinc signaling in L2/3 synapses of AC. Znt3 mRNA
is expressed in both PV and SOM neurons, yet synaptic zinc en-
hances GABA inhibitory postsynaptic currents (IPSCs) mediated
by SOM, but not PV neurons in the AC (12), suggesting that Znt3
mRNA expression does not always result in functional zincergic
neuromodulation, at least of GABAergic IPSCs. Thus, although
our gene expression data revealed Znt3 expression in AC L2/3 glu-
tamatergic neurons, we next tested whether synaptic zinc release
modulates neurotransmission in AC L2/3 glutamatergic synapses.
To achieve this, we selectively expressed ChR2 in glutamatergic
PNs by injecting calcium/calmodulin-dependent protein kinase II
(CaMKII)—-dependent ChR2 AAV viral vectors into the AC of
WT, SOM—green fluorescent protein (GFP), or PV-GFP mice (see
Materials and Methods). To label glutamatergic corticocortical PNs
(ITs; see the “Labeling of IT and PT PNs" section), we injected green
fluorescent retrograde microspheres into the contralateral AC. After
localizing AC, we elicited NMDAR or AMPAR Lev-EPSCs by stim-
ulating intracortical excitatory afferents with a single pulse of blue
light applied to AC L2/3 and recorded from adjacent AC L2/3 ITs
(PNs) in WT mice, GFP-labeled SOMs in SOM-GFP mice, and
GFP-labeled PVs in PV-GFP mice. We used ZX1 to assess zincergic
modulation of glutamatergic neurotransmission in L2/3 AC. We
found that ZX1 enhanced NMDAR Lev-EPSCs in L2/3 ITs
(Fig. 6, A and B), SOMs (Fig. 6, E and F), and PVs (Fig. 6, I and
]), suggesting that synaptic zinc inhibits NMDAR EPSCs in L2/3
PNs, SOMs, and PVs. In conventional ZnT3 KO mice (see the
"Animals” section), we found that ZX1 did not enhance NMDAR
Lev-EPSCs in either L2/3 ITs (fig. S4, A and B) or SOMs (fig. S4, C
and D), suggesting that it is the vesicular, synaptic zinc that medi-
ates this zinc-mediated modulation. Moreover, ZX1 inhibited
AMPAR Lev-EPSCs only in SOMs (Fig. 6, G and H) without affect-
ing AMPAR Lev-EPSCs in either ITs (Fig. 6, C and D) or PVs
(Fig. 6, K and L), suggesting that synaptic zinc enhances AMPAR
EPSCs only in SOMs. Figure 6M illustrates the identified zincergic
synapses and their targets within AC L1 to L3.

DISCUSSION

Here, we developed and validated the ZnT3-CreERT2/Rox-
mCherry mouse using RNAscope FISH and found selective Cre
mRNA expression in zincergic neurons. We confirmed that the ex-
pressed CRE recombinase in zincergic neurons was functional
because it enabled Cre-dependent expression of tdTomato in the
AC and MGB. We also validated cell type-specific DreO-mediated
recombination in ZnT3 Cre™~/Rox"'~::PV-Dre*’~ mice. Moreover,
we took advantage of the DreO-Rox system to delete the Znt3 gene
in MGB neurons using DreO recombinase—containing AAVs. We
used this novel mouse tool to demonstrate that, contrary to prior
findings, there are zincergic neurons in the thalamus (MGB).
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These neurons project to L1 AC and release synaptic zinc that in-
hibits NMDAR EPSCs in AC PT neurons.

Although recent findings have advanced understanding of
network organization and cell type—specific connectivity in thala-
mocortical connections (33), the neuromodulatory- and activity-
dependent changes on the mode of operation of these connections
remain less understood. Thus, the discovery of this thalamocortical
zincergic modulation will advance the field to a new level of under-
standing about thalamocortical neuromodulatory mechanisms and
create a new framework for understanding thalamocortical models
and data. The role of thalamocortical zincergic modulation in
sound processing is unknown; however, it is interesting that these
zincergic thalamocortical synapses originate mainly from the non-
primary auditory (nonlemniscal) divisions of the auditory thalamus
(dMGB and mMGB; Fig. 3). Although the exact role of these non-
lemniscal nuclei is unclear, it is known that they send and receive
projections among a wide range of brain centers such as midbrain-,
cortex-, and limbic-related sites, likely affecting higher cognitive
functions, such as internal state and multisensory integration and
perception (40). However, two limitations should be considered
in interpreting these results. Namely, variation in viral spread
could contribute to a bias in the observed distribution of labeled
cells. However, we think that this is unlikely to explain the results,
as we used substantial volumes and high viral titers of AAV serotype
9, which is known to spread widely across an injection area and
infect a diverse range of cells in the brain (see the “"General
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Fig. 4. Functional zincergic thalamocortical synapses mediate zinc-mediated
inhibition of NMDAR EPSCs in AC PT neurons in ZnT3-CreERT2/Rox mice. (A)
Schematic illustration of stereotaxic injections in ZnT3-CreERT2**/Rox™'* mice.
AAV.CamKII.ChR2.eYFP (to express ChR2) and either AAV.phSyn1(S).DreO.bGHpA
(for ZnT3 KO) or AAV.Flex.tdTomato (control for the viral injection) were injected
into the MGB. Red microspheres were injected into the IC to label PT neurons in AC.
(B) Schematic illustration of the brain slice electrophysiology experiment. L1 ter-
minals of thalamocortical (TC) axons were stimulated in AC with blue light while
recording from PT neurons in L5b. (C) Left: Representative traces of AC PT NMIDAR
Lev-EPSCs before (baseline, black) and after ZX1 (red) in ZnT3 control (AAV.Flex.td-
Tomato-injected) mice. Right: Same as in left panel but in ZnT3 KO (AAV DreO—
injected) mice. (D) Time course of the average amplitude of NMDAR Lev-EPSCs
before and after ZX1 in ZnT3 control (red) and DreO ZnT3 KO (light blue) mice
(P < 0.000, n = 6 cells from three control mice and n = 6 cells from three DreO
ZnT3 KO mice; table S1). Error bars indicate £SEM.
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comment on viral injections” section). In addition, it is possible
that the use of different viruses or the use of two recombination
systems (CreERT2 versus DreO) may affect the expression pattern
of the reporter gene and thus lead to layer or subregion expression
differences. However, the consistent subregion labeling of ZnT3-
positive neurons in the MGB when using either the CreERT2 or
DreO recombinase system (Fig. 3, A and B versus C and D) suggests
that the two recombination systems and associated viruses induce
similar expression patterns of the reporter genes. In summary,
given the emerging modulatory role of synaptic zinc signaling in
synaptic transmission, short- and long-term synaptic plasticity,
and Al sound processing (3) and the importance of cortico-
thalamo-cortical loops in consciousness and perception (33), it is
essential for future studies to integrate the zinc-dependent contri-
butions with the larger fields of neuromodulation and plasticity of
auditory and multisensory perception.
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Fig. 5. FISH studies reveal cell type-specific Znt3 expression in AC. (A) Repre-
sentative images from FISH experiments in AC L2/3 demonstrating colocalization
of mRNA probes with DAPI stain (blue). Znt3, cyan; Vglut1, red; vGAT, green; PV,
pink; SOM, yellow; VIP, white. (B) Bar graph showing the proportion of vGlut1,
VGAT, PV, SOM, or VIP cells that express Znt3. Data points represent one section
as means = SEM (n = 3 to 4 mice, two sections per mouse). (C) Venn diagrams il-
lustrating the average proportions of all AC cells expressing distinct mRNA markers
(ZnT3, vGlut1, vGAT, PV, SOM, and VIP). Data are mean (n = 3 to 4 mice, two sections
per mouse). The total number of cells counted in each neuronal population ranged
from 1612 to 3347 per hemisphere. The following combination of probes were
used with Znt3: Vglut and Vgat (26,481 cells counted), PV and SOM (19,271 cells
counted), and VIP (29,563 cells counted). Total cells (75,315) were sampled
across all probe sets.
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Fig. 6. Identified zincergic synapses and their targets
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Same as in (B) but for PV (P =0.015, n = 5 cells from five mice).
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Toward achieving this goal, the novel mouse line we developed
will permit the use of combinatorial/intersectional approaches to
further characterize the anatomical, physiological, and behavioral
roles of ZnT3 and synaptic zinc signaling in auditory networks
and in many other brain areas where zincergic signaling is
present (31). Future studies using the simultaneous combination
of Cre-Lox and DreO-Rox systems in the same mouse will be
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helpful for more detailed characterization of zincergic modulation
and other targeted loci, thus expanding the toolbox of techniques
that permit these precise and detailed analyses.

Moreover, to address the aforementioned limitations of the
global ZnT3 KO mice and the potential specificity issues of ZX1
infusion in the cortex, especially given our validation of the cell
type-specific DreO-mediated recombination in ZnT3 Cre*'~/
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Rox"~::PV-Dre™™ mice (fig. S2), in future studies, we plan to use
these newly developed lines and DreO viruses with cell type—specif-
ic promoters in combination with ZnT3-CreERT2/Rox-mCherry
mice to investigate the cell type—specific roles of the broadly distrib-
uted zincergic neurons in the AC. These combinatorial approaches
will enable us to determine the causal and cell type-specific
complex role of zincergic neurons in synaptic transmission,
sound processing, cortical adaptation to changes in background
sound stimulus statistics, and cortical plasticity.

One potential limitation with our transgenic mouse is that it
might lead to abnormal or ectopic expression and function of
ZnT3. However, consistent with previous in vitro studies using
WT mice (8, 11, 18), our electrophysiological data using the
ZnT3-CreERT2"*/Rox""*-mCherry mice demonstrate that the
zinc chelator ZX1 enhanced the amplitude of NMDAR Lev-
EPSCs (Fig. 4, C and D). Furthermore, consistent with previous
in vivo studies using WT mice (13), our in vivo calcium imaging
data demonstrated that the application of ZX1 decreased responses
to sound in A1 PNs (Fig. 2D). These data are consistent with nor-
mally functioning zinc signaling in our transgenic mice.

An additional potential limitation with our transgenic mouse is
that previous studies have suggested occasional crossover recombi-
nation between Cre and Rox sites (28, 41). If there had been cross-
over recombination, then CreERT2 would recombine the Rox sites,
and we would see mCherry expression in the absence of DreO.
However, we found no mCherry expression in the absence of
DreO expression (Fig. 11), suggesting the lack of crossover recombi-
nation between Cre and Rox sites. Together, the ZnT3-CreERT2/
Rox-mCherry mouse provides a unique opportunity to map the dis-
tribution of all zincergic neurons and circuits in the mouse brain
using genetic and viral tools and allows for conditional deletion
of Znt3 in a cell/region-specific manner.

Consistent with previous studies (5), our RNAscope FISH exper-
iments confirmed that, in the AC, most of zincergic cells are gluta-
matergic. We found that nearly half of Vgat positive neurons were
zincergic and, therefore, are GABAergic interneurons, suggesting
that this subset of zincergic neurons corelease zinc and GABA,
which is consistent with previous electrophysiological studies,
where synaptic zinc enhances SOM-mediated GABAergic inhibi-
tion in AC (12). In the neocortex, GABAergic neurons are chemi-
cally and functionally heterogeneous. Thus, we sought to elucidate
the molecular phenotype of zincergic interneurons in the AC. We
found that a subset of zincergic interneurons express SOM or PV
mRNA. Our results are consistent with previous transcriptomic
studies, which show that cortical IT, PV, and SOM, but not VIP,
neurons express the Znt3 gene (42—45) (also 2020 Allen Institute
for Brain Science, Allen Cell Types Database: RNA-Seq Data;
https://portal.brain-map.org/atlases-and-data/rnaseq).

It is also interesting that the ZnT3 gene has emerged as a major
marker for different PN subtypes (43), suggesting that Znt3 gene
expression may segregate PNs by type and layer (27, 43). Moreover,
our results on the cell type—and synapse-specific zincergic signaling
in the AC and our previous work (12-14, 20) are consistent with
recent results from cortical synapses in the somatosensory cortex,
where zinc modulation of NMDARs is also cell type— and
synapse-specific (18). Last, zinc neuromodulation is stimulus- and
context-dependent and can act through complex circuit effects in-
volving both excitatory and inhibitory neurons (12-14, 20). For
example, while the direct effect of synaptic zinc on PNs is to
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inhibit NMDARSs (Figs. 4, C and D, and 6, A, E, and I), overall, syn-
aptic zinc increases the sound-evoked responses in AC PNs
(Fig. 2D), likely by decreasing the responses of PV and SOM inter-
neurons (13). Our results support a crucial and previously unknown
role of synaptic zinc signaling in cortical and thalamocortical cir-
cuits, thus expanding the neuromodulatory role of synaptic zinc sig-
naling in the brain.

In summary, here, we present the development, validation, and
application of a new genetic mouse strategy to an important biolog-
ical question and demonstrate its superiority over existing ap-
proaches and techniques. By using this new tool, we unmasked
previously unknown features of thalamocortical modulation by syn-
aptic zinc.

MATERIALS AND METHODS

Animals

All mice handling was approved by the Institutional Animal Care
and Use Committee at the University of Pittsburgh and National
Institute on Drug Abuse (NIDA). The approved Institutional
Animal Care and Use Committee (IACUC) protocol numbers
that were used for this study were #17071036, #17127808, and 19-
NRB-36. Male and female mice between the ages of postnatal day 28
(P28) and P65 were used for experiments (see experimental
methods subsections for specific age details during each experimen-
tal manipulation/step). In general, mice were injected at the age of
P28 to P35. Electrophysiological recordings from AC-injected mice
were performed at least 12 days after injection at a minimum age of
P40, and recordings from MGB-injected mice were performed 30
days after injection at a minimum age of P58. Developmental
studies in rodents indicate that the maturation of synaptic, cellular,
and network properties and glutamate receptor subunit composi-
tion in AC and MGB are completed by P29 (46-48), concurrently
with changes in Al frequency tuning (49, 50). Moreover, cortical
inhibition and excitation are cotuned by P21 (48, 50). Thus, at the
time of recording, all mice were older than P29, when the AC and
MGB are fully mature and, thus, the age groups we used in our
studies did not differ in their cellular, synaptic, and network base-
line properties. Moreover, ZnT3 expression intensifies in the neo-
cortex, hippocampus, amygdala, and parts of the entorhinal and
perirhinal cortices throughout early postnatal development and
maximizes by P28 (7). Thus, the age groups we are using have
adult zincergic innervation. Male and female ZnT3-CreERT2/
Rox-mCherry mice (inGenious Targeting Laboratory) were used
for experiments shown in Figs. 1 to 4. The experimental mice, re-
ferred to as ZnT3-CreERT2"*/Rox""*-mCherry, and the control
mice, referred to as ZnT3-CreERT2™/7/Rox ™", that we used for
these experiments are genotyped littermate mice born from hetero-
zygous breeding pairs. ZnT3-CreERT2~~/Rox ™’ ~-mCherry mice
are therefore WT littermates. Male and female ZnT3-CreERT2/
Rox"/":PV-Dre*’~ mice for experiments in fig. S2 were generated
by breeding ZnT3-CreERT2"*/Rox"’*-mCherry mice with PV-
Dre*/* mice (strain code #021190, the Jackson Laboratory). Male
and female ZnT3-CreERT2/Rox-mCherry and C57BL/6 ] mice
(strain code #000664, the Jackson Laboratory) were used for exper-
iments shown in Fig. 5. Male and female ICR (Envigo) mice were
used for experiments in Fig. 6 (A to D). SOM-GFP (GIN) mice (51)
(stock #003718, the Jackson Laboratory, Bar Harbor, ME), were
used for experiments shown in Fig. 6 (E to H). Male and female
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PV-GFP mice (52) (stock #007677, the Jackson Laboratory, Bar
Harbor, ME), were used for experiments shown in Fig. 6 (I to L).
Male and female ZnT3 WT or KO mice (4) (stock #005064, the
Jackson Laboratory, Bar Harbor, ME) were used for experiments
shown in fig. S4 (A and B). ZnT3 KO mice lack ZnT3 and thus syn-
aptic zinc (4). Male and female SOM-GFP Het/ZnT3 Het or SOM-
GFP Het/ZnT3 KO mice, used in fig. S4 (C and D), were generated
by crossing ZnT3 KO mice with the F1 generation of the ZnT3 KO x
SOM-GFP cross (the Jackson Laboratory, Bar Harbor, ME). This
crossing resulted in littermate SOM-GFP mice heterozygous for
ZnT3 (SOM-GFP/ZnT3 Het), which express ZnT3 and synaptic
zinc (4), and SOM-GFP/ZnT3 KO mice, which lack ZnT3 and syn-
aptic zinc. In ZnT3 heterozygous mice, ZnT3 expression is present
on all synaptic vesicles and the vesicular zinc levels were approxi-
mately 50% reduced compared to the WT (4). However, our
results here and our previous work (12) support that the expressed
ZnT3 and, thus, the available zinc in heterozygous mice were
enough for the observed biological effects.

Targeting vector

The ZnT3-CreERT2""*/Rox**-mCherry targeting vector (Fig. 1A
and fig. S1) was designed so that the 5’ short homology arm was
3.0 kb and the 3' long homology arm was 6.6 kb. Recombinant
clones were generated from electroporation of the targeting vector
into IC1 (C57BL/6) embryonic stem cells (inGenious Targeting
Laboratory, Ronkonkoma, NY) and confirmed by polymerase
chain reaction and sequencing analyses. Blastocyst injection of re-
combinant clones was performed to produce chimeric mice, which
were bred to flippase (FLP) deleter mice to remove the neomycin
cassette. Germline transmission mice were confirmed for Neo
deletion.

Stereotaxic injections for in vitro electrophysiology

Male or female mice were anesthetized with inhaled isoflurane (in-
duction, 3% in oxygen; maintenance, 1.5% in oxygen) and secured
in a stereotaxic frame (Kopf, Tujunga, CA). Mice were between P28
and P35 at the time of surgery. Core body temperature was main-
tained at ~37°C with a heating 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.

Labeling of IT and PT PNs

PNs (PTs or CCols and ITs or corticocallosal) in the AC, in ZnT3-
CreERT2**/Rox""*-mCherry, ICR and ZnT3 WT or KO and SOM-
GFP Het/ZnT3 Het or SOM-GFP Het/ZnT3 KO mice, were retro-
gradely labeled by injecting green or red fluorescent latex micro-
spheres (Lumafluor) in the contralateral AC to label ITs (in a
small craniotomy drilled 4 mm posterior to bregma and 4 mm
lateral, injection depth of 0.4 to 0.8 mm) and the ipsilateral IC to
label PTs (1 mm posterior to lambda and 1 mm lateral, injection
depth of 0.75 mm). Note that fluorescent retrograde bead injections
into the IC also label neurons in deep L6 that correspond to approx-
imately 10% of the projecting CCols in ipsilateral IC (53-56), but
this L6-labeled cellular population does not contribute to the data
generated in this study. A volume of ~0.12-ul microspheres was
pressure-injected (25 psi, 10- to 15-ms duration) from capillary pi-
pettes (Drummond Scientific) with a Picospritzer (Parker Hanni-
fin). Although a small proportion of the retrogradely labeled
neurons that project to contralateral AC are PVs (57), we recorded
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from morphologically defined ITs according to their larger cell
bodies and distinct shape, compared to the small and round-
shaped PVs (12).

After injection, the pipette was held in the brain for 2 min before
slowly withdrawing. To specifically activate AC PNs, ICR, ZnT3
WT, or KO mice were intracranially injected in right AC with re-
combinant AAV encoding CaMKII-dependent ChR2—enhanced
yellow fluorescent protein (EYFP) fusion protein [AAV9.CaM-
KITa-hChR2(H134R)-EYFP; titer of 8.96 x 10'* genome copies/
ml; Addgene] at the same time with the injection of microspheres.
SOM-GFP, SOM-GFP Het/ZnT3 Het or SOM-GFP Het/ZnT3 KO,
and PV-GFP were injected with recombinant AAV encoding
CaMKII-dependent ChR2-mCherry fusion protein [AAV9.CaM-
KITa-hChR2(H134R)-mCherry; titer of 1 x 10'* genome copies/
ml; Addgene]. A small craniotomy (~0.4 mm in diameter) was
made over the temporal cortex (~4 mm lateral to lambda). A glass
micropipette was backfilled with mineral oil and connected to a 5-pl
glass syringe (Hamilton, 525 Reno, NV). After loading the viral
vector, the micropipette was inserted into the cortex of 1 mm past
the surface of the dura with a micromanipulator (Kopf). We used a
syringe pump (World Precision Instruments, Sarasota, FL) to inject
400 nl of the virus solution [diluted 1:1 in phosphate-buffered saline
(PBS)] over the course of 5 min, and the pipette was left in place for
2 min. The pipette was then removed, and the scalp of the mouse
was closed with cyanoacrylate adhesive. Mice were injected with
nonsteroidal anti-inflammatory drug carprofen (5 mg/kg; Henry
Schein Animal Health) for 24 hours before and 48 hours after
surgery. Mice were monitored for signs of postoperative stress
and pain.

To stimulate thalamic afferents (Fig. 4, A to D), ZnT3-
CreERT2"*/Rox"'"-mCherry mice were injected in right MGB
with viral solution of AAV encoding CaMKII-dependent ChR2-
EYFP fusion protein [AAV9.CaMKIla-hChR2(H134R)-EYFP;
titer of 8.96 x 10" genome copies/ml; Addgene]. A small craniot-
omy (~0.4 mm in diameter) was made 3 mm posterior to bregma
and 2 mm lateral to midline. A glass micropipette, containing the
viral vector, was inserted 3 mm past the surface of the skull with a
micromanipulator (Kopf). We injected 500 nl of the virus solution
(undiluted) over the course of 5 min. The pipette was left in place for
20 min after the end of each injection.

Although there is evidence supporting CaMKII expression also
in inhibitory neurons, it is also evidenced that glutamate decarbox-
ylase (GAD)-positive neurons represent only ~1% of medial genic-
ulate neurons (58, 59), and they mostly exert a local inhibition
without giving rise to projection toward AC; thus, the CaMKII-ex-
pressing thalamocortical neurons are likely projection excitatory
neurons. However, to isolate the NMDAR-mediated excitatory neu-
rotransmission, AMPAR and GABA type A receptor (GABA,R)
blockers were applied (Figs. 4, A to D, and 6, A, B, E, F, I, and J;
and fig. S4). In addition, we applied tetrodotoxin to further
ensure the study of monosynaptic excitatory inputs.

For ZnT3 ablation (ZnT3 KO condition), ZnT3-
CreERT2"*/Rox""*-mCherry mice were injected in right MGB with
recombinant AAV encoding phSyn1(S)-dependent DreO fusion
protein [AAV5.phSyn1(S)-DreO-bGHpA; titer of 1 x 10"
genome copies/ml; Addgene]. Ablation of ZnT3 leads to mCherry
expression (red). For control condition (no deletion of ZnT3),
ZnT3-CreERT2"*/Rox"*-mCherry mice were injected in the
right MGB with recombinant AAV encoding Cre-dependent
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tdTomato fusion protein (AAV9.Flex.tdTomato; titer of 1 x 10"°
genome copies/ml; Addgene). These mice were treated with tamox-
ifen (75 mg/kg) for five consecutive days before euthanizing and
slicing to allow the Cre-driven expression of tdTomato protein.
We used a syringe pump (World Precision Instruments, Sarasota,
FL) to inject separately 500 nl of each virus solution [undiluted
for either AAV9.CaMKIIa-hChR2(H134R)-EYFP or AAV5.ph-
Syn1(S)-DreO-bGHpA] over the course of 5 min. The pipette was
left in place for 20 min after the end of each injection. Two hundred
nanoliters (diluted 1:1 in PBS) of AAV9.Flex.tdTomato was injected
under the control condition.

Stereotaxic injections for anatomy

Male or female (P28 to P35 at the time of surgery)
ZnT3-CreERT2"*/Rox**-mCherry and ZnT3-CreERT27'7/
Rox™/~-mCherry mice were treated as described above regarding
the injection procedure. To label ZnT3-expressing neurons
described in Fig. 1 (C to F), ZnT3-CreERT2"*/Rox""*-mCherry
and ZnT3-CreERT27/7/Rox'~-mCherry mice were injected
in the right AC with 400 nl (diluted 1:1 in PBS) of
AAV9.Flex.tdTomato to label ZnT3-expressing neurons.
Projection PNs (L5 PTs) in the AC were retrogradely labeled by in-
jecting (0.12 pl) green-colored fluorescent latex microspheres
(Lumafluor) in the ipsilateral IC. To label ZnT3-expressing
neurons described in Fig. 3A and fig. $3, ZnT3-CreERT2""*/
Rox"*-mCherry and ZnT3-CreERT2™'~/Rox~’~-mCherry mice
were injected in the right MGB with 400 nl (diluted 1:1 in PBS)
of AAV9.Flex.tdTomato, and the injection pipette was left in place
for 20 min after the end of injection. All mice injected with
AAV9.Flex.tdTomato were administered with tamoxifen (75 mg/
kg) for five consecutive days and kept for one additional week
before euthanizing to permit the Cre-driven expression of tdToma-
to. This induction paradigm was chosen on the basis of previous
publications and recommendation by the Jackson Laboratory
(www.jax.org/research-and-faculty/resources/cre-repository/
tamoxifen) (60).

For ZnT3 ablation experiments described in Fig. 3C and
fig. S3C, ZnT3-CreERT2"*/Rox""*-mCherry and ZnT3-Cre™'~/
Rox™'~-mCherry mice were injected in right MGB with 500 nl of
(undiluted) recombinant AAV encoding phSyn1(S)-dependent
DreO fusion protein [AAV5.phSyn1(S)-DreO-bGHpA; titer of 1
x 10"* genome copies/ml; Addgene], as described above.

To evaluate AAV.DreO-induced mCherry mRNA expression
in Znt3-expressing cells, described in Fig. 1 (G to I),
ZnT3-CreERT2"*/Rox**-mCherry and ZnT3-CreERT27'7/
Rox~/~-mCherry mice were injected in right AC with 500 nl of
(undiluted) recombinant AAV encoding phSynl(S)-dependent
DreO fusion protein [AAV5.phSyn1(S)-DreO-bGHpA; titer of
1 x 10" genome copies/ml; Addgene], as described above.

Stereotaxic injections for in vivo imaging

ZnT3-CreERT2"*/Rox""-mCherry and ZnT3-CreERT27'7/
Rox™'~-mCherry mice between P28 and P36 were anesthetized with
inhaled isoflurane (induction, 3% in oxygen; maintenance, 1.5% in
oxygen) and secured in a stereotaxic frame (Kopf, Tujunga, CA).
Core body temperature was maintained at ~37°C with a heating
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
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as a scalpel, a small craniotomy (~0.4 mm in diameter) was made
over the temporal cortex (~4 mm lateral to lambda). Two glass mi-
cropipettes were backfilled with mineral oil and connected to a 5-ml
glass syringe (Hamilton, Reno, NV). After loading AAV5.ph-
Syn1(S)-DreO-bGHpA  and  AAV9.CaMKIL.GCaMP6f.W-
PRE.SV40 viral vectors in each micropipette, they were inserted
into the cortex of 0.5 to 0.7 mm past the surface of the dura with
a micromanipulator, one after the another (Kopf). We used a
syringe pump (World Precision Instruments, Sarasota, FL) to
inject 500 nl of each viral vector (undiluted) over the course of 5
min. The pipettes were left in place for 2 min after the end of the
injection. After the second injection, pipette was removed, and the
scalp of the mouse was closed with cyanoacrylate adhesive. Mice
were injected with nonsteroidal anti-inflammatory drug carprofen
(5 mg/kg; Henry Schein Animal Health) for 24 hours before and 48
hours after surgery. Mice were monitored for signs of postoperative
stress and pain.

General comment on viral injections

Although AAV injections may cause toxic effects at times, we did
not observe any evidence of cellular loss in the injected areas. More-
over, our electrophysiological data after the AAV injections demon-
strate that neurons were healthy as evidenced by the value and
stability of series and input resistance during recordings (see the
“Slice electrophysiology” section for details). Finally, the zinc chela-
tor ZX1 enhanced the amplitude of NMDAR Lev-EPSCs (Fig. 4, C
and D), validating healthy cellular (zinc) signaling mechanisms.

In vivo imaging preparation

Twenty-one to 28 days after viral vectors injections (P49 to P64),
mice were prepared for in vivo calcium imaging. Mice were anesthe-
tized with inhaled isoflurane (induction, 3% in oxygen; mainte-
nance, 1.5% in oxygen) and positioned into a head holder. Core
body temperature was maintained at ~37°C with a heating pad,
and eyes were protected with ophthalmic ointment. Lidocaine
(1%) was injected under the scalp and an incision (~1.5 cm in
length) was made into the skin over the right temporal cortex.
The head of the mouse was rotated ~45° in the coronal plane to
align the pial surface of the right temporal cortex with the
imaging plane of the upright microscope optics. The skull of the
mouse was secured to the head holder using dental acrylic (Lang,
Wheeling, IL) and cyanoacrylate adhesive. A tube (the barrel of a
25-ml syringe or an SM1 tube from Thorlabs, Newton, NJ) was
placed around the animal’s body to reduce movement. A dental
acrylic reservoir was created to hold warm artificial cerebrospinal
fluid (ACSF) over the exposed skull. In preparing the ACSF, we
removed contaminating zinc by incubating with Chelex 100 resin
(Bio-Rad, Hercules, CA) for 1 hour. Subsequently, we removed
the Chelex by vacuum filtration and added high purity calcium
and magnesium salts (99.995% purity; Sigma-Aldrich, St. Louis,
MO). The solution contained 130 mM NaCl, 3 mM KCI, 2.4 mM
CaCl,, 1.3 mM MgCl,, 20 mM NaHCO3, 3 mM Hepes, and 10 mM
p-glucose (pH 7.25 to pH 7.35; ~300 mOsm). For better optical
access of the AC, we injected lidocaine-epinephrine (2% lidocaine
and 1:100,000 weight/volume epinephrine) into the temporal
muscle and retracted a small portion of the muscle from the skull.
Mice were then positioned under the microscope objective in a
sound- and light-attenuation chamber containing the microscope
and a calibrated speaker (ES1, Tucker-Davis Davis Technologies,
Alachua, FL). Acoustic stimuli were calibrated with 6.35-mm
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microphone (Bru“el and Kjeer, Neerum, Denmark) placed at the lo-
cation of the animal’s ear within the chamber.

Transcranial wide-field imaging of A1

After the in vivo imaging preparation, we performed transcranial
imaging to locate Al in each mouse as described previously (14).
We removed the isoflurane from the oxygen flowing to the
animal and began imaging sound-evoked responses at least 10 to
15 min later. Sounds were delivered from a free-field speaker 10
cm from the left ear of the mouse (ES1 speaker, ED1 driver,
Tucker-Davis Technologies), controlled by a digital to analog con-
verter with an output rate of 250 kHz (USB-6229, National Instru-
ments, Austin, TX). We used ephus (61) to generate sound
waveforms and synchronize the sound delivery and image acquisi-
tion hardware. We presented 50- or 60-dB sound pressure level
(SPL) and 6-kHz tones to the mouse while illuminating the skull
with a blue light-emitting diode (LED) (nominal wavelength of
490 nm; M490L2, Thorlabs). We imaged the change in green
GCaMP6f emission with epifluorescence optics (eGFP filter set,
U-N41017, Olympus, Center Valley, PA) and a 4x objective
(Olympus) using a cooled charge-coupled device camera (Rolera,
Q-Imaging, Surrey, BC, Canada). Images were acquired at a resolu-
tion of 174 x 130 pixels (using 4x spatial binning, each pixel covered
an area of 171.1 pmz of the image) at a frame rate of 20 Hz to locate
Al in each mouse. To localize A1, we used 50- or 60-dB SPL and 6-
kHz tones and normalized the sound-evoked change in fluores-
cence after sound presentation (AF) to the baseline fluorescence
(F), where F is the average fluorescence of 1 s preceding the
sound onset (for each pixel in the movie). We applied a two-dimen-
sional, low-pass Butterworth filter to each frame of the AF/F movie
and then created an image consisting of a temporal average of 10
consecutive frames (0.5 s) beginning at the end of the sound stim-
ulus. This image indicated two sound-responsive regions corre-
sponding to the low-frequency tonotopic areas of Al and the
anterior auditory field (AAF) (14).

After Al localization, we reanesthetized the mouse with isoflur-
ane and using a micromanipulator (Siskiyou, Grants Pass, OR), we
inserted a glass micropipette backfilled with mineral oil and con-
nected to a 5-pl glass syringe into the cortex at the edge of this cra-
niotomy. The pipette contained ACSF including 100 uM ZX1 (an
extracellular, high-affinity, fast, zinc-specific chelator) (8, 14).
Once the pipette was inserted into the cortex, we removed the iso-
flurane. At least 60 to 80 min later to allow for recovery from iso-
flurane, we presented sound stimuli (6- to 64-kHz broadband noise,
100-ms duration, 5-ms ramps at 30- to 80-dB SPL in 5-dB SPL in-
crement level), while measuring the changes in GCaMP6 fluores-
cence. After recording the responses to different sounds (8 to 10
presentations of each sound level in random order), we began to
infuse the ZX1 solution into the cortex at a rate of 30 nl/min for
20 min. After 20 min, we reduced the pump speed to 9 nl/min
and remeasured the sound-evoked responses.

To analyze sound-evoked responses, a region of interest (ROI;
150 to 200 mm X 150 to 200 mm) over Al was then used to quantify
the sound-evoked responses to sounds. We averaged the fluorescent
intensity from all pixels in the ROI for each frame and normalized
the AF to the F of the ROI to yield AF/F responses. AF/F responses
from 8 to 10 presentations of the same sound level were averaged.
Response amplitude was the peak (50-ms window) of the transcra-
nial response that occurred within 1 s of the sound onset.
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Immunohistochemistry

For all immunohistochemistry experiments, 30 days after viral
vector injections (P58 to P65), mice were transcardially perfused
with ice-cold 1x PBS, followed by 4% paraformaldehyde in 1x
PBS (pH 7.4). Brains were extracted and postfixed for 2 hours in
4% paraformaldehyde. Brains were then submerged sequentially
in 15% sucrose in 1x PBS for 24 hours and 30% sucrose in 1x
PBS until they no longer floated in solution (typically 24 hours).
Brains were then frozen on dry ice, embedded in Tissue-Tek
optimum cutting temperature compound (OCT), and sliced on a
cryostat to a thickness of 50 um into 1x PBS with 0.01%
sodium azide.

Cell type—specific expression of mCherry in PV neurons

Slices were permeabilized in 1x PBS containing 0.3% Triton X-100
(PBST) three times for 10 min each and then blocked in PBST + 5%
normal goat serum (blocking buffer) at room temperature. Slices
were then incubated in blocking buffer containing primary antibod-
ies against mCherry (1:500; rat anti-mCherry, M11217, Thermo
Fisher Scientific) and PV (1:1000; mouse IgG1 anti-PV, Swant
235) overnight at 4°C. On the second day, slices were washed in
PBST three times for 10 min each and then incubated in blocking
buffer containing secondary antibodies [1:500; goat anti-rat immu-
noglobulin G (IgG)—Alexa Fluor 594, A11007, Thermo Fisher Sci-
entific; 1:1000; goat anti-mouse IgG1-Alexa Fluor 488, A21121,
Thermo Fisher Scientific) and 4and 21Scientificentifiblocki
(DAPI) (1:5000) for 2 hours at room temperature. Last, slices
were washed in 1x PBS three times for 10 min each, mounted
onto slides, and coverslipped (ProLong Antifade Diamond Mount-
ing Medium).

Cre-dependent tdTomato labeling experiments

Slices were permeabilized in PBST three times for 10 min each and
then blocked in PBST + 5% normal goat serum (blocking buffer) at
room temperature. Slices were then incubated in blocking buffer
containing primary antibodies calbindin (1:1000; mouse IgG1
anti-calbindin D-28K, Swant 300) overnight at 4°C. On the
second day, slices were washed in PBST three times for 10 min
each and then incubated in blocking buffer containing secondary
antibodies (1:1000; goat anti-mouse IgGl-Alexa Fluor 488,
A21121, Thermo Fisher Scientific) and DAPI (1:5000) for 2 hours
at room temperature. Last, slices were washed in 1x PBS three times
for 10 min each, mounted onto slides, and coverslipped (ProLong
Antifade Diamond Mounting Medium).

DreO-Rox—dependent nuclear mCherry expression
experiments

Slices were permeabilized in PBST three times for 10 min each and
then blocked in PBST + 5% normal goat serum (blocking buffer) at
room temperature. Slices were then incubated in blocking buffer
containing primary antibodies against mCherry (1:500; rat anti-
mCherry, M11217, Thermo Fisher Scientific) and calbindin
(1:1000; mouse IgG1 anti-calbindin D-28K, Swant 300) overnight
at 4°C. On the second day, slices were washed in PBST three
times for 10 min each and then incubated in blocking buffer con-
taining secondary antibodies (1:500; goat anti-rat [gG—Alexa Fluor
594, A11007, Thermo Fisher Scientific; 1:1000; goat anti-mouse
IgGl—-Alexa Fluor 488, A21121, Thermo Fisher Scientific) and
DAPI (1:5000) for 2 hours at room temperature. Last, slices were
washed in 1x PBS three times for 10 min each, mounted onto
slides, and coverslipped (ProLong Antifade Diamond Mounting
Medium). When not being imaged, brains, slices, and mounted
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slides were protected from light to preserve fluorescence. Unless
otherwise stated, all washes and incubations occurred on a rocker.

RNAscope FISH

For tissue collection, ZnT3-CreERT2"*/Rox*"*-mCherry and
ZnT3-CreERT2™/7/Rox™/~-mCherry mice (Fig. 1, B and G to I)
or WT C57BL/6 mice (Fig. 5) were briefly anesthetized with isoflur-
ane and decapitated, their brains being explanted and allowed to
snap-freeze on a stage of foil cooled by dry ice. Brains were sec-
tioned into 14-pm coronal slices via cryostat (Leica CM3050 S)
and mounted onto cold SuperFrost Plus charged slides (VWR).
Two to three sections per subject and region of interest (n = 4)
were taken 56 um apart beginning approximately at bregma of
—2.54 mm. Sections were briefly thawed to allow tissue adherence
and allowed to rest at —20°C for 1 hour. Slides were stored at —80°C
until stained. For staining, RNAscope in situ hybridization multi-
plex fluorescent V2 assay was performed on sections according to
the protocol provided by ACDBio for fresh-frozen sections. A table
of all probes used is shown in Table 1. Channels were counter-
stained with 520-, 570-, or 690-nm Opal Dyes (Akoya Biosciences).
Sections were DAPI-counterstained and coverslipped using Fluoro-
mount-G medium (Southern Biotech). Sections for quantification
were imaged either on a Keyence BZ-X710 microscope at x40 mag-
nification or a Zeiss confocal (LSM700) microscope at x20 magni-
fication. Masks to isolate quantification to the AC were generated in
ImageJ with the DAPI channel only, referencing the Paxinos Mouse
Brain Atlas. Colocalization of mRNA probes was computed by the
coincidence of mRNA puncta within individual DAPI ROIs, which
were generated and computed using CellProfiler (62) (Fig. 5 with
the percent counts) or in Image] (Fig. 1).

Confocal image acquisition and analysis for
immunohistochemistry

Confocal images were captured using a Nikon A1R HD252 confocal
microscope using Nikon's NIS-Elements software. Areas of interest
were identified visually initially using a 10x air objective. Once the
target regions were determined, using a 20x air objective, Z-stacks
were collected (0.5-um steps, 1 zoom, pinhole dimensions: 1.2 airy
units). Fields of view with 10% x-y overlap were captured to encom-
pass the area of interest. Offline, Z-stacks were converted into
maximum projections and stitched together with ImageJ (63).

Table 1. mRNA probe names, targets, and catalog numbers for
RNAscope experiments described in Figs. 1 and 5.

Gene code mRNA Catalog no.
CRE 312281

.Z nT 3 ..................................... Mms|c3o a3c2 ............................ 496291 i c 2
DRE .......................................................................................... 113851 : c 1 .
mCherrymCherry ................................. 431201c3
vG|ut1 ................................... Mms|c17a7c1 ............................ 416631 c 1
VGAT .................................... Mm5|c3231c3 ............................ 319191c3
pv ............................................ MmPva|b421931 .....
.S. o|v| ......................................... Mmsst c 3 ................................ 404631 : c 3
V|p .............................................. va|p415961 .....
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Counting of tdTomato- and mCherry-labeled cells was performed
using Image]. To count cells in Image], first, the ROI was isolated
and converted to a grayscale image. Background was subtracted, and
a binary image was created using rolling ball. To separate overlap-
ping objects, the binary image underwent watershed separation.
Last, the Analyze Particles plugin was run, and the minimum par-
ticle size was adjusted to exclude objects that were too small to be
cell somata. For experiments including mCherry nuclear labeling,
mCherry labeling was only counted if it was associated with
DAPI nuclear labeling. For AC labeling experiments (Fig. 1, C to
F), five slices were used per brain, with ~300 um in between each
used slice. For MGB labeling experiments (Fig. 3, A to D, and fig.
S3), 10 slices were used per brain, with ~50 um in between each used
slice. In addition to cell bodies, some diffuse and punctate staining
was observed in the AC of these mice (Fig. 1C), particularly in areas
with a high density of labeled cells. This fluorescent signal is likely
the result of labeled axons and dendrites from tdTomato-positive
neurons. Brain areas were determined using Allen Mouse Brain
Atlas (64) ( 2011 Allen Institute for Brain Science, Allen Mouse
Brain Atlas; http://mouse.brain-map.org/static/atlas) and structural
features. Images with MGB subdivisions (Fig. 3 and fig. S3) were
generated using vector maps from KimLab Unified Anatomical
Atlas (https://kimlab.io/brain-map/atlas/) (65), which were adjust-
ed to fit histological landmarks and anti-calbindin staining, as cal-
bindin is labeled primarily only in the dorsal and medial portions of
the MGB (37).

Slice electrophysiology
Slice electrophysiology experiments were performed in mice, at least
12 days (P40 to P47 in AC) or 30 days (P58 to P65 in MGB) after
viral vector and colored microspheres injections.

Mice were first anesthetized with isoflurane and then immediate-
ly decapitated. Brains were rapidly removed, and coronal slices (300
pum) containing the right AC were prepared in a cutting solution at
1°C using a Vibratome (VT1200 S, Leica). The cutting solution, pH
7.4, ~300 mOsm, contained the following: 2.5 mM KCl, 1.25 mM
NaH,PO,, 25 mM NaHCOj;, 0.5 mM CaCl,, 7 mM MgCl,, 7 mM
glucose, 205 mM sucrose, 1.3 mM ascorbic acid, and 3 mM sodium
pyruvate (bubbled with 95% O,/5% CO,). The slices were immedi-
ately transferred and incubated at 34°C in a holding chamber for 40
min before recording. The holding chamber contained ACSF, pH
7.4, ~300 mOsm, containing the following: 125 mM NaCl, 2.5
mM KCl, 26.25 mM NaHCO3;, 2 mM CaCl,, 1 mM MgCl,, 10
mM glucose, 1.3 mM ascorbic acid, and 3 mM sodium pyruvate
(pH 7.4, ~300 mOsm) (bubbled with 95% O,/5% CO,). Contami-
nating zinc was removed from the ACSF by stirring the ACSF with
Chelex 100 resin (Bio-Rad) for 1 hour (8). After the filtering of
ACSF from Chelex resin, using Nalgene rapid flow filters lined
with polyethersulfone (0.2-um pore size), high-purity MgCl,-6H,0O
and CaCl,-2H,0 salts (99.995% purity; Sigma-Aldrich) were added.
All plastic and glassware were washed with 5% high-purity nitric
acid (Sigma-Aldrich). After incubation, the slices were stored at
room temperature until the time of recording. Whole-cell record-
ings in voltage-clamp mode were performed on slices bathed in car-
bogenated ACSF, which was identical to the incubating solution.
Borosilicate pipettes (World Precision Instruments) were pulled
into patch electrodes with 2.5- to 5-megohm resistance (Sutter In-
struments) and filled with a cesium-based internal solution con-
taining 126 mM CsCH;0;S, 4 mM MgCl, 10 mM Hepes, 4 mM
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Na,-adenosine 5'-triphosphate (ATP), 0.3 mM tris—guanosine 5'-
triphosphate (GTP), 10 mM tris-phosphocreatine, 1 mM
CsEGTA, 1 mM QX-314, and 3 mM sodium ascorbate (pH 7.25,
295 mOsm), which was used for recording NMDA 4R EPSCs in
whole-cell voltage clamp. For recording AMPAR EPSCs, a potassi-
um-based intracellular solution containing 128 mM K-gluconate,
10 mM Hepes, 4 mM MgCl,, 4 mM Na,-ATP, 0.3 mM tris-GTP,
10 mM tris-phosphocreatine, 1 mM EGTA, and 3 mM sodium
ascorbate (pH = 7.25, 295 mOsm) was used.

Electrophysiological recordings were made using a MultiClamp-
700B amplifier equipped with Digidata-1440A A/D converter and
Clampex (Molecular Devices). Data were sampled at 10 kHz and
filtered at 3 kHz. Pipette capacitance was compensated and series
resistance for recordings was lower than 15 megohms. Series resis-
tance (Rgeries) Was determined by giving a —5-mV voltage step for 50
ms in voltage-clamp mode (command potential set either at —70
mV or at +40 mV) and was monitored throughout the experiments.
Ryeries Was calculated by dividing the —5-mV voltage step by the
peak current value generated immediately after the step in the
command potential. Input resistance (Rinpue) Was calculated by
giving a —5-mV step in voltage-clamp mode (command potential
set either at —70 mV or at +40 mV), which resulted in transient
current responses. The difference between baseline and steady-
state hyperpolarized current (AI) was used to calculate Rj,pu
using the following formula: Rippue = =5 mV/AI — Ryepies. Record-
ings were excluded from further analysis if the series or input resis-
tance changed by more than 15% compared to the baseline period.
In vitro and in vivo electrophysiology experiments with ZnT3-
CreERT2"*/Rox*"*-mCherry, ZnT3-CreERT2™/"/Rox™' ™
-mCherry, and ZnT3 KO mice were performed with genotype
blinded to the experimenter.

Light-evoked excitatory postsynaptic currents

Lev-EPSCs were evoked by optogenetic stimulation of presynaptic
axons. More specifically, a collimated blue LED light source (470
nm; Thorlabs) was directed through a diaphragm and a 40x micro-
scope objective and restricted to a small spot adjacent to the record-
ing neuron. The minimal light intensity to elicit a reliable response
was determined on a cell-by-cell basis with 0.15-ms duration re-
maining constant. Trials included a single pulse with an intertrial
interval of 30 s. NMDAR responses (NMDAR EPSCs) were record-
ed in voltage-clamp mode at +40 mV (peak values were averaged
over a 20-ms time window) in the presence of 6,7-dinitroquinoxa-
line-2,3-dione (DNQX) (10 pM; AMPAR and kainate receptor an-
tagonist) and SR 95531 hydrobromide (Gabazine) (20 uM;
GABA 4R antagonist). For NMDAR responses, we applied tetrodo-
toxin (1 uM) to isolate monosynaptic excitatory inputs. AMPAR re-
sponses (AMPAR EPSCs) were recorded in voltage-clamp mode at
—70 mV (peak values were averaged over a 1-ms time window). To
investigate the effect of ZX1, AMPAR and NMDAR EPSCs were re-
corded under baseline conditions for at least 5 min and for 20 min
following 100 uM ZX1 application. ZX1 takes approximately 15 min
to diffuse properly throughout the AC and thus reaches its
maximum effect after 15 min of application (8, 9). Representative
traces for Figs. 4 and 6 and fig. S4 were acquired by averaging 10
consecutive Lev-EPSCs.
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Statistical analysis

For data that passed the Shapiro-Wilk normality test, paired ¢ tests
were used for statistical analyses to compare the effect of drug ap-
plication on responses in the absence of other statistical factors (for
example, genotype). Otherwise, we used the Wilcoxon signed-rank
test for non-normally distributed data. For the statistical compari-
sons between two independent groups that passed the Shapiro-Wilk
normality test, we used unpaired ¢ tests. Otherwise, we used the
Mann-Whitney rank-sum test for non-normally distributed data.
For comparisons between multiple factors, such as mouse genotype
and drug effects, we assessed overall differences with a two-way
analysis of variance (ANOVA) followed by pairwise comparisons
using the Holm- Bonferroni correction for multiple comparisons.
For in vivo imaging experiments, a permutation test was used for
two sample comparisons. Samples for which 5000 of 100,000
random permutations of the data resulted in mean differences
greater than the observed difference in sample means were consid-
ered significant. Significance levels are denoted as *P < 0.05, **P <
0.01, and ***P < 0.001. The details of statistical tests are described in
the figure legends and table S1. Group data are presented as means +
SEM. In addition, when we refer n = X cells from Y mice, then “n"
corresponds to the numbers of cells.

Supplementary Materials
This PDF file includes:

Figs. S1to S4

Table S1

View/request a protocol for this paper from Bio-protocol.

REFERENCES AND NOTES

1. B.L.Vallee, Zinc: Biochemistry, physiology, toxicology and clinical pathology. Biofactors 1,
31-36 (1988).

2. C.J.Frederickson, J. Y. Koh, A. . Bush, The neurobiology of zinc in health and disease. Nat.
Rev. Neurosci. 6, 449-462 (2005).

3. R.F.Krall, T. Tzounopoulos, E. Aizenman, The function and regulation of zinc in the brain.
Neuroscience 457, 235-258 (2021).

4. T.B. Cole, H. J. Wenzel, K. E. Kafer, P. A. Schwartzkroin, R. D. Palmiter, Elimination of zinc
from synaptic vesicles in the intact mouse brain by disruption of the ZnT3 gene. Proc. Natl.
Acad. Sci. US.A. 96, 1716-1721 (1999).

5. N. Upmanyu, J. Jin, H. von der Emde, M. Ganzella, L. Bosche, V. N. Malviya, E. Zhuleku,

A. Z. Politi, M. Ninov, I. Silbern, M. Leutenegger, H. Urlaub, D. Riedel, J. Preobraschenski,
1. Milosevic, S. W. Hell, R. Jahn, S. Sambandan, Colocalization of different neurotransmitter
transporters on synaptic vesicles is sparse except for VGLUT1 and ZnT3. Neuron 110,
1483-1497.e7 (2022).

6. S.Y.Assaf, S. H. Chung, Release of endogenous Zn?* from brain tissue during activity.
Nature 308, 734-736 (1984).

7. B.B. McAllister, R. H. Dyck, Zinc transporter 3 (ZnT3) and vesicular zinc in central nervous
system function. Neurosci. Biobehav. Rev. 80, 329-350 (2017).

8. C.T. Anderson, R. J. Radford, M. L. Zastrow, D. Y. Zhang, U. P. Apfel, S. J. Lippard,

T. Tzounopoulos, Modulation of extrasynaptic NMDA receptors by synaptic and tonic zinc.
Proc. Natl. Acad. Sci. U.S.A. 112, E2705-E2714 (2015).
9. B.l.Kalappa, C.T. Anderson, J. M. Goldberg, S. J. Lippard, T. Tzounopoulos, AMPA receptor
inhibition by synaptically released zinc. Proc. Natl. Acad. Sci. US.A. 112,
15749-15754 (2015).

10. R.F.Krall, A. Moutal, M. B. Phillips, H. Asraf, J. W. Johnson, R. Khanna, M. Hershfinkel,
E. Aizenman, T. Tzounopoulos, Synaptic zinc inhibition of NMDA receptors depends on the
association of GIuN2A with the zinc transporter ZnT1. Sci. Adv. 6, eabb1515 (2020).

11. N. W. Vogler, V. M. Betti, J. M. Goldberg, T. Tzounopoulos, Mechanisms underlying long-
term synaptic zinc plasticity at mouse dorsal cochlear nucleus glutamatergic synapses.
J. Neurosci. 40, 4981-4996 (2020).

13 of 15


https://en.bio-protocol.org/cjrap.aspx?eid=10.1126/sciadv.adf3525

SCIENCE ADVANCES | RESEARCH ARTICLE

12

20.

21.

22.

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

Kouvaros et al., Sci. Adv. 9, eadf3525 (2023)

S. Kouvaros, M. Kumar, T. Tzounopoulos, Synaptic zinc enhances inhibition mediated by
somatostatin, but not parvalbumin, cells in mouse auditory cortex. Cereb. Cortex 30,
3895-3909 (2020).

. C.T. Anderson, M. Kumar, S. Xiong, T. Tzounopoulos, Cell-specific gain modulation by

synaptically released zinc in cortical circuits of audition. eLife 6, €29893 (2017).

. M. Kumar, S. Xiong, T. Tzounopoulos, C. T. Anderson, Fine control of sound frequency

tuning and frequency discrimination acuity by synaptic zinc signaling in mouse auditory
cortex. J. Neurosci. 39, 854-865 (2019).

. B. . Kalappa, T. Tzounopoulos, Context-dependent modulation of excitatory synaptic

strength by synaptically released zinc. eNeuro 4, ENEURO.0011-17.2017 (2017).

. T. Perez-Rosello, C. T. Anderson, C. Ling, S. J. Lippard, T. Tzounopoulos, Tonic zinc inhibits

spontaneous firing in dorsal cochlear nucleus principal neurons by enhancing glycinergic
neurotransmission. Neurobiol. Dis. 81, 14-19 (2015).

. T. Perez-Rosello, C. T. Anderson, F. J. Schopfer, Y. Zhao, D. Gilad, S. R. Salvatore,

B. A. Freeman, M. Hershfinkel, E. Aizenman, T. Tzounopoulos, Synaptic Zn?* inhibits
neurotransmitter release by promoting endocannabinoid synthesis. J. Neurosci. 33,
9259-9272 (2013).

. A. Morabito, Y. Zerlaut, B. Serraz, R. Sala, P. Paoletti, N. Rebola, Activity-dependent mod-

ulation of NMDA receptors by endogenous zinc shapes dendritic function in cortical
neurons. Cell Rep. 38, 110415 (2022).

. H.P.P.Wu, R. H. Dyck, Signaling by synaptic zinc is required for whisker-mediated, fine

texture discrimination. Neuroscience 369, 242-247 (2018).

P. A. Cody, T. Tzounopoulos, Neuromodulatory mechanisms underlying contrast gain
control in mouse auditory cortex. J. Neurosci. 42, 5564-5579 (2022).

R. D. Palmiter, T. B. Cole, C. J. Quaife, S. D. Findley, ZnT-3, a putative transporter of zinc into
synaptic vesicles. Proc. Natl. Acad. Sci. U.S.A. 93, 14934-14939 (1996).

G. Martel, C. Hevi, O. Friebely, T. Baybutt, G. P. Shumyatsky, Zinc transporter 3 is involved in
learned fear and extinction, but not in innate fear. Learn. Mem. 17, 582-590 (2010).

P. A. Adlard, J. M. Parncutt, D. . Finkelstein, A. |. Bush, Cognitive loss in zinc transporter-3
knock-out mice: A phenocopy for the synaptic and memory deficits of Alzheimer’s
disease? J. Neurosci. 30, 1631-1636 (2010).

M.H. Yoo, T.Y.Kim, Y. H. Yoon, J. Y. Koh, Autism phenotypes in ZnT3 null mice: Involvement
of zinc dyshomeostasis, MMP-9 activation and BDNF upregulation. Sci. Rep. 6,

28548 (2016).

B. B. McAllister, D. K. Wright, R. C. Wortman, S. R. Shultz, R. H. Dyck, Elimination of vesicular
zinc alters the behavioural and neuroanatomical effects of social defeat stress in mice.
Neurobiol. Stress 9, 199-213 (2018).

G. Danscher, M. Stoltenberg, Zinc-specific autometallographic in vivo selenium methods:
Tracing of zinc-enriched (ZEN) terminals, ZEN pathways, and pools of zinc ions in a mul-
titude of other ZEN cells. J. Histochem. Cytochem. 53, 141-153 (2005).

C. E. Brown, R. H. Dyck, Distribution of zincergic neurons in the mouse forebrain. J. Comp.
Neurol. 479, 156-167 (2004).

L. Madisen, A. R. Garner, D. Shimaoka, A. S. Chuong, N. C. Klapoetke, L. Li, A. van der Bourg,
Y. Niino, L. Egolf, C. Monetti, H. Gu, M. Mills, A. Cheng, B. Tasic, T. N. Nguyen, S. M. Sunkin,
A. Benucci, A. Nagy, A. Miyawaki, F. Helmchen, R. M. Empson, T. Knopfel, E. S. Boyden,

R. C. Reid, M. Carandini, H. Zeng, Transgenic mice for intersectional targeting of neural
sensors and effectors with high specificity and performance. Neuron 85, 942-958 (2015).
A. Joshi, J. W. Middleton, C. T. Anderson, K. Borges, B. A. Suter, G. M. G. Shepherd,

T. Tzounopoulos, Cell-specific activity-dependent fractionation of layer 2/3—5B excitatory
signaling in mouse auditory cortex. J. Neurosci. 35, 3112-3123 (2015).

E.Pan, X. A. Zhang, Z. Huang, A. Krezel, M. Zhao, C. E. Tinberg, S. J. Lippard, J. O. McNamara,
Vesicular zinc promotes presynaptic and inhibits postsynaptic long-term potentiation of
mossy fiber-CA3 synapse. Neuron 71, 1116-1126 (2011).

B. B. McAllister, R. H. Dyck, A new role for zinc in the brain. eLife 6, 31816 (2017).

K. D. Harris, G. M. G. Shepherd, The neocortical circuit: Themes and variations. Nat. Neu-
rosci. 18, 170-181 (2015).

G. M. G. Shepherd, N. Yamawaki, Untangling the cortico-thalamo-cortical loop: Cellular
pieces of a knotty circuit puzzle. Nat. Rev. Neurosci. 22, 389-406 (2021).

Y.Long, C. J. Frederickson, A zinc-containing fiber system of thalamic origin. Neuroreport 5,
2026-2028 (1994).

C. E. Brown, R. H. Dyck, Retrograde tracing of the subset of afferent connections in mouse
barrel cortex provided by zincergic neurons. J. Comp. Neurol. 486, 48-60 (2005).

N. Ichinohe, D. Potapov, K. S. Rockland, Transient synaptic zinc-positive thalamocortical
terminals in the developing barrel cortex. Eur. J. Neurosci. 24, 1001-1010 (2006).

E. Lu, D. A. Llano, S. M. Sherman, Different distributions of calbindin and calretinin im-
munostaining across the medial and dorsal divisions of the mouse medial geniculate body.
Hear. Res. 257, 16-23 (2009).

G. M. G.Shepherd, Corticostriatal connectivity and its role in disease. Nat. Rev. Neurosci. 14,
278-291 (2013).

9 June 2023

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

N. Yamawaki, G. M. G. Shepherd, Synaptic circuit organization of motor corticothalamic
neurons. J. Neurosci. 35, 2293-2307 (2015).

C. C. Lee, Exploring functions for the non-lemniscal auditory thalamus. Front. Neural.
Circuits 9, 69 (2015).

L. E. Fenno, J. Mattis, C. Ramakrishnan, M. Hyun, S. Y. Lee, M. He, J. Tucciarone,

A. Selimbeyoglu, A. Berndt, L. Grosenick, K. A. Zalocusky, H. Bernstein, H. Swanson, C. Perry,
. Diester, F. M. Boyce, C. E. Bass, R. Neve, Z. J. Huang, K. Deisseroth, Targeting cells with
single vectors using multiple-feature Boolean logic. Nat. Methods 11, 763-772 (2014).
Z.Yao, C. T. J. van Velthoven, T. N. Nguyen, J. Goldy, A. E. Sedeno-Cortes, F. Baftizadeh,
D. Bertagnolli, T. Casper, M. Chiang, K. Crichton, S. L. Ding, O. Fong, E. Garren, A. Glandon,
N. W. Gouwens, J. Gray, L. T. Graybuck, M. J. Hawrylycz, D. Hirschstein, M. Kroll, K. Lathia,
C. Lee, B. Levi, D. McMillen, S. Mok, T. Pham, Q. Ren, C. Rimorin, N. Shapovalova, J. Sulc,
S. M. Sunkin, M. Tieu, A. Torkelson, H. Tung, K. Ward, N. Dee, K. A. Smith, B. Tasic, H. Zeng, A
taxonomy of transcriptomic cell types across the isocortex and hippocampal formation.
Cell 184, 3222-3241.e26 (2021).

X. Chen, Y. C. Sun, H. Zhan, J. M. Kebschull, S. Fischer, K. Matho, Z. J. Huang, J. Gillis,

A. M. Zador, High-throughput mapping of Long-range neuronal projection using in situ
sequencing. Cell 179, 772-786.19 (2019).

A. Paul, M. Crow, R. Raudales, M. He, J. Gillis, Z. J. Huang, Transcriptional architecture of
synaptic communication delineates GABAergic neuron identity. Cell 171,

522-539.e20 (2017).

A. Zeisel, A. B. Munoz-Manchado, S. Codeluppi, P. Lonnerberg, G. La Manno, A. Jureus,

S. Marques, H. Munguba, L. He, C. Betsholtz, C. Rolny, G. Castelo-Branco, J. Hjerling-Leffler,
S. Linnarsson, Brain structure. Cell types in the mouse cortex and hippocampus revealed
by single-cell RNA-seq. Science 347, 1138-1142 (2015).

R. Metherate, V. B. Aramakis, Intrinsic electrophysiology of neurons in thalamorecipient
layers of developing rat auditory cortex. Brain Res. Dev. Brain Res. 115, 131-144 (1999).
A. M. Oswald, A. D. Reyes, Maturation of intrinsic and synaptic properties of layer 2/3 py-
ramidal neurons in mouse auditory cortex. J. Neurophysiol. 99, 2998-3008 (2008).

R. C. Froemke, B. J. Jones, Development of auditory cortical synaptic receptive fields.
Neurosci. Biobehav. Rev. 35, 2105-2113 (2011).

M. N. Insanally, H. Kover, H. Kim, S. Bao, Feature-dependent sensitive periods in the de-
velopment of complex sound representation. J. Neurosci. 29, 5456-5462 (2009).

A. L. Dorrn, K. Yuan, A. J. Barker, C. E. Schreiner, R. C. Froemke, Developmental sensory
experience balances cortical excitation and inhibition. Nature 465, 932-936 (2010).

A. A.Oliva Jr, M. Jiang, T. Lam, K. L. Smith, J. W. Swann, Novel hippocampal interneuronal
subtypes identified using transgenic mice that express green fluorescent protein in GA-
BAergic interneurons. J. Neurosci. 20, 3354-3368 (2000).

G. Di Cristo, C. Wu, B. Chattopadhyaya, F. Ango, G. Knott, E. Welker, K. Svoboda, Z. J. Huang,
Subcellular domain-restricted GABAergic innervation in primary visual cortex in the
absence of sensory and thalamic inputs. Nat. Neurosci. 7, 1184-1186 (2004).

K. D. Games, J. A. Winer, Layer V in rat auditory cortex: Projections to the inferior colliculus
and contralateral cortex. Hear. Res. 34, 1-25 (1988).

J. R. Doucet, D. L. Molavi, D. K. Ryugo, The source of corticocollicular and corticobulbar
projections in area Te1 of the rat. Exp. Brain Res. 153, 461-466 (2003).

B. R. Schofield, Projections to the inferior colliculus from layer VI cells of auditory cortex.
Neuroscience 159, 246-258 (2009).

B. J. Slater, A. M. Willis, D. A. Llano, Evidence for layer-specific differences in auditory
corticocollicular neurons. Neuroscience 229, 144-154 (2013).

C. Rock, H. Zurita, S. Lebby, C. J. Wilson, A. J. Apicella, Cortical circuits of callosal GABAergic
neurons. Cereb. Cortex 28, 1154-1167 (2018).

D. M. Caspary, D. A. Llano, Auditory thalamic circuits and GABAA receptor function: Pu-
tative mechanisms in tinnitus pathology. Hear. Res. 349, 197-207 (2017).

J. A. Winer, D.T. Larue, Anatomy of glutamic acid decarboxylase immunoreactive neurons
and axons in the rat medial geniculate body. J. Comp. Neurol. 278, 47-68 (1988).

L. Madisen, T. A. Zwingman, S. M. Sunkin, S. W. Oh, H. A. Zariwala, H. Gu, L. L. Ng,

R. D. Palmiter, M. J. Hawrylycz, A. R. Jones, E. S. Lein, H. Zeng, A robust and high-throughput
Cre reporting and characterization system for the whole mouse brain. Nat. Neurosci. 13,
133-140 (2010).

B. A. Suter, T. O'Connor, V. lyer, L. T. Petreanu, B. M. Hooks, T. Kiritani, K. Svoboda,

G. M. Shepherd, Ephus: Multipurpose data acquisition software for neuroscience experi-
ments. Front. Neural Circuits 4, 100 (2010).

C. McQuin, A. Goodman, V. Chernyshev, L. Kamentsky, B. A. Cimini, K. W. Karhohs, M. Doan,
L. Ding, S. M. Rafelski, D. Thirstrup, W. Wiegraebe, S. Singh, T. Becker, J. C. Caicedo,

A. E. Carpenter, CellProfiler 3.0: Next-generation image processing for biology. PLOS Biol.
16, 2005970 (2018).

C. A. Schneider, W. S. Rasband, K. W. Eliceiri, NIH image to ImagelJ: 25 years of image
analysis. Nat. Methods 9, 671-675 (2012).

14 of 15



SCIENCE ADVANCES | RESEARCH ARTICLE

64. E.S.Lein, M. J. Hawrylycz, N. Ao, M. Ayres, A. Bensinger, A. Bernard, A. F. Boe, M. S. Boguski,

65.

K. S. Brockway, E. J. Byrnes, L. Chen, L. Chen, T.-M. Chen, M. C. Chin, J. Chong, B. E. Crook,
A. Czaplinska, C. N. Dang, S. Datta, N. R. Dee, A. L. Desaki, T. Desta, E. Diep, T. A. Dolbeare,
M. J. Donelan, H. W. Dong, J. G. Dougherty, B. J. Duncan, A. J. Ebbert, G. Eichele, L. K. Estin,
C. Faber, B. A. Facer, R. Fields, S. R. Fischer, T. P. Fliss, C. Frensley, S. N. Gates, K. J. Glattfelder,
K. R. Halverson, M. R. Hart, J. G. Hohmann, M. P. Howell, D. P. Jeung, R. A. Johnson, P. T. Karr,
R. Kawal, J. M. Kidney, R. H. Knapik, C. L. Kuan, J. H. Lake, A. R. Laramee, K. D. Larsen, C. Lau,
T. A. Lemon, A. J. Liang, Y. Liu, L. T. Luong, J. Michaels, J. J. Morgan, R. J. Morgan,

M. T. Mortrud, N. F. Mosqueda, L. L. Ng, R. Ng, G. J. Orta, C. C. Overly, T. H. Pak, S. E. Parry,
S.D. Pathak, O. C. Pearson, R. B. Puchalski, Z. L. Riley, H. R. Rockett, S. A. Rowland, J. J. Royall,
M. J. Ruiz, N. R. Sarno, K. Schaffnit, N. V. Shapovalova, T. Sivisay, C. R. Slaughterbeck,

S. C. Smith, K. A. Smith, B. I. Smith, A. J. Sodt, N. N. Stewart, K. R. Stumpf, S. M. Sunkin,
M. Sutram, A. Tam, C. D. Teemer, C. Thaller, C. L. Thompson, L. R. Varnam, A. Visel,

R. M. Whitlock, P. E. Wohnoutka, C. K. Wolkey, V. Y. Wong, M. Wood, M. B. Yaylaoglu,

R. C. Young, B. L. Youngstrom, X. F. Yuan, B. Zhang, T. A. Zwingman, A. R. Jones, Genome-
wide atlas of gene expression in the adult mouse brain. Nature 445, 168-176 (2007).
U.Chon, D.J. Vanselow, K. C. Cheng, Y. Kim, Enhanced and unified anatomical labeling for a
common mouse brain atlas. Nat. Commun. 10, 5067 (2019).

Acknowledgments: We thank M. Levinstein with advice regarding RNAscope experiments and
the NIDA Microscopy Core and C. Mejias-Aponte for advice and access to instrumentation. We

Kouvaros et al., Sci. Adv. 9, eadf3525 (2023) 9 June 2023

also thank C. Cunningham for comments on the manuscript. Funding: This work was
supported by NIH grants R01-DC019618 and R01-EB033172 (to T.T.), F31-DC019027 (to B.B.),
and the NIH Intramural Program (ZIA000069). The funders had no role in study design, data
collection and interpretation, or the decision to submit the work for publication. Author
contributions: S.K.,, M.M,, and T.T. designed experiments. S.K. performed and analyzed all the
slice electrophysiology experiments. B.B. performed all the immunofluorescence and imaging
experiments. O.S., E.V., and F.P.C. performed FISH experiments. M.K. performed in vivo wide-
field transcranial experiments. S.K, B.B., O.S., M.M., and T.T. wrote the manuscript. Competing
interests: M.M. has received research funding from Astra Zeneca, Redpin Therapeutics, and
Attune Neurosciences. All other authors declare that they have no competing financial
interests. Data and materials availability: All data needed to evaluate the conclusions in the
paper are present in the paper and/or the Supplementary Materials. The ZnT3-CreERT2/Rox-
mCherry mouse can be provided by the Jackson Laboratory (stock #036821), or it can be
additionally provided by the T.T. (thanos@pitt.edu) and M.M. (mike.michaelides@nih.gov)
laboratories pending scientific review and a completed material transfer agreement.

Submitted 15 October 2022
Accepted 5 May 2023
Published 9 June 2023
10.1126/sciadv.adf3525

15 of 15


mailto:thanos@pitt.edu
mailto:mike.michaelides@nih.gov

	INTRODUCTION
	RESULTS
	Generation and validation of the ZnT3-CreERT2/Rox-mCherry transgenic mouse
	A previously unknown thalamocortical zincergic pathway modulates NMDARs in AC L5 PNs
	Cell type–specific Znt3 expression and cell type– and synapse-specific zincergic signaling in AC

	DISCUSSION
	MATERIALS AND METHODS
	Animals
	Targeting vector
	Stereotaxic injections for in vitro electrophysiology
	Labeling of IT and PT PNs

	Stereotaxic injections for anatomy
	Stereotaxic injections for in vivo imaging
	General comment on viral injections

	In vivo imaging preparation
	Transcranial wide-field imaging of A1
	Immunohistochemistry
	Cell type–specific expression of mCherry in PV neurons
	Cre-dependent tdTomato labeling experiments
	DreO-Rox–dependent nuclear mCherry expression experiments

	RNAscope FISH
	Confocal image acquisition and analysis for immunohistochemistry
	Slice electrophysiology
	Light-evoked excitatory postsynaptic currents
	Statistical analysis

	Supplementary Materials
	This PDF file includes:

	REFERENCES AND NOTES
	Acknowledgments

