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Trans-synaptic Association of Vesicular Zinc Transporter 3
and Shank3 Supports Synapse-Specific Dendritic Spine
Structure and Function in the Mouse Auditory Cortex
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Shank3 is a synaptic scaffolding protein that assists in tethering and organizing structural proteins and glutamatergic receptors in
the postsynaptic density of excitatory synapses. The localization of Shank3 at excitatory synapses and the formation of stable Shank3
complexes is regulated by the binding of zinc to the C-terminal sterile-alpha-motif (SAM) domain of Shank3. Mutations in the SAM
domain of Shank3 result in altered synaptic function and morphology, and disruption of zinc in synapses that express Shank3 leads
to a reduction of postsynaptic proteins important for synaptic structure and function. This suggests that zinc supports the localiza-
tion of postsynaptic proteins via Shank3. Many regions of the brain are highly enriched with free zinc inside glutamatergic vesicles at
presynaptic terminals. At these synapses, zinc transporter 3 (ZnT3) moves zinc into vesicles where it is co-released with glutamate.
Alterations in ZnT3 are implicated in multiple neurodevelopmental disorders, and ZnT3 knock-out (KO) mice—which lack synaptic
zinc—show behavioral deficits associated with autism spectrum disorder and schizophrenia. Here we show that male and female
ZnT3 KO mice have smaller dendritic spines and minijature excitatory postsynaptic current amplitudes than wildtype (WT) mice
in the auditory cortex. Additionally, spine size deficits in ZnT3 KO mice are restricted to synapses that express Shank3. In WT
mice, synapses that express both Shank3 and ZnT3 have larger spines compared to synapses that express Shank3 but not ZnT3.
Together these findings suggest a mechanism whereby presynaptic ZnT3-dependent zinc supports postsynaptic structure and func-
tion via Shank3 in a synapse-specific manner.
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Shank3 is a scaffolding protein that assists in the organization of glutamatergic receptors in the postsynaptic density of excit-
atory synapses in the brain. The structure and function of Shank3 are regulated by zinc ions. Specifically, zinc allows Shank3 to
form tight sheets that assist in stabilizing the postsynaptic density. Zinc packaged by the zinc transporter 3 (ZnT3) which is
released from presynaptic terminals may contribute to the function of Shank3. In this study, we found an association between
ZnT3, Shank3, synaptic strength, and spine size, suggesting that zinc released from presynaptic terminals supports dendritic
spine structure and function via interactions with Shank3.
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Introduction
Dendritic spines are postsynaptic components of glutamatergic syn-

apses throughout the cortex and hippocampus. Spines are plastic
structures which vary in the size of the spine head, the area of the
postsynaptic density, and the expression of postsynaptic proteins
within the postsynaptic density (Harris and Stevens, 1989; Harris
et al,, 1992; Petralia et al,, 1999; Takumi et al.,, 1999; Matsuzaki
et al,, 2001; Arellano, 2007; Ghani et al., 2017; Hruska et al., 2018).
The structure of a spine can affect its synaptic activity (Ziv and
Smith, 1996; Matsuzaki et al., 2001, 2004), and the resulting synaptic
activity can affect its structure (Lissin et al., 1998; S-Q. J. Liu and
Cull-Candy, 2000; Oray et al., 2006; Harvey and Svoboda, 2007).

SHANK proteins are a family of postsynaptic structural pro-
teins that stabilize other postsynaptic structural proteins and
assist in the insertion and exocytosis of membrane proteins at
excitatory synapses (Du et al., 1998; M. K. Hayashi et al., 2009;
Grabrucker et al., 2011b; Sala et al., 2015). SHANK3—an autism
spectrum disorder-associated risk gene in human populations
(Moessner et al., 2007; Boccuto et al., 2013; Uchino and Waga,
2013; Loureiro et al., 2021)—plays a role in the development of
excitatory synapses (Bariselli et al, 2016; Ha et al, 2018).
Shank3 can self-associate with other Shank3 proteins through
the sterile alpha motif (SAM) domain (Naisbitt et al., 1999)
and form tight sheets (Baron et al., 2006). These sheets are coor-
dinated by zinc ions and cause Shank3 to become more struc-
tured (Baron et al., 2006; Gundelfinger et al., 2006). Modifying
zinc levels has Shank3-dependent effects on the expression of
postsynaptic proteins important for synaptic signaling
(Grabrucker et al., 2011a, 2014; Arons et al., 2016; Hagmeyer
etal., 2018; Vyas et al., 2020), AMPA receptor (AMPAR) surface
expression (Ha et al., 2018), and AMPAR function (Arons et al.,
2012, 2016). While the effects of exogenous zinc on the function
of Shank3 are well established, whether endogenously released
pools of zinc interact with Shank3 to control synaptic strength
and structure is unknown.

The cortex is enriched with zinc ions which are loaded into
glutamatergic vesicles by the zinc transporter 3 (ZnT3) protein
(Slc30a3) and coreleased with glutamate during synaptic trans-
mission (Palmiter et al., 1996; Cole et al., 1999; Salazar et al.,
2005; Upmanyu et al., 2022). ZnT3 knock-out (KO) mice—
which lack synaptic zinc—display cognitive and sensory deficits
(Adlard et al,, 2010; Martel et al., 2010, 2011; Thackray et al.,
2017; Patrick Wu and Dyck, 2018; Kumar et al., 2019; Cody
and Tzounopoulos, 2022) and differences in behavior and synap-
tic function, similar to those of Shank3 KO mice (Lavoie et al.,
2011; Peca et al,, 2011; Yoo et al., 2016; Upmanyu et al., 2022).
Both ZnT3 and Shank3 are synaptic proteins found at excitatory,
glutamatergic synapses (Palmiter et al., 1996; Du et al., 1998;
Naisbitt et al., 1999; Sheng and Kim, 2000; Salazar et al., 2005;
M. K. Hayashi et al., 2009; Grabrucker et al., 2011b; Sala et al.,
2015; Upmanyu et al.,, 2022), suggesting that these proteins can
coordinate to support synaptic function. Zinc ions released dur-
ing transmission can move into neurons through postsynaptic
zinc transporter proteins, voltage-gated calcium channels,
NMDA receptors (NMDARs), and calcium-permeable
AMPARs (Frederickson et al., 1989; Weiss et al., 1993; Koh
and Choi, 1994; Yin and Weiss, 1995; Koh et al., 1996; Sensi
et al,, 1999; Jia et al., 2002; De Benedictis et al., 2021). Thus,
synaptically released zinc is a prime candidate to interact with
Shank3 to assist in regulation of spine morphology (Arons
et al, 2012, 2016; Grabrucker et al, 2014; Hagmeyer et al,
2018; Vyas et al., 2020) and the tethering of other scaffolding pro-
teins (Grabrucker et al.,, 2011a). Here we show that ZnT3 is
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associated with larger dendritic spines at synapses that also con-
tain Shank3 and that presynaptic ZnT3 expression results in
stronger synaptic connections. This association between ZnT3
and Shank3 suggests that presynaptic zinc is an endogenous
synapse-specific mechanism to increase the dendritic spine size
and strength via Shank3.

Materials and Methods

Animal handling. Wild-type (WT) C57Bl/6 mice (Jackson
Laboratory) and ZnT3 KO mice (Jackson Laboratory) were used in
accordance with the animal welfare guidelines and regulations 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. WT and ZnT3 KO mice were littermates bred by heterozy-
gous (ZnT3""™) pairs with a C57Bl/6 background. Both male and female
mice were used in these experiments.

Stereotaxic surgeries. Mice were anesthetized with inhaled isoflurane
(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 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 as a scalpel, 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 um) and advanced into the region of interest at an angle ~25° off
the horizontal plane. Injection pipettes were backfilled with mineral
oil (Sigma-Aldrich) and filled with AAV-hSynl-GCaMP6s-P2A-
nls-dTomato, pGP-AAV-syn-jiGCaMP8m-WPRE (titer 5e'? - 5e'®
genome copies/ml, Addgene), or cholera toxin subunit B (CTB) conju-
gated to Alexa Fluor 555 (CTB-555, 1 mg/ul, Thermo Fisher Scientific).
They were connected to 5yl glass syringes (Hamilton) via capillary
tubing and controlled with syringe pumps (World Precision
Instruments). Pipettes were inserted 0.55 mm deep into the craniotomy,
and 0.4 pl of CTB-555 was injected at 0.2 pl per minute for 2 min, or
0.9 pl of adeno-associated virus (AAV) was injected at 0.3 pl 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 nonsteroidal anti-inflammatory
drug meloxicam during the injection procedure and a diet of meloxicam
tablets (Bio-Serv) for 72 h after surgery. Mice were monitored for signs of
postoperative stress and pain.

Western blot. WT and ZnT3 KO mice were deeply anesthetized,
euthanized, and had their brains removed. The brains were dissected,
and both hemispheres of the cortex were removed, homogenized, and
sonicated. Samples were incubated with a RIPA buffer (Sigma-Aldrich)
and a protease inhibitor cocktail (1 mM AEBSF, 800 nM aprotinin,
50 uM Dbestatin, 15 uM E-64, 20 uM leupeptin, 10 uM pepstatin A,
5 mM EDTA; Thermo Fisher Scientific) on ice for 30 min and centri-
fuged for 10 min at 12 k RPM and 4°C, and the supernatant was saved.
Using the Pierce BCA Protein Assay Kit (Thermo Fisher Scientific), the
concentration of each sample was determined, and sample concentra-
tions were then reduced to the lowest sample concentration using
Milli-Q ultrapure water. Samples were then mixed 1:1 with 5%
B-mercaptoethanol (Thermo Fisher Scientific) in a 2x Laemmli sample
buffer (Bio-Rad Laboratories) and boiled for 5 min at 100°C. Samples
were separated on 4-20% Mini-PROTEAN TGX Gels (Bio-Rad
Laboratories) and transferred to 0.2 um PVDF membrane (Bio-Rad
Laboratories) using a 25 mM Tris, 192 mM glycine, and 0.1% (w/v)
SDS buffer (Bio-Rad Laboratories). The membrane was first blocked
using 3% bovine serum albumin (BSA, G-Biosciences) for 1 h at room
temperature and then incubated with rabbit anti-ZnT3 primary antibody
in 3% BSA (1:1,000, Synaptic Systems, 197 003) overnight at 4°C. The
membrane was washed three times in a phosphate-buffered saline
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InT3 KO mice have smaller spines than WT mice. A, Top, A diagram showing the experimental injection scheme for labeling corticocollicular neurons in the auditory cortex. Bottom,

An example image of the right inferior colliculus with a retrograde AAV encoding GCaMP (rAAV-GCaMP) injection. B, An example image of corticocollicular neurons labeled with rAAV-GCaMP in
the right auditory cortex of a WT mouse. €, Example images of Layer 2/3 apical dendritic spines labeled with rAAV-GCaMP (white arrows) in a WT (left) and ZnT3 KO (right) mouse. D, The spine
area for WT (black) and ZnT3 KO (cyan) mice at P35 (left) and P60 (right; P35, p = 3.086 x 107% WT, n =590 spines; ZnT3 KO, n = 361 spines; P60, p = 4.894 X 1072 WT, n =740 spines; ZnT3
KO, n =569 spines; Mann—Whitney U test). E, Spine density per 10 um of dendrite for WT (black) and ZnT3 KO (cyan) mice at P35 (left) and P60 (right; P35, p = 0.927; WT, n = 60 ROI; ZnT3 KO,

n=:60 ROI; P60, p = 0.724; WT, n=70 ROI; ZnT3 KO, n=>50 ROI; unpaired ¢ test).

(PBS, Fisher BioReagents) with 0.1% Tween 20 (Sigma-Aldrich) for
15 min. The membrane was then incubated with goat anti-rabbit second-
ary antibody conjugated to horse radish peroxidase (1:2,000, Bio-Rad
Laboratories, 1721019) in PBS with Tween 20 (PBST) for 1 h at room
temperature and washed three times for 15min with PBST.
SuperSignal West Pico PLUS Stable Peroxide (Thermo Fisher
Scientific) was mixed 1:1 with SuperSignal West Pico PLUS Luminol/
Enhancer (Thermo Fisher Scientific) 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. The membrane was incu-
bated with goat anti-rabbit secondary antibody conjugated to horse

radish peroxidase (1:2,000, Bio-Rad Laboratories, 1721019) in PBST
for 1 h at room temperature, washed three times for 15 min with
PBST, 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 ZnT3 band intensity/ GAPDH band
intensity.

Perfusions. Male and female Postnatal Day (P) 35 and P60 WT and
ZnT3 KO mice were anesthetized and perfused transcardially using car-
bogenated artificial cerebral spinal fluid (ACSF) containing the following
(in mM), 130 NaCl, 3 KCl, 2.4 CaCl,, 1.3 MgCl,, 20 NaHCOs3, 3 HEPES,
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Figure 2.  ZnT3 KO mice have smaller miniature EPSC amplitudes than WT mice at P60 but not P35. A, An image of the inferior colliculus of a mouse injected with the retrograde tracer (TB
conjugated to Alexa Fluor 555 (red) with an overlaid diagram showing the injection scheme. B, An image of the auditory cortex of a mouse with corticocollicular neurons retrogradely labeled
with (TB-555 (red). €, An image of a (TB-555—labeled corticocollicular (CCol) neuron in Layer 5 in whole-cell patch—clamp configuration. D, Example mEPSC recordings from P35 (left) and P60
(right) WT (top, black) and ZnT3 KO (bottom, cyan) mice, with representative mEPSCs from both groups (to the right of traces). E, Cumulative distribution of mEPSC amplitudes recorded
from P35 (left) and P60 (right) WT (black) and ZnT3 KO (cyan) mice (P35: p = 0.4896; WT, n=4,500 events from 15 cells from 11 mice; ZnT3 KO, n = 4,800 events from 16 cells from 11
mice; P60: p=1.115 X 1077; WT, n = 3,600 events from 12 cells from 11 mice. ZnT3 KO, n = 6,000 events from 20 cells from 8 mice. One-way ANOVA with Holm—Sidak’s multiple-comparison
test). F, Frequency of mEPSCs recorded from WT (black) mice and ZnT3 KO (cyan) mice at P35 (left) and P60 (right). Darker lines represent the mean value; lighter shaded area represents SEM
(P35: p=0.8817; WT, n-=15 cells from 11 mice; ZnT3 KO, n = 16 cells from 11 mice; P60: p = 0.6048; WT, n = 12 cells from 11 mice; ZnT3 KO, n = 20 cells from 8 mice; unpaired t test). G, Input
resistance of corticocollicular neurons during mEPSC recordings from WT (black) mice and ZnT3 KO (cyan) mice at P35 (left) and P60 (right). Darker lines represent the mean value; lighter shaded
area represents SEM (P35: p = 0.3448; WT, n=15 cells from 11 mice; KO, n =16 cells from 11 mice; P60: p = 0.8836; WT, n =12 cells from 11 mice; KO, n = 20 cells from 8 mice; unpaired t test).

and 10 D-glucose [saturated with 95% O,/5% CO, (vol/vol), Immunohistochemistry. Sections from the auditory cortex were first
~300 mOsm], pH 7.25-7.35, followed by 4% paraformaldehyde (PFA)  blocked for 1 h at room temperature in a blocking buffer (1% BSA, 10%
with 0.0028% glutaraldehyde in PBS. Brains were immediately removed  fetal bovine serum, 1% Triton X-100 in PBS). Sections were then incu-
and placed into PFA overnight. Brains were then cryopreserved in 30%  bated for 48h at 4°C with primary antibody [chicken anti-GFP,
sucrose in PBS and sectioned coronally at 25 um on a microtome  1:1,000, Abcam, 13970; guinea pig anti-bassoon, 1:200, Synaptic
(Thermo Fisher Scientific Sliding Microtome Microm HM450) with a  Systems, 141 004; mouse IgG1 anti-Shankl, 1:500, Abcam, 94576; mouse
BFS-40MPA Freezing Stage (Physitemp). Sections were stored free-fl  IgG2b anti-Shank3, 1:500, Abcam, 93607; alpaca anti-postsynaptic den-
oating in 0.01% sodium azide in PBS at 4°C. sity 95 (PSD-95) ATTOG647N, 1:500, NanoTag Biotechnologies,



Manning et al. ® ZnT3 and Shank3 at Synapses

GFP

Shank1

C

Shank3

D

Shank1 &
Shank3

m

w
1

P35 Wildtype
E
=
1
o
(]
c
’ “b“b
iead dd t
PP Y ¥
None Sh1 Sh3 Sh1
& Sh3

Figure 3.

Bassoon

[ RS
ho' bbb { ¥
ST
A

J. Neurosci., July 10, 2024 « 44(28):¢0619242024 - 5

ZnT3 KO

Shank3 Merge Merge

H o

71 P60

_h““‘

Sh1 Sh3 Sh1
& Sh3

None

Spines with Shank3 are larger in WT mice. A, An example image of a synapse in Layer 2/3 that does not express any Shank proteins. White outline indicates the dendrite and

dendritic spine. Merged image shows Shank1 (green), bassoon (magenta), and Shank3 (orange) stains. B, An example image of a synapse that only expresses Shank1. The same color scheme as
in A. C, An example image of a synapse that only expresses Shank3. The same color scheme as in A. D, An example image of a synapse that expresses both Shank1 and Shank3. The same color
scheme as in A. E, The spine area for WT (black) and ZnT3 KO mice (blue) at P35 (left) and P60 (right) for each condition (P35 none: p > 0.999; WT, n = 67 spines; ZnT3 KO, n =72 spines; P35
Shank1: p = 0.210; WT, n = 97 spines; ZnT3 KO, n = 94 spines; P35 Shank3: p = 0.0305; WT, n = 58 spines; ZnT3 KO, n = 60 spines; P35 Shank1/Shank3: p = 0.652; WT, n = 195 spines; ZnT3 KO,
n =203 spines; P60 none: p > 0.999; WT, n = 113 spines; ZnT3 KO, n = 133 spines; P60 Shank1: p = 0.546; WT, n =77 spines; ZnT3 KO, n = 105 spines; P60 Shank3: p = 0.00780; WT, n =97
spines; ZnT3 KO, n =107 spines; P60 Shank1/Shank3: p =0.00220; WT, n= 160 spines; ZnT3 KO, n=221 spines; Kruskal-Wallis test with Dunn’s multiple comparisons).

N3702-At647N-L; rabbit anti-ZnT3, 1:1,000, Synaptic Systems, 197 003]
in a blocking buffer and washed three times for 10 min in PBS. Primary
antibodies for GFP (Wang et al., 2023; Xue et al., 2023), bassoon (C. Liu
et al.,, 2018; De Rossi et al., 2020; Actor-Engel et al., 2021; Feng et al,,
2021; Kang et al, 2021; Hruska et al,, 2022), Shankl (Collins and
Galvez, 2018), Shank3 (Man et al., 2020), and PSD-95 (Kilisch et al.,
2023) have all been previously validated through cell lines, KO models,
or use of shRNA. Sections were 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 IgG1l Alexa Fluor 594, Jackson
ImmunoResearch Laboratories, 115-587-158; goat anti-mouse IgGl
Alexa Fluor 555, Invitrogen, A-21127; goat anti-mouse IgG2b Alexa
Fluor 647N, Rockland Immunochemicals, 610-156-042; goat anti-rabbit
Alexa Fluor 594, Jackson ImmunoResearch Laboratories, 111-585-144)
in a 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 25x 25 um confocal Z-stacks
of dendrites were obtained using a Zeiss LSM 710 confocal with a 63x
oil immersion objective or a Leica STELLARIS 8 with 40x and 100x oil
immersion objectives. Z-stacks were analyzed using Fiji (Schindelin et al.,
2012). A Gaussian blur (sigma of 0.04 um) was applied to each image to
filter out noise. To determine the spine size, the head of each spine within
each image was selected and thresholded. The area of each spine head
was determined automatically using Fiji's measurement tool. The presence
of a protein at each synapse was determined through a statistical measure of
puncta fluorescence against the background fluorescence ofa 1 pm x 1 pm
area around the puncta. Expression was defined as the mean puncta
fluorescence intensity being greater than the mean + 2 x standard devia-
tion of the mean background fluorescence intensity. Fluorescence inten-
sity was determined automatically using Fiji’s measurement tool. The
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300 pm x 250 um Z-stacks of the mouse right auditory cortex were
obtained using a Nikon E800 microscope with a 4x dry objective. The
10 um sections of dendrites within Layer 2/3 were selected, and spine
density was counted manually through Fiji. All analysis was performed
blinded on sex, genotype, and age. Sections stained with just ZnT3
were imaged using an Olympus MVX MacroView microscope with a
Hamamatsu ORCA_Flash4.0 v2 sCMOS camera.

Brain slice electrophysiology. Acute brain slice experiments were
performed 4-7 d postinjection with CTB-555. Slices were examined
during experiments to confirm accurate placement of the injection sites.
Brain slices of the auditory cortex were cut in chilled carbogenated
choline-based solution of the following composition (in mM): 110 cho-
line chloride, 25 NaHCOs3, 25 D-glucose, 11.6 sodium ascorbate, 3.1
sodium pyruvate, 2.5 KCI, 0.5 CaCl,, and 7 MgCl,. Brain slice electro-
physiology experiments were carried out using carbogenated ACSF
with the following composition (in mM), 130 NaCl, 3 KCl, 2.4 CaCl,,
1.3 MgCl,, 20 NaHCOs3, 3 HEPES, and 10 D-glucose, saturated with
95% 0,/5% CO, (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 CaCl,
and MgCl, salts (99.995% purity; Sigma-Aldrich) were added to the
ACSF after the Chelex 100 resin was filtered using Nalgene
Rapid-Flow filters lined with polyethersulfone (0.2 uM pore size). All
plastic and glassware were washed with 5% high-purity nitric acid.
Mice were first anesthetized with isoflurane and then immediately decap-
itated. Brains were rapidly removed, and coronal slices (300 pm) of the
cortex were prepared in chilled choline chloride cutting solution using
a vibratome (VT1200 S; Leica). Slices were then transferred into a hold-
ing chamber of carbogenated ACSF and incubated for ~30 min at 35°C
and then incubated at room temperature for ~30 min before electro-
physiological experiments were performed. For electrophysiological
experiments, slices were transferred into the recording chamber and per-
fused with carbogenated 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 identified by their labeling
with the retrograde labeler CTB conjugated to Alexa Fluor 555 (Thermo
Fisher Scientific). Electrophysiological recordings were made using an
amplifier (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 3-5MQ
(Sutter Instrument) filled with a cesium-based internal solution with
the following composition (in mM), 128 cesium-methanosulfonate, 10
HEPES, 4 MgCl,, 4 Na 2 ATP, 0.3 Tris-GTP, 10 Tris-phosphocreatine,
0.5 cesium-EGTA, 3 Na-ascorbate, and 1 QX314 (303 mOsm), pH
7.23, at =70 mV holding potential. Tetrodotoxin (TTX; 500 nM) was
bath applied.

Experimental design and statistical analysis. The number of repli-
cates per experiment and their definitions are listed in the figure legends.
Electrophysiological data were sampled at 10 kHz and low-pass filtered
at 2-4 kHz. Series resistance was monitored during the experiment by
giving brief —5 mV voltage steps at regular intervals during the recording
session. Input resistance was continuously monitored during recordings.
Miniature excitatory postsynaptic currents (mEPSCs) were recorded at
—70 mV. Events were detected and analyzed using Mini Analysis
(Synaptosoft). Only neurons with root mean square (RMS) of membrane
current noise <2.5 and series resistance >10 MOhm and <25 MOhm
with <15% change during the recording time were included in the anal-
ysis. The threshold for mEPSC detection was set to three times the RMS
noise. The first 300 nonoverlapping events with rise times less than or
equal to 3 ms were used to estimate the mEPSC amplitude distribution
and frequency. Neurons with a negative correlation between the
mEPSC amplitude and rise time were excluded. Events were recorded
over 5-10 min after stability was achieved during recordings in TTX.
Experiments using ZnT3 KO mice were performed blind to the age,
sex, and genotype of the animal. Experiments using only WT mice
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were performed blind to age and sex. Analysis was performed with Fiji
(Schindelin et al., 2012), MATLAB (MathWorks), and Prism
(GraphPad Software). Based on statistical approaches reported in recent
studies of spine morphology (Cane et al., 2014; Hruska et al., 2018, 2022;
Ishii et al., 2018; Borczyk et al., 2019), analysis of the spine size was per-
formed using the total number of spines as the n for tests of statistical
significance. The number of spines and animals used for each compari-
son are listed in the Extended Data. For statistical comparisons, a student
unpaired f test was used if the group data passed Lilliefors test for nor-
mality (Figs. 1E, 2F,G, 4A). If the group data were not normally distrib-
uted, a Kruskal-Wallis H test was used to compare three or more groups
(Figs. 3E, 4F, 5C), and a Mann-Whitney U test (Fig. 1D) was used to
compare two groups. A statistical comparison was determined to be sign-
ificant if the p value was <0.05 for single comparisons or by use of Dunn’s
multiple-comparison test for multiple comparisons. Statistically signifi-
cant differences are denoted in figures with an asterisk (*), and p values
are listed in the figure legends. Statistical analyses were performed using
Prism (GraphPad Software) and Excel (Microsoft). Bar plots show the
mean with error bars representing + standard error of the mean
(SEM). Violin plots show the distribution of the data with a dashed
line representing the median and dotted lines representing the upper
and lower quartiles.

Results

Dendritic spines are smaller in ZnT3 KO mice

Because smaller dendritic spines are associated with changes in
behavior and synaptic function that are also observed in ZnT3
KO mice (Lavoie et al., 2011; Yoo et al., 2016), we hypothesized
that these mice would have altered dendritic spine morphology.
To address this question, we performed stereotaxic injections of a
retrograde AAV-GCaMP (see Materials and Methods) in the
right inferior colliculus of age-matched, sex-matched littermates
of WT and ZnT3 KO mice to induce the expression of GCaMP in
Layer 5 corticocollicular neurons in the auditory cortex (Fig. 1A,B).
We focused on these neurons because they receive a variety of cor-
ticocortical inputs at synapses that corelease zinc and glutamate
and that express presynaptic ZnT3 (Cole et al., 1999; Brown and
Dyck, 2004; Petreanu et al., 2007; Hooks et al., 2011; Upmanyu
etal.,, 2022; Bender et al., 2023). In particular, these neurons receive
strong input from Layer 2/3 intratelencephalic-type neurons (Joshi
etal., 2015; Bender et al., 2023) which contain high levels of vesic-
ular zinc (Palmiter et al., 1996; Cole et al., 1999; Brown and Dyck,
2004; McAllister and Dyck, 2017a,b). Fourteen days postinjection,
the mice were perfused, and their brains were fixed and sectioned.
Immunohistochemical staining for GFP was performed to boost
the fluorescence intensity of GCaMP (see Materials and
Methods). Although GCaMP can be used to measure changes in
neuronal calcium levels (T-W. Chen et al., 2013; Bender et al.,
2023), here, we used it as a structural marker for dendritic spines
due to its bright GFP-based fluorescence signal (Harvey and
Svoboda, 2007; Durand et al., 2012; T-W. Chen et al., 2013; He
etal,, 2018). After staining, sections were mounted, and fluorescent
images were obtained (see Materials and Methods). Because of the
high density of spines but low density of dendrites, spines were
selected in Layer 2/3 of the auditory cortex (Chang and Kawai,
2018) and analyzed using a fluorescence threshold measure of
the spine head area (Hruska et al., 2018, 2022; Fig. 1C). All image
acquisition, segmentation, and analysis were performed blind to
the age, genotype, and sex of the animals (see Materials and
Methods). We found that dendritic spines in ZnT3 KO mice
were significantly smaller than in WT mice at P35 (Fig. 1D).
Because the dendritic spine size increases with age (Dumitriu
etal,, 2010; Orner et al., 2014; Young et al., 2014), this result could
reflect a developmental delay that might normalize with more
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time, or it could be a persistent deficit in these animals. To distin-
guish between these possibilities, we performed similar experi-
ments in mice at P60. In older animals, there was a more
pronounced deficit in spine sizes in ZnT3 KO mice compared
with those in WT mice, suggesting that the deficits in spine sizes
are progressively more severe with age. There was not a change
in spine density between WT and ZnT3 KO mice at either age
(Fig. 1E).

Synaptic strength is reduced in ZnT3 KO mice

Because larger dendritic spines are associated with stronger
synaptic connections (Engert and Bonhoeffer, 1999; Maletic-
Savatic et al., 1999; Grutzendler et al., 2002; Matsuzaki et al,,
2004; Harvey and Svoboda, 2007; Y. Yang et al., 2008; Peca
etal., 2011; Durand et al., 2012), we hypothesized that the smaller
dendritic spines we observed in ZnT3 KO mice would be associ-
ated with weaker synaptic inputs in these animals. To test this
hypothesis, we performed whole-cell patch-clamp recordings
from corticocollicular neurons in acute brain slices from WT
and ZnT3 KO mice. We retrogradely labeled Layer 5 corticocol-
licular neurons by performing a stereotaxic injection of retro-
grade tracer CTB conjugated to Alexa Fluor 555 (CTB-555)
into the right inferior colliculus of both WT and ZnT3 KO
mice (Fig. 2A,B). Postinjection, acute brain slices containing
the auditory cortex were prepared at P35-P37 and P60-P63 for
both genotypes and sexes. Whole-cell patch-clamp recordings
were performed under voltage-clamp conditions in the presence
of TTX to block sodium channels and isolate nonaction
potential-mediated mEPSCs (Fig. 2C,D). At P35, there was no
significant difference in mEPSC amplitude between WT and
ZnT3 KO mice, but at P60, ZnT3 KO mice had smaller
mEPSC amplitudes than WT mice (Fig. 2E). No difference in
mEPSC frequency was observed between all groups (Fig. 2F),
and there were no significant differences in the input resistances
between WT and ZnT3 KO mice (Fig. 2G). These results are con-
sistent with the reduced spine size and normal spine density in
the neurons and suggest that ZnT3 enhances synaptic strength
in part by increasing the spine size. Together, these data show
that the loss of the presynaptic protein ZnT3 is associated with
altered spine structure and spine function.

Shank3 is associated with smaller dendritic spines in

ZnT3 KO mice

While multiple studies have investigated how free zinc regulates
the postsynaptic spine through interactions with zinc-sensitive
structural proteins (Grabrucker et al., 2011a, 2014; Arons et al,,
2012, 2016; Hagmeyer et al., 2018; Vyas et al., 2020), none have
directly linked synaptic zinc provided by ZnT3 to these mecha-
nisms. We hypothesized that a likely link between presynaptic
zinc release and postsynaptic morphology could be zinc-sensitive
structural proteins. Because ZnT3 KO mice have a loss of zinc ions
in synaptic vesicles and synaptic clefts and a ~20% reduction in
total zinc in the cortex (Cole et al.,, 1999), we hypothesized that
the lack of ZnT3-dependent synaptic zinc in ZnT3 KO mice could
have preferential effects on the structure of Shank3-containing
dendritic spines. To address this hypothesis, we performed immu-
nohistochemical staining for Shank3; Shankl, a zinc-insensitive
Shank protein; and bassoon, a presynaptic protein that assists in
tethering vesicles at the active zone (Takao-Rikitsu et al., 2004;
Tom Dieck et al, 2005; Magupalli et al, 2008; Fig. 3A-D).
Following labeling of these synaptic proteins, we imaged dendritic
spines as above, and protein expression was determined by non-
biased fluorescence intensity thresholding (see Materials and
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Methods). At P35, synapses containing only Shank3 with no
Shank1 correlated with smaller spines in ZnT3 KO mice compared
with those in WT mice (Fig. 3E). Consistent with the more pro-
nounced reduction in the spine size at P60, the
Shank3-associated deficiency was more pronounced at this age,
and the presence of Shank1 was not sufficient to prevent the reduc-
tion in the spine size at synapses containing Shank3 (Fig. 3E).
Together, these findings suggest that the average overall reduction
in the spine size in ZnT3 KO mice (Fig. 1D) is mediated by spines
at synapses that express Shank3.

Postsynaptic Shank3 and presynaptic ZnT3 associate with
larger dendritic spines in WT mice

Thus far, we have compared synapses between WT and ZnT3 KO
littermates. Next, we hypothesized that the principles relating
ZnT3 to the spine size would also exist in WT mice, which
have a mix of ZnT3-containing (ZnT3") and ZnT3-lacking
(ZnT37) synapses. To address this hypothesis, we performed
immunohistochemical staining for bassoon, PSD-95 (a postsyn-
aptic scaffolding protein that binds directly to membrane pro-
teins; Kornau et al,, 1995; Kim and Sheng, 2004; Bats et al.,
2007; X. Chen et al., 2015; Won et al., 2016, 2017), and ZnT3.
We verified that this ZnT3 antibody is highly selective for
ZnT?3 because there is robust signal in the WT brain tissue and
a lack of signal in the ZnT3 KO brain tissue, as assessed with
Western blot and immunohistochemical analysis (Fig. 4A,B).
Dendritic spines in Layer 2/3 of the auditory cortex were imaged,
and protein expression at synapses and spine size were analyzed
as above (Fig. 4C,D). We found that ~80% of synapses contained
ZnT3 at both P35 and P60 (Fig. 4E), confirming that WT animals
have a mix of ZnT3" and ZnT3~ synapses. Consistent with the
relationship between ZnT3 and larger spines observed above,
spines at synapses that contained ZnT3 (ZnT3") were signifi-
cantly larger than spines at synapses that did not contain ZnT3
(ZnT37) in WT mice (Fig. 4F). These results suggest that the
expression of ZnT3 at a synapse is associated with larger spine
sizes. Next, we hypothesized that ZnT3" synapses with Shank3
would also associate with larger dendritic spines in WT mice.
To address this hypothesis, WT mouse brain sections were
labeled for Shankl, Shank3, and ZnT3 (Fig. 5A,B). At P35,
Shank proteins did not correlate with larger spines at ZnT3" syn-
apses; however, at P60, Shank3-containing, ZnT3" synapses were
associated with significantly larger dendritic spines (Fig. 5C).
Together, these data suggest that ZnT3-dependent zinc can inter-
act with zinc-sensitive Shank3, leading to larger dendritic spines
at specific cortical synapses (Fig. 5C).

Discussion
The structure and function of dendritic spines is tightly linked,

where the structure of a spine can affect its synaptic activity and
vice versa (Ziv and Smith, 1996; Lissin et al., 1998; S-Q. J. Liu
and Cull-Candy, 2000; Matsuzaki et al., 2001, 2004; Oray et al,
2006; Harvey and Svoboda, 2007). Here, we show that ZnT3 KO
mice have both smaller spines and mEPSCs compared with WT
mice, suggesting that presynaptic zinc affects postsynaptic struc-
ture in addition to its established roles in shaping synaptic signal-
ing through modulation of glutamate receptor function (Pan et al,,
2011; Vergnano et al., 2014; Anderson et al., 2015; Kalappa et al,,
2015; Kalappa and Tzounopoulos, 2017; Morabito et al., 2022;
Bender et al., 2023). Additionally, we show that ZnT3 associates
with larger dendritic spines at synapses that also contain
Shank3. Together, these results suggest that presynaptic vesicular
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zinc assists in the regulation of dendritic spine morphology and
function through interactions with Shank3.

Zinc is highly enriched within synaptic vesicles in many
brain regions by the vesicular zinc transporter protein ZnT3
(Palmiter et al., 1996; Cole et al., 1999; McAllister and Dyck,
2017a,b). Zinc is tightly regulated in the body through two fam-
ilies of proteins: zinc transporters that move zinc out of the cyto-
plasm and Zrt-/Irt-like proteins (ZIPs) that move zinc into the
cytoplasm (Hershfinkel et al., 2010; Kambe et al., 2015). Zinc
ions can move into neurons through postsynaptic ZIPs (De
Benedictis et al, 2021) or Ca®*-permeable channels such as
voltage-gated calcium channels, calcium-permeable AMPARs,
and NMDARs (Frederickson et al., 1989; Weiss et al., 1993;
Koh and Choi, 1994; Yin and Weiss, 1995; Koh et al., 1996;
Sensi et al., 1999). A defining aspect of Shank3 is its ability to self-
associate with other Shank3 proteins through the SAM domain

(Naisbitt et al., 1999) and form tight sheets (Baron et al., 2006).
Zn** stabilizes salt bridges between two SAM domains, causing
highly mobile Shank3 pools to become more structured (Baron
et al,, 2006; Gundelfinger et al., 2006). Lack of the SAM domain
in Shank3 is linked to a decrease in both the spine head size and
mEPSC amplitudes (Durand et al, 2012). This decrease in
mEPSC amplitude is consistent with decreases in mEPSC ampli-
tude found in both Shank3 KO (Pegca et al., 2011) and ZnT3 KO
mice (Lavoie et al., 2011)—both of which display similar autism
spectrum disorder-like phenotypes (Martel et al.,, 2011; Peca
et al, 2011; Yoo et al,, 2016; Thackray et al., 2017; Upmanyu
et al, 2022). Our current findings suggest that presynaptic
ZnT3-dependent zinc may contribute to these mechanisms and
that changes in synaptic zinc availability and/or release may alter
the ability of Shank3 proteins to self-associate and stabilize the
postsynaptic density. Future studies directly linking presynaptic
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vesicular zinc to postsynaptic Shank3 self-association will be
necessary to address this issue. One limitation of this study is
the use of a germline KO of ZnT?3 because ZnT3 KO mice display
alterations in multiple aspects of brain development and sensory
processing (Valente and Auladell, 2002; Yoo et al., 2016; Patrick
Wu and Dyck, 2018; Kumar et al., 2019). Therefore, it is possible
that factors related to developmental differences or sensory
processing changes resulting from the genetic deletion of ZnT3
also contribute to synaptic changes in adult animals. Future
experiments examining these possibilities will be required to
address this important issue.

AMPARs are developmentally regulated glutamate-gated ion
channels in the postsynaptic membrane that mediate fast excit-
atory transmission (Watkins and Evans, 1981; Honoré et al,
1982; Monaghan et al, 1989; Hollmann and Heinemann,
1994). The functional characteristics of AMPARs are determined
by the specific combination of four subunits (GluA1-4) that form
hetero-oligomers (Hollmann et al., 1991; Verdoorn et al., 1991;
Traynelis et al., 2010). Shank3 assists in the trafficking of
GluA2-containing AMPARs (Sheng and Kim, 2000; Bariselli
et al., 2016; Ha et al.,, 2018) by binding to glutamate receptor-
interacting protein—a scaffolding protein that binds to the
C-terminus of GluA2 (Dong et al., 1997, 1999; Osten et al,
1998)—through Shank3’s Src homology 3 domain (Sheng and
Kim, 2000). During development, synapses undergo a switch
from inwardly rectifying (GluA2-lacking) AMPAR currents to

more nonrectifying (GluA2-containing) AMPAR currents
(Bariselli et al., 2016; Ha et al., 2018). This shift is associated
with an increase in Shank3 expression (Grabrucker et al.,
2011a; Ha et al., 2018), suggesting that Shank3 contributes to
this process. Because GluA2-lacking AMPARs also allow zinc
influx (Sensi et al., 1999; Jia et al., 2002), our findings suggest
that ZnT3-dependent zinc may contribute to the internalization
of GluA2-lacking AMPARSs by stabilizing Shank3 and enhancing
the expression of GluA2-containing AMPARs at synapses.
Future studies examining AMPAR rectification and subunit
composition at ZnT3-containing versus ZnT3-lacking synapses
during development will be required to answer these questions.

Long-term potentiation (LTP) is characterized by an increase
in the spine head size (Fifkovda and Van Harreveld, 1977;
Desmond and Levy, 1983; Matsuzaki et al., 2004), as well as an
increase in AMPAR responses (Bliss and Lomo, 1973; Kauer
et al., 1988; Bliss and Collingridge, 1993) and expression at the
membrane (Isaac et al., 1995; Lissin et al., 1998; Shi et al., 1999;
Y. Hayashi et al., 2000; Liao et al, 2001; Plant et al., 2006).
Induction of NMDAR-dependent LTP leads to the rapid incor-
poration of inwardly rectifying GluA2-lacking AMPARs (Lissin
et al., 1998; Shi et al., 1999; Y. Hayashi et al., 2000; Plant et al.,
2006; Morita et al., 2014). Ca**-permeable receptors allow a large
amount of Ca>* to flow into the cell and stimulate signaling path-
ways containing Ca’*-/calmodulin-dependent protein kinase,
phosphoinositide 3-kinase, mitogen-activated protein kinase,
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protein kinase A, or mammalian target of rapamycin (Kelly et al.,
2007). These signaling pathways increase translation of protein
kinase M zeta, which upregulates interactions between NSF
and GluA2 to increase AMPAR trafficking to the membrane
(Kelly et al, 2007). As a synapse enters late-phase LTP,
GluA2-containing AMPARs enter the membrane and replace
GluA2-lacking AMPARs (Shi et al., 2001; Gardner et al., 2005;
Plant et al., 2006; Morita et al., 2014). Shank3 KO mice have
reduced excitatory postsynaptic potentials (EPSPs) during LTP
induction and during late-phase LTP (M. Yang et al.,, 2012).
Furthermore, Shank3 heterozygous mice have transiently
increased EPSPs during the induction of LTP but are unable to
maintain late-phase LTP because EPSP amplitude and spine vol-
ume return to the baseline (Bozdagi et al., 2010). These results
indicate that Shank3 is necessary for maintaining late-phase
LTP. Because Shank3 and free zinc assist in regulation of post-
synaptic spine morphology (Grabrucker et al., 2011a, 2014;
Arons et al, 2012, 2016; Hagmeyer et al, 2018; Vyas et al,
2020), our results suggest that presynaptic vesicular zinc supports
late-phase LTP and its associated increase in the spine size.
Together, these results suggest a mechanism for the development
of larger spines at synapses that contain both ZnT3 and Shank3.
Because zinc modulates LTP (Xie and Smart, 1994; Lu et al., 2000;
Vogt et al., 2000; Li et al., 2001; Izumi et al., 2006; Kodirov et al.,
2006; Pan et al., 2011; Sullivan et al., 2018; Morabito et al., 2022),
our current findings suggest that synaptic zinc may also affect the
morphological characteristics of spines during LTP in addition to
the functional increase in synaptic receptor activity during LTP.
Future work exploring the role of synaptic zinc, Shank3, and
AMPAR subunits during late-phase LTP will be necessary to
address these possibilities. Interactions between Shank3 and
synaptic zinc are important components within a larger frame-
work of molecules that supports dendritic spine morphology
and function. Although our findings suggest an endogenous
mechanism whereby vesicular zinc supports Shank3 and
AMPAR function, there are numerous zinc-sensitive proteins
(Hwang et al., 2005; Huang et al., 2008; Ha et al., 2018; Krall
etal.,, 2022) and endogenous pools of zinc at and around synapses
(Vogt et al., 2000; Vergnano et al., 2014; Anderson et al., 2015;
Vogler et al., 2020; De Benedictis et al., 2021; Krall et al., 2022)
that also influence synaptic function. Therefore, our findings
offer an additional mechanistic link between presynaptic vesicu-
lar machinery and postsynaptic structural proteins within the
larger network of cellular mechanisms that support normal
synaptic structure and function in the brain.
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