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SUMMARY
The molecular code that controls synapse formation and maintenance in vivo has remained quite sparse.
Here, we identify that the secreted protein Adamtsl3 functions as critical hippocampal synapse organizer
acting through the transmembrane receptor DCC (deleted in colorectal cancer). Traditionally, DCC function
has been associated with glutamatergic synaptogenesis and plasticity in response to Netrin-1 signaling. We
demonstrate that early post-natal deletion of Adamtsl3 in neurons impairs DCC protein expression, causing
reduced density of both glutamatergic and GABAergic synapses. Adult deletion of Adamtsl3 in either
GABAergic or glutamatergic neurons does not interfere with DCC-Netrin-1 function at glutamatergic synap-
ses but controls DCC signaling at GABAergic synapses. The Adamtsl3-DCC signaling unit is further essential
for activity-dependent adaptations at GABAergic synapses, involving DCC phosphorylation and Src kinase
activation. These findings might be particularly relevant for schizophrenia because genetic variants in
Adamtsl3 and DCC have been independently linked with schizophrenia in patients.
INTRODUCTION

Synapse organizers are important facilitators of trans-synaptic

adhesion and assembly of presynapse and postsynapse during

brain development and synapse maintenance in adulthood. Pre-

synaptic Neurexin and postsynaptic Neuroligin (NLG) partners

are examples of prototypical synapse organizers. Thousands

of neurexin splice cassettes are differentially expressed within

a typical neuron type.1 Direct interaction not only occurs with

NLG1 and NLG2 at excitatory and inhibitory synapses, respec-

tively,2 but with a range of signaling proteins (LRRTMs, latrophi-

lins)3 and GABAA (g-aminobutyric acid type A) receptors4 at the

postsynaptic membrane. Hence a continuum of presynaptic and

postsynaptic interactions is thought to contribute to the molecu-

lar logic of synaptic connections.5

Synapse organizers also play key roles during neural circuit

assembly. Adhesion of the extracellular synapse organizer

Netrin-1 to its cognate receptor DCC (Deleted in Colorectal Can-

cer) is necessary for attractive axon guidance and synaptogene-

sis during development.6,7 In the adult brain, Netrin-1-DCC inter-

action activates Src kinase to induce NMDAR-dependent

long-term potentiation (LTP), whereby influencing memory and

learning.8 In the nematode Caenorhabditis elegans, UNC-6 (Ne-
This is an open access article under the CC BY-N
trin-1 homolog) and UNC-40 (DCC homolog) facilitate synaptic

vesicle clustering at NMJs (neuromuscular junctions) by orga-

nizing the actin cytoskeleton.9,10 A genetic screen identified a

presynaptically secreted glycoprotein Ce-Punctin in C. elegans

that was shown to align acetylcholine and GABAA receptors at

postsynaptic sites with neurotransmitter-specific release sites.11

Subsequent studies uncovered that Ce-Punctin binds and acti-

vates postsynaptic UNC-40/DCC for GABAA receptor mainte-

nance via the recruitment of FRM-3/FARP1-2 and LIN-2/

CASK.12 The mammalian orthologs of Ce-Punctin, Adamts-like

1 and Adamts-like 3, belong to a class of extracellular glycopro-

teins related to the ADAMTS (A Disintegrin and Metalloprotease

with Thrombospondin repeat) proteases but are devoid of pro-

teolytic activity.13 Adamtsl1 and Adamtsl3 were discovered in

the cDNA of the human placenta library.14 Adamtsl1 is primarily

expressed in human and mouse skeletal muscle, whereas

Adamtsl3 shows widespread expression in the brain and has

been identified as a candidate gene for schizophrenia.14–16

Although several intracellular signaling pathways have been

shown to contribute to GABAA receptor clustering and inhibitory

synapse plasticity,17,18 little is known about extracellular orga-

nizers that dictate GABAergic synapse formation and/or mainte-

nance. The role of mammalian Ce-Punctin orthologs, as well as
Cell Reports 42, 112947, August 29, 2023 ª 2023 The Author(s). 1
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Figure 1. Adamtsl3 is widely expressed in the brain

(A) Illustration of Adamtsl3flox/flox mouse stereotaxically injected with AAV8-CAG-EGFP or AAV8-CAG-EGFP-Cre.

(B) Representative image of Adamtsl3 (green) afterAdamtsl3 deletion in CA1. Scale bar, 100 mm. Right panels are zoomed-in images of boxed areas in left panels.

Scale bar, 5 mm.

(C) qRT-PCR analysis of Adamtsl3 mRNA in AAV8-hSyn1-RFP- (control) or AAV8-hSyn1-RFP-Cre (Cre)-infected primary neuron cultures grown from P0–1

Adamtsl3flox/flox pups (n = 3 biological replicates).

(D) WB for Adamtsl3 in Adamtsl3w/w or Adamtsl3flox/flox forebrain lysates (n = 5).

(legend continued on next page)
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the function of DCC at GABAergic synapses in the brain, have re-

mained entirely uncharacterized. Here, we set out to characterize

the function of Adamtsl3 in the mammalian brain. Using a combi-

nation of in vitro HEK293T-neuron co-culture and AAV8-Syn1-

Cre to delete Adamtsl3 in hippocampal neurons at birth, we un-

cover that Adamtsl3 functions in DCC-dependent assembly of

GABAergic and glutamatergic synapses in early post-natal devel-

opment. Using a combination of AAV6-CaMKIIaERT2-Cre or AAV8-

DlxERT2-Cre to delete Adamtsl3 or DCC in pyramidal neurons or

GABAergic interneurons, we report that Adamtsl3 functions up-

stream of DCC signaling for GABAergic synapse maintenance

in the adult brain. We further provide evidence that Adamtsl3

signaling at the DCC receptor in the mature brain specifically

influences GABAergic synapse integrity, whereas Netrin-1

signaling influences glutamatergic synapse integrity. In line with

this, we demonstrate that Adamtsl3 functions in activity-depen-

dent plasticity adaptations at GABAergic synapses via DCC

and Src activation for hippocampal memory function. Together,

our data identify an extracellular synapse organizer Adamtsl3

that signals via DCC at GABAergic synapses.

RESULTS

Adamtsl3 is widely expressed in the rodent brain
To understand the functional role of Adamtsl3 in the mammalian

brain, we generated Adamtsl3flox/flox mice in BL6 background by

inserting loxP sites into exon 2 (Cyagen). Adamtsl3flox/flox mice

are fertile and give birth to litters in expected Mendelian ratios

without abnormal phenotype. To validate ourmouse line, we ste-

reotaxically injected Adamtsl3flox/flox mice at post-natal day (P)

60 with an adeno-associated virus (AAV) serotype 8 (AAV8)

expressing Cre under the control of the CAG promoter

(AAV8-CAG-Cre-EGFP) into the cornu Ammonis (CA1) hippo-

campal area. The contralateral hemisphere CA1 area was in-

jected with AAV8-CAG-EGFP as control (Figure 1A). Using our

homemade rabbit polyclonal antibody against Adamtsl3 N-ter-

minal sequence (QTKMHLSPEKKEEN), we observed a signifi-

cant reduction of Adamtsl3 in the ipsilateral (Cre-injected) CA1

area, but not in the contralateral area (Figure 1B). To further vali-

date our Adamtsl3 antibody, we performed western blot (WB)

analysis in conditioned media of HEK293T transfected with re-

combinant EGFP-Adamtsl3 and in primary neuron culturemedia.

Recombinant Adamtsl3 was detected using an anti-GFP

antibody at �210 kDa in HEK293T media, and the Adamtsl3

antibody convincingly detected endogenous Adamtsl3 in condi-

tionedprimary neuronmedia at 14 days in vitro (DIV) (Figure S1A).

Next, we cultured primary neurons from P0–1 Adamtsl3flox/flox lit-

ters and infected them with either AAV8-hSyn1-RFP-Cre (Cre) or

AAV8-hSyn1-RFP (control) at 4 DIV for Cre-dependent Adamtsl3

gene deletion. At 14 DIV, we collected total cell RNA and per-

formed quantitative reverse-transcription polymerase chain re-

action (qRT-PCR) and found a significant reduction in Adamtsl3
(E–G) Representative image showing Adamtsl3 (green) staining in the cortex (E;

cerebellum (F; scale bars, 100 mm [left]; 20 mm [right, zoomed-in image of white

(H) Representative image for Adamtsl3 (green) staining in the CA1 areawithin parv

Right panel: quantification of double-positive cells (n = 5–6; PV SD ±6.8; SST SD

two-tailed t test.
mRNA (Figure 1C). To confirm Adamtsl3 protein loss, we

additionally performed immunohistochemical and WB analysis

and found a significant loss of Adamtsl3 in Cre-expressing

Adamtsl3flox/flox neurons (Figures S1B–S1D). Lastly, to control

for functional conservation of the gene locus during the genera-

tion of Adamtsl3flox/flox mice, we analyzed for Adamtsl3 protein

levels between Adamtsl3w/w and Adamtsl3flox/flox mice using

WB and found no difference in Adamtsl3 expression (Figure 1D).

To understand the expression profile of Adamtsl3, we per-

formedWB analysis using our validated Adamtsl3 antibody in ly-

sates from the cortex, hippocampus, and cerebellum and found

expression levels to be slightly increased in the cerebellum

compared with the cortex and hippocampus (Figure S1E).

Next, we determined the expression profile of Adamtsl3 mRNA

across different developmental time points. We used qRT-PCR

analysis of cDNA libraries prepared from the cortex, hippocam-

pus, and cerebellum of P5, P9, P15, and P30 BL6 mice

(Figures S1F–S1H). Adamtsl3 mRNA expression peaks first in

the hippocampus at P5, followed by the cortex at P9, and then

the cerebellum at P15. In the mature brain (P30), Adamtsl3

mRNA expression across the cortex, cerebellum, and hippo-

campus decreases in comparison with earlier developmental

time windows. Morphologically, we could localize Adamtsl3

across all cortical layers (Figure 1E), and we found it to be ex-

pressed within both pyramidal neurons and inhibitory neurons.

In the cerebellum, Adamtsl3 labels the Purkinje cell soma and

its dendritic branches extending into the molecular layer (Fig-

ure 1F). In the hippocampus, Adamtsl3 expression is uniform

across CA1, CA2, and CA3 Stratum pyramidale and within inter-

neurons in the Stratum radiatum and oriens (Figures 1G and 1H).

Quantification confirmed Adamtsl3 expression within 81% of

Parvalbumin (PV+) and 68% of Somatostatin (SST+) GABAergic

interneurons (Figure 1H). Together, our data identify Adamtsl3

to be abundantly expressed within the mammalian brain.

Adamtsl3 is a synaptic protein regulating GABAergic
and glutamatergic synapse number
To assess whether Adamtsl3 is enriched at synapses, we frac-

tionated the rodent brain into biochemical subcompartments.

Analysis of the synaptoneurosome fraction showed enrichment

for Adamtsl3 protein along with GABAA receptor subunit a2,

whereas the control nuclear fraction lackedAdamtsl3 (Figure 2A).

Next, we investigated the proportion of excitatory and inhibitory

hippocampal synapses that contain Adamtsl3. We co-stained

for Adamstl3 along with presynaptic and postsynaptic markers

for glutamatergic and GABAergic synapses in P90 BL6 mice

(Figure 2B). We defined Adamtsl3 localization at synapses by

points of spatial overlap (co-localization hereafter) between the

signals generated by Adamtsl3 marker and presynaptic/post-

synaptic marker. Based on the well-described subcellular distri-

bution of glutamatergic and GABAergic synapses onto hippo-

campal CA1 pyramidal cells, we focused on the S. pyramidale
scale bars, 100 mm [left]; 20 mm [right, zoomed-in image of white box on left]),

box on left)]), and hippocampus (G; scale bar, 200 mm).

albumin (PV; red) and somatostatin (SST; red) interneurons. Scale bars, 100 mm.

±9.9%). Data are shown as mean ± SD. **p < 0.01 as determined by Student’s
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Figure 2. Adamtsl3 is a synaptic protein regulating GABAergic and glutamatergic synapse number

(A) Synaptoneurosome fraction showing enrichment for Adamtsl3 and GABRA2 (n = 5).

(B) Representative image of CA1 (top panel) S. pyramidale stained for Adamtsl3 (red), g2 GABAAR subunit (blue), and VGAT (green) (n = 4; SD ±1.8%).; (bottom

panel) S. radiatum stained for Adamtsl3 (red), PSD95 (blue), and VGlut1 (green) (n = 4; SD ±3.9%). Co-localization is shown using white arrowheads in zoom-in

(white box).

(C) Left: representative images of CA1 S. pyramidale stained for VGAT (green) and gephyrin (red). Right: quantification of puncta densities. (n = 3–4).

(legend continued on next page)

4 Cell Reports 42, 112947, August 29, 2023

Article
ll

OPEN ACCESS



Article
ll

OPEN ACCESS
for inhibitory synapses. Immunostaining for Adamtsl3 and

GABAergic presynaptic and postsynaptic marker proteins

showed that Adamtsl3 localizes with 78% of vesicular GABA

transporter (VGAT) and g2 subunit-containing GABAA receptors.

In contrast, Adamtsl3 co-localizes with only 22% of vesicular

glutamate transporter (VGlut1) and postsynaptic density protein

95 (PSD95) (Figure 2B) in the CA1 S. radiatum, where pyramidal

cell dendrites are enriched for spines. This confirmed that

Adamtsl3 is present at synapses and preferentially localized at

GABAergic synapses.

To investigate the functional role of Adamtsl3 in the brain, we

first tried to delete Adamtsl3 during embryogenesis by gener-

ating the Adamtsl3flox/flox/Nestin Cre+/� (CNS-specific Cre

expression from embryonic day [E] 11) double-transgenic mouse

line. We were unsuccessful in our attempts in generating this

double-transgenic mouse, suggesting that Adamtsl3 is indis-

pensable for embryonic development. Therefore, we investi-

gated the role of Adamtsl3 in the post-natal brain by injecting

the lateral ventricles of P0 Adamtsl3flox/flox pups with AAV8-

hSyn1-RFP-Cre (Cre) or AAV8-hSyn1-RFP (control) virus (Fig-

ure S2A). Lateral ventricle P0 injection allowed for broad infec-

tivity and expression within all hippocampal regions consistent

with the published literature.19 Using immunohistochemistry,

we examined alterations to GABAergic synapse markers within

CA1 S. pyramidale. Quantification for cluster density demon-

strated a significant reduction in VGAT and gephyrin puncta in

Cre-infected cells at P90 (Figure 2C). WB analysis of the hippo-

campal region for gephyrin protein expression upon control or

Cre virus expression confirmed a significant reduction in the pro-

tein (Figure 2D). Immunohistochemical analysis for changes in

glutamatergic synapsemarkers within S. radiatum showed a sig-

nificant reduction in VGlut1 and PSD95 in Cre-infected cells at

P90 (Figure 2E).WB analysis for another glutamatergic postsyn-

aptic protein, Homer, also showed a significant reduction within

the hippocampus of Cre-expressingmice comparedwith control

animals (Figure 2F). Together, our data identify Adamtsl3 to be

expressed at CA1 synapses and indicate a role for Adamtsl3 in

both glutamatergic and GABAergic synapse formation and/or

maintenance.

Adamtsl3 deletion in mature circuit impairs GABAergic
neurotransmission
To evaluate the importance of Adamtsl3 in the adult brain, we uti-

lized tamoxifen (TAM+)-dependent Cre nuclear localization. We

injected P0 Adamtsl3flox/flox pups intracranially with AAV8-

hSyn1ERT2-Cre (Figure S2B). At P60, Cre expression was induced

by injecting tamoxifen (TAM+) for 5 consecutive days intraperito-

neally (i.p.), to facilitate maximum Cre-dependent recombina-

tion.20 Control mice from the same cohort did not receive

TAM+ injections, only vehicle (control). At P90, we analyzed for

GABAergic synapse markers within CA1 S. pyramidale and

observed a significant reduction of gephyrin but no change in

VGAT in TAM+ animals (Figure 3A). These results suggest that
(D) WB for gephyrin after Adamtsl3 deletion (n = 3–4).

(E) Left: representative images of CA1 S. radiatum stained for VGlut1 (green) and

(F) WB for homer after Adamtsl3 deletion (n = 3–4). Scale bar, 5 mm.

Data are shown as mean ± SD. **p < 0.01, ***p < 0.005, ****p < 0.0001, as determ
in the adult brain, Adamtsl3 function might be restricted to

GABAergic postsynaptic maintenance and function.

Because Adamtsl3 is expressed within both pyramidal neu-

rons and interneurons, we subsequently examined the effect of

neuron-subtype-specific deletion of Adamtsl3. We injected

P0 Adamtsl3flox/flox pups’ lateral ventricles with AAV6-Calcium/

calmodulin-dependent protein kinase type II subunit alpha

(CaMKIIa)ERT2-Cre or AAV8-hDlxERT2-Cre to ablateAdamtsl3 either

within pyramidal neurons or GABAergic interneurons, respec-

tively (Figure S2B). At P60, Cre expression was induced by in-

jecting TAM+ for 5 consecutive days i.p., to facilitate maximum

Cre-dependent recombination.20 Control mice from the same

cohort did not receive TAM+ injections, only vehicle (control).

At P90, we analyzed for GABAergic synapse markers within

CA1 S. pyramidale of AAV6-CaMKIIaERT2-Cre-infected mice and

found a significant reduction in gephyrin marker but no change

in VGAT in TAM+ mice (Figure 3B). Similarly, we analyzed for

changes in GABAergic synapse markers in mice injected with

AAV8-hDlxERT2-Cre. Immunohistochemical analysis and quantifi-

cation also showed reduced gephyrin clusters but no change in

VGAT clusters upon Adamtsl3 deletion from GABAergic inter-

neurons (Figure 3C). WB analysis for total gephyrin protein in

AAV6-CaMKIIaERT2-Cre- or AAV8-hDlxERT2-Cre-injected brains

(control/TAM+) confirmed reduced gephyrin levels within the hip-

pocampus after TAM+-induced Cre nuclear localization (Figures

3D and 3E). Our data identify that Adamtsl3 within either pyrami-

dal cells or GABAergic interneurons in the adult brain specifically

impacts the postsynaptic apparatus through gephyrin loss at

CA1 GABAergic synapses.

The scaffolding protein gephyrin is functionally associated

with GABAA receptors localized at synaptic sites, which mediate

most inhibitory synaptic transmission.21 Hence we wondered

whether reduced gephyrin clustering reflected a loss of synaptic

GABAA receptors. To test this, we assessed the expression of a2

GABAA receptors subunit in Adamtsl3flox/flox pups intracranially

injected with AAV8-hSyn1ERT2-Cre. The a2 subunit is among the

most prevalent subunits present in CA1 synaptic GABAA recep-

tors.22 Comparedwith control animals, we observed a significant

reduction in the a2 subunit within the CA1 S. pyramidale of TAM+

AAV8-hSyn1ERT2-Cre-injected mice at P90 (Figure S3C), indi-

cating that gephyrin reduction reflects a loss of synaptic

GABAA receptors.

Because both pyramidal neuron- and interneuron-specific

deletion of Adamtsl3 reduced gephyrin clustering, we subse-

quently examined their functional consequence to GABAergic

inhibition. We injected P0 Adamtsl3flox/flox mice with AAV6-

CaMKIIaERT2-Cre or AAV8-DlxERT2-Cre and induced TAM+-depen-

dent Cre nuclear localization at P60. At P90, we recorded

miniature inhibitory postsynaptic currents (mIPSCs) from CA1

pyramidal neurons in the presence of tetrodotoxin (TTX), cyan-

quixaline (CNQX), and (2R)-2-amino-5-phosphonopentanoic

acid (AP-5) (Figures 3F and 3G). As expected, TAM+ neurons ex-

pressing AAV6-CaMKIIaERT2-Cre displayed reduced mIPSC
PSD95 (red). Right: quantification of puncta densities (n = 3–4).

ined by Student’s two-tailed t test.
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Figure 3. Neuron-specific deletion of Adamtsl3 causes structural and functional defects at GABAergic synapses

(A) Left: representative images of CA1 S. pyramidale stained for VGAT (green) and gephyrin (red) in AAV8-hSyn1ERT2-Cre (control/TAM+) animals. Right: quan-

tification of puncta densities (n = 3–4).

(B) Left: representative images of CA1 S. pyramidale stained for VGAT (green) and gephyrin (red) in AAV6-CaMKIIaERT2-Cre (control/TAM+) animals. Right:

quantification of puncta densities (n = 3–4).

(C) Left: representative images of CA1 S. pyramidale stained for VGAT (green) and gephyrin (red) in AAV8-hDlxERT2-Cre (control/TAM+) animals. Right: quantifi-

cation of puncta densities (n = 3–4). Scale bar, 5 mm.

(D) WB of hippocampal lysates from AAV6-CaMKIIaERT2-Cre (control/TAM+) animals for gephyrin (n = 4).

(E) WB of hippocampal lysates from AAV8-hDlxERT2-Cre (control/TAM+) animals for gephyrin (n = 4). Data are shown as mean ± SD.

(legend continued on next page)
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amplitude (15.36 ± 1.07 pA) compared with controls (18.8 ±

0.86 pA; Figure 3F). The mIPSC inter-event interval (IEI) was un-

altered in AAV6-CaMKIIaERT2-Cre-expressing neurons (TAM+ vs.

control: 332.9 ± 68.85 ms vs. 271.3 ± 36.36 ms; Figure 3F). Simi-

larly, TAM+ neurons expressing AAV8-DlxERT2-Cre demonstrated

reducedmIPSC amplitude (10.74 ± 0.45 pA) compared with con-

trols (12.84 ± 0.68 pA; Figure 3G). Although we did not detect

morphological changes in the number of VGAT-positive termi-

nals in Adamtsl3flox/flox mice injected with AAV8-DlxERT2-Cre, we

did detect a significant increase in mIPSC IEIs (TAM+ vs. control:

715.2 ± 129.7 ms vs. 304.1 ± 36.68 ms; Figure 3G). These results

suggest that our immunohistochemical analysis was not sensi-

tive enough to detect differences in VGAT marker density or

that observed IEI changes involve differences in synaptic vesicle

mobilization/fusion. Importantly, we did not detect any changes

in miniature excitatory postsynaptic currents (mEPSCs) in either

AAV6-CaMKIIaERT2-Cre-expressing or AAV8-DlxERT2-Cre neurons

(Figures S2D and S2E). These results confirm that Adamtsl3

maintains GABAergic neurotransmission in the adult brain.

Adamtsl3 influences DCC receptor function at
GABAergic synapses
Genetic deletion of Adamtsl3 decreases GABAergic synapse

markers at CA1 pyramidal cell somata, indicating that Adamtsl3

influences inhibitory synapse formation during development and

synapse maintenance in adulthood. To test whether Adamtsl3 is

a synaptogenic molecule, we used a neuron-HEK293T co-cul-

ture assay that has previously been described to successfully

identify synaptogenic molecules.23 In brief, we cultured primary

hippocampal neurons from P0–1 Adamtsl3flox/flox litters and in-

fected them at 4 DIV with either AAV8-hSyn1-RFP-Cre (Cre) or

AAV8-hSyn1-RFP (control). At 7 DIV, we seeded HEK293T cells

transfected with plasmid encoding N-Cadherin, NLG1, NLG2, or

DCC on top. At 9 DIV, we examined for VGAT- or VGlut1-positive

synapse recruitment (Figure S3A).

HEK293T cells transfected with N-Cadherin served as adhe-

sive, non-synaptogenic control. Compared to N-Cadherin, con-

trol neurons formed VGAT positive terminals as efficiently as

Cre-infected neurons at NLG2, a postsynaptic cell adhesion

molecule implicated in inhibitory synapse formation (Figure S3B).

Similarly, we found Cre-infected neurons to form VGlut1 positive

terminals as efficiently as control neurons at NLG1, a postsyn-

aptic cell adhesion molecule implicated in excitatory synapse

formation (Figure S3C). These results indicate that NLG1 and 2

function at glutamatergic and GABAergic synapses is indepen-

dent of Adamtsl3. In C. elegans it has been reported that Ce-

Punctin acts through the UNC-40/DCC receptor to impact

NMJs.11 DCC has previously been reported to facilitate the in-

duction of glutamatergic presynaptic structures in vitro.24

Compared with N-Cadherin, we found DCC to efficiently recruit

VGlut1 and VGAT positive terminals in control neurons but not in

Cre-infected neurons (Figures S3B and S3C). These results iden-
(F) mIPSC representative traces in AAV6-CaMKIIaERT2-Cre (control/TAM+) animal

inter-event-intervals TAM+ vs. controls.

(G) mIPSC representative traces in AAV8-hDlxERT2-Cre (control/TAM+) animals, n =

event-intervals Tam+ vs. control.

Data are shown as mean ± SEM. *p < 0.05, **p < 0.01, ***p < 0.005, as determin
tify a role for Adamtsl3 in DCC-dependent synapse formation of

both glutamatergic and GABAergic synapses in vitro. A role for

Adamtsl3 in synapse formation is consistent with our earlier ob-

servations where P0 deletion of Adamtsl3 reduces glutamatergic

and GABAergic synapse density in vivo (Figures 2C and 2E).

DCC receptor function at glutamatergic synapses has been

described in the literature, but little is known about DCC expres-

sion or function at inhibitory synapses. We first evaluated DCC

enrichment in synaptoneurosomes using WB, confirming the

report by Horn et al.8 that DCC is enriched at synaptic sites (Fig-

ure S3D). Next, using immunohistochemistry we assessed DCC

co-localization with glutamatergic and GABAergic synapse

markers. Quantification showed that 61% of PSD95 and

VGlut1-containing synapses also co-label for DCC in the

S. radiatum (Figure S3E), which is consistent with previous re-

ports describing DCC co-localization at glutamatergic synapses

in primary neurons.25 Co-localization with inhibitory synapse

markers (GABAA receptor g2 subunit and VGAT) in the

S. pyramidale showed 96% overlap (Figure S3E). These findings

are consistent with proteomic analysis showing DCC localization

at inhibitory synapses.26

To better understand the relationship between Adamtsl3

and DCC in vivo, we examined the expression of DCC in

Adamtsl3flox/flox mice infected with either AAV8-hSyn1-RFP-Cre

(Cre) or AAV8-hSyn1-RFP (control) at P0. Immunohistochemical

analysis at P90 showed reduced DCC puncta in the CA1

S. pyramidale of Cre-expressing mice (Figure 4A). We next as-

sessed how Adamtsl3 deletion in adult neurons influenced

DCC expression in vivo. Similar to Adamtsl3 deletion at birth,

immunohistochemical analysis for DCC expression in the CA1

S. pyramidale of TAM+ AAV8-hSyn1ERT2-Cre-injected mice

showed a reduction in DCC expression compared to controls

(Figure 4B). Immunohistochemical analysis in the CA1

S. pyramidale of TAM+ AAV6-CaMKIIaERT2-Cre injected mice

showed no change in DCC expression compared to controls

(Figure 4C), while we found a significant reduction in TAM+

mice injected with AAV8-hDlxERT2-Cre (Figure 4D). DCC co-local-

ization with PSD95 in S. radiatum of AAV8-hDlxERT2-Cre express-

ing mice remained unchanged, indicating that DCC loss is

restricted to GABAergic synapses (Figure S3F). Combined,

these results indicate that Adamtsl3 from interneurons localizes

DCC at CA1 GABAergic synapses.

If Adamtsl3 is a cognate DCC receptor ligand, then it should

bind the DCC receptor and activate its downstream signal trans-

duction pathway(s). To test for biochemical interaction between

the two proteins, we immunoprecipitated (IP) EGFP-Adamtsl3

from transfected HEK293T media. Then, we incubated immobi-

lized EGFP-Adamtsl3 with HEK293T lysate containing overex-

pressed myc-DCC. WB for DCC confirmed biochemical interac-

tion between EGFP-Adamtsl3 and myc-DCC (Figure 4E). To

confirm this finding, we evaluated the interaction between

endogenous Adamtsl3 and myc-DCC using in situ proximity
s, n = 9 cells; (bottom panel) mIPSC amplitude Tam+ vs. controls and mIPSC

9 cells; (bottom panel) mIPSC amplitude TAM+ vs. controls and mIPSC inter-

ed by Student’s two-tailed t test.

Cell Reports 42, 112947, August 29, 2023 7



Figure 4. Adamtsl3 controls the synaptic localization of DCC, which is required for the maintenance of GABAergic synapses

(A) Representative images of CA1 S. pyramidale stained for DCC (green) in Adamtsl3flox/flox mice infected with AAV8-hSyn1-RFP-Cre (cre) or AAV8-hSyn1-RFP

(control) (n = 4).

(B) CA1 S. pyramidale stained for DCC (green) in AAV8-hSyn1ERT2-Cre (control/TAM+)-infected mice (n = 3–4).

(C) CA1 S. pyramidale stained for DCC (green) in AAV6-CaMKIIaERT2-Cre (control/TAM+)-infected mice (n = 3–4).

(D) CA1 S. pyramidale stained for DCC (green) in AAV8-hDlxERT2-Cre (control/TAM+)-infected mice (n = 3–4).

(E) IP for EGFP-Adamtsl3 followed by WB for Adamtsl3 and myc-DCC.

(F and G) WB analysis of ERK1/2 and pERK1/2 in P90 Adamtsl3flox/flox hippocampal lysates after neuron-specific Adamtsl3 deletion (n = 4–6).

(H) Top: representative images of DCCflox/flox CA1 neurons infected with AAV6-CaMKIIaERT2-Cre (TAM+/control) stained for Adamtsl3 (green), gephyrin (blue), and

VGAT (red). Bottom: quantification of puncta densities (n = 5–6).

(legend continued on next page)
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ligation assay (PLA) in primary hippocampal neurons. Using

myc-tag and homemade Adamtsl3 antibody, we found few

background signals in untransfected control neurons but a

strongPLAsignal inmyc-DCC-transfected neurons (Figure S3G).

Combined, our results demonstrate a biochemical interaction

between Adamtsl3 and DCC.

To assess the activation of the signaling pathway(s) down-

stream of DCC, we performedWB analysis for mitogen activated

kinase 1/2 (ERK1/2), a major downstream signaling kinase phos-

phorylated upon DCC activation.27 We injected P0 Adamtsl3flox/

flox pups’ lateral ventricles with either AAV6-CaMKIIaERT2-Cre or

AAV8-hDlxERT2-Cre and induced Cre expression at P60 with

TAM+ (i.p.) injections. At P90, we performed WB analysis for

ERK1/2 and its activated form pERK1/2 (phosphorylated at

Thr202/Tyr204). Relative to total ERK1/2, pERK1/2 was signifi-

cantly reduced in TAM+ Adamtsl3flox/flox mice injected with

AAV6-CaMKIIaERT2-Cre (Figure 4F). In contrast, (TAM+/control)

Adamtsl3flox/flox mice injected with AAV8-hDlxERT2-Cre showed

no difference in pERK1/2 levels relative to total ERK1/2 (Fig-

ure 4G). Combined, these findings give credence to the idea

that Adamtsl3 is a ligand of DCC at synaptic sites. Further, our

findings suggest specific presynaptic and postsynaptic contri-

butions of Adamtsl3 to DCC receptor function at mature

GABAergic synapses in CA1: whereas Adamtsl3 expression in

interneurons localizes/stabilizes DCC at GABAergic sites,

Adamtsl3 in pyramidal cells functions as an autocrine signaling

molecule required for DCC receptor activation.

DCC loss impairs GABAergic synapses
DCC receptor has been localized to excitatory presynaptic and

postsynaptic sites.28 Although our results confirm DCC localiza-

tion at GABAergic synapses, they do not clarify DCC expression

and function at presynaptic and/or postsynaptic sites. To test the

compartment-specific relevance of DCC at GABAergic synap-

ses, we utilized DCCflox/flox mice and injected P0 pups’ lateral

ventricles with AAV6-CaMKIIaERT2-Cre or AAV8-hDlxERT2-Cre

(Figure S4A). Cre recombination was induced at P60 using

TAM+ (i.p.), and neuron-specific Cre expression was con-

firmed at P90. Immunohistochemical analysis within the CA1

S. pyramidale demonstrated DCC loss in both TAM+

CaMKIIa-ERT2-Cre and hDlx-ERT2-Cre mice comparedwith controls

(Figure S4B). In line with the published literature on DCC at excit-

atory synapses, we demonstrate DCC receptor localization at

both presynaptic and postsynaptic sites at CA1 GABAergic

synapses.

Next, we looked for changes in Adamtsl3, gephyrin, and VGAT

in CaMKIIaERT2-Cre-injected mice. Within the CA1 S. pyramidale,

we found a significant reduction of gephyrin clusters in TAM+

mice but no change in VGAT (Figure 4H), indicating that DCC re-

ceptor expression in pyramidal cells is specifically required to

maintain the GABAergic postsynaptic compartment. In TAM+

AAV8-hDlxERT2-Cre-injected mice, analysis for gephyrin and

VGAT puncta showed a significant loss of VGAT puncta,

whereas gephyrin and Adamtsl3 puncta were unaffected (Fig-
(I) Top: representative images of DCCflox/flox CA1 neurons infected with AAV8-hDl

VGAT (red). Bottom: quantification of puncta densities (n = 3–6). Scale bar, 5 mm

Data are shown as mean ± SD. *p < 0.05, **p < 0.01, as determined by Student’
ure 4I), indicating that presynaptic DCC receptor facilitates the

maintenance of GABAergic terminals onto CA1 pyramidal neu-

rons. These findings are in line with reports of reduced presynap-

tic vesicle dynamics following glutamatergic presynaptic DCC

deletion and weaker excitatory postsynaptic activity following

postsynaptic DCC deletion.29 Importantly, Adamtsl3 expression

was not changed after DCC deletion from presynaptic or post-

synaptic neurons (Figures 4H and 4I). Although the precise role

of Adamtsl3 at presynaptic terminals requires further investiga-

tion, our results indicate that both presynaptic and postsynaptic

Adamtsl3 function upstream of DCC expressed in pyramidal

cells for the maintenance of GABAergic postsynapses.

Adamtsl3 activates the DCC receptor and its
downstream Src effector
Our previous results have indicated that postsynaptic Adamtsl3

functions as an autocrine signaling molecule activating the

DCC receptor at GABAergic postsynaptic sites. To understand

the physiological relevance of Adamtsl3-DCC signaling, we

induced inhibitory LTP (iLTP) using mild and brief NMDA recep-

tor activation.30 We prepared primary hippocampal cultures

from P0–1 Adamtsl3flox/flox litters and infected them with either

AAV8-hSyn1-RFP-Cre (Cre) or AAV8-hSyn1-RFP (control) at 4

DIV to delete Adamtsl3. At 14 DIV, we induced iLTP and

measured for changes in pDCC (phosphorylated at Tyr1418)

using WB at 60 min post-iLTP. We found a significant increase

in pDCC compared with total DCC levels in control neurons af-

ter iLTP (Figure 5A). In contrast, we did not detect any change

in pDCC levels after iLTP induction in Cre-infected neurons

(Figure 5B).

Next, we quantified Adamtsl3 and gephyrin clusters along

proximal dendrites and found a significant increase in their clus-

ter densities at 60 min following iLTP induction (Figure 5C).

Consistent with the pDCC data, neurons lacking Adamtsl3 did

not show an increase in gephyrin cluster density (Figure 5D).

To confirm the specificity of Adamtsl3 toward GABAergic

synapses, we induced chemical LTP (cLTP) at glutamatergic

synapses in hippocampal cultures from P0–1 Adamtsl3flox/flox

litters.31 At 4 DIV, we infected Adamtsl3flox/flox neurons with

either AAV8-hSyn1-RFP-Cre (Cre) or AAV8-hSyn1-RFP (con-

trol) and induced cLTP at 14 DIV. At 40 min after cLTP induc-

tion, we quantified pan-GluA1 and PSD95 clusters and found

that expression of Adamtsl3 has no impact on their cluster den-

sities (Figures 5E and 5F). These results confirm that Adamtsl3

specifically contributes to GABAergic synapse plasticity via

DCC phosphorylation.

DCC phosphorylation has been reported to induce Src ki-

nase activation, which directly impinges on GABAA receptor

function through phosphorylation at g2 subunit Tyr365/367, re-

sulting in increased GABA currents.32,33 To assess whether this

molecular pathway is activated downstream of Adamtsl3 and

DCC signaling, we performed WB analysis for pSrc (phosphor-

ylated at Tyr416) in control Adamtsl3flox/flox hippocampal culture

lysates collected 60 min post-iLTP. We found a significant
xERT2-Cre (TAM+/control) and stained for Adamtsl3 (green), gephyrin (blue), and

.

s two-tailed t test.
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increase in pSrc compared with total Src levels at 60 min post-

iLTP (Figure S5A). In contrast, Cre-infected cultures did not

show an increase in pSrc at 60 min post-iLTP (Figure S5B).

Quantification of g2 GABAA receptor cluster density at 60 min

following iLTP induction showed a significant increase in con-

trol-infected neurons (Figure 5G). Consistent with the pSrc

data, neurons lacking Adamtsl3 did not show an increase in

g2 GABAA receptor cluster density (Figure S5C). As further vali-

dation, we pharmacologically blocked Src kinase using the in-

hibitor PP1 before iLTP induction in control neurons. We found

that blocking Src kinase prevents an increase in GABAergic

synapse marker density at 60 min post-iLTP (Figure 5G). Taken

together, our results identify that Adamtsl3 signals via DCC and

Src kinase to facilitate plasticity changes at GABAergic

synapses.

Netrin-1 selectively regulates glutamatergic synapse
maintenance
Our results so far suggest that Adamtsl3 is a ligand of DCC at

GABAergic synapses in the adult brain. The cognate ligand for

DCC, Netrin-1, has been reported to influence the DCC receptor

at excitatory synapses with consequences for synapse function.

To understand the relevance of Netrin-1 for inhibitory synapse

maintenance, we set out to silence Netrin-1 mRNA in the adult

rodent brain. To ablate the Netrin-1 gene product, we generated

an AAV (in collaboration with viral vector core, University of Zur-

ich, ETH Zurich (UZH/ETHZ) encoding a microRNA (miRNA)-

embedded shRNA targeting Netrin-1 in all neuronal cells

(AAV8-Syn1-shRNA-NTN1). Primary neuron cultures grown

from P0–1 BL6 litters were infected with AAV8-Syn1-shRNA-

NTN1 (shNetrin1) or AAV8-hSyn1-shRNA-scramble (shControl)

at 4 DIV to assess Netrin-1 mRNA expression. At 14 DIV, RT-

PCR indicated a significant loss of Netrin-1 mRNA (Figure S6A),

validating our shRNA gene-silencing approach.

Next, we stereotaxically injected the hippocampus of P60 BL6

mice with shNetrin-1 to knock down Netrin-1 mRNA and the

contralateral hippocampus with shControl (Figure S6B).

Compared with the contralateral side, morphological analysis

of DCC and PSD95 in the S. radiatum showed a significant

reduction at P90 (Figure S6C). In contrast, analysis for DCC

and gephyrin in the pyramidal cell layer did not show any reduc-

tion (Figure S6D). Adamtsl3 expression was further unchanged

(Figure S6E). These findings indicate that Netrin-1 regulates glu-

tamatergic synapse maintenance, whereas Adamtsl3 facilitates
Figure 5. Adamtsl3 activates DCC and downstream Src to induce inhib

(A) WB for DCC and pDCC after iLTP in AAV8-hSyn1-RFP (control)-infected cult

(B) WB for DCC and pDCC after iLTP in AAV8-hSyn1-RFP-Cre (Cre)-infected cu

(C) Left: control virus-infected cultures after iLTP stained for Adamtsl3 (green) a

biological replicates).

(D) Left: Cre virus-infected cultures after iLTP stained for Adamtsl3 (green) and gep

replicates).

(E) Left: control virus-infected cultures after cLTP stained for GluA1 (green) and PS

replicates).

(F) Left: Cre virus-infected cultures after cLTP stained for GluA1 (green) and PSD

replicates).

(G) Left: control virus-infected cultures after iLTP in the presence of 20 mMPP1 (Sr

Right: quantification of cluster densities (n = 50–60 from 3 biological replicates). Sc

****p < 0.001, as determined by Student’s two-tailed t test.
GABAergic synapse maintenance. Combined, our data identify

Adamtsl3 as a ligand of DCC that specifically functions at

GABAergic synapses in the adult brain.

Adamtsl3 is required for hippocampal-dependent
memory
Our data identify an important role for Adamtsl3 and DCC at

GABAergic synapses within the hippocampus. Because DCC

has been implicated in learning andmemory,8,34 we investigated

the impact of Adamtsl3 deletion in the memory-related

object displacement test (ODT) (Figure 6A). We injected P0

Adamtsl3flox/flox pups with either AAV8-hSyn1-RFP-Cre (Cre) or

AAV8-hSyn1-RFP (control) to delete Adamtsl3 early in post-natal

brain development. At P90–105, we found control-injected mice

spend significantly more time exploring the displaced object

compared with Cre-injected animals (Figure S7A). To test the

effect of Adamtsl3 deletion in the adult brain, we injected

P0 Adamtsl3flox/flox pups with either AAV6-CaMKIIaERT2-Cre

or AAV8-hDlxERT2-Cre and induced Cre-dependent recom-

bination at P60. At P90–105, we found both TAM+ AAV6-

CaMKIIaERT2-Cre- and AAV8-hDlxERT2-Cre-injected mice spend

significantly less time exploring the displaced object compared

with controls (Figures 6B and 6C). Consistent with this observa-

tion, the discrimination index was significantly reduced after

Adamtsl3 deletion in adult rodent brains.

We also investigated the possibility of a co-existing memory

defect that is less reliant on the hippocampus using the novel

object recognition test (NORT)35,36 (Figure 6D). We found that

Adamtsl3flox/flox mice injected with Cre virus could not discrim-

inate between the familiar and the novel object (Figure S7B).

Similarly, adult deletion of Adamtsl3 in either pyramidal neurons

or interneurons led the mice to spend equal time exploring the

novel and the familiar object (Figures 6E and 6F). The discrim-

ination index was also significantly reduced (Figures 6E and

6F). Combined, our behavioral data identify that Adamtsl3, via

its direct influence on GABAergic synaptic plasticity, impairs

hippocampus function underlying spatial and recognition

memory.

DISCUSSION

Ce-Punctin secreted at the NMJ plays a central role in speci-

fying the identity of excitatory versus inhibitory postsynaptic

specializations in C. elegans.11 In this study, we set out to
itory synapse plasticity

ures (n = 6).

ltures (n = 4–6).

nd gephyrin (red). Right: quantification of puncta densities (n = 30–40 from 3

hyrin (red). Right: quantification of puncta densities (n = 30–40 from 3 biological

D95 (red). Right: quantification of puncta densities (n = 30–40 from 3 biological

95 (red). Right: quantification of puncta densities (n = 30–40 from 3 biological

c inhibitor) or vehicle control stained for gephyrin (red) and g2 GABAAR (green).

ale bar, 5 mm. Data are shown asmean ± SD. *p < 0.05, **p < 0.01, ***p < 0.005,
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Figure 6. Neuron-specific deletion of Adamtsl3 in the adult brain impairs memory

(A) Illustration of object displacement test.

(B) Left: quantification of exploration time of AAV6-CaMKIIa-ERT2-Cre-injected mice on testing day (control: n = 8; TAM+: n = 10). Right: quantification of

discrimination index (control: n = 8; TAM+: n = 10).

(C) Left: quantification of exploration time of AAV8-hDlx-ERT2-Cre-injected mice on testing day (control: n = 8; TAM+: n = 7). Right: quantification of discrimination

index (control: n = 8; TAM+: n = 7).

(D) Illustration of novel object recognition test.

(E) Left: quantification of exploration time of AAV6-CaMKIIa-ERT2-Cre-injected mice on testing day (control: n = 9; TAM+: n = 9). Right: quantification of

discrimination index (control: n = 9; TAM+: n = 9).

(F) Left: quantification of exploration time of AAV8-hDlx-ERT2-Cre-injected mice on testing day (control: n = 9; TAM+: n = 9). Right: quantification of discrimination

index (control: n = 9; TAM+: n = 9).

Data are shown as mean ± SD. *p < 0.05, **p < 0.01, ***p < 0.005, as determined by Student’s two-tailed t test.
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characterize the Ce-Punctin ortholog, Adamtsl3, in the rodent

brain. Similar to Ce-Punctin, we report that Adamtsl3 functions

at both inhibitory and excitatory synaptic sites. In the early

post-natal brain, Adamtsl3 facilitates DCC function for

GABAergic and glutamatergic synapse formation. In the adult

brain, Adamtsl3 signals via the DCC receptor to specifically in-

fluence GABAergic synapse maintenance, whereas Netrin-1

signals via DCC to influence glutamatergic synapse mainte-
12 Cell Reports 42, 112947, August 29, 2023
nance. Using neuronal-subtype-specific deletion of Adamtsl3,

we uncover presynaptic and postsynaptic contributions of

Adamtsl3 to DCC receptor signaling at GABAergic synapses,

where presynaptic Adamtsl3 stabilizes/localizes DCC and post-

synaptic Adamtsl3 activates DCC signaling for GABAergic syn-

apse maintenance. Functionally, the Adamtsl3-DCC signaling

module supports plasticity changes at GABAergic synapses

through Src pathway activation. Along that line, behavioral



Article
ll

OPEN ACCESS
assays indicate that presynaptic and postsynaptic Adamtsl3

sustain hippocampal function in memory encoding. Together,

our data identify Adamtsl3 as an extracellular synapse orga-

nizer at GABAergic synapses in vivo.

Beyond Netrin-1-DCC nexus
The cognate ligand for DCC has been Netrin-1. Commissural

axons express DCC on their growth cones where Netrin-1 bind-

ing triggers intracellular signaling that directs the growth cone

along a Netrin-1 gradient.6,27 Growing evidence, however, sug-

gests that the attractive function of Netrin-1 at DCC is region

dependent37 and further modulated by co-factors such as

CD14638 and glypicans.39 In the rodent brain, axonal guidance

is completed by P10,40 andwe anticipate ourmethod of intracra-

nial AAV8-hSyn1-RFP-Cre injection at P0 to cease Adamtsl3

expression only at P10 or later.41 Therefore, Adamtsl3 deletion

is unlikely to influence axon guidance using our experimental

paradigm. However, we also find Adamtsl3 mRNA expression

to be high in the hippocampal formation of BL6 mice at P5 (Fig-

ure S1F). Because Netrin-1 was shown to attract mossy fibers

and regulate their directionality via DCC during the first post-

natal week,42 Adamtsl3 signaling at DCC may also influence

axon targeting in the developing hippocampus. Importantly,

the C. elegans ortholog of Adamtsl3, Ce-Punctin, was found to

function redundantly with Netrin/UNC-6 in midline-oriented

guidance.43,44 Whether this functional redundancy is evolution-

arily conserved in the rodent brain or whether Adamtsl3 signaling

at DCC is independently involved in axon targeting remains to be

determined.

Following axonal guidance, a surge in synapse formation oc-

curs between P14 and P21, facilitating circuit maturation.40,45

Netrin-1 and DCC signaling have been shown to facilitate the

adhesion of putative synaptic contacts and focal accumulation

of synaptic proteins through the reorganization of actin cytoskel-

eton effector proteins such as Nck1 (Dock), Pak1, Cdc42, Rac1,

and RhoA at excitatory terminals.25,46 However, Draxin,37 Cere-

bellin 4,47 DSCAM,48 and heparan sulfates in the perisynaptic

space49 have also been implicated in facilitating DCC-depen-

dent synaptogenesis. Our identification of Adamtsl3 as a DCC

ligand influencing GABAergic and glutamatergic synapse forma-

tion adds further complexity to the trans-signaling network

of DCC.

Interestingly, Adamtsl3-DCC interaction is evolutionarily

conserved as C. elegans Ce-Punctin and UNC-40/DCC also

physically interact to facilitate NMJ formation. Two isoforms

have been characterized for Ce-Punctin, which are both ligands

of UNC-40/DCC localized at cholinergic and/or GABAergic

NMJs. In contrast, three Adamtsl3 variants have been reported,

of whichwe and others have detected only one in adult mice.14,50

Using our homemade antibody, which permits immunohisto-

chemical detection of all predicted isoforms, we identified pref-

erential localization of Adamtsl3 at adult GABAergic synapses.

However, we do not know whether Adamtsl3 isoforms are differ-

entially expressed in early development and are perhaps also ex-

pressed at glutamatergic synapses interacting with DCC. Our

observations from P0 Adamtsl3 deletion and neuron-HEK293T

co-culture assay support a function for Adamtsl3 in both excit-

atory and inhibitory synaptogenesis, suggesting that expression
of Adamtsl3 isoforms is either spatiotemporally regulated or that

Adamtsl3 cooperates with other ligands, such as Netrin-1, for

glutamatergic synapse formation. The interplay between DCC,

Adamtsl3, Netrin-1, and other signals for synapse formation

and specification will thus require further clarification. At

GABAergic synapses, investigating the spatiotemporal relation-

ship between Adamtsl3-DCC and other known signaling mole-

cules such as Slitrk3 (Slit and NTRK-like family member 3),

PTPd (tyrosine phosphatase receptor PTP delta),51 and adeno-

sine A2A receptor52 will also be essential to define the role of

Adamtsl3.

Adamtsl3 ortholog Ce-Punctin was additionally shown to clus-

ter NLG1 to facilitate the recruitment of GABAA receptors.10 In

our neuron-HEK293T co-culture assay, we examined VGAT-

positive synapse formation and found the synaptogenic function

of Adamtsl3 at DCC to be independent of NLG1 or NLG2

(Figures S3B and S3C). However, because we did not assess

postsynaptic induction in our co-culture assay, we do not

know whether Adamtsl3 is required for GABAA receptor clus-

tering and whether it requires NLG2. Due to the lack of a good

NLG2 commercial antibody, we could further not assess

NLG2 expression changes using immunohistochemistry upon

Adamtsl3 gene deletion. Takahashi et al.51 found that the post-

synaptic adhesion molecule Slitrk3 efficiently induced VGAT-

positive synapses independent of NLG2 in co-culture assay,

but they noted that Slitrk3 and NLG2 cooperate in vivo to regu-

late the development of GABAergic synapses in CA1. A role for

NLGs in Adamtsl3 function in vivo can thus not be excluded. In

this regard, it is important to point out that Adamtsl3 deletion

early in post-natal development causes almost 50% loss of

GABAergic synapses, such a strong effect has been docu-

mented only following the deletion of NLG2.53 NLG2 deletion re-

sults in a region-specific loss of somatic GABAA receptors in

CA1,54 and Adamtsl3 deletion results in functional impairment

of GABAergic inhibition in CA1 pyramidal cells. It thus stands

to reason that downstream signaling pathways of DCC and

NLG2 cooperate or even overlap to promote GABAA receptor

clustering. Notably, proteolysis of Ce-Punctin was recently

shown to generate a shorter N-terminal fragment in C. elegans,

which specifically binds NLG1 and contributes to the organiza-

tion of GABAergic postsynaptic domains together with UNC-

40/DCC.10,55 Because we found the interaction between

Adamtsl3 and DCC to be functionally conserved, proteolytic

cleavage of Adamtsl3 may also be of relevance for NLG function

and synapse specification in the mouse brain.

Adamtsl3-DCC signaling for GABAergic synapse
maintenance
In the adult brain, DCC plays a key role in excitatory spine main-

tenance and GluN2B expression at synaptic sites. In addition,

DCC deletion has been shown to cause deficits in LTP induction

and spatial memory.8 Here, we uncover a previously unantici-

pated role for DCC at GABAergic synapses. By deleting DCC

in specific neuron subtypes, we found that DCC signals to main-

tain GABAergic presynaptic and postsynaptic compartments in

a site-specific manner (Figures 4H and 4I). Our data are consis-

tent with another report showing specific presynaptic and post-

synaptic contributions of DCC to the electrophysiological
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properties of excitatory synapses at CA1 pyramidal neurons.28,29

However, it is intriguing that VGAT or gephyrin clusters are main-

tained after DCC is deleted at opposing presynaptic or

postsynaptic sites (Figure 4I). Trans-synaptic interactions (e.g.,

Neurexin-NLG) are thought to dictate synapse specification

and maintenance, but distinct mechanisms that induce either

presynaptic or postsynaptic assemblies have also been identi-

fied.5,56 How DCC signals to maintain specific GABAergic com-

partments remains to be investigated but likely involves down-

stream effectors of the synaptic cytoskeleton, including Nck1

(Dock), Pak1, or Rho GTPases (Cdc42, Rac1, and RhoA).8,46,57

By deleting Adamtsl3 in specific neuron subtypes, we could

delineate that Adamtsl3 from presynaptic and postsynaptic

neurons is essential for maintaining CA1 GABAergic compart-

ments. Whereas Adamtsl3flox/flox mice injected with AAV6-

CaMKIIaERT2-Cre show synapse changes restricted to the

postsynaptic site, Adamtsl3flox/flox mice injected with AAV8-

hDlxERT2-Cre show compromised GABAergic neurotransmission

at the level of presynaptic neurotransmitter release (IEI) and

postsynaptic receptor availability (amplitude) (Figure 3G). Our

data thus identify divergent roles for presynaptic and postsyn-

aptic Adamtsl3 that act in a site-specific and trans-synaptic

manner, respectively. Our data further indicate that these diver-

gent roles are at least in part mediated by the differential

contribution of presynaptic and postsynaptic Adamtsl3 to

DCC receptor function. We propose a simple hypothesis in

which presynaptic Adamtsl3 stabilizes DCC at postsynaptic

GABAergic sites (Figure 4D) and in which postsynaptically

released Adamtsl3 is essential for DCC activation in pyramidal

cells (Figure 4F). One can envision a role for distinct post-trans-

lational modifications such as glycosylation to dictate how pre-

synaptic and postsynaptic Adamtsl3 differentially bind and/or

regulate DCC at the postsynaptic site. The mechanistic details,

however, are currently missing.

The role of Adamtsl3 at presynaptically localized DCCwill also

require further investigation. Adult deletion of Adamtsl3 from in-

terneurons does not alter the puncta density of VGAT (Figure 3C),

a marker for GABAergic terminals, whereas DCC deletion from

interneurons decreases VGAT puncta density (Figure 4H). DCC

must thus be stabilized (or activated) by a ligand different from

Adamtsl3 for its role at GABAergic presynaptic sites. Yet, adult

deletion of Adamtsl3 from interneurons triggers a strong

reduction in mIPSC IEIs (Figure 3G), which is indicative of pre-

synaptic dysfunction. Netrin-1-DCC signaling has been shown

to activate syntaxin-1, which together with SNAP25 and

synaptobrevin-2 is required for vesicular mobilization and depo-

larization-mediated fusion at synapses.58,59 Adamtsl3 deletion

from interneurons may thus alter presynaptic DCC function

with consequences for neurotransmitter release. In support of

this view, Glasgow et al.29 found that DCC loss at excitatory

terminals impaired evoked neurotransmission. At present, our

findings indicate that presynaptic Adamtsl3 also influences pre-

synaptic GABAergic activity possibly involving GABA release dy-

namics, but the specific mechanism and role of DCC in it require

further investigation.

By silencing Netrin-1 mRNA in the adult brain, we further pro-

vide evidence that Netrin-1 signaling at the DCC receptor in the

mature brain specifically influences glutamatergic synapse
14 Cell Reports 42, 112947, August 29, 2023
integrity (Figure S6). What facilitates the segregation of Netrin-

1-DCC and Adamtsl3-DCC signaling toward glutamatergic and

GABAergic synapses, respectively, will require further investiga-

tion. Thus far, we do not knowwhether the divergent functions of

Adamtsl3 and Netrin-1 are exclusively the result of synapse-spe-

cific expression patterns. Although we found preferential locali-

zation of Adamtsl3 at GABAergic synapses, we were not able

to assess the synaptic localization of Netrin-1 using immunohis-

tochemistry in the adult brain. Netrin-1 function at glutamatergic

synapses is well described in the literature, butNetrin-1mRNA is

also highly expressed in the CA1 S. pyramidale (data were

derived from the Allen Mouse Brain Atlas In situ hybridization

[ISH]), indicating that it may be present at CA1 GABAergic syn-

apses. It thus remains to be determined whether DCC signaling

at GABAergic synapses relies on the synergistic function of

Adamtsl3 and Netrin-1 or solely on Adamtsl3. In particular,

Adamtsl3 may be necessary to alter DCC-Netrin-1 signaling at

GABAergic synapses: both CDK5 and GSK3b have been linked

to reduced gephyrin scaffolding and microtubule interaction and

are activated downstream of DCC-Netrin-1 signaling.60–64

Adamtsl3 binding to DCC may thus displace or alter Netrin-1

signaling for GABAergic synapse maintenance. Altogether, our

data indicate an essential role of Adamtsl3 in dynamically orga-

nizing the molecular architecture of GABAergic synapses in the

hippocampus with functional consequences for synapse plas-

ticity and memory (Figures 5 and 6).

Adamtsl3-DCC downstream effector facilitates
GABAergic postsynaptic plasticity
Just like Netrin-1,27,37 we have identified that Adamtsl3 can

directly facilitate DCC Tyr1418 phosphorylation to activate

downstream signaling. Using an in vitro paradigm of iLTP, we

show that Adamtsl3 influences DCC and Src activation for adap-

tations in GABAergic inhibition (Figure S5). We anticipate that

Adamtsl3-DCC-Src signaling acts directly on the GABAA recep-

tor g2 subunit at the previously characterized Tyr365/367 sites

for hippocampal plasticity and memory function.32,33 We do

not expect Src to facilitate GABAergic synaptic plasticity through

gephyrin because there are no Src consensusmotifs on gephyrin

for direct phosphorylation. However, other known DCC effectors

such as CaMKIIa65 or PLCg145 have been implicated in inhibitory

synapse function and could also modify the gephyrin scaffold

and/or GABAA receptors downstream of Adamtsl3-DCC.66

Lastly, the role of presynaptic Adamtsl3 in iLTP requires further

investigation, because presynaptic DCC dysfunction and atten-

uated synaptic transmission following Adamtsl3 deletion may

contribute to impairing the expression of iLTP. Adamtsl3 has

been identified as a candidate gene for schizophrenia, which in

turn has consistently been associated with reduced GABAergic

neurotransmission.67 The signaling cascade that we have out-

lined downstream of Adamtsl3 at GABAergic synapses is thus

pivotal for understanding brain function in both health and

disease.

Limitations of the study
Amajor limitation of the current study is that our homemade anti-

body against Adamtsl3 does not enable us to differentiate indi-

vidual Adamtsl3 isoforms, which could exhibit specific functions.



Article
ll

OPEN ACCESS
We further used common synapse markers for IHC and were

therefore unable to address the molecular heterogeneity of

CA1 synapses; detailed morphological and functional analyses

of other brain regions may also yield other biological findings.

Lastly, we do not know the half-life of Adamtsl3 and the time

to AAV8-hSyn1-RFP-Cre expression after P0 injection. Thus,

we were unable to ascertain which developmental programs

are influenced by Adamtsl3 in the early post-natal brain.
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Antibodies

Mouse monoclonal anti-Actin Millipore Cat no. MAB1501; RRID:AB_2223041

Rabbit polyclonal anti-Adamtsl3 Home-made N/A

Rabbit polyclonal anti-Cre Biolegend Cat no. PRB-106P

Mouse monoclonal anti-DCC Creative Diagnostics Cat no. CABTL-956

Mouse monoclonal anti-DCC BD bioscience Cat no. G97-449; RRID:AB_395314

Rabbit polyclonal anti-phospho-DCC (Tyr1418) Merck Cat no. ABC1466

Rabbit polyclonal anti-ERK1/2 Sigma-Aldrich Cat no. M5670; RRID:AB_477216

Rabbit polyclonal anti-ERK1/2 (Thr202/Tyr204) Sigma-Aldrich Cat no. M9692; RRID:AB_260729

Guinea pig polyclonal anti-GABAAR g2 Home-made N/A

Mouse monoclonal anti-Gephyrin Synaptic Systems Cat no. 147 111; RRID:AB_887719

Rabbit polyclonal anti-Gephyrin Synaptic Systems Cat no. 147 008; RRID:AB_2619834

Rabbit polyclonal anti-GFP Synaptic Systems Cat no. 132 002; RRID:AB_887725

Rat monoclonal anti-HA (3F10) Roche/Sigma Cat no. 11 867 423 001

Goat polyclonal anti-Homer-1a Santa Cruz Cat no. SC-8922; RRID:AB_675651

Mouse monoclonal anti-myc (9E10) Roche/Sigma Cat no. 11 667 149 001

Guinea pig polyclonal anti-Parvalbumin Immunostar Cat no. 24428; RRID:AB_572259

Mouse monoclonal anti-PSD95 NeuroMap Cat no. 73-028; RRID:AB_10698024

Mouse monoclonal anti-Somatostatin ABOnline Cat no. ABIN5662120

Rabbit polyclonal anti-Src Cell Signaling Technology Cat no. 2108; RRID:AB_331137

Rabbit polyclonal anti-Phospho-Src (Tyr416) Cell Signaling Technology Cat no. 2101; RRID:AB_331697

Guinea pig monoclonal anti-VGAT Synaptic Systems Cat no. 131 004; RRID:AB_887873

Guinea pig polyclonal anti-VGLUT1 Synaptic Systems Cat no. 135 304; RRID:AB_887878

Bacterial and virus strains

AAV8- hSyn1-RFP-Cre Viral Vector Facility, UZH/ETH Cat no. v230

AAV8- hSyn1-RFP Viral Vector Facility, UZH/ETH Cat no. v133

AAV8- hDlx-ERT2-Cre Viral Vector Facility, UZH/ETH Cat no. v301

AAV6- CAMKIIa-ERT2-Cre Vector biolabs Cat no. 2014-1208

AAV8-hSyn1-ShRNA-NTN1 Viral Vector Facility, UZH/ETH Cat no. vTC2

AAV8-hSyn1-ShRNA-scramble Viral Vector Facility, UZH/ETH Cat no. V308

Chemicals, peptides, and recombinant proteins

Neurobasal Plus media Thermo Fisher Scientific Cat no. 836

Tamoxifen Sigma Cat no. T5648

EvaGreen mastermix Seraglob Cat no. 1905-522

Complete Mini Protease Inhibitor Roche Cat no. 1183617001

Phosphatase inhibitor cocktail 2, 3 Sigma Cat no. P0044, p5926

Pierce Protein A/G Ultralink Resin Thermo Fischer Cat no. 53132

Percoll GE Healthcare, Cat no. 17-0891-01

L-Glutamine Polyethylenimine Hydrochloride Thermo Fischer Cat no. 25030-032

Polyethylenimine Polysciences Cat no. 25439

Western Blocking Reagent Roche Cat no. 11921673001

SuperSignalTM West Pico PLUS Chemiluminescent Substrate Thermo Fischer Cat no. 34577

Tetrodotoxin Sigma Cat no. 4368-28-9
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CNXQ Tocris Cat no. 0190

(N-Methyl-D-aspartic acid) NMDA Sigma Cat no. 6384-92-5

D-APV Tocris Cat no. 0106

Strychnine Sigma Cat no. 57-24-9

Bicuculline Tocris Cat no. 0130

Critical commercial assays

PrimeScriptTM Double Strand cDNA Synthesis Kit Takara Cat no. 6111A

GenEluteTMTotal RNA Purification Kit Sigma Cat no. RNB100

Experimental models: Cell lines

Human: HEK293T ATCC Cat no. CRL-3216

Experimental models: Organisms/strains

Mouse:C57BL/6JCrl Charles River Laboratories

(Germany)

RRID IMSR_JAX:000664,

Mouse: Adamtsl3flox/flox Qiagen N/A

Mouse: DCCflox/flox Krimpenfort et al.,68 N/A

Recombinant DNA

Plasmid: C-terminal eGFP-tagged Adamtsl3 Berangere Pinan-Lucarre N/A

Plasmid: N-terminal myc-tagged DCC Natalie LaMarche N/A

Plasmid: C-terminal eGFP-tagged N-cadherin Addgene Cat no.18870

Plasmid: N-terminal HA-tagged Neuroligin2A Peter Scheiffele N/A

Plasmid: N-terminal HA-tagged Neuroligin1 Peter Scheiffele N/A

Primer: GAPDH Fwd Microsynth 50-CATCACTGCCACCCAGAAGACTG-30

Primer: GAPDH Rev Microsynth 50-ATGCCAGTGAGCTTCCCGTTCAG-30

Primer: Adamtsl3 Fwd Microsynth 50-CTTGTTCCCACAACAGCTCC-30

Primer: Adamtsl3 Rev Microsynth 50-CGTGCAGTTTCTATCACAGGA-30

Primer: Netrin-1 Fwd Microsynth 50-GGGGGTGTCTGTCTCAACTG-30

Primer: Netrin-1 Rev Microsynth 50-GGCGCTACAGGAATCTTAATGC-30

Software and algorithms

Synaptic cluster analysis Python-script ImageJ Cramer et al., 2022 https://doi.org/10.5281/zenodo.8167635
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RESOURCE AVAILABILITY

Lead contact
Further information and requests for resources and reagents should be directed to and will be fulfilled by the lead contact, Shiva K.

Tyagarajan (shiva.tyagarajan@gmail.com).

Materials availability
All reagents newly generated in this study are available from the lead contact without restriction.

Data and code availability
d All data reported in this paper will be shared by the lead contact upon request.

d The custom Python script using the ImageJ image-processing framework is openly available on a GitHub repository: https://

github.com/PDKlab/Exocytose-EventsDetection All original code has been deposited at Zenodo and is publicly available as of

the date of publication. DOIs are listed in the key resources table.

d Any additional information required to reanalyze the data reported in this work paper is available from the lead contact upon

request.
EXPERIMENTAL MODEL AND SUBJECT DETAILS

The study was conducted per the guidelines set by the European Community Council Directives of November 24, 1986 (86/609/EEC)

and approved by the cantonal veterinary office of Zurich and the Animal Resource Committee of the University of Lyon. All
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procedures fulfilled the ARRIVE guidelines on experimental design, animal allocation to different experimental groups, blinding of

samples to data analysis and reporting animal experiments. Adamtsl3flox/flox mice with conditional alleles carrying loxP sites in

exon 2 were generated using CRISPR/cas9 (Cyagen, USA) in BL6 background. DCCflox/flox mice with conditional alleles carrying

loxP sites in exon 23 were generated by Anton Berns68 and generously provided to us by Prof. Patrick Mehlen, University of

Lyon. To generate Adamtsl3 knock-out, we employed lateral ventricle P0 injection.69 P0 Adamtsl3flox/flox pups were intracranially in-

jected with AAV8 expressing red-fluorescent protein (RFP) or RFP-Cre under the control of the human synapsin promoter (AAV8-

hSyn1-RFP or AAV8-hSyn1-RFP-Cre). The injection sites were identified at 2/5 of the distance from the lambda suture to each

eye located approximately 0.8–1 mm lateral from the sagittal suture, halfway between lambda and bregma. P0 AAV8-hSyn1-RFP

or AAV8-hSyn1-RFP-Cre injections were assigned at random to littermates from homozygous breeding. Compared to Adamtsl3-
flox/flox/AAV8-hSyn1-RFP mice, Adamtsl3flox/flox/AAV8-hSyn1-RFP-Cre mice showed a slight increase in average body weight with

no other gross abnormalities. Adult Adamtsl3 and DCC knock-out mice were generated by P0 Adamtsl3flox/flox and P0 DCCflox/flox

lateral ventricle injection of AAV expressing tamoxifen-inducible Cre. ERT2-Cre expression under the control of the human synapsin

promoter allowed for the inducible ablation of Adamtsl3 in all neuronal cells (AAV8-hSyn1ERT2�Cre). ERT2-Cre expression under the

control of the CaMKIIa promoter and hDlx promoter allowed for the selective, inducible ablation of Adamtsl3 in excitatory or inhibitory

neuronal cells respectively (AAV6-CaMKIIaERT2�Cre and AAV8-hDlxERT2�Cre).

All AAV8 recombinant viruses were generated by the Viral Vector Core at the University of Z€urich. The AAV6-CaMKIIaERT2Cre virus

was purchased from Vector Biolabs (#2014-1208). AAV injections were assigned at random to littermates from homozygous

breeding. Mice were injected (i.p.) for five consecutive days with tamoxifen dissolved in corn oil (Sigma T5648; 1mg/day) to induce

Cre recombinase activity from ERT2-Cre at 8 weeks and sacrificed at 12–14 weeks of age. Control animals were injected with vehicle

alone. Animals receiving tamoxifen (TAM+) were assigned at random and both genders were used for all conditions. Adult Adamtsl3

and DCC knock-out mice showed no gross abnormalities. All mouse lines were fed water and food under ab libitum conditions and

housed in a 12 h light/dark cycle.

METHOD DETAILS

Primary neuron cultures
Dissociated hippocampal cells were prepared from Adamtsl3flox/flox pups.70 At P0-1 the brains of decapitated Adamtsl3flox/flox pups

were removed, the meninges were detached and the hippocampi were dissected using forceps on ice. Hippocampal neurons were

then dissociated and plated on poly-L-lysine-coated, 18-mm glass coverslips (90,000 cells per coverslip). Cells were maintained in

Neurobasal Plus media supplemented with B27 Plus and 2mML-Glutamine (all 836 from Thermo Fisher Scientific) in a 5%CO2 incu-

bator at 37�C. At 4 days in vitro (DIV), neuronal cultures were infectedwith AAV8-hSyn1-RFP-Cre (AAV8-hSyn1-RFP control) to delete

Adamtsl3 gene or AAV8-Syn1-shRNA-NTN1 (AAV8-hSyn1-shRNA-scramble control) to knock-down Netrin-1 mRNA. Sigma’s

GenElute Total RNA Purification Kit (RNB100) was used to isolate RNA from infected neurons at 14DIV and at P5, P9, P15, and

P30 from cortical, cerebellar and hippocampal BL6 lysates. Takara‘s cDNASynthesis Kit was used to construct cDNA. RT-PCR using

EvaGreen master mix (1905-522, Seraglob) was performed to assess Adamtsl3 and Netrin-1 mRNA expression.

Preparation of HEK293T cells and neuron-HEK293T co-culture
HEK293T cells were cultured in T75 flasks in DMEM, supplemented with 10%FBS and maintained in a 5% CO2 incubator at 37

�C.
Cells were passaged as required. Before transfection, HEK293T cells were dissociated using trypsin and plated onto 35 mm culture

dishes at a 5000 cells/dish density. Following overnight incubation, cultures at 40% confluency were transfected with 1mg of plasmid

using the transfection agent polyethyleneimine (Polysciences Inc.) as suggested by the manufacturer. Plasmids: N-Cadherin-EGFP

(Addgene #18870), HA- Neuroligin2 and HA-Neuroligin1 (gift from Prof. Peter Scheiffele, Biozentrum), pCMV-myc-DCC (gift from

Prof. Nathalie Lamarche-Vane and Prof. Alyson Fournier, McGill University), pBP84-GFP-Adamtsl3 was subcloned from mouse

cDNA and sequence confirmed. 48 h after transfection, HEK293T cells were detached and resuspended in Neurobasal Plus media

with B27 Plus and 2 mM L-Glutamine supplemented with 2-AraC. Dissociated HEK293T cells were seeded atop hippocampal neu-

rons (30,000 cells per coverslip) at 7DIV. Co-cultures were then returned to the incubator for 48 h to facilitate synapse recruitment.

Coverslips were fixed in 4% paraformaldehyde for 10 min at room temperature, permeabilized with 0.1% Triton X-100 in PBS con-

taining 10% normal goat serum, and stained using desired primary antibodies (key resources table) for 90 min at room temperature.

Goat anti-Alexa 488 (Molecular Probes), goat anti-Cy3, and goat anti-Cy5 (Jackson Immunoresearch) were used to label the proteins

for immunofluorescence. All secondary antibodies used were diluted at 1:500. Coverslips were mounted on glass slides using fluo-

rescence mounting medium (DAKO). z stack images (4 optical sections, 0.5mm step size) were acquired using confocal laser scan-

ning microscopy (LSM 700, Carl Zeiss). Images were taken using a 403 objective with a numerical aperture of 1.4, and pixel size of

112 nm2. All imaging parameters were kept constant across conditions. A custom Python script using the ImageJ image-processing

framework was used for puncta analysis. The script can be used as a plugin and is openly available on a GitHub repository (https://

github.com/dcolam/Cluster-Analysis-Plugin). Representative example images were processed using ImageJ. Statistical tests were

performed using Prism software (GraphPad).
20 Cell Reports 42, 112947, August 29, 2023

https://github.com/dcolam/Cluster-Analysis-Plugin
https://github.com/dcolam/Cluster-Analysis-Plugin


Article
ll

OPEN ACCESS
Immunohistochemistry
All mice were anesthetized (Nembutal; 50 mg/kg i.p.) and perfused at 12–14 weeks with ice-cold artificial cerebrospinal fluid (ACSF;

125 mM NaCl, 2.5 mM KCl, 1.25 mM NaH2PO4, 26 mM NaHCO3, 25 mM D-glucose, 2.5 mM CaCl2, and 2 mM MgCl2), which had

been oxygenated (95% O2, 5% CO2) for 15 min. After removal, the brains were immediately fixed in 4% PFA for 90 min at 4�C. After
rinsing in PBS, brains were incubated in 30% sucrose (in PBS) at 4�C overnight for cryo-protection. The frozen brains were cut into

40 mm thick coronal sections using a sliding microtome for immunohistochemistry and stored in the anti-freeze buffer. Sections

covering the hippocampal formation were selected and after 3 3 10 min washes in Tris-Triton Solution (50mM Tris, 150mM NaCl,

0.05% Triton X-100, pH 7.4), sections were incubated in desired primary antibody (key resources table) solution (50mM Tris,

150mM NaCl, 0.4% Triton X-100, 2% normal goat serum, pH 7.4) at 4�C overnight. Sections were then washed 3 3 10 min in

Tris-Triton Solution and incubated in secondary antibody solution (50mM Tris, 150mM NaCl, 0.05% Triton X-100, 2% normal

goat serum, pH 7.4) for 30 min at room temperature with secondary antibodies. Goat anti-Alexa 488 (Molecular Probes), goat

anti-Cy3, and goat anti-Cy5 (Jackson Immunoresearch) were used to label the proteins for immunofluorescence. All secondary an-

tibodies used were diluted at 1:500. Sections were washed 33 10 min in Tris-Triton Solution and mounted on gelatine-coated slides

using fluorescence mounting medium (DAKO). AAV8 spread in constitutive Adamtsl3 knock-out mice (RFP/RFP-Cre) and inducible

Adamtsl3 and DCC knock-out mice (stained for Cre protein) were assessed using a 103 objective. Animals exhibiting insufficient

virus spread were excluded from further morphological analysis. z stack images (4 optical sections, 0.5mm step size) were recorded

of all sections using near super-resolution Airy scan microscopy (CLSM 800 Airyscan, Carl Zeiss). Images were taken using a 403

objective with a numerical aperture of 1.4, and pixel size of 112 nm2. 4–5 juxtaposed images of the CA1 Stratum pyramidal or Stratum

radiatumwere taken. To reduce variability, multiple images were captured from 3 sections per mouse and aminimum of 3 mice were

analyzed per experimental group and puncta density values and co-localized puncta values were averaged from these sections. All

imaging parameters were kept constant between knock-out and control animals. A custom Python script using the ImageJ image-

processing frameworkwas used for puncta analysis. The script can be used as a plugin and is openly available on aGitHub repository

(https://github.com/dcolam/Cluster-Analysis-Plugin). The plugin provides a rapid and unbiased puncta quantification tool in image

analysis, as it allows the usage of both default and self-defined parameters. In brief, puncta identification is followed by the detection

of their spatial overlap (co-localization). For co-localization analysis, selections of individual puncta were enlarged by 0.1mm to pre-

vent possible edge exclusions and co-localization was defined when over 50% puncta overlapped. Representative example images

were processed using ImageJ. Statistical tests were performed using Prism software (GraphPad) using a minimum of 3 mice per

group.

Immunoprecipitation and WB
Immunoprecipitation and WB protocols were performed using whole cell lysate from HEK293T cells or P90-P120 old mouse lung,

liver, spleen, heart, kidney and brain in EBC lysis buffer (50 mM Tris, pH 7.6, 150 mM NaCl, 1% Triton X-100 containing

CompleteMini Protease Inhibitor from Roche and phosphatase inhibitor mixture 1 and 3 from Sigma Aldrich). For immunoprecipita-

tion, 2 mg of anti-Adamtsl3 antibody were used to precipitate GFP-tagged Adamtsl3 in serum-free media of transfected HEK293T

cells for 90 min at 4�C on a rotor. Complexes were then collected by incubating with 25 mL of Pierce Protein A/G Ultralink Resin

(Thermo Fisher Scientific, Cat.# 53132) for 45 min at 4�C on a rotor. Complexes were centrifuged and washed 3x in ice-cold EBC

buffer to remove nonspecific interactions. HEK293T cell lysate expressing pCMV-myc-DCC was added to the resin for an additional

90 min incubation at 4�C on a rotor. Complexes were centrifuged and washed 3x in ice-cold EBC buffer to remove nonspecific in-

teractions, followed by denaturation in 2 x SDS loading buffer at 90�C for 5 min. The immunoprecipitated complexes were analyzed

using WB.

WB analysis of mouse lung, liver, spleen, heart, kidney and brain were performed following homogenization and 1h incubation on

ice in EBC lysis buffer. Lysates were centrifuged at 20,000 RPM for 30 min at 4�C and supernatants were stored at �80�C. Proteins
were analyzed using WB. Samples were run on Tris-glycine polyacrylamide gels and proteins were transferred to PVDFmembranes.

Primary antibodies (key resources table) were incubated in Tris-buffered saline with 0.05% Tween 20 (TBST), including 5%

WesternBlocking solution (Roche) overnight at 4�C. Membranes were washed 5 3 5 min in TBST. HRP-coupled donkey secondary

antibodies (1:30,000) and fluorescent-coupled donkey secondary antibodies (1:20,000) were incubated for 30 min at room temper-

ature, and membranes were washed again 5 3 5 min in TBST. Fluorescent signals were captured using the Odyssey CLx Imager.

SuperSignal West PICO Chemiluminescent substrate (Thermo Fisher Scientific) was applied to visualize HRP labeled antibodies

and developed using the Luminescent Image Analyzer LAS-1000 plus & Intelligent Dark Box IItbox2 (Fujifilm). Images were analyzed

using ImageJ and statistical tests were performed using Prism software (GraphPad) using aminimum of 3mice. WBmembrane strip-

ping for re-staining was performed using amild stripping protocol as described by themanufacturer (Abcam): membranes were incu-

bated twice for 5–10 min with mild stripping buffer (200mM glycine, 20mM SDS, 0.01% Tween 20, pH 2.2) followed by 2 3 10 min

incubation with PBS and 2 3 5 min incubations with TBST. The efficiency of stripping was determined by incubating with chemilu-

minescent substrate. After stripping the membranes were rinsed and incubated again with primary antibody.

In situ proximity ligation assay (in situ PLA)
In situ PLA was performed using the Duolink II kit (Sigma Aldrich) according to the instructions of the manufacturer. Briefly, primary

hippocampal neurons seeded on coverslips were washed for 5 min with PBS and then fixed with 4% PFA for 30 min at room
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temperature. Then, the coverslips were rinsed in PBS for 5 min and permeabilized for 15 min with 0.2% Triton X-100/PBS. After

rinsing the coverslips in PBS, they were incubated with homemade Adamtsl3 antibody (1:50) and myc-tag antibody (1:50) and

kept in a humidity chamber overnight at 4�C. Subsequently, the coverslips were washed 4 3 5 min with PBS and incubated for

20–30 min at room temperature with PLA probes (prepared by diluting anti-mouse MINUS and anti-rabbit PLUS, Duolink II, 1:5 in

5%BSA/PBS). Afterward, 40 mL of the PLA probe solutionwas pipetted on top of each coverslip and incubated in a humidity chamber

for 1 h at 37�C. The coverslips were then washed twice for 5 min in PBS and incubated for 1 h at 37�C with ligation solution. Sub-

sequently, the cells were washed twice in Duolink II Wash Buffer A and incubated with the amplification solution at 37�C for

100min. Finally, the coverslips were washed twice for 10min with Duolink II Wash Buffer B in the dark andmounted ontomicroscope

slides using fluorescent mounting medium (DAKO).

Synaptoneurosomes preparation
Synaptoneurosomes were prepared frommouse forebrain.71 Briefly, brains were isolated, washed and homogenized in ice-cold su-

crose buffer (320 mM sucrose, 5 mMHEPES, pH 7.4) using a Teflon-glass tissue grinder. The homogenate was centrifuged at 1000g

for 10 min 2mL of the supernatant was loaded over discontinuous Percoll gradients (3, 10, and 23% Percoll in sucrose buffer), fol-

lowed by centrifugation at 31,000g for 5 min. Interface fractions between 3 and 10% and 10 and 23% were collected and further

centrifuged at 20,000g to pellet synaptoneurosomes. All centrifugation steps were performed at 4�C. All solutions were supple-

mented with a complete protease inhibitor cocktail (Roche), 0.05 mM dithiothreitol (DTT), 0.1 mM phenylmethylsulfonyl fluoride,

and 20 U/10 mL RNaseOUT (Invitrogen).

Slice preparation and electrophysiological recordings
Mice were anesthetized by isoflurane, decapitated and their brains were rapidly transferred to ice-cold dissecting artificial cerebral

spinal fluid (ACSF) containing (in mM): 75 Sucrose, 87 NaCl, 2.5 KCl, 1.25 NaH2PO4, 7 MgCl2, 0.5 CaCl2, 25 NaHCO3 and 25

D-glucose, saturated with 95% O2 and 5% CO2. Coronal sections (270mm thick) were cut in the dissecting artificial cerebral spinal

fluid (ACSF) using a vibratome (VT 1200S), Leica slicer, and then transferred to normal ACSF containing (in mM): 115 NaCl, 3.5 KCl,

1.2 NaH2PO4, 1.3 MgCl2, 2 CaCl2, 25 NaHCO3, and 25 D-glucose and aerated with 95% O2 and 5% CO2. Slices were kept at room

temperature and recovered in ACSF for 30 min before recording. Slices were then placed in the recording chamber of an upright mi-

croscope (Axioscope 2 FS, Zeiss) and superfused with 32�C oxygenated (95% O2 and 5% CO2) ACSF at a 2 mL/min rate. The mi-

croscopewas equippedwith immersion differential interference contrast (DIA) and the following objectives was used to visualize neu-

rons in the hippocampal CA1 Stratum pyramidale region. (10X/0.3, Olympus and 40X/0.8, Zeiss). A CMOS camera (optiMOS,

QImaging) was attached to the scope to visualize the slice and cells through a computer screen.

Voltage clamp experiments were performed on CA1 pyramidal neurons using borosilicate patch pipettes (1.5 OD X 0.86 ID X 75 L

mm, Harvard Apparatus at a resistance of 3–4 MU) filled with a solution containing (in mM): 130 CsMeSO3, 5 CsCl, 5 NaCl, 2 MgCl2,

0.1 EGTA, 10 HEPES, 0.05 CaCl2, 2 Na2-ATP, 0.4 Na3-GTP (pH 7.3, 280–290 mOsm/kg). Each CA1 pyramidal neuron was voltage-

clamped at �70 mV and 0 mV to record miniature inhibitory postsynaptic currents (mIPSCs). mIPSCs were recorded in the gap-free

mode for 3 min, and by adding to the recording solution 0.5 mMTTX, to block voltage-gated Na+ channels. Data were acquired using

an Axopatch 200B amplifier controlled by pClamp software (v10.7.0.3, Molecular Devices 2016), filtered at 2.4 kHz and sampled at 10

kHz (Digidata 1440A, Molecular Device). Series resistance (range 15–20 MU) was monitored at regular intervals throughout the

recording and presented minimal variations (%20%) in the analyzed cells. Data are reported without corrections for liquid junction

potentials. mIPSCs inter-event interval and amplitude were analyzed offline using Minianalysis software (Synaptosoft, Decatur, GA).

iLTP and cLTP in primary neuron culture
As described above, primary hippocampal neuron cultures were prepared from P0-1 Adamtsl3flox/flox pups. At 4DIV, cultures were

infected with AAV8-hSyn1-RFP-Cre (AAV8-hSyn1-RFP control) to delete the Adamtsl3 gene. Inhibitory LTP (iLTP) was induced at

14DIV by adding 20 mMNMDA and 10 mMCNQX for 2 min at room temperature. Afterward, the media was replaced with conditioned

media and neurons were returned to the incubator for 60 min before fixation and immunocytochemistry.

Chemical long-term potentiation (cLTP) was induced at 14DIV in cultured hippocampal neurons from Adamtsl3flox/flox mice.72,73

Before stimulation, neurons were incubated at room temperature for 20 min in a control solution (125 mM NaCl, 2.5 mM KCl,

1 mM MgCl2, 2 mM CaCl2, 33 mM D-glucose, 5 mM HEPES, 20 mM D-APV, 3 mM strychnine, 20 mM bicuculline and 0.5 mM TTX;

pH 7.4). cLTP was induced for 10 min at room temperature using a control solution lacking Mg2+, TTX, and D-APV but glycine

(200 mM). After cLTP regular control solution was added back to neurons and returned to the incubator for 40 min before fixation

and immunocytochemistry.

Stereotactic surgery
30min before the surgical procedure, mice received 0.1mg/kg buprenorphine (s.c. injection) and 10mL/kg 25% (w/v) D-Mannitol i.p.

to improve viral absorbance. Mice were anesthetized via inhaled isoflurane (initially 5% for induction, then 2% via mask) and placed

on awarming pad to prevent a drop in body temperature. Eyes were protected via vitamin A ointment. After fixing themouse head in a

stable position in a stereotaxic frame, local anesthesia and anti-inflammatory agent were applied using s.c. injection (26 G needle,

inject a small volume) of lidocaine & bupivacaine (both diluted to 0.5%; 5mg/ml, inject 20 mL/25 g b.w.) at the surgical site 5min before
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surgery. Then, an incision was made along the midline to expose the skull. After cleaning the skull, a hole was drilled in the injection

site. The virus was subsequently injected (10e12 infectious units AAV8-hSyn1-shRNA-eGFP-scramble or AAV8-hSyn1-shRNA-eGFP-

NTN1, 300-800nL saline, artificial cerebrospinal fluid) using a stereotaxically positioned motorized microinjector (Drummond Scien-

tific Company, Nanoject II, 50 nL/s, 0.1 mm tip diameter). The coordinates of the injection site for the hippocampus used were: dorsal

hippocampus, AP =�1.9mm, DV =�1.0mm, LM= +/�1.6 from bregma. Following injection, the skin was sutured (Dafilon 45cm) and

mice were placed in a recovery cage equipped with a heating pad and lined with tissue. Once the mice recovered fully, they received

400mL of pre-warmed 5% glucose solution s.c. before returning to the home cage. Buprenorphine (Temgesic 0.1 mg/kg) was given

after the surgical procedure for 3 days.

Object displacement test and novel object recognition test
Micewere trained and tested using the object displacement test (ODT) as a non-invasivemeasure of hippocampal-dependent spatial

memory. We employed the novel object recognition (NORT) test to assess for recognition memory. All experiments are performed at

the same time of day, 1 h after normal light onset to control for circadian rhythms. To minimize potential disruptions by human

handling, the experimenter repeatedly and over the course of 2 months carefully handled the mice every week starting after weaning

(P20-P25). Behavior analysis was conducted between P90-P105. On Day 1, mice were habituated to the empty square testing cham-

ber (50 cm3 36 cm, 26 cm-high walls). On Day 2, mice were presented with two identical objects placed horizontally next to each in

the testing chamber. For spatial orientation, one wall wasmarkedwith a centered, vertical line reaching from top to bottom. 24 h later,

one of the objects was moved to a novel location (ODT) or replaced with a novel object at the same location (NORT) in the testing

chamber. An overhead camera recorded the mice for 10 min throughout training and testing. Objects and the test chamber were

cleaned with 70% ethanol between trials to remove olfactory cues. An experimenter blind to the genotypes measured exploration

time. Exploration times were calculated as the total time the animal investigated each object (sniffing the object). The discrimination

index was calculated as the time spent exploring the displaced/novel object divided by the total time spent exploring both objects.

QUANTIFICATION AND STATISTICAL ANALYSIS

Expect for electrophysiological data, statistical analyses were performed using one-way ANOVA or unpaired t test where appropriate

and presented asmean ± s.d. ThemIPSC/mEPSC data are presented asmean ±S.E.M. and the two groupswere tested for statistical

significance using the MannWhitney U-non parametric test or unpaired t test. Statistical significance was determined with p% 0.05.

Data were analyzed and processed using Fiji ImageJ and GraphPad Prism 6 software. The custom Python script using the ImageJ

image-processing framework can be used as a plugin and is openly available on a GitHub repository: https://github.com/PDKlab/

Exocytose-EventsDetection. Plotted data were then formatted in Affinity Designer 1.8.5.703.
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