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Abstract
A Disintegrin And Metalloproteinase 10 (ADAM10) plays a pivotal role in shaping neuronal networks by orchestrating the 
activity of numerous membrane proteins through the shedding of their extracellular domains. Despite its significance in the 
brain, the specific cellular localization of ADAM10 remains not well understood due to a lack of appropriate tools. Here, 
using a specific ADAM10 antibody suitable for immunostainings, we observed that ADAM10 is localized to presynapses and 
especially enriched at presynaptic vesicles of mossy fiber (MF)-CA3 synapses in the hippocampus. These synapses undergo 
pronounced frequency facilitation of neurotransmitter release, a process that play critical roles in information transfer and 
neural computation. We demonstrate, that in conditional ADAM10 knockout mice the ability of MF synapses to undergo 
this type of synaptic plasticity is greatly reduced. The loss of facilitation depends on the cytosolic domain of ADAM10 and 
association with the calcium sensor synaptotagmin 7 rather than ADAM10’s proteolytic activity. Our findings unveil a new 
role of ADAM10 in the regulation of synaptic vesicle exocytosis.
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Abbreviations
aCSF  Artificial cerebrospinal fluid solution
AD  Alzheimer’s disease
ADAM  A Disintegrin And Metalloprotease

APP  Amyloid precursor protein
BB  Blocking buffer
BSA  Bovine serum albumin
CAZ  Cytomatrix of the active zone
cKO  Conditional KO
C-terminus  Carboxy-terminus
DG  Dentate gyrus
div  Day in vitro
EM  Electron microscopy
fEPSP  Field excitatory postsynaptic potentials
gSTED  Gated STED
HD  Huntington’s disease
HRP  Horseradish peroxidase
ICC  Immunocytochemistry
IHC  Immunohistochemistry
KO  Knockout
MEF  Mouse embryonic fibroblast
MF  Mossy fiber
MFB  MF bouton
PB  Phosphate buffer
PPR  Paired-pulse ratio
SBEM  Serial block face EM
sPrPc  Shed prion protein
STED  Stimulated emission depletion
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syt  Synaptotagmin
TBS  Tris buffered saline
wt  Wildtype

Introduction

A Disintegrin And Metalloprotease 10 (ADAM10) is promi-
nently expressed in the brain [28]. ADAM10 has received 
much attention due to its role in Alzheimer’s (AD), prion 
disease and Huntington’s disease (HD) [2, 31, 60]. It cata-
lyzes ectodomain shedding, i.e. the proteolytic release of 
an ectodomain, from several important cell surface proteins 
such as amyloid precursor protein (APP), Notch receptor 
and prion protein [45]. ADAM10 itself is a membrane span-
ning protein with a short cytosolic domain, a transmembrane 
region and an ectodomain that harbors the catalytic site. 
Although much is known about ADAM10 substrates and 
its involvement in pathological processes, the physiological 
functions of ADAM10 in the brain are not fully understood. 
One of the limiting factors is the absence of suitable tools to 
label endogenous ADAM10, along with the tightly regulated 
processing and trafficking of ADAM10. These factors con-
strain the feasibility of overexpression and mutagenesis stud-
ies. Due to defective Notch signaling, ADAM10-deficient 
mice die before birth [17]. However, depleting ADAM10 
postnatally by crossing floxed ADAM10 mice with nestin 
or CaMKIIα-Cre driver lines allowed generation of neuron-
specific conditional ADAM10 knockouts (ADAM10 cKO). 
These lines are used to study the role of ADAM10 in the 
homeostasis of adult neuronal networks [25, 41]. Mechanis-
tically, ADAM10´s functions are mainly linked to the shed-
ding of unique postsynaptic substrates, in particular synaptic 
cell adhesion molecules such as neuroligin-1, N-cadherin, 
NCAM, Ephrin A2 and A5 [30] which are of importance for 
the establishment and maintenance of dendritic spines in the 
CA1 hippocampal region [41, 51]. Taken together, there is 
an urgent need for tools that would facilitate the investiga-
tion of ADAM10 functions in the brain.

In this study we employed a new anti-ADAM10 anti-
body to systematically investigate the localization of 
ADAM10 and its functions within specific cell compart-
ments. Using electron- and super-resolution microscopy 
we found that ADAM10 is enriched in vesicles of excita-
tory and inhibitory presynaptic sites. Especially promi-
nent expression was seen in hippocampal mossy fiber 
(MF)-CA3 terminals. Short-term plasticity of MF-CA3 
synapses is pivotal for information processing and net-
work computation [16]. We discovered that ADAM10 
depletion strongly reduces facilitation at MF-CA3 syn-
apses without gross changes in synaptic topology or ultra-
structure. In contrast to known roles of ADAM10 [30, 45], 
the impairment of presynaptic facilitation is independent 

of proteolytic activity. Instead, the cytosolic domain of 
ADAM10 and an association with synaptotagmin 7 (syt7) 
is required. Syt7 is a calcium sensor essential for presyn-
aptic facilitation of vesicle release [24]. Knockout of syt7 
phenocopies the MF-CA3 phenotype observed in slices 
from ADAM10 cKO mice. Interference with syt7 and 
ADAM10 association using a tat-peptide reduces presyn-
aptic facilitation at MF-CA3 synapses in slices of wildtype 
mice. Thus, ADAM10 appears to tune short-term synaptic 
plasticity in a non-proteolytic way by affecting syt7 func-
tion in presynaptic terminals.

Materials and methods

Reagents and resources

Information regarding essential tools is provided in the 
table below.

Reagent or resource Source Identifier

Antibodies
 Anti-α-actin (rabbit) Sigma Aldrich Cat#A2066;

RRID:AB_476693
 Anti-ADAM10 (rabbit) Abcam Cat#ab1997;

RRID:AB_302747
 Anti-ADAM10, pin-1 

(rabbit)
Pineda AB 

service for P. 
Saftig [64]

N/A

 Anti-ADAM10, igg frac-
tion (rabbit2)

Pineda AB 
service for P. 
Saftig lab

N/A

 Anti-bassoon (guinea 
pig)

Synaptic 
Systems

Cat#141,004;
RRID: AB_2290619

 Anti-bassoon (mouse) Stressgen, 
now Enzo

Clone SAP7F407;
Cat#ADI-VAM-PS003;
RRID:AB_10618753

 Anti-calbindin (guinea 
pig)

Synaptic 
Systems

Cat#214004;
RRID:AB_10550535

 Anti-calretinin (mouse) Synaptic 
Systems

Cat#214111;
RRID:AB_2619904

 Anti-GFP (mouse) Biolegends Cat#902601;
RRID:AB_2565021

 Anti-MAP2 (goat) Santa Cruz Cat#sc-5359;
RRID:AB_649160

 Anti-MAP2-Alexa Fluor-
488 (mouse)

Merck Mil-
lipore

Cat#MAB3418X;
RRID:AB_11212966

 Anti-munc13 (rabbit) Synaptic 
Systems

Cat#126102;
RRID:AB_887734

 Anti-N-cadherin (mouse) BD Biosci-
ence

Cat#610920;
RRID:AB_2077527

 Anti-parvalbumin 
(guinea pig)

Synaptic 
Systems

Cat#195004;
RRID:AB_2156476

 Anti-piccolo (guinea pig) Synaptic 
Systems

Cat#142104;
RRID:AB_2619831
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Reagent or resource Source Identifier

 Anti-prion protein, clone 
6D11 (mouse)

Biolegends Cat#808001;
RRID:AB_2564735

 Anti-shank3 (guinea pig) Synaptic 
Systems

Cat#162304;
RRID:AB_2619863

 Anti-sprpg228 (rabbit) [32] N/A
 Anti-synaptophysin 

(mouse)
Stressgen/ 

Enzo Life 
Sciences

Cat#ADI-VAM-SV011; 
PRID: AB_ 11000142

 Anti-synaptoporin (rab-
bit)

Synaptic 
Systems

Cat#102003;
RRID:AB_2619748

 Anti-α-tubulin (mouse) Sigma Aldrich Cat# T5168;
RRID:AB_477579

 Anti-syt7 (mouse) Merck Mil-
lipore

Cat#MABN665;
RRID: AB_2888943

 Anti-syt7 (rabbit) Synaptic 
Systems

Cat#105173;
RRID: AB_887838

 Anti-VGAT (mouse) Synaptic 
Systems

Cat# 131011;
RRID:AB_887872

 Anti-VGLUT1 (guinea 
pig)

Synaptic 
Systems

Cat#135304;
RRID:AB_887878

 Anti-guinea pig-Alexa 
488

Thermo Fisher 
Scientific

Cat#A-11073;
RRID:AB_2534117

 Anti-guinea pig-Abbe-
rior Star 580

Abberior Cat#ST580-1006

 Anti-guinea pig-635P Abberior Cat#ST635P-1006; 
RRID: AB_2893230

 Anti-goat-Alexa Fluor 
Plus 647

Invitrogen Cat#A32849;
RRID: AB_2762840

 Anti-mouse-Alexa Fluor 
568

Thermo Fisher 
Scientific

Cat#A-11004;
RRID:AB_2534072

 Anti-mouse-Abberior 
Star 580

Abberior Cat#2–0002-005-1;
RRID:AB_2620153

 Anti-mouse-Abberior 
Star Red

Abberior Cat#STRED-1001

 Anti-mouse-Atto647N Sigma Aldrich Cat#50185;
RRID:AB_1137661

 Anti-mouse-Alexa Fluor 
647

Thermo Fisher 
Scientific

Cat#A-21235;
RRID:AB_2535804

 Anti-rabbit-Alexa Fluor 
488

Thermo Fisher 
Scientific

Cat#A-11034;
RRID:AB_2576217

 Anti-rabbit-Alexa Fluor 
568

Thermo Fisher 
Scientific

Cat#A-11036;
RRID:AB_10563566

 Anti-rabbit-Abberior 
Star 580

Abberior Cat#ST580-1002

 Anti-rabbit-Abberior 
Star Orange

Abberior Cat#STORANGE-1002

 Anti-rabbit-Alexa Fluor 
647

Thermo Fisher 
Scientific

Cat#A-21236;
RRID:AB_2535805

 Anti-rabbit-Atto647N Sigma Aldrich Cat#40839;
RRID:AB_1137669

 Anti-guinea pig-HRP Jackson 
ImmunoRe-
search

Cat#706–035-148;
RRID:AB_2340447

 Anti-mouse-HRP Jackson 
ImmunoRe-
search

Cat#115-035-146;
RRID:AB_2307392

Reagent or resource Source Identifier

 Anti-mouse-HRP Jackson 
ImmunoRe-
search

Cat#515-035-062;
RRID:AB_2340296

 Anti-rabbit-HRP Jackson 
ImmunoRe-
search

Cat#111-035-144;
RRID:AB_2307391

 Biotinylated goat anti-
rabbit igg

Vector labora-
tories

Cat#BP-9100-50 and

 10 nm large protein 
A gold secondary 
antibody

G. Posthuma, 
University 
Medical 
Center 
Utrecht

N/A

Bacterial Strains
 E. coli XL10Gold Agilent Cat#200314

Chemicals, Peptides, and Recombinant Proteins
 Phalloidin-atto488 Atto-Tec Cat#AD488-81
 Phalloidin-atto647N Sigma-Aldrich Cat#65906-10NMOL
 ADAM10 blocking 

peptide
Abcam Cat#ab7868

 Alexa Fluor-594 Thermo Fisher 
Scientific

Cat#A10438

 Lipofectamine 2000 Invitrogen Cat#11668027
 DCG IV Tocris Cat#0975
 GI254023X Sigma-Aldrich Cat#SML0789-5MG
 ADAM10- tat-peptide 

(ADAM10 aa 
709–730) (YGRKKR-
RQRRRPKLPPPK-
PLPGTLKRRRPPQPI)

Genosphere N/A

 Control-tat-peptide 
(YGRKKR-
RQRRRAK-
LAAAKALAGTLKR-
RRAAQAI)

Genosphere N/A

Critical Commercial Assays
 Duolink® In Situ Orange Sigma Aldrich Cat#DUO92102
 Mix-n-Stain-CFf488A Biotium Cat#92273A
 SureBeads Protein A 

beads
Biorad Cat#1614013

 SureBeads Protein G 
beads

Biorad Cat#1614023

 Protein G dynabeads Thermo Fisher Cat#10003D
Experimental Models: Cell Lines
 MEF cells of ADAM10 

knockout and wildtype 
mice

[17] N/A

Experimental Models: Organisms/Strains
 Mouse: ADAM10 flox/

flox, CRE−/−, Cre ± 
[41] N/A

 Rat: Wistar Unilever Envigo HsdCpb:WU
 Rat: Sprague Dawley Janvier RjHan:SD
 C57BL/6J mice UKE animal 

facility
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Reagent or resource Source Identifier

Recombinant DNA
 pmaxGFP Lonza From kit 

Cat#V4XP-3012
 pEGFP-N1 Clontech N/A
 Rat Syt7-GFP
(U20106.1, full length)

Kind gift of V. 
Haucke

N/A

Software and Algorithms
 (Fiji is just) ImageJ Ver-

sions 1.49v & 1.53b
[48] http:// fiji. sc/;

RRID:SCR_002285
 Prism v7.03-v9.5 GraphPad https:// www. graph pad. 

com/ scien tific- softw 
are/ prism/

 SynchroSlice Software Lohmann 
Research 
Equipment

N/A

 Imaris 9.9, 9.6 and 8.0 Bitplane RRID:SCR_007370
 Gatan Microscopy Suite Gatan Inc N/A

Animals

Condi t ional  ADAM10 knockout  mice  (cKO; 
 ADAM10f lox/f lox  Cre±) and l i t termate controls 
 (ADAM10flox/flox  Cre−/−) [41] were obtained by breed-
ing  ADAM10flox/flox  Cre−/− or  ADAM10flox/+  Cre−/− with 
 ADAM10flox/+  Cre± mice. Male and female P21-23 mice 
were used for this study.

Mice were bred and maintained at CAU, Kiel, 
Schleswig–Holstein. Animals were housed in individually 
ventilated cages with a capacity of five animals per cage. 
The room temperature was kept at 19–22 °C and humidity at 
45–60%. Alternating light–dark cycles of 12 h were applied 
and animals were fed with water and laboratory animal food 
(Ssniff Spezialdiäten) ad libitum.

Rats were purchased from Janvier or obtained from the ani-
mal facility of the University Medical Center Hamburg-Eppen-
dorf, UKE, Hamburg, Germany. All procedures were approved 
by the local authorities of the city-state Hamburg (Behörde für 
Justiz und Verbraucherschutz, Lebensmittelsicherheit und Vet-
erinärwesen) and the animal care committee of the University 
Medical Center Hamburg-Eppendorf, or by the local Commit-
tee for Ethics and Animal Research [Landesverwaltungsamt 
Sachsen-Anhalt, Germany, TWZ(2024)].

Peptides

Custom tat-peptides targeting amino acids 709–730 of 
ADAM10 C-terminus (NP_031425.2) and control peptide 
(prolines changed to alanines) with > 95% purity (HPLC, 
mass spectrometry and solubility tested) were from Geno-
sphere Biotechnologies (France).

Biochemical methods

Cell lysates, tissue extracts, and immunoblotting

Freshly dissected cortices of P21 ADAM10 cKO and lit-
termate controls were shortly rinsed in PBS, shock frozen 
in liquid nitrogen and stored until use at -80 °C. Tissue 
was manually homogenized using 26G and 20G needles in 
RIPA buffer [50 mM Tris/HCl pH 8, 150 mM NaCl, 0.1% 
sodium dodecyl sulfate (SDS), 0.5% Triton-X-100, 0.5% 
sodium deoxycholate and complete protease inhibitor cock-
tail (Roche)] at a 10 ml/g ratio. After incubation on ice for 
20 min and centrifugation for 20 min at 20,000 × g superna-
tant was collected. After addition of 4 × SDS sample buffer 
(250 mM Tris pH 8.5, 8% SDS, 40% glycerol, 2 mM eth-
ylenediaminetetraacetic acid (EDTA), 0.01% bromophenol 
blue, 100 mM dithiothreitol) further dilution with 1 × SDS 
sample buffer and boiling for 5 min, samples were separated 
on a 10% polyacrylamide gel, and transferred to a nitrocel-
lulose membrane using a wet blot system.

Cell homogenates of ADAM10 wt and KO mouse embry-
onic fibroblasts were prepared as follows. Cells were shortly 
washed with warm TBS, harvested in hot 1 × SDS sample 
buffer and boiled for 5 min. Equal amount of sample were 
separated on a 4–20% polyacrylamide gel and transferred to 
a PVDF membrane. All membranes were blocked for 1 h in 
5% milk in Tris-buffered saline (TBS, 20 mM Tris, 150 mM 
NaCl, pH 7.4,) with 0.1% Tween-20 (TBST) and incubated 
overnight at 4 °C with primary antibodies in TBS with 
0.02%  NaN3. After washing in TBST and TBS correspond-
ing membranes were incubated with secondary antibodies 
in 5% milk in TBST for 1 h, washed, and signals detected 
using ECL solution on an INTAS ChemoCam Imager (Intas 
Science Imaging). α-tubulin was used as loading control. 
Following electrophysiological recordings (see below) slices 
of ADAM10 wt and cKO mouse brains and wildtype slices 
from the ADAM10 inhibitor experiment were homogenized 
with 400 µl RIPA lysis puffer (20 mM Tris/HCl pH 7.4, 
150 mM NaCl, 1 mM EDTA, 1 mM EGTA, 2.5 mM Sodium 
deoxycholate, 1% (v/v) NP-40 and protease inhibitor cocktail 
(Roche)) and two ceramic beads using the Precellys tissue 
homogenizer (Bretin Technologies) with two cycles of 30 s 
at 6500 rpm and a 30 s pause. Homogenates were kept on 
ice for 1 h and centrifuged for 10 min at 13,000 × g and 4 °C. 
Supernatant was collected, diluted with 5 × SDS loading 
buffer (625 mM Tris/HCl pH 6.8, 10% SDS, 50% glycerol, 
200 mM dithiothreitol, 0.01% bromophenol blue) and incu-
bated at 60 °C for 20 min. For immunoblotting samples were 
separated on a 10% SDS polyacrylamide gel and transferred 
to a nitrocellulose membrane using the wet blot system with 
a constant amperage of 450 mA (for N-cadherin) or 800 
mA (for other proteins) for 2 h. Membranes were blocked 
for 1 h in 5% bovine serum albumin (BSA, for N-cadherin) 

http://fiji.sc/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
https://www.graphpad.com/scientific-software/prism/
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or 5% milk powder in TBST and incubated with primary 
antibodies prepared in 5% milk powder in TBST overnight 
at 4 °C. Membranes were washed in TBST and incubated 
with secondary antibodies diluted in 5% milk powder in 
TBST for 1 h at room temperature. Detection of signals was 
performed using ECL solution on an Amersham Imager A 
680 (GE Healthcare). Information regarding antibodies and 
other reagents is provided in Reagents and resources table.

Synaptosome preparation

Synaptosomes were prepared from 4 male C57BL6J mice 
aged 12–14 weeks as described previously [52] with slight 
modifications: All steps were performed at 4 °C or on ice. 
Forebrain and midbrain (without olfactory bulb) were dis-
sected, rinsed in buffer A (0.32 M sucrose, 5 mM HEPES, 
protease inhibitors, pH 7.4) and homogenized in 10 mg/ml 
buffer A by 12 strokes at 900 rpm with a motor-operated 
homogenizer. Homogenates were centrifuged at 1000 × g 
for 10 min to obtain pellet 1 and supernatant 1. Pellet 1 was 
again solubilized in buffer A, homogenized and centrifuged. 
The resulting supernatant was combined with supernatant 
1 and used for further fractionation. The combined super-
natants were centrifuged at 12,000 × g for 20 min to obtain 
pellet 2, which was again rehomogenized in buffer A by 6 
strokes at 900 rpm. Centrifugation at 12,000 × g for 20 min 
obtained the crude membrane fraction (pellet P2 ‘). Pellet 
P2’ was solubilized in 1.5 ml/g buffer B (0.32 M sucrose, 
5 mM Tris, protease inhibitors, pH 8.1) loaded on a 0.85 M, 
1 M, 1.2 M sucrose (in 5 mM Tris pH 8.1) gradient, centri-
fuged at 85,000 × g for 2 h. The synaptosome fraction was 
collected at the interface of the 1 and 1.2 M sucrose phase, 
immediately shock frozen in liquid nitrogen and stored at 
−80 °C until further use.

Endogenous co‑immunoprecipitations

For immunoprecipitation of ADAM10, synaptosome prep-
arations were centrifuged for 30 min at 100,000 × g. The 
supernatant was discarded and synaptosomes lysed in EBC 
buffer (120 mM NaCl, 50 mM Tris–HCl, pH 7.4, 1% NP-40, 
protease inhibitor cocktail) by two times sonification for 
15 s followed by 30 min incubation on ice and another two 
times sonification for 15 s. After centrifugation for 10 min 
at 14,000 × g, supernatants were collected, and total protein 
concentration was determined. 50 µl of the homogenates 
were kept as input control and incubated with SDS-loading 
buffer for 20 min at 60 °C. Remaining homogenates were 
adjusted to equal total protein amounts and split into cal-
cium and calcium-free conditions by addition of 200 µM 
 CaCl2 or 2 mM EGTA. These conditions were kept through-
out the experiment in the EBC lysis buffer. Preclearing of 
homogenates was performed. Per sample 50 µl of Protein 

G Dynabeads™ (Invitrogen) were two times washed with 
EBC lysis buffer, added to the homogenates and incubated 
for 30 min at 4 °C on a rotating wheel. Supernatants were 
collected and 2 µl of the anti-ADAM10 Pin 1 antibody were 
added. EBC buffer only supplemented with anti-ADAM10 
Pin 1 antibody served as antibody control, homogenate with-
out ADAM10 antibody was used to control for unspecific 
protein binding to the beads (bead control). All samples were 
incubated overnight at 4 °C under constant rotation. At the 
same time Protein G Dynabeads™ were prepared for immu-
noprecipitation. Per sample 80 µl of Protein G Dynabeads™ 
were 2 times washed with EBC lysis buffer and blocked 
overnight at 4 °C under constant rotation with SEA BLOCK 
blocking buffer (Thermo Fisher). After overnight incubation, 
blocked Protein G Dynabeads™ were two times washed and 
resuspended with EBC buffer. Immunoprecipitation samples 
were incubated with Protein G Dynabeads™ for 30 min at 
room temperature under constant rotation. After five times 
washing with 500 µl EBC buffer for 5 min under constant 
rotation, supernatants were discarded. For immunoblot anal-
ysis beads were incubated with 1 × SDS loading buffer for 
20 min at 60 °C for and supernatants were collected. Infor-
mation regarding antibodies and other reagents is provided 
in Reagents and resources table.

Heterologous CoIP from Neuro‑2a cells

Neuro-2a cells were transfected with GFP or syt7-GFP 
for 24–48 h using MaxPEI. Cells were harvested in cul-
ture medium, spun down, pellets washed in washing buffer 
(120 mM NaCl, 50 mM Tris–HCl, pH 7.4) and subsequently 
lysed in EBC lysis buffer containing either 200 µM  CaCl2 
or 2 mM EGTA using small needles and rest for 1 h on 
ice. After centrifugation at 20,000 × g for 10 min at 4 °C 
supernatants were collected. CoIP was performed essential 
as described above (endogenous CoIP), omitting the pre-
clearing step, using 1 µl antibody per IP and 25 µl of a 1:1 
mix of protein A and G beads and with addition of either 
200 µM  CaCl2 or 2 mM EGTA to the EBC lysis buffer in all 
steps. Information regarding antibodies and other reagents 
is provided in Reagents and resources table.

Cell culture

ADAM10 WT and KO mouse embryonic fibroblast (MEF) 
cells [25] and Neuro-2a cells were cultured in full medium 
(DMEM including 2 mM glutamine, supplemented with 
10% FCS and 100 U/ml penicillin/streptomycin). For immu-
nostainings, MEFs were plated on gelatin-coated glass cov-
erslips in full medium. Primary rat hippocampal neurons 
were prepared and maintained as described previously [56]. 
At div17, neurons were transfected with pmaxGFP using 
lipofectamine 2000 according to manufacturer’s instructions 
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and fixed 24 h later with 4% PFA/ 4% sucrose in PBS for 
10 min.

Immunocytochemistry (ICC)

ICC on MEF cells and primary neurons was performed 
as described previously [7]. For the experiment with the 
ADAM10 antibody blocking peptide, a preincubation of 
antibody and blocking peptide at a 1:1 molar ratio for 1 h at 
4 °C in PBS was performed before applying it to the cells. 
Information regarding antibodies and other reagents is pro-
vided in Reagents and resources table.

Antibody labelling

For co-localization analysis of ADAM10 and syt7 (rabbit 
antibody), the ADAM10 (ab1997) antibody was pre-labelled 
with a CF488A dye using the Mix-n-Stain-CF-488A kit 
(Biotium) according to the manufacturer's instructions. 
Immunostaining was carried out as described above, with 
an additional incubation step using the pre-labeled ADAM10 
antibody. This step was performed after the application of 
the secondary antibody and subsequent washing steps, and 
involved incubating for 4.5 h at RT.

Proximity ligation assay (PLA)

The Proximity Ligation Assay (PLA) was conducted using 
the Duolink® In  Situ kit (Merck) following the manu-
facturer's protocol, but with reduced volumes of reagents 
(40% of the volume recommended by the manufacturer) 
on mature (div17/18) hippocampal cultures. Post the final 
wash step, cells were post-fixed with 4% PFA/4% sucrose 
PBS for 10 min. This was followed by three washes with 
PBS. Subsequently, blocking was performed using 4% goat 
serum for 1 h at RT. For staining, cells were incubated with 
phalloidin-atto488 (1:100) in PBS or in combination with 
an anti-bassoon antibody (1:500) in blocking buffer (10% 
horse serum, 0.1% Triton X-100 in PBS) at 4 °C overnight. 
The following day, cells underwent three additional washes 
with PBS. They were then incubated with the appropriate 
secondary antibody in BB for 1.5 h at RT. After the final 
washing steps with PBS, coverslips were mounted using the 
liquid mounting medium provided in the PLA kit. Finally, 
coverslips were sealed with nail polish and imaged. All 
coverslips were processed at the same time. Fluorescence 
widefield images were takes as described below. Fields of 
views (221 µM × 221 µM) mostly covered by axons and par-
tially dendrites, omitting cell somata and glia were randomly 
selected in the phalloidin channel and fluorescence wide-
field images taken using identical settings for all coverslips. 
Images were analyzed using the “find maxima” function in 
Fiji using identical settings for all images. Higher resolution 

images were taken using spinning disc confocal microscope 
and a 100 × oil objective (as described below).

Perfusion

P19-21 cKO and wt mice were anesthetized by intra-per-
itoneal injection of 10 µl per g body weight of Ketamin 
(10 mg/ml) and Rompun (6 mg/ml) in a 0.9% NaCl solution, 
transcardially perfused with 15 ml 0.1 M phosphate buffer 
(PB), fixed with 15 ml 4% PFA + 1% glutaraldehyde (GA) in 
0.1 M PB (for immunogold electron microscopy (EM)), 4% 
PFA + 0.1% GA in 0.1M PB (for serial block face EM) or 4% 
PFA (for fluorescent immunohistochemistry). Postfixation 
was performed over night at 4 °C in 2% PFA (for Immuno-
gold EM), 4% PFA + 1% GA (for SBEM) or 4% PFA (for 
fluorescent IHC) in PB. Adult (7.5 month) wt mouse was 
anesthetized and perfused transcardially with 4% (w/v) PFA 
in 0.1 M PB. The brain was dissected and postfixed for 4 h 
with 1% glutaraldehyde/4% (w/v) PFA in 0.1 M PB.

Cryo‑sections and immunohistochemistry (IHC)

Perfused brains prepared for IHC were placed through 0.5 M 
and 1 M sucrose solution in 0.1 M PB, frozen in −50 °C 
2-methylbutane and stored at −80 °C until use. Sagittal 
cryosections of 40 µM thickness were prepared on a Zeiss 
Hyrax C 60 cryostat and sections stored in PBS. Immuno-
histochemistry was mainly performed as in [36]. In general, 
all incubation and washing steps are performed on a shaker 
to allow proper blocking, washing and antibody distribution. 
All antibody dilutions were prepared in IHC-blocking buffer 
(BB, PBS including 0.3% Triton X-100, 10% normal goat 
serum). Brain sections were incubated in IHC-BB for 30 min 
at RT. Incubation with primary antibody was performed at 
4 °C for approximately 36 h–48 h. Afterwards, sections were 
first washed in PBS for 1 h and then thoroughly washed in 
0.2% BSA in PBS at RT for at least 30 min with several 
changes of washing buffer. Incubation with fluorescently 
labelled secondary antibodies was done for 2 h at RT. After 
final 3 × 10 min washing in PBS, and 10 min incubation 
with 1µg/ml DAPI in PBS, sections were rinsed in tap water, 
placed on superfrost objective slides (Superfrost ultra plus, 
Thermo Scientific), air dried and mounted with Mowiol. 
Information regarding antibodies and other reagents is pro-
vided in Reagents and resources table.

Electrophysiological recordings

ADAM10 cKO and wt littermates, and C57BL6/J (for 
GI254023X and tat-peptide experiments) male mice aged 
3 weeks were used. The experimenter was blind to the 
genotypes and identity of tat-peptide. Animals were anes-
thetized with  CO2 and decapitated. Brains were rapidly 
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removed from the skull and placed in an ice-cold modified 
artificial cerebrospinal fluid solution (aCSF) containing 
(in mM): 110 choline chloride, 25  NaHCO3, 25 d-glu-
cose, 11.6 Na-l-ascorbate, 7  MgSO4, 1.25  NaH2PO4, 2.5 
KCl, 0.5  CaCl2 (pH 7.4 equilibrated with 95%  O2 and 5% 
 CO2). 400 µM thick transversal brain slices were prepared 
with a microtome vf-200 tissue slicer (Compresstome, 
Precisionary Instruments, USA) and then incubated at 
30 °C for about 90 min in a physiologic aCSF containing 
(in mM): 124 NaCl, 26  NaHCO3, 10 d-glucose, 1  MgSO4, 
1  NaH2PO4, 4 KCl, 2.4  CaCl2 (pH 7.4 equilibrated with 
95%  O2 and 5%  CO2). After the incubation time, the hemi-
slices were transferred to Synchroslice recording chambers 
(Lohmann Research Equipment) perfused with aCSF at 
a flow rate of ~ 2 ml/min using a peristaltic pump (Min-
ipulse 3, Gilson, USA). The experiments were performed 
at 30 °C. For the experiments with ADAM10 inhibitor 
GI254023X, 20 µM inhibitor was included during the incu-
bation time for up to 180 min. For tat-peptide experiments, 
3 µM peptides were included during incubation time and 
recordings. All recordings were executed by using a 
2-channel Miniature Preamplifier (Multichannel Systems, 
Germany). The field excitatory post synaptic potentials 
(fEPSPs) extracellular recordings were performed by 
using a single fiber electrode (Lohmann Research Equip-
ment, Germany) placed in the CA3 pyramidal cell body 
layer. fEPSPs were evoked by stimulating the mossy fibers 
using a semi-micro concentric bipolar electrode (Lohmann 
Research Equipment, Germany) placed nearby the gran-
ule cell layer or in the hilus region. Square-wave current 
pulses were generated by a stimulus generator (Multichan-
nel Systems STG 4008, Germany) and delivered to the 
tissue. The recorded MF-CA3 signal was routinely verified 
by the following procedures, and the experiments were 
discarded if they did not match the criteria. (1) EPSPs 
showed facilitation, (2) EPSPs were largely blocked by 
application of the group II mGluR agonist (2S,2′R)-2-
(2′,3′-Dicarboxycyclopropyl) glycine (DCG-IV) (1 μM) 
at the end of the experiment. Paired-pulse ratio (PPR) 
was measured by delivering two stimuli for five times 30 
s apart at 50, 100, 200, 500 ms inter-stimulus intervals. 
The PPR was calculated by dividing the amplitude of the 
second EPSP by the amplitude of the first EPSP. Synap-
tic facilitation was examined by repetitive stimulation (5 
times) for each inter-stimulus interval, and the resulting 
potentials were averaged. Frequency facilitation was meas-
ured by delivering five pulses for five times 30 s apart 
at 50 and 100 ms inter-stimulus intervals and potentials 
were averaged. The facilitation was calculated by divid-
ing the amplitude of each EPSP response by the amplitude 
of the first EPSP response. All signals were low pass fil-
tered at 2  kHz and digitized at 10  kHz. Recordings were 

analyzed by using the SynchroSlice (Lohmann Research 
Equipment) software.

Microscopy

Widefield microscopy

Widefield imaging was performed at a Nikon Eclipse Ti-E 
microscope controlled by VisiView software, with a 100×, 
60 × objective or 10×, yielding pixel sizes of 65 nm, 108 nm 
or 650 nm equipped with standard GFP, RFP, and Cy5 fil-
ters. Illumination was achieved by a LED light source. 
Images were taken at 16-bit depth and 2048 × 2048 pixel.

Spinning disc confocal microscopy

Spinning-disc confocal microscopy was performed with a 
Nikon Eclipse Ti-E controlled by VisiView software. Illumi-
nation was done by 488 nm, 561 nm, and 639 nm excitation 
lasers, coupled to a CSU-X1 spinning disk unit via a single-
mode fiber. Emission was collected through a quad band 
filter (Chroma, ZET 405/488/561/647m) on an Orca flash 
4.0LT CMOS camera (Hamamatsu). Use of 100 × TIRF 
objective (Nikon, ApoTIRF 100×/1.49 oil) achieved a pixel 
size of 65 nm, z step size was set to 0.25–0.3 µM.

Laser scanning confocal microscopy and STED

Fixed primary cultures were imaged at a Leica TCS SP5 
confocal microscope (Leica microsystems, Mannheim, Ger-
many), controlled by Leica Application Suite Advanced Flu-
orescence software. Samples were imaged using a 63 × oil 
objective (Leica, 63 × HCX PL APO Lbd. Bl. Oil/1.40 oil). 
Fluorophores were excited with multi-Argon 488 nm, Diode 
Pumped Solid State 561 nm, HeNe 633 nm lasers and sig-
nals detected using HyD detectors. Pixel depth of 8-bit and 
frame averaging of 2 was used. For synapse imaging, dimen-
sions were set to 512 × 512 pixels, a pixel size of 80 nm, 
and a z-step size of 0.29 was set for z-stacks. For neuronal 
overview images, dimension were 1024 × 1024 pixels, pixel 
size 240 nm and z-steps of 0.4 µM were set.

A Leica TCS SP8-3X gatedSTED system equipped with 
a 470 to 670 nm pulsed white light laser (WLL) and a 
100 × objective (Leica, HC APO CS2 100×/1.40 oil) was 
used for confocal and gated STED imaging. For excitation 
of the respective channels the WLL was set to 650 nm for 
Atto647N, 561 nm for Cy3, 580 nm for Abberior Star 580, 
and 488 nm for Alexa Fluor. Signals were detected using 
HyD detectors. Confocal images were acquired as single 
planes, with 18 nm pixel size, 8-bit image depth, and a 
line average 8. STED was obtained with a 775 nm pulsed 
depletion laser for Abberior Star 580 and Atto647N, and 
with a 592 nm continuous wave laser for Alexa Fluor 488. 
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Emission spectra were collected between 660 and 730 nm, 
580 and 620 nm, 500 and 530 nm. Detector time gates 
were set to 0.5–6 ns for Abberior Star 580/Atto647N and 
1.5 ns–6 ns for Alexa Fluor 488. Images were acquired 
as single planes with a pixel size of 22.73 nm, 12-bit 
pixel depth, 600 lines per second and 16 × line averaging. 
The corresponding confocal were acquired with identi-
cal settings, except that detection time gates were set to 
0.3 ns–6 ns for all channels and the excitation power was 
reduced.

Fluorescence lifetime stimulated emission depletion 
(TauSTED, [4]) with deconvolution (TauSTED Xtend, [3]) 
imaging was performed using a STELLARIS 8 STED Fal-
con microscope (Leica Microsystems). The system utilizes 
a HC PL APO 93x/1.30 GLYC motCORR STED WHITE 
objective. Excitation was achieved using a tunable White 
Light Laser (WLL) spanning 440–790 nm, and depletion 
was performed with lasers at 589 nm and 775 nm. Detec-
tor time gates were set to 0.3–8 ns. Single plane images 
were captured with a pixel size of 25 nm, facilitated by an 
8 kHz resonant scanner and five spectrally tunable Power 
HyD detectors. STED imaging of mossy fiber boutons 
(MFBs) in cryosections of ADAM10 wt and cKO mice 
was performed on an Olympus IX83 microscope equipped 
with STEDycon unit (Abberior) and pulsed diode laser 
561  nm (for excitation of Abberior Star orange) and 
640 nm (for excitation of Abberior Star Red) as well as 
775 nm pulsed STED laser. Signals were detected with 
single photon counting avalanche photodiodes with single 
bandpass filters for 650–700 nm and 575–625 nm, respec-
tively. Excitation of DAPI for orientation within the sec-
tion was performed with a CW diode laser 405 nm, and 
detection of signals was achieved with a single photon 
counting avalanche photodiode with single bandpass filter 
for 420–480 nm. An UPLX APO 100 × objective (1.45 
NA) was used. Dual color images were taken as single 
planes with a pixel size of 25 nm, 16-bit pixel depth, 10 
µs pixel dwell time, 10 × line accumulation. Large fields 
of view (up to 20 µM × 20 µM) were acquired.

gSTED imaging for ADAM10 and syt7 co-localization 
was conducted using an Abberior STED Facility Line 
microscope (Abberior Instruments GmbH), equipped with 
a 60 × NA1.42 UPLXAPO60XO oil immersion objective. 
Excitation was provided by pulsed diode lasers PDL-T 
488, 561, and 640. Depletion for both the red and far-red 
channels was accomplished using a pulsed 775 nm laser. 
The pinhole size was adjusted to 0.81 Airy Unit (AU). 
Excitation and depletion lasers were set individually 
depending on the signal intensities. The pixel size was 
set to 20 nm. Pixel dwell times were set to 3–5 µs, gating 
for STED channels to 750 ps–8 ns. Images were acquired 
with individually adjusted line accumulation depending 
on signal intensities.

Electron microscopy

DAB and Immunogold

Perfused brains were dissected and 100 µM thick sagit-
tal sections were cut with a Vibratome (Leica VT 1000S). 
Thereafter pre-embedding immunoelectron microscopy 
was performed as following: Vibratome sections with the 
hippocampal formation were selected and cryoprotected in 
2.3 M sucrose and subjected to two cycles of freeze–thaw 
in liquid nitrogen. After rinsing in PBS, the sections were 
incubated with 10% horse serum containing 0.2% BSA 
(blocker) for 15 min and incubated with anti-ADAM10 anti-
body diluted 1:250 in PBS containing 1% horse serum and 
0.2% BSA (carrier) over night. The sections were washed 
with PBS, then further incubated with biotinylated goat anti 
rabbit IgG (Vector laboratories, Burlingame, CA) diluted 
1:1000 in carrier for 90 min. After rinsing, they were incu-
bated with ABC (Vector Labs) diluted 1:100 in PBS for 
90 min. Sections were washed again in PBS and reacted in 
diaminobenzidine (DAB)-H2O2 solution (Sigma St. Louis, 
USA) for 10 min. Thereafter the sections were rinsed three 
times in 0.1 M sodium cacodylate buffer (pH 7.2–7.4) 
(Sigma-Aldrich, Buchs, Switzerland) and incubated with 1% 
osmium tetroxide (Science Services, Munich, Germany) in 
cacodylate buffer for 20 min on ice. The osmication of sec-
tions was followed by dehydration through ascending ethyl 
alcohol concentration steps and rinsed twice in propylene 
oxide (Sigma-Aldrich, Buchs, Switzerland). Infiltration of 
the embedding medium was performed by immersing the 
sections first in a mixture of 2:1 of propylene oxide and 
Epon (Carl Roth, Karlsruhe, Germany) then in a 1:1 mixture 
and finally in neat Epon and hardened at 60 °C for 48 h. For 
post-embedding immunogold labeling, small pieces of cryo-
protected hippocampal CA3 region (2.3 M sucrose) were 
mounted on specimen holders immersed in liquid nitrogen 
and ultrathin Sects. (70 nm) were cut and labeled according 
to [49]. Briefly, sections were collected on Carbon-Formvar-
coated nickel grids (Science Services GmbH, Germany). 
Rabbit anti ADAM10 antibody dilution 1:100 was recog-
nized with 10 nm large protein A gold secondary antibody 
(purchased from G. Posthuma, University Medical Center 
Utrecht). Ultrathin sections were examined in an EM902 
(Zeiss, Germany) or JEM-2100Plus (JEOL, Germany). Pic-
tures were taken with a TRS 2K digital camera (A. Tröndle, 
Moorenweis, Germany) and XAROSA (EMSIS), respec-
tively. Information regarding antibodies and other reagents 
is provided in Reagents and resources table.

Serial block face EM

Sample blocks from hippocampal CA3 regions of 
0.5 × 0.5  mM were cut, mounted, and inserted into a 
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Gatan 3View stage (Gatan) built in a Jeol JSM-7100F 
scanning electron microscope (Jeol). For imaging, the 
sample stage was biased with a 500V positive charge to 
account for sample charging during the scanning process. 
For the acquisition, 5 × 5 or 7 × 7 nm pixel size images 
were scanned, followed by the repeated ablation of 50 nm 
or 70 nm sections. The acquisition was controlled by the 
Gatan Digital 485. Micrograph software, which was also 
used for stack alignments. Further processing of the data-
sets was performed in Fiji. To analyse MFBs in the CA3 
hippocampal region, subvolumes of such structures were 
randomly chosen and extracted to obtain smaller stacks. 
Images were contrast adjusted and, to reduce file size some 
acquisitions were adjusted to 8-bit images and scaled by 
a factor of 0.5. Afterwards, the volumes were rendered 
in Imaris v8/v9 (Bitplane; see Reagents and resources 
table) by manually identified membranes and outlining 
the structures in individual sections and creation of a 3D 
surface. All analysis steps (including selection of mossy 
fiber boutons) were performed by a researcher blinded to 
experimental group.

Analysis

Analysis of antibody staining intensities

Intensity of ADAM10 immunosignal of stained MEF cells 
was analysed on background-subtracted widefield images 
using Fiji software [48] by an experimenter blind to the 
genotype. All cells within one image were outlined after 
thresholding, and average intensities measured.

Analysis of synaptic staining

ADAM10 presence at inhibitory and excitatory synapses 
was analysed using Fiji. Average projections of confocal 
images were used. VGLUT1 or VGAT was detected using 
the “find maxima” function in the full field of view exclud-
ing 1 µM edge. For each analysis 3 control ROIs per image 
were manually chosen within the dendrite but excluding 
synaptic spots (6 control ROIs in total per image). Aver-
age intensities in circular ROIs with 0.55 µM diameter were 
measured in all channels. For each image VGLUT1 and 
VGAT values were normalized to 1, ADAM10 was normal-
ized so that all (inhibitory and excitatory) synapses average 
to 1. Changes in ADAM10 intensities at VGAT or VGLUT1 
positive spots would be reflected in these normalized values. 
For quantification of the percentage of ADAM10 positive 
synapses, synapses were defined as ADAM10 positive if the 
ROIs contain more than 2 times the ADAM10 intensity than 
the average control ROIs within the dendrite.

Analysis of mossy fibers

Suprapyramidal mossy fiber and infrapyramidal mossy fiber 
were manually measured in images of sagittal sections in Fiji 
by a researcher blind to the genotype as described in [19].

Analysis of mossy fiber boutons in IHC

STED images of MFBs in cryo sections were analysed as 
follows: Munc13-1 and bassoon clusters were detected 
using the automated wavelet transform decomposition of 
the PySODA programme [62] based on [39] by a researcher 
blind to the genotype. Segmentation parameters were set to 
scales 3 and 4 as in [62]. Clusters of areas smaller than 17 
pixels, or short axis of smaller than 4 pixels were discarded.

Statistical analysis and image representation

Statistical analysis was performed using Prism version 9 
(GraphPad). 2-WAY repeated measures ANOVA p values for 
effect of genotype or treatment unless otherwise stated. Indi-
vidual channels in multi-colour micrographs are contrasted 
for better representation, with set minimum and maximum 
identical if groups need to be compared using Fiji. No other 
modifications were done, unless otherwise stated. All analy-
sis was performed on raw images. Figures were prepared 
using Adobe illustrator, based on graphs from Prism and 
images from Fiji.

Results

ADAM10 is targeted to the axonal compartment 
during neuronal differentiation and accumulates 
at presynaptic sites in adult neurons

Despite ADAM10’s importance in neuronal function, to 
date no systematic investigation of ADAM10 localization 
in different neuron types, during development, and at the 
subcellular level has been performed. We decided to address 
this question by immunofluorescence imaging in primary 
dissociated hippocampal cultures and brain sections as well 
as electron microscopy (EM). First, we thoroughly charac-
terized an antibody directed against the intracellular car-
boxy (C)-terminus of ADAM10 (Figs. 1a–d, S1a). High 
specificity of the anti-ADAM10 C-terminal antibody was 
confirmed using immunoblotting and immunocytochemis-
try (ICC) of wildtype (wt) and ADAM10 knockout (KO) 
mouse embryonic fibroblasts (MEF cells; [17], Fig. 1b, c), 
cortical extracts of cKO mice (Fig. 1d) and ICC of primary 
hippocampal rat neurons using a blocking peptide (Fig. S1a).

We observed ADAM10 staining not only in excita-
tory cells, but also in a variety of inhibitory neurons 
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including GAD67, parvalbumin and calretinin-positive cells 
(Fig. S1b). We found that during neuronal differentiation 
ADAM10 can be detected already at day in vitro (div) 3 and, 
besides a somatodendritic expression, is highly enriched in 
the axon (Fig. 1e).

We next performed a series of ICCs of ADAM10 with 
different pre- and postsynaptic markers in mature rat hip-
pocampal neuronal cultures (Figs.  1f, g, S1c–f). Since 
the ADAM10 antibody recognizes the C-terminal cyto-
solic domain rather than the extracellular N-terminus, it is 

well-suited for determining the pre- or postsynaptic locali-
zation of the protein. To map the subcellular localization of 
ADAM10 we examined neurons filled with maxGFP. Con-
focal imaging revealed a punctate distribution of ADAM10 
throughout the neuron (Fig. S1a), and the fluorescence signal 
was closely associated with the presynaptic vesicle marker 
synaptophysin at axonal boutons (Fig. 1f, upper panel). 
When looking at dendritic spines visualized by maxGFP, 
ADAM10 was predominantly located near the edges, once 
again closely associated with synaptophysin (Fig. 1f, lower 

Fig. 1  ADAM10 is strongly enriched at presynaptic sites. a Scheme 
of ADAM10 at the synaptic membrane with indicated C-terminal 
anti-ADAM10 antibody binding. Nt N-terminus, Ct C-terminus. 
b–d Validation of the C-terminal ADAM10 antibody. b Immuno-
cytochemistry for ADAM10 in wildtype (+ / + , wt) and knockout 
(-/-, KO) MEF cells. Representative widefield image (b1) and quan-
tification (b2) show strong reduction of ADAM10 immunoreactivity 
in KO MEF cells. n = 10 (wt), n = 11(KO) images from 1 MEF cell 
preparation. 2-tailed unpaired Student’s t-test. Data are represented as 
mean ± SEM. c Immunoblot analysis of ADAM10 wt and KO mouse 
embryonic fibroblast (MEF) cell lysates, detected with C-terminal 
ADAM10 antibody, indicates loss of ADAM10 bands corresponding 
to the precursor and mature form of the protease in KO cells. pA10: 
precursor of ADAM10; mA10: mature ADAM10. d Immunoblot of 
P21 A10 cKO and wt cortical extracts shows strong reduction in the 
ADAM10 signal in the cKO. pA10: precursor of ADAM10; mA10: 
mature ADAM10. e Representative maximum projections of confocal 
images of hippocampal primary cultures at div3. Immunostaining for 

ADAM10 (green), the axonal marker tau (blue), and MAP2 (red) as a 
dendritic marker. Note the strong enrichment of ADAM10 at the axon 
and axonal growth cones already in young cultures. f Left: Represent-
ative maximum projection of confocal images of a div18 primary rat 
hippocampal neuron, transfected with a maxGFP cell fill (green) and 
stained for ADAM10 (red) and the presynaptic vesicle marker syn-
aptophysin (blue) in an axon and at a dendrite. ADAM10 is present 
at presynaptic boutons. Note that dendritic spines are largely devoid 
of ADAM10. Right: Line scans of indicated axonal bouton and den-
dritic spine. g Representative gated STED images of mature rat hip-
pocampal primary neurons (div17) stained for ADAM10 (green), in 
combination with presynaptic cytomatrix of the active zone (CAZ) 
protein piccolo (red) and the vesicle marker synaptophysin (blue) or 
the presynaptic CAZ protein bassoon (blue), and the postsynaptic 
scaffold shank3 (red). Boxes indicate position of zoom-ins, lines were 
used for the line profiles shown. Note the localization of ADAM10 
on the presynaptic (bassoon, blue) site. Right: Line scans of indicated 
synapses. See also Figure S1
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panel), showing surprisingly little signal in dendrites and 
postsynaptic sites. To verify the presynaptic localization 
of ADAM10, we turned to super-resolution imaging and 
performed gated stimulated emission depletion nanoscopy 
(gSTED). We observed that ADAM10 is present mainly in 
the presynaptic compartment of synapses. It colocalizes with 
the presynaptic proteins bassoon and piccolo and not the 
postsynaptic protein shank3 (Fig. 1g).

We next investigated the presence of ADAM10 at dif-
ferent types of presynaptic terminals (Fig. S1c-f). Mature 
primary hippocampal cultures stained for ADAM10 and the 
presynaptic vesicle markers VGAT (inhibitory synapse) and 
VGLUT1 (excitatory synapse) show colocalization of both 
markers with ADAM10 (Fig. S1c). Quantification revealed 
that approximately 80% of inhibitory and excitatory syn-
apses are ADAM10-positive and there is a correlation 
between ADAM10 and VGAT/VGLUT1 intensity (Fig. S1d, 
e, see methods). Line scans of confocal and gSTED images 
confirmed the localization of ADAM10 with both inhibi-
tory and excitatory presynaptic vesicle markers (Fig. S1f). 
This is particularly intriguing as the presynaptic localization 
of ADAM10 implies potential unexplored functions of the 
protease.

ADAM10 is present in presynaptic vesicles 
at hippocampal mossy fiber synapses

Given that primary hippocampal cultures comprise a variety 
of neuronal subtypes, we next set out to analyze the locali-
zation of ADAM10 in the hippocampus where its proteol-
ysis-related functions have been previously explored [21, 
41, 55]. Following diaminobenzidine (DAB) staining of a 
mouse brain we found a strong enrichment of ADAM10 in 
MFs, which arise from dentate gyrus granule (DG) neurons 
(Fig. 2a). Mossy fiber boutons carry specialized excitatory 
synapses that contact postsynaptic thorny excrescences on 
proximal dendrites of CA3 neurons. A single MFB has about 
20 release sites onto a CA3 neuron [44] and a single DG 
neuron forms about 15 MFBs along its axon, which con-
nect with different postsynaptic CA3 pyramidal neurons [5]. 
As these contacts are vital for hippocampal function and 
information processing, we decided to investigate the exact 
localization and function of ADAM10 at MFs in more detail. 
EM of DAB-labelled sections revealed ADAM10 staining 
in the presynaptic MFBs (Fig. 2b, pink arrows) opposing 
the postsynaptic densities of CA3 thorny excrescences, that 
was not found in the anti-ADAM10 antibody-lacking con-
trol (Fig. 2b, yellow arrows). Immunogold labeling with the 
same antibody indicated that ADAM10 localized to synaptic 
vesicles (Fig. 2c). Gold particles were exclusively located on 
the outside (cytosolic side) of vesicles, as would be expected 
if ADAM10 is integrated into the vesicular membrane 
(Fig. 2c). Of the 162 gold particles detected in 11 electron 

micrographs containing MFBs, only 7 (4%) of them local-
ized to the plasma membrane whereas the majority (146, 
90%) were associated with synaptic vesicles. The remain-
ing 9 particles (6%) were located outside of the MFBs. This 
suggests that most presynaptic ADAM10 is associated with 
synaptic vesicles.

The strong enrichment of ADAM10 in MFBs suggests 
a prominent role at this synapse. As there are no reports 
related to ADAM10 function at MFBs, we decided to 
investigate this in more detail using ADAM10 cKO mice. 
This mouse model lacks ADAM10 in DG and other excita-
tory neurons of the forebrain through CaMKII-driven Cre 
recombinase expression [41]. An anatomical examination 
using the MF marker synaptoporin and the nuclear marker 
DAPI showed no alterations in the overall morphology of 
intra- and suprapyramidal mossy fiber tracts (length ratio, 
Fig. S2a). This suggests that hippocampal connectivity in 
ADAM10 cKO mice remains normal.

To investigate the effect of ADAM10 on MFB morphol-
ogy in greater detail we then used serial block face EM 
(SBEM) to reconstruct 19 control and 23 ADAM10 cKO 
MFBs in three dimensions (Fig. 2d, Videos S1–4). No dif-
ferences were observed in the volume or surface area of the 
MFBs although the MFBs of ADAM10 cKO mice were sim-
pler, as indicated by sphericity measurements (Fig. 2f). Next, 
for the analysis of presynaptic active zones in MFBs, we 
performed immunohistochemistry (IHC) and STED imag-
ing in cryosections of ADAM10 wildtype and cKO mice 
(Fig. S2b). We used bassoon as a marker for presynaptic 
active zones and munc13-1, which, due to its important 
function in vesicle priming, is a good proxy for the ready 
releasable pool of vesicles [26, 46]. These markers label 
multiple release sites within the same MFB which are dis-
tinguishable by STED imaging [10]. There was only a minor 
increase in average bassoon cluster sizes and no changes 
in munc13 clusters, suggesting ADAM10 may not affect 
vesicle priming (Fig. S2c). Taken together, these data indi-
cate that neuron-specific deletion of ADAM10 has a minor 
impact on the ultrastructure of presynaptic contact sites and 
MFB morphology. This is surprising because the deletion of 
ADAM10 in the CA1 region of the hippocampus has a pro-
found effect on synaptic morphology [41] and suggests that 
the protease may have a different function at MFB synapses.

Loss of ADAM10 diminishes DG‑CA3 mossy fiber 
synaptic facilitation

As ADAM10 is highly enriched at synaptic vesicles in 
MFBs, we reasoned that it may have an impact on trans-
mitter release. To test this, mossy fibers were stimulated, 
and field excitatory postsynaptic potentials (fEPSP) were 
recorded in the CA3 stratum radiatum (Figs. 3a–d, S3a–d). 
The mossy fiber origin of the fEPSPs was confirmed at the 
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end of every experiment by the subsequent loss of response 
upon applying the group II mGluR agonist DCGIV, which 
selectively inhibits presynaptic release at DG-MF synapses 
but not at associational or commissural synapses [Fig. 3c, 
[27]]. There were no differences in stimulation threshold or 
fiber volley amplitude in slices from WT and ADAM10 cKO 
mice, suggesting that ADAM10 does not change excitability 
or basal MF-CA3 transmission (Fig. S3a, b).

A characteristic feature of DG-CA3 mossy fiber syn-
apses is the pronounced frequency dependent facilitation of 
transmitter release. This property is mediated by presyn-
aptic mechanisms [reviewed in [18, 38, 42]]. Importantly, 
we found that in ADAM10 cKOs paired-pulse facilitation 
is significantly reduced over a wide range of interstimulus 
intervals (ISIs, Fig. 3b) while initial responses were similar 
(Fig. S3c). Facilitation evoked by short trains of stimuli was 
also impaired for frequencies of 10 and 20 Hz (Figs. 3c, d, 

S3d). Thus, loss of ADAM10 perturbs presynaptic facilita-
tion without affecting synaptic morphology or responses to 
single stimuli.

ADAM10 effects on presynaptic plasticity are 
independent of its proteolytic activity

Taking into account the multiple synaptic substrates of 
ADAM10 we next asked if the ADAM10 proteolytic activ-
ity is necessary for presynaptic facilitation. To test this, we 
inhibited ADAM10 protease activity by pre-incubation of 
slices with the selective ADAM10 inhibitor GI254023X 
[20] three hours prior to the electrophysiological experi-
ments (Figs. 3e–h, S3e–h). Surprisingly, GI254023X had no 
effect on facilitation either induced by paired pulses or trains 
(Figs. 3e–g, S3e–h). The amplitude of the first response was 
also unchanged (Fig. S3g). As an important positive control, 

Fig. 2  ADAM10 in enriched in vesicles of mossy fiber boutons, that 
show only minor morphological changes in cKO animals. a DAB 
staining of ADAM10 in an adult wildtype mouse hippocampus shows 
strong enrichment of ADAM10 in mossy fibers. DG dentate gyrus, 
MF Mossy fibers. b High magnification of ADAM10 DAB and con-
trol (without primary antibody) staining in MF-CA3 synapses. Note 
the strong ADAM10 localization to the presynaptic site (pink arrow) 
and lack of DAB staining at the presynaptic membrane in the control 
(yellow arrowhead). S: dendritic spine. B: mossy fiber bouton (false 
coloured in blue). c Immunogold EM of a P21 wildtype mouse with 

focus on hippocampal mossy fiber boutons. Note that lack of gold 
particles at the synaptic membrane and that gold particles localize to 
the outside of vesicles, as the antibody detects ADAM10’s cytosolic 
C-terminus (see the scheme). d Example of ADAM10 cKO and wt 
mossy fiber bouton 3D reconstructions from SBEM data. See also 
Videos S1–S4. e Quantification of MFB volume, surface area and 
sphericity. n = 19 (wt), n = 23 (cKO) boutons from 3 animals each. 
2-tailed unpaired Student’s t-test (volume, surface area) and Mann 
Whitney U-test (sphericity). Data are represented as mean ± SEM. 
See also Figure S2
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we collected the slices after the experiments that protease 
activity was blocked by the GI254023X treatment (Fig. 3h). 
The specific ADAM10 cleavage products shed prion pro-
tein (sPrPc; [32]) and N-cadherin C-terminal fragment [43] 
were strongly reduced in GI254023X-treated slices (Fig. 3h). 
Thus, the presence of ADAM10 protein per se rather than the 
enzymatic activity is important for its role in MF short-term 
plasticity.

ADAM10 is involved in synaptotagmin 7‑dependent 
mechanism of presynaptic facilitation

In search for a molecular explanation of how ADAM10 
contributes to presynaptic plasticity of MFBs, we noted 
the decreased MF short-term plasticity in the absence of 
ADAM10 closely resembles the reduced facilitation previ-
ously observed at this synapse in syt7 KO mice [24]. Syt7 

Fig. 3  ADAM10 is required for the expression of presynaptic mossy 
fiber short-term plasticity which does not depend on the enzymatic 
activity of the protease. a Image of an acute hippocampal slice with 
indicated positions for stimulating (MF) and recording (CA3) elec-
trodes. b–d Mossy fiber plasticity of ADAM10 wt and cKO animals. 
b Paired pulse facilitation ratio at different stimulation frequencies 
and example traces (average of 5 sweeps, inlet) of evoked fEPSPs at 
20 Hz of ADAM10 cKO and wt mice. ADAM10 cKO show impaired 
facilitation. n = 18 (wt), n = 19 (cKO) slices from 5 mice each. Two-
way repeated measures ANOVA. ****p < 0.0001. Data are repre-
sented as mean ± SEM. c Example traces of train facilitation at 20 
Hz in wt and cKO slices. Application of the group II mGluR ago-
nist DCGIV (1 µM) leads to a loss of response and is used to prove 
the mossy fiber origin of the detected signal. d Quantification of the 
ratio calculated from the fEPSP amplitudes measured in response to 
train facilitation. ADAM10 cKO slices show an impaired response to 
train stimulation at 20 Hz (dark colours) and 10 Hz (light colours). 
2-way repeated measures ANOVA. ****p < 0.0001. n = 18 slices 
(wt), n = 19 slices (cKO) from 5 mice each. Data are represented 
as mean ± SEM. e–h MF plasticity of wt animals with or without 
ADAM10 inhibitor (GI254023X) treatment. e Paired pulse facili-
tation ratio at different stimulation frequencies and example traces 
[average of 3 (GI254023X) or 4 (ctr) sweeps, inlet] of evoked fEP-

SPs at 20 Hz of wt mouse slices upon inhibition of ADAM10 activ-
ity. Application of the ADAM10 inhibitor GI254023X does not affect 
synaptic facilitation. Two-way repeated measures ANOVA. Treat-
ment p = 0.3113. n = 12 slices (control); n = 11 slices (GI254023X) 
from 3 mice each. Data are represented as mean ± SEM. f Exam-
ple traces of train facilitation at 20 Hz in wt slices with and with-
out ADAM10 inhibitor (GI254023X). Application of the group II 
mGluR agonist DCGIV (1 µM) leads to a loss of response and is used 
to prove the mossy fiber origin of the detected signal. g Quantifica-
tion of the ratio calculated from the fEPSP amplitudes measured in 
response to train facilitation. Treatment with ADAM10 inhibitor does 
not change the ratio calculated in response to train stimulation at 20 
Hz (dark colours) and 10 Hz (light colours). Two-way repeated meas-
ures ANOVA. p = 0.5764 (10 Hz), p = 0.9124 (20 Hz). n = 12 (con-
trol); n = 11 slices (GI254023X) from 3 mice each. Data are repre-
sented as mean ± SEM. h Immunoblot analysis of acute hippocampal 
wt slices untreated or treated with GI254023X confirming that the 
application of the ADAM10 inhibitor does in fact reduce ADAM10 
activity. Note the reduced substrates cleavage (PrPc to shed PrPc, 
N-cadherin to C-terminal fragment CTF) in the GI254023X group. 
d di-glycosylated, m mono-glycosylated, u unglycosylated. See also 
Figure S3
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is a transmembrane calcium sensor protein. It contains two 
cytosolic C2 domains that allow  Ca2+ binding, as well as 
binding to phospholipids and other interaction partners. 
Among synaptotagmins, syt7 has one of the highest  Ca2+ 
affinities and slow  Ca2+- un/binding kinetics as well as slow 
phospholipid disassembly rates [reviewed in [22, 23]].

We were therefore interested to study whether ADAM10 
and syt7 play an orchestrated function in MF short-term 
plasticity (Figs.  4, 5). Immunoblot analysis revealed a 
20% reduction in syt7 levels in hippocampal slices from 
ADAM10 cKO mice. In contrast, the major calcium buffer 
in MFs, calbindin was unchanged suggesting importantly 
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that calcium buffering is unaffected by the loss of ADAM10 
(Fig. 4a). Similarly, the synaptic vesicle-associated protein 
VAMP1 was also not changed (Fig. 4a) confirming obser-
vations by Cozzolino et al. that presynaptic vesicle number 
is not affected in cKO ADAM10 mice [13]. We reasoned 
that the modest reduction in syt7 protein levels could not 
alone account for the profound loss of facilitation. There-
fore, we next asked whether ADAM10 and syt7 are found 
in the same complex. For this we performed an endogenous 
immunoprecipitation of ADAM10 from synaptosomes of 
wildtype mice. Indeed, we found that syt7 co-precipitated 
with ADAM10, irrespectively of  Ca2+ presence (Fig. 4b). 
This finding was further confirmed by heterologous co-
immunoprecipitations from Neuro-2a cells (Fig. 4c).

To obtain further evidence of syt7 and ADAM10 associa-
tion in neurons we performed superresolution microscopy. 
We used the rabbit C-terminal ADAM10 antibody directly 
conjugated to CF488A dye in combination with rabbit 
syt7 and guinea pig bassoon antibodies. TauSTED Xtend 
imaging uses less power of depletion laser and is advanta-
geous for visualization the low intensity signals of directly 
labelled primary antibodies. We found that a fraction of 
ADAM10 puncta indeed colocalize with syt7 at the presyn-
apse (Fig. 4d). We then performed a proximity ligation assay 
(PLA) which indicates interacting protein in cells. For this, 
we switched to a mouse syt7 antibody, as two different spe-
cies (e.g. mouse and rabbit) are required. Importantly, we 
could also see a partial colocalization of ADAM10 and syt7 
at presynaptic sites using this antibody (Fig. S4a). The PLA 
assay resulted in considerable signal in primary neuronal 
cultures labeled with ADAM10 and syt7 antibodies but not 
in antibody-negative controls (Fig. S4b). Co-staining with 
phalloidin to visualize neuronal morphology and bassoon to 

label presynaptic sites indicated that syt7 can form a com-
plex with ADAM10 at the presynapse (Figs. 4e, S4b).

Since both ADAM10 and syt7 are present on the vesicu-
lar and plasma membrane, respectively, association in one 
complex would have to occur via the 55 amino acid long 
cytosolic tail of ADAM10 (scheme Fig. 5a). Notably, the 
C-terminus of ADAM10 contains two proline-rich PxxP 
motifs that are known to be sites of protein–protein interac-
tion [15]. We hypothesized that preventing syt7 from inter-
acting with this region of ADAM10 would prevent facilita-
tion of synaptic release, similar to the ADAM10 cKO. We 
therefore generated a cell-permeable tat-peptide correspond-
ing to mouse ADAM10 amino acids 709–730 covering all 
PxxP motifs (ADAM10-tat, Fig. 5a), which should bind syt7 
and block the interaction of syt7 with ADAM10. An almost 
identical tat-peptide was previously shown to disturb C-ter-
minal interactions of ADAM10 [35]. As a control peptide we 
substituted alanines for all prolines. We performed a new set 
of electrophysiological experiments, this time using slices of 
wildtype mice in the presence of either 3 µM ADAM10-tat 
or 3 µM control-tat-peptide (Figs. 5b–d, S5). Basal trans-
mission was unaffected by including ADAM10-tat-peptide 
compared to control-tat-peptide (Fig. S5a, b). As hypoth-
esized, application of ADAM10-tat-peptide but not control-
tat-peptide reduced the paired-pulse ratio (Figs. 5b, S5c) and 
train facilitation (Figs. 5c, d, S5d), similar to the ADAM10 
cKO (Fig. 3). Importantly, immunoblot analysis revealed 
that ADAM10-tat-peptide does not decrease MF-CA3 
facilitation by decreasing syt7 protein levels (Fig. 5e). The 
fact that applying the tat-peptide acutely mimics ADAM10 
cKO strongly suggests that it is primarily the syt7-ADAM10 
interaction that is required for presynaptic facilitation. From 
these data we conclude that ADAM10 and syt7, in concert 
with other -to be identified- presynaptic proteins, cooperate 
to regulate MF short-term plasticity.

Discussion

Considering that ADAM10 is a prominent disease-associ-
ated protease whose function has been intensively investi-
gated, little was known about the cellular and subcellular 
localization of the protein in the brain. In this study, we 
show that ADAM10 has a prominent axonal localization 
already very early in neuronal differentiation. During syn-
aptogenesis ADAM10 accumulates at presynaptic sites. In 
the hippocampus ADAM10, we observed that ADAM10 is 
highly enriched in MFBs of dentate granule cells where it is 
almost exclusively found on presynaptic vesicles. By com-
bining functional and biochemical studies we discover that 
ADAM10, in concert with syt7, increases facilitation at this 
synapse independently of its proteolytic activity. This sheds 

Fig. 4  ADAM10 acts via the syt7 pathway. a Syt7 levels in hip-
pocampus of ADAM10 cKO mice are reduced, while the major 
mossy fiber calcium buffer calbindin and the vesicle marker VAMP 
are unchanged. n = 3 acute slice preparations of 3 animals (same 
slices as in Fig. 4). Unpaired, 2-tailed Student’s test. b Synaptic syt7 
associates with ADAM10 in a  Ca2+-independent manner. Endog-
enous Co-immunoprecipitations from mouse synaptosomes in pres-
ence of 200 µM  CaCl2 or 2 mM EGTA. *Unspecific band. Note the 
different exposure times for the lower blot. syso: synaptosomes; 
ctr: control. c Heterologous Co-immunoprecipitations from Neuro-
2a cells shows syt7-GFP is in one complex with ADAM10 in both 
calcium (200  µM) and calcium-free (2mM EGTA) conditions. d, e 
ADAM10 and syt7 co-localize in primary hippocampal cultures. d 
Representative maximum projections of STED Xtend superresolu-
tion images of mature primary hippocampal cultures stained with a 
CF488A-pre-labelled ADAM10 antibody (green), syt7 (red) and the 
presynaptic scaffold bassoon (blue) and line scans. e Proximity liga-
tion assay (PLA) for ADAM10 and syt7 in mature hippocampal cul-
tures showing PLA signals at neuronal processes/axons indicating 
that both proteins are in close proximity (< 40 nm). Example maxi-
mum projection of a spinning disc confocal image showing the PLA 
signal (blue), cell morphology marker actin (phalloidin, green) and 
the synaptic marker bassoon (red). See also Figure S4

◂
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light on previously undiscovered physiological function of 
ADAM10.

Previous studies have focused on the proteolytic func-
tion of ADAM10 and the identification of substrates in the 
brain. As several of the most important substrates including 
APP, prion protein and neuroligins are expressed postsyn-
aptically, it was largely assumed that ADAM10 would be 
mainly expressed in dendrites and postsynaptic sites [45] 
although some earlier studies suggested a presynaptic locali-
zation [33, 34, 58]. Of note, no high-resolution microscopy 
studies with knockout validated antibodies were available 
in the literature, leaving the subcellular localization of 
ADAM10 still an open question. Likewise, several promi-
nent ADAM10 substrates are not exclusively postsynap-
tic. APP, for example, is also enriched at the presynapse 
[11, 61]. Other important ADAM10 substrates, such as the 
Notch receptor, low density lipoprotein receptor, neurexin-1 
and neuronal cell adhesion molecule, are also presynaptic 
[17, 30, 55, 65]. As the proteolytic domain is extracellular, 
either a presynaptic or postsynaptic localization does not 
preclude shedding of the extracellular domains of proteins 
located in adjacent membranes. Consistent with our EM 

data showing a predominantly presynaptic localization is 
the finding that ADAM10 is enriched in the purified brain 
vesicle fraction [33]. Likewise, a mass spectrometry profil-
ing of the ADAM10 complex indicated the presence of sev-
eral active zone components including piccolo and bassoon 
[13]. Together with our localization data these observations 
strongly support a predominantly presynaptic localization 
of ADAM10.

Our results also explain a previous observation on activ-
ity-dependent substrate shedding by ADAM10: Shedding 
of neuroligin 3, which promotes glioma growth, is neuronal 
activity dependent and is prevented by inhibiting action 
potential-dependent transmitter release with tetrodotoxin 
[58]. In light of our findings, we can hypothesize how this 
activity dependence of ADAM10-mediated shedding could 
occur. When ADAM10-decorated vesicles fuse and trans-
mitter is released, the catalytic domain, which was previ-
ously inside the vesicles, will now be exposed extracellularly 
within the synaptic cleft where it can cleave its substrates. In 
basal conditions, we observed 90% of anti-ADAM10 immu-
nogold labeling to be associated with vesicles and only 4% 
associated with other membranes and 6% elsewhere. Thus, 

Fig. 5  ADAM10 C-terminus is required for mossy fiber short-term 
plasticity. a Scheme of tat-peptide in relation to ADAM10 C-ter-
minus. l length, aa amino acids. b Paired pulse facilitation ratio at 
different stimulation frequencies and example traces (average of 
5 sweeps, inlet) of evoked fEPSPs at 20 Hz in hippocampal slices 
treated with ctr-tat or ADAM10-tat peptide. Application of ADAM10 
C-terminus targeted tat-peptide leads to impairment in facilitation. 
Two-way repeated measures ANOVA. **p = 0.0086. n = 12 slices 
from 3 mice each. Data are represented as mean ± SEM. c Exam-
ple traces of train facilitation at 20 Hz in both experimental groups. 
Application of the group II mGluR agonist DCGIV (1 µM) is used as 

control for the mossy fiber origin of the detected signals. D Quantifi-
cation of the ratio calculated from the fEPSP amplitudes measured in 
response to train facilitation. Impaired response upon ADAM10-tat-
peptide treatment to train stimulation at 20 Hz (dark colours) and 10 
Hz (light colours). 2-Way repeated measures ANOVA. * p = 0.0294 
(10 Hz), * p = 0.0409 (20 Hz). n = 12 slices from 3 mice each. Data 
are represented as mean ± SEM. e Syt7 levels are not changed in hip-
pocampal slices after treatment with ADAM10-tat peptide compared 
to control-tat peptide. n = 3 acute slice preparations of 3 animals. 
Unpaired, 2 -tailed Student’s test. See also Figure S5
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neuronal activity could add another level of regulation of 
sheddase activity. It would be interesting to investigate in the 
future if this hypothesis holds true, because this would allow 
activity-dependent substrate cleavage. Furthermore, since 
APP as well as the γ-secretase presenilin are also present at 
the presynapse [8, 11, 61], it will be important to investigate 
the contribution of presynaptic ADAM10 in APP cleavage 
and pathology of Alzheimer’s disease.

The enrichment of ADAM10 at MF-CA3 synapses is 
striking. These synapses have a unique morphology, molec-
ular composition and exhibit strong frequency facilitation 
contributing to their designation as a ‘detonator’ synapse 
[6, 29]. The conditional deletion of ADAM10 had no major 
impact on DG-CA3 connectivity or the morphology of 
MFBs. We also did not observe a change in munc13-1 clus-
ters, which might indicate there is no change in the ready 
releasable pool size or the initial probability of presynaptic 
vesicle release when ADAM10 is missing [46]. Directly 
measuring these properties at MFB-CA3 synapses is com-
plicated by other excitatory synapses onto CA3 neurons and 
the challenge of obtaining enough responses in paired patch 
recordings for such an analysis but would be interesting to 
attempt by imaging glutamate release (e.g. [14]). Our obser-
vation that initial fEPSP amplitude was similar in ADAM10 
cKO mice compared to wt, would suggest that probability 
of release for single stimuli is unchanged and is consistent 
with a previous report that showed that input–output curves 
of the Schaffer collateral pathway of ADAM10 cKO were 
unaffected [41]. On the other hand, the decrease in facilita-
tion would suggest an increase in release probability. While 
we cannot rule out any change of release properties, our 
results suggest basal release it is not dramatically affected.

What could be the function of ADAM10 at MF-CA3 
synapses? Our electrophysiology data demonstrate that 
ADAM10 at MFBs promotes frequency facilitation, a hall-
mark of MF-CA3 synapses [47, 54]. Facilitation is high at 
synapses where the probability of transmitter release after 
single action potentials is low. At such synapses, single 
action potentials will not cause postsynaptic neurons to 
spike. Instead, a burst of action potentials in the presynaptic 
neuron is required before the postsynaptic neurons will spike 
and transmit information within a circuit. As ADAM10 pro-
motes facilitation at the MF-CA3 synapse, loss of ADAM10 
is expected to decrease information transmission from the 
dentate gyrus to the hippocampus, thus contributing to 
the cognitive and learning deficits associated with loss of 
ADAM10 [41].

Unexpectedly, the impairment of MF facilitation in cKO 
mice is not a result of loss of ADAM10 proteolytic activ-
ity as pharmacological inhibition of ADAM10 in wildtype 
slices had no impact in this plasticity paradigm. Importantly, 
the application of a tat-peptide, mimicking the cytosolic 
tail of ADAM10, replicates the observed physiological 

phenotype of ADAM10 cKO mice. This implies that the 
identified plasticity defects result from the involvement of 
ADAM10's cytosolic C-terminus and are independent of 
ADAM10 extracellular enzymatic activity. Furthermore, 
this finding indicates that the observed plasticity defects 
are not attributable to the minor morphological changes 
observed in MFBs of the cKO mice. Our results underscore 
the essential role of cytosolic protein interactions, rather 
than the proteolytic function, of ADAM10 in a paradigm of 
plasticity, highlighting the diverse cellular functions carried 
out by the same protein. The cytosolic tail has been shown 
to be critical for the basolateral localization of ADAM10 
in epithelial cells [63] and in postsynaptic localization via 
interaction with the scaffolding protein SAP97 [35]. Of note, 
a closely related protease, ADAM17, which is also expressed 
in the brain and shares some substrates with ADAM10 [45, 
66], does not seem to compensate for the structural role of 
ADAM10. Our data reveal a hitherto poorly recognized non-
proteolytic role of ADAM10 in presynaptic vesicle release. 
Therapeutically targeting ADAM10 by small molecules or 
other means may therefore also cause an altered synaptic 
plasticity possibly associated with unwanted side effects.

What could be the molecular underprints explaining 
the ADAM10 cKO facilitation deficits? There is not much 
known about presynaptic interaction partners of ADAM10. 
Recently, a cytomatrix of the active zone (CAZ) protein, 
piccolo, was reported to associate with ADAM10 [13]. 
However, neither piccolo knockout animals, nor neurons 
double deficient for piccolo and the highly homologous 
protein bassoon, show presynaptic facilitation deficien-
cies [1, 12, 37]. Interestingly, at most strongly facilitating 
synapses, including the hippocampal MFBs, the calcium 
sensor syt7 is required [23]. In contrast to the fast sen-
sors that mediate rapid neurotransmitter release, such as 
vesicular syt1, syt7 localizes to the presynaptic membrane 
and is a higher affinity calcium sensor with slow on/off 
kinetics [50, 59]. In syt7 knockout mice facilitation is 
abolished, whereas the initial probability of release and 
presynaptic residual calcium concentrations are unaltered 
[24]. Whereas ADAM10 cKO does not abolish facilita-
tion, it strongly reduces it. Indeed, we found that syt7 
and ADAM10 do not only localize in a physical prox-
imity at the presynapse but also interact suggesting that 
ADAM10 exerts it effects on facilitation via syt7. Loss of 
ADAM10 reduced hippocampal levels of syt7 by about 
20%, which may contribute to the reduction in EPSP 
facilitation. However, acutely interfering with cytosolic 
protein–protein interactions with the ADAM10-tat-peptide 
similarly decreased facilitation suggesting a more direct 
role of ADAM10 in maintaining frequency facilitation. 
As ADAM10 and syt7 are associated with vesicles and 
the plasma membrane respectively, several scenarios are 
possible: (1) ADAM10/syt7 interaction may participate 
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in vesicle docking, (2) ADAM10 may recruit syt7 to pre-
synaptic release sites with docked vesicles, (3) ADAM10 
may stabilize syt7 complexes. Another interesting aspect 
of syt7 regulation at the presynapse is its dependency on 
the γ-secretase activity of presenilin, which regulates syt7 
protein levels in the mossy fibers without impacting the 
morphology of presynaptic terminals [8]. The proposed 
mechanism suggests that a lack of γ-secretase results in 
the presynaptic accumulation of the C-terminal fragment 
of APP, which can interact with syt7, possibly targeting 
the calcium sensor for degradation. As we also observed a 
reduction of syt7 in hippocampal slices of ADAM10 cKO 
mice, and the presynaptic facilitation defects in presenilin-
deficient mice resemble those of ADAM10 cKO, it is pos-
sible that these molecules are orchestrated in their action 
on the presynaptic release machinery. Future research will 
shed light on the mechanistic aspects of ADAM10 and 
syt7 interplay for the control of presynaptic short-term 
plasticity.

Whether ADAM10 also plays a role in vesicle release 
and facilitation at other synapses or only at MFB synapse 
remains an open question. Syt7 is diffusely present along 
axonal and dendritic membranes where it is involved in 
exocytosis of other vesicle types, such as lysosomes or 
dense core vesicles [40, 57]. Since both proteins are also 
expressed in secretory cells [9, 53] it will be interesting 
to investigate if ADAM10 also plays a role in non-action 
potential driven vesicular release.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s00018- 024- 05327-8.

Acknowledgements We would like to thank Sabine Graf and Jan 
Schröder (ZMNH, Hamburg) for help with electrophysiological record-
ings at the Ssynchroslice, Dr. Oliver Kobler (Combinatorial Neuro-
imaging Core Facility (CNI), LIN Magdeburg), as well as Andreas 
Fulterer (Leica) and the European Molecular Biology Laboratory 
(EMBL) Imaging Centre for help with STED imaging, Dr. Antonio 
Virgilio Failla (UKE Microscopy Imaging Facility (UMIF)) for access 
and use of their Leica SP5 confocal microscope, Dr. Rudolph Reimer 
(Heinrich-Pette-Institut, Leibniz Institute for Experimental Virol-
ogy, Hamburg) for help with SBEM data acquisition and microscope 
access, Abberior GmbH for access to the STEDYCON system, and 
Marc Erhardt (HU Berlin) for access to the Abberior STED system. 
Abberior STED System was funded by the DFG—INST 276/760-1. We 
thank Hermann Altmeppen for the anti-shed Prion antibody and Volker 
Haucke for the syt7-GFP construct. We acknowledge Marlies Rusch, 
Chudamani Raithore and Lisa Mallis for technical assistance and The-
resa Felix for help with initial EM analysis and Michael R. Kreutz 
and M. Marunde for sharing embryonic rat brain tissue. This research 
is supported by the German research foundation (CRC877 B12 to 
MM and A3/Z3 to PS, Excellence Strategy—EXC-2049-390688087, 
FOR2419 P2 and CRC1315 A10 to MM and FOR2419 P7 to CEG).

Author contributions Designed experiments (JB, TF, CEG, PS, MM), 
performed experiments (JB, TF, CCR, LS, MG, MS, MM), analyzed 
and interpreted data (JB, TF, MB, JRB, FD, PS, MM), developed the 
manuscript concept and wrote the paper (JB, PS, MM), reviewed and 

edited the paper (JB, TF, CCR, CEG, MB, PS, MM) and funding acqui-
sition (PS, CEG, MM).

Funding Open Access funding enabled and organized by Projekt 
DEAL. We acknowledge support by the Open Access Publication 
Fund of Humboldt-Universität zu Berlin. This research is supported 
by the German research foundation (CRC877 B12 to MM and A3/Z3 
to PS, Excellence Strategy—EXC-2049-390688087, FOR2419 P2 and 
CRC1315 A10 to MM and FOR2419 P7 to CEG).

Data availability Materials (ADAM10 cKO mice) can be requested 
from Paul Saftig.

Declarations 

Conflict of interests The authors have no relevant financial or non-
financial interests to disclose.

Ethical approval Animal experiments were carried out in accord-
ance with the European Communities Council Directive (2010/63/
EU) and the Animal Welfare Law of the Federal Republic of Ger-
many (Tierschutzgesetz der Bundesrepublik Deutschland, TierSchG) 
approved by the local authorities of Schleswig–Holstein/Germany 
(V242-20464/2021 (31-4/21)) or of the city‐state Hamburg (Behörde 
für Gesundheit und Verbraucherschutz, Fachbereich Veterinärwesen, 
from 21.04.2015, ORG781 and 1035) and the animal care committee 
of the University Medical Center Hamburg‐Eppendorf.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

 1. Ackermann F, Schink KO, Bruns C, Izsvák Z, Hamra FK, Rosen-
mund C, Garner CC (2019) Critical role for Piccolo in synaptic 
vesicle retrieval. Elife 8:e46629. https:// doi. org/ 10. 7554/ eLife. 
46629

 2. Altmeppen HC, Prox J, Krasemann S et al (2015) The sheddase 
ADAM10 is a potent modulator of prion disease. Elife 4:e04260. 
https:// doi. org/ 10. 7554/ eLife. 04260

 3. Alvarez L.A.J., Schwarz U, Dyba M, Hecht F, Roberti MJ (2024) 
Gentle, multicolor live imaging at the nanoscale with TauSTED 
Xtend. Appl Note

 4. Alvarez L.A.J., Schwarz U, Friedrich L, Foelling J, Hecht F, Rob-
erti MJ (2021) TauSTED: pushing STED beyond its limits with 
TauSTED. Nat Methods. Application Note

 5. Amaral DG, Ishizuka N, Claiborne B (1990) Chapter 1 Chap-
ter Neurons, numbers and the hippocampal network. In: Storm-
Mathisen J, Zimmer J, Ottersen OP (eds) Progress in Brain 
Research. Elsevier, pp 1–11

 6. Apóstolo N, Smukowski SN, Vanderlinden J et al (2020) Syn-
apse type-specific proteomic dissection identifies IgSF8 as a 

https://doi.org/10.1007/s00018-024-05327-8
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.7554/eLife.46629
https://doi.org/10.7554/eLife.46629
https://doi.org/10.7554/eLife.04260


Non-canonical function of ADAM10 in presynaptic plasticity  Page 19 of 20   342 

hippocampal CA3 microcircuit organizer. Nat Commun 11:5171. 
https:// doi. org/ 10. 1038/ s41467- 020- 18956-x

 7. Bär J, Kobler O, Van Bommel B, Mikhaylova M (2016) Periodic 
F-actin structures shape the neck of dendritic spines. Sci Rep 
6:37136. https:// doi. org/ 10. 1038/ srep3 7136

 8. Barthet G, Jordà-Siquier T, Rumi-Masante J, Bernadou F, Müller 
U, Mulle C (2018) Presenilin-mediated cleavage of APP regulates 
synaptotagmin-7 and presynaptic plasticity. Nat Commun 9:4780. 
https:// doi. org/ 10. 1038/ s41467- 018- 06813-x

 9. Bendahmane M, Morales A, Kreutzberger AJB et al (2020) Synap-
totagmin-7 enhances calcium-sensing of chromaffin cell granules 
and slows discharge of granule cargos. J Neurochem 154:598–617. 
https:// doi. org/ 10. 1111/ jnc. 14986

 10. Brockmann MM, Maglione M, Willmes CG et al (2019) RIM-
BP2 primes synaptic vesicles via recruitment of Munc13–1 at 
hippocampal mossy fiber synapses. Elife 8:e43243. https:// doi. 
org/ 10. 7554/ eLife. 43243

 11. Bruyère J, Abada YS, Vitet H et al (2020) Presynaptic APP levels 
and synaptic homeostasis are regulated by Akt phosphorylation of 
huntingtin. Elife. https:// doi. org/ 10. 7554/ eLife. 56371

 12. Butola T, Wichmann C, Moser T (2017) Piccolo promotes vesi-
cle replenishment at a fast central auditory synapse. Front Synap 
Neurosci. https:// doi. org/ 10. 3389/ fnsyn. 2017. 00014

 13. Cozzolino F, Vezzoli E, Cheroni C et al (2021) ADAM10 hyper-
activation acts on piccolo to deplete synaptic vesicle stores in 
Huntington’s disease. Hum Mol Genet 30:1175–1187. https:// doi. 
org/ 10. 1093/ hmg/ ddab0 47

 14. Dürst CD, Wiegert JS, Schulze C, Helassa N, Török K, Oertner 
TG (2022) Vesicular release probability sets the strength of indi-
vidual Schaffer collateral synapses. Nat Commun 13:6126. https:// 
doi. org/ 10. 1038/ s41467- 022- 33565-6

 15. Ebsen H, Lettau M, Kabelitz D, Janssen O (2014) Identification 
of SH3 domain proteins interacting with the cytoplasmic tail of 
the a disintegrin and metalloprotease 10 (ADAM10). PLoS ONE 
9:e102899. https:// doi. org/ 10. 1371/ journ al. pone. 01028 99

 16. Evstratova A, Tóth K (2014) Information processing and synaptic 
plasticity at hippocampal mossy fiber terminals. Front Cell Neu-
rosci. https:// doi. org/ 10. 3389/ fncel. 2014. 00028

 17. Hartmann D, De Strooper B, Serneels L et al (2002) The disinte-
grin/metalloprotease ADAM 10 is essential for Notch signalling 
but not for α-secretase activity in fibroblasts. Hum Mol Genet 
11:2615–2624. https:// doi. org/ 10. 1093/ hmg/ 11. 21. 2615

 18. Henze DA, Urban NN, Barrionuevo G (2000) The multifari-
ous hippocampal mossy fiber pathway: a review. Neuroscience 
98:407–427. https:// doi. org/ 10. 1016/ S0306- 4522(00) 00146-9

 19. Hitt B, Riordan SM, Kukreja L, Eimer WA, Rajapaksha TW, 
Vassar R (2012) β-site amyloid precursor protein (APP)-cleaving 
Enzyme 1 (BACE1)-deficient mice exhibit a close homolog of 
L1 (CHL1) Loss-of-function phenotype involving axon guidance 
defects. J Biol Chem 287:38408–38425. https:// doi. org/ 10. 1074/ 
jbc. M112. 415505

 20. Hoettecke N, Ludwig A, Foro S, Schmidt B (2010) Improved 
Synthesis of ADAM10 inhibitor GI254023X. Neurodegener Dis 
7:232–238. https:// doi. org/ 10. 1159/ 00026 7865

 21. Hsia H-E, Tüshaus J, Feng X, Hofmann LI, Wefers B, Marciano 
DK, Wurst W, Lichtenthaler SF (2021) Endoglycan (PODXL2) is 
proteolytically processed by ADAM10 (a disintegrin and metal-
loprotease 10) and controls neurite branching in primary neurons. 
FASEB J 35:e21813. https:// doi. org/ 10. 1096/ fj. 20210 0475R

 22. Huson V, Regehr WG (2020) Diverse roles of synaptotagmin-7 in 
regulating vesicle fusion. Curr Opin Neurobiol 63:42–52. https:// 
doi. org/ 10. 1016/j. conb. 2020. 02. 006

 23. Jackman SL, Regehr WG (2017) The mechanisms and functions 
of synaptic facilitation. Neuron 94:447–464. https:// doi. org/ 10. 
1016/j. neuron. 2017. 02. 047

 24. Jackman SL, Turecek J, Belinsky JE, Regehr WG (2016) The cal-
cium sensor synaptotagmin 7 is required for synaptic facilitation. 
Nature 529:88–91. https:// doi. org/ 10. 1038/ natur e16507

 25. Jorissen E, Prox J, Bernreuther C et al (2010) The Disintegrin/
metalloproteinase ADAM10 is essential for the establishment 
of the brain cortex. J Neurosci 30:4833–4844. https:// doi. org/ 
10. 1523/ jneur osci. 5221- 09. 2010

 26. Kaeser PS, Regehr WG (2017) The readily releasable pool of 
synaptic vesicles. Curr Opin Neurobiol 43:63–70. https:// doi. 
org/ 10. 1016/j. conb. 2016. 12. 012

 27. Kamiya H, Shinozaki H, Yamamoto C (1996) Activation of 
metabotropic glutamate receptor type 2/3 suppresses trans-
mission at rat hippocampal mossy fibre synapses. J Physiol 
493:447–455. https:// doi. org/ 10. 1113/ jphys iol. 1996. sp021 395

 28. Kärkkäinen I, Rybnikova E, Pelto-Huikko M, Huovila A-PJ 
(2000) Metalloprotease-disintegrin (ADAM) genes are widely 
and differentially expressed in the adult CNS. Mol Cell Neuro-
sci 15:547–560. https:// doi. org/ 10. 1006/ mcne. 2000. 0848

 29. Kress GJ, Mennerick S (2009) Action potential initiation and 
propagation: upstream influences on neurotransmission. Neu-
roscience 158:211–222. https:// doi. org/ 10. 1016/j. neuro scien ce. 
2008. 03. 021

 30. Kuhn PH, Colombo AV, Schusser B et al (2016) Systematic 
substrate identification indicates a central role for the metal-
loprotease ADAM10 in axon targeting and synapse function. 
Elife. https:// doi. org/ 10. 7554/ eLife. 12748

 31. Lammich S, Kojro E, Postina R, Gilbert S, Pfeiffer R, Jasionow-
ski M, Haass C, Fahrenholz F (1999) Constitutive and regulated 
α-secretase cleavage of Alzheimer’s amyloid precursor protein 
by a disintegrin metalloprotease. Proc Natl Acad Sci 96:3922–
3927. https:// doi. org/ 10. 1073/ pnas. 96.7. 3922

 32. Linsenmeier L, Mohammadi B, Wetzel S et al (2018) Structural 
and mechanistic aspects influencing the ADAM10-mediated 
shedding of the prion protein. Mol Neurodegener 13:18. https:// 
doi. org/ 10. 1186/ s13024- 018- 0248-6

 33. Lundgren JL, Ahmed S, Schedin-Weiss S, Gouras GK, Win-
blad B, Tjernberg LO, Frykman S (2015) ADAM10 and BACE1 
are localized to synaptic vesicles. J Neurochem 135:606–615. 
https:// doi. org/ 10. 1111/ jnc. 13287

 34. Lundgren JL, Vandermeulen L, Sandebring-Matton A, Ahmed 
S, Winblad B, Di Luca M, Tjernberg LO, Marcello E, Frykman 
S (2020) Proximity ligation assay reveals both pre- and post-
synaptic localization of the APP-processing enzymes ADAM10 
and BACE1 in rat and human adult brain. BMC Neurosci 21:6. 
https:// doi. org/ 10. 1186/ s12868- 020- 0554-0

 35. Marcello E, Gardoni F, Mauceri D et al (2007) Synapse-Asso-
ciated protein-97 mediates α-secretase ADAM10 trafficking and 
promotes its activity. J Neurosci 27:1682–1691. https:// doi. org/ 
10. 1523/ jneur osci. 3439- 06. 2007

 36. Mikhaylova M, Karpova A, Bär J, Bethge P, Yuanxiang P, Chen 
Y, Zuschratter W, Behnisch T, Kreutz MR (2014) Cellular dis-
tribution of the nmDA-receptor activated synapto-nuclear mes-
senger Jacob in the rat brain. Brain Struct Funct 219:843–860. 
https:// doi. org/ 10. 1007/ s00429- 013- 0539-1

 37. Mukherjee K, Yang X, Gerber SH, Kwon H-B, Ho A, Castillo 
PE, Liu X, Südhof TC (2010) Piccolo and bassoon maintain 
synaptic vesicle clustering without directly participating in vesi-
cle exocytosis. Proc Natl Acad Sci 107:6504–6509. https:// doi. 
org/ 10. 1073/ pnas. 10023 07107

 38. Nicoll RA, Schmitz D (2005) Synaptic plasticity at hippocampal 
mossy fibre synapses. Nat Rev Neurosci 6:863–876. https:// doi. 
org/ 10. 1038/ nrn17 86

 39. Olivo-Marin J-C (2002) Extraction of spots in biological images 
using multiscale products. Pattern Recogn 35:1989–1996. 
https:// doi. org/ 10. 1016/ S0031- 3203(01) 00127-3

https://doi.org/10.1038/s41467-020-18956-x
https://doi.org/10.1038/srep37136
https://doi.org/10.1038/s41467-018-06813-x
https://doi.org/10.1111/jnc.14986
https://doi.org/10.7554/eLife.43243
https://doi.org/10.7554/eLife.43243
https://doi.org/10.7554/eLife.56371
https://doi.org/10.3389/fnsyn.2017.00014
https://doi.org/10.1093/hmg/ddab047
https://doi.org/10.1093/hmg/ddab047
https://doi.org/10.1038/s41467-022-33565-6
https://doi.org/10.1038/s41467-022-33565-6
https://doi.org/10.1371/journal.pone.0102899
https://doi.org/10.3389/fncel.2014.00028
https://doi.org/10.1093/hmg/11.21.2615
https://doi.org/10.1016/S0306-4522(00)00146-9
https://doi.org/10.1074/jbc.M112.415505
https://doi.org/10.1074/jbc.M112.415505
https://doi.org/10.1159/000267865
https://doi.org/10.1096/fj.202100475R
https://doi.org/10.1016/j.conb.2020.02.006
https://doi.org/10.1016/j.conb.2020.02.006
https://doi.org/10.1016/j.neuron.2017.02.047
https://doi.org/10.1016/j.neuron.2017.02.047
https://doi.org/10.1038/nature16507
https://doi.org/10.1523/jneurosci.5221-09.2010
https://doi.org/10.1523/jneurosci.5221-09.2010
https://doi.org/10.1016/j.conb.2016.12.012
https://doi.org/10.1016/j.conb.2016.12.012
https://doi.org/10.1113/jphysiol.1996.sp021395
https://doi.org/10.1006/mcne.2000.0848
https://doi.org/10.1016/j.neuroscience.2008.03.021
https://doi.org/10.1016/j.neuroscience.2008.03.021
https://doi.org/10.7554/eLife.12748
https://doi.org/10.1073/pnas.96.7.3922
https://doi.org/10.1186/s13024-018-0248-6
https://doi.org/10.1186/s13024-018-0248-6
https://doi.org/10.1111/jnc.13287
https://doi.org/10.1186/s12868-020-0554-0
https://doi.org/10.1523/jneurosci.3439-06.2007
https://doi.org/10.1523/jneurosci.3439-06.2007
https://doi.org/10.1007/s00429-013-0539-1
https://doi.org/10.1073/pnas.1002307107
https://doi.org/10.1073/pnas.1002307107
https://doi.org/10.1038/nrn1786
https://doi.org/10.1038/nrn1786
https://doi.org/10.1016/S0031-3203(01)00127-3


 J. Bär et al.  342  Page 20 of 20

 40. Padamsey Z, Mcguinness L, Bardo SJ, Reinhart M, Tong R, 
Hedegaard A, Hart ML, Emptage NJ (2017) Activity-dependent 
exocytosis of lysosomes regulates the structural plasticity of 
dendritic spines. Neuron 93:132–146. https:// doi. org/ 10. 1016/j. 
neuron. 2016. 11. 013

 41. Prox J, Bernreuther C, Altmeppen H et al (2013) Postnatal Disrup-
tion of the disintegrin/metalloproteinase ADAM10 in brain causes 
epileptic seizures, learning deficits, altered spine morphology, and 
defective synaptic functions. J Neurosci 33:12915–12928. https:// 
doi. org/ 10. 1523/ jneur osci. 5910- 12. 2013

 42. Rebola N, Carta M, Mulle C (2017) Operation and plasticity of 
hippocampal CA3 circuits: implications for memory encoding. 
Nat Rev Neurosci 18:208–220. https:// doi. org/ 10. 1038/ nrn. 2017. 
10

 43. Reiss K, Maretzky T, Ludwig A, Tousseyn T, De Strooper B, 
Hartmann D, Saftig P (2005) ADAM10 cleavage of N-cadherin 
and regulation of cell–cell adhesion and β-catenin nuclear sig-
nalling. EMBO J 24:742–752. https:// doi. org/ 10. 1038/ sj. emboj. 
76005 48

 44. Rollenhagen A, Lübke J (2010) The mossy fiber bouton: the “com-
mon” or the “unique” synapse? Front Synap Neurosci 2:2

 45. Saftig P, Lichtenthaler SF (2015) The alpha secretase ADAM10: 
a metalloprotease with multiple functions in the brain. Prog Neu-
robiol 135:1–20. https:// doi. org/ 10. 1016/j. pneur obio. 2015. 10. 003

 46. Sakamoto H, Ariyoshi T, Kimpara N, Sugao K, Taiko I, Takikawa 
K, Asanuma D, Namiki S, Hirose K (2018) Synaptic weight set 
by Munc13-1 supramolecular assemblies. Nat Neurosci 21:41–49. 
https:// doi. org/ 10. 1038/ s41593- 017- 0041-9

 47. Salin PA, Scanziani M, Malenka RC, Nicoll RA (1996) Distinct 
short-term plasticity at two excitatory synapses in the hippocam-
pus. Proc Natl Acad Sci 93:13304–13309. https:// doi. org/ 10. 1073/ 
pnas. 93. 23. 13304

 48. Schindelin J, Arganda-Carreras I, Frise E et al (2012) Fiji: an 
open-source platform for biological-image analysis. Nat Methods 
9:676–682. https:// doi. org/ 10. 1038/ nmeth. 2019

 49. Slot JW, Geuze HJ (2007) Cryosectioning and immunolabeling. 
Nat Protoc 2:2480–2491. https:// doi. org/ 10. 1038/ nprot. 2007. 365

 50. Sugita S, Han W, Butz S, Liu X, Fernández-Chacón R, Lao Y, 
Südhof TC (2001) Synaptotagmin VII as a plasma membrane 
Ca2+ sensor in exocytosis. Neuron 30:459–473. https:// doi. org/ 
10. 1016/ S0896- 6273(01) 00290-2

 51. Suzuki K, Hayashi Y, Nakahara S et al (2012) Activity-dependent 
proteolytic cleavage of neuroligin-1. Neuron 76:410–422. https:// 
doi. org/ 10. 1016/j. neuron. 2012. 10. 003

 52. Tom Dieck S, Sanmartí-Vila L, Langnaese K et al (1998) Bassoon, 
a novel zinc-finger CAG/glutamine-repeat protein selectively 
localized at the active zone of presynaptic nerve terminals. J Cell 
Biol 142:499–509. https:// doi. org/ 10. 1083/ jcb. 142.2. 499

 53. Toneff T, Funkelstein L, Mosier C, Abagyan A, Ziegler M, Hook 
V (2013) Beta-amyloid peptides undergo regulated co-secretion 
with neuropeptide and catecholamine neurotransmitters. Peptides 
46:126–135. https:// doi. org/ 10. 1016/j. pepti des. 2013. 04. 020

 54. Toth K, Suares G, Lawrence JJ, Philips-Tansey E, Mcbain CJ 
(2000) Differential mechanisms of transmission at three types of 
mossy fiber synapse. J Neurosci 20:8279–8289. https:// doi. org/ 
10. 1523/ jneur osci. 20- 22- 08279. 2000

 55. Trotter JH, Hao J, Maxeiner S, Tsetsenis T, Liu Z, Zhuang X, Süd-
hof TC (2019) Synaptic neurexin-1 assembles into dynamically 
regulated active zone nanoclusters. J Cell Biol 218:2677–2698. 
https:// doi. org/ 10. 1083/ jcb. 20181 2076

 56. Van Bommel B, Konietzny A, Kobler O, Bär J, Mikhaylova 
M (2019) F-actin patches associated with glutamatergic syn-
apses control positioning of dendritic lysosomes. The EMBO J 
38:e101183

 57. Van Westen R, Poppinga J, Díez Arazola R, Toonen RF, Ver-
hage M (2021) Neuromodulator release in neurons requires two 
functionally redundant calcium sensors. Proc Natl Acad Sci 
118:e2012137118. https:// doi. org/ 10. 1073/ pnas. 20121 37118

 58. Venkatesh HS, Tam LT, Woo PJ et al (2017) Targeting neuronal 
activity-regulated neuroligin-3 dependency in high-grade glioma. 
Nature 549:533–537. https:// doi. org/ 10. 1038/ natur e24014

 59. Vevea JD, Kusick GF, Courtney KC, Chen E, Watanabe S, Chap-
man ER (2021) Synaptotagmin 7 is targeted to the axonal plasma 
membrane through γ-secretase processing to promote synaptic 
vesicle docking in mouse hippocampal neurons. Elife 10:e67261. 
https:// doi. org/ 10. 7554/ eLife. 67261

 60. Vezzoli E, Caron I, Talpo F et al (2019) Inhibiting pathologically 
active ADAM10 rescues synaptic and cognitive decline in Hun-
tington’s disease. J Clin Investig 129:2390–2403. https:// doi. org/ 
10. 1172/ JCI12 0616

 61. Weingarten J, Weingarten M, Wegner M, Volknandt W (2017) 
APP-A novel player within the presynaptic active zone proteome. 
Front Mol Neurosci 10:43. https:// doi. org/ 10. 3389/ fnmol. 2017. 
00043

 62. Wiesner T, Bilodeau A, Bernatchez R, Deschênes A, Raulier 
B, De Koninck P, Lavoie-Cardinal F (2020) Activity-dependent 
remodeling of synaptic protein organization revealed by high 
throughput analysis of STED nanoscopy images. Front Neural 
Circuit. https:// doi. org/ 10. 3389/ fncir. 2020. 00057

 63. Wild-Bode C, Fellerer K, Kugler J, Haass C, Capell A (2006) A 
Basolateral sorting signal directs ADAM10 to adherens junctions 
and is required for its function in cell migration*. J Biol Chem 
281:23824–23829. https:// doi. org/ 10. 1074/ jbc. M6015 42200

 64. Yan I, Schwarz J, Lücke K et al (2016) ADAM17 controls IL-6 
signaling by cleavage of the murine IL-6Rα from the cell sur-
face of leukocytes during inflammatory responses. J Leukoc Biol 
99:749–760. https:// doi. org/ 10. 1189/ jlb. 3A0515- 207R

 65. Zelina P, Avci HX, Thelen K, Pollerberg GE (2005) The cell 
adhesion molecule NrCAM is crucial for growth cone behav-
iour and pathfinding of retinal ganglion cell axons. Development 
132:3609–3618. https:// doi. org/ 10. 1242/ dev. 01934

 66. Zunke F, Rose-John S (2017) The shedding protease ADAM17 
physiology and pathophysiology. Biochimica et Biophysica Acta 
(BBA) Mol Cell Res 1864:2059–2070

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1016/j.neuron.2016.11.013
https://doi.org/10.1016/j.neuron.2016.11.013
https://doi.org/10.1523/jneurosci.5910-12.2013
https://doi.org/10.1523/jneurosci.5910-12.2013
https://doi.org/10.1038/nrn.2017.10
https://doi.org/10.1038/nrn.2017.10
https://doi.org/10.1038/sj.emboj.7600548
https://doi.org/10.1038/sj.emboj.7600548
https://doi.org/10.1016/j.pneurobio.2015.10.003
https://doi.org/10.1038/s41593-017-0041-9
https://doi.org/10.1073/pnas.93.23.13304
https://doi.org/10.1073/pnas.93.23.13304
https://doi.org/10.1038/nmeth.2019
https://doi.org/10.1038/nprot.2007.365
https://doi.org/10.1016/S0896-6273(01)00290-2
https://doi.org/10.1016/S0896-6273(01)00290-2
https://doi.org/10.1016/j.neuron.2012.10.003
https://doi.org/10.1016/j.neuron.2012.10.003
https://doi.org/10.1083/jcb.142.2.499
https://doi.org/10.1016/j.peptides.2013.04.020
https://doi.org/10.1523/jneurosci.20-22-08279.2000
https://doi.org/10.1523/jneurosci.20-22-08279.2000
https://doi.org/10.1083/jcb.201812076
https://doi.org/10.1073/pnas.2012137118
https://doi.org/10.1038/nature24014
https://doi.org/10.7554/eLife.67261
https://doi.org/10.1172/JCI120616
https://doi.org/10.1172/JCI120616
https://doi.org/10.3389/fnmol.2017.00043
https://doi.org/10.3389/fnmol.2017.00043
https://doi.org/10.3389/fncir.2020.00057
https://doi.org/10.1074/jbc.M601542200
https://doi.org/10.1189/jlb.3A0515-207R
https://doi.org/10.1242/dev.01934

	Non-canonical function of ADAM10 in presynaptic plasticity
	Abstract
	Introduction
	Materials and methods
	Reagents and resources
	Animals
	Peptides
	Biochemical methods
	Cell lysates, tissue extracts, and immunoblotting

	Synaptosome preparation
	Endogenous co-immunoprecipitations
	Heterologous CoIP from Neuro-2a cells
	Cell culture
	Immunocytochemistry (ICC)
	Antibody labelling
	Proximity ligation assay (PLA)
	Perfusion
	Cryo-sections and immunohistochemistry (IHC)
	Electrophysiological recordings
	Microscopy
	Widefield microscopy

	Spinning disc confocal microscopy
	Laser scanning confocal microscopy and STED
	Electron microscopy
	DAB and Immunogold

	Serial block face EM
	Analysis
	Analysis of antibody staining intensities

	Analysis of synaptic staining
	Analysis of mossy fibers
	Analysis of mossy fiber boutons in IHC
	Statistical analysis and image representation

	Results
	ADAM10 is targeted to the axonal compartment during neuronal differentiation and accumulates at presynaptic sites in adult neurons
	ADAM10 is present in presynaptic vesicles at hippocampal mossy fiber synapses
	Loss of ADAM10 diminishes DG-CA3 mossy fiber synaptic facilitation
	ADAM10 effects on presynaptic plasticity are independent of its proteolytic activity
	ADAM10 is involved in synaptotagmin 7-dependent mechanism of presynaptic facilitation

	Discussion
	Acknowledgements 
	References


