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Abstract

Synaptic dysfunction and cognitive decline in Huntington’s disease (HD) involve hyperactive A disintegrin and
metalloproteinase domain-containing protein 10 (ADAM10). To identify the molecular mechanisms through which ADAM10
is associated with synaptic dysfunction in HD, we performed an immunoaffinity purification–mass spectrometry (IP–MS)
study of endogenous ADAM10 in the brains of wild-type and HD mice. We found that proteins implicated in synapse
organization, synaptic plasticity, and vesicle and organelles trafficking interact with ADAM10, suggesting that it may act as
hub protein at the excitatory synapse. Importantly, the ADAM10 interactome is enriched in presynaptic proteins and
ADAM10 co-immunoprecipitates with piccolo (PCLO), a key player in the recycling and maintenance of synaptic vesicles. In
contrast, reduced ADAM10/PCLO immunoprecipitation occurs in the HD brain, with decreased density of synaptic vesicles in
the reserve and docked pools at the HD presynaptic terminal. Conditional heterozygous deletion of ADAM10 in the forebrain
of HD mice reduces active ADAM10 to wild-type level and normalizes ADAM10/PCLO complex formation and synaptic
vesicle density and distribution. The results indicate that presynaptic ADAM10 and PCLO are a relevant component of HD
pathogenesis.
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Introduction

A disintegrin and metalloproteinase domain-containing protein
10 (ADAM10) is one of the 22 members of the ADAM family
of transmembrane proteases found in humans, and one of the
most widely expressed in the brain (1). Nascent ADAM10 is
produced as an approximately 95 kDa zymogen that is converted
into its proteolytically active form, called mature ADAM10 (m-
ADAM10, 60 kDa), after cleavage of its prodomain by furin or
proconvertase 7 (PC7) in the trans-Golgi secretory pathway (1).
Within neurons, ADAM10 localizes specifically at the synapse
and is associated with the postsynaptic compartment, together
with the scaffold protein synapse-associated protein 97 (SAP97)
(2) and clathrin adaptor AP2 (3), which are required, respectively,
for insertion of ADAM10 into the synaptic membrane and for its
endocytosis. The attractiveness of this enzyme is that it is the
main physiological alpha-secretase in neurons responsible for
non-amyloidogenic cleavage of amyloid precursor protein (APP)
(1). Moreover, ADAM10 has a large number of synaptic substrates,
indicating extensive flexibility of the protease with regard to
substrate recognition and cleavage in the brain (4). Consequently,
the biological effect of ADAM10 activity may change over time
and in different conditions, as it relies on the presence and func-
tion of the target substrates and cleavage products. Accordingly,
ADAM10 plays fundamental roles during brain development and
in the homeostasis of adult neuronal networks (1,5), as it is
involved in dendritic spine formation, maturation and stabiliza-
tion as well as in axon guidance and extension, in neuronal
migration and myelination and also in the molecular organi-
zation of the glutamatergic synapse (1,5). ADAM10-dependent
cleavage of N-cadherin (N-CAD), nectin cell adhesion molecule
1 (NECTIN1) and neuroligin 1 (NLGN1) also represents a new
modality for regulating the strength and activity of the gluta-
matergic synapse (1,5). An excess of ADAM10-mediated N-CAD
proteolysis in the brain has been reported to compromise adhe-
sion between the presynaptic and postsynaptic membrane and
reduces the overall long-term stability and neurotransmission of
the glutamatergic synapse (6–8).

Defects in this circuitry have been implicated in Huntington’s
disease (HD), an autosomal-dominant neurodegenerative disor-
der caused by an unstable CAG triplet repeat expansion in exon
1 of the huntingtin gene (HTT) (9). An alteration in presynaptic
and/or postsynaptic compartments has been demonstrated in
several mouse models of the disease since the early stages and
documented in HD patients in cross-sectional and neuroimaging
studies (10–12).

ADAM10 has been linked to HTT and dysfunction of the
glutamatergic synapse in HD. Studying neurulation in embryonic
stem cells depleted of HTT, we found that the homotypic interac-
tion between neuroepithelial cells is dependent on the presence
of normal HTT, which acts physiologically to inhibit ADAM10
and the shedding of its substrate N-CAD allowing cell–cell
contacts (13). We also reported that, in the adult brain, normal
HTT similarly can affect synapse remodeling through inhibition
of ADAM10 activity on N-CAD (13). In HD, this pathway is
hyperactive, with deleterious consequences on the morphology
and functionality of the glutamatergic synapse (14). In particular,
we found that ADAM10 accumulates at the postsynaptic density
(PSD) and causes excessive N-CAD proteolysis (14), leading
to loss of excitatory synaptic contacts, synapse deficiencies
and cognitive decline in HD mice. We also demonstrated that
pharmacological, molecular and genetic approaches aimed at
normalizing the level of the active enzyme in the HD mouse
brain prevent electrophysiological synaptic defects at the

excitatory synapse and cognitive impairment in the mice (14).
Taken together, these previous studies point to a critical role of
ADAM10 at the glutamatergic synapse in the HD brain.

To unravel the molecular mechanisms through which
ADAM10 is associated with glutamatergic synaptic dysfunction
in HD, we performed a system-level study of ADAM10 interactors
in the brain of HD mice. A functional proteomic experiment
based on immunoaffinity purification–mass spectrometry (IP–
MS) identification of endogenous ADAM10 interactors in the
brains of wild-type and HD mice revealed molecular targets
that link ADAM10 to the normal and HD glutamatergic synapse.
This study also identifies piccolo (PCLO) as an ADAM10 partner,
suggesting a new role of the enzyme at the presynaptic
terminal. Furthermore, we show that, in the HD mouse brain
in vivo, mutant HTT causes presynaptic defects by affecting the
formation of the ADAM10/PCLO complex and, consequently, the
synaptic vesicles (SVs) distribution in the presynaptic bouton.

Results
The ADAM10 interactome is enriched in synaptic
proteins

We established the interactome of ADAM10 in the striatum of
50-week-old wild-type mice and compared it to the interactome
of homozygous HD (zQ175) knock-in mice (15) of the same age.
We adopted a proteomic approach consisting of the isolation of
ADAM10 protein complexes by immunoprecipitation, followed
by protein identification by mass spectrometry.

Figure 1A shows the workflow for the entire procedure.
Following tissue collection, we prepared protein tissue lysates
from four mice/genotype and performed Western blot for
ADAM10. We confirmed that the level of m-ADAM10 is
increased in the zQ175 striatum in contrast to the wild-type
control (Fig. 1B and C). Tissue lysates from each genotype were
then pooled and subjected to ADAM10 immunoprecipitation
following a pre-clearing step on Dynabeads Protein G. For
ADAM10 immunoprecipitation, we used an in-house rabbit
polyclonal antibody that recognizes the C-terminal amino acid
residues of ADAM10 and is able to detect both the zymogen
(95 kDa) and the active form of the enzyme (m-ADAM10, 60 kDa).
The antibody has been extensively validated in the past by
Western blot of brain tissue lysates prepared from wild-type and
CaMKIIα-Cre:Adam10Flox/Flox mice (14,16) and successfully used
in co-immunoprecipitation (co-IP) experiments with mouse
brain samples (17). Proteins retained by Dynabeads Protein G
during pre-clearing of wild-type and zQ175 tissue lysates in the
absence of specific antibodies were eluted and used as controls;
both samples and the pre-clearing controls were fractionated
by SDS–PAGE and the lanes cut into 33 gel bands, which were
digested in situ with trypsin. The resulting peptide mixtures were
directly analyzed by nanoscale liquid chromatography coupled
to tandem mass spectrometry (nano-LC–MS/MS). Mass spectral
data were used to search a non-redundant protein database
using Mascot software. Proteins detected in the samples and in
the corresponding pre-clearing controls were discarded, as they
represented proteins binding non-specifically to the beads, and
only those solely present in the sample lanes were considered
as candidates for ADAM10 interactors.

Two lists of putative ADAM10 interactors were obtained, one
in the wild-type striatum and another in the zQ175 striatum
(Supplementary Material, Table S1). To filter out potential con-
taminants, we relied on the Contaminant Repository for Affinity
Purification database, a web-accessible resource that stores and
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Figure 1. Endogenous ADAM10 interactions in the striatum of HD mice. (A) Workflow for the analysis of the ADAM10 interactome in the striatum of 50-week-old

wild-type and homozygous zQ175 knock-in mice. (B, C) Representative Western blot and quantification of the level of m-ADAM10 in the striatum of wild-type and

zQ175 mice are shown. ∗P < 0.05 unpaired t-test. α-tubulin was the loading control. The arrowhead indicates a non-specific band. (D) Cytoscape network representing

putative ADAM10 interactors, identified by their MGI gene symbols. Interactors found selectively in wild-type (WT) and zQ175 striatum, and interactors identified

in both are shown. Genes associated by gene ontology enrichment analysis with ‘glutamatergic synapse’ are highlighted in blue. (E) Gene ontology enrichment

analysis of the ADAM10 interactome in wild-type (green) or zQ175 (purple). The plot depicts the top 12 terms for each condition (ranked by their P value); the x-

axis reports the enrichment and y-axis the significance (as −log10 P values), whereas the size of each dot is proportional to the number of genes assigned to the

category.
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annotates negative control experiments generated by the pro-
teomics research community (18). Considering non-specific con-
taminant proteins reported in at least 50% of the experiments
collected by the database, we excluded 25 proteins from down-
stream analyses. Thus, a final list of 197 putative ADAM10 inter-
actors is included in Supplementary Material, Table S2. These
putative interactors are visualized in Figure 1D as a network.
Ninety-one interactors are shared among the two conditions,
whereas sixty-eight and thirty-eight are found selectively in the
wild-type and mutant brain, respectively.

Next, we characterized the putative ADAM10 interactors by
gene ontology enrichment analysis. We relied on the striatal
proteome of zQ175 mice (19) as a background of expressed pro-
teins against which the interactors have been compared for the
enrichment analysis. By interrogating the cellular component
domain and imposing the thresholds P < 0.01 and enrichment
≥2, we identified 38 enriched ontology categories in wild-type
and 34 in zQ175. Focusing on the top 12 categories (ranked by
P value, Fig. 1E), most were shared between the two conditions,
with similar enrichment and P values. Notably, this holds true for
the top three terms: glutamatergic synapse, PSD and presynaptic
active zone (AZ) (Fig. 1E and Supplementary Material, Fig. S1). Of
particular interest was the presence of presynaptic proteins of
the AZ, a specialized area of the presynaptic bouton composed of
a sophisticated protein machinery implicated in synaptic vesicle
(SV) fusion (20). Though the postsynaptic role of ADAM10 is
widely recognized, the presynaptic function(s) of this protease
has not been described and its association with the presynapse
is a novel finding.

We also evaluated whether the mRNA levels of ADAM10
interactors can be modulated by mutant HTT. We interrogated
the published results for the differential expression analysis per-
formed by comparing the striatum of 10-month-old zQ175 mice
to zQ20 mice (19) and retrieved the fold change (FC) and false
discovery rate (FDR) for each ADAM10 interactor. The dataset was
then overlaid with the ADAM10 interactome network (Supple-
mentary Material, Fig. S2A). Overall, ADAM10 interactors were
not strongly modulated by mutant HTT at the transcriptional
level, with even modest FCs for significant modulations (Sup-
plementary Material, Fig. S2B). This analysis excluded the pos-
sibility that the mRNA level of presynaptic ADAM10 interactor
candidates could be modulated by the presence of an expanded
polyQ tract in HTT.

Given the deleterious association of ADAM10 with HTT previ-
ously identified in HD models (13,14), we also evaluated whether
any previously reported HTT-interacting proteins were present
in our network. We interrogated the HTT interactome curated in
the HDinHD database (www.hdinhd.org), extracting 1625 mouse
and human HTT interactors for a comparison with our dataset.
Overall, 105 ADAM10 interactors were shared with HTT, repre-
senting more than 50% of our reconstructed ADAM10 interac-
tome (Fig. 2A). Gene ontology analyses of this subset confirmed
once again the emergence of terms related to the glutamatergic
synapse, presynaptic zone and PSD as the top three categories
(Fig. 2B). Interestingly, we found that ADAM10 shares protein
partners with HTT at the presynaptic terminal, including such
critical molecules of the AZ, as bassoon (BSN), PCLO, ELKS/RAB6-
interacting/CAST family member 2 (ERC2) and liprin-alpha-3
(PPFIA3) (Fig. 2C).

We concluded that the brain ADAM10 interactome is
enriched with proteins of the glutamatergic synapse, and new
unexpected presynaptic proteins emerge among candidate
ADAM10 interactors, suggesting a novel function of the
protease at the presynaptic bouton. As ADAM10 and HTT share

presynaptic proteins as putative interactors, we speculated that
ADAM10 may be active at the presynapse in the organization
and dynamics of the SV pools and that this function is affected
in HD.

Active ADAM10 is increased at the presynaptic terminal
in HD

Since the presence of ADAM10 at the presynaptic terminal has
not been described before, we started by evaluating the level of
ADAM10 protein in the presynaptic compartment of wild-type
and HD mice. For these studies, we selected the widely used
R6/2 mouse model, which bears a genomic fragment containing
the promoter and exon 1 of human HTT with 144 CAGs (21) and
exhibits an increased level of active ADAM10 in the striatum
and cortex (14). We prepared synaptosomes, presynaptic and
postsynaptic fractions from the cortical tissues of 12-week-old
wild-type and R6/2 mice (Fig. 3A). We specifically focused on
the cortex because cortical projection neurons represent the
main presynaptic input to the striatum, the brain area that
predominantly degenerates in HD (22). The level of m-ADAM10
was increased up to 2.5-fold in cortical synaptosomes from R6/2
mice in contrast to wild-type mice (Fig. 3B and C). After confirm-
ing the correct ultrastructural fractionation by immunoblotting
for synaptophysin (SYP) and postsynaptic density protein 95
(PSD-95), which identify the presynaptic and postsynaptic
compartment, respectively, we performed immunoblotting with
an anti-ADAM10 antibody. The level of the active form of the
enzyme was increased up to 2.6-fold in cortical postsynaptic
fractions from R6/2 mice in contrast to wild-type littermates,
although levels of PSD-95 were reduced as previously described
(23) (Fig. 3B and C). Notably, active ADAM10 was also present
in the cortical presynaptic terminal, and its level increased
up to 2.2-fold in R6/2 mice in contrast to the wild-type mice
(Fig. 3B and C).

Active ADAM10 and the presynaptic protein PCLO form
a complex that is affected in the HD brain

To validate the predicted interaction of ADAM10 with proteins
of the AZ, we performed co-IP experiments on lysates from the
cortices of 12-week-old wild-type and R6/2 mice. We focused
on PCLO because of its recognized role in the structural and
functional assembly of presynaptic AZ, in guiding SVs from
the backfield of the synapse to the AZ for release, and in the
recycling and maintenance of SVs (24,25). We found that the
active form of ADAM10 (60 kDa) co-immunoprecipitated with
PCLO in total protein lysates prepared from the wild-type mouse
cortex (Fig. 3D). Interestingly, binding of the catalytically active
form of ADAM10 to PCLO was decreased 50% in the cortices
of symptomatic 12-week-old R6/2 mice (Fig. 3D and E), though
the level of active ADAM10 was increased in the input samples
(Fig. 3D and E) (14). Since PCLO levels, normalized either against
α-tubulin or RNA polymerase II, were similar in cortices from
12-week-old wild-type and R6/2 transgenic mice (Fig. 3D and E;
Supplementary Material, Fig. S3), we excluded the possibility
that the observed quantitative changes in interaction were due
to changes in PCLO protein level in HD.

We also evaluated whether normalizing the ADAM10 level
in the R6/2 forebrain would prevent reduced formation of the
ADAM10/PCLO complex. We crossed R6/2 mice with CaMKIIα-
Cre:Adam10Flox/+ mice (A10cKO), an ADAM10 heterozygous con-
ditional knock-out mouse line limiting ADAM10 inactivation to
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Figure 2. Integration of the ADAM10 and HTT interactomes. (A) Venn diagram showing the overlaps between wild-type and zQ175 ADAM10 interactomes together with

HTT interactome (as retrieved from HDinHD). Fifty-seven interactors are shared among the three conditions; one hundred five interactors are shared between HTT

and ADAM10 when considering both wild-type and zQ175. (B) Gene ontology enrichment analyses of putative interactors shared by HTT and ADAM10 in wild-type and

zQ175 mice: the top 12 categories for the cellular component domain are shown, ranked by P value. (C) The identity of interactors shared between ADAM10 and HTT or

specific for ADAM10 is visualized by a Cytoscape network. Interactors are identified by their MGI gene symbols. Blue: ADAM10 interactors shared between wild-type

and zQ175; green: specific ADAM10 interactors in wild-type mice; pink: specific ADAM10 interactors in zQ175. Presynaptic proteins (identified by manual curation) that

are putative ADAM10 and HTT interactors are indicated in red: BSN, bassoon; ERC2, ERC protein 2; CTNNB1, catenin beta 1; PCLO, piccolo; RPH3A, Rabphilin 3A; CTBP1,

C-terminal–binding protein 1; PPFIA3, liprin-alpha-3.
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Figure 3. ADAM10 at the presynaptic terminal and analysis of the ADAM10/PCLO complex in HD mice. (A) Workflow of subcellular fractionation to enrich for

synaptosomes (SYN), presynaptic (PRE-SYN) and postsynaptic fractions (PSD). (B) Representative Western blot for m-ADAM10 on SYN, PSD and PRE-SYN from a pool

of three cortices from 12-week-old wild-type and R6/2 mice. Synaptophysin (SYP), PRE-SYN marker. PSD-95, PSD marker. Coomassie staining was the loading control.

(C) Quantification of data in B. Data are represented as mean ± SEM of three biological replicates in which a pool of n = 3 mice/genotype was tested. ∗P < 0.05, unpaired

t-test. (D) Representative Co-IP experiment for the m-ADAM10/PCLO complex in cortical protein lysates prepared from a pool of two 12-week-old wild-type and R6/2

mice. PC, pre-clearing. (E) Quantification of data in D. IP m-ADAM10/IP PCLO ratio is shown as well as level of m-ADAM10 and PCLO in the input samples. α-Tubulin was

the loading control for the input samples. Data are represented as mean ± SEM of n = 3 biological replicates in which a pool of n = 2 mice/genotype was tested. ∗P < 0.05,

unpaired t-test. (F) CaMKIIα-Cre:Adam10Flox/+(A10cKO) mice were crossed with R6/2 mice to obtain R6/2:CaMKIIα-Cre:Adam10Flox/+(R6/2-A10cKO). Co-IP experiments for

the ADAM10/PCLO complex on cortical synaptosomes from a pool of three 12-week-old wild-type, R6/2 or R6/2-A10cKO mice. βIII-Tubulin was the loading control for

the input samples. IP m-ADAM10/IP PCLO ratio is shown at the bottom of the IP panel. A representative image from three co-IP replicates is shown. See Supplementary

Material, Figure S5 for data analysis of the co-IP technical replicates.
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the postnatal forebrain (16), to obtain R6/2-A10cKO mice (Sup-
plementary Material, Fig. S4A). Western blotting of R6/2-A10cKO
cortical synaptosomes showed that the levels of m-ADAM10
were restored to wild-type levels (Supplementary Material, Fig.
S4B and C). Co-IP showed the formation of a complex between m-
ADAM10 and PCLO in cortical synaptic fractions from 12-week-
old wild-type mice (Fig. 3F). Moreover, we found that the binding
of the catalytically active form of ADAM10 to PCLO was reduced
76% in the cortical synaptosomes of symptomatic 12-week-old
R6/2 mice, though the level of active ADAM10 was increased
(Fig. 3F and Supplementary Material, Fig. S4). These data con-
firmed and extended previous data obtained on total cortical tis-
sue lysates from 12-week-old wild-type and R6/2 mice by show-
ing that co-IP between m-ADAM10 and PCLO is reduced in the
presence of mutant HTT (Fig. 3D and E). Notably, the formation
of the ADAM10/PCLO complex in R6/2-A10cKO mice was almost
restored to the level of wild-type mice (Fig. 3F; Supplementary
Material, Fig. S5).

Taken together, these findings indicate that active ADAM10
forms a complex with presynaptic protein PCLO. In HD, when
the level of m-ADAM10 increases, the binding of the protease to
PCLO is reduced.

Normalizing ADAM10 prevents presynaptic defects in
the R6/2 cortex

As PCLO is implicated in regulating SV density, as well as the
dynamics and distribution of SVs (24–27), we used transmis-
sion electron microscopy (TEM) to test SV density and distri-
bution in wild-type, R6/2 and R6/2-A10cKO cortical neurons.
TEM analyses revealed a 25% reduction in vesicle density in
R6/2 cortical presynaptic boutons with respect to wild-type mice
(Fig. 4B and C) with similar synaptic area, AZ length and vesicle
diameter (Fig. 4D–F). Next, we compared the cumulative % of SV
distribution within 0 to 500 nm from the AZ in the wild-type and
R6/2 presynaptic terminal. In R6/2 mice, the cumulative % of SV
distribution had a markedly disturbed profile (Fig. 4G). Based on
distance-to-membrane measurements, vesicles are distributed
into three different pools (docked, 0–50 nm; reserve, 50–300 nm;
resting, >300 nm) (Fig. 4A). The density of SVs in the docked and
reserve pools was reduced in R6/2 mice in contrast to wild-type,
but we found no differences among genotypes in the density of
SVs in the resting zone (Fig. 4H–J). We also evaluated whether
normalization of ADAM10 can rescue presynaptic vesicle defects
in R6/2 cortical neurons in vivo. We found that the cumulative
% of SV distribution in R6/2-A10cKO presynaptic terminal was
similar to the wild-type mice (Fig. 4G). Reduction in the total SV
density was also completely restored in R6/2-A10cKO cortical
synapses (Fig. 4C), and SV numbers were increased in the docked
and reserve pools of R6/2-A10cKO mice to the same levels as
the wild-type group (Fig. 4H and I). No differences in presynaptic
parameters were found in the cortices of A10cKO mice, confirm-
ing that heterozygous suppression of the ADAM10 gene in the
healthy mouse forebrain had no effect on synapse morphology
(Fig. 4C–F and H–J) (14). Furthermore, we did not find differences
in PSD length between the analyzed genotypes (Supplementary
Material, Fig. S6).

Taken together, these data indicate for the first time
the presence of presynaptic morphological defects in HD
cortical neurons that are associated with ADAM10 dysfunction.
Specifically, SV density is reduced in the cerebral cortex in HD,
and depleted SV stores are restricted to presynaptic regions
with a higher turnover and actively engaged in release and
recycling. Moreover, we show that genetic reduction of ADAM10

levels restored physiological SV density and distribution in
HD mice.

Discussion
Hyperactive ADAM10 has been linked to synaptic dysfunction
and cognitive decline in HD (14). To identify which ADAM10
interactors may participate in this synaptic dysfunction, we
performed the first IP–MS study of endogenous ADAM10 in the
brain using wild-type and HD mice. In addition to revealing
known ADAM10-interacting proteins implicated in ADAM10
trafficking and endocytosis, such SAP97 (2), tetraspanin-15
(TSPAN15) (17) and adaptor-related protein complex 2 subunit
alpha 1 (AP2A1) (3), we identified molecules of the glutamatergic
synapse, including proteins of the PSD and presynaptic AZ, as
the top three ontological terms of ADAM10 interactors. Moreover,
among the ADAM10 interactors, we found proteins implicated
in synaptic plasticity and vesicle trafficking. Interestingly,
by integrating our ADAM10 dataset with the available HTT
interactome from HDinHD (https://hint.hdinhd.org/interactio
ns), we were able to demonstrate that the resulting proteins
were significantly enriched with components of the presynaptic
machinery, suggesting a presynaptic function of ADAM10, which
is disrupted in HD.

Specifically, we show that the active form of ADAM10 is
present in presynaptic fractions and that it binds to PCLO, the
largest multidomain protein of the AZ with a structural role in
SV organization (24–27). PCLO exerts multiple functions at the
AZ and is implicated in endosome formation and the main-
tenance of the SV reserve pool (25). PCLO also regulates the
translocation of SVs from the reserve to the ready releasable pool
and safeguards a fraction of them for delayed action potential–
induced release (26). This enables the synapse to sustain high-
frequency synaptic transmission over long periods (27). Our work
indicates that ADAM10, through its binding to PCLO, is involved
in presynaptic functions, specifically in the regulation of SV
dynamics at the AZ.

We also demonstrated the presence of morphological presy-
naptic defects, particularly an altered distribution of SVs at the
AZ of neurons of the HD cortex, which correlate with reduced
formation of the m-ADAM10/PCLO complex. These findings indi-
cate that ADAM10 and PCLO at the presynapse can be a relevant
component of HD pathogenesis and reinforce the role of the
cortex and the presynaptic compartment in HD, which have to
be considered in future therapies.

This study suggests a novel aspect of ADAM10 biology and
creates a paradigm for future investigation of the ADAM10 phys-
iological role at the presynaptic terminal. ADAM10 is subjected
to N-glycosylation and proteolysis (28,29), which can modulate
the interaction with its protein partners. The impact of these
modifications on the reduced formation of the m-ADAM10/PCLO
complex in HD remains unexplored.

Additional studies are also needed to understand the contri-
bution of presynaptic and postsynaptic ADAM10 to HD cortico-
striatal dysfunction. Our previous findings indicate that hyper-
active ADAM10 in the postsynaptic terminal causes excessive
proteolysis of the synaptic cell adhesion protein N-CAD. Notably,
postsynaptic N-CAD proteolysis has been proposed to influ-
ence SV dynamics and release from the presynaptic terminal
(30–33). Targeting ADAM10 activity selectively in the presynaptic
or postsynaptic terminal will help to clarify the relevance of this
metalloprotease in the two compartments and to identify the
primary target for future ADAM10-modulating therapies.
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Figure 4. Increased active ADAM10 causes presynaptic pathology in HD. (A) Diagram showing synaptic vesicle classification based on distance from the presynaptic

membrane. (B) Representative TEM images of cortical synaptic profile of 13-week-old WT, R6/2 and R6/2-A10cKO mice. Scale bar: 100 nm. (C–F) Graphs showing SV

density (C), synaptic area (D), active zone length (E) and SV diameter (F) in wild-type, R6/2, R6/2-A10cKO and A10cKO mice. (G) Plot of the cumulative % of SV distribution

within 0 to 500 nm from the AZ. (H–J) Density of docked (H), reserve (l) and resting (J) synaptic vesicle pools in wild-type, R6/2, R6/2-A10cKO and A10cKO mice. Each

dot represents one synapse. We analyzed 3 mice/genotype and 60 synapses/genotype. Data are presented as mean ± SEM; ∗∗P < 0.01, ∗∗∗P < 0.001, ANOVA followed by

Tukey’s multiple comparison test.

Materials and Methods
Animal models, genotyping and ethical approval

HD rodent models. Wild-type and R6/2 mice (B6CBAF1/J) were
purchased from the Jackson Laboratory. Wild-type and zQ175
(C57BL/6J) mice were obtained from the CHDI Foundation
(https://www.jax.org/strain/027410).

Genotyping of R6/2 (B6CBAF1/J) and zQ175 (C57BL/6J) mouse
colonies (∼150 and 175 CAG repeats, respectively) was performed
by polymerase chain reaction (PCR) of genomic DNA obtained

from tail samples (Nucleo Spin Tissue, Macherey-Nagel, catalog
740952.250) at weaning and following sacrifice for verification.
CAG repeats of R6/2 mice were sized by using the following PCR
primers: forward: 5′-ATGAAGGCCTTCGAGTCCCTCAAGTCCTTC-
3′; reverse: 5′-GGCGGCTGAGGAAGCTGAGGA-3′. Cycling con-
ditions were 90◦C for 90 s, 35 cycles (94◦C for 60 s, 65◦C for
45 s, 72◦C for 60 s), 72◦C for 7 min. CAG repeats of zQ175 mice
were sized by using the following PCR primers: forward: 5′-
CATTCATTGCCTTGCTGCTAAG-3′; reverse: 5′-CTGAAACGACTT-
GAGCGACTC-3′. Cycling conditions were 94◦C for 10 min,
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30 cycles (96◦C for 30 s, 57◦C for 30 s, 72◦C for 30 s), 72◦C for
7 min.

Generation of R6/2-A10cKO mice. R6/2 mice (B6CBAF1/J) were
generated by crossing R6/2 males with wild-type females
(B6CBAF1/J). The A10cKO colony was maintained by crossing
heterozygous floxed mice (Adam10Flox/+) (C57BL/6J × 129 S6) with
CaMKIIalpha-Cre recombinase transgenic mice (C57BL/6J × 129
S6). Heterozygous Adam10 floxed mice (Adam10Flox/+) (C57BL/6J ×
129 S6) and CaMKIIalpha-Cre recombinase transgenic mice
(C57BL/6J × 129 S6) were generated as described in (16). A10cKO
exhibited a normal phenotype and a normal fertility. From the
crossing between heterozygous A10cKO and R6/2 mice, we tested
4 genotypes of the F1, including wild-type, R6/2, R6/2-A10cKO
and A10cKO, which are on the same mixed genetic background.
Mice were genotyped as described in (16).

Ethical approval. All protocols involving animals were carried
out in accordance with institutional guidelines in compliance
with Italian law (D. Lgs no. 2014/26, implementation of the
2010/63/UE, protocol 324/2015-PR). The Ethics Committee of the
University of Milano approved studies in mice (Ethics Committee
09.10.13, Ethical Approval 74/13; Ethics Committee 18.12.13,
Ethical Approval 74/14).

Immunoprecipitation, liquid chromatography with
tandem mass spectrometry (LC–MS/MS) analysis and
identification of endogenous ADAM10 interacting
proteins from striata of wild-type and zQ175 mice

Brain tissues from n = 4 wild-type and n = 4 homozygous 50-
week-old zQ175 mice were pestled in an LN2 pre-chill mortar to
turn tissue samples to a fine powder. Mouse tissue homogeniza-
tion was carried out by 20 strokes in a Teflon-glass homogenizer
(clearance 0.25 mm, 700 rpm) in RIPA buffer (50 mm Tris HCl
pH 8, 150 mm NaCl, 0.1% sodium dodecyl sulfate (SDS), 1%
NP40) supplemented with 1 mm phenylmethylsulfonyl fluoride
(PMSF) and 1× protease inhibitor cocktail (Roche Scientific, cat-
alog 11836170001). Tissue lysates were then passed through 25-
gauge needle attached on a 1-ml syringe. After 20 min in ice,
lysates were put 15 min on a rotating wheel at 4◦C. Lysates
were then cleared by centrifugation for 30 min at 12 000g and
4◦C. Resulting supernatants were collected and protein concen-
trations determined by Bradford method with Bio-Rad Protein
Assay Dye Reagent Concentrate (Bio-Rad, catalog 5000006). Tis-
sue lysates from n = 4 mice/genotype were pooled and 6 mg of
protein lysate for wild-type and zQ175 mice was pre-cleared
using Dynabeads Protein G (Thermo Fisher Scientific, catalog
10004D) according to the manufacturer’s instructions and then
immunoprecipitated by using 24 μl of rabbit polyclonal anti-
ADAM10 provided by P. Saftig (University of Kiel). The elution
from pre-clearing (control) and immunoprecipitated beads was
carried out in Sample Buffer 2× (200 mm Tris HCl pH 6.8, 40%
glycerol, 8% SDS, 200 mm dithiothreitol (DTT), 0.01% bromophe-
nol blue) at 99◦C for 10 min. Eluted samples were fractionated
by sodium dodecyl sulfate–polyacrylamide gel electrophoresis
(SDS–PAGE) and stained with GelCode™ Blue Safe Protein Stain
(Thermo Fisher Scientific, catalog 24592). Whole SDS–PAGE lanes
were cut in 1 mm slices and the gel bands digested in situ
with trypsin as previously reported in (34). Peptide mixtures
were analyzed by nano-LC–MS/MS using LTQ Orbitrap XL mass
spectrometer coupled to Proxeon nanoEasy II capillary HPLC
(Thermo Fisher Scientific Inc., Waltham, MA). Peptides were

fractionated onto a C18 reverse-phase capillary column (3 μm
biosphere, 7.5 μm internal diameter, 100 mm length) working
at 300 nl/min flow rate and adopting a linear gradient from 5%
to 100% of eluent B (0.2% formic acid, 95% acetonitrile LC–MS
Grade) over 49 min. Mass spectrometric analyses were carried
out in data-dependent acquisition (DDA): from each MS scan,
spanning from 400 to 1800 m/z, the five most abundant ions were
selected and fragmented. Output data were further processed
into mgf files suitable for protein identification procedure by
Mascot licensed software (Matrix Science Boston, USA). Proteins
were searched in NCBI database using Proteome Discoverer v1.4
platform (Thermo Fisher Scientific). Protein identification was
carried out by using 10 ppm as peptides mass tolerance for
MS and 0.6 Da for MS/MS search; Mus musculus as taxonomy,
carbamidomethyl (C) as fixed modification and Gln → pyro-Glu
(N-term Q), Oxidation (M), Pyro-carbamidomethyl (N-term C) as
variable modifications.

Filtering out immunoprecipitation contaminants

For the definition of the proteins that are non-specific con-
taminants of immunoprecipitation, we relied on the Contami-
nant Repository for Affinity Purification (CRAPome) 2.0 web tool
(https://reprint-apms.org), querying the human experiment col-
lection. To this end, starting from the list of Mouse Genome Infor-
matics (MGI) symbols for ADAM10 interactors in wild-type and
zQ175 mice, human homolog genes were retrieved by biomaRt
R package (Ensembl version 98, (35). CRAPome was then inter-
rogated using ‘Workflow1’ and ‘H. sapiens - All’ parameter. Con-
taminants were defined as proteins reported in at least 50% of
the experiments.

Generation of ADAM10 interaction network

A network visualizing ADAM10 interactors in wild-type and
zQ175 striata was generated in Cytoscape software (version
3.7.2). Interactors are identified by their MGI gene symbols
and are visualized as nodes connected to ADAM10 in wild-type
and/or zQ175.

Gene ontology enrichment analysis of ADAM10
interactors

ADAM10 interactors identified for wild-type and zQ175 mice
(160 and 130 proteins, respectively, including ADAM10) were
subjected to gene ontology enrichment analysis. To define a
universe of expressed proteins to be used as background refer-
ence in the enrichment calculation, the ones identified by the
striatal proteomic analysis performed in (19) were considered.
Proteins with sufficient value of 1 and with UniProt ID referring
to a single gene symbol were selected, resulting in a final list
of 7197 proteins whose MGI symbol was used as universe. Gene
ontology enrichment analysis was performed in R with TopGO
package (http://bioconductor.org/packages/release/bioc/html/to
pGO.html) considering the cellular component domain of the
ontology and using the Fisher statistics and the Weight01 algo-
rithm. Terms were considered significant with a P value <0.01
and an enrichment value of at least 2.

Transcriptional dysregulation of ADAM10 interactors by
HTT

To further characterize the proteins identified as ADAM10 inter-
actors in the wild-type and zQ175 striatum, we explored their
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transcriptional modulation in zQ175 mice by interrogating the
data produced by (19). Results of differential gene expression
analysis, performed on the striatum of 10-month-old zQ20 and
zQ175 mice, were interrogated, retrieving the FC and FDR for the
interactors; information was not available for the following pro-
teins: EPB41L3, MAP6, MTCO2, OPA, PC, RAB1A, RAB7A, SERPINB6,
SKT, SEPT6, SEPT9, SYNGAP1, UPF0568 and ZC2HC1A. For the
other interactors, FDR and FC values were imported in Cytoscape
and displayed as follows: (I) node color code according to FC:
red for down-regulated genes, green for up-regulated genes; (II)
node and label size according to -log10FDR. Genes for which the
information is not available: gray color. Labels are shown only for
nodes with FDR < 0.1.

Overlap between ADAM10 and HTT interactomes

HTT interactors were retrieved from HDinHD website (https://
hint.hdinhd.org/interactions/); mouse and human interactors
were retained for the analysis. For human interactors, the cor-
responding mouse homolog genes were retrieved by biomaRt R
package (Ensembl version 98 (35) and then added to the mouse
interactors. After removal of duplicates, a list of 1625 HTT inter-
actors (as MGI symbols) was obtained and used for the overlap
with ADAM10 interactors in wild-type and zQ175 mice. Results
of the overlap were represented by a Venn diagram, produced
by R package VennDiagram (36); shared interactors were also
visualized in Cytoscape network, by adding HTT as a node with
edges connected to shared interactors.

Gene ontology enrichment analysis was performed on the
proteins shared between HTT and ADAM10 using the same
approach and thresholds already detailed for gene ontology
enrichment analysis of ADAM10 interactors.

Preparation of synaptosomes, pre- and postsynaptic
fractions

Synaptosomes from cortical tissue of wild-type, R6/2 and R6/2-
A10cKO shown in Figure 3F and in Supplementary Material, Fig-
ure S4 were prepared by using Syn-PER Reagent (Thermo Scien-
tific, catalog 87793) according to the manufacturer’s instructions.
For the preparation of synaptosomes, pre- and postsynaptic
fractions shown in Figure 3A–C, tissue homogenization was car-
ried out by 10 strokes in a Teflon-glass homogenizer (clearance
0.25 mm, 700 rpm) in 4 ml/g wet weight cold 0.32 M sucrose
solution containing 1 mm NaHCO3, 1 mm MgCl2, 0.5 mm CaCl2,

1 mm PMSF and 1× protease inhibitors (Thermo Fisher Scien-
tific, catalog 1861281) (Buffer A). The homogenized tissue was
centrifuged at 470g for 2 min at 4◦C. The resulting supernatant
(S1) was centrifuged at 10 000g for 10 min at 4◦C, and the pellet
(P2) was resuspended in 0.32 M sucrose solution and layered on
0.8 M sucrose solution followed by centrifugation at 9100 g for
15 min at 4◦C in swinging bucket rotor. Synaptosomes in the
0.8 sucrose fraction were resuspended in 20 mm HEPES pH 7, 2%
Triton X-100, 150 mm KCl, 1 mm PMSF and 1× protease inhibitors
(Buffer B) and centrifuged at 20 800g for 45 min. The resulting
supernatant (S3) represents the presynaptic fraction, while the
pellet (P3) was resuspended in 1% Triton-X 100, 75 mm KCl, 1 mm
PMSF and 1× protease inhibitors (Buffer C) and centrifuged at
20 800g for 30 min at 4◦C. The obtained pellet (P4), which repre-
sents the postsynaptic fraction, was washed with 20 mm HEPES
pH 7 and resuspended in 1× SDS–PAGE buffer (100 mm Tris HCl
pH 6.8, 20% glycerol, 4% SDS, 100 mm DTT, 0.01% bromophenol
blue). Proteins in the presynaptic fractions were precipitated
with trichloroacetic acid (TCA) stock to 4 volumes of protein

sample and incubated 10 min at 4◦C. Samples were centrifuged
at 14 000 rpm for 5 min. Pellets were washed 2 times with cold
acetone, centrifuged at 14 000 rpm for 5 min and dried in 95◦C
heat block for 5–10 min to drive off acetone and resuspended in

1× SDS–PAGE buffer. InstantBlue
®

Coomassie Protein Stain (Abcam,
catalog ab119211) was used to stain the proteins bands on 10%
SDS–PAGE gels.

Co-IP of the ADAM10/PCLO complex

Co-IP was performed on total protein lysates and on synapto-
somes prepared from cortical tissues of wild-type and R6/2 mice
at 12 weeks of age.

Co-IP of ADAM10/PCLO complex in total protein lysates. Tissue
homogenization was carried out in RIPA buffer (50 mm Tris HCl
pH 8, 150 mm NaCl, 0.1% SDS, 1% NP40) supplemented with
1 mm PMSF and 1× protease inhibitor cocktail (Roche Scientific,
catalog 11836170001). Tissue lysates were then passed through
25-gauge needle attached on a 1-ml syringe. After 20 min in
ice, lysates were put 15 min on a rotating wheel at 4◦C. Lysates
were then cleared by centrifugation for 30 min at 12 000g and
4◦C. Resulting supernatants were collected and protein con-
centrations determined by Bradford method with Bio-Rad Pro-
tein Assay Dye Reagent Concentrate (Bio-Rad, catalog 5000006).
About 1 mg protein lysate was pre-cleared using Dynabeads
Protein G (Thermo Fisher Scientific, catalog 10004D) and then
incubated with 50 μl of rabbit polyclonal anti-PCLO antibody
(Synaptic Systems, catalog 142002) overnight at 4◦C on a rotation
wheel and then loaded onto Dynabeads for incubation for 3 h at
4◦C on a rotation wheel. After washing, the beads were eluted in
Sample Buffer 2× (200 mm Tris HCl pH 6.8, 40% glycerol, 8% SDS,
200 mm DTT, 0.01% bromophenol blue) at 99◦C for 10 min. For
Western blot, Co-IP samples were denatured at 99◦C and loaded
on 6% and 10% SDS–PAGE gels. Input samples (5% of the amount
of the corresponding lysate used for IP) were loaded as controls.

Co-IP of ADAM10/PCLO in synaptosomes. The Syn-PER Reagent
(Thermo Scientific, catalog 87793) was used for synaptosomes
preparation from cortical tissue of wild-type, R6/2 and R6/2-
A10cKO at 12 weeks of age. A pool of n = 3 mice/genotype
was used and 1-mg synaptosomes were pre-cleared using
SureBeads™ Protein G Magnetic Beads (Bio-Rad, catalog 161-
4023) according to the manufacturer’s instructions. Pre-cleared
samples were incubated with 10 μl of rabbit polyclonal anti-PCLO
antibody (Synaptic Systems, catalog 142002) overnight at 4◦C on
a rotation wheel and then loaded onto SureBeads™ Protein G
Magnetic Beads according to the manufacturer’s instruction.
After washing, samples were eluted in 60 μl/sample of Sample
Buffer 2× (200 mm Tris HCl pH 6.8, 40% glycerol, 8% SDS, 200 mm
DTT, 0.01% bromophenol blue) at 65◦C for 20 min. IP samples and
inputs (5% of the amount of the corresponding lysate used for
IP) were then loaded on 3–8% Criterion™ XT Tris-Acetate Protein
Gel (Bio-Rad, catalog 3450129).

Western Blot

Separated proteins were transferred onto a nitrocellulose mem-
brane (Bio-Rad Turbo Nitrocellulose, catalog 1704158) by means
of the Trans-blot Turbo Transfer System (Bio-Rad) (High Molecu-
lar Weight protocol: 2.5 A constant; up to 25 V; 10 min), blocked
with 5% nonfat milk (Bio-Rad, catalog 1706404) in TBS and 0.1%
Tween 20 (TBST) and incubated with rabbit polyclonal anti-
ADAM10 antibody provided by P. Saftig (1:1000 in TBST), with
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mouse monoclonal anti-PSD95 antibody (1:2000 in TBST; Thermo
Fisher Scientific, catalog 6G6-1C9), with mouse monoclonal anti-
SYP antibody (1:500 in 5% nonfat milk; Abcam, catalog ab8049),
with rabbit polyclonal anti-PCLO antibody (1:2000 in 5% nonfat
milk; Synaptic System, catalog 142002), with mouse monoclonal
anti-RNA polymerase II CTD antibody (1:1000 in TBST; Abcam,
catalog ab5408), with mouse monoclonal anti-βIII-Tubulin anti-
body (1:1000 in TBST; Promega, catalog G7121), and mouse mon-
oclonal anti-α-Tubulin antibody (1:5000 in TBST; MilliporeSigma,
catalog T9026) at 4◦C overnight. After washing, filters were incu-
bated for 1 h at room temperature with a peroxidase conjugate
secondary antibody (1:3000 in 5% nonfat milk; Bio-Rad, goat
anti-rabbit HRP, catalog 1706515, goat anti-mouse HRP, catalog
1706516) and then washed 3 times with TBST. Co-IP membranes
were incubated with TidyBlot (1.500 in TBS-T, Bio-Rad, catalog
STAR209P). The Clarity Western ECL Substrate (Bio-Rad, catalog
1705061) was used to visualize immunoreactive bands. Blot visu-
alization was performed by using the ChemiDoc MP Imaging
System from Bio-Rad. Densitometric analyses were performed
by using Image Lab version 6.0.1.

Transmission Electron Microscopy (TEM)

Wild-type, R6/2, R6/2-A10cKO and A10cKO mice at 13 weeks
of age were anesthetized with 10 mg/ml avertin and transcar-
dially perfused using 2.5% glutaraldehyde (Electron Microscopy
Sciences, catalog 16220), and 2% paraformaldehyde (Electron
Microscopy Sciences, catalog 19200) as fixatives, both in sodium
cacodylate buffer 0.15 M (pH 7.4) (Electron Microscopy Sciences,
catalog 12300). Brains were removed and post-fixed for an addi-
tional 24 h at 4◦C. Coronal brain sections (100 μm thick) were
cut on a Leica VT1000S Vibratome. Sections were collected in
0.1 M sodium cacodylate buffer, and the cortex was manually
dissected for staining and embedding. Tissues were washed with
0.1 M cold sodium cacodylate buffer and then post-fixed in
a reduced osmium solution (i.e. 1.5% potassium ferrocyanide,
Electron Microscopy Sciences, catalog 20150) with 2% osmium
tetroxide (Electron Microscopy Sciences, catalog 19170) in 0.15 M
cacodylate buffer for 1 h on ice. After the first heavy metal
incubation, the tissues were washed with ddH2O at room tem-
perature and then placed in the 0.22 μm Millipore-filtered 1%
thiocarbohydrazide (TCH) (Electron Microscopy Sciences, cata-
log 21900) in ddH2O solution for 20 min at room temperature.
Tissues were then rinsed again in ddH2O and incubated in 2%
osmium tetroxide in ddH2O for 30 min at room temperature.
After several washings at room temperature in ddH2O, they were
then placed in 1% uranyl acetate (aqueous) and left overnight
at 4◦C. Samples were washed once again and then immersed
en bloc in Walton’s lead aspartate solution (0.066 gr lead nitrate
(Electron Microscopy Sciences, catalog 17900) dissolved in 10 ml
of 0.003 M aspartic acid solution, pH 5.5) at 60◦C for 30 min. The
tissues were washed and then dehydrated stepwise through an
ethanol series and finally placed in anhydrous ice-cold acetone
for 10 min. Infiltration was performed with an acetone (Sigma-
Aldrich, catalog 179124)/Durcupan ACM (Electron Microscopy
Sciences, catalog 14040) mixture with 3:1 volume ratio for 2 h
and then 1:1 overnight. The tissues were left for 2 h in pure
resin and then embedded in Durcupan ACM resin and placed in a
60◦C oven for 48 h for polymerization. For TEM imaging, ultrathin
sections 70 nm thick were prepared by a Leica UC7 ultrami-
crotome and placed on TEM copper grids (Electron Microscopy
Sciences, catalog EMS300-Cu), which were then observed using a
Tecnai Spirit transmission electron microscope (FEI, Eindhoven,
the Netherlands) working at an acceleration voltage of 120 kV,

equipped with a lanthanum hexaboride thermionic source, a
twin objective lens and a bottom-mount Gatan Orius CCD cam-
era (Gatan, Pleasanton, USA). Quantitative measurements were
performed by ImageJ, version 1.47 (NIH). The selection of the
synapse and the analyses were performed by a blinded inde-
pendent investigator and in a genotype-blinded manner. The
following parameters were measured: SV number per area unit
(μm2), number of docked/reserve/resting vesicles per synaptic
area (N◦ SVs/μm2), synaptic area (μm2), AZ length (μm), SV
diameter and PSD length (nm). For SV distribution single vesicle
has been manually annotated and distance to the active zone
is expressed in nm. Docked vesicles were defined as vesicles
within 50 nm of the active zone, reserve as vesicles between 50
and 300 nm from the active zone and resting as vesicles beyond
300 nm of the active zone. We analyzed n = 3 mice/genotype and
n = 60 synapses/genotype.

Statistics

All measurements are presented as mean ± SEM. Prism 7.0c
(GraphPad Software) was used to perform all statistical anal-
yses. The D’Agostino–Pearson or Shapiro–Wilk normality test
was used to determine in Prism whether data were normally
distributed or not. For normally distributed values, statistical
significance was determined by the unpaired Student’s t-test
when two groups were compared. When more than two groups
were tested, the one-way ANOVA with Tukey’s multiple com-
parison test was used. Differences were considered statistically
significant at P < 0.05.

Supplementary Material
Supplementary Material is available at HMG online.
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