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Abstract
Synaptic dysfunction is an early pathogenic event leading to cognitive decline in Huntington’s disease (HD). We previously 
reported that the active ADAM10 level is increased in the HD cortex and striatum, causing excessive proteolysis of the syn-
aptic cell adhesion protein N-Cadherin. Conversely, ADAM10 inhibition is neuroprotective and prevents cognitive decline 
in HD mice. Although the breakdown of cortico-striatal connection has been historically linked to cognitive deterioration 
in HD, dendritic spine loss and long-term potentiation (LTP) defects identified in the HD hippocampus are also thought to 
contribute to the cognitive symptoms of the disease. The aim of this study is to investigate the contribution of ADAM10 to 
spine pathology and LTP defects of the HD hippocampus. We provide evidence that active ADAM10 is increased in the hip-
pocampus of two mouse models of HD, leading to extensive proteolysis of N-Cadherin, which has a widely recognized role 
in spine morphology and synaptic plasticity. Importantly, the conditional heterozygous deletion of ADAM10 in the forebrain 
of HD mice resulted in the recovery of spine loss and ultrastructural synaptic defects in CA1 pyramidal neurons. Meanwhile, 
normalization of the active ADAM10 level increased the pool of synaptic BDNF protein and activated ERK neuroprotective 
signaling in the HD hippocampus. We also show that the ADAM10 inhibitor GI254023X restored LTP defects and increased 
the density of mushroom spines enriched with GluA1-AMPA receptors in HD hippocampal neurons. Notably, we report 
that administration of the TrkB antagonist ANA12 to HD hippocampal neurons reduced the beneficial effect of GI254023X, 
indicating that the BDNF receptor TrkB contributes to mediate the neuroprotective activity exerted by ADAM10 inhibition 
in HD. Collectively, these findings indicate that ADAM10 inhibition coupled with TrkB signaling represents an efficacious 
strategy to prevent hippocampal synaptic plasticity defects and cognitive dysfunction in HD.
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Introduction

Huntington’s disease (HD) is a dominantly inherited disor-
der of the central nervous system that typically becomes evi-
dent in mid-life [1]. Carriers of a cytosine-adenine-guanine 
(CAG) trinucleotide expansion of at least 36 repeats in the 
exon 1 of the huntingtin (HTT) gene experience synaptic 
dysfunction and cognitive deficiencies from the prodromal 
stage of the disease, long before the emergence of motor 
symptoms [2, 3]. The breakdown of cortico-striatal con-
nection has been historically linked to cognitive decline in 
HD [4, 5]. Moreover, evidence in mouse models supports 
the role of hippocampal-mediated cognitive abnormali-
ties in HD. In fact, reduced spine density and impairment 
in N-methyl-D-aspartate receptor (NMDAR)-dependent 
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long-term potentiation (LTP) at the Schaffer's collateral-CA1 
synapse have both been associated to cognitive decline in 
HD mice [6–11]. Notably, clinical studies in HD patients 
argue in favor of hippocampal involvement in the cognitive 
deficit, consistent with what has been reported in the mouse 
models of HD [12, 13].

Spine loss and LTP impairments in the HD hippocam-
pus have been predominantly associated with a reduction in 
the tropomyosin receptor kinase B (TrkB) signaling path-
way due to diminished transcription and axonal transport 
of Brain-Derived Neurotrophic Factor (BDNF) [10, 14]. In 
HD, decreased BDNF/TrkB signaling has also been identi-
fied as the cause of reduced α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) receptor lateral surface 
diffusion, a crucial mechanism in LTP [10]. The observation 
that supplying BDNF restores LTP defects in HD hippocam-
pal brain slices confirms the role of BDNF/TrkB pathway in 
hippocampal plasticity and in HD [15].

Beyond BDNF, the hippocampus is enriched with A Dis-
integrin and Metalloproteinase Domain-Containing Protein 
10 (ADAM10), a recently discovered binding partner of 
HTT at the synapse with a consolidated role in spine forma-
tion, stabilization, and synaptic plasticity [16–19]. Initially 
produced as a 95 kDa zymogen, ADAM10 matures into a 
60 kDa active protease (m-ADAM10) that regulates syn-
aptic cell adhesion by exerting a proteolytic effect on the 
ectodomain of a plethora of neuronal substrates, including 
amyloid precursor protein (APP), the cellular prion protein, 
neuroligin 1, neural cell adhesion molecule (NCAM), nectin 
1, ephrin-A2 and -A5, and N-Cadherin (N-CAD) [17, 20]. 
The recent discovery that ADAM10 binds to presynaptic 
proteins implicated in the transport, positioning, and release 
of synaptic vesicles (SVs) consolidates its role in the plastic-
ity of synaptic transmission [19].

Considering the crucial role of this protease in the brain, 
dysfunction in ADAM10 activity has been linked to the 
development of brain disorders, including Alzheimer’s dis-
ease, Fragile X syndrome, prion disease and, ultimately, HD 
[17–19]. Indeed, we reported that wild-type HTT binds to 
active ADAM10 [16, 18]. Conversely, reduced affinity of 
mutant HTT to the active enzyme causes its accumulation at 
the synapse, resulting in excessive N-CAD proteolysis in the 
HD cortex and striatum, leading to synapse loss and cogni-
tive decline in HD mice [18, 19]. Protection from synaptic 
structural and functional impairments and amelioration of 
cognitive defects were instead observed when the level of 
active ADAM10 was normalized in the HD mouse brain 
through genetic, molecular, and chemical approaches [18, 
19].

Due to the ever-increasing burden that cognitive dys-
functions have taken on in HD patients and the lack of 
effective drug treatments, the aim of this study is to inves-
tigate the impact of ADAM10 inhibition strategies on 

morphological, molecular, and functional defects of the 
HD hippocampus. The experiments outlined below pro-
vide evidence of the detrimental role played by hyper-
active ADAM10 in the HD hippocampal synapse. Fur-
thermore, we demonstrate that inhibition of ADAM10 
prevents structural and functional synaptic defects in the 
HD hippocampus. We also show that neuroprotection by 
ADAM10 inhibition requires a functional BDNF/TrkB 
pathway in the HD synapse and supports ADAM10 inhi-
bition coupled with TrkB signaling as a strategy to prevent 
cognitive symptoms in HD.

Methods

HD mouse models

Wild-type and R6/2 mice on a B6CBAF1/J background and 
zQ175DN mice on a C57BL6/J background were purchased 
from the Jackson Laboratory. Both males and females were 
included in the study. Genotyping of R6/2 (B6CBAF1/J) 
and zQ175DN (C57BL/6 J) mouse colonies (~ 150 CAG 
and 175 repeats, respectively) was performed by PCR of 
genomic DNA obtained from tail samples (Nucleo Spin Tis-
sue, Macherey–Nagel, Cat. No. 740952.250) at weaning and 
following sacrifice for verification. CAG repeats of R6/2 and 
zQ175DN mice were sized as described in [18].

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 
ADAM10 floxed mice (Adam10Flox/+) (C57BL/6 J × 129 
S6) with CaMKIIalpha-Cre recombinase transgenic mice 
(C57BL/6 J × 129 S6). A10cKO mice exhibited a normal 
phenotype and normal fertility. From the crossing between 
heterozygous A10cKO and R6/2 mice, we tested 4 geno-
types of the F1, including WT, R6/2, R6/2-A10cKO, and 
A10cKO, which are on the same mixed genetic background. 
Mice were genotyped as previously described in [18].

Treatment of mice with TAT peptides

Wild-type and R6/2 mice at 12 weeks of age received 2 i.p. 
injections 24 h apart of TAT-Pro-ADAM10709–729 (2 nmol/g) 
or TAT-Ala-ADAM10709–729 peptide (2 nmol/g) as described 
in [18]. Animals were euthanized 24 h after the second injec-
tion by cervical dislocation, and the brains were rapidly 
removed for dissection of the hippocampal tissues.
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Primary mouse hippocampal neurons

The hippocampus was isolated from E18 mouse fetuses in 
ice-cold Hybernate™-E medium (Gibco™, Thermo Fisher 
Scientific, Cat. No. A1247601). The tissue was incubated for 
15 min at 37 °C in pre-warmed dissociation buffer (PBS1X, 
papain 500 µg/mL, DNase I 2 U/mL, 5 mM glucose). Papain 
was then inactivated by adding PBS1X supplemented 
with 10% fetal bovine serum (FBS) (Euroclone,  Cat. No. 
EUS028597). After centrifugation for 3 min at 800 rpm, 
the solution was removed, and tissues were then mechani-
cally dissociated in Neurobasal medium (Gibco™, Thermo 
Fisher Scientific, Cat. No. 21103049) supplemented with 
L-glutamine (GlutaMax from Gibco™, Cat. No. 35050061), 
N-2 supplement (Gibco™, Thermo Fisher Scientific, Cat. 
No. 17502048), B-27 supplement (Gibco™, Thermo Fisher 
Scientific, Cat. No. 17504044) and 10% FBS. Neurons 
were plated on poly-D-lysine-coated (Sigma-Aldrich, Cat. 
No. p6407-5MG) 12-mm glass coverslips (VWR, Cat. No. 
631–1577) at a density of 1 × 105 cells/cm2. After 12–24 h 
from plating, FBS withdrawal was performed, and neurons 
were maintained in supplemented Neurobasal medium with-
out FBS for up to 14 days in vitro (DIV14). Partial medium 
replacement was performed every 48 h. Treatment with 
the ADAM10 inhibitor GI254023X 1 µM (CliniSciences 
Cat. No.  HY-19956-5mg) was carried out from DIV6 until 
DIV14 during medium replacement. The TrkB blocker 
ANA12 (10 µM) (Tocris, Bio-Techne, Cat. No. 4781) was 
co-administered during medium replacement for 48 h before 
cell fixation at DIV14.

Preparation of total protein lysates 
and synaptosomes

Total protein lysates were prepared in RIPA buffer (50 mM 
Tris–HCl pH 8, 150 mM NaCl, 0.1% sodium dodecyl sulfate 
(SDS), 1% Nonidet P40, 0.5% sodium deoxycholate) with 
1 mM phenylmethylsulfonyl fluoride (PMSF) and 1 × pro-
tease inhibitor cocktail (Thermo Fisher Scientific, Cat. 
No. 1861281). Lysates were cleared by centrifugation for 
30 min at 12,000 g and 4 °C. Synaptosomes were prepared 
by using Syn-PER Reagent (Thermo Fisher Scientific, Cat. 
No. 87793). Protein concentration was determined with the 
BCA assay (Thermo Fisher Scientific, Cat. No. 23225).

SDS‑PAGE and Western Blot

20–60 μg of proteins were loaded on a 10% SDS-PAGE gel. 
Separated proteins were transferred onto a nitrocellulose 
membrane (Bio-Rad, Cat. No. 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, Cat. No. 1706404) 

in TBS1X and 0.1% Tween 20 (TBST) and incubated with 
rabbit polyclonal anti-ADAM10 antibody EPR5622 (1:1000 
in TBST; Abcam, Cat. No. ab124695), mouse monoclonal 
anti-N-CAD antibody (1:1000 in TBST; Becton Dickinson 
Transduction Laboratories, Cat. No.610921), rabbit poly-
clonal anti-total-ERK1/2 antibody (1:2000 in TBST; Cell 
Signaling, Cat. No. 9102), rabbit polyclonal anti-phospho-
ERK1/2 antibody (1:2000 in TBST; Cell Signaling, Cat. 
No. 9101), mouse monoclonal anti-βIII-Tubulin antibody 
(1:1000 in TBST; Promega, Cat. No. G7121), and mouse 
monoclonal anti-α-Tubulin antibody (1:5000 in TBST; Mil-
lipore, Cat. No. T9026) at 4 °C overnight. After washing, 
filters were incubated for 1 h at room temperature (RT) 
with a peroxidase conjugate secondary antibody (1:3000 
in 5% nonfat milk; goat anti-rabbit HRP, Bio-Rad Cat. No. 
1706515; goat anti-mouse HRP, Bio-Rad Cat. No. 1706516) 
and then washed 3 times with TBST. The Clarity Western 
ECL Substrate (Bio-Rad, Cat. No. 1705061) was used to 
visualize immunoreactive bands. Blot visualization was per-
formed using the ChemiDoc MP Imaging System from Bio-
Rad. Densitometric analyses were performed using Image 
Lab version 6.0.1.

Enzyme‑linked immunosorbent assay (ELISA)

Due to a high degree of amino acid sequence homology 
between mouse and human BDNF, the Human BDNF 
ELISA Kit (Millipore, Cat. No. RAB0026) was used accord-
ing to the manufacturer’s instructions. Before proceeding 
with the ELISA assay, synaptosomes underwent an acidi-
fication step, which is needed to allow BDNF release from 
vesicles. 50 µL of synaptosomes were diluted in 150 µL of 
PBS1X and then incubated with 4 μL of HCl 1N for 15 min 
at RT. 4 μL of NaOH 1N were then added to each sample to 
increase the pH of the solution from 4 to 7. All samples were 
assayed in duplicate, and the average value of each sample 
was normalized to the total protein concentration.

RNA preparation and retrotranscription

Total RNA was isolated from 50 to 100 mg of mouse brain 
tissue using TRIzol reagent according to the manufac-
turer’s instructions (Invitrogen, Thermo Fisher Scientific, 
Cat. No. 15596026). RNA concentration was evaluated 
using the NanoDrop® spectrophotometer, and its integrity 
was assessed by agarose gel electrophoresis. The DNA-
free™ DNase Treatment and Removal Reagents (Invitro-
gen, Thermo Fisher Scientific, Cat. No. AM1906) were 
used to remove contaminating DNA from RNA prepara-
tions, and 500 ng of total RNA was reverse transcribed to 
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single-stranded cDNA by using iScript™ cDNA Synthesis 
Kit (Bio-Rad, Cat. No. 1708891).

Real‑time qPCR

Reactions were performed in a total volume of 15 μL con-
taining 50 ng cDNA and SsoFast™ EVAGreen Supermix 
(Bio-Rad, Cat. No 1725204) following the manufacturer’s 
instructions. Quantitative RT-PCR was performed using a 
CFX96TM Real-Time System (Bio-Rad). The amplifica-
tion consisted of the following steps: 95 °C for 3 min, 45 
cycles of 30 s at 95 °C, 30 s at 60 °C, and 45 s at 72 °C. 
Fluorescence was quantified during the annealing step, 
and product formation was confirmed by melting curve 
analysis (55–94 °C). Data were analyzed with the CFX 
Manager software (Bio-Rad).

The following primer pairs (5’-3) were used:

Mouse Actin FW: AGT​GTG​ACG​TTG​ACA​TCC​GTA​

Mouse Actin RV: GCC​AGA​GCA​GTA​ATC​TCC​TTCT​

Mouse ADAM10 FW: GGA​AGC​TTT​AGT​CAT​GGG​TCTG​

Mouse ADAM10 RV: CTC​CTT​CCT​CTA​CTC​CAG​TCAT​

Mouse total BDNF FW: TCG​TTC​CTT​TCG​AGT​TAG​CC

Mouse total BDNF RV: TTG​GTA​AAC​GGC​ACA​AAA​C

Mouse BDNF Ex1 FW: ATC​CAC​TGA​GCA​AAG​CCG​AAC​

Mouse BDNF Ex2 FW: GTG​GTG​TAA​GCC​GCA​AAG​AAG​

Mouse BDNF Ex3 FW: TCT​GGC​TTG​GAG​GGC​TCC​TG

Mouse BDNF Ex4  FW: CAG​GAG​TAC​ATA​TCG​GCC​
ACCA​

Mouse BDNF Ex5 FW: ACC​ATA​ACC​CCG​CAC​ACT​CTG​

Mouse BDNF Ex6 FW: GGA​CCA​GAA​GCG​TGA​CAA​CA

Mouse BDNF Ex7 FW: CTC​TGT​CCA​TCC​AGC​GCA​CC

Mouse BDNF Ex8 FW: GGT​ATG​ACT​GTG​CAT​CCC​AGG​

Mouse BDNF Ex9a FW: GCT​TCC​TTC​CCA​CAG​TTC​CA

Mouse BDNF coding RV: CGC​CTT​CAT​GCA​ACC​GAA​
GT (used for the amplification of BDNF mRNA isoforms).

Golgi staining

Wild-type, R6/2, R6/2-A10cKO and A10cKO mice at 
13 weeks of age were anesthetized with 10 mg/mL 2,2,2-Tri-
bromoethanol (Sigma-Aldrich, Cat. No. T48402) and 
transcardially perfused using 10/15 mL of saline solution 
(0.9% NaCl). After perfusion, dissected brains were quickly 
immersed in Golgi-Cox solution (potassium dichromate 1%, 
mercuric chloride 1%, and potassium chromate 0.8%) and 
processed as described in [21]. Stained neurons from the 
CA1 region of the hippocampus were acquired using a Nano-
Zoomer S60 Digital slide scanner (Hamamatsu C13210-01). 
Stacks were collected every 0.5 μm with a 40 × objective 
and n = 3 mice/genotype were analyzed for a total of n = 30 
neurons/genotype. The spine density of the proximal api-
cal dendrite area was analyzed (minimum 100 μm from 
the soma). The second- or third-order dendrite (protruding 
from its parent apical dendrite) was chosen for spine density 
quantification. Z-stacks were made from each dendrite in 
the whole of the analyzed segment. The widths and lengths 
of dendritic spines were manually measured and catego-
rized into thin spines (with length < 1 µm), stubby spines 
(with length to width ratios less than or equal to 1 µm), and 
mushroom spines (with widths > 0.6 μm) according to [22]. 
To determine the spine density, the software NDP View 2 
(Hamamatsu) was used.

Transmission electron microscopy (TEM)

Sample preparation for TEM imaging was performed as 
described in [18]. Wild-type, R6/2, R6/2-A10cKO and 
A10cKO mice at 13 weeks of age (n = 3 mice/genotype) 
were anesthetized by intraperitoneal injection of 10 mg/
mL  2,2,2-Tribromoethanol and transcardially perfused using 
2.5% glutaraldehyde (Electron Microscopy Sciences, Cat. 
No. 16220), and 2% paraformaldehyde (Electron Micros-
copy Sciences, Cat. No. 19200) as fixatives, both in sodium 
cacodylate buffer 0.15 M (pH 7.4) (Electron Microscopy 
Sciences, Cat. No. 12300) and processed as described in 
[18]. For TEM imaging, ultrathin sections with a thickness 
of 70 nm were prepared using an UltraCut E Ultramicrotome 
(Reichert). These sections were then placed on TEM copper 
grids and imaged by a Tecnai G2 Spirit transmission electron 
microscope (FEI, Eindhoven, the Netherlands). The micro-
scope operated at an acceleration voltage of 120 kV and was 
equipped with a lanthanum hexaboride thermionic source, a 
twin objective lens, and a bottom-mount 11MP Gatan Orius 
SC1000 CCD camera (Gatan, Pleasanton, USA). Quantita-
tive measurements were performed by ImageJ, version 1.47 
(NIH). The selection of the synapse and the analyses were 
performed by a blinded independent investigator in a geno-
type-blinded manner. We analyzed n = 3 mice/genotype and 
n = 60 synapses/genotype. The following parameters were 
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measured: number SVs per μm2 presynaptic area, number 
of docked/reserve/resting vesicles per μm2 presynaptic area, 
and PSD length (nm). For SV distribution, the single vesicle 
has been manually annotated, and the distance to the active 
zone was expressed in nm. Docked vesicles were defined as 
vesicles within 50 nm of the active zone, reserve vesicles 
as vesicles between 50 and 300 nm from the active zone, 
and resting vesicles as vesicles beyond 300 nm of the active 
zone.

Immunocytochemistry for excitatory synapses 
analysis

Neurons were fixed in 4% paraformaldehyde for 15 min at 
RT. Cell membrane permeabilization and blocking of non-
specific binding sites were performed in blocking buffer 
(PBS1X, 0.5% Triton X-100, 5% normal goat serum) for 
1 h at RT. Primary antibodies were prepared in diluted 
blocking buffer (PBS1X, 0.25% Triton X-100, 2.5% normal 
goat serum) and incubated overnight at 4 °C. Neurons were 
rinsed three times in PBS1X for 10 min and incubated with 
secondary antibodies conjugated to Alexa fluorophores for 
1 h at RT. Neurons were washed three times in PBS1X and 
then Hoechst 33258 (Molecular Probes, Invitrogen, Cat. No. 
H3569) was added for 10 min at RT. Neurons were washed 
three times in PBS1X and coverslips were mounted with 
Vectashield Vibrance Antifade Mounting Medium (Vector 
Labs, Cat. No. H-1700). Images were acquired with a con-
focal microscope Leica SP5 (LSCM, Leica Microsystems) 

with a 63 × objective (NA 1.40) or with IN Cell Analyzer 
6000 with a 20 × or 40 × objective (GE Healthcare Life Sci-
ences). The following primary antibodies were used: chicken 
polyclonal anti-Map2 antibody (Abcam, Cat. No. ab5392, 
1:2000), mouse monoclonal anti-Bassoon antibody (Enzo 
Life Science, Cat. No. ADI-VAM-PS003-F, 1:500), rab-
bit polyclonal anti-Homer1 antibody (GeneTex, Cat. No. 
GTX103278, 1:500), rabbit polyclonal anti-GluA1 antibody 
(Millipore, Cat No. AB1504, 1:500). The following second-
ary antibodies were used: Alexa Fluor 647 goat anti-chicken 
IgY (Invitrogen, Cat. No. A32933, 1:500) Alexa Fluor 568 
goat anti-mouse IgG (Invitrogen, Cat. No. A11004, 1:500), 
Alexa Fluor 647 goat anti-rabbit IgG (Invitrogen, Cat. No 
A27040, 1:500). Secondary antibodies were prepared in 
diluted blocking buffer. Dendrites were identified by Map2 
staining. Since primary neuronal cultures can show a het-
erogeneous distribution, 3–7 fields were captured per well 
for each biological replicate. Acquired confocal field of 
images (FoV) were processed with the NIS-Elements soft-
ware (V.5.30; Lim, Nikon INstruments). Twenty iterations 
of Richardson-lucy (a specific algorithm for point-scanning-
confocal microscopy) deconvolution were applied. The num-
ber of synapses in each FoV was measured as Bassoon + /
Homer1 + colocalizing puncta and was normalized on the 
total dendritic length. Since n = 3 biological replicates were 
performed, a total of 9–21 FoV were analyzed in any experi-
mental condition. The number of synapses was calculated in 
100-µm-long dendrites.

Fig. 1   The mature active form of ADAM10 is increased in the 
HD mouse hippocampus and causes N-CAD proteolysis. A Rep-
resentative Western blot for the mature active form of ADAM10 
(m-ADAM10) in synaptosomal fractions obtained from the hip-
pocampus of R6/2 transgenic mice and zQ175 heterozygous knock-in 
mice. β-III Tubulin, loading control. B Quantification of data shown 
in A. WT and R6/2 mice at 10–12 weeks of age:  n=12–13 mice/gen-
otype. WT and zQ175 mice at 54 weeks of age: n=9 mice/genotype. 
Data are represented as mean ± SEM. ****P < 0.0001, unpaired t test. 

C Representative Western blot of N-CAD-CTF in the hippocampus 
from WT and HD mice (R6/2 and zQ175). α-Tubulin, loading con-
trol. D Quantification of results shown in  C.  The N-CAD-CTF sig-
nal intensity has been divided for the FL N-CAD content, which has 
been determined by dividing FL N-CAD intensity over the α-Tubulin 
intensity. WT and R6/2 mice at 10–12  weeks of age:  n=8–9 mice/
genotype; WT and zQ175 mice at 54  weeks: n=3 mice/geno-
type. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, 
unpaired t test
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Analysis of dendritic spine density

Primary hippocampal neurons were transfected at DIV5 
with pcDNA3.1-mGreenLantern plasmid (Addgene, Cat. 
No. 161912) and Lipofectamine™ 3000 Transfection Rea-
gent (Thermo Fisher Scientific, Cat. No. L3000015) accord-
ing to the manufacturer’s instructions. Lipofectamine was 
removed 1 h after transfection to avoid cytotoxic effects on 
primary neurons. After fixation with 4% paraformaldehyde 
neurons were subjected to immunostaining with an anti-
GFP antibody (Abcam, ab13970, 1:500) and the presence 
of mGreenLantern + neurons was assessed by means of 
IN Cell Analyzer 6000. Dendritic spine analysis was per-
formed manually with Fiji (ImageJ; https://​imagej.​net/​softw​
are/​fiji/​downl​oads) in blind for genotypes and treatments. 
Spines were classified according to criteria described in 
[23]. Spines were judged thin if their length was greater 
than the neck diameter. Spines were judged mushroom if the 
diameter of the head was much greater than the diameter of 
the neck. Spines were judged stubby if the diameter of the 
neck was similar to the total length of the spine. Number of 
spines was calculated in 100-µm-long dendrites. For each 
experimental condition 4–5 dendrites were analyzed. Since 

n = 3 biological replicates were performed a total of 12–15 
dendrites were analyzed in any experimental condition.

Induction of chemical LTP and electrophysiological 
recording

Whole-cell patch-clamp recordings were performed in 
voltage-clamp configuration at RT. Pipettes were prepared 
from borosilicate glass using a horizontal puller (P-97-Sutter 
Instruments) and, to isolate spontaneous excitatory postsyn-
aptic currents (sEPSCs), they were filled with an intracel-
lular solution containing 100 mM cesium methansulfonate, 
25 mM CsCl, 2 mM MgCl2, 0.4 mM EGTA, 10 mM HEPES, 
10 mM creatine phosphate, 0.4 mM Na-GTP (pH 7.4 with 
CsOH). The extracellular solution contained 125 mM NaCl, 
1 mM MgCl2, 2 mM CaCl2, 2.5 mM KCl, 33 mM glucose, 
5 mM HEPES, 0.02 mM bicuculline to block GABAA recep-
tors (pH 7.3 with NaOH). Pipette series resistance was con-
stantly monitored during experiments. Spontaneous post-
synaptic currents were recorded using an Axopatch 200B 
amplifier (Axon Instruments) and digitized with a Digidata 
1322A AD/DA converter (Axon Instruments). Signals were 
acquired using Clampex software (Molecular Devices), 
sampled at 20–50 kHz, and low-pass filtered at 10 kHz 

Fig. 2   ADAM10 heterozygous 
deletion in the forebrain rescues 
dendritic spine loss in the CA1 
region of the hippocampus 
in R6/2 mice. A Representa-
tive examples of secondary 
apical dendritic segments of 
CA1 pyramidal neurons from 
13-week-old WT, R6/2, R6/2-
A10cKO and A10cKO mice. 
Scale bars: 10 µm, 80 × Objec-
tive. S, stubby spines; M, mush-
room spines; T, thin spines. B 
Total dendritic spine density. C 
Stubby spine density. D Mush-
room spine density. E Thin 
spine density. In B-E n = 3 mice/
genotype were analyzed for a 
total of n = 30 neurons/geno-
type. Each dot in the graphs 
represents the mean ± SEM of 
the spine density in 10 µm den-
drite for each neuron analyzed. 
*P < 0.05, ****P < 0.0001, 
One-way ANOVA with Tukey’s 
post hoc test

https://imagej.net/software/fiji/downloads
https://imagej.net/software/fiji/downloads
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using Clampfit 10.2 (Molecular Devices). Chemical LTP 
(cLTP) was induced by replacing, for a period of 15 min at 
RT, the external solution with a Mg-free “cLTP inducing 
solution” containing 125 mM NaCl, 2 mM CaCl2, 2.5 mM 
KCl, 33 mM glucose, 5 mM HEPES, 0.2 mM glycine, and 
0.02 mM bicuculline (pH 7.3 with NaOH). Recordings of 
sEPSCs were performed after switching back to the regular 
extracellular solution. Treatments with the ADAM10 inhibi-
tor GI254023X 1 µM or with the combination of GI254023X 
1 µM and the TrkB antagonist ANA12 10 µM were per-
formed by adding them to the medium and to the condition-
ing and recording solutions.

Statistical analyses

Data are presented as means ± standard error of the mean 
(SEM) and were analyzed using GraphPad Prism Version 
9.4.0 (453). For each data set we determined whether the 
data were normally distributed or not to select parametric or 
non-parametric statistical tests. Differences were considered 
statistically significant at P < 0.05. The specific statistical 
test used is indicated in the figure legends.

Results

ADAM10 active form is increased in the HD 
hippocampus

To evaluate the impact of ADAM10 dysfunction on the 
HD hippocampus, we first assessed the level of active 
ADAM10 in synaptosomal fractions prepared from the hip-
pocampus of two HD mouse models. Initially, we focused 
on R6/2 transgenic mice, characterized by the presence 
of the exon 1 of the human HD gene with 144–150 CAG 
repeats under the control of the human HTT promoter, as 
described in [24]. These mice exhibit marked alterations 
in hippocampal synaptic plasticity and onset of cognitive 
and memory symptoms at 9 weeks of age, as described in 
[7, 18, 25]. The severity of these symptoms increases by 
10–12 weeks, ultimately leading to death between 14 to 
16 weeks of age [7, 18, 25, 26]. Western blot analysis on 
hippocampal synaptosomal fractions, performed with an 
antibody able to detect the mature active form of ADAM10, 
revealed a 61.1% increase in m-ADAM10 in symptomatic 
10–12-week-old R6/2 mice compared to age-matched wild-
type mice (Fig. 1A, B). Meanwhile, RT-qPCR did not reveal 

Fig. 3   ADAM10 heterozygous deletion in the forebrain rescues ultra-
structural defects of the HD hippocampal synapse. A Diagram show-
ing SVs classification based on distance from the presynaptic mem-
brane (docked: 0–50  nm, reserve: 50–300  nm, resting: > 300  nm) 
with corresponding tenuous background colors added as a guide 
for the eye in TEM images reported in panel (B). B Representative 
TEM images of excitatory synapses in pyramidal neurons of the CA1 
region of the hippocampus of WT, R6/2, R6/2-A10cKO and A10cKO 

mice at 13 weeks of age. Scale bars: 100 nm. PSD, post-synaptic den-
sity. C Density of total SVs. D Density of docked SVs. E Density of 
reserve SVs. F Density of resting SVs. In C-F, n = 3 mice/genotype 
and n = 60 excitatory synapses/genotype were analyzed. Each dot 
in the graphs represents the n° SVs/µm2 for each excitatory synapse 
analyzed. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001, ****P < 0.0001, Kruskal–Wallis with Dunn’s multiple 
comparisons test
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differences in the ADAM10 mRNA level between R6/2 and 
wild-type mice, indicating that the observed increase in 
hippocampal m-ADAM10 level in 10–12-week-old R6/2 
mice was not due to increased ADAM10 transcription 
(Supplementary Fig. 1). Western blot analyses on isolated 
hippocampal sub-regions from 12-week-old wild-type mice 
showed that m-ADAM10 reaches the highest level in the 
Dentate Gyrus (DG) but the increase in m-ADAM10 level 
in the R6/2 hippocampus was restricted to the CA1 and CA3 
sub-regions (Supplementary Fig. 2). We also show a 45.4% 
increase in m-ADAM10 in the hippocampus of 54-week-old 
symptomatic zQ175 mice, which offer an HD phenotype 
with heterozygous CAG expansion that recapitulates more 
closely the human condition [27] (Fig. 1A, B).

ADAM10 exerts its proteolytic action on a large reper-
toire of trans-synaptic proteins, including N-CAD which has 
a widely recognized role in hippocampal spine morphol-
ogy and synaptic plasticity [28]. Increased N-CAD cleavage 
has already been shown in total lysates from HD striatum 
and cortex [18]. Here we tested whether higher synaptic 
m-ADAM10 content in synaptosomal fractions resulted 
in enhanced N-CAD shedding in the HD hippocampus. 
We monitored ADAM10-mediated N-CAD cleavage by 
quantifying the ~ 36 kDa C-terminal fragment of N-CAD 
(N-CAD-CTF) [29]. We found that the level of N-CAD-CTF 

was 123.8% higher in the hippocampus of 10–12-week-old 
symptomatic R6/2 mice compared to age-matched wild-type 
mice (Fig. 1C, D). Similar results were obtained in the hip-
pocampus of heterozygous 54-week-old zQ175 mice, which 
showed a 79.7% increase in N-CAD-CTF when compared to 
controls (Fig. 1C, D).

Taken together, these results indicate that mutant HTT 
causes an accumulation of active ADAM10 in the HD hip-
pocampal synapse, which correlates with increased N-CAD 
proteolysis.

Normalization of the active ADAM10 level prevents 
the loss of spines in the R6/2 CA1 region

Dendritic spine pathology has been described in the hip-
pocampus of HD mice, including the R6/2 transgenic mouse 
model [30]. To explore whether reduced spine density in 
the R6/2 hippocampus is related to the observed increase 
in m-ADAM10, we crossed R6/2 mice with CaMKIIα-
Cre:Adam10Flox/+ mice (A10cKO), an ADAM10 heterozy-
gous conditional knock-out (KO) mouse line restricting 
ADAM10 gene inactivation to the postnatal forebrain, to 
generate R6/2-A10cKO mice [18]. Supplementary Fig. 3 
shows that m-ADAM10 level was reduced close to the wild-
type level in the hippocampus of 13-week-old R6/2-A10cKO 

Fig. 4   ADAM10 heterozygous deletion in the forebrain enhances 
BDNF synthesis and promotes ERK phosphorylation in the R6/2 hip-
pocampus. A Scheme of the mouse BDNF gene and BDNF mRNA 
isoforms. B Total BDNF mRNA level and level of BDNF mRNA 
isoforms in the hippocampus of WT, R6/2 and R6/2-A10cKO mice 
at 13  weeks of age. WT: n = 4–7; R6/2: n = 5–7; R6/2-A10cKO: 
n = 7–8. Data are represented as mean ± SEM. *P < 0.05, **P < 0.01, 
***P < 0.001, One-way ANOVA with Bonferroni’s post hoc test. For 
BDNF mRNA isoform II the forward and reverse primers (see Meth-
ods) led to simultaneous amplification of the transcript variant IIA, 

IIB, and IIC. C ELISA for BDNF in the hippocampus of WT, R6/2 
and R6/2-A10cKO mice at 13 weeks of age. WT: n = 4; R6/2: n = 6; 
R6/2-A10cKO: n = 9. Data are represented as mean ± SEM. *P < 0.05, 
**P < 0.01, One-way ANOVA with Bonferroni’s post hoc test. D 
Representative Western blot for total and phosphorylated ERK1/2 in 
the hippocampus of WT, R6/2 and R6/2-A10cKO mice at 13 weeks 
of age. β-III Tubulin, loading control. E, F Quantification of data in 
D. WT: n = 5; R6/2: n = 8; R6/2-A10cKO: n = 11. Data are repre-
sented as mean ± SEM. **P < 0.01, ***P < 0.001, One-way ANOVA 
with Bonferroni’s post hoc test
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mice. Next, we evaluated the number of spines on Golgi-
stained dendrites from 13-week-old wild-type, R6/2, R6/2-
A10cKO, and A10cKO mice. Representative images of 
dendritic spines in the CA1 region of wild-type, R6/2, 
R6/2-A10cKO, and A10cKO mice are shown in Fig. 2A. 
Consistent with previous reports [30], R6/2 mice exhibited 
decreased spine density—defined as the total of all spines, 
including those with small or immature synapses such as 
thin (T) spines, and those with mature and large synaptic 
contacts such as mushroom (M) and stubby (S) spines—in 
CA1 apical dendrites compared to wild-type mice (Fig. 2A, 
B). Importantly, normalization of active ADAM10 level in 
R6/2-A10cKO mice alleviated dendritic spine loss in CA1 
pyramidal neurons (Fig. 2A, B). Total dendritic spine den-
sity, as well as density of S, M and T spines in CA1 hip-
pocampal neurons of A10cKO mice were not significantly 
different from that of age-matched wild-type littermates 
(Fig. 2A–E), indicating that heterozygous deletion of the 
ADAM10 gene does not induce changes in spine density 
and morphology. We also show that the loss of spines in 
the CA1 of 13-week-old R6/2 mice can be attributed to a 
decrease in spines with mature and large synaptic contacts, 
such as S and M spines (Fig. 2C, D), while dynamic T spines 
were not affected by the HD mutation (Fig. 2E). Notably, we 
found that the density of spines that form strong and stable 
synaptic connections was restored by active ADAM10 nor-
malization in R6/2-A10cKO mice (Fig. 2C, D).

Collectively, these findings underscore the impact of 
genetically reducing ADAM10 in preventing enduring loss 
of dendritic spines in hippocampal neurons affected by HD.

Normalization of the active ADAM10 level prevents 
ultrastructural defects in the HD hippocampal 
synapse

Next, we performed transmission electron microscopy 
(TEM) imaging to characterize the ultrastructural morphol-
ogy of the excitatory synapse in hippocampal CA1 neurons 
of wild-type and R6/2 mice. We first examined SVs density 
in the presynapse (Fig. 3A, B). As expected, SVs density 
was reduced in CA1 presynaptic boutons of R6/2 mice com-
pared to wild-type mice (Fig. 3B, C). Among the SVs, the 
docked SVs are connected to the presynaptic membrane and 
rapidly fuse in response to a presynaptic action potential, 
therefore forming the readily releasable pool (RRP) [31] 
(Fig. 3A). We found that the density of these docked SVs, 
identified within 50 nm of the active zone, was significantly 
reduced in the R6/2-CA1 bouton (Fig. 3B, D). SVs density 
in the reserve pool (RP), which includes vesicles identified 
between 50 and 300 nm from the active zone as a source to 
refill the RRP after exocytosis (Fig. 3A), was also reduced in 
CA1-R6/2 boutons (Fig. 3B, E). In contrast, there  were no 
variations between genotypes in the density of SVs located 

beyond 300 nm from the active zone and termed resting SVs, 
which participate in exocytosis only after sustained stimu-
lation [31] (Fig. 3B, F). We concluded that mutant HTT 
reduces SVs density in those pools with a higher turnover 
and actively engaged in SVs release and recycling. On the 
postsynaptic side, we measured the postsynaptic density 
(PSD) length, a parameter that can be affected by changes 
in synaptic efficacy and by altered plasticity [32]. We found 
that the PSD length was smaller in the R6/2 hippocampal 
CA1 pyramidal neurons compared to wild-type neurons, 
which reflects reduced anchoring of receptors and adap-
tor proteins orchestrating synaptic signaling (Supplemen-
tary Fig. 4). Notably, the observed pre- and postsynaptic 
defects were rescued in the R6/2-A10cKO hippocampus 
(Fig. 3B–E; Supplementary Fig. 4). No alterations in mor-
phological pre- and postsynaptic parameters were identified 
in A10cKO mice, indicating that heterozygous deletion of 
the ADAM10 gene in the wild-type hippocampus had no 
influence on the ultrastructural morphology of the excitatory 
synapse (Fig. 3B–F; Supplementary Fig. 4).

All together, these data show the existence of presynaptic 
and postsynaptic pathology at the excitatory synapse in the 
CA1 region of the R6/2 hippocampus, which can be reversed 
by normalizing the active ADAM10 level.

Inhibiting ADAM10 activity increases synaptic BDNF 
and activates ERK in the HD hippocampus

The loss of BDNF mRNA and protein has been widely docu-
mented in HD [33–36]. The BDNF/TrkB pathway is also 
recognized for its role in regulating dendritic spine density 
and morphology in the hippocampus, as well as inducing 
LTP [37]. Additionally, a decrease in BDNF content and 
TrkB phosphorylation has been associated with spine loss 
and LTP defects in HD mouse models, including R6/2 mice 
[10, 14, 38, 39]. Based on these findings, we further investi-
gated whether normalizing ADAM10 could mitigate BDNF 
loss in the hippocampus of R6/2 mice.

The transcription of the Bdnf gene in rodents is regu-
lated by multiple promoters that enable complex cell-type 
and stimulus-specific Bdnf expression [40]. Eight non-
coding 5′ exons (I–VIII) are alternatively spliced to the 3′ 
protein-encoding exon IX to produce eight BDNF isoforms 
in rodents [40] (Fig. 4A). Moreover, transcription can be 
initiated in the intron before the protein coding exon, which 
results in IXA transcript containing the 5′ extended cod-
ing exon [40]. Using RT-qPCR and primers targeting spe-
cifically the 3’-UTR region, which is shared by all BDNF 
mRNA isoforms, we found that total BDNF mRNA content 
was 50.1% decreased in the hippocampus of 12-week-old 
R6/2 mice compared with age-matched controls (Fig. 4B). 
Notably, total BDNF mRNA was significantly increased in 
the R6/2-A10cKO hippocampus and was almost comparable 
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to the level reported in wild-type mice (Fig. 4B). Previous 
studies indicated that mutant HTT downregulates the activ-
ity of BDNF promoters II, IV and VI in the HD brain [33, 
34, 41, 42]. As shown in Fig. 4B, the levels of BDNF mRNA 

II and VI were considerably lower in the hippocampus of 
12-week-old R6/2 mice compared to wild-type mice. The 
other BDNF mRNA isoforms were barely detectable or 
unaffected by the HD mutation (Fig. 4B). Notably, levels of 
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BDNF mRNA II and VI were restored in the R6/2-A10cKO 
hippocampus (Fig. 4B). By employing an ELISA assay on 
synaptosomal fractions, we also found that BDNF synap-
tic level was reduced by 40% in the R6/2 hippocampal tis-
sues compared to wild-type and restored in R6/2-A10cKO 
mice (Fig. 4C). These data suggest that normalization of the 
active ADAM10 level restores the synaptic BDNF content 
in the HD hippocampus.

Binding of BDNF to its receptor TrkB activates the 
Extracellular signal-regulated kinase 1/2 (ERK1/2) phos-
phorylation, which is critical for dendritic spine formation 
in hippocampal neurons [43]. We showed that ERK1-P and 
ERK2-P levels were reduced by  40.1% and 41.0%, respec-
tively, in the hippocampus of 12-week-old R6/2 mice com-
pared to wild-type mice. Conversely, hippocampal ERK1-P 
and ERK2-P levels reverted close to the wild-type level in 
R6/2-A10cKO mice (Fig. 4D, E). The levels of total ERK1 
(ERK1-T) and total ERK2 (ERK2-T) were not statistically 
different between the three analyzed genotypes (Fig. 4D, 
F). We also investigated whether an acute paradigm of 
ADAM10 inhibition in vivo could be effective in enhancing 
neuroprotective ERK1/2 phosphorylation in symptomatic 
R6/2 mice. To this end, we employed symptomatic 12-week-
old R6/2 mice and TAT-Pro-ADAM10709–729 cell penetrat-
ing peptides designed to block the enzyme trafficking to the 
membrane [44]. Specifically, TAT-Pro-ADAM10709–729 con-
tains the poly-proline stretch of ADAM10 required for 
binding to SAP97 and, by sequestering SAP97, it blocks 
SAP97-mediated ADAM10 trafficking to the synapse and 
its activity [18, 44]. As control, the analogous inactive 

peptide TAT-Ala-ADAM10709–729 in which all proline resi-
dues were substituted by alanines was used [44]. Twelve-
week-old R6/2 mice received 2 intraperitoneal injections 
24 h apart of either TAT-Pro-ADAM10709–729 or TAT-Ala-
ADAM10709–729. Our data showed that acute exposure to 
TAT-Pro-ADAM10709–729 increased ERK1-P and ERK2-P 
in symptomatic R6/2 mice, while the control peptide (TAT-
Ala-ADAM10709–729) had no effect (Supplementary Fig. 5).

Taken together, these data indicate that normalizing 
mature ADAM10 level leads to an increase in BDNF gene 
transcription, the pool of synaptic BDNF protein, and ERK 
neuroprotective signaling in the HD hippocampus.

Neuroprotection through ADAM10 inhibition 
requires TrkB

As ADAM10 inhibition increases the level of BDNF in the 
hippocampus of R6/2 mice, we tested whether the resulting 
neuroprotection occurs through TrkB activation. To do so, 
we treated primary hippocampal neurons from wild-type and 
R6/2 mice with both the ADAM10 pharmacological inhibi-
tor GI254023X [45, 46] and the TrkB antagonist ANA12 
[47]. GI254023X belongs to the hydroxamate class of met-
allopeptidase inhibitors and selectively inhibits ADAM10 
by chelating the zinc ion in its catalytic site [18, 45, 46]. 
ANA12 is a low-molecular-weight heterocyclic compound 
that, by binding to the extracellular domain of TrkB, pre-
vents BDNF-induced TrkB activation, and abolishes the 
biological effects of BDNF on TrkB-expressing cells [47]. 
Primary hippocampal cultures were prepared from E18 wild-
type and R6/2 fetuses and transfected on DIV5 with a plas-
mid encoding mGreenLantern for visualization of dendritic 
spines. According to the experimental scheme described in 
Fig. 5A, R6/2 cultures were treated with GI254023X 1 µM 
every 48 h from DIV6 until DIV14. Treatment with the TrkB 
antagonist ANA12 10 µM was performed from DIV12 to 
DIV14. Cultures were then fixed at DIV14 for imaging 
of dendritic spines and excitatory synapses (Fig. 4A). We 
found that ANA12 treatment alone reduced the density of 
thin spines in wild-type hippocampal neurons (Fig. 5B, F). 
Nonetheless, because thin spines at DIV14 represent less 
than 13% of total spines, the density of total dendritic spines 
remained unchanged in the wild-type culture treated with 
ANA12 (Fig. 5B–C). We also found that R6/2 hippocam-
pal neurons in vitro exhibited reduced total spine density 
(Fig. 5B–C) due to loss of stubby, mushroom, and thin 
spines (Fig. 5D–F). Treatment with 10 µM ANA12 for 48 h 
from DIV12 to DIV14 did not induce any change in spine 
density in R6/2 hippocampal neurons (Fig. 5B–F). Notably, 
we reported that eight days of treatment with GI254023X 
1 µM reduced dendritic spine loss in the R6/2 hippocampal 
neurons (Fig. 5B, C). In particular, ADAM10 inhibition pre-
vented mushroom spines loss (Fig. 5B, E) but this beneficial 

Fig. 5   TrkB mediates the neuroprotective effect determined by 
ADAM10 inhibition on long-lasting spine loss in HD hippocam-
pal neurons. A Hippocampal neurons from WT and R6/2 mice were 
transfected at DIV5 with pcDNA3.1-mGreenLantern plasmid. The 
ADAM10 inhibitor GI254023X (GI, 1  µM) was administered from 
DIV6 until DIV14. The TrkB antagonist ANA12 (10 µM) was admin-
istered at DIV12 and cells were fixed at DIV14 for spine analyses and 
excitatory synapses quantification. B Immunofluorescence images of 
dendritic spines in hippocampal cultures: WT, WT + ANA12, R6/2, 
R6/2 + ANA12, R6/2 + GI; R6/2 + GI + ANA12. Scale bars: 10  µm. 
M, mushroom spines; T, thin spines; S, stubby spines. C-F Den-
sity of total, stubby, mushroom, and thin spines. Data are from n = 3 
independent primary culture preparations. Each dot in the graphs 
represents the number of spines in a 100-µm-long dendrite. Data 
are presented as mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001, One-way ANOVA with Tukey’s post hoc test. G 
Immunofluorescence images of excitatory synapses in hippocampal 
cultures: WT, R6/2, R6/2 + GI; R6/2 + GI + ANA12. I Immunofluo-
rescence images of excitatory synapses in hippocampal cultures: WT, 
zQ175, zQ175 + GI; zQ175 + GI + ANA12. Excitatory synapses in G 
and I were visualized by  Bassoon/Homer1 immunostaining. Map2, 
pan neuronal marker. Upper panel scale bars: 50  μm; bottom panel 
scale bars: 10 μm. H, J Synapses quantification. Data are from n = 3 
independent primary culture preparations. Each dot in the graphs 
represents the number of excitatory synapses in a 100-µm-long den-
drite. Data are presented as mean ± SEM. *P < 0.05, **P < 0.01, 
****P < 0.0001, One-way ANOVA with Tukey’s post-hoc test

◂
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effect was significantly reduced when hippocampal R6/2 
neurons also received the TrkB antagonist ANA12 (Fig. 5B, 
E). These data indicate that mushroom spine loss recovery in 
the HD hippocampus through ADAM10 inhibition requires 
an active TrkB.

Since mushroom spines are the site of mature and func-
tional excitatory synapses [48], we performed immuno-
cytochemistry for Bassoon and Homer1, which label the 
pre- and postsynaptic terminals of the excitatory synapse, 
respectively [49]. By counting the number of Bassoon + /
Homer1 + co-localizing puncta, we showed a significant 
reduction in the number of total synapses in R6/2 hip-
pocampal neurons compared to wild-type neurons (Fig. 5G, 
H). GI254023X treatment, according to the experimental 
scheme in Fig.  5A, increased Bassoon + /Homer1 + co-
localizing puncta in DIV14 R6/2 hippocampal primary 

neurons, but this effect was not seen in the presence of the 
TrkB antagonist ANA12 (Fig. 5G, H). Similar results were 
observed when the experimental paradigm in Fig. 5A was 
applied to hippocampal neurons generated from zQ175 het-
erozygous mutant HTT knock-in mice (Fig. 5I, J).

Overall, these results indicate that BDNF-induced TrkB 
activation contributes to mediate the neuroprotective effect 
determined by ADAM10 inhibition on long-lasting spine 
loss in HD hippocampal neurons.

Inhibiting ADAM10 induces LTP and formation 
of new spines in HD hippocampal neurons via TrkB

Given that both in vitro and in vivo paradigms of ADAM10 
inhibition have successfully restored the density of long-
lasting spines in HD hippocampal neurons, we sought to 
determine whether interfering with ADAM10 activity could 
induce NMDAR-dependent LTP. Notably, this form of LTP 
is severely compromised in the HD hippocampus, as evi-
denced by previous studies [7, 10, 11]. We therefore induced 
NMDAR-dependent synaptic plasticity in hippocampal cul-
tures using a chemical LTP (cLTP) protocol, which con-
sists in bath application of glycine (0.2 mM for 15 min, in 
a Mg2+-free solution), a co-agonist of the glutamatergic 
NMDAR [50]. This protocol shares biochemical, morpho-
logical, and functional synaptic responses with NMDA-
dependent LTP in the hippocampus in vivo [50]. Specifically, 
cLTP causes an increase in the amplitude of spontaneous 
excitatory post-synaptic currents (sEPSCs), leading to spine 
expansion and synapse formation [51]. Figure 6A shows the 
experimental design carried out to evaluate the effect of the 
ADAM10 inhibitor GI254023X on LTP defects in R6/2 
hippocampal neurons. Membrane capacitance, a parameter 
that correlates with the overall dimension of the cell, and 
changes in sEPSCs were examined in basal condition and 
after cLTP induction in the following four groups: WT, 
R6/2, R6/2 + GI254023X, and R6/2 + GI254023X + ANA12. 
Data were analyzed by considering as independent variables 
both the four conditions and the cLTP induction. We found 
no differences in membrane capacitance, sEPSCs rise time, 
or sEPSCs decay time between the groups before and after 
cLTP induction (Supplementary Fig. 6). No differences were 
present in sEPSCs amplitude before cLTP induction in the 
four analyzed groups (Fig. 6B, C). Conversely, a significant 
increase in sEPSCs amplitude following cLTP induction was 
observed in wild-type, but not in R6/2 hippocampal neurons 
(Fig. 6B, C), indicating that cLTP was successfully induced 
in wild-type, but not in mutant HTT expressing neurons. 
These data indicate that our in vitro paradigm for cLTP 
induction recapitulates LTP defects that are documented 
in vivo in the HD hippocampus [7, 10, 11]. Noteworthy, 
when the ADAM10 inhibitor GI254023X was applied to 
R6/2 hippocampal neurons, the amplitude of sEPSCs was 

Fig. 6   Blocking active ADAM10 with GI254023X promotes LTP 
induction through the TrkB signaling pathway. A Experimental 
scheme of treatment of WT and R6/2 primary hippocampal neurons. 
The ADAM10 inhibitor GI254023X (GI, 1  µM) was administered 
from DIV6 until DIV14. The TrkB antagonist ANA12 (10 µM) was 
administered at DIV12 until DIV14. Chemical LTP was induced at 
DIV14 with 0.2  mM glycine for 15  min. For dendritic spine analy-
ses hippocampal neurons were transfected at DIV5 with pcDNA3.1-
mGreenLantern plasmid. B Representative traces of spontane-
ous EPSCs (sEPSCs) recorded at a holding potential of -70  mV in 
baseline condition and following chemical LTP-induction (cLTP) 
in primary hippocampal cell cultures obtained from WT and R6/2 
mice. + GI and + ANA12 indicate the presence of these substances 
in culture medium and during electrophysiological recordings. C 
Graph comparing the amplitudes of sEPSCs in baseline condi-
tion and after cLTP induction in the different experimental condi-
tions. Each dot corresponds to the value obtained from a single cell. 
Data are expressed as mean ± SEM and were analyzed by Two-way 
ANOVA with Bonferroni’s post hoc test. *P < 0.05, **P < 0.01. D 
Representative images of dendritic segments (mGreenLantern signal) 
and GluA1 immunostaining in basal condition and after cLTP induc-
tion. M, mushroom spines. Image crops of representative M spines 
were numbered from 1 to 6. Scale bars: 10 µm. E Quantification of 
mushroom spine density. Data are from n = 3 independent primary 
culture preparations. Each dot in the graph represents the number of 
mushroom spines in a 100-µm-long dendrite. Data are shown as % 
over the basal condition, which was set to 100, and are expressed as 
mean ± SEM. *P < 0.05, ***P < 0.001, unpaired t test. F Quantifica-
tion of GluA1 signal. Data are from n = 3 independent primary cul-
ture preparations. Each dot in the graph represents GluA1 signal in a 
100-µm-long dendrite. Data are expressed as mean ± SEM and were 
analyzed by Two-way ANOVA with Tukey’s post hoc test. P* < 0.05, 
**P < 0.01, ***P < 0.001, ****P < 0.0001. G Percentage of mush-
room spines enriched in GluA1 in basal condition and after cLTP 
induction. Data are from n = 3–5 independent primary culture prep-
arations. Each dot in the graph represents the number of mushroom 
spines in a 100-µm-long dendrite. Data are expressed as mean ± SEM 
and statistical analysis was performed by using Two-way ANOVA 
with Tukey’s post hoc test. P* < 0.05, **P < 0.01, ***P < 0.001, 
****P < 0.0001. Supplementary Table  1 and 2: detailed statistical 
outputs related to panel F and G

◂
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significantly increased after cLTP stimulation compared to 
the basal condition (Fig. 6B, C). These findings indicate that 
ADAM10 inhibition effectively restores NMDAR-dependent 
LTP in R6/2 hippocampal neurons. NMDAR-dependent LTP 
requires the simultaneous fulfillment of several conditions 
to occur, one of which is the activation of the BDNF/TrkB 
pathway [37]. Therefore, impairments of the BDNF/TrkB 
pathway block NMDA-dependent LTP induction in HD [15]. 
Consistently, we found that cLTP was not induced in R6/2 
hippocampal neurons when we co-administered GI254023X 
and ANA12 (Fig. 6B, C). Since LTP induction is unlikely to 
happen in the presence of a persistent deficit in the BDNF 
pathway, we concluded that TrkB signaling participates in 
the GI254023X-induced restoration of LTP in R6/2 hip-
pocampal neurons.

Since NMDAR-dependent cLTP is known to promote the 
formation of long-lasting spines [51], we quantified mush-
room spine density after cLTP stimulation in each of the four 
experimental conditions that were examined. We revealed 
that cLTP stimulation by glycine increased mushroom spine 
density in wild-type but not in R6/2 hippocampal neurons 
(Fig.  6D, E). Additionally, spine density significantly 
increased in GI254023X-pretreated R6/2 hippocampal neu-
rons upon cLTP induction (Fig. 6D, E). On the contrary, 
mushroom spine density was not increased in the R6/2 hip-
pocampal culture co-treated with GI254023X and ANA12 
after LTP induction (Fig. 6D, E).

We then evaluated GluA1 + mushroom spine density 
since GluA1-AMPARs subunit incorporation in these spines 
is crucial for both LTP and long-lasting spine formation in 
paradigms of NMDAR-dependent plasticity [50, 52, 53]. 
We showed that in unstimulated condition GluA1 subunit 
protein level was decreased in R6/2 hippocampal neurons 
compared to wild-type neurons (Fig. 6F). These data indi-
cate that GluA1 protein level is hampered in the presence of 
mutant HTT. Conversely, GI254023X treatment increased 
GluA1 protein level in R6/2 hippocampal neurons (Fig. 6F). 
After cLTP induction GluA1 protein level did not increase in 
either wild-type or R6/2 cultures (Fig. 6F). This is expected 
since cells have been fixed for GluA1 immunocytochemical 
analyses 40 min after cLTP induction, and it is recognized 
that two to three hours are needed upon induction of LTP 
to induce new protein synthesis [54]. After cLTP induction, 
the percentage of GluA1 + mushroom spines was increased 
in wild-type hippocampal neurons, but ANA12 treatment 
alone reduced the percentage of GluA1 + mushroom spines 
in these neurons (Fig. 6G). This is expected due to the role 
of BDNF/TrkB pathway in GluA1-AMPARs trafficking to 
the PSD and in LTP induction [55]. We observed that the 
exposure to ANA12 did not further reduce the percentage of 
GluA1 + mushroom spine density in R6/2 cultures (Fig. 6G), 
because the BDNF/TrkB pathway is already significantly 
compromised [7, 15]. Notably, GI254023X treatment was 

beneficial to R6/2 neurons and increased the percentage of 
GluA1 + mushroom spines (Fig. 6G). This effect was par-
tially lost when GI254023X and ANA12 were both admin-
istered to the R6/2 hippocampal neurons (Fig. 6G).

All together, these findings indicate that ADAM10 inhibi-
tion promotes NMDA-dependent LTP induction and the for-
mation of mushroom spines enriched with GluA1-AMPARs 
in HD hippocampal neurons. We also show that ADAM10 
inhibition requires a functional BDNF/TrkB pathway to pro-
mote LTP induction.

Discussion

Our prior research highlighted the elevated level of active 
ADAM10 in the cortex and striatum as a crucial factor in the 
synaptic dysfunction and cognitive decline associated with 
HD [18, 19]. In this new study, we extend these findings by 
demonstrating an increased level of active ADAM10 and 
proteolysis of its synaptic target N-CAD in the hippocampus 
of two HD mouse models. These changes have detrimental 
effects on both structural and functional synaptic plastic-
ity in the HD hippocampus. Our evidence indicates that the 
hyperactive ADAM10 impedes LTP and leads to a persistent 
loss of spines, concurrently inducing ultrastructural abnor-
malities within the glutamatergic synapse. Conversely, our 
findings show that conditional heterozygous deletion of 
ADAM10 in the forebrain of HD mice or its chemical inhi-
bition with GI254023X effectively counteracts the biochemi-
cal, ultrastructural, and functional plasticity defects observed 
in the HD hippocampus.

According to numerous studies, ADAM10 regulates 
dendritic spines and LTP in hippocampal neurons through 
its proteolytic action on synaptic cell adhesion proteins 
N-CAD, Neuroligin 1, and Nectin 1 [17, 56]. One of the 
most interesting findings of this study is that the BDNF 
receptor TrkB emerges as a new effector through which 
ADAM10 inhibition exerts its neuroprotective effect in 
the HD hippocampus. The ability of the ADAM10 inhibi-
tor GI254023X to induce LTP and to protect long-lasting 
spines was reduced in the presence of the TrkB antagonist 
ANA12. Our results indicate that ADAM10 acts upstream of 
the BDNF/TrkB pathway to regulate hippocampal synaptic 
plasticity. By inhibiting ADAM10, we enhance BDNF gene 
transcription, restore synaptic BDNF protein level, and boost 
ERK phosphorylation in the HD mouse hippocampus. These 
findings have important implications for the biology of the 
excitatory synapse, particularly the unexpected link discov-
ered between ADAM10 and the TrkB pathway. More impor-
tantly, this discovery holds significance for HD treatment as 
inhibiting ADAM10 can prevent two critical molecular dys-
functions in the HD synapse: synaptic cell adhesion defects 
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[18] and downregulation of the BDNF/TrkB pathway [14]. 
Both dysfunctions are crucial in the process leading to LTP 
defects and synapse loss in HD.

We demonstrate that normalizing active ADAM10 
increases BDNF mRNA level in HD by activating transcrip-
tion from BDNF promoters II and VI. This finding intro-
duces a complex scenario of new mechanistic hypotheses. 
BDNF promoter II is regulated by the transcriptional repres-
sor RE1-Silencing Transcription Factor/Neuron-Restrictive 
Silencer Factor (REST/NRSF) which binds to the Neuron-
Restrictive Silencer Element (NRSE) within BDNF exon II 
[57]. Mutation of wild-type HTT results in loss of interac-
tion with REST/NRSF, which accumulates in the nucleus 
leading to reduced transcription of BDNF exon II mRNA 
in HD [34, 36]. Several reports include the REST/NRSF 
among β-catenin target genes [58, 59]. ADAM10-induced 
N-CAD cleavage has a fundamental role in the redistribu-
tion of β-catenin from the cell surface pool to the cytoplasm, 
resulting in the activation of β-catenin target genes [29]. 
Along these lines, the most likely explanation is that the 
normalization of ADAM10 in HD reduces the cytoplasmic 
pool of β-catenin and REST/NRSF synthesis, thus increas-
ing BDNF exon II mRNA in the HD hippocampus. Clarify-
ing the molecular events and explaining how inhibition of 
ADAM10 increases the activity of BDNF promoter VI will 
be particularly challenging due to the interplay among the 
multiple transcription factors implicated in its regulation 

[60]. The observation that ADAM10 and HTT interactomes 
share presynaptic binding partners involved in axonal trans-
port and in the regulation of synaptic vesicle homeostasis 
[19] is consistent with the hypothesis that strategies that nor-
malize ADAM10 level in the HD brain may also facilitate 
the transport and release of growth factors and neurotrans-
mitters. Future studies will be necessary to fully understand 
the molecular mechanisms and roles of ADAM10 in the 
biology of the BDNF/TrkB pathway. Despite these open 
questions, the findings obtained in this study are relevant in 
HD and increase interest in ADAM10 as a therapeutic target.

Impaired cognitive function is a hallmark of HD and 
is often among the initial clinical symptoms. The cogni-
tive challenges faced by patients, rather than the move-
ment disorder, impose the greatest burden on HD families. 
Unfortunately, this aspect of HD pathology currently lacks 
a treatment. Progressive deficits in hippocampal-depend-
ent cognition are observed in HD patients and have been 
correlated with estimated years to diagnosis in premani-
fest patients [12, 13, 61]. Our findings provide evidence 
that hyperactive ADAM10 strongly contributes to HD 
hippocampal synaptic defects (Fig. 7). We not only estab-
lish that active ADAM10 affects synaptic cell adhesion in 
the HD hippocampus, but we also reveal that the enzyme 
hyperactivity is linked to dysfunction of the BDNF/TrkB 
pathway. Collectively, these findings support ADAM10 

Fig. 7   The ADAM10 and the 
BDNF/TrkB pathways at the 
HD hippocampal synapse. 
Defects in synaptic plasticity 
imply increased amounts of 
active ADAM10 in the HD hip-
pocampus and downregulation 
of the BDNF/TrkB pathway. 
ADAM10 inhibition prevents 
the loss of long-lasting spines 
and enhances GluA1-AMPARs 
recruitment and LTP induction 
in mushroom spines, while 
also restoring BDNF and ERK 
signaling
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inhibition as a valid therapeutic strategy to counter cogni-
tive decline in HD.
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