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The metalloproteinase ADAM10 is of importance for Notch-dependent cortical brain development. The protease is tightly linked with
�-secretase activity toward the amyloid precursor protein (APP) substrate. Increasing ADAM10 activity is suggested as a therapy to
prevent the production of the neurotoxic amyloid � (A�) peptide in Alzheimer�s disease. To investigate the function of ADAM10 in
postnatal brain, we generated Adam10 conditional knock-out (A10cKO) mice using a CaMKII�-Cre deleter strain. The lack of ADAM10
protein expression was evident in the brain cortex leading to a reduced generation of sAPP� and increased levels of sAPP� and endog-
enous A� peptides. The A10cKO mice are characterized by weight loss and increased mortality after weaning associated with seizures.
Behavioral comparison of adult mice revealed that the loss of ADAM10 in the A10cKO mice resulted in decreased neuromotor abilities
and reduced learning performance, which were associated with altered in vivo network activities in the hippocampal CA1 region and
impaired synaptic function. Histological and ultrastructural analysis of ADAM10-depleted brain revealed astrogliosis, microglia activa-
tion, and impaired number and altered morphology of postsynaptic spine structures. A defect in spine morphology was further supported
by a reduction of the expression of NMDA receptors subunit 2A and 2B. The reduced shedding of essential postsynaptic cell adhesion
proteins such as N-Cadherin, Nectin-1, and APP may explain the postsynaptic defects and the impaired learning, altered network activity,
and synaptic plasticity of the A10cKO mice. Our study reveals that ADAM10 is instrumental for synaptic and neuronal network function
in the adult murine brain.

Introduction
ADAM10 is a central protease involved in ectodomain shedding
and regulated intramembrane proteolysis (Reiss and Saftig, 2009;
Weber and Saftig, 2012). The best known in vivo substrates of

ADAM10 are the amyloid precursor protein (APP) and the
Notch1 receptor. In Alzheimer�s disease (AD) the ADAM10-
mediated �-secretase activity toward APP is a mechanism to pre-
vent the excessive production of the neurotoxic amyloid � (A�)
peptide (Postina et al., 2004). The processing of APP by ADAM10
occurs within the peptide sequence of A�. This cleavage also
generates a soluble N-terminal APP fragment (sAPP�) with ap-
parent neurotrophic and neuroprotective functions (Chassei-
gneaux and Allinquant, 2012). Enhancement of ADAM10
expression was suggested as a suitable therapeutic approach for
the treatment of AD (Endres and Fahrenholz, 2010). Currently
clinical trials are performed that address the question if induction
of ADAM10 expression by aromatic retinoic acid derivatives is
beneficial. Modulation of ADAM10 activity should, however, be
regarded with care since apart from Notch1 and APP more than
20 additional substrates of ADAM10 have been identified to date
(Weber and Saftig, 2012). In the brain, next to APP (Lammich et
al., 1999; Jorissen et al., 2010; Kuhn et al., 2010) ADAM10 has
been implicated in the shedding of ephrins (Hattori et al., 2000;
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Janes et al., 2005), cellular prion protein (Vincent et al., 2001;
Altmeppen et al., 2011), neuronal adhesion molecule (Hinkle et
al., 2006), L1 adhesion molecule (Gutwein et al., 2003), RAGE
(Raucci et al., 2008), Nectin-1 (Kim et al., 2010), �-Proto-
Cadherin C3 (Reiss et al., 2006), N-Cadherin (Reiss et al., 2005),
and neuroligin-1 (Suzuki et al., 2012). Despite this multitude of
ADAM10 substrates the embryonic lethal phenotype of classical
ADAM10 knock-out mice (Hartmann et al., 2002) as well as the
observations in conditional knock-out mice in the developing
CNS using a Nestin-Cre-mediated disruption of the protease
(Jorissen et al., 2010) are mainly explained by a disruption of the
Notch1 signaling pathway. Embryonic CNS deletion of ADAM10
in neural progenitor cells led to perinatal lethality due to a dis-
rupted neocortex and precocious neuronal differentiation of
neuroepithelial and radial glial cells. Notch1-regulated target
genes were severely downregulated in A10cKO brains and this
could be explained by a largely abolished S2 cleavage of Notch1
and a lack of the signal competent intracellular domain of Notch1
(Jorissen et al., 2010). In the past, the function of ADAM10 in
adult brain could only be deduced by indirect means. Applying
the tissue inhibitor of metalloproteinase-1 (TIMP-1) or a cell-
permeable ADAM10 peptide, which interferes with its binding
to the synapse-associated protein 97, led to inhibition of the
transport of ADAM10 to the postsynaptic surface thereby locally
reducing its activity. As a consequence an increased size of den-
dritic spines, a modification of the synaptic AMPA receptors, and
an increase of A� aggregate formation were observed (Marcello
et al., 2007; Epis et al., 2010). It could be shown that these alter-
ations may be tightly linked with an apparent lack of N-Cadherin
shedding at the postsynaptic membrane (Malinverno et al.,
2010).

We decided to specifically disrupt ADAM10 in the postnatal
brain using Adam10 floxed mice crossed with CaMKII�-Cre
transgenic mice. Although the lack of ADAM10 in central brain
regions did not cause major morphological changes, synaptic
dysfunction led to epileptic seizures, altered behavior, and an
increased early perinatal lethality around weaning of the A10cKO
mice.

Materials and Methods
Generation of Adam10 cKO mice. Genotypes of the floxed mice were
determined by PCR (Jorissen et al., 2010). To generate Adam10 cKO
mice, homozygous floxed mice (Adam10 F/F) were crossed with
CaMKII�-Cre transgenic mice (Casanova et al., 2001) to obtain mice
heterozygous for the floxed Adam10 allele and hemizygous for the
CaMKII�-Cre allele (Genotyping Primer: 5�ATGCGCTGGGCTC-
TATGGCTTCTG3�, 5�TGCACACCTCCCTCTGCATGCACG3�), which
were then crossed with Adam10F/F mice to obtain Adam10 cKO mice. Cre-
negative Adam10F/F or Adam10F/� were used as controls.

Western blot analysis of brain samples. Brain regions (cortex, hip-
pocampus, midbrain and cerebellum) were taken from animals (age:
postnatal day 5 (P5), P10, P17, and P20) and were lysed using cell lysis
buffer (5 mM Tris base, 1 mM EGTA, 250 mM sucrose, 1% Triton X-100).
Postnuclear fractions were taken, proteins were quantified using stan-
dard BCA assay (Pierce), and 20 –50 �g of protein/lane was loaded on
10% SDS-PAGE gels or 4 –12% gradient BIS/Tris NuPAGE gels (Invit-
rogen) and transferred to nitrocellulose membranes (Roth) to perform
Western blot analysis. Primary antibodies were as follows: anti-ADAM10
(polyclonal antiserum, B42.1), anti-glial fibrillary acidic protein (GFAP;
G3893; Sigma-Aldrich), anti-Actin (A2066; Sigma-Aldrich), anti-N-
Cadherin (#610920; BD Transduction Laboratories), and anti-
Nectin-1 (Kim et al., 2010; Lim et al., 2012). Analysis of APP processing
was performed using cortical, cerebellar, and midbrain lysates of
A10cKO and control brains. Selected brain regions were lysed using DEA
extraction buffer (50 mM NaCl, 0.2% diethylamine, pH 10, plus protease

inhibitors;Sigma P8340) and lysates were centrifuged (5000 � g, 10 min,
4°C) to pellet cell fragments, which were lysed in 1 ml of radioimmuno-
precipitation assay (RIPA) buffer (20 min, on a shaker at 4°C). Both
fractions were ultracentrifuged (30 min, 100000 � g, 4°C) to collect DEA
fractions and RIPA fractions. For pH adjustment 10% 0.5 M Tris, pH 6.8
was added to the DEA fractions. To determine protein concentration in
RIPA lysates, Pierce BCA protein assay (Thermo Scientific) was used.
Eight percent Tris-glycine SDS polyacrylamide gels were used to separate
30 �g of total protein per sample.

For size determination, SeeBlue Plus 2 Prestained Standard marker
(Invitrogen) was used. Proteins were transferred to PVDF membranes
for 75 min at a maximum of 400 mA using Tris-glycine blotting buffer
without detergent. Membranes were blocked with I-Block-PBS (Invitro-
gen, T2015) for at least 45 min and subsequently exposed to primary
antibody (15–20 ml) overnight at 4°C in I-Block-PBS. The next day,
membranes were washed in Tris-buffered saline/Tween 20 (TBST) three
times for at least 10 min at room temperature, then incubated with 10 ml
of TBST and horseradish peroxidase (HRP)-coupled secondary antibody
(Promega) for 1 h at room temperature and washed again as before. For
detection, ECL reagents (GE Healthcare) were used, and chemilumines-
cence was exposed to x-ray imaging films developed with Cawomat 2000
IR (CAWO). The following antibodies were used: APP 22C11 (APP N
terminus; Merck-Millipore; 1:2000), APP (APP C terminus; Sigma-
Aldrich A8717; 1:2000), sAPP� (A�/sAPP-�; Signet SIG-39153; 1:1000),
APP 192wt (sAPP-� (SEVKM); kind gift from Elan; 1 �g/ml), PSD-95
6G6-1C9 (PSD-95; Merck-Millipore MAB1596; 1:500), N-Cadherin (N-
Cadh. AA802-819, BD Biosciences; 1:2000), NMDAR2A (GluN2A;
4205S; 1:1000; Cell Signaling Technology), NMDAR2B (GluN2B N ter-
minus; N59/36; 1:100; NeuroMab), Calnexin AF18 (Calnexin C termi-
nus; ADI-SPA-860F; 1:5000; Enzo), and �-Actin AC74 (�-Actin N
terminus; A5316; 1:5000; Sigma-Aldrich).

A� ELISA screen. Snap frozen brain samples were homogenized in
0.4% DEA/NaCl. After ultracentrifugation for 30 min at 4°C 10% of 0.5 M

Tris-HCl, pH 6.8, is added to the supernatant and the resulting sample
was used for the ELISA determinations. The 96-well plates were coated
with the capture antibodies specific for A�40 or A�42. After overnight
coating, plates were washed with 1� PBS/0.05% Tween 20 and blocked
for 4 h at room temperature with 0,1% casein and after that washed
again. A� standards (from rPeptide) and samples were loaded on the
plates in the presence of a rodent-specific HRP-labeled detection anti-
body and incubated overnight at 4°C. Next day, plates were washed with
1�PBS/0.05% Tween 20 and developed using TMB substrate. Coating
and detection antibodies are provided by M. Mercken (Johnson & John-
son Pharmaceuticals Research and Development) (Zhou et al., 2011).

Sample preparation and immunohistochemical analysis. After perfusion
brain tissue was fixed by immersion in 4% buffered formalin. After over-
night postfixation, brains were dehydrated in ascending ethanol concen-
trations and embedded in low melting point paraffin following standard
laboratory procedures. From all paraffin blocks, 4 �m sections were
stained with hematoxylin and eosin (H&E) following standard labora-
tory procedures and were submitted to immunostaining following stan-
dard immunohistochemistry procedures using the Ventana Benchmark
XT machine (Ventana). Briefly, deparaffinated sections were boiled for
30 – 60 min in 10 mM citrate buffer, pH 6.0, for antigen retrieval. All
solutions provided by Ventana. Sections were then incubated with pri-
mary antibody in 5% goat serum (Dianova), 45% Tris-buffered saline,
pH 7.6, and 0.1% Triton X-100 in antibody diluent solution (Zytomed)
for 1 h followed by detection with anti-rabbit or anti-goat histofine Sim-
ple Stain MAX PO Universal immunoperoxidase polymer or Mouse
Stain Kit (for detection of mouse antibodies on mouse sections). For
immunohistochemical double staining with antibodies against Ki67 and
GFAP antibody antigen retrieval was performed with the Ventana
Benchmark XT machine as described above followed by incubation with
anti-Ki67 antibody and detection with anti-rabbit histofine Simple Stain
MAX PO Universal immunoperoxidase polymer. Then, antibodies were
denatured for 12 min at 95°C followed by incubation with anti-GFAP
antibodies and detection with anti-mouse and anti-rabbit histofine Sim-
ple Stain MAX AP Universal immunoperoxidase polymer. All secondary
antibody polymers were purchased from Nichirei Biosciences. Detection

12916 • J. Neurosci., August 7, 2013 • 33(32):12915–12928 Prox et al. • ADAM10 Deletion in the Postnatal Brain



of antibodies was performed with “Ultra View Universal DAB Detection
Kit” or “Ultra View Universal Alkaline Phosphatase Red Detection Kit”
from Ventana according to standard settings of the machine. The coun-
terstaining was also performed by the machine. Vasculature and connec-
tive tissue served as internal negative controls; additional negative
controls included sections treated with secondary antibody only. The
following primary antibodies were used: monoclonal anti-NeuN (1:50;
MAB377B, Millipore), anti-GFAP (1:200; M0761, Dako Cytomation),
anti-NMDAR (NR, Ab28669; Abcam), anti-Iba-1 (1:500; 019-19741,
Wako Chemicals), and anti-Ki67 (1:100; ab15580, Abcam). Golgi stain-
ing was performed according to manufacturers protocol (FD Rapid Gol-
giStain Kit; FD NeuroTechnologies).

Ultrastructural analysis of hippocampal sections. Mice were perfused
with 4% paraformaldehyde and 1% glutaraldehyde in PBS, pH 7.4. Vi-
bratome sections (60 �m thick) of the hippocampal region were cut and
postfixed in 1% OsO4 and dehydrated and embedded in Epon. Semithin
sections (0.5 �m) were labeled with methylene blue. Ultrathin sections
(60 nm) were stained with uranyl acetate and lead citrate and examined
with a Zeiss EM 902. Hundreds of pictures from the stratum radiatum in
the CA1 hippocampal region were randomly taken and asymmetric syn-
apses and their postsynaptic structures from three Adam10 cKO and wt
mice were examined.

Neuromotor tests. Cage activity was recorded in 20 � 30 cm transparent
cages, placed between 3 IR beams. The total number of beam crossings was
recorded during 23 h. Grip strength was measured using a T-shaped bar
connected to a digital dynamometer (Ugo Basile). Mice were placed in such
a way that they grabbed the bar spontaneously, and were softly pulled back-
ward by the tail until they released their grip. Ten such readouts were re-
corded. Motor coordination and equilibrium were tested using an
accelerating rotarod (Med Associates). Mice were first trained to maintain
balance for 2 min at a constant speed of 4 rpm. This training trial was fol-
lowed by four test trials, during which the rod accelerated from 4 to 40 rpm
in 5 min. Consecutive trials were separated by a 10 min intertrial interval.
Latency to falling off the rod was recorded up to 5 min.

Exploratory tests. Open field exploration was tested in a brightly illumi-
nated 50 � 50 cm square arena subsequent to 30 min of dark adaptation.
Movements in the arena were video-tracked for 10 min (EthoVision; Noldus
Bv). Total path length, percentage of path length in the center (center � 30
cm circle), rearing, time in the center, latency to center entry, and number of
center and corner entries were assessed. In the social exploration test, the
same procedure was applied as in open field, except that a round wire cage
with two female mice was placed in the center of the arena. Anxiety-related
exploration was measured in an elevated plus maze, which mice could freely
explore for 10 min. The arena consisted of a plus-shaped maze with two arms
(5 cm wide) closed by side walls and two arms without walls. Four IR beams
recording open and closed arm entries and one recording the percentage of
time per minute spent in the open arms were connected to a computerized
activity logger.

Learning and Memory. Passive avoidance learning was examined in a
cage consisting of a light and a dark compartment containing a grid floor.
After 30 min adaptation to the dark, the mouse was placed in the light
compartment for a training trial. After 5 s, the sliding door to the dark
compartment was opened and step-through latency was manually re-
corded. When all four paws were placed on the grid floor, a mild electric
shock (0.3 mA, 1 s) was delivered, using a constant current shocker (Med
Associates). Retention was tested 24 h later, and latency to entrance was
recorded up to a 300 s cutoff value. Visuospatial learning was assessed in
a Morris-type water maze. The maze consisted of a circular pool (diam-
eter: 150 cm; height: 30 cm) filled with opacified water and maintained at
26°C. A round perspex platform (15 cm diameter) was placed inside the
pool at the center of the target quadrant, 1 cm beneath water surface. One
daily trial block consisted of four swimming trials randomly starting
from one of the four different positions around the pool with 15 min
intertrial intervals. If an animal could not find the platform within the
maximum swimming time of 120 s, it was placed on the platform, and
had to stay there for 10 s before being allowed to return to its home cage.
Acquisition of the task consisted of five trial blocks with a probe trial
following these five blocks, during which mice had to swim for 100 s in
the pool without a platform. The escape platform remained in the same

position on all acquisition trial blocks. During the acquisition trials and
the probe trial, the animals were tracked using EthoVision video-
tracking equipment and software (Noldus Bv). During the acquisition
trials, escape latencies of the four daily trials were summed, and data were
expressed as totals per daily trial blocks. During the probe trial, perfor-
mance was expressed as percentage of time spent in the target quadrant
and mean distance to the target.

Recording of hippocampal long-term potentiation. A group of seven
female A10cKOs and six wild-type females were killed at 3 months of age
for in vitro long-term potentiation (LTP) recordings. Hippocampal slices
were prepared from these mice as described previously (Balschun et al.,
2010) and immediately transferred to a submerged-type slice chamber,
in which they were permanently perfused with 32°C artificial CSF
(ACSF). After at least 1 h of incubation, a lacquer-coated stainless steel
stimulating electrode and a glass recording electrode (filled with ACSF,
1– 4 M) were placed into the stratum radiatum of the CA1 region to
record field EPSPs (fEPSPs). The initial slope of the fEPSP served as a
measure of this potential. Stimulation strength was adjusted to 35% of
the maximum after constructing input/output curves and kept at this
level throughout the experiment. During baseline recording, three single
stimuli (0.1 ms pulse width; 10 s interval) were measured every 5 min.
Once a stable baseline had been established, LTP was induced by a strong
theta-burst stimulation (TBS, three trains of 10 burst of four stimuli at
100 Hz, separated by 200 ms, 0.2 ms pulse width, applied every 10 min;
Larson and Lynch, 1986; Balschun et al., 2010). Evoked responses were
recorded at 1, 4, and 7 min following each TBS, and then from 10 min
after the third TBS every 5 min as during baseline recording. Potentiation
was pursued for 2 h. In all experiments, the recording of slices from
mutant mice was interleaved by experiments with wild-type controls.

In vivo hippocampal recording and data analysis. Adult male mice were
anesthetized with 1.1–1.4 mg/g b.w. urethane (10% w/v; Sigma in NaCl
0.9%), initial anesthesia during surgery was supplemented with 1.0 –
1.5% isoflurane in 100% oxygen. Animals were placed in a stereotaxic
apparatus (Stoelting). Body temperature was maintained at 36°C using a
homeothermic heating pad (WPI). A midline skin incision was made on
the top of the skull. For a common ground and reference electrode, a hole
was drilled and a stainless steel screw connected to the ground wire was
inserted above the cerebellum (lambda �1.5 mm, 1.0 mm lateral). For
the hippocampal silicon probe a 0.8 mm wide burr hole was placed at 2.0
mm posterior to bregma and 1.6 mm right to the midline. Isoflurane
anesthesia was discontinued after surgery. During recording the mice
remained head-fixed and body temperature was maintained at 36°C us-
ing a homeothermic heating pad (Stoelting). A linear 16-site silicon
probe with a distance of 100 �m between the recording sites (a1x]16 –5
mm-100 –177; NeuroNexus Technologies) was inserted vertically into
the dorsal hippocampus (2.1 mm deep) along the CA1– dentate gyrus
axis and connected to a 1� preamplifier (Neuralynx) mounted to the
stereotaxic instrument. Data were digitally filtered (0.5–9000 Hz band-
pass) and digitized as 16-bit integers with a sampling rate of 32 kHz using
a Digital Lynx 4SX data acquisition system (Neuralynx). Animal breath-
ing rate was detected by a piezoelectric sensor placed under the animal’s
thorax and recorded in parallel with the same sampling rate. Data acqui-
sition was started �15–30 min after probe insertion when recording
conditions were stable. Probe positions were marked by silicon probes
covered by the fluorescence dye DiI and verified in NeuroTrace fluores-
cent Nissl-stained (Invitrogen) coronal slices, which were used in com-
bination with the local field potential (LFP) depth profile for layer
identification (Buzsáki et al., 2003).

All in vivo data were analyzed and visualized in MATLAB (Math-
Works) or NeuroScope (Hazan et al., 2006). LFPs were downsampled to
1.25 kHz from raw traces. Multitaper spectrograms were computed using
Chronux (www.chronux.org; nFFT � 4096 points, sliding window 2048
points). Paradoxical/REM-like epochs were manually selected and de-
fined by the presence of theta (4 – 8 Hz) and gamma (20 –50 Hz) oscilla-
tions. Theta and gamma power was calculated for the selected REM-like
epochs by integrating the area below the theta and gamma ranges. Theta
phase was calculated by the angle of the Hilbert transform on the theta
band-filtered signal (Butterworth; third order, 4 – 8 Hz) whereas instan-
taneous gamma power was calculated by the absolute of the Hilbert
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transform on the gamma band-filtered signal (Butterworth; sixth order,
20 –50 Hz). Theta phase was binned in 20 degree blocks. The mean in-
stantaneous gamma power within each theta phase block was calculated.
Theta phase modulation of gamma power was then calculated using an
adaptation of the Kullback–Leibler divergence (Tort et al., 2009).

For automatic ripple detection, the channel with the largest ripple ampli-
tude was bandpass filtered (Butterworth; 14th order, 100–250 Hz). Ripples
were defined as periods in which the instantaneous power exceeded four
times the SD above the mean during slow—wave–sleep (SWS)-like brain
states. The left and right borders of detected ripple events were defined as the
time points where the instantaneous power dropped �1.75 SDs above the
mean. Events shorter than 25 ms were excluded.

For each individual ripple, we calculated its amplitude and estimated
its frequency. Ripple amplitude was obtained by measuring the average
peak-to-peak amplitude on individual ripples on the bandpass-filtered
signal. Ripple frequency was obtained by calculating the mean inverse
distance between subsequent troughs. To obtain the ripple amplitude
and frequency per animal, a mean was calculated for all detected ripples
throughout a recording. Ripple occurrence was defined as the number of
ripples per second of SWS-like brain states.

Statistical analysis. For body weight calculation and ELISA data evalu-
ation, the statistical significance was calculated by Student’s t test using
Microsoft Excel software. Error bars indicate the mean � SD of the mean;
p values: *p � 0.05, **p � 0.01, ***p � 0.001.

Statistical significance in behavioral and electrophysiological testing
was evaluated with SigmaStat software through ANOVA procedures,
using repeated-measures designs where appropriate and the Holm–
Sidak approach for post hoc comparisons of behavioral data. Statistical
significance of behavioral differences is illustrated using the F-statistic
with indication of degrees of freedom. One outlier was removed from
water maze probe trial analysis (deflection of more than 2 SD from the
mean). Intragroup differences in electrophysiological data were evalu-
ated with the Wilcoxon matched-pairs signed rank test or Mann–Whit-
ney test. Data are presented as the mean � SEM; p values: *p � 0.05,
**p � 0.01, ***p � 0.001.

Results
Generation of CaMKII�-Cre-driven Adam10 conditional
knock-out mice
Our previous study of ADAM10 deletion in neuronal progenitor
cells revealed an essential role of the protease in Notch1-
dependent cell-fate decisions and in prenatal neuronal develop-
ment (Jorissen et al., 2010). However, the embryonic or perinatal
lethality observed in these mice prompted us to study the conse-
quences of ADAM10 deletion in postnatal neurons. Using
CaMKII�-Cre-deleter mice (Casanova et al., 2001) bred to
ADAM10 F/F mice we succeeded in obtaining viable offspring of
all expected genotypes (Table 1). The number of conditional
knock-outs (ADAM10 F/F CaMKII�-Cre) was slightly less than
expected suggesting some embryonal and undetected cases of
death. This is also supported by our observation that a significant
number of mice died between P18 and P27. However, we also
obtained mice surviving for longer than 2 months especially
when they received food at the bottom of the cage (Fig. 1A). In
general, the conditional knock-outs featured a reduced size and
weight (Fig. 1B,C) and a frequent development of seizures. Some
A10cKO mice showed repetitive seizures starting from approxi-
mately P14. They began to tremble and move with their tiptoes
presenting a stiff tail (Fig. 1D). In some cases severe tonic seizures

were observed resulting in respiratory arrest and death. During
acute in vivo depth recording under urethane anesthesia, we ob-
served a hippocampal electrographic seizure in one of five mu-
tants (Fig. 1E), while we never recorded such an event from
control animals of this (n � 9) or other lines (n 	 30). The
surviving adult A10cKO mice also displayed abnormal hindlimb-
clasping reflexes when lifted by their tail (Fig. 1F) indicating a
more severe CNS impairment (Liou et al., 2003; Chen et al., 2005;
Komatsu et al., 2006).

CaMKII�-Cre expression was reported to start at approxi-
mately P5 (Casanova et al., 2001). We therefore analyzed cortical
lysates obtained from control and A10cKOs for ADAM10 protein
expression. A clear reduction of both proform and mature
ADAM10 in the A10cKO samples was revealed, which was more
pronounced at P17 as compared with P5 (Fig. 2A). Interestingly,
in the same experiment we observed that in wild-type cortex
samples postnatal ADAM10 expression increased with age
whereas the appearance of the ADAM10 cytoplasmic fragment
(CTF) was reduced, which is likely due to decreased activity of
ADAM9 and ADAM15 (Tousseyn et al., 2009; Fig. 2A).

APP �-secretase processing is severely reduced in adult CNS
from A10cKO mice
To investigate ADAM10 deletion at a functional level and to address
the open question if APP is an ADAM10 substrate also in adult
neurons �-secretase processing of the APP was analyzed. Whereas in
cortex lysates the generation of the soluble APP �-ectodomain frag-
ment (sAPP�) could be easily observed in control mice it was almost
absent (5% of control level) in A10cKO cortex lysates (Fig. 2B,C).
No obvious differences in nontargeted brain regions, such as the
cerebellum where the expression of APP was less pronounced, could
be observed. The generation of the BACE-1-dependent soluble APP
� fragment (sAPP�) was �2-fold increased in the A10cKO cortex
samples suggesting that more uncleaved APP reaches the subcellular
site with �-secretase activity (Fig. 2B,C). The increased �-secretase
cleavage may also explain why only a minor increase in full-
length APP in A10cKO cortex lysates was observed. In cortex
tissue of the A10cKO mice also the concentration of the
ADAM10-dependent C-terminal membrane-bound APP frag-
ments were clearly decreased (Fig. 2D). Importantly, deter-
mining the endogenous levels of the A� species revealed a
significant increase in both A�1– 40 and A�1– 42 in A10cKO
cortex but not in the nontargeted cerebellum samples, respec-
tively (Fig. 2E).

We conclude that postnatal neuronal loss of ADAM10 expres-
sion in the A10cKO mice led to early and increased mortality,
occurrence of epileptic seizures, and a significantly reduced
�-secretase-mediated APP processing.

ADAM10 deletion in postnatal neurons leads to astrogliosis
and microglial activation without affecting overall brain
morphology
The repeated early postnatal occurrence of seizures in the condi-
tional knock-out mice prompted us to histologically study the
CaMKII�-Cre-targeted regions such as the hippocampus and the
cortex at P20. H&E staining did not reveal obvious abnormalities
in the architecture and morphology of both brain regions (Fig.
3A) and staining with antibodies against the neuronal nuclear
protein NeuN did not show differences between control and
A10cKO brain sections (Fig. 3B). At this age already a prominent
upregulation of the glia-specific protein GFAP with a pro-
nounced astrogliosis in the hippocampus as well as in the cortical
layers of the A10cKO mice was found (Fig. 3Ca– h). Since double

Table 1. Progenies of crosses of Adam10 F/F with CaMKII�-Cre: Adam10 F/�

F/� F/F ADAM10

Total (n) � � � � CaMKIIa Cre
834 255 232 212 135
% of total 30% 25% 27% 16%
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staining with Ki67 and GFAP did not reveal an increased prolif-
eration of astrocytes the astrogliosis is likely due to astrocyte
activation (Fig. 3Ci,j). The astrogliosis was also observed in 30-
week-old A10cKO mice and was accompanied by a robust micro-
glial activation (Fig. 3D).

Postnatal neuronal depletion of ADAM10 is associated with
impaired neuromotor function, altered exploration behavior,
and reduced learning and memory
To better understand the role of ADAM10 in postnatal neurons
we monitored various behavioral parameters in 2-month-old
control and A10cKO mice. Neuromotor tests showed that
A10cKO mice did not differ from controls in circadian cage ac-
tivity (Fig. 4A), but showed increased grip strength (Fig. 4B;
F(1,11) � 4.9; p � 0.05). The rotarod test revealed decreased motor
performance in the mutant mice independent of trial (Fig. 4C;
F(1,33) � 6.3; p � 0.05).

A10cKOs generally tended to be more
active in the elevated plus maze (Fig. 4D;
p � 0.07). There were no differences be-
tween the groups in relative preferences
for open versus closed arms (data not
shown). In the open field test (Table 2),
A10cKO mice spent less time in the center
(F(1,11) � 12.1; p � 0.01) and traveled rel-
atively less distance in the center (F(1,11) �
12.7; p � 0.01). Similar tendencies of
decreased center exploration came for-
ward in the number of center entries and
the latency to enter the center. Further-
more, A10cKOs showed reduced social
exploration (Table 2) as indicated by sig-
nificantly declined center entries (F(1,11) �
5.6; p � 0.05), time spent in the center
(F(1,11) � 10.5: p � 0.01), and percentage
of path length in the center (F(1,11) � 12.9;
p � 0.01). Corner entries on the other
hand were increased in A10cKO mice
(F(1,11) � 5.4; p � 0.05).

Passive avoidance learning was also
impaired in A10cKOs as indicated by a
significant Gen � Trial interaction (Fig.
4E; F(1,10) � 17.9; p � 0.001). They
showed lower step through latencies, but
only in the phase of testing. Likewise,
A10cKO mice, in contrast to controls, did
not learn the location of the escape plat-
form in the acquisition phase of the water
maze test (Fig. 4F; F(1,44) � 80; p � 0.001).
However, A10cKO mice also showed
significantly reduced swimming velocity
(data not shown; F(1,11) � 27; p � 0.001),
which might have interfered with the learn-
ing task. The probe trial confirmed un-
successful acquisition as A10cKO mice
spent less time in the target quadrant (Fig.
4G; F(1,10) � 21; p � 0.001) and swam
further from the target on average (Fig.
4H; F(1,10) � 27; p � 0.001). In summary,
the deletion of ADAM10 in postnatal neu-
rons led to severe behavioral alterations
and a significantly reduced ability in
learning and memory.

Normal hippocampal synaptic transmission but impaired
LTP in A10cKO mice
Basic synaptic transmission, short-term plasticity, and LTP were
investigated through analysis of the Schaffer collateral-
commissural pathway. As depicted in Figure 5A, A10cKO mice
did not display significant differences in basic synaptic transmis-
sion, as evaluated by input– output curves. Paired-pulse ratio, a
measure of short-term plasticity, yielded a difference at the 100
ms ratio (p � 0.0299 unpaired t test with Welch’s correction; Fig.
5B). Next, we investigated whether deletion of ADAM10 had any
functional impact on LTP, a prime candidate mechanism for
memory formation at the cellular level. We used a type of LTP
that is induced by strong TBS (three trains of 10 burst of four
stimuli at 100 Hz, separated by 200 ms, 0.2 ms pulse width;
Larson and Lynch, 1986; Balschun et al., 2010). TBS mimics nat-
ural patterns of discharge of CA1 pyramidal cells as occurring in

Figure 1. Basic characterization of A10cKOs with a postnatal neuronal ADAM10 deletion. A, Kaplan–Meier analysis of survival
of A10cKOs compared with controls according to the availability of extra food during the first 50 d of life. B, Exemplary picture of the
overall appearance of an A10cKO compared with a control mouse. C, Analysis of bodyweights of littermate controls and A10cKO
mice (***p � 0.001). D, Representative image (video snapshot) of an A10cKO mouse during episodes of seizures. Black arrows
indicate spastics of hindlegs and tail. E, Silicon probe in vivo depth recording of electrographic seizure activity in the hippocampus
of an A10cKO mouse. The gray area on the left is shown in an expanded scale on the right. CA1, CA1 pyramidal layer; Rad, stratum
radiatum; LM, stratum lacunosum moleculare. F, Hindlimb clasping reflexes in 25-week-old control and A10cKO mice.

Prox et al. • ADAM10 Deletion in the Postnatal Brain J. Neurosci., August 7, 2013 • 33(32):12915–12928 • 12919



animals during the sampling and analysis of learning-relevant
information (Otto et al., 1991). As shown in Figure 5C, control
mice developed a robust LTP (1 min 201 � 37%, 60 min 167 �
37%, 120 min 147 � 29%), but the same stimulation evoked only
a short-term potentiation in A10cKO mice (1 min 156 � 37%, 60
min 86 � 7%, 120 min 80 � 37%, p � 0.0384). Thus, they
completely failed to show LTP as indicated by values that re-
turned to baseline within 7 min after the first tetanization (Wil-
coxon test, p � 0.678).

In vivo hippocampal network activity in A10cKOs
We investigated in vivo hippocampal network activity in
urethane-anesthetized adult mice and recorded depth profiles
of spontaneous LFPs along the primary somatosensory (S1)

cortex/CA1/dentate gyrus axis (Fig. 6A–D). As A10cKO mu-
tant mice repeatedly died during the surgery while none of the
control animals did, the urethane dose was lowered for mu-
tants by 20 –25% eliminating mortality while still maintaining
anesthesia depth. Hippocampal LFPs from both control (n �
10) and mutant mice (n � 6) showed paradoxical (REM)
sleep-like activity, i.e., theta/gamma oscillations (Fig.
6 A,B,F), and non-REM sleep-like LFP epochs with the charac-
teristic sharp wave/ripple complexes in CA1 (Fig. 6C,D). These
activity patterns alternated spontaneously throughout the re-
cording session (Fig. 6E). Analysis of non-REM sleep-like oscil-
lations did not reveal differences in ripple properties (frequency,
amplitude, length, number) or sharp wave amplitudes (data not
shown). Quantitative LFP analysis of theta power depth profiles

Figure 2. Loss of ADAM10 expression and APP processing in adult A10cKO mice. A, Western blot analysis of the ADAM10 protein expression in cortex lysates of A10cKOs and littermate controls
at different postnatal stages (P5, P10, and P17). Actin served as control for equal protein loading. pADAM10, precursor of ADAM10; mADAM10, mature form of ADAM10; ADAM10-CTF, C-terminal
fragment of ADAM10. B, Western blot analysis of total soluble APP (sAPP total), soluble APP� (sAPP�), and soluble APP� (sAPP�) of cortex and cerebellar lysates of A10cKOs and littermate controls.
C, Quantification of the cortex and cerebellum levels of sAPPtotal, sAPP�, and sAPP�, respectively. D, Expression analysis of cortical or cerebellar lysates using an APP C-terminal-specific antibody
revealing C-terminal stubs and full-length APP, respectively. E, ELISA determination of endogenous levels of A� species (1– 40 and 1– 42) in cortex and cerebellum extracts from controls and
A10cKO mice. Significant differences between the groups are indicated.
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Figure 3. Histological analysis of control and A10cKO mice at different developmental stages. A, H&E staining of two control and two A10cKO cortex and hippocampal sections. Magnified images
of the boxes indicated on the top are shown in the middle and bottom, respectively. Scale bars: (for a– d) 500 �m; (for e–l ) 200 �m. B, Neuronal nuclei (NeuN) staining of cortex and hippocampus
of two control and two A10cKO mice. Scale bars: (for a– d) 500 �m; (for e–l ) 200 �m. C, GFAP staining in hippocampal (a– d) and cortical (e– h) section of a control and an A10cKO (P20) mouse
reveals astrogliosis in the mutant brain regions. Double staining with GFAP and Ki67 of control hippocampal section (i) and A10cKO sections (j) revealed that the increased GFAP immunoreactivity
is not due to increased proliferation of astrocytes. Scale bars: (for a, c, e, g, i, j) 200 �m; (for b, d, f, h) 100 �m. D, Astrogliosis (upper row) and microglia activation (bottom) in 30-week-old control
and A10cKO mice as revealed by immunostaining for GFAP and Iba-1. Scale bars: (for overviews) 200 �m; (for insets) 100 �m.
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during REM sleep-like network activity revealed reduced power
in hippocampus (stratum oriens and stratum lacunosum mo-
leculare) and deep layers of S1 cortex (Fig. 6F,G). Furthermore,
LFP gamma power in the CA1 pyramidal layer during REM sleep-
like network activity was lower in mutants than in controls (Fig.
6H). In addition, cross-frequency coupling between theta and
gamma oscillations, i.e., the modulation of gamma amplitude by
theta phase in mutants, was lower in stratum oriens and stratum
lacunosum moleculare. Together, the data indicate that
ADAM10 deletion in the forebrain impairs REM sleep-like in vivo
hippocampal network activity and theta/gamma cross-frequency
coupling.

Reduced NMDAR expression and impaired postsynaptic
plasticity in the ADAM10-deleted brain
The electrophysiological abnormalities in the A10cKO mice sug-
gested a defect in postsynaptic function. To correlate this on the
molecular level, we first analyzed the expression level of postsyn-
aptic receptor and scaffold molecules. We found that the protein
expression of PSD-95 was slightly reduced (74% of control)
whereas the levels of the NMDA receptor subunits 2A and
2B were more strongly (61% for NMDAR2A and 35% for
NMDAR2B as compared with control expression) reduced in
A10cKO cortex lysates (Fig. 7A). mRNA levels of NMDAR sub-
units were unaffected in A10cKO cortex preparations compared

Figure 4. Neuromotor function, exploration behavior, and learning in A10cKO mice. A, Circadian cage activity assay: recording of beam crossings and comparison of control versus A10cKO mice.
B, Determination of grip strength. C, Rotarod performance and drop latency of control and A10cKO mice. D, Elevated plus maze test revealed an increased activity of the A10cKO mice. E, Passive
avoidance test measured by step through latency (s, seconds) showed impaired performance in A10cKO mice. F, Water maze acquisition tests shows the escape latency (s) and revealed an impaired
learning of A10cKO mice to find the platform. G, Water maze test: time spent in target quadrant (s). H, Water maze test: distance to target (centimeters).
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with controls (data not shown). The reduced neuronal NMDAR
expression was also confirmed by immunohistochemical staining
for the NR1-subunit in sections from the hippocampus (Fig. 7B).
Silver staining of the apical dendrites of neurons in the stratum
radiatum revealed an apparently reduced number and altered
shape of synaptic spines in the A10cKO samples (Fig. 7C). Ultra-
structural analysis of the synapses and spines from the same brain

regions allowed a closer look at their morphology. The investiga-
tion of dendritic spines in the stratum radiatum from control and
A10cKO hippocampal neurons revealed the altered morphology
of spines in mice lacking neuronal ADAM10. Whereas in wild-
type animals postsynaptic structures, e.g., spine heads, are usually
small and rounded, rarely displaying a neck in ultrathin sections,
spines from the ADAM10-deficient mice are stubby and en-
larged, contain mitochondria, and are often connected directly to
the dendritic shaft without a typical spine neck (Fig. 7D). Despite
these abnormalities synapses are regularly formed (Fig. 7E) with
typical asymmetric postsynaptic densities and densely packed
vesicles in the presynaptic boutons.

A possible explanation for the stubby spine morphology in
ADAM10-depleted neurons is that the contact between presyn-
aptic and postsynaptic structures is determined by a number of
well defined surface transmembrane proteins such as cadherins,
neurexins, neuroligins (Arikkath and Reichardt, 2008; Bottos et
al., 2011), or even APP (Zheng et al., 2011; Tyan et al., 2012).
Using our CaMKII�-Cre ADAM10-depleted cKO mice we were
already able to demonstrate that neuroligin-1 is a substrate for
ADAM10 (Suzuki et al., 2012). Looking at the ectodomain shed-
ding of N-Cadherin, which we also previously implicated as an
ADAM10 substrate (Reiss et al., 2005), we also realized that the
generation of the CTF1 of N-Cadherin as a product of ectodo-
main shedding was significantly reduced (54% as compared with
controls) in A10cKO cortex samples (Fig. 7F) confirming the
postnatal role of ADAM10 for modulation of N-Cadherin surface
levels in vivo.

As an additional example for the impact of ADAM10 defi-
ciency on the proteome of the synaptic membrane the shedding
of the neuronal cell adhesion molecule Nectin-1 was shown to be
inhibited in A10cKO as revealed by a reduced level of the Nectin-
1-CTF1 in the ADAM10-deleted cortex extracts (Fig 7G).

Together, our data suggest that ADAM10 controls multiple
shedding events in the adult brain, which are essential for the
development and maintenance of synaptic plasticity.

Discussion
The metalloproteinase ADAM10 has raised considerable atten-
tion due to its central function in the regulation of classical
Notch1 signaling and in mediating the �-secretase processing
step of the APP in vivo (Weber and Saftig, 2012). To address the
question to what extent ADAM10 contributes to CNS develop-
ment we previously disrupted the protease in neural progenitor
cells using a Nestin-Cre deleter strain (Jorissen et al., 2010). This
deletion strategy, starting at embryonic day 9, led to embryonic
lethality with intracranial hemorrhages and disrupted organiza-
tion of the cortical region due to precocious neuronal differenti-
ation resulting in an early depletion of progenitor cells. In
ADAM10-deleted neurons derived from these mice both Notch1
signaling and Notch1-dependent cell fate decisions but also APP-
�-secretase cleavage were largely reduced (Jorissen et al., 2010).
We hypothesized that the disruption of ADAM10 in postnatal
neurons also leads to a developmental phenotype. However, our
finding that there is a major role of ADAM10 in the establishment
of postsynaptic contacts was unexpected.

The aim of the current study was to circumvent the embryonic
lethality of the Nestin-Cre A10cKO since the severe phenotype
precluded the analysis of ADAM10 function, substrate process-
ing events, and their potential physiological function in the adult
CNS. Postnatal neuronal ADAM10 deletion was achieved after
expression of the CaMKII� promoter-driven Cre recombinase
(Casanova et al., 2001). Expression analysis for ADAM10 in the

Table 2. Open field test and social exploration assay

Control A10cKO

Open field
Total path length (cm) 2857 3834
Center entries 11.9 4.7 p � 0.09
Time in center (s) 43.9 6.1** p � 0.01
Latency to center entry (s) 160 322
Corner entries 34 25.8
% Path length in center 9.8 2.1** p � 0.01

Social exploration
Total path length (cm) 2931 3088
Center entries 17.9 7.8* p � 0.05
Time in center (s) 290 70** p � 0.01
Latency to center entry (s) 103 338 p � 0.09
Corner entries 24 46* p � 0.05
% Path length in center 47.7 11.6** p � 0.01

Figure 5. LTP in A10cKO mice. A, ADAM10 deletion had no effect on basal synaptic trans-
mission with values comparable between genotypes. B, Paired-pulse ratios, a measure of short-
term plasticity, was not different between genotypes except for the 100 ms ratio (see Results).
C, Strong stimulation consisting of 3 � TBS failed to evoke LTP in A10cKOs but induced robust
potentiation in wild-type mice.
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A10cKO cortex lysates revealed an almost complete loss of
sAPP�. This not only supports our chosen strategy but also un-
derscores that in adult neurons ADAM10 is the most essential
protease for the ectodomain shedding of APP (Jorissen et al.,
2010; Kuhn et al., 2010). Interestingly, a parallel upregulation of
the �-secretase-mediated APP processing was observed, which is
apparently not due to an increased expression of BACE-1 in the
A10cKO brains (data not shown) but most likely a result of more
full-length APP substrate available for BACE-1 cleavage after en-
docytosis of APP from the cell surface (Tan and Evin, 2012). The
role of sAPP� has been a matter of debate and it has been linked
to neuritogenesis, neuroprotection, growth factor activity, and
LTP by increasing synaptic density, memory retention, and metal

homeostasis (for review, see Chasseigneaux and Allinquant,
2012). The lack of sAPP� generation in ADAM10-deficient neu-
rons may be directly connected to the observed phenotypic alter-
ations related to memory function and electrophysiological
performance in the A10cKO mice. We found that hippocampal
theta oscillations and theta/gamma cross-frequency coupling,
patterns that are thought to be of importance for hippocampus-
dependent cognitive tasks (Buzsáki, 2002; Buzsáki and Wang,
2012), were most consistently altered in CA1 stratum lacunosum
moleculare, the distal dendrite-containing layer receiving direct
entorhinal cortical input via the perforant path. In the context of
sAPP� generation, it is also interesting to note that some aspects

Figure 6. In vivo network activity in the hippocampus of A10cKO mice. A–D, Silicon probe multisite recording of LFP depth profiles along the S1 cortex–CA1– dentate gyrus axis during paradoxical
(REM) sleep-like (A, B) and SWS-like brain states (C, D). Hippocampal layers corresponding to the individual LFP traces are indicated on the left. E, Time-frequency spectrogram of the spontaneous
LFP recorded from the CA1 pyramidal layer in an urethane-anesthetized mouse shows spontaneous alternation of REM-like and non-REM-like network activity. F, LFP power spectrum during a REM
sleep-like period from a control and a mutant animal. G, LFP theta power depth profile and (H ) LFP gamma power depth profile from the layers depicted in A–D. I, Theta/gamma cross-frequency
coupling depth profile. ori, stratum oriens; pyr, stratum pyramidale; rad, stratum radiatum; lm, stratum lacunosum moleculare; ml, molecular layer; dg, dentate gyrus; T, theta frequency range; G,
gamma frequency range; R, ripple frequency range; Cx, cortex; *p � 0.05, **p � 0.01, ***p � 0.001 Mann–Whitney test.
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of the phenotype including epileptic seizures and premature
death were also observed in transgenic mice with neuronal over-
expression of human APP mutated at the �-secretase site
(Moechars et al., 1996, Moechars et al., 1998). The memory de-

fects of APP knockout mice could be rescued by crossing in sAPP�
knockin mice (Ring et al., 2007). Interestingly and comparable to
our findings reported here, old APP knock-out mice and APP-
deficient primary neurons show a decrease in spine density and

Figure 7. Reduced NMDAR expression, decreased N-Cadherin shedding, and altered spine morphology in A10cKO mice. A, Analysis of postsynaptic protein expression revealed a decreased
expression of the PSD-95 and the NMDAR subunits 2A and 2B, respectively. The decreased expression level was obvious in cortical lysates and not observed in nontargeted cerebellar lysate of control
and A10cKO mice. Calnexin staining was used as a loading control. B, NMDAR downregulation could also be visualized in the hippocampus of A10cKO mice by analyzing the NR1-subunit expression.
C, Dendritic segments were imaged after Golgi silver staining. A reduced number and appearance of synaptic spines in A10cKO mice is obvious. Representative zoomed-in images are shown. Whereas
in control mice basal dendritic shafts were densely covered with dendritic spines, in A10cKO mice the dendrites had a reduced number of spines. D, E, Electron micrographs of synaptic contacts from
control and A10cKO mice. In the stratum radiatum of A10cKO mice postsynaptic densities were frequently found to be in connection with dendritic shafts indicating an altered shrunken and
stubby-like spine morphology (pink-shaded structures). Note the appearance of mitochondria near the postsynaptic densities (arrowheads). Spines in the wild-type were characterized by their tiny
spine heads (pink) without any organelles. Thin spine necks were occasionally found. The overall morphology of synaptic contacts, however, is unaltered. Spines (s) show typical asymmetric
postsynaptic densities (arrows) and presynaptic boutons (b) are loaded with many vesicles. F, N-Cadherin ectodomain shedding (carboxy terminal stub: CTF generation) is reduced in ADAM10-
deficient cortex samples. G, Nectin-1 CTF generation is also reduced in cortex samples from A10cKO mice.
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number, accompanied by a reduction of
LTP expression, which could be partially re-
stored with sAPP�-conditioned medium
(Tyan et al., 2012). In this context our find-
ings of increased endogenous levels of A�
species in the conditional knock-out cortex
samples underline that this may have a di-
rect impact on the spinogenesis and synap-
tic remodeling. It is therefore likely that the
increased level of A� due to the lack of
ADAM10 may have impact on spine num-
ber and plasticity, possibly in an NMDAR-
dependent manner (Roselli et al., 2005; Wei
et al., 2010). This effect may also occur
through an A�1–40-induced degradation of
PSD-95, similar to the reduced expression
observed in this study, at glutamatergic syn-
apses (Roselli et al., 2005). As suggested re-
cently the synaptotoxic effects of A�1–42

may be caused by an overactivation of the
CAMKK2-AMPK kinase pathway inducing
dendritic spine loss (Mairet-Coello et al.,
2013). The A� inhibitory effects on synaptic
plasticity may also occur through promo-
tion of NMDAR endocytosis and an associ-
ated depression of NMDA-evoked currents
(Snyder et al., 2005). Interestingly, under
physiological conditions an activation
of NMDARs leads to a Wnt/�-catenin
signaling-dependent upregulation of
ADAM10 (Wan et al., 2012). An in-
crease in A� levels may also lead to an
increased binding to the Ephrin B2
(EphB2) receptor potentially leading to
EphB2/NMDAR-complex degradation (Cissé et al., 2011; Nolt et al.,
2011).

The phenotype of the classical ADAM10 knock-out (Hart-
mann et al., 2002) as well as conditional knock-outs for skin,
vasculature, and embryonic brain (Jorissen et al., 2010; Glom-
ski et al., 2011; Weber et al., 2011) strongly argued for
ADAM10 as the essential protease regulating Notch1-
dependent developmental processes. A defect in the Notch1-
signaling pathway may also contribute to the observed
synaptic phenotype in A10cKO brains. An inhibition of
Notch1 signaling led to a reduction of dendritic spines and
branch points (Redmond et al., 2000). Conditional deletion of
the Notch receptor or components of the Notch pathway dem-
onstrated that Notch1 signaling contributes to survival and
dendritic morphology of newly born granule cells (Breunig et
al., 2007). Null mutations in Notch1 on one allele or the
downstream cofactor RBP-J were also described to be associ-
ated with deficits in spatial learning and memory (Costa et al.,
2003). The contribution of Notch1 signaling to our observed
phenotype is rather minor since apart from a reduction of
Hes5 transcription level we did not observe an altered expres-
sion of other Notch1-dependent genes (data not shown). In-
terestingly, conditional knock-out mice lacking both
presenilins (Saura et al., 2004) or the �-secretase cofactor ni-
castrin (Tabuchi et al., 2009) in the postnatal forebrain also
showed an impaired hippocampal memory, defects in synaptic
plasticity, and lower NMDAR levels. It may well be that the

NMDAR effects of the presenilin mutations on synaptic trans-
mission are exerted by presynaptic deficits due to trans-
synaptic mechanisms (Zhang et al., 2010).

In contrast to presenilins, ADAM10 as a sheddase not only affects
signaling events in cis but also in trans by liberating soluble ectodo-
mains. Dendritic spines in the CNS are essential components of
synaptic functions that control learning and memory. Depending on
synaptic activity, developmental age, and brain region, molecular
events at the dendritic spines lead to morphological changes thereby
regulating synaptic plasticity (Bourne and Harris, 2011). The re-
moval, establishment, and stabilization of dendritic spines and the
maintenance of synaptic structures is largely controlled by synaptic
adhesion molecules such as cadherins, protocadherins, neural cell
adhesion molecule, L1-family cell adhesion molecules, neurexins,
and neuroligins (Dalva et al., 2007; Siddiqui and Craig, 2011). We
could previously show that a number of these proteins are subject to
ADAM10-mediated ectodomain shedding (Maretzky et al., 2005;
Reiss et al., 2005, 2006; Kim et al., 2010; Suzuki et al., 2012). In
agreement with our findings, the generation of the shedding product
of N-Cadherin processing is reduced in cortical lysates of A10cKO
mice. N-Cadherin shedding by ADAM10 also controls cell–cell ad-
hesion and synaptic plasticity (Malinverno et al., 2010). Altering
synaptic localization of ADAM10 led to an increase in size of spines
comparable to the stubby spine morphology observed in the
A10cKO mice. Nectin-1 as a Ca2�-independent cell adhesion mol-
ecule together with its adaptor protein afadin colocalizes with com-
ponents of the cadherin/catenin system in postsynaptic structures of

Figure 8. ADAM10-mediated ectodomain shedding regulates synaptogenesis. A, ADAM10 controls the shedding of different
cell adhesion molecules (CAMs) at the postsynaptic site thereby contributing to the development and functioning of synapses.
Soluble APP� (sAPP�) generated through ADAM10 activity may additionally be involved in synaptogenesis. B, In conditional
ADAM10 knock-out neurons the shedding of N-Cadherin and neuroligin-1 is impaired. This, together with an increased generation
of A� may impair normal synaptogenesis leading to stubby spine appearance.
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the hippocampus (Mizoguchi et al., 2002) and regulates spine shape
and structure (Togashi et al., 2006). Using P1 brain homogenates of
Nestin-Cre-deleted ADAM10 mice, a reduced shedding of Nectin-1
was found (Kim et al., 2010) possibly also explaining part of the spine
phenotype in the CaMKII�-Cre A10cKO mice. Also in the adult
neurons analyzed in this study Nectin-1 shedding was dependent on
the presence of ADAM10. Interestingly, in primary hippocampal
neurons the expression of Nectin-1 mutants, which are refractory to
ectodomain shedding, suggested that ectodomain shedding of
Nectin-1 is required for the formation of synapses and for the regu-
lation of the density of dendritic spines (Lim et al., 2012). Adding to
the complex role of ADAM10 in controlling the shedding of post-
synaptic cell adhesion molecules, very recent studies using ADAM10
knock-out fibroblasts but also analyzing brain microsome fractions
from the A10cKO mice described here revealed that the major shed-
dase of the potent synaptogenic protein neuroligin-1 (NL1) in brain
is ADAM10. The shedding of NL1, which can be triggered by synap-
tic activity or binding to neurexins, leads to an elimination of NL1 at
the postsynaptic cell surface and a decreased synaptogenic activity
(Suzuki et al., 2012). The essential role of NL1 in the control of
synapse formation and number (Kwon et al., 2012) may therefore be
tightly linked to the activity of the sheddase ADAM10. It also cannot
be excluded that the previously described ADAM10 shedding of ad-
ditional central molecules of the CNS, like the ephrins and their
receptors (Hattori et al., 2000; Janes et al., 2005), the prion protein
(Vincent et al., 2001; Altmeppen et al., 2011), and axon guidance
molecules such as neuronal adhesion molecule (Hinkle et al., 2006)
and L1 adhesion molecule (Gutwein et al., 2003), contribute to the
phenotype of the mutant mice. The A10cKO mice are also an excel-
lent tool to study the protein composition of the postsynaptic mem-
brane in the presence and absence of ADAM10 thereby providing a
more complete overview about the sheddome of ADAM10 at these
cellular sites revealing the importance of ADAM10 for postsynaptic
functions. On the other hand, it highlights the hitherto poorly rec-
ognized role of ectodomain shedding in general for synaptogenesis
and the specific role of ADAM10 in this process (Fig. 8). It also may
raise the question of whether ADAM10 may be used as a therapeutic
target for the treatment of AD. Overexpression of ADAM10 in trans-
genic mouse models (Postina et al., 2004; Fahrenholz and Postina,
2006) has been surprisingly well tolerated suggesting that a suitable
therapeutic window may exist that allows a beneficial modulation of
the activity of this protease in postmitotic cells, such as neurons.

In conclusion, we present the first in vivo characterization of the
consequences of postnatal neuron-specific loss of ADAM10. Our
study revealed that ADAM10 mediates the shedding of a number of
neuronal substrates including APP, Notch1, N-Cadherin, Nectin-1
and postsynaptic cell adhesion molecules. This represents a central
process for the formation and maintenance of synaptic plasticity and
function of the adult murine CNS.
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