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ADAM10: α-secretase in 
Alzheimer’s disease and 
regulator of neurobiology

Introduction

To date, 40 different members of the“a 
disintegrin and metalloprotease” (AD-
AM) family have been identified in the 
genome of mammals. Approximately half 
of these are thought to be proteolytically 
active. After synthesis in the endoplasmic 
reticulum (ER) and transport to the Gol-
gi apparatus, the prodomain of the AD-
AM is removed by proprotein convertases 
and the protein undergoes complex glyco-
sylation. The prodomain inhibits the me-
talloprotease activity and ensures prop-
er folding of the ADAM by virtue of its 
chaperone function. Most ADAMs reside 
in the ER and Golgi compartments. How-
ever, minor amounts are also found at the 
plasma membrane, where their actual 
proteolytic functions have been described.

The process of ectodomain shedding 
is mainly mediated by membrane-bound 
proteases. Particularly proteolytically ac-
tive ADAMs are involved in cleavage of 
substrates in close proximity to the mem-
brane. Cleavage generates the soluble ect-
odomains and remaining membrane-
bound fragments, both of which are able 
to induce paracrine and autocrine signal-
ing pathways. Interestingly, ADAM pro-
teases do not share a consensus substrate 
recognition sequence; rather it is mem-
brane compartmentalization, protease 
expression patterns and the structure of 
the substrate that seem to play an essen-
tial role in regulating substrate proteolysis. 
Due to the different expression patterns of 
ADAMs in tissues, ADAM proteases are 
involved in physiological and pathophysi-
ological conditions including fertilization, 

neurogenesis, neurodegenerative diseas-
es, inflammation and development of can-
cer [11].

Research interest was drawn to AD-
AM10—a protease with significant ex-
pression in the brain—owing to its in-
volvement in developmental processes 
by cleavage of the Notch-1 receptor. Ad-
ditionally, ADAM10 is able to cleave the 
amyloid precursor protein (APP), which 
is relevant for the molecular pathology of 
Alzheimer’s disease (AD). Both proteolytic 
events are of importance for developmen-
tal processes in embryonic and adult tis-
sues. Compared to other cleavage events, 
the cascade of Notch-1 receptor proteol-
ysis has been characterized in detail and 
is well understood. During biosynthesis, 
the Notch-1 receptor is cleaved in the Gol-
gi apparatus. Subsequently, at the cell sur-
face, ADAM10 generates a membrane-
bound Notch-1 fragment which is a sub-
strate for intramembrane proteolysis by 
the γ-secretase complex. The soluble frag-
ment liberated in the cytosol translocates 
to the nucleus and regulates expression of 
Notch-1 target genes.

Cleavage of APP by ADAM10 oc-
curs within the amyloid-β peptide (Aβ) 
sequence and counteracts the produc-
tion of Aβ peptides (non-amyloidogenic 
pathway). Both β-secretase (BACE-1) and 
the γ-secretase complex are responsible 
for generation of Aβ peptides, which are 
found in extraneuronal deposits and con-
tribute to neurodegeneration.

Complete loss of ADAM10 in the 
mouse leads to an early embryonic le-
thal phenotype characterized by devel-
opmental defects in the central nervous 

system (CNS), impaired somite develop-
ment and altered cardiovascular struc-
tures, most likely due to a defect Notch-1 
signaling pathway. Additionally, 30 other 
membrane-bound substrates have been 
identified for ADAM10, some of which 
have a tremendous impact on CNS func-
tion, such as neuronal (N-) cadherin, 
neuroligin 1, neurexin and the L1 adhe-
sion protein. Due to the multitude of pro-
teins regulated by ADAM10-dependent 
shedding, this protease also has an im-
portant role outside the CNS: ADAM10 
plays central roles in inflammation, can-
cer, skin homeostasis and vascularization 
([8], . Fig. 1). Research based in suitable 
transgenic mouse models has underlined 
the pivotal importance of ADAM10-de-
pendent proteolysis in regulating these 
different processes.

ADAM10 and CNS development

Conditional knockout mouse models of-
fer the opportunity to control the specif-
ic deletion of a target protein, due to the 
fact that the responsible Cre-recombinase 
is regulated by a tissue- and time point-
dependent promoter element. The early 
embryonic lethality of the classical AD-
AM10 knockout mouse could be circum-
vented using a Nestin-Cre deleter strain 
[2]. The Nestin-Cre-driven deletion of 
ADAM10 leads to loss of the protease in 
neuronal progenitor cells, as well as in 
their neuronal and glial descendants. Un-
der these conditions, deletion of ADAM10 
induced a late embryonic and early post-
natal lethality of the conditional knockout 
mice. Morphologically, intracranial bleed-
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ings and premature differentiation of neu-
roepithelial stem cells and radial glial cells 
into neuronal stages were observed in re-
gions of the ventricular zone. This led to 
a pronounced reduction in the number of 
neuronal cells and a decrease in the size 
of the ganglionic eminence. The gangli-
onic eminence is a morphological struc-
ture observed during CNS development, 
where neuronal progenitors proliferate 
and from which different subtypes of neu-
ronal cells originate, e.g. gamma-amino-
butyric acid (GABA)-dependent neurons. 
Additionally, immunoblot analysis of con-
ditional knockout mouse brains revealed 
an altered processing of the Notch-1 re-
ceptor and altered Notch-1-dependent 
target gene expression. The ADAM10-
modulated canonical Notch-1 signaling 
pathway is responsible for lateral inhibi-
tion, which regulates preservation of the 
stem cell state and neuronal differentia-
tion during neurogenesis. The prolifera-
tion and migration of neuronal cells was 
followed in control- and ADAM10-defi-
cient mice by staining of actively prolif-
erative embryonic cells. In ADAM10-de-
ficient animals, postmitotic cells were al-
ready detected in actively proliferative 
zones. These studies led to the conclusion 
that ADAM10 deficiency led to disturbed 
radial migration. The process of radial mi-

gration mainly regulates the development 
of versatile laminated regions, such as 
the cerebral hemispheres. Early neurons 
build up in layers near to the ventricular 
zone of the cortical plate; whereas later-
appearing neurons find their positions in 
the overlying layers. Analysis of the con-
ditional knockout mice revealed that AD-
AM10 specifies the differentiation of mul-
tipotent neuronal precursor cells into glial 
and neuronal precursor states in a Notch-
1-dependent manner. At early time points, 
the activity of ADAM10 inhibits prema-
ture differentiation of neuronal precur-
sors; whereas at later time points, glio-
genesis is induced. ADAM10 deficiency 
leads to an increase in neuronal precur-
sors and subsequently to more postmitot-
ic neurons. Additionally, ADAM10 defi-
ciency also decreases glial differentiation, 
thus leading to a reduced number of gli-
al cells and oligodendrocytes (. Fig. 2).

ADAM10 and 
Alzheimer’s disease

In 1990, the proteolytic processing of 
APP within the Aβ sequence by a pro-
tease—whose identity was unknown at 
the time—named “α-secretase” was de-
scribed. The availability of this non-amy-
loidogenic processing of APP, as an alter-

native pathway to processing by BACE-1, 
has led to this mechanism being consid-
ered as an interesting therapeutic target. 
Extensive studies have since been initiat-
ed to identify the responsible protease(s). 
The activation of α-secretase represents 
another option for modulating APP pro-
cessing. Overexpression of ADAM10 in a 
murine model of AD led to an increase in 
the secretion of soluble APPα [4]. More-
over, the impaired cognitive skills of the 
mice were partially restored.

The generation of primary neuronal 
cultures deficient in ADAM10 showed 
that soluble APPα production was dras-
tically reduced. In support of these find-
ings, knockdown experiments reducing 
ADAM10 expression and activity in pri-
mary neurons led to comparable results 
[3]. The non-amyloidogenic APP process-
ing pathway that liberates soluble APPα is 
thought to excerpt neuroprotective func-
tions. It has been shown that soluble APPα 
stimulates neurite outgrowth in chick and 
mouse neurons. In addition, it influences 
growth of dendrites and axons in embry-
onic cortical neurons. Interestingly, pa-
tients carrying familial mutations in the 
APP gene close to the α-secretase cleav-
age site show severe AD progression as-
sociated with hereditary cerebral angiop-
athy. These mutations not only enhance 
Aβ42 release, but also reduce liberation 
of the P3 fragment, which is produced 
by α-secretase and γ-secretase complex 
activity (. Fig. 3). A recently published 
study described mutations in the AD-
AM10 prodomain. These mutations lead 
to AD and a reduction in α-secretase ac-
tivity, which also increased the production 
of Aβ peptides in vivo [9].

ADAM10 and prion diseases

The glycosylphosphatidyl (GPI)-linked 
cellular prion protein (PrPC) fulfills du-
al functions in CNS biology. On one hand 
it is a substrate for the pathological iso-
form of the prion protein (PrPSc) and on 
the other hand, it influences myelinization 
and neurogenesis. An experimental study 
identified PrPC as a substrate for ADAM10 
using the ADAM10-(Nestin-Cre)-knock-
out mouse model described above [1]. It 
could be shown that upon deletion of AD-
AM10 in neuronal progenitor cells, PrPC 
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accumulates at early time points in the se-
cretory pathway and at the plasma mem-
brane. Simultaneously, it could be proven 
that ADAM10 mediates the shedding of 
PrPC close to the membrane. The impact 
of PrPC accumulation on neuronal func-
tion is still unclear. Analyzing condition-
al knockout mice deficient for ADAM10 
in the adult CNS showed an increased ex-
pression of PrPC in regions of the hippo-
campus and cortex. The increase in PrPC 
expression in cellular model systems has 
been postulated to induce p53-dependent 
apoptosis. Regulation of the level of PrPC 
at the cell surface by ADAM10 potential-
ly influences the conversion of prion pro-
teins to the pathological PrPSc isoform.

ADAM10 in the adult CNS

To characterize the role of ADAM10 in 
regulation of the integrity and function of 
the adult CNS, the protease was deleted in 
adult neurons using a calcium/calmodu-
lin-dependent protein kinase II (Cam-
KII) α-Cre deleter strain [5]. The condi-
tional knockout mice are characterized 
by an increased lethality during wean-
ing, which is partially associated with ep-
ileptic episodes. Additionally, the mutant 
mice showed a reduced long-term poten-
tiation (LTP), a disturbed fear-associated 
behavior (passive avoidance tests) and im-
paired visual spatial memory (Morris wa-
ter maze). Histologically, a reactive astro-
gliosis was detected. Immunoblot analy-
sis revealed reduced APP processing and 
decreased expression of the N-methyl-D-
aspartate (NMDA) receptor subunit 2A. 
The NMDA receptor is a glutamate-de-
pendent ion channel that is essential for 
synaptic plasticity and is a basis for learn-
ing and memory formation. Calcium in-
flux through NMDA receptors is a prereq-
uisite for synaptogenesis, experience-driv-
en synaptic modulation and long-term 
changes in synaptic regions. The trans-
port of NMDA receptor 2A subunits to 
the postsynaptic surface plays an impor-
tant role during the induction of LTP in 
the hippocampus. The observed reduc-
tion in NMDA receptor 2A expression is 
thought to be partially responsible for the 
reduction of LTP induction and impaired 
spatial memory formation in the condi-
tional ADAM10 knockout mice.

Ectodomain cleavage of N-cadherin 
was also inhibited in adult neuronal AD-
AM10-deficient mice. Cadherins are calci-
um-dependent adhesion molecules which 
regulate the recognition/adhesion of neu-
rites via homophilic interactions, there-
by affecting formation of synapses. In the 
adult CNS, N-cadherin is expressed in the 
cerebellum, in the neocortex and with-
in the hippocampus. At postsynaptic re-
gions, N-cadherin regulates surface ex-
pression of α-amino-3-hydroxy-5-methyl-
4-isoxazolepropionic acid (AMPA) recep-
tors, thus modulating synaptic plasticity. 
Interestingly, studies have revealed that 
blockage of ADAM10 postsynaptic trans-
port by inhibition of the interaction with 
the synapse associated protein 97 (SAP97) 
led to morphological changes in dendrit-
ic spine structures and an altered AMPA 
receptor level as a function of N-cadherin 
proteolysis at the postsynaptic surface.

Synaptogenesis and 
ADAM10 activity

The development and modulation of syn-
apses is an essential process for mainte-
nance of CNS function, as it is for the dif-
ferentiation of different neuronal and glial 
cell types. At synapses, multiprotein com-
plexes integrated in pre- and postsynap-
tic structures are key elements for the reg-
ulation of neuronal activity in neuronal 
networks. The development of synaps-
es is strictly dependent on protein com-
plex formation between receptors, signal-
ing molecules and scaffold proteins. At 
the presynaptic site, soluble N-ethylma-
leimide-sensitive factor activating protein 
receptor (SNARE) proteins modulate syn-
aptic vesicle fusion and recycling to con-
trol the release and uptake of neurotrans-
mitters. In the postsynaptic region, den-
dritic spines and electron-dense regions 
are found (postsynaptic density, PSD) at 
the border to the synaptic cleft. Compo-
nents of the PSD are receptors (AMPA, 
NMDA and ephrin receptors), cell adhe-
sion molecules (N-cadherins, protocad-
herins and neuroligins), signaling mole-
cules (CamKIIs and phosphatases), scaf-
fold and adaptor proteins (PSD95, SAP102 
and SAP97), cytoskeletal proteins (actin), 
as well as motor proteins and regulators of 
the cytoskeleton, which regulate functions 

of the synapse by integration into or asso-
ciation with the membrane.

After the release of glutamate in the 
synaptic cleft, the neurotransmitter 
binds to glutamate-dependent receptors 
(NMDA and AMPA) at the postsynaptic 
surface and triggers opening of the chan-
nels, leading to influx of sodium and cal-
cium, and membrane depolarization. De-
polarization of the membrane induces 
structural and functional changes in pre- 
and postsynaptic structures, which, after a 
repeated stimulus, lead to a more efficient 
synapse. During LTP, changes in receptor 
composition, AMPA receptor phosphor-
ylation status, the surface of dendritic 
spines and the amount of neurotransmit-
ter released at the presynaptic membrane 
are observed. Many of these processes are 
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Abstract
Proteolytic and amyloidogenic processing of 
amyloid precursor protein (APP) by β- and 
γ-secretases are pathological hallmarks of Al-
zheimer’s disease (AD). These proteolytic ac-
tivities lead to release of the amyloid-β pep-
tides believed to cause neurological pathol-
ogy and be linked to pathological progres-
sion in AD. Due to its capability to cleave APP 
within the toxic peptide sequence, the metal-
loproteinase ADAM10 (“a disintegrin and me-
talloprotease”) is a known antagonist of the 
disease-causing pathway. ADAM10 also plays 
a major role in the ectodomain shedding of a 
number of important cell surface proteins. In 
addition, ADAM10 is involved in the proteo-
lytic activation cascade of the Notch recep-
tor, which is of crucial function in develop-
mental processes. The study of ADAM10-de-
ficient mice also revealed that ADAM10 reg-
ulates synaptic function and synaptogene-
sis. Pharmacological activation of ADAM10 
is postulated to represent a valuable strate-
gy for prevention of AD. However, due to the 
multiple roles of ADAM10 in the brain, it will 
be challenging to find a suitable therapeu-
tic window.

Keywords
Development · Notch receptor · Amyloid  
precursor protein  · Ectodomain shedding · 
Proteolysis
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controlled by PSD protein complexes and 
perturbance of their composition has sig-
nificant effects on glutamate-dependent 
synapse function.

Blocking the postsynaptic transport of 
ADAM10 by SAP97 in cell culture showed 
that this had effects on structural rear-
rangements and synapse function. It be-
came apparent that by inhibition of post-
synaptic transport, uncleaved N-cadherin 
accumulated. Furthermore, this accumu-
lation led to an increase in the GluR1 sub-
units of the AMPA receptor. It was also 
detected that the dendritic spines of hip-

pocampal neurons were increased in size 
and an altered AMPA receptor-dependent 
current was revealed, showing that AD-
AM10 is important for the modulation of 
glutamate-dependent synapses.

Conditional CamKII α-Cre-ADAM10 
knockout mice are characterized by im-
paired learning capacity and an altered 
neuronal network activity in the CA1 re-
gion of the hippocampus, which under-
scores the role of ADAM10 during syn-
apse formation. An altered synaptic func-
tion could apparently also be linked to 
morphologically changed spine struc-

tures. The detected reduction in NMDA 
receptor expression is explained by this 
altered morphology. The impaired devel-
opment of spines after ADAM10 deletion 
was also detected in an independent study, 
after induced misstrafficking of the prote-
ase in postsynaptic cells. The ADAM10-
mediated ectodomain shedding process-
es are most likely responsible for the ob-
served morphological and function-
al changes. Upon deletion of ADAM10, 
it has been found that the nectin-1 adhe-
sion molecule shows reduced ectodomain 
shedding. Together with its adaptor pro-
tein Afadin, nectin-1 colocalizes in cad-
herin/catenin structures at the postsyn-
aptic membrane, where it regulates the 
size and structure of the developing syn-
apse. Neuroligin 1 (NL1) has a similar ef-
fect on synaptogenesis. It has also been 
identified as an ADAM10-specific sub-
strate [10]. Ectodomain cleavage of NL1 is 
triggered by synaptic activity or interac-
tion with neurexins. This, in turn, leads to 
a reduction of surface NL1 expression and 
reduced synaptic activity. ADAM10 func-
tions as a central molecular switch for this 
regulatory circle.

Aside from the aforementioned sub-
strate proteins that are modulated by AD-
AM10, there are additional substrates—
such as ephrin ligands, PrPC and adhe-
sion molecules (NCAM and L1)—which 
may contribute to the observed synaptic 
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defect in the ADAM10-deficient animals. 
Moreover, APP and its proteolytic frag-
ments generated by ADAM10 are thought 
to be involved in synapse reorganization.

The prominent role of ADAM10 in 
synapse biology questions the applicabil-
ity of some novel therapeutic approaches 
which aim to stimulate ADAM10. Howev-
er, a moderate upregulation of ADAM10 
activity in postmitotic neurons is well tol-
erated, as shown in studies with trans-
genic animal models of ADAM10 [4]. To 
what extent this may be exploited ther-
apeutically in humans in the future re-
mains open. A neuron-specific modula-
tion of ADAM10 activity is most likely dif-
ficult to realize.

Regulation of ADAM10

The prominent role of ADAM10 in the 
finely tuned control of the cellular mech-
anisms and processes of healthy organ-
isms is further supported by studies of 
ADAM10 deficiency in skin and the he-
matopoietic system. For a detailed char-
acterization of ADAM10 it is essential to 
analyze regulation, transport and activity 
of the ADAM10 protein, due to its broad 

substrate spectrum and possibly overlap-
ping substrate specificity with the closely 
related metalloprotease ADAM17.

The aforementioned SAP97 protein 
was initially identified as a shuttle mole-
cule, shuttling glutamate-dependent re-
ceptors to postsynaptic areas of excitato-
ry synapses. In addition, ADAM10 was 
shown to be transported to the postsyn-
apse via interaction of its C-terminal 
Src homology (SH3) domain with SAP97. 
This process is regulated by NMDA recep-
tor activation and controls the α-secretase 
activity at postsynaptic membranes. Fur-
thermore, analysis of a mouse model in 
which the postsynaptic transport of AD-
AM10 was blocked revealed phenotypes 
which partially reflect early AD events in 
humans.

Following analysis of the promoter re-
gion of the human ADAM10 gene, bind-
ing elements of retinoic acid responsive el-
ements (RAREs) were identified that reg-
ulate the expression of ADAM10. Cell cul-
ture-based functional studies showed that 
the vitamin A metabolite all-trans retino-
ic acid (atRA) affected ADAM10 mRNA 
and protein expression via the activation 
of retinoic acid receptors (RARs). The in-

duced increase in ADAM10 expression 
correlated directly with enhanced APP 
proteolysis via the α-secretase pathway. 
Clinical trials using acitretin (a synthet-
ic vitamine A analog) are currently be-
ing performed in psoriasis and AD pa-
tients. Acitretin does not bind directly to 
RARs, but it displaces atRA from cellular 
retinoid-binding proteins (CRAPs) and 
enriches the amount of free atRA, which 
subsequently leads to higher RAR activity.

Deacetylation is another regulatory 
mechanism by which the activity of his-
tones and transcription factors are con-
trolled. The transcriptional activity of 
the RA receptor β (RARβ) and its activa-
tion are controlled by a NAD-dependent 
deacetylase (SIRT1), which directly influ-
enced the α-secretase pathway in an ani-
mal model. After crossing a mouse model 
of AD with brain-specific SIRT1 knockout 
mice, accelerated AD-associated symp-
toms (plaque formation and behavior-
al abnormalities) were observed, which 
were accompanied by lethality in the an-
imals at 3–5 months of age. Additional-
ly, transgenic overexpression of SIRT1 in 
the murine model decreased plaque for-
mation and reduced the behavioral abnor-
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malitie—an effect which could be attrib-
uted to enhanced APP processing through 
the α-secretase pathway.

Tetraspanins (TSPAN12, TSPAN15, 
CD9 and CD81) were identified as impor-
tant modulators of ADAM10 activity. Tet-
raspanins make up a family of multimer-
ic transmembrane proteins that span the 
membrane four times and are structural-
ly characterized by a small and a large ex-
tracellular loop (SEL and LEL). They are 
found in different species. Due to their 
largely ubiquitous expression patterns 
in the body, as well as their number, tet-
raspanins are involved in a multitude of 
cellular processes, including cell migra-
tion and cell fusion. Tetraspanins have al-
so been described as functional organiz-
ers of multimolecular membrane and sig-
naling complexes which are influenced by 
their integration in the “tetraspanin-web”. 
The tetraspanins CD9 and CD81 have 
been identified as ADAM10 interaction 
partners. The application of antibodies 
against CD9 and CD81 led to an increase 
in ADAM10-dependent shedding of sub-
strates (epithelial growth factor, EGF; tu-
mor necrosis factor α, TNFα) in cell cul-
ture experiments. TSPAN12 and TSPAN15 
have also been identified as ADAM10 in-
teraction partners.

The physical interaction of ADAM10 
with TSPAN15 has been demonstrated us-
ing different approaches (yeast two-hybrid 
interaction screening and coimmunopre-
cipitation) [7]. ADAM10 and TSPAN15 co-
localized in ER regions and at the plasma 
membrane. Overexpression of TSPAN15 
increased the maturation of ADAM10 and 
simultaneously led to enriched ADAM10 
plasma membrane localization. The in-
crease in plasma membrane expression 
of ADAM10 elicited by TSPAN15 overex-
pression increased the proteolysis of “neu-
ronal” substrates (APP, N-cadherin). This 
increase in substrate proteolysis correlat-
ed with a prolonged half-life of the active 
form of ADAM10, which was revealed by 
pulse-chase experiments. It could be pos-
sible that the interaction of TSPAN15 with 
ADAM10 masks the triple arginine ER re-
tention motif in the C-terminus of AD-
AM10, thus allowing its exit from ER re-
gions and subsequent activation of AD-
AM10 by furin.

Therapeutic visions

Studies of the role of the metalloprotease 
ADAM10 in the CNS have not only re-
vealed the importance of ADAM10 for the 
development of the brain, but also its rele-
vance to modulation of the function of the 
adult CNS. ADAM10 contributes to the 
processing of APP. Its role as a non-am-
yloidogenic protease triggered develop-
ment of clinical approaches aimed at acti-
vating the protease and thereby preventing 
the production of neurotoxic Aβ peptides. 
Due to the multiple functions of ADAM10, 
it remains an open question whether such 
therapeutic approaches are tolerated with-
out any side effects. Particularly the roles 
of ADAM10 in the Notch signaling path-
way and synaptogenesis have to be consid-
ered in this context. Studies addressing the 
complex mechanisms of ADAM10 regula-
tion and potential substrate specificities in 
more detail will presumably uncover addi-
tional therapeutic targets.

A complete list of references can be requested from 
the authors.
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