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The ␤-amyloid (A␤) peptide is the major constituent of amyloid plaques in Alzheimer’s disease (AD) brain and is likely to play a central
role in the pathogenesis of this devastating neurodegenerative disorder. The ␤-secretase, ␤-site amyloid precursor protein cleaving
enzyme (BACE1; also called Asp2, memapsin 2), is the enzyme responsible for initiating A␤ generation. Thus, BACE is a prime drug target
for the therapeutic inhibition of A␤ production in AD. Since its discovery 10 years ago, much has been learned about BACE. This review
summarizes BACE properties, describes BACE translation dysregulation in AD, and discusses BACE physiological functions in sodium
current, synaptic transmission, myelination, and schizophrenia. The therapeutic potential of BACE will also be considered. This is a
summary of topics covered at a symposium held at the 39th annual meeting of the Society for Neuroscience and is not meant to be a
comprehensive review of BACE.

BACE: the ␤-secretase in Alzheimer’s disease
Although the etiology of Alzheimer’s disease (AD) is not completely understood, the study of disease genes that cause AD has
revealed important clues about the pathogenesis of this disorder.
Familial AD (FAD) cases are caused by autosomal dominant mutations in the genes for amyloid precursor protein (APP) and the
presenilins (PS1 and PS2) (Sisodia and St George-Hyslop, 2002).
These mutations increase production of the 42-aa-long, fibrillogenic form of A␤ (A␤42), relative to A␤40. In addition, patients
with APP gene duplications or individuals with Down’s syndrome (trisomy 21), who have increased dosage of the APP gene
(located on chromosome 21), develop early-onset AD and overproduce A␤42 (Hardy, 2006). These findings, along with a large
body of evidence from other sources (Selkoe, 2008), strongly
suggest that A␤42 plays a central, early role in AD pathogenesis.
Thus, therapeutic strategies to lower cerebral A␤42 levels are expected to be beneficial for the treatment or prevention of AD.
A␤ is produced through the endoproteolysis of APP, a large
type 1 transmembrane protein. Cleavage of APP by two proteases, the ␤- and ␥-secretases, is required to liberate A␤ from
APP (Tanzi and Bertram, 2005). The ␤-secretase cuts APP first to
generate the N terminus of A␤, thus producing a membrane
bound C-terminal fragment called C99. Then, ␥-secretase cleaves
C99 to release the mature A␤ peptide. A third protease, ␣-secretase,
cuts APP within the A␤ domain, thus precluding A␤ formation.
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␥-secretase processing produces several A␤ peptides with heterogeneous C termini ranging from 38 to 43 residues in length.
However, ␤-secretase cleavage occurs precisely at Asp⫹1 and
Glu⫹11 of A␤, indicating that ␤-secretase is a site-specific
protease. Importantly, therapeutic inhibition of ␤-secretase
would decrease production of all forms of A␤, including the
pathogenic A␤42.
The identity of the ␤-secretase had long been sought because
of its prime status as a drug target for AD. Before the enzyme’s
discovery, the properties of ␤-secretase activity in cells and tissues
had been extensively characterized, the knowledge of which was
instrumental in its identification. In 1999, five groups reported
the molecular cloning of the ␤-secretase, variously naming the
enzyme BACE (Vassar et al., 1999), ␤-secretase (Sinha et al.,
1999), Asp2 (Hussain et al., 1999; Yan et al., 1999), or memapsin 2
(Lin et al., 2000) (here, ␤-secretase will be referred to primarily as
BACE). The groups used very different isolation methods (i.e., expression cloning, protein purification, genomics), yet all identified
the same enzyme and concurred that it possessed all the known
characteristics of ␤-secretase (Fig. 1) (Cole and Vassar, 2008).
BACE is a novel 501 aa type 1 transmembrane aspartic protease related to the pepsin and retroviral aspartic protease families. BACE activity has a low pH optimum, and the enzyme is
predominantly localized in acidic intracellular compartments
(e.g., endosomes, trans-Golgi) with its active site in the lumen of
the vesicles. The highest expression levels of BACE are found in
neurons of the brain, as expected for ␤-secretase. Importantly,
BACE cDNA transfection or BACE antisense oligonucleotide
treatment of APP-overexpressing cells increases or decreases production of A␤ and ␤-secretase-cleaved APP fragments, respec-
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tively. In addition, the specific activity of
recombinant BACE on wild-type and mutant APP substrates is consistent with
␤-secretase. For example, BACE cleaves
APP with the Swedish FAD-causing mutation (APPswe) ⬃10- to 100-fold more
efficiently than wild-type APP, as expected for ␤-secretase. Soon after BACE
was discovered, a homolog was identified,
BACE2. BACE1 and BACE2 share 64%
amino acid sequence similarity, which Figure 1. The structural organization of BACE1. Each predicted domain is represented by a colored rectangle with correspondraised the possibility that BACE2 was also ing amino acid numbers shown below. D TG and D SG are the active site aspartic acid motifs and together they compose the
92
298
a ␤-secretase. However, BACE2 is ex- catalytic domain of BACE1. SP, Pro, TM, and C represent signal peptide, propeptide, transmembrane, and C-terminal domains,
pressed at low levels in neurons of the respectively. Glycosylation and phosphorylation sites are indicated by Ns and S, respectively. Three disulfide bonds (SOS) are also
brain and it does not have the same cleav- depicted connecting amino acids 216 – 420, 278 – 443, and 330 –380. S-palmitoylation occurs at Cys 474, Cys 478, Cys 482, and
age activity on APP as ␤-secretase, thus Cys 485. Finally, a disintegrin and metalloprotease (ADAM)-like sheddase cleaves BACE1 between Ala 429 and Val 430 (arrow) to
indicating that it was a poor ␤-secretase allow BACE1 ectodomain secretion.
candidate.
partment (Bennett et al., 2000; Capell et al., 2000; Benjannet et al.,
To unequivocally exclude BACE2 and validate BACE1 as the
2001; Creemers et al., 2001). The maturation of BACE1 increases
␤-secretase in vivo, BACE1⫺/⫺ mice were generated by several
the catalytic activity of the enzyme by at least twofold over that of
groups (Cai et al., 2001; Luo et al., 2001; Roberds et al., 2001).
immature BACE1. In addition, the low pH of the late Golgi/TGN
Initial reports indicated that BACE1⫺/⫺ mice were viable and
and early endosome compartments, where mature BACE1 is
fertile, suggesting that therapeutic inhibition of BACE1 might
largely localized, enhances BACE1 activity.
produce few mechanism-based side effects. However, recent
BACE1 is phosphorylated on Ser 498, and this phosphorylation
studies have shown that BACE1⫺/⫺ mice are not completely nortogether
with a C-terminal dileucine motif regulates BACE1 remal (discussed below). It is not yet known whether therapeutic
cycling between the cell surface and endosomal compartments
inhibition of BACE1 would produce these abnormalities in hu(Huse et al., 2000; Walter et al., 2001). BACE1 is also S-palmitoylated
mans and cause untoward side effects.
on four Cys residues located at the junction of the transmemImportantly, A␤ generation, amyloid pathology, electrophysbrane and cytosolic domains (Benjannet et al., 2001; Vetrivel et
iological dysfunction, and cognitive deficits are abrogated when
al., 2009), and this modification facilitates BACE1 partitioning
BACE1⫺/⫺ mice are bred to APP transgenics (Luo et al., 2001,
into lipid rafts. Increased targeting of BACE1 to the lipid raft had
2003; Ohno et al., 2004, 2007; Laird et al., 2005). BACE1⫺/⫺ mice
been suggested to enhance ␤-secretase processing of APP (Tun et
are devoid of cerebral A␤ production, demonstrating that BACE1
al., 2002; Cordy et al., 2003). However, a recent study has reis the major if not only ␤-secretase enzyme in the brain. This
ported that non-raft-localized palmitoylation-deficient BACE1 is
notion is further supported by reports of lentiviral delivery of
equally active in APP processing and A␤ secretion as raftBACE1 RNA interference (RNAi) that can attenuate A␤ amyloidassociated palmitoylated BACE1 (Vetrivel et al., 2009). Although
osis and cognitive deficits in APP transgenic mice (Laird et al.,
BACE1 can process APP in both raft and nonraft environments, a
2005; Singer et al., 2005). In addition, the rescue of memory
membrane-anchored version of a BACE1 transition-state inhibdeficits in BACE1⫺/⫺;APP bigenic mice suggests that therapeutic
itor produced by linkage to a sterol moiety appeared more potent
BACE1 inhibition should improve A␤-dependent cognitive
as a result of targeting to lipid rafts (Rajendran et al., 2008).
impairment in humans with AD. Together, the BACE1 characIntracellular localization of BACE1 can be altered by various
terization and validation studies have unequivocally demonregulatory factors. Increased cellular expression of reticulon/
strated that BACE1 is the authentic ␤-secretase in the brain
Nogo proteins, identified as BACE1 interacting proteins (He et
and that it is a promising therapeutic target for lowering cereal., 2004; Murayama et al., 2006), significantly increases retention
bral A␤ levels in AD.
of BACE1 within the ER, which has a suboptimal neutral pH
environment for BACE1 activity (Shi et al., 2009). This increased
BACE cell biology
ER retention causes reduced levels of BACE1-cleaved C99 in corBACE1, like all the other aspartic proteases, is initially synthetical regions of transgenic mice expressing RTN3 (Tg-RTN3). In
sized as a zymogen (containing a short prodomain) in the endoaddition, increased interaction between BACE1 and RTN proplasmic reticulum (ER). If HEK-293 cells are pretreated with
teins spatially obstructs access of BACE1 to APP and reduces
brefeldin A to block transport of membrane proteins from the ER
A␤ generation. When Tg-RTN3 mice are bred with doubleto the Golgi compartment and then the treated cells are transtransgenic mice expressing APPswe and PS1⌬E9 (Borchelt et al.,
fected with a BACE1 expression construct, immature BACE1 will
1997), both C99 and A␤ levels are reduced and amyloid deposicleave APP to produce significantly more C99 than in control
tion is significantly diminished in triple transgenic mice overextransfected cells (Yan et al., 2001). This observation is consistent
pressing APPswe, PS1⌬E9, and RTN3 in the same neurons. It has
with the finding that the prodomain in BACE1 is less rigid than
also been shown that the levels of monomeric RTN3, a neuronally
the other aspartic proteases and fails to block the entrance of APP
expressed reticulon protein, are significantly reduced in brains of
into the BACE1 active cleft (Shi et al., 2001; Hong et al., 2002).
AD patients, and this RTN3 reduction may potentially increase
Within the lumen of the ER, BACE1 is subjected to simple glycoBACE1 activity (Hu et al., 2007).
sylation on four Asn residues (Haniu et al., 2000) and transient
While increased localization of BACE1 within the ER reacetylation on seven Arg residues (Costantini et al., 2007). Furduces generation of A␤, intracellular trafficking of BACE1 to the
ther addition of complex carbohydrates and removal of the
more acidic endosomes clearly enhances A␤ production. GolgiBACE1 prodomain by furin convertases occur in the Golgi com-
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localized ␥-ear-containing ARF-binding (GGA) proteins interact
with the BACE1 C-terminal DXXLL motif via a VHL domain and
regulate trafficking of BACE1 between the late Golgi and early
endosomes (He et al., 2002, 2003; von Arnim et al., 2004). Depletion of GGA proteins by RNAi or disruption of phosphorylation
of BACE1 on Ser 498 increases accumulation of BACE1 in early
endosomes, an acidic environment that favors BACE1 cleavage of
APP (He et al., 2005; Wahle et al., 2005; Tesco et al., 2007).
Importantly, GGA3 is a caspase 3 substrate and is degraded during neuronal apoptosis. In the brains of AD patients, in which
neuronal apoptosis may occur, the levels of GGA3 are significantly decreased (Tesco et al., 2007). Reduced GGA3 levels not
only increase localization of BACE1 to early endosomes but also
stabilize BACE1 by preventing its trafficking to lysosomes where
it is degraded. Hence, therapeutic elevation of cerebral levels of
both RTN3 and GGA3 might be beneficial for AD patients.
One of the unique structural features of BACE1 among aspartic proteases is the presence of a type I transmembrane domain
(Val 461-Val 477). This membrane domain contributes to the enriched retention of BACE1 within the late Golgi and TGN compartments, and removal of this transmembrane domain creates a
soluble form of BACE1 that is rapidly secreted into the extracellular medium (Yan et al., 2001). A fraction of BACE1 expressed in
cells is normally shed between Ala 429 and Val 430, possibly by an
ADAM-like sheddase (Hussain et al., 2003). The secreted BACE1
ectodomain presumably acts like other aspartic proteases such as
cathepsin D or cathepsin E, both of which efficiently process
peptide substrates containing the ␤-secretase cleavage site in
vitro, but not in vivo. Hence, increased shedding of BACE1 likely
represents an alternative strategy to reduce BACE1 processing of
APP, because soluble BACE1 fails to form an optimal spatial
interaction with APP in cells (Yan et al., 2001). Moreover, elevated ADAM activity may not only increase shedding of BACE1,
but may also increase cleavage of APP at the ␣-secretase site and
thereby reduce formation of A␤.
BACE1 elevation in AD
Interestingly, recent studies have determined that levels of
BACE1 protein and activity are elevated approximately twofold
in AD brain (Fukumoto et al., 2002; Yang et al., 2003; Li et al.,
2004), suggesting the possibility that the BACE1 increase might
initiate or accelerate AD pathogenesis. Indeed, FAD caused by the
APP Swedish mutation that enhances APP cleavage by BACE1
implies that elevated BACE1 activity can lead to AD. Other results
suggest that BACE1 is a stress-response protein: levels of the enzyme are increased by oxidative stress (Tamagno et al., 2002),
hypoxia (Zhang et al., 2007), ischemia (Wen et al., 2004), apoptosis (Tesco et al., 2007), and traumatic brain injury (Blasko et
al., 2004). Since impaired glucose metabolism is a hallmark of AD
brain (de Leon et al., 1983), Velliquette and colleagues explored
whether this type of cellular stress might elevate BACE1 levels in
the brain. Indeed, treatment of APP transgenic mice with drugs
that disrupt energy metabolism caused cerebral levels of BACE1
and A␤ to increase approximately twofold (Velliquette et al.,
2005), similar to the elevation observed in AD. This BACE1 increase was not derived from elevated BACE1 gene expression,
since BACE1 mRNA levels did not rise following treatment.
Using cell culture systems, O’Connor and colleagues determined that the posttranscriptional BACE1 increase following energy deprivation was the result of increased efficiency of BACE1
mRNA translation via phosphorylation of the translation initiation factor eIF2␣ (O’Connor et al., 2008). BACE1 mRNA has a
long GC-rich 5⬘ untranslated (UTR) region with three upstream
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open reading frames (uORFs) that repress translation under normal unstressed conditions when eIF2␣ is unphosphorylated
(Lammich et al., 2004). However, different cellular stresses activate at least four kinases that phosphorylate eIF2␣, which in turn
increases scan-through of the uORFs in the BACE1 mRNA 5⬘
UTR and reinitiation of translation at the BACE1 ORF. The beststudied example of this type of translational control is regulation
of yeast GCN4 mRNA translation by amino acid deprivation
(Schröder and Kaufman, 2006). Other stresses also activate the
eIF2␣ phosphorylation pathway, such as the ER stress/unfolded
protein response (UPR), which induces phosphorylation of the
eIF2␣ kinase called PERK. Glucose deprivation induces UPR and
activates PERK, which appears to be the eIF2␣ kinase responsible
for eIF2␣ phosphorylation and the BACE1 increase under this
cellular stress condition. Treatment of APP transgenic mice with
inhibitors of energy metabolism causes an increase in the levels of
phosphorylated eIF2␣, BACE1, A␤, and amyloid plaques (O’Connor et
al., 2008). Moreover, elevated levels of phosphorylated eIF2␣
positively correlate with increased BACE1 and amyloid levels in
postmortem human AD brain samples. Interestingly, APP transgenic mice show elevated levels of phosphorylated eIF2␣ and
BACE1 without glucose deprivation, suggesting that amyloid itself might induce cellular stress and eIF2␣ phosphorylation.
These results are consistent with the hypothesis that age-related
impairment of energy metabolism early in the disease may induce
eIF2␣ phosphorylation and increase BACE1 levels to initiate AD,
but once a critical threshold of amyloid pathology is reached, the
reaction becomes self-sustaining and AD progression is accelerated. Further work in the area of stress-induced BACE1 elevation
should shed additional light on the role of eIF2␣ phosphorylation
in AD pathogenesis.
BACE substrates
In addition to APP, BACE1 has other substrates (Fig. 2), and
identification of these substrates is useful not only for evaluation
of potential mechanism-based toxicity arising from inhibition of
BACE1 but also for designing potent and selective BACE1 inhibitors. In addition, the existence of multiple BACE1 substrates
suggests a variety of BACE1 physiological functions. The inability
of soluble BACE1 to efficiently process full-length APP suggests that BACE1 substrates are likely to be membrane-bound
proteins. Indeed, all reported BACE1 substrates are transmembrane proteins, such as Golgi-localized membrane-bound
␣2,6-sialyltransferase (Kitazume et al., 2001), P-selectin glycoprotein ligand-1 (PSLG-1) (Lichtenthaler et al., 2003), the APP
homolog proteins APLP1 and APLP2 (Eggert et al., 2004; Li and
Südhof, 2004; Pastorino et al., 2004), low-density lipoprotein
receptor-related protein (LRP) (von Arnim et al., 2005), the
voltage-gated sodium channel (Nav1) ␤2 subunit (Nav␤2) (Kim
et al., 2005; Wong et al., 2005), neuregulin-1 (NRG1) (Hu et al.,
2006; Willem et al., 2006), and neuregulin-3 (NRG3) (Hu et al.,
2008). Abrogating BACE1 cleavage of NRG1, and perhaps NRG3,
causes reduced myelin sheath thickness of axons of both peripheral sciatic nerves (Hu et al., 2006; Willem et al., 2006) and central
optic nerves (Hu et al., 2006). Moreover, this abrogated cleavage
of NRG1 also impairs remyelination of injured sciatic nerves (Hu
et al., 2008). The cleavage site of BACE1 in neuregulin has been
mapped to Phe 237-Met 238, the location of which is surprisingly only
10 aa from the membrane. The other identified substrate cleavage
sites are approximately 17 (PSLG-1), 20 (APP-A␤ Glu⫹11), or 30
(APP-A␤ Asp⫹1) residues from the membrane. Shortening or
twisting APP in the region between the membrane and the BACE1
cleavage site disrupts BACE1 processing (Qahwash et al., 2004),
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Figure 2. BACE1 substrate processing in the cell. The major known BACE1 substrates are depicted as colored stick figures in the membrane: APP, APLP2, APLP2, IL-1R2, LRP, Nav␤2, NRG1, PSGL-1,
and ST6Gal1. Cleavage of APP by BACE1 (4␤) in the endosome is shown as a typical example of BACE1 substrate processing. Most, if not all, BACE1 substrates are also processed by ␥-secretase
(4␥), which in the case of APP releases A␤ (red rectangle) for secretion. APP intracellular domain (AICD) is also released and acts as a cotransactivator of gene transcription in the nucleus, similar
to the function of Nav␤2 intracellular domain (␤2ICD) in Nav1␣ gene expression. Type III NRG1 is cleaved by BACE1 at a site adjacent to the transmembrane domain (␤3). The second cut
may occur by either BACE1 or ADAM cleavage (B/A3) and will release an EGF-like domain (blue rectangle) that signals through ErbB4 in adjacent glial cells to regulate axon myelination.
Type I NRG1 and NRG3 are also cleavable by BACE1. ST6Gal1 is processed by BACE1 in the trans-Golgi network. PS1, Presenilin-1 component of ␥-secretase; N and C, N terminus and C
terminus of NRG1, respectively.

suggesting that the secondary structure of BACE1 substrates affects enzyme-substrate interaction. Similarly, binding of the
BACE1 cleavage site in APP by an antibody also blocks BACE1
processing of APP (Chang et al., 2007).
Regulation of voltage-gated sodium channel levels by BACE
and ␥-secretase
Of the known substrates of BACE1 in addition to APP, Nav␤2
appears to be a major BACE1 substrate in the CNS. BACE1
overexpression in mice induces neurochemical changes, alterations in exploratory behavior, and, with high BACE1 expression
levels, neurological deficits (Harrison et al., 2003; Rockenstein
et al., 2005). Opposite behavioral changes are observed in
BACE1-null mice (Harrison et al., 2003). The changes in behavioral phenotypes are consistent with altered neuronal
membrane excitability in these mice and may be the result of
Nav␤2 dysregulation.
Voltage-gated sodium channels (Nav1s) almost exclusively
carry out the rising phase of action potentials in axonal initial
segments, nodes of Ranvier, and neuromuscular junctions. Nav1s
consist of a single pore-forming ␣-subunit and one or two ␤
accessory subunits (Catterall, 2000). The ␤1-4 subunits are type I

single-transmembrane proteins with extracellular Ig domains
and short intracellular C-terminal domains that modify the localization, cell surface expression and inactivation of the
␣-subunits by direct interaction (Catterall, 2000; Isom, 2001; Yu
et al., 2003). The Nav1 ␤2 subunit, Nav␤2, plays an important role
in the regulation of sodium channel density and function in neurons in vivo and is possibly required for normal action potential
generation and neuronal excitability (Chen et al., 2002; LopezSantiago et al., 2006). Nav1 ␣ and ␤2 subunits assemble by disulfide linkage, resulting in the appearance of sodium channels at
the cell surface (Schmidt and Catterall, 1986; Catterall, 2000).
Studies of Nav␤2-null mice show that the absence of Nav␤2 leads
to a decrease of sodium current density (Chen et al., 2002; LopezSantiago et al., 2006). Mutations in both Nav1 ␣ and ␤ subunits
have been linked to inherited epilepsy (Wallace et al., 1998; Claes
et al., 2001; Audenaert et al., 2003; Meisler and Kearney, 2005;
Scheffer et al., 2007; Holland et al., 2008; Misra et al., 2008).
Abnormal sodium channel activity also induces tremor, ataxia,
spasticity, dystonia, altered pain sensitivity, and cognitive and
behavior deficits in mouse and human (Catterall et al., 2008).
Interestingly, epileptic symptoms can be induced by both decreased and increased Nav1 function, so any imbalance in sodium
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channel function may ultimately lead to seizures (Waxman, 2007;
Catterall et al., 2008).
The ␤2 subunit of the Nav1 undergoes processing via either
the ␣- and ␥-secretase or ␤- and ␥-secretase cleavage pathways in
vitro and in vivo (Kim et al., 2005; Wong et al., 2005). Of the four
Nav1 ␤ subunits, only Nav␤2 appears to be a BACE1 substrate in
the cerebrum (Wong et al., 2005). Increased BACE1- and
␥-secretase-mediated processing of Nav␤2 regulates ␣-subunit
Nav1.1 mRNA and protein levels in neuronal cells, BACE1 transgenic mice, and AD patients with elevated levels of BACE1 in
brain (Kim et al., 2007). Specifically, BACE1 cleavage of Nav1 ␤2
results in a membrane-anchored C-terminal fragment that is further processed by ␥-secretase. This releases a short intracellular
fragment of Nav1 ␤2, which enters the nucleus and increases
Nav1.1 mRNA levels presumably by acting as a transcriptional
coactivator. While BACE1 overexpression results in increased
intracellular Nav1.1 mRNA and protein levels, Nav1.1 accumulates intracellularly. This explains reduced cell surface expression
of sodium channels and reduced sodium current densities in
BACE1-expressing neuroblastoma cells and BACE1 adult hippocampal neurons (Kim et al., 2007). An important question is
the physiological contribution of BACE1 cleavage of the Nav␤2 to
sodium channel expression in cell-based models and in vivo. Experiments in BACE1⫺/⫺ mice are needed to answer this question.
Indeed, it appears that lack of BACE1 activity in BACE1⫺/⫺ mice
modifies Nav1.1 expression. Similarly, PS1 FAD mutations alter
sodium channel expression in a cell-based model. Together, all
data are consistent with a function of BACE1 and ␥-secretase in
modulating Nav1 levels and activity in both physiological conditions and AD models.
Given the essential role of Nav1 in action potential generation
and propagation, changes in BACE1 and ␥-secretase activities
may interfere with normal brain function. Since BACE1 activity
and levels are significantly increased in AD brains, consequent
dysfunction in Nav1 activity may also contribute to AD pathogenesis or epileptic symptoms observed in a subset of AD
patients.
BACE as a therapeutic target for Alzheimer’s disease
As discussed above, BACE1 participates in the proteolytic processing of NRG1 (Hu et al., 2006; Willem et al., 2006), a ligand for
members of the ErbB family of receptor-tyrosine kinases. This
signaling pathway has numerous roles in the CNS, including synapse formation, plasticity, neuronal migration, myelination of
central and peripheral axons, and the regulation of neurotransmitter expression and function (Falls, 2003; Michailov et al.,
2004). In addition to these physiological roles, NRG1 is one of the
first genes that have been linked to an increased risk of schizophrenia (Stefansson et al., 2002). Moreover, a number of mouse
models with various NRG1 deletions exhibit multiple behaviors
relevant to schizophrenia (Gerlai et al., 2000; Stefansson et al.,
2002). Given the strong genetic and functional links of NRG1 to
schizophrenia (Stefansson et al., 2002; Law et al., 2006), that
young BACE1 ⫺/⫺ mice have mild deficits in a task that assesses
spatial memory (Ohno et al., 2004), and roles for BACE1 in the
biology of NRG1 (Hu et al., 2006; Willem et al., 2006), investigators have tested the idea that perturbations in NRG1 signaling in
BACE1-null mice may result in the behavioral phenotypes reminiscent of some of the features of schizophrenia. Indeed, Savonenko
and coworkers showed that BACE1 ⫺/⫺ mice exhibit a sensorimotor-gating deficiency, behavioral signs of glutamatergic hypofunction, and other typical endophenotypes of schizophrenia
(Savonenko et al., 2008). Moreover, postsynaptic density protein
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95 (PSD95)-associated ErbB4 and spine densities are reduced in
BACE1-null mice, indicating that altered BACE1-dependent
NRG1/ErbB4 signaling leads to schizophrenic-like phenotypes
(Savonenko et al., 2008).
Importantly, Wang and coworkers showed that presynaptic
function is reduced in BACE1-null mice, and that mossy fiber
long-term potentiation (LTP) was absent in these animals (Wang
et al., 2008). These workers also showed that the specific deficit in
mossy fiber LTP was upstream of cAMP signaling and could be
rescued by transiently elevating extracellular Ca 2⫹ concentration, indicating that BACE1 may play a critical role in regulating
presynaptic function, especially activity-dependent strengthening of presynaptic release, at mossy fiber synapses (Wang et al.,
2008). Together, these observations indicate that the balance of
various BACE1-dependent processes appears to be important for
both normal and abnormal performance, and future studies
should be alert to potential mechanism-based side effects that
may occur with strong inhibition of BACE1 designed to attenuate
A␤ amyloidosis in AD.
Because of potential untoward side effects associated with
strong inhibition or reduction of BACE1, investigators have
tested whether a moderate decrease in BACE1 activity would
provide benefits in the CNS while limiting mechanism-based
toxicities. Laird and coworkers showed a significant reduction
of A␤ deposition in brains of 12 month-old APPswe;PS1DE9;
BACE1 ⫹/⫺ mice compared with that of APPswe;PS1DE9;BACE1 ⫹/⫹
mice; however, no significant differences were observed in brains
of 20-month-old APPswe;PS1DE9;BACE1 ⫹/⫺ animals (Laird et
al., 2005). It is unclear why the older mice in this study did not
show reduced amyloidosis. In a similar study, McConlogue and
colleagues reported significantly reduced A␤ burden in the brains
of 13- and 18-month-old PDAPP;BACE1⫹/⫺ mice (McConlogue
et al., 2007). Although the results of the two studies appear to
have some differences, together the data suggest the exciting possibility that only partial inhibition of BACE1 may be required to
reduce A␤ burden.
Because the processing of APP to generate A␤ requires both
␥-secretase and BACE1, and that modest reduction of ␥-secretase
provides benefit to the brain without adverse side effects (Li et al.,
2007), it is possible that reductions of both enzymes would provide additive protection against A␤ amyloidosis. To assess the
value of this novel anti-amyloid combination therapy, Chow and
coworkers took advantage of availability of a mouse model lacking one allele each of Aph-1a and BACE1 that possesses ⬃30%
and 50% of ␥-secretase and BACE1, respectively, to model such a
therapeutic strategy in APPswe;PS1⌬E9 mice. Importantly, these
investigators showed that the genetic reductions of both Aph-1a
and BACE1 additively attenuate the amyloid burden and ameliorate cognitive deficits occurring in APPswe;PS1⌬E9 mice (Chow
et al., 2009). Moreover, Aph-1a⫹/⫺;BACE1⫹/⫺ mice exhibit normal life span compared with littermate controls, and they do not
show any overt pathological or behavioral abnormalities (Chow
et al., 2009). Together, these observations identify a novel combination therapy of moderately targeting both BACE1 and
␥-secretase as an effective and safe therapeutic strategy for AD.
Concluding remarks
Since the discovery of BACE1 a decade ago, our knowledge about
this enzyme has increased significantly. Based on the crystal
structure of BACE1 (Hong et al., 2002) and medicinal chemistry
studies, significant progress has been made toward the development of small molecule inhibitors capable of penetrating the
blood– brain barrier and having sufficient potency to inhibit A␤

12792 • J. Neurosci., October 14, 2009 • 29(41):12787–12794

generation in vivo [for review, see Ghosh et al. (2008) and Silvestri
(2009)]. However, despite promising news of BACE1 inhibitor
development, BACE1 therapeutics for routine AD treatment are
not yet available. Although BACE1 small molecule inhibitor medicinal chemistry and pharmacokinetics have proven challenging, the recent entry of at least one BACE1 inhibitor into clinical
trial is an encouraging advance toward BACE1 therapeutic inhibition for the treatment of AD. Given recent data hinting at important physiological roles for BACE1, careful titration of BACE1
drug dosage may be necessary to minimize mechanism-based
side effects. Moreover, the diverse substrates of BACE1 imply a
larger potential role for BACE1 in other diseases in addition to
AD, such as schizophrenia. Finally, advancing our understanding of the roles of BACE1 in health and disease will facilitate
the development of novel therapies for AD and may shed light
on the etiology of this devastating disease and other disorders
of the nervous system.
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