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Abstract
BACE1 is the rate-limiting enzyme for the production of the 
Aβ peptide that forms amyloid plaques in Alzheimer’s disease 
(AD). Small molecule inhibitors of BACE1 are being tested 
in clinical trials for AD, but the safety and efficacy of BACE1 
inhibition has yet to be fully explored. Knockout of the Bace1 
gene in the germline of mice causes multiple neurological 
phenotypes, suggesting that BACE1 inhibition could be toxic. 
However, these phenotypes could be the result of BACE1 
deficiency during development rather than due to the lack 
of BACE1 function in the adult. To address this problem, we 
generated tamoxifen-inducible conditional BACE1 knockout 
mice in which the Bace1 gene may be deleted in the whole 
body of the adult at will. Importantly, the adult conditional 
BACE1 knockout mice largely lack phenotypes, indicating 
that many BACE1 functions are not required in the adult 
organism. However, a germline phenotype was observed 
after BACE1 knockout in the adult: reduced length and 
disorganization of the hippocampal mossy fiber infrapyramidal 
bundle comprised of axons of dentate gyrus granule cells. 
The infrapyramidal bundle abnormality correlated with 
reduced proteolytic processing of the neural cell adhesion 
protein CHL1 that is involved in axonal guidance. We conclude 
that BACE1 inhibition in the adult mouse brain does not lead 
to the phenotypes associated with BACE1 deficiency during 
embryonic and postnatal development. However, adult 
conditional BACE1 knockout mice also suggest that BACE1 
inhibitor drugs may disrupt the organization of an axonal 
pathway in the hippocampus, an important structure for 
learning and memory. Here, I review the adult conditional 
BACE1 knockout results and consider their implications for 
BACE1 inhibitor clinical trials.    
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Introduction

Cerebral accumulation of amyloid-β peptide 
(Aβ) is a defining pathological hallmark of 
Alzheimer’s disease (AD) and a large body of 

evidence indicates that Aβ is involved in the pathogenesis 
of this devastating neurodegenerative disorder (1, 
2). Aβ is derived from the proteolytic processing of a 

large type-I membrane protein, the amyloid precursor 
protein (APP) (3). Two proteases, the β-secretase and 
the γ-secretase, sequentially cut APP to generate Aβ 
(4). β-site APP cleaving enzyme 1 (BACE1) has been 
identified as the β-secretase protease that cleaves APP to 
initiate the production of neurotoxic Aβ (5-9). Inhibition 
of BACE1 and thus Aβ production has therefore emerged 
as a leading therapeutic intervention for AD. However, 
the safety of BACE1 inhibition has been questioned, 
because BACE1 has a wide array of substrates, and 
proper cleavage of these substrates may be necessary for 
normal physiology (10-12). Germline BACE1 knockout 
(BACE1-/-) mice lack Aβ production (13-15), thereby 
providing in vivo validation for BACE1 inhibition as 
a therapeutic approach for AD. However, BACE1-/- 
mice have been reported to exhibit smaller postnatal 
size and compromised survival (16), hypomyelination 
(17,  18) ,  spontaneous seizures and abnormal 
electroencephalograms (EEGs) (19, 20), memory deficits 
(21, 22), and axon guidance defects (23-26) among other 
phenotypes (27). Previously, we reported that BACE1-

/- mice phenocopy the axon guidance defects of CHL1 
knockout mice in the hippocampus and olfactory bulb 
(24), indicating that BACE1 cleavage of CHL1 has a role 
in axonal targeting in these brain regions. However, 
since BACE1-/- mice are devoid of BACE1 from the 
moment of conception, the extent to which axon guidance 
defects and other BACE1-null phenotypes are related to 
BACE1 deficiency during development versus absence of 
BACE1 in the adult is unknown. This question has critical 
implications for the treatment of elderly AD patients with 
BACE1 inhibitor drugs, several of which are being tested 
in clinical trials (11, 28).               

Generation and characterization of conditional 
BACE1 knockout mice

To determine the functions of BACE1 in the adult, and 
to model the effects of BACE1 inhibition in the mature 
brain, we generated conditional BACE1 knockout mice 
in which exon 2 of the murine BACE1 gene was flanked 
with loxP sites (BACE1fl/fl). This strategy enables the 
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deletion of BACE1 exon 2 and the inactivation of the 
BACE1 gene following the breeding of BACE1fl/fl mice to 
mice that express Cre recombinase. Resulting cross-bred 
animals then lack the expression of BACE1 in specific 
spatially and temporally defined regions, tissues, or cell 
types. In our study (29), we crossed BACE1fl/fl mice to 
CamKIIα-iCre mice (30) that express Cre recombinase 
in early postnatal forebrain excitatory neurons 
(BACE1fl/fl;CamKIIα-iCre) or R26CreERT2 mice (31) 
that ubiquitously express from the ROSA26 locus a Cre 
recombinase fused to the estrogen receptor, thus enabling 
whole body, temporally controlled BACE1 gene deletion 
with administration of tamoxifen (BACE1fl/fl;R26CreERT2-
TAM). For the purposes of this review, I will focus 
only on the results of our BACE1fl/fl;R26CreERT2-TAM 
conditional knockout mice, because these mice more 
closely model BACE1 inhibitor-treated humans in 
clinical trials. For those interested in the results of our 
BACE1fl/fl;CamKIIα-iCre mice, please refer to our recent 
publication in Science Translational Medicine (29).   

We  f i r s t  ver i f i ed  BACE1 ab la t ion  in  our 
conditional knockout mice by immunoblotting and 
immunohistochemistry. Immunostaining for BACE1 in 
the mouse brain showed that BACE1fl/fl;R26CreERT2mice 
treated with tamoxifen at 3 months and analyzed at 12 
months of age exhibited little BACE1 immunostaining 
in cerebellum and brainstem, whereas residual BACE1 
immunostaining was observed in subcortical regions and 
olfactory bulb (Fig. 1A). We attribute the small amount 
of BACE1 immunostaining in BACE1fl/fl;R26CreERT2-
tamoxifen treated mice to slight variability in penetration 
of tamoxifen into different brain regions. Importantly, 
despite the low residual BACE1 immunostaining detected 
(in hippocampus, for example; Fig. 1A), our immunoblot 
analysis confirmed that BACE1fl/fl;R26CreERT2-tamoxifen 
treated mice exhibited robust ~90-95% BACE1 reduction 
in cortex and hippocampus (29).

After establishing that we were able to induce efficient 
adult whole-body BACE1 reduction in our conditional 
knockout mice, we determined the effects of conditional 
BACE1 gene deletion on the processing of several major 
BACE1 substrates: APP (5-9), close homolog of L1 (CHL1) 
(32,33), neuregulin 1 (NRG1) (17, 18), and seizure 6 (Sez6) 
(33). As expected for BACE1 substrates, in the cortex and 
hippocampus of BACE1fl/fl;R26CreERT2-tamoxifen-treated 
mice we observed increased full-length APP, CHL1, 
Sez6, and α-secretase-cleaved APP C-terminal fragment 
(α-CTF), and decreased BACE1-cleaved fragments 
of CHL1, NRG1, Sez6, and APP β-CTF (29). Overall, 
we did not observe gender differences in the effects 
of conditional BACE1 knockout on cleavage of BACE1 
substrates.

(A) DAB immunostaining for BACE1 in sagittal brain sections of BACE1fl/

fl;R26CreERT2-tamoxifen treated mice compared to age-matched control BACE1fl/fl-
tamoxifen treated mice. (B) Schematic diagram of the mouse hippocampus showing 
the dentate gyrus granule cell layer and CA1 and CA3 pyramidal cell layers in gray 
and the mossy fiber pathway in orange. The tracts of representative pyramidal 
cells in the dentate gyrus are shown in red. (C) Shown are coronal brain sections 
from mice with the indicated genotypes (BACE1-/-, BACE1fl/fl-TAM, BACE1fl/

fl;R26CreERT2-TAM) revealing the hippocampus co-labeled for the mossy fiber 
marker synaptoporin (SPO, green, upper panel) and BACE1 (red, lower panel). 
Arrows delineate the boundaries of the infrapyramidal bundle (IPB). BACE1fl/fl-
TAM and BACE1fl/fl;R26CreERT2-TAM mice were treated with tamoxifen at 3 months 
of age and analyzed at 1 year of age. BACE1-/- and BACE1fl/fl mice at 9 months of 
age were used as positive and negative controls, respectively. SPB, suprapyramidal 
bundle; slu, stratum lucidum. Scale bar = 200μm. (D) Infrapyramidal bundle (IPB) 
lengths were normalized to the lengths of the suprapyramidal bundle (SPB) plus 
stratum lucidum (slu) and displayed as ratios, that is, IPB/(SPB+slu). The number 
of mice for each genotype is indicated in each bar of the graph. Error bars indicate 
standard error of the mean; p-value for indicated comparison (line) using unpaired 
Student’s t test is shown above the bars. (E) Both soluble and membrane fractions 
were prepared from the hippocampi of representative BACE1fl/fl-TAM and BACE1fl/

fl;R26CreERT2-TAM tamoxifen treated mice and then were subjected to immunoblot 
analysis for full length (FL) CHL1 and CHL1 N-terminal fragment (β-NTF). Middle 
panel represents a longer exposure of the upper panel. βIII-tubulin was the loading 
control. (F) Ratio of CHL1 FL to CHL1 β-NTF intensities in membrane fractions 
(CHL1 FL/ β-NTF) and the intensity of the CHL1 β-NTF band in soluble fractions 
normalized to βIII-tubulin (sCHL1) displayed as arbitrary units (a.u.)  BACE1fl/fl 

;R26CreERT2-TAM and BACE1fl/fl-TAM mice treated with tamoxifen, mean ± SEM. 
(G) Correlation of CHL1 FL/ β-NTF from (F) plotted against IPB/(SPB+slu) for 
BACE1fl/fl;R26CreERT2-TAM and BACE1fl/fl-TAM tamoxifen treated mice (R2=0.7014, 
p=0.0002). (H) Correlation of sCHL1 from (F) plotted against IPB/(SPB+slu) for 
BACE1fl/fl;R26CreERT2-TAM and BACE1fl/fl-TAM tamoxifen treated mice (R2=0.4117, 
p=0.01).

Figure 1. Adult conditional BACE1 knockout mice show 
disorganization of the hippocampal mossy fiber pathway 
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ADULT CONDITIONAL BACE1 KNOCKOUT MICE EXHIBIT AXONAL ORGANIZATION DEFECTS IN THE HIPPOCAMPUS

Conditional BACE1 knockout mice are 
cognitively normal, but exhibit signs of 
hyperactivity

We next evaluated learning and memory function in 
our conditional BACE1 knockout mice, as BACE1-/- mice 
were previously reported to have memory deficits as 
early as 3 months of age (21, 22). BACE1fl/fl;R26CreERT2 
mice treated with tamoxifen at 3 months of age and 
assessed at 9 months of age (6 months following Bace1 
gene deletion) performed comparably to BACE1fl/

fl-tamoxifen treated mice in the Morris water maze, 
spontaneous alternation in the Y-maze, and contextual 
and cued fear conditioning (29). Hippocampal CA1 
longterm potentiation (LTP) of the BACE1fl/fl;R26CreERT2-
tamoxifen treated mice was also normal. We assessed 
locomotor activity of the mice in the open field test and 
while there were no differences in basal motor activity 
for conditional knockout mice, we observed greater arm 
entries in the Y-maze, but did not show longer travel 
distance in the open field test. Together, these results 
suggest that although conditional Bace1 gene inactivation 
may be associated with mild hyperactivity, it does not 
cause memory deficits if it occurs in the adult.

Adult whole-body conditional BACE1 
k n o c k o u t  m i c e  l a c k  e p i l e p t i f o r m 
abnormalities and hypomyelination 

Spontaneous seizure and abnormal EEGs are 
other adverse phenotypes that have been reported in 
BACE1-/- mice (19, 20). To assess seizure activity in our 
conditional BACE1 knockout mice, we counted the 
number of spontaneous seizures and subjected mice 
to EEG recording and video monitoring. Importantly, 
we observed no spontaneous seizures in 86 BACE1fl/

fl;R26CreERT2-tamoxifen treated and 62 BACE1fl/

fl-tamoxifen treated mice (29). EEG recordings from 
BACE1fl/fl;R26CreERT2 mice treated with tamoxifen 
at 3 months and analyzed at 1 year of age (9 months 
following Bace1 gene deletion) showed no seizures or 
abnormal EEG activity compared to control BACE1fl/

fl-tamoxifen treated mice. These results suggest that 
spontaneous seizures and abnormal EEGs derive from 
BACE1 deficiency during development, but that BACE1 
conditional knockout in adult neurons may not lead to 
epileptiform activity.   

BACE1-/- mice were reported to have hypomyelination 
from insufficient BACE1 cleavage of NRG1 and impaired 
downstream signaling (17, 18). To determine whether 
our BACE1 conditional knockout mice also exhibited 
hypomyelination, we performed immunoblot analysis 
of cortex and sciatic nerve homogenates for myelin basic 
protein (MBP) and myelin proteolipid protein (PLP), 
and stained brain sections with Luxol fast blue for white 
matter. Immunoblot analysis revealed no difference in 

central nervous system (CNS) myelination in BACE1fl/

fl;R26CreERT2 mice treated with tamoxifen at 3 months 
and analyzed at 12 months (9 months following Bace1 
gene deletion) either by cortical or hippocampal MBP 
immunoblotting or Luxol fast blue staining of brain 
sections (29). Similarly, while immunoblot analysis of 
sciatic nerve homogenates from BACE1fl/fl;R26CreERT2-
tamoxifen treated mice showed undetectable BACE1, 
we found no change in MBP compared to BACE1fl/

fl-tamoxifen treated control or BACE1+/+ mice, even 
though BACE1-/- sciatic nerve homogenates displayed 
a significant reduction of MBP. We further measured 
myelin thickness and calculated g-ratios in semi-thin 
sciatic nerve sections of BACE1fl/fl;R26CreERT2- tamoxifen 
treated  mice along with BACE1fl/fl- tamoxifen treated, 
BACE-/- and BACE1+/+ control animals. Sciatic nerve 
of BACE1-/- mice, as previously reported (17,18), 
exhibited reduced myelin sheath thickness around 
axons and significantly increased g-ratio indicating 
hypomyelination. In contrast, BACE1fl/fl;R26CreERT2-
tamoxifen treated mice displayed normal myelin sheath 
thickness and a g-ratio similar to BACE1fl/fl-tamoxifen 
treated mice and BACE1+/+ mice. Thus, although 
germline Bace1 gene deletion causes hypomyelination, 
BACE1 conditional knockout in the adult whole body 
does not seem to affect central or peripheral myelination 
once development is completed.

Adult conditional BACE1 knockout mice 
exhibit axonal organization defects in the 
hippocampus

Previously, we determined that BACE1-/- mice 
exhibited axonal organization defects that correlated with 
deficient processing of the neural cell adhesion molecule 
CHL1 (24).  CHL1 is a substrate that appears to be 
preferred by BACE1 in neurons (32, 33). Consistent with 
these observations, BACE1-cleaved CHL1 β-NTF and full 
length CHL1 were decreased and increased, respectively, 
in the brains of BACE1fl/fl;R26CreERT2-tamoxifen treated 
mice (29). Interestingly, differences in CHL1 β-NTF 
and full length CHL1 between BACE1fl/fl;R26CreERT2-
tamoxifen treated mice and BACE1fl/fl-tamoxifen treated 
control mice were substantial, suggesting that induced 
deletion of the Bace1 gene in the adult may affect the 
function of CHL1 even after development is completed. 

One of the CHL1-correlated axonal abnormalities 
that we had observed in the brains of germline BACE1 
knockout mice was a disorganized and shortened length 
of the infrapyramidal bundle (IPB) of the hippocampal 
mossy fiber pathway and premature crossing of the CA3 
pyramidal cell layer (24). The IPB consists of the set of 
axons that project from granule cells of the lower blade of 
the dentate gyrus that run below the pyramidal cell layer 
of CA3 (Fig. 1B). The IPB extends for a distance distal to 
the dentate gyrus and then traverses the pyramidal cell 
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layer to join axons of the suprapyramidal bundle (SPB). 
In mice, the length of the IPB positively correlates with 
fewer errors in the radial maze, indicating increased 
spatial learning capabilities (34). Additionally, training 
mice in the Morris water maze and induction of LTP 
increases IPB size, suggesting spatial learning induces 
structural plasticity of the IPB (35). Given the role of the 
dentate gyrus in pattern separation (36), the length of the 
IPB may have a significance impact on spatial learning 
and memory. 

To determine whether deficient BACE1 cleavage of 
CHL1 correlated with axonal defects in adult mice, we 
measured the length and assessed the organization of 
the IPB of BACE1fl/fl;R26CreERT2-tamoxifen treated mice 
in coronal brain sections immunostained for BACE1 
and the mossy fiber marker synaptoporin (29). Similar 
to BACE1-/- mice, IPB length was shorter in BACE1fl/

fl;R26CreERT2 mice treated with tamoxifen at 3 months 
and analyzed at 1 year of age (9 months following Bace1 
gene deletion) compared to BACE1fl/fl-tamoxifen treated 
negative control mice (Fig. 1C, D). The amount that the 
IPB was shortened in the adult conditional knockout 
mice (~30%) was similar to that observed in BACE1-/- 
mice reported in our previous study (24). Also similar 
to BACE1-/- mice, we observed that the organization of 
the IPB of BACE1fl/fl;R26CreERT2-tamoxifen treated mice 
was severely disrupted compared to that of BACE1fl/

fl-tamoxifen treated mice, exhibiting premature crossing 
of mossy fibers through the CA3 pyramidal cell layer 
(Fig. 1C); this is a phenocopy of CHL1 knockout mice 
(37, 38). Immunostaining with an anti-CHL1 antibody 
revealed co-localization of CHL1 with presynaptic 
terminal and mossy fiber bouton markers synaptophysin 
and calbindin, respectively, indicating neuronal, and 
specifically presynaptic, CHL1 localization. As we have 
previously reported, CHL1 also co-localized with BACE1 
in mossy fiber terminals in the hippocampus (24).

Next, we performed immunoblot analysis for CHL1 
to determine the extent of BACE1 cleavage of CHL1 
in the hippocampus of the adult conditional BACE1 
knockout and control mice. As expected, we found that 
CHL1 β-NTF and full length CHL1 were decreased 
and increased in soluble and membrane fractions of 
hippocampal homogenates, respectively, in BACE1fl/

fl;R26CreERT2-tamoxifen treated mice compared to 
BACE1fl/fl-tamoxifen treated mice (Fig. 1E, F). Linear 
regression analysis showed that IPB length positively and 
negatively correlated with soluble CHL1 and the ratio 
of full length CHL1 to β-NTF, respectively (Fig. 1G, H). 
Finally, we used BrdU labeling experiments to determine 
that the axonal organization defects in the IPB of adult 
conditional BACE1 knockout mice were not associated 
with abnormal neural progenitor cell proliferation, adult 
neurogenesis, or cell death. Taken together, our results 
demonstrate that processing of CHL1 by BACE1 is active 
in the adult brain and is correlated with the maintenance 
of the normal structure of a major axonal pathway in the 

hippocampus that is involved in learning and memory.

Implications of conditional BACE1 knockout 
mice for the role of BACE1 in the adult brain

We generated conditional BACE1 knockout mice 
to determine whether BACE1 is required in the adult 
for normal brain structure and function. Several of the 
neurological phenotypes of germline BACE1 knockout 
mice were absent following adult conditional BACE1 
gene deletion (Table 1). Importantly, however, when 
we allowed the brain to develop with BACE1 and then 
ablated BACE1 in the adult, we observed that the IPB of 
the hippocampal mossy fiber pathway was disorganized 
and exhibited a shortened length, possibly as the result of 
a defect in axon guidance. BACE1 is highly concentrated 
in hippocampal mossy fibers (39, 40), perhaps for the 
continuing requirement of adult axon guidance (41, 42). 
Indeed, CHL1 is a BACE1 substrate (32, 33), and we 
have shown that BACE1-/- mice phenocopy the axon 
organization defects of CHL1 knockout mice (24). 
Moreover, the cleavage of CHL1 by BACE1 regulates the 
balance between growth cone extension and collapse via 
the axon guidance protein semaphorin 3A (26), a process 
critical for correct axonal targeting. Future studies are 
necessary to determine whether axonal disorganization 
exists beyond the hippocampus in other regions of 
the brain of adult conditional BACE1 knockout mice. 
Additionally, treatment of wild-type mice with a BACE1 
inhibitor should be performed to determine whether IPB 
organizational defects occur following pharmacological 
BACE1 inhibition. 

Neurogenesis of dentate gyrus granule cells is known 
to continue in the subgranular zone of the hippocampus 
during adulthood (43). Consequently, mossy fiber axons 
of granule cells born in the adult require axon guidance to 
find their correct target neurons in the hippocampal CA3 
region. Mossy fiber axons of newly-born granule cells in 
the infrapyramidal blade of the dentate gyrus grow for 
a distance along the ventral side of the CA3 pyramidal 
cell layer, thus forming the IPB. The axons then invade 
the cell layer and cross to the dorsal side where they 
merge into the stratum lucidum and join other mossy 
fiber axons that come from the suprapyramidal blade 
of the dentate gyrus. The factors that determine the 
distance that mossy fibers grow before crossing the CA3 
pyramidal cell layer, and therefore the length of the IPB, 
are not yet fully elucidated, but correlate with CHL1 
processing by BACE1 (24).

Interestingly, the length of the IPB varies between 
different inbred strains of mice, and longer IPB lengths 
correlate with better spatial orientation learning in the 
radial maze (44). Given this finding, it was unexpected 
that we did not observe memory deficits in adult 
conditional BACE1 knockout mice in our study. In future 
studies, it will be important to test adult conditional 
BACE1 knockout mice in more sensitive and varied 
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behavioral paradigms, including the radial maze and 
Barnes maze that avoid the stress of swimming, to detect 
potential deficits in spatial orientation and other types 
of learning or memory with age. Moreover, germline 
BACE1 knockout mice have been reported to exhibit 
impaired mossy fiber-CA3 LTP (45, 46). Therefore, it will 
be important to determine whether adult conditional 
BACE1 knockout mice have a mossy fiber-CA3 LTP 
abnormality and, if so, understand its relationship to the 
IPB and behavioral phenotypes.  

Although we favor the hypothesis that deficient 
BACE1 cleavage of CHL1 causes defective axon guidance 
resulting in the short and disorganized IPB of adult 
conditional knockout mice, other mechanisms, either 
involving CHL1 or other BACE1 substrates such as 
Sez6 or NRG1, could have a role. Additionally, other 
mechanisms besides axon guidance may contribute to 
the abnormal IPB associated with BACE1 deficiency, 
including synaptic maintenance or plasticity. Our 
BrdU experiments indicated that alterations in adult 
neurogenesis including overall or regional neural 
progenitor cell proliferation, neuronal differentiation, and 
cell death in the dentate gyrus were unlikely to produce 
the IPB phenotype. However, we could not exclude other 
potential causes, such as abnormal neurite outgrowth 
or defective activity dependent axonal refining, among 
others. 

It is possible that a combination of mechanisms may 
influence the length and organization of the IPB. For 
example, impaired axon guidance together with axonal 
degeneration as observed in germline BACE1 knockout 
mice (19) may affect the IPB. A study reported that only 
~10% of dentate gyrus neurons are newly generated by 
adult neurogenesis in mice, although the authors noted 
that this number is an underestimate (47). The same 
authors also observed that relatively few dentate gyrus 
neurons die, and that the total number of granule cells 
continues to increase in the adult dentate gyrus. These 
results suggest that defective axon guidance of newly 
generated mossy fibers together with degeneration of 

axons formed during development may contribute to 
the shortened and disorganized IPB of adult conditional 
BACE1 knockout mice. Since BACE1 cleavage of CHL1 
regulates growth cone collapse (26), it is possible that 
both axon guidance and mossy fiber degeneration are 
affected by CHL1 processing in the adult dentate gyrus. 
It will be important to conduct additional studies to 
investigate the potential roles of these and other 
mechanisms in determining the characteristics of the IPB.

Implications of axonal organization defects in 
adult conditional BACE1 knockout mice for 
BACE1 inhibitor clinical trials

Adult conditional BACE1 knockout mice are protected 
from adverse phenotypes found in germline BACE1 null 
mice, including reduced survival, growth retardation, 
seizures, EEG abnormalities, hypomyelination, and 
memory deficits (Table 1). We conclude that most 
germline BACE1 knockout mouse phenotypes are the 
result of BACE1 deficiency during development, not 
from the absence of BACE1 function in the adult. This 
conclusion is also supported by the observation that 
BACE1 and many of its substrates are highly expressed 
in the developing organism, especially in the nervous 
system (17, 18). On the one hand, our results imply that 
BACE1 inhibitor treatment in adults may be safe for 
the most part. On the other hand, the fact that adult 
conditional BACE1 knockout mice exhibit aberrant 
morphology in an axonal pathway important for learning 
and memory suggests that BACE1 inhibition may not be 
free of mechanism-based side effects in the adult brain. 
Indeed, as was recently reported at the 11th Clinical 
Trials on Alzheimer’s Conference in Barcelona, Spain, 
compared to placebo BACE1 inhibitor treatment resulted 
in dose-dependent cognitive worsening, neuropsychiatric 
disturbances, and hippocampal volume loss in Phase 2 
and 3 studies in subjects with prodromal or early AD, 
despite significant lowering of Aβ in the CNS. Although 
these effects were small and not observed for all BACE1 

Table 1. Summary of adult conditional BACE1 knockout phenotypes
Phenotype Germline KO Adult whole body cKO

Viability reduced normal
Memory impaired normal
LTP impaired normal
Seizure, EEG increased normal
Energy metabolism abnormal normal
Neurogenesis abnormal normal
Cell death increased normal
Peripheral & central myelination reduced normal
Mossy fibers disorganized disorganized
Novelty-induced exploration increased mildly increased
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inhibitors, they occurred for four individual drugs, 
suggesting on-target class issues rather than compound-
specific effects. Only two BACE1 inhibitor clinical trials 
are currently ongoing, the rest having been discontinued 
before completion. 

The mechanism(s) of the cognitive worsening, 
neuropsychiatric disturbances, and hippocampal volume 
loss observed in the BACE1 inhibitor clinical trials has 
yet to be determined. Effects occurred soon after the 
start of treatment but stabilized and did not increase 
over time, suggesting that that they were not the result 
of an accelerated neurodegenerative process. These 
characteristics indicate a synaptic mechanism, consistent 
with the presynaptic localization of BACE1 and many of 
its substrates. The BACE1 inhibitor trials were designed 
to reduce Aβ levels in the CNS by ~60-90%, which 
represents strong BACE1 inhibition and is on par with 
the level of inhibition achieved in our adult conditional 
BACE1 knockout mice. It is tempting to speculate that the 
adverse effects reported in the human trials are related to 
axonal organization defects caused by strongly inhibited 
BACE1 cleavage of CHL1, as demonstrated in the adult 
conditional BACE1 knockout mice. However, other 
mechanisms involving different BACE1 substrates that 
affect synaptic plasticity or maintenance could also have 
a role. Further investigations of adult conditional BACE1 
knockout mice may provide additional insights into this 
important question.        

Although it is too soon to draw firm conclusions about 
the ultimate safety of BACE1 inhibition, it is possible that 
the toxicities observed in the current clinical trials may 
have been the result of BACE1 over-inhibition. The APP 
A673T mutation is associated with protection against AD 
(48) and lowers Aβ by only a modest amount, ~28% (49). 
Additionally, germline heterozygous BACE1 knockout 
mice with 50% of the normal BACE1 level in the brain 
are indistinguishable from wild-type mice (13,21,50). 
Together, these observations suggest that a BACE1 
inhibitor dose that achieves up to 50% inhibition should 
be both safe and effective if administered at an early 
stage of disease when amyloid pathology is low. Similar 
to the paradigm of the cholesterol-lowering statin drugs 
for the prevention of heart disease, low doses of BACE1 
inhibitors may be safe and effective for the prevention of 
Alzheimer’s disease if administered presymtomatically. 
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