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Beta secretase activity in peripheral nerve regeneration

Introduction
One of the many unsolved mysteries in neuroscience is the 
unknown reasons why the peripheral nervous system (PNS) 
is able to regenerate its axons following injury while the 
central nervous system (CNS) cannot. The search for under-
standing this fundamental difference between the peripheral 
and central nervous systems has led to many discoveries of 
the cellular changes, genes, and pathways that regulate how 
the PNS is able to regenerate. There is now a good under-
standing of the steps required in order for the peripheral 
nerve to begin to regenerate and how these steps differ from 
the CNS. The first step is the clearance of axonal and myelin 
debris in order to make space for regenerating axons to grow 
into. In the PNS, macrophages, and to some extent Schwann 
cells, begin to phagocytose axonal and myelin debris (Stoll et 
al., 1993; Brück, 1997; Martini et al., 2008; Niemi et al., 2013; 
Mietto et al., 2015). In the CNS, resident microglia, and an 
influx of systemic macrophages, are responsible for debris 
clearance, however, there is some evidence that the CNS 
response to debris clearance is very slow and contributes to 
the limited axonal regeneration (George and Griffin, 1994; 
Ferguson et al., 2008; Kigerl et al., 2009). Next, the support-
ing cells need to provide aid to the regenerating axons by 
guiding them towards the correct end target. The Schwann 
cells of the PNS carry this out by undergoing dedifferentia-
tion and sending out many processes to create tubes, called 
Bünger bands, for which the regenerating axons can enter 
and grow through before reaching their target and getting 
remyelinated (Fawcett and Keynes, 1990; Griffin et al., 2010; 
Toy and Namgung, 2013). In the CNS, astrocytes become 
activated and begin to proliferate and secrete inhibitory 

proteoglycans, which make up a majority of the glial scar 
(Toy and Namgung, 2013). This process is detrimental to 
axonal regeneration and provides a significant barrier for 
repair following CNS trauma. Another step that must occur 
for successful regeneration is when neurons and supporting 
cells alter their gene expression profiles to a pro-regenerative 
state. The cells of the PNS upregulate various growth factors, 
transcription factors, and adhesion molecules, collectively 
termed regeneration associated genes (RAGs), which all 
work together to enhance neurite outgrowth (Seijffers et al., 
2007; Huebner and Strittmatter, 2009; Painter et al., 2014; 
Gordon and English, 2016). On the other hand, CNS cells 
generally do not express high levels of RAGs. In fact, oligo-
dendrocytes express various myelin-associated inhibitors, 
such as Nogo-A and myelin-associated glycoprotein, while 
neurons express axon regeneration inhibitor molecules, like 
repulsive guidance molecule and Semaphorin A (Huebner 
and Strittmatter, 2009). 

Our lab has discovered a novel role of beta-site amy-
loid precursor protein-cleaving enzyme 1 (BACE1), or 
β-secretase, in regulating peripheral axonal regeneration. 
BACE1 is a transmembrane protease that is involved in 
the cleavage and processing of a wide variety of membrane 
bound proteins (Sinha et al., 1999; Vassar et al., 1999; Yan 
et al., 1999; Hu et al., 2006; Willem et al., 2006; Kuhn et al., 
2007; Hemming et al., 2009; Zhou et al., 2012; Pigoni et al., 
2016). What is interesting with regards to peripheral nerve 
regeneration is that many of BACE1’s substrates have been 
implicated in the regulation of axonal regeneration and neur-
ite outgrowth. Some have even been identified as genes which 
are upregulated following nerve injury. We have demonstrat-
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ed, using genetically modified mouse models, that β-secretase 
levels negatively regulate peripheral axonal regeneration 
following axonal injury (Figure 1). When β-secretase was 
genetically knocked out, we observed an increased number 
of regenerating axons (Farah et al., 2011; Farah, 2012; Liu et 
al., 2016). Mice which transgenically overexpressed human β- 
secretase in their neurons had impaired regeneration follow-
ing a sciatic nerve crush (Tallon et al., 2017). 

Despite the fact that peripheral nerves are able to regen-
erate, the outcome of this regeneration is often poor and 
insufficient (Seddon, 1942; Sunderland, 1951; Fawcett and 
Keynes, 1990; Griffin et al., 2010). Peripheral nerve regen-
eration must overcome many obstacles, including slow 
regeneration rates, inefficient axonal guidance, and the de-
generation of end targets. Currently, the only available treat-
ment option for patients is the surgical reconnection of the 
nerve (Palispis and Gupta, 2017). Various novel therapeutic 
options are being explored to improve outcomes such as en-
hanced nerve conduits, stem cell treatments, and small mol-
ecule drugs to enhance regeneration (Gordon and English, 
2016; Palispis and Gupta, 2017). Our recent data, together 
with the greater body of research on BACE1’s substrates’ im-
pact on axonal growth, points towards a possible novel appli-
cation for BACE1 inhibitors currently being investigated. 

β-Secretase and Its Many Substrates
BACE1’s role in amyloid precursor protein processing
β-secretase is a transmembrane aspartyl protease which 
cleaves mostly type I membrane bound proteins, generat-
ing both a membrane bound and a soluble fragment. This 
enzyme has been well studied in the context of Alzheimer’s 
disease (AD) as it is one of the main enzymes responsible for 
generating amyloid beta plaques (Aβ), a pathological hall-
mark of the disease (Sinha et al., 1999; Vassar et al., 1999; 
Yan et al., 1999; Cai et al., 2001; Luo et al., 2001; Roberds et 
al., 2001). In order to generate Aβ, BACE1 cleaves amyloid 
precursor protein (APP) into a membrane bound C-terminal 
fragment (CTF) and a soluble APPβ fragment. The CTF is 
then further cleaved by γ-secretase to generate the Aβ frag-
ment that then goes on to aggregate and form plaques. A 
reduction in β-secretase activity, either genetically or phar-
macologically, leads to a decrease in the production of Aβ 
(Vassar et al., 1999; Cai et al., 2001; Luo et al., 2001; Roberds 
et al., 2001; Kennedy et al., 2016). The fact that BACE1 is 
one of two important enzymes involved in generating Aβ 
plaques has led many drug companies to investigate BACE1 
inhibitors as potential therapeutics for AD (Sankarana-
rayanan et al., 2008; Chang et al., 2011; May et al., 2015; 
Kennedy et al., 2016; Cebers et al., 2017). This large interest 
in inhibiting BACE1 has led many to ask the question, what 
other substrates, if any, does BACE1 cleave? 

BACE1 impacts peripheral myelination via neuregulin-1 
type III
As it turns out, BACE1 is a rather promiscuous enzyme and 
over 60 putative substrates have been identified (Kitazume 
et al., 2001; Lichtenthaler et al., 2003; Hemming et al., 2009; 
Gersbacher et al., 2010; Zhang et al., 2011; Zhou et al., 2012). 

Fortunately, despite the large number of substrates, BACE1 
knock out (KO) mice are viable with some moderate behav-
ioral phenotypes (Cai et al., 2001; Luo et al., 2001; Roberds 
et al., 2001; Laird et al., 2005; Savonenko et al., 2008). One 
of the more striking phenotypes observed was the reduction 
in the myelination of the peripheral nerves in these mice. 
The thickness of the myelin is markedly decreased, but not 
completely absent, and the presence of an increase in un-
myelinated groups of axons, called Remak bundles, can be 
seen in nerve bundles in the periphery (Hu et al., 2006, 2008; 
Willem et al., 2006; Velanac et al., 2012). While reduced 
peripheral myelination is cause for concern, this phenotype 
appears to be a developmental issue. When adult mice are 
given a BACE1 inhibitor, others (Sankaranarayanan et al., 
2008) and our lab (unpublished observation) have observed 
that the myelination of uninjured peripheral axons is not 
changed. This observation of altered myelination gave a clue 
as to what other substrates BACE1 may be cleaving. As it 
turns out, BACE1 is involved in the cleavage of neuregulin-1 
(NRG1) type III (Willem et al., 2006; Hu et al., 2008). NRG1 
type III is an important player in myelinating the peripheral 
nervous system (Michailov et al., 2004; Taveggia et al., 2005). 
The cleavage and activation of NRG1 type III is not solely 
dependent on BACE1, as it is also cleaved by a disintegrin 
and metalloprotease 17 (ADAM17) (La Marca et al., 2011). 
This parallel pathway allows for some myelination to occur 
and may be the reason for the presence of some myelination 
in total KO mice. 

BACE1 activity influences axonal guidance via multiple 
adhesion molecules
Another phenotype that has caused some concern for BACE1 
inhibitor use is the potential issues with axonal guidance. In 
BACE1 KO mice, there appears to be some defects in axonal 
connections in the central nervous system, most notably in 
the olfactory bulb and mossy fiber projections (Hitt et al., 
2012). This finding has led to the speculation that BACE1 
inhibitors may negatively impact memory and learning by 
impairing synaptic plasticity (Laird et al., 2005; Savonenko et 
al., 2008). Since some of the potential BACE1 substrates are 
involved in cell-cell adhesion, such as neural cell adhesion 
molecule 1 (NCAM1) (Hemming et al., 2009), it likely fol-
lows that this may be the reason behind the axonal guidance 
issues. Indeed, two of BACE1’s identified substrates, L1 and 
close homolog of L1 (CHL1) (Kuhn et al., 2012), are thought 
to be involved in axonal guidance (Zhou et al., 2012). These 
molecules are members of the immunoglobulin superfamily 
and have been identified as being important in proper neuro-
genesis. A loss of L1 or CHL1 leads to behavioral abnormali-
ties and decreased cognitive function in mice (Montag-Sallaz 
et al., 2002; Pratte et al., 2003). There are also known muta-
tions in humans which lead to mental retardation as well as 
schizophrenia (Kurumaji et al., 2001; Weller and Gärtner, 
2001; Sakurai et al., 2002; Chen et al., 2005). 

Another protein that was identified as a BACE1 substrate 
is contactin-2, also known as Axonin-1 or transiently ex-
pressed axonal surface glycoprotein-1 (TAG-1) (Kuhn et al., 
2012). This protein is also a member of the immunoglobulin 
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superfamily and is expressed on the surface of axons as well 
as the Schwann cells of the PNS (Yamamoto et al., 1986; 
Traka et al., 2002). A loss of contactin-2 led to a reduced 
axonal growth speed and impaired guidance in zebrafish 
(Wolman et al., 2008). Following a sciatic nerve crush, con-
tactin-2 was found to be upregulated in Schwann cells near 
the lesion (Soares et al., 2005). BACE1 cleavage of contac-
tin-2 also appears to have a negative impact on the level of 
contactin-2 found on the cell surface of primary mouse neu-
rons (Gautam et al., 2014).

One more BACE1 substrate that has been identified as 
being an important regulator for neurite outgrowth is Sei-
zure-related gene 6 (Sez-6) (Kuhn et al., 2012). It has been 
implicated as having an important role in regulating neurite 
outgrowth and connectivity in the developing neocortex. Cul-
tured cortical neurons from Sez-6 null mice showed more ex-
tensive neurite branching, however, they also had a reduction 
in neurite length (Gunnersen et al., 2007). Another group 
observed a decrease in neurite length when administering a 
short hairpin RNA (shRNA) against Sez-6 in PC12 cells treat-
ed with nerve growth factor (NGF) (Zhang et al., 2011). 

As many of BACE1’s substrates appear to be important 
in regulating axonal outgrowth and neurite branching, 
regulating BACE1 activity levels may have implications 
going beyond AD. Our lab has been studying the effects of 
BACE1 activity levels on the efficacy of peripheral nerve 
regeneration following acute nerve injury and hypothesize 
that BACE1 activity levels have an inverse relationship with 
regenerative efficacy (Farah et al., 2011; Tallon et al., 2017).

How do Peripheral Nerves Regenerate?
Stages of peripheral axonal regeneration following nerve 
injury
The stages of degeneration and regeneration an axon under-
goes following peripheral nerve injury are well studied. First, 
the distal portion of the injured axons undergo Wallerian 
degeneration, where both the axoplasm and myelin sheath 
begin to break up. Next, the axonal and myelin debris are 
cleared away in order for optimal regeneration to occur 
(Fawcett and Keynes, 1990; Brück, 1997; Griffin et al., 2010). 
This is carried out mainly by the phagocytic action of infil-
trating macrophages as well as the Schwann cells (Stoll et 
al., 1989; Martini et al., 2008). Once the debris is cleared, the 
proximal portion of the nerve is able to extend a tiny axonal 
sprout out towards the area of denervation. In less severe 
injuries, such as a nerve crush, the axonal sprouts may be 
able to navigate their way back into denervated Schwann 
cell tubes. This is advantageous as the neural tube acts as 
a highway for the axon to be properly guided towards its 
appropriate target. In more severe injuries, such as a partial 
or complete nerve transection, the Schwann cell tube is no 
longer connected and the proximal axonal sprout can have 
a difficult time correctly navigating towards the open end 
of the tube. The final stage comes when the axon reaches 
its target and is then able to mature and increase its size, as 
well as becoming remyelinated by the Schwann cells. Axonal 
sprouts that are unable to reach the vacated Schwann cell 
tubes and reinnervate the target muscle are generally pruned 

back to the main axon branch. In some cases, the unguided 
sprout can become tangled up and form a neuroma.

Axonal sprouting from neighboring intact axons 
contributes to reinnervation
When the distal portion of the axon is unable to regenerate, 
or the area of denervation is too far away from the distal 
site, neighboring intact axons can also send out axonal 
sprouts from its own axon to reinnervate nearby denervat-
ed neuromuscular junctions (Gordon and Borschel, 2017). 
The terminal Schwann cell sitting on the denervated neuro-
muscular junction (NMJ) will become activated and send 
out numerous processes (Reynolds and Woolf, 1992; Woolf 
et al., 1992; Kang et al., 2003, 2014). Eventually, a process 
will connect with a nearby intact axonal sprout and create a 
bridge between the intact axonal sprout and the denervated 
NMJ. This then allows the axonal sprout to be guided to-
wards the denervated NMJ where it can then reinnervate the 
NMJ. These axonal sprouts can form from multiple regions 
along intact axons (Brown et al., 1981). Axonal sprouts, 
termed nodal sprouts, can emerge along the main axon 
branch at the nodes of Ranvier where the myelin sheath does 
not cover the axon. The sprouts can also emerge closer to the 
NMJs, called pre-terminal sprouts, where the myelin sheath 
ends just before the NMJ to allow for the terminal bouton to 
interact with the NMJ. Finally, there can also be terminal ax-
onal sprouts which come directly from the terminal bouton 
innervating the NMJ. Terminal axonal sprouts are easiest to 
identify as axonal sprouts as the normal morphology of the 
terminal bouton at the NMJ only has one axonal connection 
(Brown et al., 1981). In cases of disease or injury, these ter-
minal to terminal connections can be seen and scored as an 
axonal sprout. While axonal sprouting to neighboring tar-
gets is an important process to maintain connections under 
conditions of neuronal cell loss, it is a limited process. The 
size of any particular motor unit is bound by the surviving 
neuron’s ability to metabolically sustain such a large number 
of connections (Gordon et al., 2004; Hegedus et al., 2008). 
Eventually, the motor unit becomes too large and the neu-
ron cannot afford to continue to sprout axons.

Regeneration associated genes
In order to initiate axonal sprouting, the gene expression 
profiles change to a pro-regenerative state. With the recent 
advances of microarrays, and now RNA Seq, the number of 
genes that are differentially expressed following acute periph-
eral nerve injury is ever growing (Seijffers et al., 2007; Ma et 
al., 2011; Painter et al., 2014). Many of these regeneration 
associated genes (RAGs) are anti-apoptotic, transcription 
factors, or are involved in cytoskeleton remodeling, cell 
growth, and cell-cell adhesion. In order to accommodate the 
rapid increase in transcription, many transcription factors 
become upregulated following injury and have been observed 
to enhance regeneration, with c-Jun, signal transducer and 
activator of transcription 3 (STAT3) and activating transcrip-
tion factor 3 (ATF3) being notable (Schwaiger et al., 2000; 
Raivich et al., 2004; Seijffers et al., 2007; Lindå et al., 2011). 
Many kinase cascades, such as the mitogen-activated pro-



1568

Tallon and Farah. / Neural Regeneration Research. 2017;12(10):1565-1574.

tein kinase (MAPK) pathway, have been identified as RAGs, 
however, there is some debate over whether these pathways 
are involved in adult peripheral regeneration (Liu and Snid-
er, 2001). Neurotrophic factors, such as insulin-like growth 
factor (IGF) 1, IGF2 and brain derived neurotrophic factor 
(BDNF), are also increased following injury and have been 
shown to positively impact axonal regeneration (Kanje et al., 
1989; Glazner et al., 1993; Hammarberg et al., 2000). There 
is also a large upregulation of the expression of cell adhesion 
molecules following nerve injuries, such as CHL1 (Zhang et 
al., 2000). Proteins that aid in the interaction between the cell 
surface and the cytoskeletal components of the cell, such as 
growth associated protein 43 (GAP43), are upregulated fol-
lowing injury in order to prepare for the large cytoskeleton 
remodeling involved in axonal outgrowth (Skene and Willard, 
1981; Frey et al., 2000a; Bomze et al., 2001). The genes listed 
here are just a snapshot of the large number of genes whose 
expression levels are altered in order for neurons to undergo 
the extensive and complicated process of regeneration.

Problems in Peripheral Nerve Regeneration
Peripheral nerves must overcome many obstacles for 
proper regeneration 
The ability for regeneration in the PNS is especially import-
ant since peripheral nerves are less protected than those in 
the CNS and are injured much more frequently. While the 
peripheral nervous system contains the capacity for regen-
eration, it is often slow and incomplete, leading to less than 
favorable outcomes following severe nerve trauma (Figure 
2) (Seddon, 1942; Sunderland, 1951; Griffin et al., 2010). 
This is especially true in humans where the average rate of 
regeneration is around 1 mm per day. Depending on the site 
of injury and how far away it is from the target muscle, the 
regeneration rate may be too slow for the axon to reach the 
muscle before other changes begin to happen that are det-
rimental to regeneration (Höke, 2006; Gordon et al., 2011). 
When a muscle is denervated for too long the NMJs begin 
to breakdown into fragments, which can greatly hinder the 
regenerating axon’s ability to reinnervate its target muscle 
(Wu et al., 2014). In addition to the breakdown of NMJs, 

the receptiveness of the supporting Schwann cells for the re-
generating axon also becomes reduced following prolonged 
denervation (Höke, 2011). All of these changes contribute 
to significantly limit the effectiveness of peripheral nerve 
regeneration and can lead to suboptimal clinical outcomes. 
Additionally, axonal regeneration is very inefficient and 
many of the axonal sprouts that are sent out never end up 
reaching their target. Another major setback is that even 
when the axon is able to reach its target, the myelination and 
efficiency of the nerve remains impaired, even long after the 
connection has stabilized (Sanders and Whitteridge, 1946; 
Fawcett and Keynes, 1990). 

Peripheral nerve regeneration is further impaired by age 
and disease
These issues are even greater when the repair process itself 
becomes reduced either due to aging or neurodegenerative 
disorders (Verdú et al., 2000). In terms of aging, the rate and 
number of regenerating axons in elderly patients and ani-
mals are significantly reduced following a peripheral nerve 
injury (Verdú et al., 2000). All of the key steps in peripheral 
nerve regeneration are reduced in aged rats. The peripheral 
nerves do not sprout as extensively, myelin debris clearance 
is delayed and impaired, and Schwann cell activation is in-
hibited (Verdú et al., 2000; Painter et al., 2014). In cases of 
peripheral neuropathies or motor neuron diseases with dis-
tal axonal degeneration, the rate of axonal regeneration may 
be overwhelmed by the rate of axonal degeneration occur-
ring via the disease process (Gordon et al., 2004; Hegedus et 
al., 2007, 2008). This is further complicated by subsequent 
neuronal cell loss which reduces the number of available 
axons for regenerating. This then increases the burden on 
the surviving axons to generate axonal sprouts and increase 
their motor unit size.

Therapeutic options for enhancing regeneration are 
absent
Despite insufficient repair following axonal insult to the 
peripheral nervous system, either due to trauma or disease, 
there are currently no therapeutics available to enhance 
regeneration. As it stands right now, the best available 
treatment is surgical reattachment of the distal portion of 
the nerve to the proximal stump in hopes that the proximal 
stump can sprout into the vacated Schwann cell tubes to 
accelerate repair (Palispis and Gupta, 2017). Even with the 
best surgical techniques however, this still leaves many with-
out full recovery. Current research to enhance regeneration 
focuses on developing nerve conduits which improve the 
connection between the proximal and distal stumps (Lin et 
al., 2013), this approach does not aid those who suffer from 
severely pinched nerves or those suffering from neurodegen-
erative diseases, nor does it address the slow rate of axonal 
growth. Other potential therapeutics have looked into elec-
trically stimulating the nerves to enhance regeneration. Some 
research has shown that when the proximal portion of an 
injured nerve is stimulated, axonal growth is enhanced (Xu 
et al., 2014). However, this strategy has the potential to be 
an invasive and painful experience for the patient. What is 

Figure 1 Beta-site amyloid precursor protein-cleaving enzyme 1 
(BACE1) activity levels inversely regulate peripheral axonal repair. 
With low levels of BACE1 activity, peripheral nerve repair is acceler-
ated. When BACE1 activity levels are high, axonal repair is reduced. 
We hypothesize that this relationship is on a sliding scale where slight 
changes in BACE1 expression have a small effect on how effective the 
repair process is. 
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needed is a minimally invasive therapy that can be adminis-
tered following successful reattachment, most likely together 
with a nerve conduit, which can accelerate the growth rate.

β-Secretase as a Novel Regulator of 
Peripheral Nerve Regeneration
BACE1 activity levels inversely control peripheral nerve 
regeneration
Recently, our lab has identified a novel role for BACE1 in 
modulating peripheral nerve regeneration following injury. 
Based on our data, we have determined that BACE1 activi-

ty levels have an inverse effect on the efficacy of peripheral 
nerve regeneration. We observed a significant improvement 
in peripheral nerve regeneration following a sciatic nerve 
crush in BACE1 KO mice when compared with their wild 
type (WT) littermates (Farah et al., 2011). The nerves in the 
KO mice were able to grow further on top of having a great-
er number of regenerated axons compared with WT mice. 
There was also an improvement in muscle reinnervation in 
the BACE1 KO mice. These experiments provided interest-
ing data highlighting a novel role for BACE1 in regulating 
peripheral nerve regeneration. However, these experiments 
did not narrow down where BACE1 was exerting its effects. 

Figure 2 Problems in peripheral nerve 
regeneration.
There are many ways axons of the peripher-
al nervous system can get injured by nerve 
trauma, various peripheral neuropathies, or 
early stages of motor neuron diseases. The 
injuries that arise from these events lead to 
axonal damage and denervation. In order 
for regeneration to occur, many obstacles, 
which are detailed in the regeneration ob-
stacles box, need to be overcome. With the 
current intervention of surgical repair and 
the basal state of regeneration, the extent 
of reinnervation is typically only partially 
complete. With the development of novel 
treatments, we hope that complete reinner-
vation can be achieved. In cases of severe 
trauma with no surgical intervention, there 
is a risk of no reinnervation occurring, leav-
ing the target organ completely denervated.

Figure 3 Potential mechanism for how neuronal 
beta-site amyloid precursor protein-cleaving 
enzyme 1 (BACE1) activity levels regulate 
peripheral axon growth. 
Since adhesion molecules are essential for proper 
axonal outgrowth and interaction with Schwann 
cells (depicted in blue), we hypothesize that 
BACE1 regulates peripheral axonal outgrowth by 
modulating the cell surface expression levels of 
various adhesion molecules, such as close homo-
log of L1 (CHL1) and L1. In wild type (WT) mice, 
adhesion molecules are moderately expressed on 
the cell surface leading to basal regeneration rates. 
With reduced BACE1 expression, as in knock out 
(KO) mice, adhesion molecules are not cleaved 
and therefore remain at the cell surface in greater 
numbers, enhancing interactions with Schwann 
cells and leading to increased growth. When 
BACE1 is overexpressed, there is more cleavage 
causing fewer adhesion molecules to be expressed 
on the cell surface, impairing Schwann cell inter-
actions and reducing axonal growth.
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The enhanced regeneration could be due to increasing the 
outgrowth of the axons themselves, enhanced macrophage 
recruitment and activity, or even enhanced Schwann cell ac-
tivation and axonal support.

In order to explore where BACE1 was acting and to fur-
ther understand its role in regeneration, we performed sim-
ilar experiments in transgenic mice overexpressing human 
BACE1, solely in neurons (Tallon et al., 2017). Following a 
sciatic nerve crush, we observed a marked decrease in pe-
ripheral nerve regeneration in mice overexpressing BACE1. 
These mice had reduced axonal outgrowth early on and a 
decrease in the number of regenerated axons. We also ob-
served a significant reduction in the reinnervation of the 
gastrocnemius muscle in overexpressing mice. This impaired 
reinnervation was also reflected in electrophysiological ex-
periments where transgenic mice had a significant delay in 
the recovery of the compound muscle action potential in the 
plantar muscles. Based on our own data, we have concluded 
that neuronal BACE1 activity levels inversely influence axo-
nal regeneration in the periphery following injury.

While BACE1 activity’s influence over the neuronal com-
ponent of peripheral nerve regeneration is an interesting 
piece of the puzzle, we also need to investigate the role that 
macrophage and Schwann cell BACE1 activity levels play 
in enhancing regeneration as well. Our original study using 
global BACE1 KO mice indicated that macrophages are not 
only recruited in greater numbers, but also engulf more my-
elin debris following a peripheral nerve injury (Farah et al., 
2011). We also observed an increase in a macrophage sig-
naling receptor, tumor necrosis factor receptor 1 (TNFR1), 
expression in the distal stump of the injured nerve in both 
BACE1 KO mice and WT mice treated with a BACE1 inhib-
itor (Liu et al., 2016). Studies investigating how BACE1 ac-
tivity levels influence the initial activation of Schwann cells 
following peripheral nerve injuries has not yet been studied. 
However, there is evidence which indicates that BACE1 
activity is involved in peripheral nerve remyelination fol-
lowing axonal outgrowth and is an important for proper 
remyelination to occur (Hu et al., 2008, 2015). In order to 
truly elucidate how BACE1 activity levels influence each 
component of the peripheral nerve regeneration machinery 
our lab is currently conducting experiments utilizing condi-
tional KO mice for each of these components.

BACE1 substrates themselves influence axonal regeneration
In addition to our own data, there has been some evidence 
that some of the substrates of BACE1 are also involved in 
regulating peripheral nerve regeneration. A few studies 
have found that the processing of APP itself has an effect on 
neurite outgrowth. Knocking out APP in cultured neurons 
has led to enhanced neurite outgrowth (Perez et al., 1997; 
Young-Pearse et al., 2008), while soluble APPβ has been 
shown to have an inhibiting effect on neurite outgrowth (Li 
et al., 1997). While interesting, the effects APP processing 
has on peripheral nerve regeneration has been inconclusive. 
The processing of another BACE1 substrate, NCAM, has 
also been shown to have an impact on neurite outgrowth 
and branching. Cleavage of NCAM to produce ectodomain 

shedding reduces neurite outgrowth, which can be rescued 
by preventing the release of the ectodomain (Hinkle et al., 
2006). Additionally, the cleavage of CHL1 by BACE1 also 
impacts neurite outgrowth. When the release of CHL1’s 
cleavage product is prevented, the growth cone no longer 
collapses and promotes neurite extension (Barão et al., 
2015). Taken together with our own data, neuronal BACE1 
activity on its various substrates may play an important role 
in regulating peripheral nerve regeneration by modulating 
cell adhesion molecules (Figure 3).

β-Secretase Inhibitors as a Potential 
Therapeutic Strategy for Enhancing 
Peripheral Nerve Regeneration
BACE1 inhibitors developed for AD have good safety 
profiles
As we mentioned earlier in this review, because BACE1 has 
a large role in generating Aβ plaques in AD, many phar-
maceutical companies have made great efforts to develop 
small molecule BACE1 inhibitors. Early efforts were held 
back due to the liver toxicity seen with the Eli Lilly BACE1 
inhibitor LY2886721 during their phase II trials. This led 
many to speculate whether BACE1 inhibitors were a feasible 
target for AD. However, recent advances in the development 
of these drugs has shown more promise. Recently, Merck 
announced that their latest BACE1 inhibitor, verubecestat 
(MK-8931), was well tolerated at various doses in patients 
enrolled in their phase I clinical trial (Kennedy et al., 2016). 
Verubecestat also showed a robust decrease in CSF Aβ pro-
duction, indicative of proper target engagement. In addition 
to verubecestat, AstraZeneca/Lilly also have a promising 
small molecule BACE1 inhibitor, AZD3293, currently in 
phase II/III clinical trials. This drug was also well tolerated 
in phase I trials and showed a marked decrease in CSF Aβ 
production (Cebers et al., 2017).

Unfortunately, Merck recently stopped their mild/moder-
ate Phase III trial for verubecestat due to a lack of significant 
clinical changes observed. Despite being a disappointing 
setback, this result was unsurprising to those in the field as 
Aβ levels tend to plateau and neuronal death is widespread 
by the time clinical symptoms begin to appear. While this 
is bad news for AD, all may not be lost for those who have 
sunk billions into developing BACE1 inhibitors. Since high 
BACE1 activity appears to have a negative impact on pe-
ripheral nerve regeneration, we hypothesize that BACE1 in-
hibitors may be a potential drug to fill the therapeutic void 
of compounds for enhancing peripheral nerve regeneration. 
Indeed, when we administered an older BACE1 inhibitor 
for 7 days following a sciatic nerve crush, we observed an 
apparent increase in regenerated axons as well as enhanced 
axonal debris clearance (Farah et al., 2011). This is a prom-
ising start for determining whether BACE1 inhibitors may 
find a new life as peripheral nerve regeneration enhancers.

In addition to the generation of safe, well-tolerated 
BACE1 inhibitors, treating peripheral nerve injuries with 
small molecule inhibitors may not have to worry about 
the blood-brain barrier issue that hinders CNS drug devel-
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opment. Unlike the blood-brain barrier, the nerve-blood 
barrier is rather leaky and would most likely allow larger 
molecules through at lower concentrations (Mellick and 
Cavanagh, 1968). This may be beneficial and could poten-
tially allow for the development of more potent BACE1 in-
hibitors that while too large to cross the blood-brain barrier, 
may be able to cross the nerve-blood barrier. Being able to 
get a high efficiency with a lower dose would also lower the 
risk of toxicity issues that has been seen with some BACE1 
inhibitors at higher doses and would give a therapeutic ad-
vantage to treating peripheral nerve injuries with BACE1 
inhibitors.

Potential issues surrounding the use of BACE1 inhibitors 
following acute peripheral nerve injuries
While utilizing BACE1 inhibitors as a means to enhance 
regeneration following a peripheral nerve injury has a lot 
of promise, due to BACE1’s promiscuous nature, potential 
issues of inhibition need to be closely monitored. Firstly, 
because BACE1’s cleavage of NRG1 type III is involved in 
the myelination of peripheral nerves it is important to think 
about how this may negatively impact peripheral nerve 
remyelination as well as the existing myelin on uninjured 
axons. In the case of uninjured nerves, their myelination does 
not appear to be altered with BACE1 inhibition as we have 
seen in our own lab (unpublished data) as well as by other 
groups (Sankaranarayanan et al., 2008). For regenerating ax-
ons, remyelination would most likely be reduced for as long 
as BACE1 activity is being reduced. This hypomyelination 
would impact the ability of the axons to fire in a coherent 
manner and may have a negative impact on the effectiveness 
of the regenerated axons to engage with its targets correctly. 
How large this deficit would be is a factor that needs to be 
studied with regards to administering BACE1 inhibitors fol-
lowing a peripheral axon injury. While this deficit could be 
similar to the hypo-remyelination observed in BACE1 KO 
mice (Hu et al., 2008, 2015), it may be ameliorated by only 
administering the BACE1 inhibitors for a short time period, 
a couple of weeks at most, immediately following the injury. 
This dosage schedule would induce increased axonal out-
growth during the early stages of repair and once the inhibi-
tion of BACE1 is abolished, remyelination would be allowed 
to occur in a normal capacity and would hopefully allow for 
proper axonal firing to occur. Additionally, there is some ev-
idence that BACE1 cleavage of NRG1 type III is not essential 
for the induction of myelination (Velanac et al., 2012). There-
fore, the amount of remyelination that occurs with BACE1 
inhibition may be sufficient for proper nerve repair.

Another issue that could potentially arise when using 
BACE1 inhibitors is that there may be possible defects with 
the muscle spindles. In the absence of BACE1, mice have de-
fects in muscle spindle formation and maturation (Cheret et 
al., 2013). Additionally, when BACE1 was inhibited in adult 
mice, Cheret et al. (2013) found that muscle spindle main-
tenance was impaired as was motor coordination. While 
this finding may be troubling for the use of BACE1 inhibi-
tors, phase I clinical trial reports about adverse responses to 
BACE1 administration in human patients did not report any 

issues with motor coordination even at the highest doses ad-
ministered (Kennedy et al., 2016). The lack of issues seen in 
human patients following BACE1 inhibitor treatment leads 
us to believe that many of the issues surrounding possible 
pitfalls associated with BACE1 inhibition may not be as se-
vere as originally thought.

BACE1 inhibitors may be useful in early stage peripheral 
neurodegenerative diseases
We also hypothesize that these inhibitors may be helpful in 
the early stages of peripheral neurodegenerative disorders. 
In the earliest stages of motor neuron disease, axonal degen-
eration typically precedes neuronal cell body death (Azzouz 
et al., 1997; Frey et al., 2000b; Fischer et al., 2004; Schaefer 
et al., 2005; Pun et al., 2006; Hegedus et al., 2007). These 
neurons also die back at different rates depending on their 
susceptibility to degeneration based on multiple factors such 
as fiber type, size, and length (Frey et al., 2000b; Pun et al., 
2006; Hegedus et al., 2007; Saxena and Caroni, 2007; Saxena 
et al., 2009, 2013; Tallon et al., 2016). We theorize that mo-
tor function, and therefore quality of life, may be prolonged 
in the early stages of these diseases if the surviving motor 
neurons could be encouraged to sprout and regrow in an at-
tempt to reinnervate denervated muscle. It is true that even 
with a disease background, peripheral nerves do have the 
capacity to sprout, however limited it may be (Brown et al., 
1981; Schäfers et al., 2002; Gordon et al., 2004; Tallon et al., 
2016). If the rate of axonal sprouting and outgrowth can be 
enhanced using a BACE1 inhibitor, it may be able to keep up 
with the rate of degeneration for a time, especially in slowly 
progressing disorders.

BACE1 inhibitor treatment may avoid axonal guidance 
issues
BACE1 inhibitors being used to enhance peripheral nerve 
regeneration may also be able to overcome many of the axo-
nal guidance issues that have been identified. Many of these 
studies were performed in null mice, either of BACE1 or its 
substrates, and using an inhibitor that would not complete-
ly abolish BACE1 activity levels may lead to a less severe 
phenotype with regards to axonal guidance. Additionally, 
these studies were also focusing on how a loss of BACE1 or 
its substrates affects axonal guidance in the CNS. Due to the 
wide variety of BACE1 substrates, it may be possible that the 
substrates involved in impaired axonal guidance in the CNS 
may not be as important for similar functions in the periph-
eral nervous system. An alternative hypothesis is that these 
substrates may interact with different molecules and cells 
in the periphery which lead to a different phenotype. This 
makes sense, as axons in the CNS interact with oligoden-
drocytes and astrocytes while the PNS axons interact with 
Schwann cells. Indeed, our lab has not noticed any morpho-
logical differences in how NMJs are innervated in uninjured 
BACE1 KO mice. Another issue to note is that many of the 
null studies may be related to developmental defects, as the 
mice are lacking BACE1 and its substrates from the begin-
ning. Using BACE1 inhibitors for the treatment of periph-
eral neurodegeneration would occur after the bulk of the 
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synaptic connections had been formed, and depending on 
the type of neurodegeneration, would not need to be a very 
prolonged treatment and would allow proper guidance to 
occur in normal pruning.

Conclusion
Our current understanding of how BACE1 is involved in 
regulating axonal regeneration is still in its infancy. Howev-
er, we have been able to identify an interesting relationship 
between BACE1 activity levels and how effective the axons 
are at regenerating following an acute nerve injury. Our own 
data has determined that BACE1 activity levels inversely 
regulate axonal regeneration and this finding has interesting 
clinical implications. If the administration of BACE1 inhibi-
tors following an acute nerve injury can help to increase the 
rate and efficacy of peripheral nerve regeneration, it would 
fill a much-needed therapeutic gap for acute nerve injuries. 
Additionally, BACE1 inhibitors may also be useful in the 
early stages of peripheral neuropathies as a means for en-
hancing the rate of axonal regeneration, which may be able 
to compensate for the progressive loss of axons and leading 
to prolonged function.
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