Neurotherapeutics (2020) 17:973-988
https://doi.org/10.1007/s13311-020-00852-3

ORIGINAL ARTICLE

Pharmacological BACE Inhibition Improves Axonal Regeneration

in Nerve Injury and Disease Models

®

Check for
updates

Carolyn Tallon’ - Katherine L. Marshall' - Matthew E. Kennedy? - Lynn A. Hyde® - Mohamed. H. Farah'

Published online: 31 March 2020
© The American Society for Experimental NeuroTherapeutics, Inc. 2020

Abstract

While the peripheral nervous system is able to repair itself following injury and disease, recovery is often slow and incomplete,
with no available treatments to enhance the effectiveness of regeneration. Using knock-out and transgenic overexpressor mice,
we previously reported that BACE], an aspartyl protease, as reported by Hemming et al. (PLoS One 4:12, 2009), negatively
regulates peripheral nerve regeneration. Here, we investigated whether pharmacological inhibition of BACE may enhance
peripheral nerve repair following traumatic nerve injury or neurodegenerative disease. BACE inhibitor-treated mice had in-
creased numbers of regenerating axons and enhanced functional recovery after a sciatic nerve crush while inhibition increased
axonal sprouting following a partial nerve injury. In the SOD19%** ALS mouse model, BACE inhibition increased axonal
regeneration with improved muscle re-innervation. CHL1, a BACEI substrate, was elevated in treated mice and may mediate
enhanced regeneration. Our data demonstrates that pharmacological BACE inhibition accelerates peripheral axon regeneration
after varied nerve injuries and could be used as a potential therapy.

Key Words Peripheral nerve repair - BACE]1 - peripheral nerve injury - amyotrophic lateral sclerosis - neurodegeneration.

Introduction

A fascinating aspect of the peripheral nervous system is its
ability to regenerate axons following injury or disease, a feat
not readily performed by the central nervous system.
However, this regeneration is often unsatisfactory due to the
slow and inefficient nature of the regenerative process.
Despite the advances in understanding nerve regeneration
[1-4], there are no therapeutic options available to patients
that enhance regeneration and improve recovery. Levels of
[3-site amyloid precursor protein (APP)-cleaving enzyme 1
(BACEL) have been shown to regulate peripheral nerve
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regeneration. BACE] is a transmembrane protease involved
in cleaving over 60 substrates as discussed by Hemming et al.
[5-13], including APP and neuregulin-1 type III, which con-
trols Schwann cell-mediated myelination of peripheral nerves
[9, 10, 14, 15]. Previously, we have demonstrated that genetic
deletion of BACEI leads to improved nerve regeneration [16],
while the inverse scenario of overexpressing BACE1 leads to
worsened regenerative outcomes in mice [17]. Additionally,
others have shown that multiple BACEI substrates also influ-
ence neurite outgrowth [18, 19]. When the cleavage of
NCAM and CHLI is prevented, neurite outgrowth is en-
hanced [20, 21]. Thus, BACEI activity levels inversely influ-
ence peripheral nerve regeneration, suggesting that pharmaco-
logically reducing BACE]1 activity could lead to enhanced
peripheral nerve regeneration following axonal injury
resulting from trauma or disease.

Potent and selective inhibitors of BACE that are well-
tolerated by patients have been developed for Alzheimer’s
Disease (AD), including the BACEI inhibitor developed by
Merck (Boston, MA) that we use in this study [22, 23]. We set
out to investigate the ability of this BACEI inhibitor to en-
hance regeneration in models of traumatic nerve injury and
neurodegenerative disease. To model traumatic nerve injury,
we used both a complete sciatic nerve crush and a partial cut

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s13311-020-00852-3&domain=pdf
https://doi.org/10.1007/s13311-020-00852-3
mailto:mfarah2@jhmi.edu

974

C.Tallon et al.

injury of the branches of the lateral thoracic nerve (LTN) [24].
We then used a well-characterized model of motor neuron
disease, the SOD19”** mouse model of amyotrophic lateral
sclerosis (ALS) [25], to examine the impact of BACEI inhi-
bition in neurodegenerative disease. Mice which express the
G93 A mutant form of superoxide dismutase 1 (SOD1) exhibit
early denervation of neuromuscular junctions well before mo-
tor neuron death [25-31]. We hypothesized that treating these
mice with BACE inhibitors early on may encourage surviving
axons to sprout and re-innervate muscle regions, potentially
prolonging motor function.

The data presented in this paper support a use for BACE1
inhibitors as a novel therapy for enhancing peripheral nerve
regeneration both following acute nerve injuries as well as in
the context of motor neuron disease.

Materials and Methods

Study Design This study was conducted in order to identify
clinically relevant BACE inhibitors as a potential therapy for
enhancing peripheral nerve regeneration in the context of both
peripheral nerve injury and early stage motor neuron disease.
We used WT and SOD1%%*” mice, both on the C57BL/6
background, over the course of this study and all experiments
were approved by the Animal Care and Use Committee of the
Johns Hopkins University School of Medicine. The time
points used in this study were decided on based on our previ-
ous experience and knowledge of the time course of peripheral
nerve regeneration. Sample sizes were decided upon based on
previous power calculations and our previous experience
conducting such experiments [16, 17, 31]. Equal numbers of
mice were randomly assigned a number and sorted into either
a control vehicle group or an inhibitor treatment group. Not all
the mice initially enrolled survived until end point analysis
and therefore not all the studies had equal numbers of mice
at the time of analysis. While sex differences have been re-
ported for the onset of clinical symptoms and survival [32],
previously our group did not observe sex differences in early
denervation of asymptomatic mice [31]. In this study, again,
we did not observe significant differences in the early dener-
vation between male and female mice, and therefore, the data
was pooled together according to genotype and treatment
group. At the time of data collection, the treatment status of
the mice was unknown and only after all the data was collect-
ed was the treatment conditions revealed in order to carry out
statistical analysis.

Drug Information MBi-9 is a potent inhibitor of human
BACEI (Ki= 1.5 nM) and human BACE2 (Ki=2.3 nM) en-
zymes in vitro and in cells (HEK293-APPSV=°" Ab40
IC50 =2.2 nM) and displays > 10,000-fold selectivity against
multiple human aspartyl proteases. MBi-9 was formulated in
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diet to produce sustained >75% inhibition of CNS BACE1
activity. MBi-9 was incorporated into the diet by Research
Diets (New Brunswick, NJ). The structure and full pharmaco-
logical profile of MBi-9 will be published at a later date. MBi-
9 was generously provided by Merck & Co. LY2886721 was
originally developed by Eli Lilly [33] is now commercially
available and was purchased from DC Chemicals (Shanghai,
China).

In Vitro Experiments Primary DRG cultures were isolated
from 3-month-old C57Bl1/6 mice (Jackson Laboratories, Bar
Harbor, MN) as previously described. DRGs were dissected
from 4 mice and placed into ice-cold Leibovitz’s L-15
Medium + 1X penicillin/streptomycin
(Thermo Fisher Scientific, Waltham, MA) and mechanically
teased apart to assist with dissociation. DRGs were then
placed in 0.18% trypsin media and further digested by pipet-
ting up and down to dissociate cells. Cells were then spun
down at 1000 rpm for 1 min. The pellet was resuspended in
10 mg/ml collagenase + L-15 medium and incubated at 37 °C
for 45 min at which point cells were further dissociated by
slowly pipetting several times before being spun at 1000 rpm
for 1 min. The pellet was resuspended in 0.18% trypsin +
0.5 mg/ml DNase + L-15 medium and the reaction was
stopped after 15 min by adding growth medium (1X Penn/
Strep + 1X N2 medium+10% FBS in DMEM/F12 medium,
all from Thermo Fisher Scientific) before being spun down at
1000 rpm for 2 min and washing the pellet 2 times. After the
final wash, the pellet was resuspended in 0.5 mg/ml DNase
solution and then passed through a 0.22 pum filter where L-15
medium was added afterwards and spun down at 1000 rpm for
10 min. The final pellet was resuspended in growth medium
and cells were plated on laminin and poly-D lysine (Millipore
Sigma, Burlington, MA) coated glass coverslips in a 24-well
dish at a density of 5 x 10* cells/well. The cells were treated
with either vehicle (0.0002% DMSO in growth medium) or
LY2886721 (100 nM) and allowed to grow for 2 days. Cells
were there fixed with 2% paraformaldehyde for 10 min before
being blocked for 1 h in 5% goat serum (Jackson
Laboratories) +0.1% Triton X-100 (Sigma-Aldrich) and room
temperature then stained overnight at 4 °C with a 3-tubulin I1I
primary antibody (Millipore Sigma). Cells were then stained
with an appropriate secondary antibody and imaged using a
Zeiss AxioVert microscope with an apotome
attachment (Zeiss, Oberkochen, Germany). The number of
branches/soma, length of the longest neurite, and the number
of branches/longest neurite were all quantified using ImageJ
software.

Pharmacokinetic Analysis 2-month old SOD1 mice were split
into 4 different groups and given either 1, 3, 10, or 30 mg/kg
doses of MBi-9 chow (n = 3/group) and WT mice were given
30 mg/kg of MBi-9 chow (n=3). Mice were singly housed
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and treated for 10 days. The amount of food eaten per day and
the daily body weight was measured throughout the dosing
period. Plasma and brain concentrations were determined as
previously described [34, 35]. After 10 days of treatment,
mice were deeply anesthetized with 10% chloral hydrate
(Sigma-Aldrich, St. Louis, MO) and their blood was collected
via cardia puncture into heparin-coated tubes (Thermo Fisher
Scientific). The blood was spun down at 3000 rpm for 15 min
and the plasma was collected and frozen on dry ice before
being stored long term at — 80 °C. The mice were then per-
fused with ice-cold 1X PBS before dissecting out the whole
brains which were then snap frozen in liquid nitrogen and
stored at — 80 °C. The actual dose calculated from the amount
of chow being eaten was done by multiplying the dose in the
chow by the amount of drug eaten then dividing by the body
weight of the mouse (diet dose*drug eaten/body weight). The
amount of drug measured in the plasma and brain samples was
determined by liquid chromatography coupled with tandem
mass spectrometry (LC-MS/MS) using non-validated assays.

BACE1 KO Experiments A total of 4 WT and 4 BACE1 KO
mice were used in this study. All breeding mice were obtained
from Jackson Laboratories. Yellow fluorescent protein (YFP)-
transgenic mice (B6.Cg-Tg(Thy1-YFP)16Jrs/J), in which all
the motor axons express YFP fluorescence, [36] were bred
with BACEl KO mice crossed 10 times to the B6 back-
ground, that were generously donated by Dr. Alena
Savonenko at Johns Hopkins University, to generate KO mice
expressing YFP in all their axons. Mice were 3—4 months old
at the time of experiments.

Nerve Injury Experiments WT type mice on the B6 back-
ground were obtained from existing breeding cages originally
obtained from Jackson Laboratories. For the inhibitor studies
following a sciatic nerve crush, a total of 53 mice were used,
with 29 on the vehicle and 24 on the inhibitor treatment. For
the partial nerve transection studies, WT mice expressing YFP
on the B6 background from Jackson Laboratories were used
(B6.Cg-Tg(Thy1-YFP)16Jrs/J). A total of 10 mice were used,
with 3 on the vehicle and 4 on the inhibitor treatment. 3 YFP
mice were used to determine the reliability of a partial nerve
transection in the LTN-CMM system by carrying out the par-
tial nerve transections and comparing the qualitative extent of
denervation observed. The backs of these mice were collected
and imaged to determine whether there were extensive areas
of partial denervation in order to maximize the likelihood of
axonal sprouting. All 3 of the mice demonstrated robust areas
of partial and complete denervation bordering areas of inner-
vation, therefore, we felt confident in our model.

SOD1 Experiments All breeder mice were obtained from
Jackson Laboratories. Yellow fluorescent protein (YFP)-trans-
genic mice (B6.Cg-Tg(Thyl-YFP)16Jrs/J) that express YFP

in all motor neurons [36] were bred with SOD1 transgenic
mice (B6.Cg-Tg(SOD1#G93A)1Gur/J) [37], which exhibit
an ALS-like phenotype and express a G93A mutant form of
human SOD1. Both of these lines were in the C57BL/6J ge-
netic background. Progeny were genotyped and grouped into
a SOD19%** carrying transgenic group (SOD1) and wild type
littermates (WT). Over the entire course of the studies, the
SOD1 mice were absent of any muscle weakness or disease
phenotype and did not exhibit any weight loss. A total of 142
SOD1 mice were used, with 69 on vehicle and 73 on inhibitor
treatment. Mice were between 2 and 3 months of age at the
time of the experiments. Control littermates were designated
as WT.

LTN-CMM Electrophysiology The protocol followed was the
same as previously described in Tallon et al. [31]. Briefly,
mice were anesthetized using 2-3% isoflurane (Baxter, San
Juan, Puerto Rico) and the hair on the back of the trunk was
shaved with electric clippers. Using an Evidence 3102evo
EMG system (Schreiber & Tholen Medizintechnik, Stade,
Germany), compound muscle action potentials (CMAPs)
were recorded from 3 sites along the CMM and were desig-
nated caudal (region closest to the tail), medial and rostral
(region closest to the head). The LTN was stimulated for
0.05 ms at 1 Hz by making an incision just below the left
shoulder blade to expose the LTN and hooking the middle
branch of LTN with the electrode. The maximal CMAPs from
each recording position, starting at the caudal site, were then
recorded and the amplitudes and latencies were used to ana-
lyze neuromuscular function.

Sciatic Nerve Electrophysiological Experiments A standard
sciatic nerve electrophysiology protocol was followed using
an Evidence 3102evo EMG system and as previously de-
scribed [17, 31]. Briefly, a very short, supramaximal electrical
impulse (< 0.2 ms at 10—15 mV) was used to electrically stim-
ulate the left sciatic nerve via stimulating electrodes placed at
the ankle in anesthetized mice. The CMAPs generated were
recorded by inserting recording electrodes into the plantar
muscle of the foot. The distance between the stimulating and
recording sites was approximately 12 mm. The amplitude,
latency, and area under the curve were analyzed as measures
of sciatic nerve regeneration following injury to the sciatic
nerve.

Mouse Perfusion After the course of treatment was completed,
the mice were anesthetized with isoflurane and the hair from
the dorsal portion of the trunk of the body was shaved off with
electric clippers. We then performed electrophysiological
analysis of the LTN and sciatic nerve function. Immediately
following the recordings, 10% chloral hydrate (Sigma-
Aldrich) was used to deeply anesthetize the animals and an
over -the -counter chemical depilatory was used to remove
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any remaining hair. Mice were first transcardially perfused
with 1X PBS (Life Technologies, Carlsbad, CA) followed
by a 2% paraformaldehyde (PFA) (Electron Microscopy
Sciences, Hatfield, PA) in 1X PBS perfusion. The skin cover-
ing the dorsal portion of the trunk was removed with the
CMM attached and then postfixed in 2% PFA forup to 16 h
at room temperature before being transferred to PBS for long
term storage at 4 °C. The lower portion of the body was also
postfixed in 2% PFA overnight at room temperature before
being transferred to PBS and stored at 4 °C. 2% PFA was used
to reduce background fluorescence at the YFP wavelength for
imaging studies.

Western Blot Freshly harvested sciatic nerves and brains were
flash frozen and stored at — 80 °C before extracting protein by
using a glass micro-homogenizer to homogenize tissue in ex-
traction buffer (T-PER® tissue protein extraction reagent,
Thermo Fisher Scientific) containing a protease inhibitor
(Thermo Fischer Scientific). A Micro BCA™ Protein Assay
Kit was used to determine protein concentration levels as per
the manufacturer’s instructions (Thermo Fisher Scientific).
Protein was loaded onto a Novex WedgeWell 8-16% Tris-
Glycine gel or a 4-20% Tris-Glycine gel (both from
Invitrogen, CA, USA) before transferring to a nitrocellulose
membrane (Invitrogen). The blots were then blocked with 5%
milk (Bio-Rad, CA) or 5% donkey serum (Millipore Sigma)
and stained overnight at 4 °C with an anti-BACE]1 [38], anti-
APP (Millipore Sigma). The blots were then washed 3 times
for 5 min in TBST before adding appropriate HRP conjugated
secondary antibodies for 1 h at room temperature. The blots
were washed again and then visualized on film using
Amersham ECL detection reagent (GE Healthcare, UK).
The blots were cut in half at an appropriate size in order to
visualize loading controls using an anti-GAPDH-HRP conju-
gated antibody (Sigma-Aldrich) for 1 h at room temperature
before being visualized in the same way as the other
antibodies.

Sciatic Nerve Regeneration Analysis As quantification studies
require smaller groups of mice, we randomly selected a subset
of mice from the electrophysiology studies to utilize for re-
generation quantification. For semi-thin sections, sciatic
nerves were postfixed in a 2% paraformaldehyde/ 2%
glutaraldehyde (Millipore Sigma) in 1X PBS mixture over-
night at room temperature. They were then placed in OsO4
and embedded in Epon (all from Electron Microscopy
Sciences). 0.5-um-thick cross-sections were obtained and
stained for toluidine blue for examination under light micros-
copy. In order to count all of the regenerated axons, 63X oil-
immersion bright field images were tiled to obtain the com-
plete area of the nerves using as Axio Imager fluorescence
microscope (Zeiss). The number of myelinated regenerating
axons were counted over the entire area of each nerve. The
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process for ultra-structural analysis was described previously
[16]. Briefly, sciatic nerves were sectioned at 70 nm and
stained for citrate/uranyl acetate. Electron micrographs were
acquired using a Zeiss Libra transmission electron
microscope.

Gastrocnemius Re-innervation As large numbers of NMJs can
be quantified from fewer mice, we selected a smaller subset of
animals from our electrophysiology studies for gastrocnemius
quantification. Following 2% paraformaldehyde overnight
fixation and storage in 1X PBS, the gastrocnemius muscle
was dissected out and cryoprotected in 30% sucrose
(Thermo Fisher Scientific) in 1 x PBS overnight. The gastroc-
nemius muscles were then frozen onto a microtome stage
before cutting 50-pum-thick sections (Microm MH450,
Thermo Fisher Scientific). Tissue sections were permeabilized
and blocked by 5% goat serum (Jackson laboratories)/0.3%
Triton X-100 (Sigma-Aldrich) in 1 x PBS for 1 h at room
temperature. The sections were then stained overnight at
4 °C with primary antibodies against neurofilament (NF)
and SV2 (Developmental Studies Hybridoma Bank, lowa
City, lowa) to visualize the axons. x-bungarotoxin conjugated
to Alexa Fluor 647 («-BTX, Life Technologies) and the cor-
responding Alexa Fluor 488 conjugated secondary
antibodies (Life Technologies) were stained for 1 h at room
temperature before being mounted in prolong diamond
mounting reagent (Life Technologies) and cover-slipped.
The sections were then imaged using a Zeiss LSM 800 con-
focal microscope. NMJs were scored as being innervated by
having at least half of the YFP presynaptic expression over-
lapping with the postsynaptic x-BTX staining.

CMM Staining Protocol The CMM was cleared of as much
connective tissue as possible before being permeabilized
and blocked by 5% goat serum (Jackson laboratories)/1%
Triton X-100 (Sigma-Aldrich)/5% DMSO (Sigma-
Aldrich) in 1 X PBS for 1.5 h at room temperature.
Sections were then incubated for 3 h at room temperature
with «-BTX conjugated to Alexa Fluor 647 in the perme-
abilization solution and then washed extensively in 1 X
PBS before being mounted (Prolong Diamond, Life
Technologies) and cover-slipped. Stained sections were
then imaged using a Zeiss LSM 800 confocal microscope.
Innervated NMJs were scored as a complete overlap of the
presynaptic YFP expression with the post-synaptic x-BTX
while denervated was scored as no overlapping staining.

Statistics Each mouse was assigned a random number and
the specific genotype and treatment condition of each
mouse was unknown at the time of data collection and
analysis for all experiments performed in order to ensure
blinded analysis. All statistical analyses between 2 sets of
data were performed using a two-tailed Student’s ¢ test
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while a repeated-measures ANOVA with multiple compar-
isons was used for statistical analysis of data over time.
Where the data failed to pass the normalization test, the
Mann-Whitney Rank Sum Test was performed. All data
analysis was performed using SigmaPlot software (Systat
Software Inc., Chicago, IL) and any value of p <0.05 was
scored as statistically significant. All graphed data are
presented as mean £ SEM.

Results
BACE Inhibition Enhances Axonal Outgrowth /n Vitro

Our initial studies aimed to determine whether inhibiting
BACE activity was able to enhance neurite outgrowth
in vitro. Primary adult DRG neurons were treated with
either DMSO only (vehicle treatment) or 100 nM of the
BACE inhibitor LY2886721 for 2 days. Following treat-
ment, we observed an increase in the number of neurite
branches extending from the cell soma, the length of the
longest neurite, and the number of branches on the longest
neurite (Supplementary Figure 1). We therefore concluded
that BACE inhibition enhanced neurite outgrowth in vitro
and began to investigate whether BACE inhibition could
enhance nerve regeneration in vivo.

In Vivo Bioavailability of BACE Inhibitors

Going forward with the in vivo studies, we utilized Merck’s
BACE inhibitor, MBi-9, as clinical trials with Merck’s inhib-
itors did not observe any serious adverse side effects in pa-
tients, [22, 39] such as liver toxicity, which was observed with
some earlier BACE inhibitors, including LY2886721. [33]
Additionally, MBi-9 has excellent specificity for BACE over
other aspartyl proteases (Supplemental Table 1). We observed
that a 30 mg/kg dose of MBi-9, which produces a >90%
reduction of CNS Ap40 levels in WT mice [22, 34, 35],
was able to inhibit BACE activity in the mouse brain and
spinal cord (Supplemental figure 2 A-B). There was a signif-
icant increase in the intensity of the full-length APP bands in
the inhibitor-treated mice with a 1.6-fold increase in the brain
and a 3.4-fold increase in the spinal cord (Supplemental figure
2B). Therefore, we concluded that MBi-9 inhibited BACE
activity in vivo and proceeded to use the inhibitor in subse-
quent experiments.

To achieve facile and long-lasting BACE inhibition, we
opted to deliver MBi-9 mixed with diet chow. We ensured
that providing MBi-9 via the mouse chow was giving a
reliable dose over time by monitoring body weight and
food consumption. We observed consistent dosing over a
10-day period with all doses tested (1 mg/kg, 3 mg/kg,
10 mg/kg, and 30 mg/kg; Supplemental figure 2C).

Additionally, we performed pharmacokinetic analysis of
the concentration of MBi-9 in the plasma and brain after
the 10-day dosing experiment and found detectable levels
of the drug in all concentrations tested (Supplemental
figure 2D). The observation that the highest dose tested,
30 mg/kg, was well-tolerated, present in both the plasma
and spinal cord, and caused increased full-length APP
allowed us to confidently carry out the rest of the experi-
ments with this dose.

BACE Inhibitor Treatment Does Not Alter Normal,
Uninjured Axon Morphology and Muscle Innervation

Before performing the injury experiments, we first verified
whether a 2-week treatment of 30 mg/kg of MBi-9 had any
effects on normal axon morphology and electrophysiology.
We did not observe any obvious differences between the ex-
tent of myelination nor the size and abundance of healthy
axons (Supplemental figure 3A and B). There were no ob-
served differences in the innervation of the uninjured gastroc-
nemius muscle as measured by the percentage of innervated
NMIJs (Supplemental figure 3 C-E). There were also no sig-
nificant differences between the compound muscle action po-
tential (CMAP) amplitudes or latencies (Supplemental figure
3F), consistent with there being no difference in the
myelination status or the number of healthy axons present in
the sciatic nerve. This demonstrated that BACE inhibition in
the healthy mouse did not alter normal axon morphology,
innervation, or nerve physiology and we proceeded to inves-
tigate BACE inhibition following nerve injuries.

We also determined whether 1 month of BACE inhibitor
treatment had any effects on NMJ innervation and terminal
axonal sprouting since abolishing action potentials using te-
trodotoxin [40] or presynaptically blocking at the NMJ with
botulinum toxin [41] led to enhanced axonal sprouting despite
a lack of axonal denervation. 1-month-old WT mice express-
ing YFP in their axons were treated with either vehicle chow
(n=4) or 30 mg/kg BACE inhibitor chow (n = 3) for 1 month.
To facilitate quantification without needing more complicated
staining methods, only terminal axonal sprouts were quanti-
fied where NMJs that had 2+ axons innervating them were
scored as a sprout. Inhibitor treated mice did not display any
significant changes in the percentage of innervated NMJs
(Supplemental figure 4C) nor did they have any significant
increase in the percentage of multiply innervated NMJs indic-
ative of terminal sprouts (Supplemental figure 4D). Both ve-
hicle and inhibitor treated mice had less than 0.5% of their
NMIJs displaying terminal sprouting. This demonstrates that
BACE inhibition does not appear to trigger compensatory
axonal sprouting via blockade of action potentials or NMJ
transmission.
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Fig. 1 BACE inhibitor MBi-9 enhances axonal regeneration following a
sciatic nerve crush at 2 weeks after injury. (A, B) Representative EM
images of sciatic nerve cross sections from vehicle (A) and inhibitor (B)
treated mice showing many more regenerated axons in the treated images
(yellow arrows). (C) Quantification of the number of regenerated axons in
vehicle and inhibitor treated mice. Vehicle n =4, inhibitor n=5. (D, E)
Representative images of sectioned gastrocnemius muscles from vehicle

BACE Inhibition Enhances Axon Regeneration After
a Sciatic Nerve Crush Injury

We performed sciatic nerve crushes on C57BL/6J WT mice
which received either vehicle (n=4) or MBi-9 treatment
(30 mg/kg; n=5) for 2 weeks beginning at the time of nerve
crush. Inhibitor-treated mice had many more regenerating
axons in sciatic nerve cross-sections than those treated with
vehicle (Fig. 1A, B). After quantification, we found that
inhibitor-treated mice (n=15) had significantly more
regenerating axons than vehicle-treated mice (n=4)
(3378.40+£353.78 vs 1916.75 +£456.16; p=0.037, Fig. 1C).
We next determined whether these faster regenerating axons
were reaching the gastrocnemius muscle and leading to im-
proved NMIJ re-innervation of the muscle. Inhibitor treated
mice had significantly increased NMJ re-innervation (Fig.
1D-F). Inhibitor treated gastrocnemius muscles were
76.64% +7.73 re-innervated (n =3, 2 mice had issues with
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(D) and inhibitor (E) treated mice stained for SV2, NF (both green), and
«-BTX (red). (F) Quantification of the number of innervated NMJs be-
tween vehicle and inhibitor treated mice. Scale bars, 2 um (A and B) and
50 um (D and E). Vehicle n =4, inhibitor n = 3. Numbers in parenthesis
indicate total number of NMJs counted. Bars represent the mean + stan-
dard error. Statistical significance was calculated using a two-tailed
Student’s ¢ test. *p <0.05

proper tissue staining and so we decided to exclude them from
the study) while vehicle-treated mice were only 11.55% +
6.12 re-innervated (n =4) (Fig. 1F; p=0.001).

We next examined whether the improved regeneration in-
duced by BACE inhibition translated to enhanced functional
recovery after injury. We measured whether these increased
numbers of re-innervated NMJs were able to elicit stronger
compound muscle action potentials (CMAPs) in the plantar
muscles of the foot pad to observe direct functional recovery
of the sciatic nerve to the distal muscles it innervates. We
crushed the left sciatic nerves of 21 mice and placed 12 on
vehicle and 9 on inhibitor. We then followed the rate of recov-
ery of the amplitude of the CMAP stimulated at the ankle site
every 2 weeks for a total of 8 weeks (Fig. 2). 2 weeks follow-
ing injury, neither the vehicle nor the inhibitor-treated mice
had any significant recovery of the CMAP amplitude (Fig. 2I;
vehicle =0.045+£0.017 mV; inhibitor =0.038 £0.021; p =
0.42). At 4 weeks, both the vehicle and inhibitor showed
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Fig. 2 MBIi-9 treatment enhances functional repair following a sciatic CMAP amplitudes recorded every 2 weeks over 8 weeks total. (J)
nerve crush injury. (A, B) Representative images of Toluidine blue Quantification of the latencies recorded every other week beginning at

stained sciatic nerve cross sections from vehicle (A) and inhibitor (B) week 4. (K) Quantification of the area under the curve every 2 weeks for
treated mice at 4 weeks after injury. (C, D) Representative CMAP 8 weeks. Scale bars, 20 um (A, B, E, F); 2 ms (x) by 0.4 mV (v) (C, D);
traces at 4 weeks after injury from vehicle (C) and inhibitor (D) treated and 2 ms (x) by | mV (y) (G, H). Points represent the mean + standard
mice. (E, F) Representative images of Toluidine blue stained sciatic nerve error. Statistical significance was calculated using a repeated measure
cross sections from vehicle (E) and inhibitor (F) treated mice at 6 weeks ANOVA with multiple comparisons. *p <0.05. The dagger denotes
after injury. (G, H) Representative traces at 6 weeks post injury from time point when BACE inhibitor treatment was halted 4 weeks after
vehicle (G) and inhibitor (H) treated mice. (I) Quantification of the injury

similar improvements in the CMAP amplitude (Fig. 21; vehi-  distributed throughout the duration of the CMAP compared
cle=3.24+0.28 mV; inhibitor=2.77+0.17 mV; p=0.41). to the traces from vehicle-treated animals (Fig. 2C, D). When
However, we observed a significant delay in the latencies of ~ we calculated the area under the curve of the traces, we found
the inhibitor treated mice (1.86 £ 0.10 ms) compared with ve-  that inhibitor-treated mice had a significantly higher area than
hicle treated mice (1.44 +0.070 ms) (Fig. 2J; p =0.0070), in- vehicle-treated mice (Fig. 2K; vehicle =3.39+£0.18 mV x ms;
dicative of potential issues surrounding re-myelination. When  inhibitor=4.20+0.26 mV x ms; p =0.015). Together, this
we examined the morphology of the axons after 4 weeks, we  suggested that inhibitor-treated mice had a greater number of
observed thinner myelin in inhibitor-treated mice comparedto  axons firing than vehicle-treated mice, however, these axons
vehicle-treated mice (Fig. 2A, B). Intriguingly, the shape of  were not able to coherently fire together to generate a higher
the inhibitor-treated CMAP traces had many more peaks =~ CMAP amplitude. This result likely reflects a defect in myelin

@ Springer



980

C.Tallon et al.

thickness that is related to inhibiting BACE1’s processing of
neuregulin 1 type III and reduced re-myelination of the pe-
ripheral nerves as seen in BACE1 KO mice [9, 10, 42, 43].
Therefore, we decided to halt treatment after 4 weeks to allow
for re-myelination to occur and test if an improvement in the
CMAP amplitude could be observed in the inhibitor-treated
mice. After 2 weeks off the inhibitor, 6 weeks following inju-
ry, the extent of myelination on the axons appeared similar and
the traces of both the vehicle and inhibitor-treated mice were
much more cohesive in their firing (Fig. 2E-H). The CMAP
amplitudes of the inhibitor-treated mice that were washed out
of BACE inhibitor for 2 weeks were significantly higher than
the vehicle treated mice (Fig. 2I; vehicle=7.39+0.48 mV;
inhibitor =9.47 £ 0.44 mV; p=0.0031). At this time point,
the latencies were no longer significantly different from one
another (Fig. 2J; vehicle = 1.19 4+ 0.075 ms; inhibitor = 1.07 =

0.042; p=0.16), suggesting that re-myelination of the
regenerating axons had occurred. We observed a similar trend
at 8 weeks after injury, following 4 weeks without inhibitor,
where the inhibitor treated amplitudes were significantly
greater than the vehicle treated amplitudes (Fig. 2I; vehicle =
8.46 +0.65 mV; inhibitor = 10.64 + 0.39; p = 0.0030). Again,
the latencies were not significantly different (Fig. 2J; vehicle =
1.08 £ 0.046 ms; inhibitor = 1.08 £0.053; p =0.92). Taken
together, our data (Figs. 1 and 2) suggest that BACE inhibitor
treatment enhances sciatic nerve regeneration and muscle re-
innervation, as well as improves CMAP amplitude recovery
following a complete sciatic nerve crush injury.

Reduced BACE Activity Increases Axonal Sprouting
Following a Partial Nerve Injury

In order to study BACE inhibition’s effect on collateral axonal
sprouting from intact axons, we carried out a partial nerve
injury experiment with a purely motor nerve, the lateral tho-
racic nerve (LTN), and the muscle it innervates, the back
spanning cutaneous maximus muscle (CMM) [3, 24, 31].
We reasoned that this approach would more accurately model
most traumatic nerve injury cases. We were able to reliably
perform partial nerve transections by isolating the branches
coming from the C6—C7 spinal cord regions near the shoulder
and severing 2 of the 3 branches which led to large regions of
partial innervation in 3 WT mice expressing YFP in their
axons (Supplemental Fig. SA-C).

We investigated whether pharmacological inhibition of
BACE activity in adult mice enhances axonal sprouting fol-
lowing a partial nerve transection of the LTN of WT mice
treated with either vehicle (n =3) or MBi-9 inhibitor (n =4).
The mice were treated for 14 days before collecting the CMM
to measure the extent of terminal axonal sprouting. To maxi-
mize the likelihood of locating axonal sprouts, images were
taken from innervated or partially innervated regions directly
adjacent to regions of denervation since axons will only sprout
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to nearby areas of denervation. For simplicity, only terminal
axonal sprouts were scored as those are the easiest to define
since healthy NMJs only have one axonal input. Any addi-
tional axonal outputs, either towards another NMJ or empty
space, were scored as a terminal axonal sprout. We observed
an increase in the presence of thin, extra-terminal axonal
sprouts in mice treated with MBi-9 when compared with the
vehicle-treated mice (Fig. 3A, B; white arrows). After quanti-
fying the number of terminal axonal sprouts in vehicle and
inhibitor treated mice, there was a significant increase in the
percentage of NMJs that had terminal axonal sprouts in the
inhibitor treated mice when compared with vehicle treated
mice (Fig. 3C; vehicle = 14.32 +£2.76%, n = 262 NMJs; inhib-
itor=37.42+2.24%, n=311 NMIJs; p=0.0012). These
sprouting values are much greater than inhibitor-treated unin-
jured muscles, suggesting there may be an increase in the
activation of injury response mechanisms (<0.5%,
Supplemental Fig. 4). Additionally, we observed an increase
in the number of NMIJs that had at least one terminal axonal
sprout in BACE1 KO mice versus WT control mice
(Supplemental Figure 6 A-C). This data demonstrates that
reducing the activity of BACEI, either genetically
(Supplemental Fig. 6) or pharmacologically (Fig. 3), results
in increased axonal sprouting following a partial nerve injury.

BACE Inhibition Improves Muscle Innervation
and Electrophysiological Profiles in an ALS Mouse
Model

Early dying-back of axons is a hallmark of motor neuron
diseases that precedes symptom onset and motor neuron death
both in human patients and animal models [28, 31, 44]. In a
previous study, we determined that the progression of axonal
degeneration in the SOD19%** mouse model of ALS [31]
begins after 1 month of age, as mice display no significant
degeneration of the LTN at this time. Based on this, we began
to treat 1-month-old mice continuously with either vehicle or
BACE] inhibitor orally for 1 month before performing elec-
trophysiological recordings of the CMM followed by the col-
lection of the CMM for morphological analysis.

At the caudal region, where the longest axons reach,
vehicle-treated mice had fewer innervated NMJs than the
inhibitor-treated mice (Fig. 4A, B). We quantified the percent-
age of innervated NMJs and determined that inhibitor-treated
mice had significantly more innervated NMJs than mice treat-
ed with vehicle (Fig. 4C; vehicle =56.40 +0.38%, n=3; in-
hibitor =87.27 £ 0.80%, n = 3; p = 3.98E-6). Inhibitor treated
mice had overall fewer innervated NMJs than WT mice (Fig.
4C; inhibitor = 87.27 £ 0.80%; WT = 100%, n = 3; p = 8.96E-
5). At the medial region, we did not observe any significant
difference between the vehicle and inhibitor-treated mice,
most likely due to there being only minimal degeneration
present (Fig. 4C; vehicle =92.52 +3.23%; inhibitor = 96.19
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Fig. 3 MBi-9 enhances terminal axonal sprouting following a partial
nerve injury. (A, B) Representative images of a mouse treated with
vehicle (A) or inhibitor (B) for 2 weeks following a partial LTN
transection. White arrows indicate representative terminal axonal
sprouts. Inset shows magnified YFP channel of 2 terminal axonal
sprouts. (C) Quantification of the percentage of NMJs which have a

+2.52%; p = 0.42). When we recorded the caudal CMAP am-
plitudes in vehicle and inhibitor-treated mice we saw signifi-
cantly greater amplitudes in the inhibitor treated mice than the
vehicle treated mice (Fig. 4D, E; p=0.0066). The vehicle-
treated mice had an amplitude of 0.92+0.064 mV (n=23)
while the inhibitor-treated mice had an amplitude of 1.24 +
0.091 mV (n=23). Despite there being a deficit in the per-
centage of innervation between the inhibitor treated SOD1
mice and the WT mice, the innervation that was present in
the inhibitor-treated mice was sufficient to bring their ampli-
tudes to a similar value as those of the WT mice (WT=1.11+
0.061 mV, n=25; p=0.23). Taken together, we conclude that
BACE inhibition improves muscle innervation and functional
outcome early on in the SOD19%** mouse model of ALS.

BACE Inhibitor Treatment Improves Morphological
Repair After 2 Months of Treatment in an ALS Mouse
Model

We next extended the treatment window in the SOD19%** mouse
to determine whether there was any improvement following
2 months of treatment. As with the experiments above, we began
treating SOD1 mice with the MBi-9 BACE inhibitor at 1 month
of age and orally dosed the mice for 2 months followed by
electrophysiological recordings and collection of the CMM for
morphological analysis. Qualitative observations indicated that
the BACE inhibitor-treated mice had an increased number of
innervated NMJs when compared with the vehicle-treated mice
(Fig. 5A, B). Following quantification (Fig. 5C), the inhibitor-
treated mice had significantly higher levels of innervation than
the vehicle-treated mice at the caudal (vehicle 35.57 £6.61%,
n = 6; inhibitor =53.45+4.82%, n="7; p=0.048), medial

(7]

50

(311)
T

40

% NMJ terminal sprouts

Vehicle MBi-9

terminal axonal sprout extending out from itself. Scale bars, 50 pm (A,
B). Vehicle n = 3 and inhibitor n = 4. Numbers in parenthesis represent the
total number of NMJs counted. *p <0.05. Statistical significance was
calculated using a two-tailed Student’s 7 test. Bars represent mean + stan-
dard error

(vehicle 43.89 +5.23%, n = 6; inhibitor = 69.25 +6.14%, n=17,
p=0.010), and rostral regions (vehicle 62.28 +6.71%, n = 6; in-
hibitor = 83.41 +2.83%, n="7; p=0.011). Despite the increased
innervation with BACE inhibitor treatment, disease progression
appears to have continued with lower innervation percentages
compared to the inhibitor-treated values after 1 month of treat-
ment (caudal, 1 month=87.27+0.80%, 2 months =53.45+

4.82%, p=0.0022; medial, 1 month=96.19+2.52%,
2 months =69.25 £ 6.14%, p =0.025). Further progression of
the disease is also reflected in the electrophysiological profile
of the CMAP amplitudes after 2 months of treatment (Fig. 5SD—
F). While the caudal region showed a significant increase in
CMAP amplitudes following 1 month of treatment, after
2 months of treatment we only observed a very weak trend at
both the caudal (Fig. 5D; vehicle 0.40 = 0.035 mV, n = 34; inhib-
itor=0.46£0.053 mV, n=36; p=0.67) and medial (Fig. 5E;
vehicle 1.84 +£0.20 mV, n =34; inhibitor=2.12+0.22 mV, n=

36; p =0.34) region of the CMM. At the rostral region, there was
virtually no difference between the inhibitor and vehicle treated
mice (Fig. 5F; vehicle 6.71 +0.55 mV, n = 34; inhibitor = 6.59 +

0.51 mV, n=36; p=0.93). We hypothesize that this loss of sig-
nificance following 2 months of treatment may be due to irre-
versible disease progression in SOD19%* that overwhelms the
repair process.

Axonal Sprouting Is Enhanced by Reducing BACE
Activity

To determine whether the increased innervation following
BACE inhibition in the SOD1 mouse was due to a neuropro-
tective effect or increased re-innervation, we investigated the
extent of terminal axonal sprouting. As determined
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Fig. 4 1 month of MBi-9 treatment improves morphological and physi-
ological repair in SOD1 mice. (A, B) Representative images of the CMM
from the caudal section of a mouse treated for 1 month with vehicle (A)
and MBi-9 (B). Axons labeled green and NMJs labeled with red a-BTX.
(C) Quantification after 1 month of treatment of the percentage of NMJs
that are fully innervated in uninjured WT (black, n = 3), vehicle treated
SODI1 (blue striped, n = 3), and inhibitor treated SOD1 mice (red dotted,
n=3). Numbers in parenthesis represent total number of NMJs counted.

previously, [31] the extent of axonal sprouting in the SOD1
mouse at 60 days of age was minimal but increased at 90 days.
Figure 6 A and B show representative caudal images from
mice treated for 1 month with either vehicle or MBi-9, respec-
tively. There were many more visible terminal axonal sprouts
in the inhibitor-treated mice compared to vehicle-treated mice,
as indicated by the white arrows. Following quantification, a
significant increase in the percentage of NMlJs with the pres-
ence of one or more terminal axonal sprouts was observed in
inhibitor-treated mice (Fig. 6C; vehicle 4.35+0.85%, n=4;
inhibitor = 12.34 +2.30%, n=4; p=0.017). We continued to
observe an increase in the extent of terminal sprouting in the
mice treated for 2 months with inhibitor (Fig. 6E) compared to
vehicle-treated mice (Fig. 6D) which is quantified in Fig. 6F
(vehicle 3.52+0.99%, n = 6; inhibitor =9.29 + 1.98%, n = 6;
p=0.026). As was the case with the partial nerve injury, the
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Alln=3. (D) Representative traces of CMAP recordings at the caudal site
from vehicle treated SOD1 mice (blue) and inhibitor treated SOD1 mice
(red). (E) Quantification of the average CMAPs recorded from WT mice
(black), vehicle treated SOD1 mice (blue striped), and inhibitor treated
SOD1 mice (red dotted). Scale bars, 50 um (A, B) and 2 ms (x) by 0.2 mV
(y) (D). WT n=25, vehicle n=23, and inhibitor n =23. Bars represent
mean =+ standard error. Statistical significance was calculated using a two-
tailed student’s t test. *p <0.05

sprouting percentages in the SOD1 muscles were much higher
than those observed in inhibitor treated, uninjured muscles (<
0.5%, Supplemental figure 4). Based on this finding of in-
creased terminal axonal sprouting following BACEI inhibitor
treatment, we believe that the increased innervation is likely
due to enhanced axonal re-innervation as opposed to a neuro-
protective effect; however, we cannot exclude the possibility
that BACE]1 inhibition may also improve the health of intact
axons.

CHL1 Expression Levels Are Increased in SOD15%3A
Mice Following BACE Inhibition

After determining that BACEI inhibitors increase NMJ
innervation in the early stages of disease in the SODI
mouse via enhanced axonal sprouting, we next explored a
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Fig. 5 2-month MBIi-9 treatment
improves morphological repair
but not functional repair. (A, B)
Representative images of the
CMM from the caudal section of
a mouse treated for 2 months with
vehicle (A) and MBI-9 (B).
Axons labeled green and NMJs
labeled with red a-BTX. (C)
Quantification after 2 months of
treatment of the percentage of
NMIJs that are fully innervated in
uninjured WT (black, n = 3), ve-
hicle treated SOD1 (blue striped,
n = 6), and inhibitor treated SOD1
mice (red dotted, n = 7). Scale
bars, 100 um (A, B). Numbers in
parenthesis represent total num- c

ber of NMJs counted. (D-F) mmm venice | 120 1
Quantification of the CMAP re- EEE MBi-9
cordings in vehicle treated SOD1 - WT 100 -
(blue striped, n = 34), and inhibi-
tor treated SOD1 mice (red dot-
ted, n=36) at the caudal (D),
medial (E), and rostral sites (F).
Bars represent mean + standard
error. Statistical significance was
calculated using a two-tailed
Student’s 7 test (C) or Mann-
Whitney’s rank sum test (D-F).
*p <0.05 20
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potential molecular mechanism. Since BACE1 cleaves nu-
merous single transmembrane proteins, [5] we decided to
narrow our initial investigation to CHL1, a validated
BACE] substrate known to be involved in regulating axon
biology, [18, 19] in order for axons to sprout and be guided
towards a target they need to interact with the supporting
Schwann cell tubes. We therefore hypothesized that
BACE1 may be modulating expression levels of neuronal
adhesion molecules as a way of controlling this axon-
Schwann cell interaction. We decided to investigate
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whether the levels of full-length CHL1 were altered in
SOD1 mice treated with MBi-9. Western blot analysis of
spinal cord extracts for CHLI levels indicated a significant
increase in the normalized intensity of CHLI in the
inhibitor-treated mice compared with the vehicle-treated
animals (Fig. 7A, B; vehicle =0.87 +0.042, n=4; inhibi-
tor=1.03+0.22, n=4; p=0.015). This result supports our
hypothesis that BACEI activity levels modulate expres-
sion levels of full-length adhesion molecules that have
been shown to regulate axonal outgrowth.
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Fig.6 BACE inhibition enhances axonal sprouting in SOD1 mice. (A, B)
Representative sprouting images of 1-month-old SOD1 mice treated with
vehicle (A) or the MBi-9 (B) for 1 month. Axons are labeled green and
NMJs are labeled red. White arrows point to terminal axonal sprouts.
Inset shows magnified terminal axonal sprout. (C) Quantification of the
percentage of NMJs with terminal sprouts after I month of treatment. n =
4 each. (D, E) Representative images of mice treated for 2 months with

Fig. 7 BACE inhibition alters a
CHLI expression levels in SODI

mice. (A) Representative Western

blot of spinal cord tissue collected

from SOD19** mice following

1 month of either vehicle or

BACE inhibitor treatment.

GAPDH was used as a loading
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vehicle (D) or MBi-9 (E). (F) Quantification of the percentage of NMJs
with terminal sprouts following 2 months of treatment. N = 6 mice each.
Numbers in parenthesis represent total number of NMJs counted. Bars
represent mean + standard error. Scale bars 50 um (A, B) and 100 um (D,
E). Statistical significance was calculated using a two-tailed Student’s ¢
test. *p <0.05

10

% NMJs with sprouts

o

control for normalization
calculations. (B) Quantification of
the Western blots following
normalization of the CHL1 band
intensity to the GAPDH band
intensity. Bars represent mean +
standard error. Statistical
significance was calculated using
a two-tailed Student’s ¢ test.
*p<0.05
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Discussion

The data presented here strongly demonstrated that BACE
inhibition enhanced peripheral nerve regeneration follow-
ing a sciatic nerve crush injury as well as improved mus-
cle innervation in the SOD19%*4 mouse model of ALS,
indicating that BACE inhibition may be an avenue for
improving functional output following a traumatic nerve
injury as well as in the early stages of motor neuron
diseases.

In this report, we demonstrated that pharmacologic inhibi-
tion of BACE enhanced peripheral nerve regeneration after a
sciatic nerve injury. Recently, well-characterized and clinical-
ly well-tolerated small molecule inhibitors [22, 23] have been
developed for BACE1 due to its role in the proteolytic cleav-
age of amyloid precursor protein which has been implicated in
Alzheimer’s Disease [6—8]. We demonstrated that mice treated
with a BACE inhibitor had significantly higher numbers of
regenerated axons and innervated NMJs 2 weeks after sciatic
nerve crush. Another important finding was that myelination
of uninjured nerves remained unchanged in uninjured WT
mice treated with the BACE inhibitor. This indicates that
BACE inhibitor treatment did not negatively affect normal
nerve morphology and would therefore not be likely to cause
any unintentional decline in normal motor and sensory func-
tion. These results support the idea that pharmacologic atten-
uation of BACE]1 activity could be a potential clinical inter-
vention for peripheral nerve repair.

Interestingly, we observed that short-term BACE inhibition
was sufficient to improve functional recovery after nerve in-
jury. We observed that despite having similar amplitudes, the
area under the curve of the CMAP traces following a sciatic
nerve crush injury was greater in treated mice with a longer
latency, suggesting that while there were more axons in BACE
inhibitor-treated nerves, they were firing asynchronously. We
hypothesized that this difference was due to reduced axonal
re-myelination in BACE inhibitor treated nerves due to the
inhibition of neuregulin processing by BACEL. [9, 10, 42,
43] To address this point, we chose a short treatment duration,
which leads to long-term enhanced functional recovery. After
a 2-week washout of the inhibitor, we found that the previous-
ly treated axons were now able to fire together and generate
significantly greater amplitudes after only 2 weeks without
inhibitor. Additionally, it would be beneficial to expand on
this study and carry out extensive dose-response experiments
to identify the minimum effective dose. It is possible that a
lower effective dose may have a milder impact on re-
myelination which would allow for increased therapeutic
treatment windows.

Using a partial nerve injury model, we examined collateral
sprouting, where intact axons sprout towards denervated mus-
cle in order to re-innervate vacant NMJs. Most traumatic
nerve injuries are partial injuries that leave some axons intact

[45—47]. In non-pathologic conditions, one axon terminal in-
nervates one NMJ; however, when there is partial denervation
due to injury or disease, one axon terminal is capable of in-
nervating up to 5 NMJs, and this translates to some retention
of motor function [48]. This is important for transections of
very long axons as the rate of regeneration is incredibly slow,
around 1 mm per day, [49, 50] and collateral sprouting can re-
innervate the muscle before any degeneration of the muscle
occurs due to a lack of any neuronal input [51]. The data
presented here demonstrated that mice treated with MBi-9
had significantly more terminal axonal sprouts than vehicle-
treated mice suggesting that BACE inhibition encourages out-
growth of severed axons and sprouting of intact axons to reach
vacant NMJs.

We also explored whether BACE inhibitors could im-
prove re-innervation in the SOD1 mouse model of ALS.
By promoting the plasticity of NMJs, the progression of
muscle weakness could be delayed, potentially enhancing
patient quality-of-life. SOD19*** mice exhibit denervation
of NMIJs before motor neuron cell death, providing time
for axonal sprouting and NMJ re-innervation to occur. We
demonstrated that BACE inhibition improved morpholog-
ical and functional recovery following 1 month of treat-
ment, however, after 2 months of treatment, only morpho-
logical re-innervation was enhanced with only a trend in
functional recovery. This may be due to the advancement
of the disease affecting the overall health of the motor
neuron causing substantial death to the point where it
overwhelms the repair process. [48] Another possibility
could be that the size of the motor units has become too
large for the neurons to be able to support extensive neu-
romuscular connections and therefore leads to an impaired
firing capacity. We also observed enhanced terminal axo-
nal sprouting in SOD1 “*** mice following BACE inhib-
itor treatment further supporting the hypothesis that the
improved innervation seen with BACE inhibition was
due to enhanced re-innervation and not a neuroprotective
effect [52].

Importantly, we did not observe any increase in terminal
sprouting in WT mice treated with our BACE inhibitor. It has
been demonstrated that blocking synaptic transmission at the
NMIJ either by using tetrodotoxin or botulinum toxin leads to
compensatory sprouting without the need for axonal degener-
ation [40, 41]. That we did not observe any increase in termi-
nal sprouts following BACE inhibitor treatment suggests that
the increase in axonal sprouting reported in this manuscript is
not working through a similar compensatory sprouting mech-
anism due to transmission blockage but more likely due to an
enhancement of the intrinsic repair mechanisms in response to
axonal injury.

A number of experimental interventions have been re-
ported to increase motor axon sprouting. Administration of
exogenous neuregulin, ATF3 overexpression and targeted
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deletion of APP have demonstrated increased motor axon
sprouting, improved motor function and muscle force, and
delayed disease onset in SOD1 mice [53-55]. ATF3 over-
expression, APP deletion, and neuregulin administration
also have effects on neuroprotection in SOD1 mice [53,
54, 56]. The degree to which increased motor axon
sprouting versus neuroprotection contributes to improved
disease outcomes is unknown, however, it was recently
shown that compensatory sprouting was able to fully
maintain muscle function in a transgenic mouse model of
spinal muscular atrophy type III [57]. Enhancing the com-
pensatory efforts of motor axons to reinnervate NMJs is a
promising approach to slow symptom progression in mo-
tor neuron disease, but transgenic approaches are not eas-
ily clinically translatable. Utilizing a small molecule inhib-
itor to increase motor axon sprouting, such as BACE in-
hibitors, would be a preferable therapeutic candidate. In
support of this notion, a small molecule inhibitor of
RhoA, Y-27632, has led to enhanced regeneration of mo-
tor axons after a sciatic nerve crush and increased re-
innervation in the SOD1 mice [58, 59]. Our data also
points to the feasibility of small molecule inhibitors as a
novel approach to enhancing sprouting and improving re-
innervation in both nerve injury and motor neuron disease.

In addition to identifying BACE inhibitors as potential
therapeutics, we also began to explore potential mechanisms
underlying this enhanced regeneration. Previously, we dem-
onstrated that neuronal BACE1 overexpression can sufficient-
ly impair regeneration without any altered BACE1 expression
levels in the Schwann cells or macrophages [17]. Since
Schwann cell-axon interactions are extremely important for
proper axonal regeneration, we hypothesized that BACE1 me-
diated cleavage of cell adhesion molecules could potentially
be the mechanism by which BACEI] is able to regulate pe-
ripheral nerve regeneration. Indeed, BACEL is involved in the
cleavage of L1 and CHLI1 [12, 21], 2 cell adhesion molecules,
which have been implicated in regulating axonal outgrowth
via interactions with Schwann cells in vitro [18, 19, 60, 61].
We were able to observe an increase in the expression levels of
full-length CHL1 in inhibitor-treated mice compared to those
given the vehicle treatment. These findings point towards the
possibility that reduced cleavage of CHL1 by BACE1 may
increase the amount of full-length CHL1 available at the
membrane which could enhance Schwann cell-axon interac-
tions leading to improved regeneration.

By demonstrating improved regrowth and sprouting in re-
sponse to both a crush and partial transection injury, BACE
inhibition has the potential to improve regeneration following
a wide variety of nerve injury scenarios. With regard to motor
neuron disease and chronic peripheral neuropathies, our data
supports early intervention in order to improve muscle inner-
vation, which limits the treatment groups to those with early
signs of motor neuron disease before overt clinical symptoms
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develop. Despite these limitations, we believe that our study
provides a promising first step towards utilizing BACE inhib-
itors as a therapy for enhancing peripheral nerve regeneration
following injury and disease.
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