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�-Site amyloid precursor protein (APP) cleaving enzyme 1 (BACE1) is an aspartyl protease best known for its role in generating the
amyloid-� peptides that are present in plaques of Alzheimer’s disease. BACE1 has been an attractive target for drug development. In
cultured embryonic neurons, BACE1-cleaved N-terminal APP is further processed to generate a fragment that can trigger axonal degen-
eration, suggesting a vital role for BACE1 in axonal health. In addition, BACE1 cleaves neuregulin 1 type III, a protein critical for
myelination of peripheral axons by Schwann cells during development. Here, we asked whether axonal degeneration or axonal regener-
ation in adult nerves might be affected by inhibition or elimination of BACE1. We report that BACE1 knock-out and wild-type nerves
degenerated at a similar rate after axotomy and to a similar extent in the experimental neuropathies produced by administration of
paclitaxel and acrylamide. These data indicate N-APP is not the sole culprit in axonal degeneration in adult nerves. Unexpectedly,
however, we observed that BACE1 knock-out mice had markedly enhanced clearance of axonal and myelin debris from degenerated
fibers, accelerated axonal regeneration, and earlier reinnervation of neuromuscular junctions, compared with littermate controls. These
observations were reproduced in part by pharmacological inhibition of BACE1. These data suggest BACE1 inhibition as a therapeutic
approach to accelerate regeneration and recovery after peripheral nerve damage.

Introduction
Axonal transection in peripheral nerves is followed by degenera-
tion of the distal axonal stump. The interrupted axons of the
proximal stump retain the potential for subsequent regeneration
(Ramon y Cajal, 1928). The extent of functional restoration de-
pends on the nature of the injury, the species, and the age of the
animals. In the most favorable lesions—nerve crush rather than
nerve cut— using young rodents, regenerated peripheral nervous
system (PNS) axons reinnervate the target tissues after relatively
short periods. However, after comparable nerve injuries in hu-

mans, axonal regeneration is slow and often functionally incom-
plete (for review, see Höke, 2006; Gordon et al., 2009; Griffin et
al., 2010). Axonal regeneration is influenced by the intrinsic
growth state of neurons (Hammarlund et al., 2009), local axonal
protein synthesis (Yoo et al., 2010), cytoskeletal organization
(Ertürk et al., 2007), growth factors (Geremia et al., 2010), extra-
cellular matrix, and the clearance of myelin debris from the in-
jured nerve (Schäfer et al., 1996; Brushart et al., 1998; Mears et al.,
2003; Vargas et al., 2010). The contribution of myelin debris in
inhibiting axonal regeneration is extensively documented in the
CNS (Filbin, 2003). In turn, these factors variably influence the
latency period before initiation of axonal growth, rate of axonal
outgrowth, specificity of target reinnervation, and the speed of
recovery (Ramon y Cajal, 1928; McQuarrie, 1978; Brushart, 1993;
Jacob and McQuarrie, 1993; Seijffers et al., 2007). In damaged
human nerves that require long distance regeneration, shorten-
ing the latency period is unlikely to substantially contribute to
faster recovery. However, manipulation of molecular pathways
that speed the rate of axonal regeneration would be a highly
desirable therapeutic approach (Griffin et al., 2010). Various
signaling pathways have been suggested to improve axonal
regeneration in the PNS (for review, see Chen et al., 2007;
Seijffers et al., 2007; Shim and Ming, 2010), but no molecular
or pharmacological therapy demonstrating efficacy exists for
injured nerves in human.

�-Site amyloid precursor protein (APP) cleaving enzyme 1
(BACE1) is a transmembrane aspartyl protease that cleaves sev-
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eral membrane proteins, including APP implicated in Alzhei-
mer’s disease. BACE1 cleaves APP to generate a soluble
N-terminal fragment, N-APP�, and a C-terminal fragment that
is further processed by the �-secretase complex to generate
amyloid-� peptides (Wong et al., 1997; Vassar et al., 1999).
BACE1 knock-out peripheral nerves are hypomyelinated (Hu et
al., 2006; Willem et al., 2006), most likely as a result of reduced
cleavage and signaling of neuregulin 1 type III (Michailov et al.,
2004; Taveggia et al., 2005).

In cultured neurons, reduction of APP by genetic deletion and
by RNA interference has been shown to increase neurite out-
growth (Young-Pearse et al., 2008). Paradoxically, increasing sol-
uble APP also increases neurite outgrowth (Araki et al., 1991;
Perez et al., 1997).

BACE1 activity has been reported to affect axonal health. Dur-
ing withdrawal of nerve growth factor from cultured embryonic
neurons, BACE1-dependent proteolytic fragment of N-APP has
been reported to induce axonal degeneration (Nikolaev et al.,
2009). This recent work supports the idea that a reduction in the
level of N-APP by inhibition of BACE1 activity could preserve
axons.

Here, we investigated nerve fiber degeneration and regenera-
tion in injured sciatic nerve of mice with reduced BACE1 activity.

Materials and Methods
Animals. BACE1 knock-out (KO) mice and control wild-type (WT) lit-
termates used in this study were on a mixed 129/BL6 line and for pacli-
taxel treatment on a C57 background, as previously described (Cai et al.,
2001; Savonenko et al., 2008). For a subset of experiments, BACE1 KO
mice were crossed to mice expressing yellow fluorescent protein (YFP)
driven by the thy1.2 neuronal promoter (line YFP-H) (Feng et al., 2000).
In these animals, a small proportion (3–10%) of neurons in the ventral
horn and dorsal root ganglia express YFP. YFP-positive axons were ex-
amined in the sciatic nerves of BACE1 KO-YFP mice and WT-YFP litter-
mates. A total of 220 mice (8 –12 weeks of age) were used in different
aspects of this study. In each experiment, approximately equal numbers
of females and males were used and we saw no bias for female or male.
The animal surgeries and experimental protocols were approved by the
Animal Care and Use Committee of the Johns Hopkins University
School of Medicine.

Sciatic nerve injury. Mice were deeply anesthetized with isoflurane and
left sciatic nerves in the mid thigh or at the sciatic notch level were
exposed and crushed by pulling tight a loop of 8-0 nylon black sutures for
30 – 40 s. The crush sites were marked with a 10-0 nylon black suture
going through the epineurium only. For sciatic nerve transection, a small
�2 mm piece of nerve was dissected out and the two nerve stumps were
turned away from each other to prevent axonal regeneration to distal
stumps. The distal stumps and contralateral nerves were collected 1–15 d
after transection.

Paclitaxel administration. Paclitaxel (LC Laboratories) was dissolved
in 100% ethanol. Equal volumes of paclitaxel solution and cremophor
(Sigma-Aldrich) were vigorously vortexed for 10 min. Ice-cold saline
(80% of the final volume) was added to freshly made paclitaxel/cremo-
phor solution immediately before injection. The 30 mg/kg body weight
of paclitaxel in this solution was injected intravenously via tail vein at
three times per week for 2 weeks. Mice (n � 3 per genotype) had no
significant weight loss.

Acrylamide administration. Acrylamide (Sigma-Aldrich) was dissolved
in drinking water at 250 ppm. Animal were intoxicated with acrylamide
for 4 weeks. Sciatic nerves and hindfeet were harvested from intoxicated
WT and BACE1 KO mice (n � 4 per genotype) and processed for plastic
sectioning or immunohistochemistry as described below.

Axonal regeneration in vivo assays. Regeneration into the distal stump
was assessed by several complementary techniques. We analyzed the dis-
tribution of the axotomy-induced neuronal protein GAP43, a marker
that labels the proximal stump and regenerating sprouts of crushed axons

and is enriched in the growth cones. In longitudinal sections of the
crushed nerves, we also assessed the distribution within the distal stump
of two other axonally transported markers—Neurobiotin and the neu-
ronally expressed YFP (Feng et al., 2000). We also examined electron
microscopy of transverse sections of the nerve at defined intervals after
axotomy. Finally, we measured the time required for axons of different
classes to reach and reinnervate their targets. These techniques allowed us
to assess separately the latency to the onset of regeneration, the rate of
outgrowth, and the time to reinnervation of targets. Technical details of
each method are described below.

Neurobiotin labeling. In a subset of experiments, we used the exoge-
nous tracer Neurobiotin (Vector Laboratories), which is rapidly trans-
ported intra-axonally. This method labels axons, including sprouts of
regenerating axons entering the distal stump (Lapper and Bolam, 1991;
Jacquin et al., 1992). Nerves were first crushed as described above, and
then 2.5% Neurobiotin was injected via glass micropipettes (25 �m tip)
into nerves proximal to the original crush sites at 5 d later. Three to 4 h
later, animals were perfused as detailed below and nerves were col-
lected. Neurobiotin transported along regenerating axons was de-
tected histochemically.

Sciatic nerve transplantations. We performed reciprocal transplanta-
tion of WT nerve segments into BACE1 KO recipients and of BACE1 KO
segments into WT recipients. In each transplantation, a 10 mm nerve
segment from the donor nerve was removed. The left sciatic nerve of each
mouse recipient was transected and the donor nerve segment was
promptly transplanted into the host sciatic nerve and sutured in place
with 10-0 nylon in proximal-distal orientation. Two weeks later, the
nerves were collected and 2 mm segments in the middle of donor nerves
and host nerves were processed for examination of axonal regeneration
in transverse plastic sections.

Implanting of Alzet pumps for infusion of BACE1 inhibitor. Alzet pumps
were filled, primed, and implanted according to our previously published
protocol (Farah, 2004; Farah and Easter, 2005). Briefly, Alzet pumps
(model 2001 of Alzet osmotic pumps; Durect Corporation) were filled
with 200 –220 �l of BACE1 inhibitor IV (Calbiochem) at concentrations
of 1– 4 mg/ml or with WAY 258131 (Malamas et al., 2010) at doses of
10 –30 mg/ml. The latter compound was synthesized by the NeuroTrans-
lational team at the Brain Science Institute at Johns Hopkins University.
Both inhibitors were dissolved in DMSO. According to the manufactur-
er’s data, the pump continuously supplied 1–30 �g/h inhibitor for 7 d. To
minimize the delay between implantation and the onset of release, the
filled pumps were incubated in 1� PBS at 37°C for 4 h immediately
before implantation. The mice were anesthetized by inhalation of isoflu-
rane, and an incision, �1.5 cm long, was made in the skin on top of the
interscapular space. A filled Alzet pump was implanted subcutaneously
into each mouse and incisions were closed with 9 mm stainless-steel
wound clips.

Tissue processing. For fluorescent microscopy and immunostaining,
mice were deeply anesthetized with 10% chloral hydrate and killed by
transcardial perfusion with 1� PBS followed by 2% paraformaldehyde in
0.1 mM phosphate buffer, pH 7.4, for 10 –15 min. Tissues were then
postfixed in the same fixative for 4 –16 h at 4°C. Sciatic nerves and gas-
trocnemius muscles were cryoprotected in 30% sucrose in 1� PBS for
overnight and quickly frozen in cold 2-methylbutane. Tissues were fro-
zen sectioned on a cryostat at thickness of 10 or 20 �m for sciatic nerves
and 50 �m for gastrocnemius muscles. In addition, the hindfeet were
decalcified, cryoprotected in 30% sucrose in 1� PBS, and sectioned at 50
�m thickness. Sciatic nerves were sectioned longitudinally using a Leica
cryostat (model CM3050S; Leica Microsystems). Gastrocnemius muscles
and foot were cross-sectioned by a freezing sliding microtome (Microm
HM 450; Thermo Fisher Scientific).

To visualize YFP-positive degenerating and regenerating axons, ani-
mals were perfused as described above and sciatic nerves were collected.
Whole-mounted sciatic nerves were imaged under a confocal micro-
scope and Z-stack images were collected through the depth of the nerves.

For immunocytochemistry, nonspecific antibody binding was blocked
by 5% goat serum/0.3% Triton (Sigma-Aldrich) in 1� PBS for 1–2 h at
room temperature. Sections were then incubated with primary antibod-
ies (Table 1) overnight at 4°C. After 3� PBS washes, sections were incu-
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bated with appropriate secondary antibodies at room temperature for
1 h, washed three times in PBS, mounted (Prolong Antifade kit; Invitro-
gen), and coverslipped. Appropriate secondary, anti-mouse, -rat, or
-rabbit antibodies conjugated with Alexa Fluor 488 or 647 (Invitrogen)
were used. For immunoperoxidase labeling, sections were treated with
0.3% H2O2 before staining to quench activity of endogenous peroxidase.
Primary antibodies were detected with ABC kit. Images of immuno-
stained tissues were acquired by either standard light microscope,
laser-scanning confocal microscope (model LSM 510; Carl Zeiss), or
AxioImager with an Apotome (Carl Zeiss).

For ultrastructural analyses, nerves were postfixed in OsO4 and em-
bedded in Epon. Cross sections, at 1 �m thickness, were stained for
toluidine blue and examined under light mi-
croscopy with 100� oil-immersion objective.
Seventy-nanometer-thin sections were ob-
tained and stained for citrate/uranyl acetate.
Electron micrographs were acquired using a
Hitachi 7600 or Zeiss Libra transmission
electron microscope.

Quantification. Under electron microscope,
we identified 100 degenerating fibers per geno-
type (50 per nerve). The degenerating fibers
were systematically chosen by scanning the EM
section in lines from left to right and imaging
fibers at 8000 –12,000�. For each degenerating
myelinated fiber (defined by having degenerat-
ing myelin within a single basal lamina), we
counted the number of axonal sprouts growing
beneath the basal lamina, and thus these were
axonal sprouts per Bungner’s band.

At the light-microscopic level, regenerating
axons were counted at 10 and 15 d after crush
in 1 �m toluidine blue-stained transverse plas-
tic sections taken 6 – 8 mm distal to the crush
site. Axons were counted in each of four fields
of view at 100� that were randomly chosen for
each nerve (n � 3 for each WT and BACE1 KO
nerves). A total number of regenerating axon
per nerve was calculated by multiplying the av-
erage density of axons in the sampled area of
each nerve by the cross-sectional area of that
nerve.

Reinnervation of neuromuscular junctions
were examined in WT and BACE1 KO gastroc-
nemius muscles 10 d after sciatic nerve crush at
midthigh level. Muscles sections (at 50 �m thick-
ness) were stained for synaptophysin (to mark
presynaptic terminals) and �-bungarotoxin (to
mark postsynaptic receptors). Two hundred
neuromuscular junctions per genotype (n � 3
animal per genotype) were scored as denervated
(no overlap of presynaptic and postsynaptic
staining), partially reinnervated (some overlap of
presynaptic and postsynaptic staining), and fully reinnervated (overlap of
presynaptic and postsynaptic staining comparable with unoperated nerves).

Dorsal root ganglia explants. Postnatal day 4 (P4) to P5 dorsal root
ganglia (DRGs) were dissected out of WT and BACE1 KO mice, and were
maintained in Neurobasal medium containing 2% B27 supplement and
50 ng/ml NGF (all reagents from Invitrogen). In some of the WT DRG
explants, 50 nM to 1 �M BACE1 inhibitor IV was added daily to the media.
At least eight explants were used for each condition. Axonal outgrowth of
the DRGs was monitored daily under phase-contrast microscopy, and
images at 2 and 4 d after culture were acquired with Openlab software.
The axon lengths were measured from the borders of the explants bor-
ders to the tips of axons using ImageJ (http://rsb.info.nih.gov/ij/). An
average of all axonal lengths for each explant was then determined as
described previously (Nguyen et al., 2009).

Macrophage culturing and in vitro phagocytosis. Mice (8 –10 weeks of
age) were killed by CO2 inhalation. Peritoneal cells were extracted by

injection of RPMI 1640 media plus 10% FCS (both from Invitrogen)
into the peritoneal cavity, followed immediately by withdrawal. Cells
were plated on coverslips in the same media for overnight. Polysty-
rene beads with 2 �m diameters were coated with mouse IgG (5
mg/ml; Equitech Bio) for 1 h at 37°C. Coated beads were centrifuged
onto adherent macrophages at a ratio of 10:1 for 1 min at 50 � g. After
3 or 5 min incubation at 37°C, noningested beads were washed three
times with cold 1� PBS and cells were fixed in 3.7% formalin solu-
tion. Ten fields of view at 20� were photographed by bright field, and
beads ingested by each cell were counted in 200 macrophages per
animal (n � 3 per genotype).

Statistical analysis. All statistical analyses were performed with Stu-
dent’s t test. SigmaPlot software was used to perform the analyses, and
any value of p � 0.05 was scored as statistically significant. Graphed data
are presented as mean � SEM.

Figure 1. Similar degree of axonal and myelin degeneration in WT and BACE1 KO sciatic nerves after axotomy-induced Walle-
rian degeneration and intoxication with paclitaxel. A, B, E, and F are electron micrographs, and C, D, G, and H are semithin (1 �m)
plastic sections stained with toluidine blue. A, Uninjured WT axon with normal axoplasm. B, WT at 48 h after crush showing
conversion of the axonal cytoskeleton to granular debris. C, WT nerve at 5 d after crush showing degeneration of myelin. D, WT
nerve intoxicated with paclitaxel. The arrows point to degenerating myelinated fibers. E, Uninjured BACE1 KO axon with normal
axoplasm. F, BACE1 KO at 48 h after crush showing conversion of the axonal cytoskeleton to granular debris, similar to WT in B. G,
BACE1 KO nerve at 5 d after crush showing degeneration of myelin. H, BACE1 KO nerve intoxicated with paclitaxel. The arrows point
to degenerating myelinated fibers. I, Quantification of degenerating myelinated fibers in the whole cross-sectional area of nerves
of mice intoxicated with paclitaxel. N �3 per genotype. Values are mean� SEM. Scale bars: A, B, D, F, 500 nm; C, F, G, H, 100 �m.

Table 1. Primary antibodies used in this study

Primary antibody Source Dilution

�-Tubulin type III Covance 1:1000
GAP43 Millipore 1:2000
Iba1 Wako 1:1000
CD68 Serotec 1:1000
CRGP Millipore 1:1000
MBP Millipore 1:2000
Neurobiotin Vector Laboratories 1:1000
Phosphorylated neurofilament (NF 160) Abcam 1:2000
Synaptophysin Millipore 1:1000
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Results
Lack of axonal protection in Wallerian degeneration and in
paclitaxel- and acrylamide-induced neuropathies in BACE1
KO mice
We tested whether genetic deletion of BACE1 could protect ax-
ons in adult mice in the fashion similar to that described after
growth factor withdrawal during development (Nikolaev et al.,
2009). We first asked whether the BACE1 KO mice exhibited
delay in Wallerian degeneration after axotomy. As has been pre-
viously described (Waller, 1852, Ramon y Cajal, 1928; Stoll et al.,
1989; George and Griffin, 1994; Beirowski et al., 2004, 2005), we
observed that after transection the axon and the surrounding
myelin of the nerve fibers in the distal segment (the nerve seg-
ment beyond the injury) underwent Wallerian degeneration (Fig.
1). At 24 h after injury, most axons were intact, but by 48 h after
injury, the axonal cytoskeleton and the axoplasm disintegrated
into granular and amorphous debris (Fig. 1) (George and Griffin,
1994; Bierowski et al., 2005), and the myelin sheaths in the distal
stumps began to segment into the characteristic ovoids. Notably,
very few axons of BACE1 KO and WT littermates exhibited an
intermediate stage in degradation. Over the next several days, the
axonal debris was removed from the distal stump. We found that
the initial disintegration of the axoplasm and myelin segmenta-
tion followed the same time course in BACE1 KO and WT litter-
mate injured nerves (Fig. 1).

To examine axonal degeneration in neuropathy models,
groups of BACE1 KO and WT littermate mice were given pacli-
taxel, a chemotherapy agent that causes axonal degeneration
(Roytta and Raine, 1985, 1986), or the neurotoxin acrylamide
(Nguyen et al., 2009). Both qualitatively and quantitatively, we
observed a similar degree of myelinated fiber degeneration in WT
and BACE1 KO nerves (Fig. 1). Furthermore, unmyelinated ax-
ons degenerated comparably in both genotypes. Additionally,
absence of BACE1 activity did not protect from the early ax-
oterminal degeneration at neuromuscular junctions in BACE1
KO mice exposed to acrylamide (data not shown).

Accelerated clearance of axonal and myelin debris in BACE1
KO mice
Although the time to initiation of axonal breakdown and to my-
elin ovoid formation was not different, the subsequent clearance
of axonal and myelin debris was markedly faster in the BACE1
KO mice. To evaluate clearance of axonal debris in BACE1 KO
nerves, we crossed the BACE1 KO mice to mice expressing YFP in
a small subset of the axonal population (Feng et al., 2000). We
selected line H from the panel of fluorescent mice lines because it
has been previously shown that a small fraction (3%) of the axons
are labeled with YFP (Feng et al., 2000; Beirowski et al., 2004,
2005; Vargas et al., 2010). Investigating axonal degeneration in
nerves marked with YFP had the advantage of allowing us to
analyze whole mounts of nerves, so that the proximal and the
whole distal segment of each nerve were visualized throughout
the depth of the nerves. At 7 d after cut, little YFP-positive axonal
debris remained in the BACE1 KO-YFP nerves. In contrast, much
more was present in the littermate WT-YFP nerves (Fig. 2). In
addition, at 10 d after crush, axonal debris was more completely
cleared in BACE1 KO-YFP nerves after a crush injury than in the
WT littermates (Fig. 2).

Myelin debris is known to impair axonal regeneration in the
CNS, and PNS myelin has a similar effect in vitro and in vivo
(Boivin et al., 2007; Barrette et al., 2008; Vargas et al., 2010). We
asked whether reduced BACE1 activity affected the clearance of
myelin debris from the distal stump. At 5 d after crush, more

myelin basic protein (MBP) was degraded in BACE1 KO com-
pared with WT as assessed histologically (Fig. 3) as well as by
Western blots (data not shown), and by 15 d after crush clearance
of myelin debris was more complete (Fig. 3; compare also Fig.
7A–D). One micrometer plastic sections showed less myelin de-
bris in the distal stump of BACE1 KO nerves, and the remaining
myelin ovoids were shorter. These differences correlated with a
more rapid transition of macrophages in BACE1 KO nerves to a
post-phagocytic foamy character, in which the macrophages con-
tained numerous clear lipid droplets, representing cholesterol
ester from digested myelin (Fig. 3D). By 15 d after crush, few
macrophages remained in the distal stumps of BACE1 KO mice,
and those remaining were predominantly around the endoneur-
ial blood vessels and beneath the perineurium. In contrast, distal
stumps of nerves from wild-type mice still had numerous phago-
cytic macrophages scattered throughout the endoneurial space.

The faster clearance of axonal debris and the evolution of
macrophage changes suggested a difference in phagocytosis by
macrophages in the BACE1 KO animals. Electron-microscopic
analysis confirmed the characteristics of faster myelin degenera-
tion in the earlier appearance of foamy post-phagocytic macro-
phages and the earlier clearance of myelin debris in the BACE1
KO animals (Fig. 3). To further examine macrophage behavior,
we removed and cultured noninduced peritoneal macrophages
and conducted in vitro phagocytosis assays as described by Link et
al. (2010). This assay measures the uptake over time of beads
coated with IgG as a phagocytosis index. On average, 65.5% of

Figure 2. Enhanced clearance of axonal debris and enhanced axonal regeneration in YFP-
BACE1 KO nerves compared with YFP-WT nerves after axotomy. These images are projections of
Z-stacks from whole-mounted nerves to show the YPF-positive axonal debris and YFP-positive
regenerated axons through the depth of the nerves. A, YFP-WT nerve at 7 d after transection.
Fragmented YFP debris (arrowhead) is present. B, YFP-BACE1 KO nerve at 7 d after transection.
YFP debris (arrowhead) is mostly cleared from the nerve. C, YFP-WT nerve at 10 d after crush.
Fragmented YFP debris (arrowhead) is present at a segment 10 mm distal to the crush and few
regenerated YFP-positive axons (arrow) are growing beneath the debris. D, YFP-BACE1 KO
nerve at 10 d after crush. Numerous regenerated YFP-positive axons are present at segment 10
mm distal to crush site and (arrows). There are scanty clumps of YFP-positive axonal debris
remaining. Scale bars, 100 �m. Laser-scanning intensity was increased in C and D to reveal
small-diameter YFP-positive regenerated axons.
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BACE1 KO macrophages ingested �4
beads per cell, and 41.8% of WT macro-
phages ingested �4 beads per cell, a dif-
ference that was statistically significant
(Fig. 3G–I). These data indicate that
BACE1 KO macrophages have enhanced
phagocytic activity. This is likely to con-
tribute to the faster in vivo clearance of
myelin debris in injured BACE1 KO
nerves. We conclude the time to initial ax-
onal degeneration was not affected by
BACE1 activity but that clearance of both
axonal and myelin debris is accelerated in
the distal stumps of BACE1 KO mice.

Accelerated axonal regeneration in
BACE1 KO mice
In the first 2 d after injury, little axonal
growth occurred in either WT littermate
or BACE1 KO nerves, as shown by GAP43
transport, Neurobiotin transport, and
plastic-embedded transverse sections
(data not shown). This interval represents
the latency period (Lanners and Grafstein,
1980; McQuarrie, 1985; Jacob and Mc-
Quarrie, 1993; Seijffers et al., 2007); our
data indicated that inhibition of BACE1
activity does not alter the latency period.
Furthermore, when BACE1 KO nerves
were condition lesioned the axons had
shortening of the latency period in a fash-
ion comparable with that of WT litter-
mate axons (data not shown). However,
by day 3 after a single nerve crush, GAP43-
positive sprouts had grown farther down
the distal stump in the BACE1 KO nerves
than in the WT littermate nerves (Fig.
4A,B). In longitudinal sections of the
crushed nerves, we also assessed the distri-
bution of the axonally transported marker Neurobiotin. The ad-
vantage of this exogenous labeling technique does not depend on
the level of expression of endogenous genes such as GAP43. By
day 5, the leading front of regenerating sprouts had grown be-
yond the length of sciatic nerve available in the BACE1 KO, the
distal segment of the BACE1 KO nerves had significantly more
regenerated axons, and these axons reached further distally, com-
pared with WT littermate nerves (Fig. 4C,D).

Analyses of electron micrographs confirmed that BACE KO
injured axons regenerated faster than WT. In addition, we found
more axonal sprouts in the distal stump. We examined transverse
sections of nerves at defined intervals 5 d after crush injury in
both WT and BACE1 KO mice (Fig. 5), and observed signifi-
cantly more axonal sprouts with large (�1 �m) diameter in
BACE1 KO nerve at every examined level (Fig. 5B). The sprouts
with diameter �1 �m in BACE1 KO nerves were more often
clustered in polyaxonal pockets (Fig. 5D). In contrast, distal seg-
ments of WT nerve had significantly fewer axonal sprouts and
fewer polyaxonal pockets (Fig. 5A,C).

We next asked whether or not there were more regenerating
sprouts associated with the individual Bungner bands. Bungner
bands are the denervated Schwann cell bands of the degenerating
myelinated fibers of the distal nerve stumps. These Bungner bands
could be reliably identified for the first week after nerve crush by the

presence of myelin debris within the Schwann cells (Stoll et al., 1989;
Schäfer et al., 1996; Griffin et al., 2010). The numbers of axonal
sprouts/Bungner band was greater in the BACE1 KO nerves than in
WT nerves (Fig. 5) at 5 d after crush. The increase in sprouts/
Schwann cell was true both of the degenerating myelinated fibers,
identified by their myelin debris, and of small regenerating fibers
without myelin debris, many of which represent regenerated Remak
bundles (Fig. 5C). We concluded that initial axonal growth is accel-
erated in BACE1 KO and that the number of sprouts/Bungner band
is greater in injured nerves of BACE1 KO mice.

A second ultrastructural feature in some of the BACE1 KO
nerves was the prominence of microtubules in the axons. In a
minority of premyelinating axons, the change was extreme, with
many microtubules collected into a central or paracentral “chan-
nel” (Fig. 6). In such fibers, neurofilaments were mostly within a
peripheral ring of axoplasm. In most BACE1 KO fibers, the seg-
regation was less dramatic, but there were clusters of microtu-
bules scattered throughout the axoplasm.

Next, we quantitated axonal regeneration after crush injury in
measures of both the spatial and temporal patterns of sprout
invasion into the distal stump. At defined times, we found more
sprouts at each level of the distal stump, and at defined levels we
found an earlier and faster increase in sprout numbers with time.
As an example of the distribution at a specific time, 10 d after

Figure 3. Enhanced phagocytosis by BACE1 KO macrophages both in vivo and in vitro. A–F are micrographs of distal stumps at
5 d after injury. A and D are stained for Iba1 (ionized calcium-binding adaptor molecule 1), a marker for macrophages. B and E are
electron micrographs. C and F are stained for MBP. G and H are bright-field images of cultured peritoneal macrophages. A, The
majority of Iba1-positive macrophages in WT nerve are elongated at 5 d after cut. B, Undigested myelin debris and ovoids are
present in WT nerve at 5 d after crush. C, WT nerve with abundant elongated MBP-positive myelin debris at 5 d after cut. D,
Iba1-positive BACE1 KO macrophages are larger in size and appear activated at 5 d after cut. E, Activated macrophages filled with
lipid droplets (arrow) are present in BACE1 KO nerves at 5 d after crush. F, BACE1 KO nerve with broken down MBP-positive
myelin debris at 5 d after cut. G, WT macrophages after incubation with IgG-coated beads for 5 min. H, BACE1 KO
macrophages after incubation with IgG-coated beads for 5 min. I, Quantification of IgG-coated beads per individual cells
after 5 min of phagocytosis. Data are from three independent experiments. Values are mean � SEM. Scale bars: A, D, 10
�m; B, E, 2 �m; C, F, 20 �m; G, H, 100 �m.
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crush there were more axons with diameters �2 �m in transverse
sections taken both 4 and 8 mm away from the crush site in
BACE1 KO than in WT littermate nerves. As an example of the
temporal differences, in the segment 6 – 8 mm distal to the crush
site we quantified regenerating axons with diameters �2 �m in
plastic sections of nerves of BACE1 KO and control littermate at
10 and 15 d after crush. The BACE1 KO nerves had on average
42.0% more axons at 10 d and 35.0% more axons at 15 d than WT
littermate nerves (Fig. 7). At each time, the axons were larger in
the BACE1 KO nerves than in the control nerves, consistent with
their earlier arrival. Furthermore, we stained distal nerve seg-
ments 10 –12 mm away from crush site with antibody against
phosphorylated neurofilament (NF160). BACE1 KO nerve had
many more neurofilament-positive axons than were present in
WT littermate nerves (Fig. 7). Therefore, we concluded that lack
of BACE1 activity increases both the numbers of early sprouts/
Bungner band and the total number of myelinating axons in the
distal stump. These factors appear to act together to produce
larger, more mature axons at every given postcrush interval and
at each given level of BACE1 KO nerve.

Faster reinnervation of target muscles in BACE1 KO mice
To investigate whether the robust axonal regeneration in
BACE1 KO mice leads to accelerated reinnervation of the neu-
romuscular junctions, we crushed the sciatic nerves of BACE1
KO and WT littermate mice. At 10 d after crush, BACE1 KO
muscles showed significantly improved reinnervation over
WT muscles (Fig. 8). We also examined muscle reinnervation
in the foot and observed mature presynaptic endings as indi-
cated by synaptophysin staining in BACE1 KO compared with
WT littermate feet (data not shown), suggesting that reinner-

vation in the foot occurs faster after crush injury in BACE1 KO
mice than WT. These observations demonstrate faster axonal
regeneration in BACE1 KO nerves results in faster target
reinnervation.

Figure 4. Accelerated rate of axonal outgrowth in BACE1 KO versus WT after crush injury. A
and B are longitudinally sectioned sciatic nerves stained for GAP43 at 3 d after crush. In 2 mm
segment distal to the crush, BACE1 KO nerve (B) has more regenerating axons that reach further
than those axons of WT littermate nerve (A). C and D are longitudinal sections of nerves filled
with Neurobiotin to anterogradely label regenerating axons at 5 d after crush. BACE1 KO nerve
(D) has significantly more regenerated axons that reach further distally compared with WT
littermate nerve (C). Scale bars: A, B, 100 �m; C, D, 500 �m. The stars in C and D indicate
approximate sites of crush.

Figure 5. Extensive axonal regeneration and large polyaxonal pockets in the distal segment
of crushed BACE1 KO sciatic nerve at 5 d after crush. A–F are electron micrographs. A, WT nerve.
Abundant myelin debris and ovoids and few regenerating sprouts are present (arrow). B, BACE1
KO nerve. Myelin debris is cleared and numerous regenerating sprouts (arrows) are present. C,
WT nerve. Few polyaxonal pockets are present. D, BACE1 KO nerve. Numerous polyaxonal pock-
ets (arrows) are present. E, WT nerve. A degenerating myelinated fiber has one (arrow) sprout
growing beneath the basal lamina membrane. F, BACE1 KO nerve. Multiple sprouts (arrows) are
growing within individual degenerating fibers. G, The BACE1 KO fibers exhibit enhanced num-
ber of regenerating sprouts within a single basal lamina membrane compared with WT fibers.
For example, 66% of the BACE1 KO fibers have two or more regenerating sprouts compared with
31% of the WT fibers, which have two or more sprouts. Scale bars: A–D, 2 �m.

Figure 6. BACE1 KO regenerating axons form a central channel of microtubule cluster; WT axons
do not. A, Regenerated axon with normally distributed cytoskeleton structures such as microtubules
and neurofilament. B, Regenerated BACE1 KO axon with a central channel of microtubules.
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Improved debris clearance and increased axonal regeneration
using two structurally distinct small molecule BACE1
inhibitors
Next, we investigated whether pharmacological BACE1 inhibi-
tors can reproduce degeneration/regeneration phenotypes ob-
served in injured BACE1 KO nerves. We used two structurally
different BACE1 inhibitors: BACE1 inhibitor IV (Stachel et al.,
2004) and WAY 258131 (Malamas et al., 2010). The inhibitors
were systemically administered via Alzet pumps subcutaneously
implanted in the interscapular space for 7 or 15 d. At 7 d after
crush, the inhibitor-treated nerves had improved axonal and my-
elin debris clearance and had significantly more regenerating ax-
ons than vehicle-treated mice (Fig. 9). In addition, BACE1
inhibitors increased presynaptic endings in the feet of treated
mice as revealed by synaptophysin staining at 2 weeks after crush
(data not shown). After inhibitor treatment, however, debris
clearance, axonal regeneration, and target reinnervation were not
as robust as in BACE1 KO injured animals. We conclude that
pharmacological inhibition of BACE1 partly recapitulated de-
generation/regeneration phenotypes of BACE1 KO mice.

Enhanced regeneration of BACE1 KO axons through WT
nerve grafts
We asked whether the accelerated axonal regeneration in injured
BACE1 KO nerves was attributable to lack of BACE1 activity in
the resident cells of the nerve, such as denervated Schwann cells.
Normally in the PNS, BACE1 is predominately a neuronal pro-
tein, but BACE1 expression and activity are upregulated in non-
neuronal cells under nonphysiological conditions such as injury
and stress (Zhang et al., 2007; Tamagno et al., 2008). To examine
the cellular basis of accelerated axonal regeneration, we performed
reciprocal transplantation of nerve segments between WT and
BACE1 KO as diagrammed in Figure 10A. The growth of BACE1
KO axons was significantly accelerated through a wild-type nerve
graft, compared with that of wild-type axons growing through
BACE1 KO nerve grafts (Fig. 10B,C). These results excluded BACE1
expression in Schwann cells of the distal stump as being responsible
for accelerated regeneration. Either BACE1 KO neurons or hema-
togenous macrophages, or both, could be contributors.

Accelerated axonal outgrowth in DRGs from BACE KO mice
or DRGs treated with BACE1 inhibitors
Here, we asked whether lack of neuronal BACE1 accelerates ax-
onal outgrowth in vitro in explants of DRGs. We established post-
natal (P4 –P5) primary mouse DRG from WT littermate and
BACE1 KO pups. We measured axonal outgrowth at 2 and 4 d
after culture. The axons of BACE1 KO DRG explants were on

Figure 7. Significantly more regenerated axons at 10 and 15 d after crush in the distal
segments of crushed BACE1 KO versus WT sciatic nerve. A–D are semithin (1 �m) plastic sec-
tions stained with toluidine blue, and E and F are frozen sections stained for phosphorylated
neurofilament (NF 160). A, In WT nerve, a large amount of myelin debris in various stages of
degradation is present at 10 d after crush with some regenerating axons. B, In BACE1 KO nerve,
large number of regenerating axons, some foamy macrophages, and myelin debris are present
at 10 d after crush. C, In WT nerve, regenerating axons are present at 15 d after crush. D, In BACE1
KO nerve, significantly more regenerating axons are present at 15 d after crush (compare C, D).
E, WT nerve segment at 10 –12 mm distal to the crush site. A few NF 160-positive axons are
regenerating. F, BACE1 KO nerve segment at 10 –12 mm distal to the crush site. Significant
numbers of NF 160-positive axons are regenerating. G, Axon counts at 10 and 15 d after crush.
At both time points, BACE1 KO nerves have significantly more regenerated axons than WT
nerves. *p � 0.05. n � 3 nerves per genotype at each time point. Values are mean � SEM.
Scale bar: A–D, 10 �m.

Figure 8. Robust reinnervation of neuromuscular junctions in BACE1 KO versus WT at 10 d
after crush. Ten days after nerve crush, the gastrocnemius muscle was harvested from BACE1 KO
and WT mice. A and B are stained for synaptophysin; C and D are stained for �-bungarotoxin. E
and F are merged images of A and C, and B and D, respectively. Reinnervating presynaptic
endings at neuromuscular junctions in BACE1 KO appeared more mature than those in WT. G,
Counts of neuromuscular junctions in WT and BACE1 KO mice. BACE1 KO muscles have signifi-
cantly more reinnervated junctions. N � 3 per genotype. Values are mean � SEM. *p � 0.05.
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average 119 and 150% longer than those of WT DRG explants at
2 and 4 d after culture, respectively (Fig. 10D). Next, we investi-
gated the effect of BACE1 inhibitor on axonal outgrowth of wild-
type DRG explants (Fig. 10D). The addition of 50 nM BACE1
inhibitor IV (IC50 � 29 nM) increased axonal outgrowth of WT
DRG explants by 98.0% at 4 d after culture. Together, our in vivo
transplantation and in vitro data indicate that reducing, by either
genetic deletion or pharmacological compounds, of neuronal
BACE1 accelerates axonal outgrowth.

Discussion
We found that reduced BACE1 activity accelerates the rate of
axonal regeneration after nerve crush. Furthermore, the data sug-
gest two components of the mechanism: First, the enhancement
in regeneration is attributable to speeding of axonal growth rate,
rather than to reducing the latency period before growth. Second,
in other models both intrinsic neuronal mechanisms and re-
moval of growth-inhibiting external cues such as myelin debris
can contribute to enhanced regeneration. BACE1 inhibition ap-
pears to work through both of these pathways.

The distinction between axonal growth rate versus time re-
quired for neurons to enter an axonal growth state is a fundamen-
tal issue. Many previous reports of improved nerve regeneration
have depended on shortening of the latency before axonal growth
occurs. The classical demonstration of reduced latency is the
“conditioning” model: nerves subjected to a previous axotomy
undergo neuronal responses that place them into a “growth
state,” so that a second crush of that nerve results in prompt
initiation of outgrowth, skipping the 2 d delay seen in naive ani-
mals. The neuronal growth state depends on the expression of
growth-related genes such as ATF3 and can be mimicked by
transgenic expression of these genes (Seijffers et al., 2007). In the
present studies, we reached the conclusion that the rate of growth
rather than the latency to growth was predominantly affected by
using multiple complementary techniques that were adopted for
studies in the mouse. This strategy of combined approaches may
find use in future studies of regeneration in genetically engi-
neered mice, as discussed below.

Neuronal effects
The early stages of Wallerian degeneration were comparable in
BACE1 KO and control littermate mice after axotomy, and we
found no axonal protection effect from genetic deletion of
BACE1 when mice were treated with the axonotoxic compounds
paclitaxel or acrylamide. These results contrast with results in
embryonic neurons deprived of nerve growth factor (NGF). In
NGF withdrawal, axonal degeneration was found to depend on
an N-APP fragment. This fragment is generated and acts via a
newly identified pathway based on four molecules, BACE1, APP,
death receptor 6, and caspase 6 (Nikolaev et al., 2009). These data
suggested that the N-APP fragment negatively affects axonal
health. Our studies indicate that mechanism of axonal degener-
ation in Wallerian degeneration and after exogenous toxins is
different from the effect of growth factor withdrawal docu-
mented by Nikolaev et al. (2009). Consistent with our data,
recently Vohra et al. (2010) show that in cultured neurons
axonal degeneration caused by mechanical insult or vincris-
tine intoxication occurs independent of APP cleavage and
caspase 6 activation.

In BACE1 KO axons, the presumed neuronal contribution is
evident in cultured neurons; the BACE1-null neurites grow at
faster rates. An attractive possibility is that faster outgrowth could
correlate with alterations in the organization of the axonal cyto-
skeleton. This is suggested by the prominent channels of micro-
tubules seen BACE1 KO sprouts in vivo. Increased microtubule
stability produced by low concentrations of Taxol results in faster
axonal outgrowth (Ertürk et al., 2007). At any given interval after
nerve crush, we also observed more total regenerating axons in
crushed BACE1 KO nerves compared with WT littermate nerves,
and at early stages BACE1 KO nerve had more sprouts/Schwann
cell band. That this difference correlates with better regeneration
is perhaps surprising, but it suggests that increased sprout num-
bers may increase the capacity to explore for optimal growth
environments in the distal stump—in effect, to allow more “shots
on goal” for regenerating sprouts.

Effect on debris clearance
Genetic deletion of BACE1 resulted in faster clearance of debris
from degenerated fibers in the distal stump. BACE1 KO PNS
nerves are known to be hypomyelinated (Hu et al., 2006; Willem
et al., 2006), a difference that is attributable to reduced neuregu-
lin 1 signaling. The faster clearance of myelin debris from the
BACE1 KO mice is undoubtedly in part attributable to less my-

Figure 9. Two structurally distinct small molecule BACE1 inhibitors accelerate debris
clearance and axonal regeneration after axotomy in WT mice. A, YFP-WT nerve at 7 d after
crush. Fragmented YFP debris (arrowheads) is present. Few regenerated YFP-positive
axons (arrows) are growing beneath the debris. B, YFP-WT nerve treated with BACE1
inhibitor IV for 7 d after nerve crush. YFP debris (arrowheads) is more fragmented in the
nerve. Numerous regenerated YFP-positive axons (arrows) are growing beneath the de-
bris. C, WT nerve at 7 d after crush. A few regenerating axons (arrows) are present. D, WT
nerve treated with BACE1 inhibitor IV at 7 d after crush. The nerve has more regenerated
axons (arrows) than WT littermate nerve in C. More post-phagocytic macrophages (arrow-
head) are present. E, WT foot stained for �-tubulin III to reveal the intraplantar nerves. F,
WT foot stained for �-tubulin III 2 weeks after sciatic nerve crush. Regenerated axons have
not arrived at the foot yet. G, WT foot stained for �-tubulin III 2 weeks after sciatic nerve
crush and treatment with BACE1 inhibitor WAY 258131. �-Tubulin III-positive fibers are
regenerated axons in the intraplantar nerves. A and B images are projections of Z-stacks
from whole-mounted nerves to show the YFP-positive axonal debris through the depth of
the nerve. C and D are electron micrographs. Scale bars: A, B, 100 �m; C, D, 2 �m.

Farah et al. • BACE1 and Nerve Degeneration/Regeneration J. Neurosci., April 13, 2011 • 31(15):5744 –5754 • 5751



elin at baseline. However, we also ob-
served faster clearance of axonal debris in
BACE1 KO nerves, indicating an en-
hanced general debris clearance mecha-
nism. Consistent with this observation,
short-term pharmacological inhibition of
BACE1 resulted in faster debris clearance
from WT nerves undergoing Wallerian
degeneration. The numbers of macro-
phages in WT and BACE1 KO nerves were
similar at early time points after injury,
but the BACE1 KO macrophages appear
more effective in phagocytosis. Future
studies will address whether after a bone
marrow transplantation BACE1 KO mac-
rophages exhibit enhanced phagocytosis
in injured WT recipient nerves.

Because elimination of BACE1 con-
tributes to more efficient phagocytosis
both in vivo and in vitro, our data suggest
that there is likely to be a substrate for
BACE1 in macrophages. BACE1 cleaves
galactoside 2,6-sialyltransferase I
(ST6Gal-I), a transmembrane protein ex-
pressed by macrophages (Kitazume et al.,
2001; Woodard-Grice et al., 2008).
ST6Gal-I could be a substrate of BACE1
that leads to more rapid phagocytosis
when it is not cleaved by BACE1. Another
attractive known contributor to phagocy-
tosis is the triggering receptor expressed
on macrophage 2 (TREM2). Increasing
TREM2 expression on macrophages has
been shown to speed phagocytosis of my-
elin in experimental allergic encephalo-
myelitis (Takahashi et al., 2007). TREM2 on the membrane of
macrophages is believed to be the active form and cell surface
TREM2 is associated with phagocytosis (Turnbull et al., 2006;
Piccio et al., 2007; Hsieh et al., 2009). An attractive possibility is
that more full-length TREM2 on the surface of macrophages
drives more phagocytosis and BACE1 inhibition leads directly or
indirectly to more TREM2 on cell membrane. Whether or not
TREM2 is a BACE1 substrate remains to be determined. A third but
less attractive candidate is the known BACE1 substrate, P-selectin
glycoprotein ligand-1 (PSGL-1) (Lichtenthaler et al., 2003). The
BACE1-cleaved fragment of PSGL-1 is believed to play a role in
recruitment of leukocytes from the blood to the tissue (McEver
and Cummings, 1997; Lichtenthaler et al., 2003) rather than to
promote phagocytosis per se. For this reason PSGL-1 is unlikely
candidate to play a role in phagocytosis by macrophages.

Here, we showed that cultured BACE1 KO macrophages are
more efficient in in vitro phagocytosis activity of IgG-coated
beads, a capacity dependent on macrophage Fc receptor. Recent
data implicated natural IgG and IgM antibodies to peripheral
nerve components in accelerating clearance of myelin debris dur-
ing Wallerian degeneration (Vargas et al., 2010). Thus, it is pos-
sible that BACE1 inhibition in some fashion alters Fc-mediated
phagocytosis. Future studies will determine whether BACE1 af-
fects Fc receptor levels on macrophages.

BACE1 in Schwann cells
Denervated Schwann cells have BACE1 activity (data not shown).
However, two lines of data argue against Schwann cells being

responsible for the observed faster axonal growth. First, 15 d after
transplantation of WT nerve grafts into BACE1 KO recipient
sciatic nerves, there was more extensive regeneration than when
WT or BACE1 KO grafts were transplanted into WT recipient
nerves. This indicates that the major component of the effect on
regeneration is contributed by recipient cells (neuronal or mac-
rophage) rather than by donor Schwann cells. The second line of
evidence is the greater rate of outgrowth that was seen in cultured
DRG neurons, especially between 2 and 4 d after explantation.
These cultures were from P4 –P5 mice, to make them as conso-
nant as possible with the adults used in the in vivo studies. This
evidence suggests that at least part of the “recipient” effect is
neuronal, because there are few macrophages in these cultures.

Effects on axonal outgrowth
In vivo, we used several complementary assays to assess axonal
regeneration in crushed nerves, including the distribution of
GAP-43 protein and Neurobiotin labeling. These two measures
helped separate an effect on latency from that of enhanced out-
growth of regenerating sprouts. With these techniques, we found
that, 2 d after nerve crush, most axons had not started growing in
either the WT littermates or in the BACE1 KO animals. Rather,
they had retracted or degenerated back from the site of the crush
slightly, with the largest fibers more affected than the smaller
fibers, as previously described in wild-type animals (Ramon y
Cajal, 1928). However, by day 3, greater penetration into the
distal stump was present in the BACE1 KO animals than in wild-
type animals, and this difference increased over the next 4 d (6 –7
d after crush is the longest interval after axotomy that it is possible

Figure 10. Accelerated axonal regeneration of BACE1 KO axons. A, Above is a schematic of a reciprocal sciatic nerve transplan-
tation between BACE1 KO and WT. Below is a representative image of a nerve that was transplanted using this nerve graft
technique. The arrows point to where the transplanted segment was sutured in. B, WT nerve segment transplanted into a BACE1
KO host nerve. BACE1 KO axons regenerated through the WT graft well. The arrows point to regenerated BACE1 KO axons. C, BACE1
nerve segment transplanted into a wild-type host. A few WT axons grow through BACE1 graft (arrow). Scale bars: B, C, 10 �m. D,
BACE1 KO DRG explants had axons 119.0 and 150.0% longer on average than those of WT DRG explants at 2 and 4 d after culture.
BACE1 inhibitor IV (50 nM) increased axonal outgrowth of WT DRG explants by 98.0% at 4 d after culture. Values are mean � SEM.
*p � 0.001.

5752 • J. Neurosci., April 13, 2011 • 31(15):5744 –5754 Farah et al. • BACE1 and Nerve Degeneration/Regeneration



to “catch” the fastest growing fibers within the sciatic nerve of the
mouse). After this time, a high proportion of the sprouts have
grown beyond the available length of nerve in both the BACE1
KO and littermate animals.

We observed no to little axonal regeneration in nerves of
BACE1 KO and WT littermate mice 2 d after crush, indicating
before the crush BACE1 KO animals are not in a neuronal
“growth state” of the type produced by earlier axotomy in the
“conditioning lesion” (Lanners and Grafstein, 1980; McQuarrie,
1985; Jacob and McQuarrie, 1993; Seijffers et al., 2007). In pe-
ripheral nerves, a persistent axotomy-like growth state has been
achieved by the genetically engineered persistent expression of
some axotomy-related “genes” such as the transcription factors
ATF3 (Seijffers et al., 2007). Rather, the growth state needs to be
induced by axotomy in the BACE1 KO as it does in wild-type
animals. The BACE1 KO axons grew faster than WT once the 2 d
latency period had passed. In short nerves such as those of the
rodents, reduction in the latency period can substantially reduce
the time required for growing fibers to reach their targets. How-
ever, in long nerves such as those in humans, the time to reinner-
vation of a target that is several centimeters away from the site of
axotomy would be little affected by elimination of the latency
period. In contrast, a faster rate of outgrowth would have a sub-
stantial effect.

Our work implies that faster rate of outgrowth associated with
BACE1 inhibition could be useful in speeding nerve regeneration
in human conditions. In humans, axonal regeneration is suffi-
ciently slow that denervated Schwann cells, which provide a per-
missive microenvironment for regeneration, and target tissues
are both at risk for undergoing atrophy and death, precluding
functional recovery (Höke, 2006; Gordon et al., 2009; Griffin et
al., 2010). This situation underscores the critical need for agents,
such as BACE1 inhibitors, that potentially can speed up axonal
regeneration. BACE1 has been an attractive drug target for Alz-
heimer’s disease. Over the past 10 years, numerous BACE1 inhib-
itors have been developed (for review, see Citron, 2004; Silvestri,
2009), but most, if not all, of these inhibitors do not cross the
blood– brain barrier well. However, existing BACE1 inhibitors
may access the PNS as the barriers are more promiscuous than
brain. In addition, the blood–nerve barrier is broken down in the
distal stump of injured nerves (George and Griffin, 1994) (for
review, see Vargas and Barres, 2007) making drug more assess-
able. In conclusion, our data support additional evaluation of
BACE1 inhibitors as a novel therapeutic approach for nerve
injury.
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