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Cellular/Molecular

Schwann Cell LRP1 Regulates Remak Bundle Ultrastructure
and Axonal Interactions to Prevent Neuropathic Pain
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Trophic support and myelination of axons by Schwann cells in the PNS are essential for normal nerve function. Herein, we show that
deletion of the LDL receptor-related protein-1 (LRP1) gene in Schwann cells (scLRP1 /™) induces abnormalities in axon myelination and
in ensheathment of axons by nonmyelinating Schwann cells in Remak bundles. These anatomical changes in the PNS were associated with
mechanical allodynia, even in the absence of nerve injury. In response to crush injury, sciatic nerves in scLRP1 '~ mice showed
accelerated degeneration and Schwann cell death. Remyelinated axons were evident 20 d after crush injury in control mice, yet were
largely absent in scLRP1 ~/~ mice. In the partial nerve ligation model, scLRP1 ~/~ mice demonstrated significantly increased and
sustained mechanical allodynia and loss of motor function. Evidence for central sensitization in pain processing included increased
P38MAPK activation and activation of microglia in the spinal cord. These studies identify LRP1 as an essential mediator of normal
Schwann cell-axonal interactions and as a pivotal regulator of the Schwann cell response to PNS injury in vivo. Mice in which LRP1 is
deficient in Schwann cells represent a model for studying how abnormalities in Schwann cell physiology may facilitate and sustain

chronic pain.

Introduction

Schwann cells originate in the neural crest and differentiate by
two alternative pathways. Nonmyelinating Schwann cells en-
sheath multiple small-caliber C-fibers to form Remak bundles.
Schwann cells, which associate with larger axons, segregate these
axons and myelinate them at a one-to-one ratio. Schwann cell-ax-
onal interactions are critical in controlling the physiology of both cell
types (Jessen and Mirsky, 1999; Witt and Brady, 2000). Although
several receptors have been implicated in axonal-Schwann cell inter-
actions (Feltri etal., 2002; Taveggia and Salzer, 2007; Yu et al., 2007),
this process remains incompletely understood.

In injury to the peripheral nervous system (PNS), Schwann
cellsare activated and play a critical role in the programmed series
of steps that lead to eventual nerve regeneration (Grinspan et al.,
1996; Meier et al., 1999). Activated Schwann cells at the injury site
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de-differentiate, proliferate, migrate, and participate in phagocy-
tosis of debris (Chen et al., 2007). Extracellular matrix (ECM)
proteins, which are secreted by Schwann cells, assemble into a
scaffold that facilitates axonal regeneration (Bunge and Pearse,
2003; Chen et al., 2007). When the response to PNS injury is
abnormal, as in end-bulb neuroma formation or denervation
hyperalgesia, chronic neuropathic pain may result (Rogawski
and Loscher, 2004). Chronic neuropathic pain is a highly preva-
lent health problem and there is a profound need to identify novel
targets for therapeutics development (Goldberg and McGee,
2011).

The endocytic, transmembrane receptor, LDL receptor-
related protein (LRP1), is a potent regulator of Schwann cell
physiology in vitro (Campana et al., 2006a). LRP1 binds diverse
proteins produced in the injured PNS, including proteases such
as MMP-9 and ECM proteins (Strickland et al., 1990; La Fleur et
al., 1996; Akassoglou et al., 2000; Strickland et al., 2002). Ligand-
binding to LRP1 activates prosurvival signaling, including ERK/
MAP kinase, the PI3K-Akt pathway (Campana et al., 2006a;
Mantuano et al., 2008). LRP1 also promotes Schwann cell sur-
vival by antagonizing the unfolded-protein response (Mantuano
etal., 2011). By regulating Rho family GTPases, LRP1 promotes
Schwann cell migration (Mantuano et al., 2010). Thus, Schwann
cell LRP1 expresses multiple activities that may be important in
the response to PNS injury.

LRP1 gene deletion in the mouse is embryonic-lethal (Herz et
al., 1992), precluding the use of this mouse model system to
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characterize Schwann cell LRP1. Furthermore, other cell types
present in the injured peripheral nerve, including neurons and
macrophages, express LRP1 (Lillis et al., 2008). Thus, results ob-
tained using reagents such as receptor-associated protein (RAP),
which antagonize LRP1 in all cell types, may be difficult to inter-
pret. To address this problem, we developed a unique mouse
model in which LRP1 is deleted under the control of the PO
promoter, which is active selectively in Schwann cells (Feltrietal.,
1999).

Herein, we show that LRP1 gene deletion in Schwann cells
(scLRP1 ~/7) affects the structure of uninjured nerve fibers, in-
cluding myelinated fibers and C-fibers in Remak bundles. These
changes are associated with altered pain processing even in the
absence of injury. LRP1 deficiency in Schwann cells also substan-
tially compromises the response to injury. Accelerated degen-
eration, Schwann cell death, and reduced regeneration are
observed in association with robust and sustained neuropathic
pain. We conclude that Schwann cell LRP1 is required for normal
Schwann cell-axonal interactions and as a pivotal regulator of the
response to PNS injury.

Materials and Methods

Animals. Transgenic mice carrying LRP1 alleles with LoxP sites, so that
Cre-mediated recombination eliminates part of the promoter and the
first two exons (LRP1%°¥1°% mice), were originally generated by Rohl-
mann et al. (1996). We obtained mice that carry two copies of the floxed
LRP1 gene and Cre recombinase expressed under the control of the Ly-
sozyme M promoter (Overton et al., 2007). These mice were crossed with
C57BL/6 mice to regenerate LRP1 flox/flox i ce, without LysM-Cre, in the
C57BL/6 genetic background. PCR analysis was performed on genomic
DNA isolated from tail clips (BioPioneer). Homozygous floxed Irp1 al-
leles were identified by a 350bp fragment amplified by PCR using for-
ward 5'CATACCCTCTTCAAACCCCTTC3' and reverse 5'GCAAGC
TCTCCTGGTCAG-ACC3' primers (Fig. 1). PO-Cre mice, in which Cre
is expressed selectively in Schwann cells, were previously described (Feltri
et al., 1999, 2002). For our studies, PO-Cre mice in the C57BL/6 genetic
background were crossed with LRP1%°¥1°% mice. Progeny that were
heterozygous for the LRP17°**? gene and PO-Cre-positive were bred with
LRP119¥/M°x mice. Approximately 25% of the resulting pups were ho-
mozygous for the LRP17°**d gene and PO-Cre-positive, as anticipated for
a system in which there is no embryonic lethality. These mice were bred
with LRP1 9% mice to generate experimental animals. Male litter-
mates that were used in experiments were LRP1 199X and either
PO-Cre-positive or P0-Cre-negative. Hemizygous P0-Cre mice were
identified by a 492 bp fragment amplified in PCRs using forward 5'CC
ACCACCTCTCCATTG-CAC3 andreverse5' GCTGGCCCAAATGTTC
GTGG3' primers. Mice that are deficient in Schwann cell LRP1 are called
scLRP1 /™ mice and littermate controls containing Schwann cell LRP1
are called scLRP1 /" mice. All breeding procedures were performed
according to the protocols approved by the University of California, San
Diego Committee on Animal Research, and conform to NIH Guidelines
for Animal Use. All mice were housed with a 12 /12 h light/ dark cycle
with ad libitum access to food and water.

Mouse surgery. In crush injury experiments, mice were anesthetized
with 3% isoflurane (IsoSol, VedCo) and maintained with 2% isoflurane.
An incision was made along the long axis of the femur. The sciatic nerve
was exposed at mid-thigh level by separating the biceps femoris and the
gluteus superficialis and then carefully cleared of surrounding connective
tissue. The sciatic nerve was crushed twice for 30 s with flat forceps
(Azzouzetal., 1996). The site of crush injury was marked with an epineu-
ral suture on the muscle surface. The muscle and skin layers were closed
using 6.0 silk sutures. In partial nerve ligation (PNL; Seltzer model)
studies, adult mice were subjected to PNL of the left sciatic nerve (Seltzer
et al., 1990) under anesthesia using 3% isoflurane initially, as described
above. The sciatic nerve was exposed at mid-thigh level as described
above. A 9-0 silk suture was inserted into the nerve with a curved,
reversed-cutting mini-needle, and ligated so that the dorsal one-third to
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Figure 1.  LRP1inactivation in Schwann cells. 4, Double-label immunofluorescence micros-
copy of LRP1 (green) in an adult myelinated sciatic nerve fiber. Nuclei are identified with DAPI
(blue). Note some residual LRP1 immunoreactivity in axoplasm of scLRP1 /™ nerves not as-
sociated with Schwann cells. Images represent n = 4 mice/group. Scale bar, 4 um. B, Quanti-
fication of LRPT immunoreactive Schwann cells and axons in uninjured sciatic nerves.
Immunoreactive cells were counted in 4 separate sections from each mouse (*p < 0.01;n = 4
mice/group). ¢, Immunofluorescence microscopy of LRP1 (red) in DRGs. Note similar intensity
and distribution of immunoreactivity in DRG neuron cell bodies. Nuclei are identified with DAPI
(blue). Scale bar, 45 pum.

one-half of the nerve thickness was held within the ligature. The wound
was closed with a single muscle suture and the skin was tightly sutured
with 4-0 nylon suture. In sham-operated animals, the nerve was exposed
at mid-thigh level but not ligated. Some animals received minocycline
(Sigma). Minocycline was prepared and dissolved in sterile water. Mice
received daily intraperitoneal injections (40 mg/kg) for 7 d, with the first
injection administered 4 h before surgery. The dosage of minocycline was
determined based on the previous reports regarding the therapeutic ef-
ficacy of minocycline (Ledeboer et al., 2005).

Motor and sensory function. Male mice were randomized and accli-
mated to the test chamber for 1 h before performing behavioral tests.
Baseline thresholds were obtained for 3 d before surgery. Following sur-
gery, tests were performed every day until death. Mechanical allodynia
was assessed by probing the hindpaw with non-noxious graded stimuli
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(von Frey filaments ranging from 0.008 to 6 g of force) applied perpen-
dicularly to the plantar surface of the paw (between the footpads)
through wire-mesh observation cages. The paw withdrawal threshold
(PWT) was determined by sequentially increasing and decreasing the
stimulus strength and analyzing withdrawal data using a Dixon nonpara-
metric test (Dixon, 1980), as described by Chaplan et al. (1994). Motor
testing was performed using a rotarod. Mice were randomized and
placed on a rotating cylinder that accelerated from 4 to 40 rotations per
minute (rpm) over 5 min (Ugo Basile). Mice were allowed to remain on
the cylinder for a maximum of 700 s and the time to failure was measured
in different trials (two trials with four replicates per day). Any mice
remaining on the apparatus after 700 s were removed and their times
were scored as 700 s (Bolis et al., 2005). In all behavior studies, experi-
mentalists were blinded to group identity.

TUNEL staining. TUNEL assays were performed as described by Grin-
span et al. (1996), with a few modifications. Briefly, adult sciatic nerves
immediately distal to injury sites (3 mm) were dissected, fixed in 4%
paraformaldehyde in PBS for 2 h, and then cryopreserved. Cryosections
were prepared and mounted on glass slides. TUNEL-staining was per-
formed using the ApopTag Fluorescein in situ Apoptosis Detection Kit
(Millipore). Labeled sections were mounted with coverslips using Pro-
long Gold and nuclei were counterstained by DAPI. Images were cap-
tured on a Leica DM IRE2 fluorescent microscope.

Immunoblot analysis. Immunoblot analysis was performed as previ-
ously described (Campana et al., 2006a; Mantuano et al., 2008). Briefly,
extracts of sciatic nerve 3 mm distal from an injury site and spinal dorsal
horn (ipsilateral and contralateral from the L4—L6 lumbar enlargement)
were prepared in RIPA buffer. The protein content of each extract was
determined by bicinchoninic acid (BCA) assay. An equivalent amount of
protein (20 ug per lane) was subjected to 10% SDS-PAGE and electro-
transferred to nitrocellulose membranes. Blots were blocked with 5%
nonfat dry milk in Tris-HCI buffered saline, pH 7.4, with Tween 20 and
subsequently incubated with primary polyclonal antibodies to cleaved
caspase-3 (1:500; Cell Signaling Technology), LRP1 (1:1000; C-terminal,
Sigma), phospho-p38 MAPK, total-p38 MAPK (1:1000; Cell Signaling
Technology), myelin basic protein (MBP, 1:1000; Abcam), or monoclo-
nal antibody to B-actin (1:2000; Sigma) overnight at 49°C. Antibody bind-
ing was detected by HRP-conjugated species-specific secondary
antibodies (1:2000; Cell Signaling Technology) followed by enhanced
chemiluminescence (GE Healthcare). Blots were scanned (Canoscan)
and densitometry was performed using Image] software.

Immunofluorescence microscopy and immunohistochemistry. Mice were
anesthetized with 3% isoflurane (IsoSol; VedCo) and subjected to intra-
cardiac perfusion with fresh 4% paraformaldehyde in 0.1 M sodium
phosphate buffer. Tissue (sciatic nerve, DRGs) was dissected, cryopro-
tected, and cut into 1020 pwm sections. Spinal cord tissue from the
lumbar region (L4-L6) was sectioned as transverse free-floating spinal
sections (35 wm). A minimum of four sections per animal were analyzed.
Nonspecific binding sites were blocked with 10% goat or horse-serum in
0.1% Triton X-100 and PBS for 60 min at room temperature, and then
incubated with primary antibodies diluted in blocking solution over-
night at 4°C. The following primary antibodies were used: LRP1 (C-
terminal) (Sigma-Aldrich, 1:1000); PO (Millipore, 1:100); p-p38 MAPK
(Cell Signaling Technology, 1:200); OX-42 (Serotec, 1:800); and IgG at
appropriate matched dilution. Tissue was washed in PBS and incubated
with the appropriate fluorescent secondary antibodies (Alexa Fluor 488- or
594-conjugated antibodies, 1:1000; Invitrogen) for 1 h at room temperature.
For dual-labeling studies, a second set of primary and secondary antibodies
was added. Preparations were mounted on slides using Pro-long Gold with
DAPI for nuclear labeling (Invitrogen). Images were captured on an Olym-
pus Fluoview1000 confocal microscope.

In some cases, nerves were processed for paraffin embedding as de-
scribed previously (Campana and Myers, 2001; Mantuano et al., 2011).
Nerve sections were cut (4 wm) and incubated with Tris-EDTA (Ventana
Discovery Ultra Medical Systems) for 4 min and 8 min cycles at 95°C.
Three sections from each nerve were sampled. Nonspecific binding was
blocked with 10% nonfat milk. Primary antibodies (S100 and MBP; Mil-
lipore) were subsequently incubated in antibody diluent (Dako) for 1 hat
22°C. Next, sections were incubated with anti-mouse antibodies conju-
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gated to HRP (Ventana Discovery Ultra Medical Systems) and developed
with 3’3 diaminobenzidine (DAB). Some sections were treated with sec-
ondary antibody only, as a control. Imaging was performed using a Leica
DCF2500 microscope with Leica Imaging Software 2.8.1 (Leica
Microsystems).

Quantitative analysis of S100-positive Schwann cells. The number of
$100-positive cells was determined in the mouse sciatic nerve 1 d after
crush lesion. Counting was performed 3 mm distal to the crush injury site
and in the contralateral (nonlesioned) nerve. S100 immunostaining was
located in Schwann cell cytoplasm and only S100-positive cytoplasm in
crescents was counted. Counting was performed using a light microscope
(Leitz Wetzlar Dialux 20) with the 40X objective and an ocular grid
containing 10 X 10 squares. One square was 25 X 25 pm (625 um?).
Counting of S100 Schwann cells in the distal nerve sections was per-
formed in a total of 20 squares per section, representing ~10% of the
total nerve bundle area.

Transmission electron microscopy. Sciatic nerves from scLRP1 '~ and
littermate control mice were processed for plastic embedding as de-
scribed previously (Campana et al., 2006b). Glutaraldehyde (2.5%)/0.1 m
sodium phosphate, 150 mm NaCl, pH 7.4 (Fixation Buffer), was applied
directly onto mouse sciatic nerves before removal. Resected tissue was
further incubated in Fixation Buffer for an additional 72 h at 4°C,
washed, chilled in 0.1 M Cacodylate Buffer, pH 7.4, and then secondarily
fixed in 1% Osmium Tetroxide/CB for 30 min. Sciatic nerve samples
were further washed and then dehydrated in serially increasing concen-
trations of ethanol. Specimens were embedded in Durcupan resin
(Sigma-Aldrich). Semithin sections (50— 60 nm) were applied to copper
grids (300 mesh). The grids were viewed using a Tecnai G Spirit BioT-
WIN transmission electron microscope (TEM) equipped with an Eagle
4k HS digital camera (FEI) or with a JOEL FX1200 Transmission Elec-
tron Microscope.

Quantitative TEM analysis. Ultrathin sections (50—60 nm) of sciatic
nerve were used to count myelinated nerve fibers and Remak bundles in
scLRP1 /™ and scLRP1 */" mice. Nerves were imaged at 1900X. My-
elinated fibers, C-fibers and Remak bundles were counted in a 500 wm?
surface area using OpenLab software (Improvision). The number of my-
elinating and nonmyelinating Schwann cells is presented as the average
per cross-section. For g ratios, mean axonal and fiber (axon including
myelin sheath) diameters were measured. The g ratio was determined by
dividing the mean axon diameter by the mean fiber diameter. Myelin
area was determined by subtracting the axonal area from the total fiber
area. Approximately 100—120 nerve fibers were counted from three in-
dividual animals per genotype. Axon diameters from both genotypes
were divided into three groups: 0-3, 3.1-6, and >6.1 wm, and the fre-
quency of g ratio was recorded and averaged for each group. The criteria
used for defining abnormal nonmyelinating Schwann cells was (1) the
presence of an axon greater than >2 pum in the Remak bundle and (2)
lack of Schwann cell cytoplasm between axons so that multiple axons are
within one cytoplasmic domain.

Statistical analysis. Behavioral and functional data are presented as the
mean * SEM. Results were analyzed by repeated-measures ANOVA and
Scheffe’s post hoc test. For quantitative immunohistochemistry and
TEM, immunoblotting, and qPCR data, we performed a one-way
ANOVA followed by a Tukey’s post hoc test when more than two groups
of results were compared. A Student’s ¢ test was used when two groups
were compared. For nonparametric data, a Kolmogorov—Smirnov test
was used to measure and compare frequency distributions. In all statis-
tical analysis, a significance criterion of p < 0.05 was used.

Results

Targeted disruption of LRP1 in Schwann cells

Mice harboring loxP recognition sites in the LRP1 gene
(Rohlmann et al., 1996) were crossed with mice in which Cre
recombinase is expressed under the control of the PO promoter
(Feltri et al., 1999). The PO promoter becomes active specifically
in Schwann cell precursors at embryonic day 13.5-14.5, includ-
ing cells that develop into myelinating and nonmyelinating
Schwann cells; the PO promoter is inactive in other glial cells and
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dorsal root ganglion neurons (Feltri et al., 1999, 2002). Mice that
are homozygous for the LRP17***? gene and carry the PO-Cre
recombinase transgene (scLRP1 /") were grossly normal. These
animals were fertile and born at the expected Mendelian fre-
quency, without evidence for embryonic lethality. Adult mice
were the same size and weight as mice that were homozygous for
the LRP1*? gene and negative for PO-Cre (scLRP1*/™). Gait
and motor function were qualitatively intact, and there was no
evidence of overt neurological abnormalities.

scLRP1 '~ and scLRP1*'* mice were killed at 10 weeks.
mRNA was harvested from uninjured sciatic nerves. LRP1
mRNA levels were determined by qPCR (n = 8 mice/group).
LRP1 mRNA was reduced by 52 = 5% in nerves from scLRP1 '~
mice, compared with nerves isolated from scLRP1 ™/ mice (p <
0.01), suggesting that the LRP1 gene was indeed deleted in a
subpopulation of cells present in the sciatic nerve. Immunofluo-
rescence microscopy, using antibody specific for LRP1, showed
loss of antigen (green fluorescence) in association with the nucle-
ated cytoplasmic crescents of myelinating Schwann cells in
scLRP1 ™/~ mice (Fig. 1A). Axonal immunoreactivity was still
observed in sections of nerve from scLRP1 '~ mice, as antici-
pated (Campana et al., 2006a). By visual examination, >95% of
the myelinating Schwann cells were LRP1-immunonegative in
scLRP1 ™/~ mice, compared with Schwann cells from scLRP1 */*
mice, which were uniformly LRP1-immunopositive (Fig. 1 B). As
a further control, we examined dorsal root ganglia (DRGs) from
scLRP1*/* and scLRP1 '~ mice. LRP1 was detected in the neu-
ronal cell bodies in DRGs of control animals, as previously re-
ported (Shi et al., 2009). Conditional LRP1 gene deletion in
Schwann cells did not affect LRP1 expression in DRG neuronal
cell bodies (Fig. 1C).

LRP1 gene deletion in Schwann cells affects the phenotype of
myelinating and nonmyelinating cells

Nonlesioned sciatic nerves were examined histologically by pre-
paring semithin plastic sections, which were stained with meth-
ylene blue/Azure II. By light microscopy, the morphology of the
sciatic nerves from scLRP1 '~ mice appeared normal (Fig. 2A).
Axons of various diameters were present at proportions that ap-
peared similar to those observed in scLRP1 ™" mice. The num-
ber of myelinated axons per field (500 um *) was not significantly
different in scLRP1 /" (19 = 1) compared with scLRP1*/*
(21 %= 2) mice.

When uninjured sciatic nerves from scLRP1 '~ mice were
examined by TEM, we noticed that the thickness of the myelin
surrounding many axons appeared decreased (Fig. 2A). To ex-
plore this observation, we selected, at random, 47 myelinated
axons from scLRP1 /™ mice, with diameters ranging from 3.1-6
wm, and 48 equivalently sized axons from scLRP1 /™ nerves.
Axonal and myelin areas were determined. The mean axonal area
for the cohort of axons from scLRP1 /~ mice was actually
slightly greater than that of the wild-type cohort. Nevertheless,
the mean myelin area for the cohort of axons from scLRP1 '~
nerves was significantly decreased (p < 0.01; Fig. 2B).

Next, we conducted a more comprehensive analysis of TEM
images, calculating g ratios, which report mean axonal diameters
divided by mean fiber diameters. Figure 2C shows that the g ratios
appeared increased in nerves from scLRP1 ~/~ mice across the
continuum of axon size (p < 0.05; Kolmogorov—Smirnov). We
confirmed this observation by applying statistical analysis to axon
populations that were stratified according to size. For axons rang-
ing from 0 to 3 wm, the g ratios were 0.54 * 0.02 for scLRP1 */*
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Figure2. Effectsof LRP1deletion on the structure of myelinating Schwann cells. 4, Semithin
transverse sections of uninjured sciatic nerves from scLRP1 /" and scLRP1 "~ mice were
stained with methylene blue/Azure I1. Scale bar, 12 wm. B, TEM analysis of a myelinated axon
and quantification of axon and myelin area in scLRP1 */* or scLRP1 ~/~ sciatic nerves (*p <
0.05 compared with scLRP1 */* nerve). Scale bar, 3.0 um. €, Scatter plots of g ratio versus
axon diameter for myelinated axons from scLRP1 1 and scLRP1 /™ mice (n = 100-120
axons/genotype). Higher g ratios were observed in scLRP1 /™ nerves compared with
ScLRPT T/ (**p < 0.01).

mice and 0.64 = 0.02 for scLRP1 '~ mice (mean * SEM, p <
0.001). For axons ranging from 3 to 6 um, the g ratios were 0.58 =
0.01 for scLRP1 "/ nerves and 0.68 = 0.01 for scLRP1 /" nerves
(p < 0.001). For axons ranging from 6 to 8 wm, the g ratios were
0.62 + 0.01 for scLRP1'* nervesand 0.72 % 0.02 for scLRP1 '~
nerves (p < 0.001).

In normal peripheral nerves, nonmyelinating Schwann cells
ensheath multiple small pain transmitting axons (C-fibers) to
form Remak bundles. Figure 3A shows TEM images of Remak
bundles from scLRP1 /" and scLRP1 '~ mice. In scLRP1 */*
mice, C-fibers ensheathed by nonmyelinating Schwann cells were
well organized and of normal size (<1.2 wm). Distinct Schwann
cell cytoplasm separated each individual axon. In contrast, nerves
from scLRP1 /" mice had axons in Remak bundles that ap-
peared abnormally shaped and ensheathed (Fig. 3B). The per-
centage of axons that was >2 um in diameter was significantly
increased (p < 0.01) and the percentage of axons that appeared
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Figure 3.  LRP1 deletion in Schwann cells alters Remak bundle properties. 4, TEM of transverse
thin sections of sciatic nerves from scLRP1 */* and scLRP1 ~/~ mice. Asterisks identify axons with
>2 um diameter. Thick arrows demarcate areas in which the amount of Schwann cell cytoplasm
between axons is decreased/absent. B, Quantification of abnormal Remak bundles per surface area
(500 um ) inscLRPT ™/ and scLRP1 ~/ mice. Abnormal Remak bundles are defined as (and see
Material and Methods): (1) the presence of axons greater than >2 yumin the Remak bundle; and (2)
lack of Schwann cell cytoplasm between individual axons so that multiple axons are within one cyto-
plasmic domain. Abnormal Remak bundles were counted and expressed as a percentage of total
number of Remak bundles. Data are presented as the mean == SEM (**p << 0.01). €, The number of
Remak bundles per surface area (500 tum 2)inscLRPT /™ and scLRP1 /™ sciatic nerves in each of
four categories was counted. Categories are distinguished by the number of ensheathed axons. Data
represent the mean = SEM for 4 mice/genotype (*p << 0.05 compared with littermate controls).

improperly separated from neighboring axons by Schwann cell
cytoplasm was also significantly increased (p < 0.01). The den-
sity of nonmyelinating Schwann cells in nerve sections from
scLRP1 ™/~ mice (5.1 = 0.5 per 500 um? field) was not signifi-
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cantly changed compared with littermate control mice (5.5 = 0.8
per 500 um*); however, we observed a significant increase in the
number of Remak bundles containing >21 axons in scLRP1 ™/~
mice (p < 0.05; Fig. 3C). Collectively, these findings suggest that
there are abnormalities in Schwann cell-axonal interactions, in
scLRP1 '~ mice, involving myelinating and nonmyelinating
Schwann cells.

Given the abnormalities observed in Schwann cell-axonal ul-
trastructure in uninjured scLRP1 ~/~ mice, we performed evoked
sensory and motor testing experiments. Mechanical allodynia
was measured by non-noxious probing of the hindpaw using von
Frey filaments in adult mice. A significant reduction in sensory
threshold was observed in scLRP1 /™ mice (1.3 * 0.15 g), com-
pared with 2.3 = 0.3 g in scLRP1 */* mice, which indicates that
these scLRP1 ~/~mice have mechanical allodynia in the absence
of injury (p < 0.05; see Fig. 8). Motor function was measured by
Rotarod testing. No change in motor function was evident
(108 = 3 sin scLRP1 ~/~ mice and 107 = 4 in scLRP1 ™" mice;
and see Fig. 8).

Nerve degeneration is accelerated after injury in

scLRP1 ™/~ mice

To determine whether LRP1 deficiency in Schwann cells affects
the response to injury, sciatic nerves were crush-injured in
scLRP1 ™/~ and scLRP1*'* mice. Distal nerve sections (3 mm
from the crush injury site) were examined by immunohisto-
chemistry (IHC), using an antibody that detects MBP. We chose
to image MBP to highlight myelin structure. In uninjured nerves,
MBP immunoreactivity was relatively similar in both genotypes
(Fig. 4A,B). The immunostain clearly demarcated intact myelin-
ated axons of variable size.

One day after crush injury, nerves from scLRP1 '~ mice
showed profound loss of MBP immunoreactivity, reflecting de-
generation of myelin sheaths, together with large areas of edema
and apparent loss of nerve fiber architecture (Fig. 4D). In the
control scLRP1™'" mice, 1 d after crush injury, the structure of
the nerve remained more intact (Fig. 4C), suggesting that degen-
eration was accelerated in scLRP1 '~ mice. Five days after crush
injury, degeneration of myelin sheath structure was still more
advanced in scLRP1 '~ mice; however, at this time point, nerve
degeneration was obvious in the control scLRP1 */* mice as well
(Fig. 4, F).

To confirm the results of our IHC studies, we performed im-
munoblotting experiments to detect MBP. In uninjured (con-
tralateral) nerves, we did not detect significant differences in the
total level of MBP, despite the ultrastructural changes in myelin
sheaths in nerves from scLRP1 ~/~ mice observed by TEM (Fig.
4G,H). There are many possible explanations for this result,
including a change in the composition of PNS myelin in
scLRP1 '~ mice; however, the major focus of this experiment
was to confirm more rapid degradation of myelin following in-
jury in scLRP1 /" mice. Five days after nerve injury, when de-
generation was apparent in control nerves, the level of MBP was
significantly decreased in nerve extracts from scLRP1 '~ mice.
We interpret these IHC and immunoblotting results to indicate
more rapid and robust degeneration of myelin in crush-injured
nerves from scLRP1 ™/~ mice. When immunoblots were per-
formed using equivalent amounts of extracted sciatic nerve pro-
tein, B-neuronal tubulin was not significantly decreased 5 d after
crush-injury in nerves from scLRP1 '~ and scLRP1 /" mice,
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Figure4. Degeneration is accelerated following crush injury of sciatic nerves in scLRP1 ~/~
mice. Immunohistochemistry of MBP in sciatic nerves from scLRP1 /™ and scLRP1 /" miceis
shown in uninjured sciaticnerves (A, B); in distal nerve sections (C, D; 3 mm distal from the crush
site) recovered 1 d after injury; and distal nerve sections (E, F) recovered 5 d after injury. Scale
bar, 25 um. Note the loss of MBP and accelerated degeneration in injured scLRPT /" nerves.
Images are representative of those obtained with 4 mice per group. G, MBP was determined by
immunoblot analysis in extracts on nerves isolated 5 d after nerve injury. H, Quantification of
MBP ratios by densitometry 5 d after sciatic nerve crush injury. Data represent the mean = SEM
for 4 mice/genotype (*p << 0.05 compared with littermate controls).

suggesting that axonal cytoskeleton does not degenerate at the
same rate as myelin in crush-injured nerves.

Schwann cell survival is compromised after nerve injury in
vivo by LRP1 deficiency
In Schwann cells, LRP1 functions as a cell-signaling receptor,
activating prosurvival pathways and antagonizing endoplasmic
reticulum stress signaling (Campana et al., 2006a; Mantuano et
al., 2011). To identify pathways that may be responsible for the
accelerated degeneration of crush-injured sciatic nerves in
scLRP1 /'~ mice, we performed TUNEL-labeling experiments.
In control, uninjured contralateral nerves, TUNEL-positive cells
were rare in both scLRP1 '~ and scLRP1 ™" mice (Fig. 54,B).
Following crush injury, TUNEL positivity increased selectively in
scLRP1 ™/~ nerves (Fig. 5C,D). TUNEL positivity was detected in
36 = 9% of the DAPI-labeled cells in injured nerves from
scLRP1 /" mice, compared with <3% in injured nerves from
scLRP1*/* mice (p < 0.05).

Next, we tested whether apoptotic cell signaling is increased in

scLRP1 /" nerves compared with scLRP1 */* nerves. Nerve ex-
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mice/cohort. Scale bar, 15 wm. E, Inmunoblot analysis of LRP1 (85 kDa) and cleaved caspase-3
in sciatic nerve distal to a crush injury site. Nerves were isolated 1d after injury. Equal amounts
of nerve protein (30 g) were loaded in each lane and subjected to SDS-PAGE. B3-Actin was
measured as a loading control. Each lane represents an individual animal (n = 3/group). F,
Quantification of LRP1in sciatic nerve and cleaved caspase-3 by densitometry. Quantification of
LRP1in spinal cord by densitometry. Data are expressed as mean == SEM (*p << 0.05).

tracts were isolated 1 d after crush injury and subjected to immu-
noblot analysis. The total level of LRP1 (85 kDa light chain) was
decreased in scLRP1 /" mice (Fig. 5E). This was anticipated be-
cause, after nerve injury, LRP1 expression in axons rapidly de-
clines and Schwann cells are responsible for an increased fraction
of total LRP1 in the nerve (Campana et al., 2006a). Cleaved
caspase-3 was significantly increased in sciatic nerves from
scLRP1 /" mice, providing further evidence that LRP1 defi-
ciency in Schwann cells compromises cell viability after nerve
injury.

We subjected our immunoblotting results to densitometry anal-
ysis with standardization against B-actin (Fig. 5F). LRP1 light chain
was significantly decreased in injured sciatic nerves from scLRP1 '~
mice (p < 0.05) and cleaved caspase-3 was significantly increased
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Images are representative of studies with 4 mice per group. Scale bar, 12 m. G, Quantification
of $100-immunoreactive Schwann cell crescents in tissue sections (**p << 0.01; n = 16-20
sections/group). H, TEM analysis of crush-injured sciatic nerves after 20 d in scLRP1 */* and
scLRP1 /™ mice. Arrow points to onion bulb formation.

(p < 0.05). As a control, we showed that LRP1 was not regulated in
spinal cords isolated from scLRP1 ~'~ animals.

To further test the hypothesis that LRP1 deficiency in
Schwann cells compromises cell viability after nerve injury, we
subjected sections of sciatic nerve to S100 IHC. S100 is a well
defined Schwann cell marker (Jessen and Mirsky, 2005). In
uninjured nerves from scLRP1 /" and scLRP1 '~ mice, the
IHC images were similar. Representative low-magnification
and high-magnification images of scLRP1*/* nerves are
shown in Figure 6, A and B, respectively. One day after crush-
injury, activated Schwann cells with plump, robustly S100-
immunopositive cytoplasmic crescents were abundant in
nerves from scLRP1 ™" mice (Fig. 6C,D). In nerves from
scLRP1 ™/~ mice, activated Schwann cells were more difficult
to identify (Fig. 6 E,F). Interestingly, the residual Schwann
cells in these nerves demonstrated contracted cytoplasm or
appeared degenerated (see F). Large areas devoid of immuno-
stain suggested extensive nerve edema. We quantitated the
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number of S100-immunopositive Schwann cell crescents and
demonstrated a significant decrease in crescents in injured
nerves from scLRP1 /™ mice (p < 0.01; Fig. 6G). The number
of Schwann cell crescents was not decreased in contralateral,
uninjured nerves.

Schwann cells are known to be essential for peripheral nerve
regeneration (Ide, 1996). Because Schwann cell survival is com-
promised in scLRP1 '~ mice, we subjected scLRP1 /" and
scLRP1 """ mice to crush injury and studied recovered nerves by
TEM, 20 d after injury. Myelinated axons were evident in nerves
isolated from scLRP1 /" mice (Fig. 6 H). Because axonal deteri-
oration downstream of crush injury sites is typically complete, we
interpreted the presence of myelinated axons 20 d after injury
as evidence of nerve regeneration. By contrast, sections of
scLRP1 '~ nerves showed no evidence of successfully remyeli-
nated axons. Instead, degenerated myelin swirls, electron-opaque
structures resembling vacuoles, and numerous onion bulb for-
mations, which form from layers of Schwann cell cytoplasm, were
present, suggestive of failed regeneration (Thomas, 1970; Ohara
and Tkuta, 1988).

scLRP1 ~/~ mice develop severe and sustained

neuropathic pain

The relationship between abnormal Schwann cell-axonal inter-
actions, demyelination, and pain has been previously reported
(Fujita et al., 2007; Ueda, 2008). Thus, we hypothesized that ab-
normal Schwann cell-axonal interactions in scLRP1 ~/~ mice
would result in altered pain responses following injury. To test
this hypothesis, mice were subjected to PNL, which is a well es-
tablished neuropathic pain model (Shir and Seltzer, 1990). In this
model system, one-third to one-half of the sciatic nerve is ligated.
Heterogeneity in damage to different areas of a single nerve is
apparent in semithin sections of nerve from scLRP1 '~ and
scLRP /" mice, isolated 20 d after PNL and stained with meth-
ylene blue/Azure II (Fig. 7A,B). When the most highly damaged
areas of the nerves were examined at high power, some of the
major observations from the crush injury model system were
conserved. In these areas of scLRP1 /™ nerves, degenerating ax-
ons and inflammatory cells were abundant. Similar areas from
the nerves of scLRP1 ™" mice showed substantial evidence of
regeneration, including thinly myelinated axons with small di-
ameters (Fig. 7C,D). The myelinated axons are most likely axons
coming through or around surgical ligations. These differences
also were apparent by TEM (Fig. 7 E, F). The onion bulb forma-
tions in sections of nerve from scLRP1 ~/~ mice, subjected to
PNL 20 d before nerve harvest, provide suggestive evidence for
failed regeneration (Thomas, 1970).

To confirm that the abundance of myelinated fibers is de-
creased in scLRP1 /" mice, we performed immunoblotting ex-
periments to detect MBP in sciatic nerves 20 d after PNL (Fig.
7G). MBP levels were not significantly different in uninjured con-
tralateral nerves isolated from scLRP1 ™" and scLRP1 '~ mice,
confirming the results shown in Figure 4G. Twenty days after
PNL, MBP was significantly decreased in distal nerve extracts
from scLRP1 /™ and scLRP1 ™" mice, compared with levels ob-
served in uninjured nerves. Furthermore, the level of MBP was
decreased in injured nerves isolated from scLRP1 /"~ mice, com-
pared with injured nerves from scLRP1 */* mice. Densitometry
analysis confirmed that these results were significant (Fig. 7H).
The greater decrease in MBP in injured nerves from scLRP1 '~
mice may be multifactorial, and include the fact that axonal de-
generation is more robust in scLRP1 /" nerves. However, at
20 d, the lower level of MBP observed in nerves isolated from
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Figure 7. (Characterization of structural changes following PNL of sciatic nerves in
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mice/group. G, Immunoblot analysis of MBP levels in PNL-injured nerves isolated 20 d after
injury. Each lane represents an individual mouse. H, Quantification of immunoblots by densi-
tometry (*p << 0.05; n = 4/group).

scLRP1 ™'~ mice also is interpreted as resulting from failure of
regenerating myelinated axons to penetrate into the distal nerve
segment.

Next, mechanical allodynia was measured using von Frey
hairs for up to 19 d following PNL. scLRP1 /" mice exhibited
statistically significant (p < 0.05) allodynia during baseline test-
ing (Fig. 8A). After nerve injury, scLRP1 '~ mice developed
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Figure 8.  Sensory and motor deficits are exacerbated and sustained in scLRP1 '~ mice
following PNL. A, Mechanical allodynia was measured by non-noxious probing of the hindpaw
using von Frey filaments before and after PNL. Data are expressed as means = SEM (N =
10-12/cohort). Differences in treatment groups were compared by Scheffe’s post hoc test
(*p << 0.05 comparing genotypes at baseline; *p << 0.05 compared with sham-operated mice
in the same genotype; **p << 0.01 comparing scLRP1 /" mice with all groups). B, Rotarod
testing of scLRP1 /™ and scLRP1 /™ mice before and after PNL. The time until failure is
plotted (*p << 0.05 compared with sham-operated mice, n = 12/cohort).

robust mechanical allodynia, characterized by significantly lower
paw withdrawal thresholds, compared with scLRP1** mice
(p < 0.01). Mechanical allodynia was sustained in scLRP1 /"~
mice for 19 d, when the experiments were terminated. By con-
trast, scLRP1 ™/ began to recover 15 d after injury, as anticipated
(Ulmann et al., 2008). By 19 d, thresholds in injured scLRP1 */*
mice were nearly equivalent to those recorded in uninjured and
sham-operated scLRP1 /" animals. Sham-operated scLRP1 '~
mice had significant allodynia initially (the first week) but recov-
ered to baseline levels 11 d after surgery.

Motor function was assessed by Rotarod testing. Before nerve
injury, scLRP1 /" and scLRP1** mice demonstrated equiva-
lent motor function (Fig. 8 B). PNL transiently decreased motor
function in scLRP1 /" mice; however, in scLRP1 '~ mice, loss
of motor function was more substantial and sustained (p < 0.01).
Sham-operated scLRP1 /" and scLRP1 /" mice also initially
demonstrated decreased motor function, but function was com-
pletely restored by 17 d (p < 0.01; Fig. 8 B). PNL typically does
not induce sustained motor loss. These results suggest that ab-
normal Schwann cell-axonal interactions in scLRP1 ~/~ mice
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may affect the function of diverse neuronal cells types in sciatic
nerve injury.

scLRP1 ™/~ mice demonstrate increased p38 MAPK
phosphorylation and activation of microglia in the spinal
cord in response to PNL

P38 MAPK phosphorylation and microglial activation in the spi-
nal dorsal horn have been identified as key biomarkers of neuro-
pathic pain processing (Ji and Suter, 2007). To assess these
biomarkers, we subjected scLRP1 /"~ and scLRP1"" mice to
PNL. Spinal cords were harvested 7 d later. Phospho-p38 MAPK
(P-p38MAPK) and the microglial cell marker, CD11b/OX-42,
were analyzed by immunofluorescence microscopy. In the unin-
jured spinal cords from scLRP1*/* and scLRP1 ™/~ mice,
phospho-p38 MAPK was barely detectable (Fig. 9A,B), as antici-
pated. In the injured spinal cords from scLRP1/" mice,
phospho-p38 MAPK was increased on the ipsilateral side, relative
to the contralateral side, in lamina I through III; however, in-
creased antigen also was observed in the contralateral dorsal horn
(Fig. 9C). Phospho-p38 MAPK was substantially increased in
both magnitude and distribution in the ipsilateral dorsal horn of
injured scLRP1 /™ mice (Fig. 9D). Robust signal extended from
lamina I all the way to lamina VI, with extension into the con-
tralateral spinal dorsal horn.

0OX-42 immunofluorescence also was increased in the ipsilat-
eral dorsal horn of scLRP1 ~/~ mice, 7 d after PNL, compared
with scLRP1 */* mice (Fig. 9E,F), suggesting extensive micro-
glial cell proliferation, recruitment, and/or activation. Immuno-
fluorescence intensity was quantitated by densitometry and is
shown for phospho-p38 MAPK and OX-42 in Figure 9, G and H,
respectively. Both markers were significantly increased in inten-
sity in the ipsilateral horn in scLRP1 '~ mice, compared with
scLRP1 """ mice (p < 0.05).

To confirm the results of our immunofluorescence micros-
copy studies, tissue from the spinal dorsal horn was harvested 7 d
after PNL and subjected to immunoblot analysis. Phospho-p38
MAPK was occasionally detected in uninjured spinal dorsal horn,
in scLRP1 '~ mice; however, the signal was extremely weak.
Following PNL, phospho-p38 MAPK was readily detected and
signal was significantly greater in scLRP1 '~ mice, compared
with scLRP1 /" mice. Total p38 MAPK was unchanged (Fig. 9I).
Immunoblots showing phopho-p38 MAPK and total MAPK
were subjected to densitometry. The results are quantified and
summarized in Figure 9J.

To determine whether p38 MAPK was activated in microglia
in the spinal cords of scLRP1 /" mice that were subjected to
PNL, we performed dual-labeling immunofluorescence micros-
copy studies. Areas of phospho-p38 MAPK immunostaining
(green) colocalized with microglial cell marker, OX-42 (red),
suggesting that p38 MAPK was activated in microglia (Fig. 10A).
However, phospho-p38 MAPK immunoreactivity also occasion-
ally colocalized with NeuN, a neuronal marker, as well (results
not shown). These findings are consistent with previous
observations regarding p38 MAPK activation in the spinal cord
(Svensson et al., 2008; Zhang et al., 2010).

Minocycline is an antibiotic known to inhibit microglial acti-
vation in injured spinal cords (Raghavendra et al., 2004). To
demonstrate that microglial activation contributes to the sus-
tained mechanical allodynia observed in scLRP1 '~ mice, we
treated scLRP1 *'* and scLRP1 ~/~ mice with minocycline (40
mg/kg) by intraperitoneal injection 4 h before PNL and then
daily. Cohorts of scLRP1 */* and scLRP1 ~/~ mice were injected
with vehicle, as a control. Mechanical allodynia was monitored
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Figure9. Sustained pain-related behaviorin scLRPT ~/~ mice is associated with phosphor-

ylation of p38 MAPK (P-p38MAPK) and activation of microglia in the spinal dorsal horn. A-D,
Immunofluorescence for P-p38MAPK in the spinal dorsal horn of mice in uninjured (4, B) and
injured (C, D) 7 d after PNL. E, F, Inmunofluorescence of cd11b/0X-42 in the spinal dorsal horn
after7 d of PNLinjury. Images are representative of those obtained in studies with 3— 4 mice per
cohort. Each pair of images shown in A—F (A and B-D, E and F) is matched for exposure. Scale
bar, 400 wm. G, H, Quantification by densitometry of P-p38MAPK and 0X-42 in the ipsilateral
and contralateral spinal dorsal horn. Signal intensity in the ipsilateral horn was significantly
increased in scLRP1 /™ mice compared with scLRP1 /™ mice (*p < 0.05, n = 4/group).
Signal intensity also was significantly increased in the ipsilateral compared with the contralat-
eral horn for each biomarker (*p << 0.05). I, Inmunoblot analysis of P-p38MAPK in spinal cord
dorsal horn isolated 7 d after PNL. Equal amounts of protein (50 1.g) were loaded in each lane
and subjected to SDS-PAGE. Total p38 MAPK was determined as a loading control. J, Quantifi-
cation of P-p38MAPK to T-p38MAPK ratio by densitometry in uninjured and injured spinal cord
(n = 3—4mice) *p << 0.05 comparing injury in each genotype.

daily before surgery and from 4 to 8 d after PNL. At day 4, both
scLRP1 */* and scLRP1 '~ mice, which were treated with vehi-
cle, demonstrated allodynia (Fig. 10 B). Control scLRP1 /" mice
treated with minocycline showed significantly less allodynia, as
anticipated. Although scLRP1 '~ mice, which were treated with
minocycline, demonstrated a trend toward reduced allodynia,
the drug was minimally effective at best and extensive allodynia
remained throughout the testing period. We interpret these re-
sults to suggest that the more extensive damage associated with
PNL in scLRP1 ™/~ nerves overwhelms the activity of this drug.

Discussion

Based mainly on in vitro studies, we have previously shown that
membrane-anchored LRP1 orchestrates many Schwann cell ac-
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mice treated with minocycline to scLRP1 /*

and without minocycline; n = 6/cohort).

tivities that are observed in vivo, when the PNS is injured and
Schwann cells become activated. These include activation of pro-
survival cell-signaling pathways (Campana et al., 2006a) and pro-
motion of cell migration (Mantuano et al., 2008, 2011). In this
study, we have shown that in the uninjured rodent peripheral
nerve, LRP1 deficiency in Schwann cells is associated with ultra-
structural changes in both myelinating and nonmyelinating
Schwann cells. After peripheral nerve injury, nerve degeneration
is accelerated and associated with substantial loss of Schwann cell
viability, as might have been predicted by previous in vitro cell-
signaling studies. Accelerated degeneration is associated with in-
creased and sustained allodynia, more extensive loss of motor
function, and apparently failed regeneration. scLRP1~/~ mice
demonstrate increased central sensitization in response to PNL, as
evidenced by activation of p38 MAPK and microglial activation in
the dorsal horn of the spinal cord. Overall, these studies indicate a
pervasive role for LRP1 in regulating Schwann cell physiology and
the response to peripheral nerve injury.

A striking abnormality was noted in the ultrastructure of
nonmyelinating Schwann cells and their interaction with pain-
transmitting axons in uninjured nerves isolated from scLRP1 '~

P-p38MAPK localizes to microglia in injured mice. 4, Double-label immunofluorescence microscopy of 0X-42 (red)
and P-p38MAPK (green) in the ipsilateral spinal dorsal horn in scLRP1 */* and scLRP1 ~/~ mice 7 d after PNL. Colocalization of
P-p38MAPK and 0X-42 is shown in yellow. Cell nuclei were identified by DAPI (blue). Scale bar, 5 pem. B, Mechanical allodynia was
measured in mice before and after PNL by non-noxious probing of the hindpaws with von Frey filaments. Mice were treated
systemically with minocycline (40 mg/kg) or vehicle 4 h before PNL and daily for 7 d after PNL (*p << 0.05 comparing scLRP1 /™
mice treated with vehicle; no significant differences between scLRP1
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mice. Abnormal Remak bundles were
characterized by (1) axons with mean di-
ameters exceeding 2 um; (2) improper
separation of axons by Schwann cell cyto-
plasm; and (3) a greater frequency of Re-
mak bundles in which a high number of
axons are contained. The presence of large
caliber axons in Remak bundles in nerves
from scLRP1 /" mice may reflect incor-
poration of axons that are typically my-
elinated in wild-type nerves or axonal
swelling due to improper ensheathment.
That LRP1 deficiency regulates axonal
sorting is plausible because LRP1 regu-
lates B1 integrin levels on the cell surface
of diverse cell types (Salicioni et al., 2004).
Conditional deletion of B1 integrin in
Schwann cells has profound effects on ax-
onal sorting and myelination (Feltri et al.,
2002). Dilation of axons within Remak
bundles may be observed when there is
insufficient Schwann cell trophic support
(Chen et al., 2003). The presence of an
increased number of axons in association
with LRP1-deficient Schwann cells has
not been explained; however, we hy-
pothesize that the previously demon-
strated activity of LRP1 as a regulator of
Rho family GTPases may be involved
(Mantuano et al., 2010). Rho GTPases
are known to control Schwann cell cyto-
skeletal and plasma membrane dynam-
ics required for development of correct
axonal interactions and myelination
(Melendez-Vasquez et al., 2004).

Schwann cells in Remak bundles are
termed “first responders” to injury or dis-
ease in the PNS microenvironment
(Griffin and Thompson, 2008). The al-
tered Remak bundle structure we ob-
served may underlie the presence of
allodynia in scLRP1 /" mice in the ab-
sence of injury. Small C-fibers ensheathed by nonmyelinating
Schwann cells are high-threshold pain-producing neurons. If ax-
ons are improperly ensheathed by Schwann cells, then adjacent
axons come into contact. This provides a mechanism for impulse
conduction through the nerve membrane in either direction, al-
lowing neighboring axons to “cross-talk” and engage in sponta-
neous ephaptic transmission (Sadjadpour, 1975; Ueda, 2008).
Ultrastructural abnormalities in myelinated Schwann cells also
may have contributed to the baseline changes in sensory process-
ing in uninjured scLRP1 ~'~ mice. A8 fibers, which are myelin-
ated, mediate a large proportion of withdrawal reactions to
light-touch (Shir and Seltzer, 1990) and contribute to excessive
sensitivity in human peripheral demyelinating and degenerative
diseases (Pentland and Donald, 1994).

Following nerve injury, in each of the model systems we stud-
ied, evidence for more rapid and/or severe nerve degeneration
was observed in scLRP1 ™/~ mice. These anatomic changes were
associated with more severe loss of nerve function. We recognize
at least three candidate mechanisms by which LRP1 deficiency in
Schwann cells may exacerbate responses to nerve injury and neu-
ropathic pain. First, sciatic nerves in scLRP1 /" mice already

/" micewith
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exhibit lower thresholds before injury and therefore may re-
spond to noxious stimuli in an exaggerated manner. Second,
the accelerated degeneration of myelinated nerve fibers ob-
served in scLRP1 /™ mice may cause extensive modifications
in neurolemma architecture. These changes increase sodium
channel activity and turnover in the neural membranes,
thereby contributing to sustained afferent hyperexcitability in
injured nerves (Devor et al., 1993). Moreover, demyelination
and subsequent physical crosstalk between noxious and in-
nocuous fibers may lead to pathological pain-generating syn-
apses involving AB-fibers (Ueda, 2006, 2011). Third, indirect
effects of myelinated fiber degeneration on neighboring
Schwann cells in Remak bundles may explain the rapid onset
and sustaining of exacerbated mechanical allodynia. Previ-
ously, it has been shown that Schwann cells in Remak bundles
transition to a proliferating phenotype when exposed to degen-
erating myelinated fibers (Murinson et al., 2005), which coin-
cides with induction of spontaneous C-fiber activity (Wu et al.,
2002). Myelin and lipid products in the injured nerves of
scLRP1 /" mice also may indirectly exacerbate the activity of
C-fibers that are abnormally supported by LRP1-deficient non-
myelinating Schwann cells.

LRP1I is released from cell-surfaces by a-secretases (Liu et al.,
2009). The shed form of LRP1 contains the intact 515 kDa LRP1
a-chain and part of the ectodomain region of the 85 kDa f3 chain.
Shed LRP1 is biologically active as a regulator of the function
of both Schwann cells (Gaultier et al., 2008) and macrophages
(Gorovoy et al., 2010). In the injured PNS, shed LRP1 coun-
teracts the activity of proinflammatory cytokines known to
activate nociceptors, including TNF-« and IL-18 (Gaultier et al.,
2008). Loss of LRP1 in scLRP1 /~ mice would be expected to
decrease the pool of available shed LRP1 in the injured PNS,
thereby de-repressing TNF-« and IL-1f from inhibition. These
cytokines are known to induce central sensitization in the spinal
dorsal horn (Schifers et al., 2003), which may underpin some of
the allodynia associated with chronic neuropathic pain (Hathway
et al., 2009). Evidence of central sensitization observed in
scLRP1 ™/~ mice included robust and sustained activation of p38
MAPK in the spinal dorsal horn and activation of spinal micro-
glia. Thus, loss of shed LRP1 from the injured PNS may have
contributed to hyperactivity of spinal dorsal horn neurons and
may have modulated spinal cord synaptic transmission that is
characterized by pain hypersensitivity. Lack of shed LRP1 also
may have de-repress factors that induce demyelination in the
periphery, such as lysophosphatidic acid, which has been shown
to initiate sustained microglia activation (Fujita et al., 2007;
Ueda, 2008).

Our ultrastructural studies of sciatic nerves that were injured
for 20 d provided additional clues regarding sustained pain states
in scLRP1 '~ mice. In both the PNL and crush injury model
systems, the presence of prominent onion bulb formations sug-
gested that axonal regeneration was initiated but then failed in
these mice (Thomas, 1970). Onion bulb formation is typically
observed after repeated injury to the peripheral nerve of wild-
type mice (Ohara and Ikuta, 1988). Increased ectopic activity
from aborted regenerating sprouts can maintain allodynia
(Nachemson and Bennett, 1993). Aberrant axonal regeneration
may contribute to allodynic states and spontaneous pain ob-
served in chemotherapy-induced neuropathies and peripheral
neuropathies, such as Charcot-Marie-Tooth disease type 1 and
type 4 (Carter et al., 1998) and Guillain—Barré syndrome
(Pentland and Donald, 1994). Because abnormalities in sciatic

Orita et al. @ LRP1 and Axon-Schwann Cell Interactions in PNS

nerve function are sustained in scLRP1 ~/~ mice, these mice may
provide a model of chronic neuropathic pain states in humans.

Deletion of LRP1 selectively in Schwann cells represents a
“loss of function” model system. However, based on our results,
we offer some novel hypotheses regarding Schwann cell LRP1 asa
target for therapeutics development in neuropathic pain. We
propose that it may be possible to enhance LRP1 receptor activa-
tion as a pathway to further improve Schwann cell viability, ca-
pacity for migration, and secretion of mediators involved in the
response to PNS injury. We previously described recombinant
products, derived from o,-macroglobulin and MMP-9, which
function as LRP1 agonists, activating cell signaling in Schwann
cells (Mantuano et al., 2008; Mantuano et al., 2011). Similarly,
derivatives of shed LRP1, by their capacity to regulate TNF-a and
IL-1B (Gaultier et al., 2008), may limit central sensitization. A
recent population-based genome-wide association study showed
thatan LRP1 SNP is associated with common migraine headache,
linking LRP1 to migraine pathophysiology (Chasman et al.,
2011). The molecular mechanism underlying this genetic associ-
ation remains to be determined. We propose that the ability of
LRP1 to couple endocytosis and phagocytosis of extracellular li-
gands and debris with cell signaling responses underlies many of
the activities of LRP1 in Schwann cells, which may be exploited
for therapeutics development to improve the PNS response to
injury.

In summary, we have shown that LRP1 is a major determinant
of normal structure of both nonmyelinating and myelinating
Schwann cell phenotypes. When LRP1 is deleted, Schwann cell
physiology is altered and this is evident in PNS injury. Wallerian
degeneration is accelerated, regeneration is aborted, and pain
states are exacerbated and sustained. Overall, these studies dem-
onstrate a pervasive relationship between normal Schwann cell
physiology and preventing of neuropathic pain.
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