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The Unfolded Protein Response Is a Major Mechanism by
Which LRP1 Regulates Schwann Cell Survival after Injury
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In peripheral nerve injury, Schwann cells (SCs) must survive to exert a continuing and essential role in successful nerve regeneration.
Herein, we show that peripheral nerve injury is associated with activation of endoplasmic reticulum (ER) stress and the adaptive unfolded
protein response (UPR). The UPR culminates in expression of C/EBP homology protein (CHOP), a proapoptotic transcription factor in
SCs, unless counteracted by LDL receptor-related protein-1 (LRP1), which serves as a major activator of phosphatidylinositol 3-kinase
(PI3K). Sciatic nerve crush injury in rats induced expression of the ER chaperone GRP78/BIP, reflecting an early, corrective phase of the
UPR. However, when LRP1 signaling was inhibited with receptor-associated protein, PI3K activity was decreased and CHOP protein
expression increased, particularly in myelinating SCs. In cultured SCs, the PKR-like ER kinase target eIF2� was phosphorylated and
CHOP was induced by (1) inhibiting PI3K, (2) treating the cells with tumor necrosis factor-� (TNF-�), or (3) genetic silencing of LRP1.
CHOP gene deletion in SCs decreased cell death in response to TNF-�. Furthermore, the effects of TNF-� on phosphorylated eIF2�,
CHOP, and SC death were blocked by adding LRP1 ligands that augment LRP1-dependent cell signaling to PI3K. Collectively, our results
support a model in which UPR-activated signaling pathways represent a major challenge to SC survival in nerve injury. LRP1 functions as
a potent activator of PI3K in SCs and, by this mechanism, limits SC apoptosis resulting from increased CHOP expression in nerve injury.

Introduction
Multiple forms of cellular challenge induce protein misfolding in
the endoplasmic reticulum (ER) and activate the unfolded pro-
tein response (UPR). In the UPR, unfolded proteins sequester the
ER chaperone GRP78/BiP, causing activation of three transmem-
brane ER stress transducers (Ron and Walter, 2007). One trans-
ducer, PKR-like ER kinase (PERK), directly phosphorylates the
�-subunit of translation initiation factor-2 (eIF2). Phosphoryla-
tion of eIF2� decreases protein synthesis, with a few exceptions,
including the activating transcription factor 4 (ATF4) (Harding
et al., 2000b). A major target for ATF4 is the C/EBP homology
protein (CHOP) (Harding et al., 2002). Although many UPR
mediators promote cell survival and recovery from ER stress,
CHOP frequently induces cell death (Zinszner et al., 1998).

Pathways involved in cell survival, including the phosphati-
dylinositol 3-kinase (PI3K)–Akt mammalian target of rapamycin
(mTOR) pathway, regulate eIF2� and CHOP (Hyoda et al.,
2006). Thus, CHOP and eIF2� may provide an index of cell con-

dition and risk for apoptosis. There are exceptions in glia. In
oligodendrocytes, CHOP promotes survival and modulates the
severity of Pelizaeus–Merzbacher disease (Southwood et al.,
2002). In models of Charcot-Marie-Tooth disease, CHOP con-
trols the demyelinating activity of Schwann cells (SCs) (Pennuto
et al., 2008). The role of CHOP as an adaptive cellular response
mediator to stress should be viewed broadly and in a cell- and
context-specific manner (Gow and Wrabetz, 2009).

In injury to peripheral nerve, SC activation, with the associ-
ated induction of injury-related genes and breakdown of myelin,
is pivotal for generating an environment that supports axonal
regrowth (Jessen and Mirsky, 2008). Survival of SCs early in the
course of peripheral nerve injury is required for functional repair.
Proper SC function may prevent chronic neuropathic pain
(Campana, 2007). Studies have highlighted the importance of
PI3K in SC survival (Campana et al., 1999; Li et al., 2001). The
receptor systems controlling PI3K and its downstream targets in
SCs remain unclear.

Low-density lipoprotein receptor-related protein-1 (LRP1) is
a member of the LDL receptor gene family (Strickland et al.,
2002). LRP1 is an endocytic and cell-signaling receptor for
diverse ligands present in the injured PNS. These include the
proteases matrix metalloprotease-9 (MMP-9), tissue-type plas-
minogen activator (tPA), and the extracellular matrix protein,
fibronectin (La Fleur et al., 1996; Akassoglou et al., 2000). In the
uninjured peripheral nerve, SCs express low levels of LRP1; how-
ever, after injury, LRP1 is rapidly upregulated (Campana et al.,
2006). This is important because ligand binding to LRP1 in SCs
results in robust cell signaling (Mantuano et al., 2008a) that is
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linked to cell survival, migration, and cytokine expression (Cam-
pana et al., 2006; Mantuano et al., 2008b; Shi et al., 2011). These
activities are pivotal in SC phenotypic transformation during pe-
ripheral nerve regeneration.

Herein, we demonstrate that LRP1 plays a central role in sus-
taining PI3K activation in the injured peripheral nerve and in
cultured SCs. When LRP1-dependent cell signaling is antago-
nized, PI3K activation is decreased, CHOP levels increase, and SC
death is observed. SCs isolated from CHOP gene knock-out mice
demonstrate enhanced survival when challenged with tumor ne-
crosis factor-� (TNF-�). Recombinant proteins, produced spe-
cifically to augment LRP1 signaling without off-target effects
(Mettenburg et al., 2002; Mantuano et al., 2008b), blocked acti-
vation of the UPR and enhanced SC viability by further activating
PI3K. We propose that UPR-related signaling pathways have the
potential to play a major role in SC viability. These pathways are
regulated intrinsically by LRP1 and therapeutically by engaging
LRP1-dependent cell signaling.

Materials and Methods
Reagents. Receptor associated protein (RAP) was expressed as a
glutathione-S-transferase fusion protein (GST–RAP) in bacteria and pu-
rified as described previously (Herz et al., 1991). As a control, we ex-
pressed GST in bacteria transformed with the empty vector pGEX-2T.
The �2M receptor binding domain (RBD), which includes amino acids
1242–1451 of the mature �2M structure, was expressed as a GST fusion
protein in bacteria, purified to homogeneity, and characterized for activ-
ity as described previously (Mettenburg et al., 2002; Mantuano et al.,
2008a). A GST-fusion protein containing the hemopexin domain of hu-
man MMP-9 (PEX) was prepared and characterized as described previ-
ously (Mantuano et al., 2008b). All GST-fusion proteins and GST were
subjected to endotoxin decontamination. Neurotrophin-3 (NT3) was
purchased from Abcam. Catalytically inactive tPA was purchased from
Molecular Innovations. Recombinant human TNF-� was purchased
from R & D Systems. The PI3K inhibitor LY294002 [2-(4-morpholinyl)-
8-phenyl-1(4 H)-benzopyran-4-one] (LY) was from Calbiochem. Tuni-
camycin (TN) was from EMD Biosciences. Rabbit polyclonal antibodies
for phospho-eIF2� and phospho-p85 PI3K and a monoclonal antibody
for CHOP were purchased from Cell Signaling Technologies. A rabbit
polyclonal antibody specific for LRP1 light chain and mouse monoclonal
antibodies targeting �-actin or S100 were purchased from Sigma.

Nerve injury model systems. For nerve crush injury studies, C57BL/6J
mice were purchased from Charles Rivers Laboratories and housed with
a 12 h light/dark cycle and ad libitum access to food and water. For
surgeries, mice were initially anesthetized with 4% isoflurane (IsoSol;
VedCo) and maintained under 2% isoflurane. An incision was made
through the skin below the hip. The muscle and fascia were blunt dis-
sected using fine surgical scissors and forceps to expose the sciatic nerve.
The sciatic nerve was crushed twice with flat forceps (30 s). The site of
crush injury was then marked with an epineural suture. Mice were killed
at 6, 24, and 72 h after crush injury by cervical dislocation under general
anesthesia.

For sciatic nerve injection and axotomy experiments, adult male
Sprague Dawley rats (225 g) were anesthetized with 4.5% isoflurane
(IsoSol; VedCo) and maintained under 2.5% isoflurane. The left sciatic
nerve was exposed at the sciatic notch. GST–RAP (2 �l of a 25 �M solu-
tion) was injected directly into the nerve using a Hamilton syringe with a
30 gauge needle (Wagner et al., 1998). In control studies, rats were in-
jected with 2 �l of GST (25 �M) or vehicle (20 mM sodium phosphate, 150
mM NaCl, pH 7.4, PBS) as described previously (Campana et al., 2006;
Mantuano et al., 2008b). Nerves were immediately axotomized above the
injection site. The muscle layer and skin were closed using 6.0 silk su-
tures. After 24 h, animals were anesthetized. Some animals were perfused
with 4% paraformaldehyde for immunohistochemistry (IHC) studies.
The distal stumps of the axotomized nerves were removed, and the most
proximal pieces (0.5 cm) were saved for analysis. Contralateral nerve was
collected as a control. Rats were killed by an intraperitoneal injection of

an overdose of ketamine (100 mg/kg; Phoenix Scientific) and xylazine
(10 mg/kg; Boehringer Pharmaceutical). All animal research was per-
formed according to protocols approved by the University of California,
San Diego Committee on Animal Research and conform to the National
Institutes of Health guidelines for animal use.

Primary Schwann cell cultures. Sciatic nerves were isolated from 1-d-
old Sprague Dawley rats, and SCs were further selected from fibroblasts
using fibronectin-specific antibody and rabbit complement cytolysis, as
described previously (Campana et al., 1998, 2006). The final preparations
consisted of 98% SCs, as determined by immunofluorescence (IF) mi-
croscopy for S100, which is a specific SC marker. Primary cultures of SCs
were maintained in DMEM containing 10% FBS, 100 U/ml penicillin,
100 �g/ml streptomycin, 21 �g/ml bovine pituitary extract, and 4 �M

forskolin [complete medium (CM)] at 37°C under humidified 5% CO2.
SC cultures were passaged no more than six times before conducting
experiments.

SCs were isolated from 4-d-old B6.129S-Ddot3tm1Dron/J CHOP
knock-out mice (Zinszner et al., 1998) and from C57BL/6J control mice.
Primary cultures of mouse Schwann cells were obtained as described
previously (Honkanen et al., 2007). Briefly, nerves were dissected and
digested with trypsin and collagenase for 30 min at 37°C. Cell suspen-
sions were washed three times and resuspended in DMEM with 10%
heat-inactivated horse serum (HS), 0.5 �M forskolin (Calbiochem), 100
U penicillin, and 100 �g/ml streptomycin. Cells were plated on poly-L-
lysine and allowed to adhere overnight. After 48 h, standard growth
medium (DMEM, 10% HS, 20 �g/ml bovine pituitary extract, 0.5 �M

forskolin, 100 U/ml penicillin, and 100 �g/ml streptomycin) was added.
Medium was changed every other day. Complement-mediated cytolysis
of contaminating fibroblasts was performed using CD90 anti-Thy-1.2
antibody (Serotec). The purity of mouse SC cultures was determined by
S100 immunoreactivity and was �90% for all presented studies.

LRP1 gene silencing. The previously described rat LRP1-specific siRNA
(Campana et al., 2006) and non-targeting control (NTC) siRNA were
purchased from Dharmacon. Primary cultures of SCs (1 � 10 6) were
transfected with LRP1-specific or NTC siRNA (25 nM) by electropora-
tion using the Rat Neuron Nucleofector kit (Amaxa). The degree of LRP1
gene silencing was �95% at 24 –72 h after electroporation as determined
by real-time quantitative PCR (qPCR), immunoblot analysis, and RAP
ligand blotting, as described previously (Campana et al., 2006). Cell sig-
naling and Cell Death ELISA experiments were performed 36 h after
introduction of siRNAs.

Real-time qPCR. DNA-free total RNA was extracted from frozen nerve
tissue using TriZol (Invitrogen). Samples were purified and treated with
DNase. cDNA was synthesized using the ProSTAR first-strand reverse
transcriptase PCR kit (Stratagene). Expression of BIP and CHOP was
measured by real-time qPCR using SYBR Green (Lin et al., 2007). RPL19
mRNA was used as a normalizing gene. The BiP primer sequences were
5�-CCTGCGTCGGTGTGTTCAAG-3� and 5�- AAGGGTCATTCCA-
AGTGCG-3�. The CHOP primer sequences were 5�-ACGGAAAC-
AGAGTGGTCAGTGC-3� and 5�-CAGGAGGTGATGCCCACTGTT-
C-3�. The sequences of the RPL19 primers were 5�-ATGCCAACT-
CCCGTCAGCAG-3� and 5�-TCATCCTTCTCATCCAGGTCACC-3�.
Expression of mouse TNF-� mRNA was determined using Taqman
primers and probes purchased from Applied Biosystems The one-step
program included 2 min at 50°C, 10 min at 95°C, followed by 40 cycles of
95°C for 15 s and 60°C for 1 min, using an ABI 7300 instrument. GAPDH
mRNA levels were determined in each sample as a normalizing gene. We
and others (Macdonald et al., 2001; Campana et al., 2006; Shubayev et al.,
2006) have shown that GAPDH is an appropriate and relatively stable
housekeeping gene in peripheral nerve injury. Samples without cDNA
were analyzed as “no-template” controls. Samples were analyzed without
treatment with reverse transcriptase to confirm the lack of genomic DNA
contamination. All mRNA levels were determined in triplicate, in two to
four separate experiments, and normalized against the Ct value for the
housekeeping gene. mRNA levels were calculated by the comparative Ct
method (Livak and Schmittgen, 2001).

Cell signaling and immunoblots. Primary cultures of rat SCs were plated
in T25 flasks in CM and cultured until �85% confluent. The cells were
then either retained in CM or treated with TN (1.0 �g/ml), LY (20 �M),
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or TNF-� (50 ng/ml). In studies to examine PI3K activation, SCs were
treated with NT3 (10 nM), RBD (10 nM), PEX (10 nM), or tPA (10 nM) for
10 min. To assess the role of LRP1, GST–RAP (100 nM) or GST (100 nM)
was added simultaneously with PI3K-activating agonists. At the end of
experiments, cells were washed twice with ice-cold PBS. Cell extracts
were prepared in RIPA buffer (PBS with 1% Triton X-100, 0.5% sodium
deoxycholate, 0.1% SDS, proteinase inhibitor mixture, and sodium or-
thovanadate). GST- and RAP-treated sciatic nerves also were extracted in
RIPA buffer. The protein concentration in cell and nerve extracts was
determined by bicinchoninic acid assay. An equivalent amount of
cellular protein (50 �g) was subjected to SDS-PAGE and electrotrans-
ferred to nitrocellulose membranes. The membranes were blocked
with 5% nonfat dry milk in Tris-HCl-buffered saline, pH 7.4, with
Tween 20 and incubated with the primary antibodies to detect
phospho-eIF2�, phospho-p85 PI3K, CHOP, LRP1, or �-actin. The
membranes were washed and treated with horseradish peroxidase-
conjugated secondary antibodies for 1 h. Immunoblots were devel-
oped using enhanced chemiluminescence (GE Healthcare).

Cell death studies. SCs (mouse or rat) were plated at 10,000 cells per
well in 96-well plates. Cells were allowed to attach overnight in CM. The
cells were then retained in CM, transferred to DMEM containing 0.5%
FBS [low serum medium (LSM)], or treated with TNF-� (50 ng/ml) in
LSM for 18 h. In some cases, SCs were pretreated with NT3 (10 nM), RBD
(10 nM), PEX (10 nM), or tPA (10 nM) before adding TNF-� (50 ng/ml).
GST–RAP or GST was added simultaneously with the LRP1 agonists.
Studies also were performed using LRP1-specific siRNA- or NTC-
transfected cells. Cell death was measured using the Cell Death ELISA
(Roche), a colorimetric assay that detects intracytoplasmic oligonucleo-
somes (Myers et al., 2003).

IF, IHC, and microscopy. In SC IF microscopy studies, SCs in culture
were fixed with fresh 4% paraformaldehyde in 0.1 M sodium phosphate,
pH 7.4, for 10 min at 22°C. Cells were permeabilized with 0.3% Triton
X-100/PBS. Nonspecific binding sites were blocked with 1% BSA, 2%
heat-inactivated HS in PBS for 30 min at 22°C. Cells then were incubated
overnight at 4°C with primary antibodies in 0.2% BSA, 0.4% heat-
inactivated HS in PBS. Next, cells were incubated with Alexa Fluor 488-
or 564-conjugated secondary antibodies in 0.2% BSA, 0.4% HS in PBS
for 1 h at 22°C. For dual-labeling studies, a second set of primary and
secondary antibodies were added. Preparations were mounted on slides
using Pro-long Gold with DAPI for nuclear labeling. Images were cap-
tured on an Olympus Fluoview 1000 confocal microscope.

To examine CHOP in sciatic nerves by IHC, anesthetized animals were
perfused with fresh 4% paraformaldehyde containing 0.1 M phosphate
buffer, pH 7.4. Sciatic nerves were removed, postfixed in perfusate, and
processed for paraffin embedding as described previously (Wagner et al.,
1998). Sections were cut (4 �m) and incubated with Tris-EDTA (Ven-
tana Discovery Ultra Medical Systems) for 4 and 8 min cycles at 95°C.
Nonspecific binding was blocked with 10% nonfat milk. Primary anti-
bodies (CHOP, 1:500) were subsequently incubated in antibody diluent
(Dako) for 1 h at 22°C. Next, sections were incubated with anti-mouse
antibodies conjugated to HRP (Ventana Discovery Ultra Medical Sys-
tems) and developed with 3�3 diaminobenzidine. Some sections were
treated with secondary antibody only, as a control. Imaging was per-
formed using a Leica DCF2500 microscope with Leica imaging software
2.8.1. Images were obtained using a 63� objective.

Statistical analysis. In all experiments, replicates refer to separate ex-
periments, typically performed with internal duplicates or triplicates.
Results of cell death experiments were subjected to t test or a one-way
ANOVA. Tukey’s post hoc analysis was used to assess differences between
treatment groups.

Results
The UPR is activated in crush-injured peripheral nerves
In PNS injury, SCs become activated; injury-related genes are
expressed, phagocytosis is increased, and growth factor secretion
is stimulated (Jessen and Mirsky, 2008). To begin, we tested
whether sciatic nerve crush injury promotes expression of
GRP78/BIP. This ER resident chaperone is expressed early in the

UPR, as a corrective measure before the cell activates proapop-
totic pathways (Ron and Walter, 2007). In sciatic nerves, SCs
account for �90% of the mRNA except late in the course of nerve
injury when inflammatory cell infiltration becomes extensive
(Asbury and Johnson, 1978). Figure 1A shows that the mRNA
level for GRP78/BIP was significantly increased 6 h after crush
injury, proximal and distal to the crush injury site, compared
with the uninjured contralateral nerve. By 72 h, GRP78/BIP
mRNA levels returned to baseline. GRP78/BIP mRNA in the con-
tralateral nerve was unchanged over the 72 h time course.

CHOP mRNA expression was not increased in the crush-
injured sciatic nerve (Fig. 1B), suggesting that cell-signaling

Figure 1. Induction of the unfolded protein response (UPR) after peripheral nerve injury. A,
BIP/GRP78 mRNA levels in crush injured sciatic nerve segments. B, CHOP mRNA levels in crush
injured sciatic nerve segments. C, TNF-� mRNA levels in crush injured sciatic nerve segments.
mRNA levels were determined in contralateral, distal, and proximal nerve by qPCR 6, 24, and
72 h after crush. Data are expressed as fold increase (mean � SEM) compared with mRNA levels
in contralateral nerve *p � 0.05 (n � 2– 4 animals per group).
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pathways may be activated in SCs in the injured PNS that coun-
teract progression of the UPR. Previous studies have demon-
strated that TNF-� functions as a major inflammatory mediator
early in peripheral nerve injury (Sommer and Schäfers, 1998;
Kleinschnitz et al., 2004). Figure 1C confirms that, in our exper-
iments, TNF-� mRNA expression was substantially increased
distal to the injury site in crush-injured sciatic nerves.

CHOP is expressed in response to stress in cultured SCs
In response to sustained ER stress, PERK is activated and phos-
phorylates eIF2�, leading to increased expression of CHOP (Zin-
szner et al., 1998; Harding et al., 2000a; Lin et al., 2007, 2009). To
study this cell-signaling pathway, we initially treated primary cul-
tures of rat SCs (Campana et al., 1999, 2006) with the glycosyla-
tion inhibitor TN, which is known to induce the UPR. Figure 2A
shows that eIF2� was phosphorylated and CHOP protein levels
were substantially increased 4 and 8 h after addition of TN. Acti-
vation of the UPR is regulated by diverse cell-signaling factors,
including PI3K and PTEN (phosphatase and tensin homolog)
(Hyoda et al., 2006; Mounir et al., 2009). Figure 2A shows that, in
the absence of TN, the PI3K inhibitor LY (20 �M) increased
phospho-eIF2� and CHOP protein levels; the extent of the re-
sponse was similar to that observed with TN.

In IF microscopy studies, CHOP was observed in essentially
all of the SCs and localized almost exclusively to the nucleus after
TN treatment (Fig. 2B, top). Dual labeling with S100 (Fig. 2B,

bottom) showed that TN induced morphological evidence of cell
stress in SCs, including flattening and shortening of cellular pro-
cesses. Although nearly all of the cells in the dual-labeled prepa-
ration showed evidence of CHOP accumulation in the nucleus
(yellow or orange staining nuclei), the most robustly CHOP-
positive cells (orange nuclei) were frequently poorly attached to
the substratum and demonstrated decreased S100 immunoposi-
tivity. We interpret these results as evidence of a highly stressed
state.

SCs that were treated with TNF-� demonstrated increased
phospho-eIF2�, as determined by immunoblot analysis; how-
ever, the response developed gradually over 18 h (Fig. 3A).
Similar results were obtained when we examined CHOP levels. At
4 h, when maximum responses were already apparent with TN
and LY, CHOP protein levels were unchanged by TNF-� (Fig.
3B). In cells that were treated with TNF-� for 18 h, CHOP levels
were substantially increased. CHOP was modestly increased in
SCs that were cultured in 0.5% FBS-containing medium (LSM)
compared with cells maintained in 10% FBS-containing medium
(CM) for 18 h.

CHOP promotes SC apoptosis
Although generally considered a proapoptotic transcription fac-
tor, CHOP has been reported to express alternative activities in
glia (Southwood et al., 2002; Pennuto et al., 2008). To test
whether CHOP is proapoptotic in SCs, primary cultures were
established from CHOP gene knock-out mice and from control
mice with the identical genetic background. After complement-
mediated cytolysis, mouse SC identity was confirmed by S100
labeling and represented �90% of the primary culture (Fig. 4A).

Figure 2. Induction of the UPR in primary SCs. A, Immunoblot analysis of p-eIF2� and CHOP
in primary cultured SCs. SCs were treated in CM for 0 or 18 h or in 0.5% LSM with TN (1 �g/ml)
or LY (20 �M) for 4 or 8 h. Equal amounts of cellular protein (50 �g) were loaded into each lane,
subjected to SDS-PAGE, and electrotransferred to nitrocellulose for detection with specific an-
tibodies. �-Actin was used as a loading control. Each blot represents at least two to five inde-
pendent experiments. B, Immunofluorescence of CHOP in primary cultured SCs. SCs were
treated in LSM or TN for 4 h. The top row shows CHOP (red) and DAPI (blue). The bottom row
shows CHOP, S100, a Schwann cell marker (green), and DAPI. Scale bar, 10 �m.

Figure 3. Induction of UPR in primary SCs by the proinflammatory cytokine TNF�. A, Immu-
noblot analysis of p-eIF2� after treatment with LSM and TNF-� (50 ng/ml) for 0, 4, and 18 h. B,
Immunoblot analysis of CHOP after treatment with LSM (18 h), LSM and TNF-� (50 ng/ml) for 4,
8, and 18 h, or CM (18 h). Equal amounts of cellular protein (50 �g) were loaded into each lane,
subjected to SDS-PAGE, and electrotransferred to nitrocellulose for detection with specific an-
tibodies. �-Actin was used as a loading control. Each blot represents at least two to five inde-
pendent experiments.
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Cells were cultured in LSM or in LSM supplemented with TNF-�
(50 ng/ml) for 18 h. Cell death was measured using the Cell Death
ELISA.

SCs from wild-type mice that were exposed to LSM or treated
with TNF-� demonstrated 4.0-fold and 8.0-fold increases in cell
death, respectively, compared with cells maintained in CM (Fig.
4B). This corresponded to absolute absorbance value of 0.130 �
0.022 for cells in CM and represented �10,000 cells. Previous
studies in which rat SCs in culture were exposed to LSM or
treated with TNF-� generated similar results (Campana et al.,
1999, 2006). In response to LSM or TNF-�, SCs from CHOP gene
knock-out mice demonstrated significantly decreased cell death.
These results suggest that CHOP is death promoting in SCs that
are challenged by TNF-� or serum deprivation.

Regulation of PI3K in SCs
The PI3K–Akt pathway plays a major role in SC survival (Cam-
pana et al., 1999; Weiner and Chun, 1999; Brunet et al., 2001).
Our previous studies demonstrated that LRP1 may be an impor-
tant regulator of PI3K activation because LRP1 gene silencing in
SCs decreased the basal level of phospho-Akt (Campana et al.,
2006). To further elucidate the role of LRP1 as a regulator of
PI3K, we performed new studies examining phosphorylation of
the PI3K p85 subunit (p-PI3K). Figure 5A shows that, in SCs
cultured in LSM, LRP1 gene silencing substantially decreased the
basal level of p-PI3K.

To study the role of LRP1 as a regulator of PI3K in vivo, we
injected the LRP1 antagonist GST–RAP (2 �l of 25 �M solution)

into sciatic nerves that were then immediately axotomized. GST–
RAP binds directly to LRP1, inhibiting binding of most endoge-
nous LRP1 ligands (Willnow et al., 1996; Strickland et al., 2002)
without activating LRP1-dependent cell signaling (Mantuano et
al., 2008b). As a control, we also injected GST or PBS. Previously,
we demonstrated that GST–RAP induces SC death in this model
system (Campana et al., 2006). Figure 5B shows that GST–RAP
substantially decreased p-PI3K in axotomized nerves compared
with nerves that were injected with PBS or GST.

We hypothesized that the results presented in Figure 5, A and
B, reflect LRP1 signaling induced by ligands produced endoge-
nously by SCs in culture or in the injured sciatic nerve. Figure 5C
shows that treatment of SCs with purified LRP1 ligands for 10
min further activated PI3K. The LRP1 agonists studied in Figure
5C included the isolated LRP1-binding domain of �2M (RBD)
(Mantuano et al., 2008a) and the isolated hemopexin domain of
MMP-9 (PEX) (Mantuano et al., 2008b). The level of p-PI3K
observed in RBD- or PEX-treated cells was similar to that ob-
served in cells treated with NT3, which is a well-described pro-
survival factor in SCs (Meier et al., 1999; Chan et al., 2001).

LRP1 ligands block TNF�-mediated apoptosis
The function of LRP1 ligands as potent activators of PI3K raised
the hypothesis that these agents may function as prosurvival sig-
nals for SCs. To test this hypothesis, SCs were treated with PEX
(10 nM), RBD (10 nM), or tPA (10 nM) for 10 min before adding
TNF-� for 18 h. Cells also were pretreated with NT3, as a positive
control. When added alone, TNF-� induced a significant increase
(7.0-fold) in SC death (Fig. 6A). All three LRP1 ligands signifi-
cantly decreased the level of cell death, as did NT3.

Figure 4. CHOP promotes SC apoptosis. A, Immunofluorescence microscopy of S100 (green)
and DAPI (blue) in primary cultured mouse SCs during purification. B, SC death in wild-type
(WT) or CHOP knock-out (CHOP KO) mice in vitro. Cells were cultured in CM, LSM, or in LSM
supplemented with TNF-� (50 ng/ml) for 18 h. Cell death was measured using the Cell Death
ELISA, which detects intracytoplasmic oligonucleosomes. The absolute absorbance values were
0.1 � 0.2 for CM, 0.6 � 0.1 for LSM, and 1.2 � 0.2 for TNF-�. Data are expressed as fold
increase mean � SEM (n � 4 per group). *p � 0.05 compared with complete media. Scale
bars, 15 �m.

Figure 5. LRP1 regulates PI3K signaling in primary SCs. A, Immunoblot analysis of p-PI3K
and LRP1 in primary cultured SCs transfected with NTC or LRP1-specific siRNA. B, Immunoblot
analysis of p-PI3K in uninjured or axotomized rat sciatic nerves injected with 2 �l of PBS, GST
(25 �M), or GST–RAP (25 �M) before axotomy. Nerves were collected and lysed in RIPA buffer
after 24 h. C, Immunoblot analysis of p-PI3K in primary cultured SCs treated with serum-free
media (SFM) or serum-free media supplemented with NT3 (10 nM), RBD (10 nM), or PEX (10 nM)
for 10 min. Equal amounts of cellular protein (50 �g) were loaded into each lane, subjected to
SDS-PAGE, and electrotransferred to nitrocellulose for detection with specific antibodies. In all
studies, �-actin was used as a loading control. Each blot represents three independent studies.
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To confirm that the effects of RBD, PEX, and tPA were medi-
ated by LRP1, first, we treated cells with GST–RAP. GST–RAP
completely blocked the ability of the LRP1 ligands to prevent the
proapoptotic activity of TNF-� (Fig. 6B). NT3 was still active in
the presence of GST–RAP, as anticipated. LRP1 gene silencing
also neutralized the activity of the RBD, PEX, and tPA (Fig. 6C).
As shown in Figure 6D, all three LRP1 ligands were protective in
cells that were transfected with NTC siRNA, as anticipated.

As a second method to demonstrate that LRP1 ligands pro-
mote SC survival, IF microscopy was performed to detect cleaved

caspase-3. Caspase-3 is an executioner
caspase, functioning in both the intrinsic
and extrinsic apoptosis pathways (Thorn-
berry and Lazebnik, 1998). Caspase-3 also
is activated in late stages of the UPR, as a
mechanism of proapoptotic signaling
(Oyadomari and Mori, 2004). Figure 7
shows that cleaved caspase-3 was mini-
mally present in cells maintained in CM.
However, when SCs were treated with
TNF-� in LSM, cleaved caspase-3 was
present in 35% of the cells (p � 0.05).
Treatment of the SCs with PEX, RBD, or
tPA before TNF-� counteracted the ef-
fects of TNF-� on caspase-3 activation.

LRP1-initiated cell signaling blocks
CHOP expression in SCs
Given the known role of PI3K in counter-
acting UPR-triggered signaling pathways
(Winnay et al., 2010), we studied the effects
of LRP1 ligands on p-eIF2� and CHOP.
Figure 8A shows that tPA, RBD, and PEX
did not independently regulate p-eIF2� or
CHOP; however, each LRP1 ligand blocked
the increase in p-eIF2� and CHOP associ-
ated with TNF-� treatment. Figure 8B
shows that RAP reversed the activity of the
RBD, PEX, and tPA, in the presence of
TNF-�, so that p-eIF2� and CHOP were
once again increased.

To further explore the relationship be-
tween LRP1 and CHOP as regulators of
SC survival, we performed cell death as-
says using SCs isolated from CHOP gene
knock-out mice and wild-type mice of the

same genetic background. In wild-type mice, TNF-� induced an
eightfold increase in cell death, and this was counteracted by PEX,
RBD, or NT3. GST–RAP blocked the ability of PEX and RBD to
inhibit the death-promoting activity of TNF-�. SCs from CHOP
gene knock-out mice demonstrated less cell death in response to
TNF-�, as was reported in Figure 4. PEX and RBD counteracted
the residual effects of TNF-� on cell death, and this was inhibited
by GST–RAP. These results support a model in which LRP1 pro-
motes SC survival by inhibiting induction of CHOP and by
CHOP-independent pathways.

LRP1 regulates CHOP by activating PI3K
In addition to PI3K, LRP1 activates ERK1/2, which is a potent
prosurvival cell-signaling factor (Mantuano et al., 2008a). To test
the mechanism by which LRP1 regulates CHOP, we examined
the effects of PEX, RBD, and tPA in cells that were treated with
TNF-� and LY. Although LRP1 ligands blocked the increase in
CHOP observed in response to TNF-� treatment alone (Fig. 8),
these reagents were completely ineffective in the presence of LY
(Fig. 9A). These results suggest that, when the effects of LRP1 on
PI3K activation are blocked, alternative LRP1-activated cell-
signaling pathways are ineffective at regulating CHOP. To test
this model, we examined p-eIF2� and CHOP in SCs in which
LRP1 was silenced. As shown in Figure 9B, LRP1 gene silencing
was sufficient to induce p-eIF2� and CHOP.

To test whether LRP1 is important in preventing progression
of the UPR in injured sciatic nerves, we injected RAP (2 �l of 25

Figure 7. LRP1 ligands block activation of cleaved caspase-3. Schwann cells were cultured in
CM, LSM, or LSM and PEX (10 nM), RBD (10 nM), or tPA (10 nM) for 10 min before adding TNF-�
(50 ng/ml) for 18 h. Immunofluorescence microscopy was performed to detect cleaved caspase-
3-positive cells. Cleaved caspase-3-positive Schwann cells were counted and expressed as a
percentage of DAPI-positive cells.

Figure 6. LRP1 ligands block TNF-�-mediated apoptosis. SC death was measured using the Cell Death ELISA. A, Schwann cells
were treated with NT3 (10 nM), PEX (10 nM), RBD (10 nM), or tPA (10 nM) in LSM for 15 min before the addition of TNF-� (50 ng/ml)
for 18 h. Data are expressed as mean � SEM. *p � 0.05 fold increase compared with cells cultured in CM. B, Schwann cells were
treated with GST–RAP (100 nM) at the same time as NT3 (10 nM), RBD (10 nM), or tPA (10 nM) in LSM. TNF-� (50 ng/ml) was
subsequently added for 18 h. Data are expressed as mean � SEM percent of LSM (n � 4 per group, *p � 0.05). C, D, Schwann cells
were transfected with LRP1-specific siRNA or NTC and pretreated with PEX (10 nM), RBD (10 nM), or tPA (10 nM) for 10 min in LSM
before adding TNF-� (50 ng/ml) for 18 h. Data are expressed as mean � SEM percent of LSM (n � 4 per group, *p � 0.05).
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�M solution) directly into nerves that were then immediately
axotomized. CHOP protein levels were increased by RAP treatment,
as determined by immunoblot analysis (Fig. 9C). In IHC studies,
CHOP immunoreactivity was substantially increased in RAP-
treated Schwann cells distal to the crush injury site (Fig. 9D). CHOP
was detected at substantially decreased levels in sciatic nerves that
were injected with GST or PBS, as controls. Diffuse immunostaining
for CHOP in the background of RAP-treated sciatic nerves probably
reflected CHOP that was lost to the extracellular space as a result of
cell injury and/or death because similar immunoreactivity was not
observed in GST- or PBS-injected nerves.

Discussion
SC survival immediately after peripheral nerve injury is essential
for nerve regeneration (Meier et al., 1999; Jessen and Mirsky,
2005) and perhaps for preventing development of chronic pain
states (Campana, 2007). When activated by injury, SCs synthe-
size growth factors (Meyer et al., 1992; Zhang et al., 2000; Li et al.,
2005) and extracellular matrix proteins (Akassoglou et al., 2000),
phagocytose myelin, migrate, and provide scaffolds that are es-
sential for peripheral axon regeneration (Jessen and Mirsky,
2008). The importance of SC viability and migration is high-
lighted by their ability to create a more permissive environment
in the CNS and thereby facilitate nerve regeneration after spinal
cord injury (Kuhlengel et al., 1990; Jones et al., 2003). Character-
izing the molecular signals that assist in SC survival after nerve

injury has implications for understanding disease mechanisms in
inherited and acquired neuropathies (Berger and Schaumburg,
1995; Suter and Scherer, 2003). However, the signaling pathways
that control SC survival remain incompletely elucidated. Many of
the growth factors that are produced by SCs immediately after dis-
association from axons in the injured PNS, including NT3, PDGF,
and IGF-1 (Lobsiger et al., 2000; Jessen and Mirsky, 2005), are

Figure 8. LRP1-dependent cell signaling blocks the UPR and apoptosis in primary SCs. A, B,
Immunoblot analysis of p-eIF2� and CHOP in primary Schwann cells cultured in CM, LSM, or
LSM and PEX (10 nM), RBD (10 nM), or tPA (10 nM) with or without GST–RAP (100 nM) for 10 min
before adding TNF-� (50 ng/ml) for 18 h. Equal amounts of cellular protein (50 �g) were
loaded into each lane, subjected to SDS-PAGE, and electrotransferred to nitrocellulose for de-
tection with specific antibodies. �-Actin was used as a loading control. Each blot represents at
least two to three independent studies. C, Schwann cell death was measured using Cell Death
ELISA. Schwann cells from wild-type (WT) and CHOP knock-out (CHOP KO) mice were cultured in
LSM or LSM and NT3 (10 nM), PEX (10 nM), or RBD (10 nM) with or without GST–RAP (100 nM) for
10 min before adding TNF-� (50 ng/ml) for 18 h. Data are expressed as fold increase compared
with CM (mean � SEM). *p � 0.05 compared with LSM (n � 4 per group).

Figure 9. Inhibiting LRP1-dependent PI3K signaling induces CHOP protein expression. A,
Immunoblot analysis of CHOP from Schwann cells cultured in CM, LSM, or LSM and PEX (10 nM),
RBD (10 nM), or tPA (10 nM) for 8 h with or without LY294002 (20 �M). B, Immunoblot analysis
of CHOP in primary cultured Schwann cells transfected with NTC or LRP1-specific siRNA after
18 h in LSM. C, Immunoblot analysis of CHOP in axotomized rat sciatic nerves injected with 2 �l
of PBS, GST (25 �M), or GST–RAP (25 �M) before axotomy. Nerves were collected and lysed in
RIPA buffer supplemented with sodium orthovanadate and proteinase inhibitors after 24 h.
Equal amounts of cellular protein (50 �g) were loaded into each lane and subjected to SDS-
PAGE and electrotransferred to nitrocellulose for detection with CHOP antibody. �-Actin was
used as a loading control. The blot represents two rats per group. D, Immunohistochemistry
analysis of CHOP in contralateral or axotomized rat sciatic nerves injected with 2 �l of GST (25
�M) or GST–RAP (25 �M) before axotomy.
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known to activate PI3K (Campana et al., 1999; Shi et al., 2009;
Yamazaki et al., 2009).

Recently, we demonstrated that increased LRP1 expression in
peripheral nerve injury is essential for SC survival (Campana et
al., 2006). We also have shown that binding of ligands to LRP1
activates Akt in SCs, neurons, and neuron-like cell lines (Cam-
pana et al., 2006; Mantuano et al., 2008a,b; Shi et al., 2009). LRP1
transactivates neurotrophin receptors (Shi et al., 2009) and may
function as a coreceptor for PDGF (Newton et al., 2005). The
multifunctional nature of LRP1 provides numerous candidate
mechanisms by which this receptor may support SC survival.

Herein, we have shown that the PERK–CHOP UPR signaling
pathway plays a major role in controlling SC survival in vitro and in
vivo and that LRP1 is a major regulator of this pathway. Although
CHOP is known to be proapoptotic in numerous cells once the UPR
is sufficiently advanced (Matsumoto et al., 1996; Zinszner et al.,
1998; Maytin et al., 2001; Gotoh et al., 2002; Oyadomari et al., 2002;
Marciniak et al., 2004), our work suggests that the PERK–CHOP
pathway may be activated in SCs in response to diverse forms of cell
stress, including exposure to TNF-�. It has been reported that
CHOP expresses diverse activities in myelinating glia. In Pelizae-
us–Merzbacher disease, oligodendrocytes express CHOP; how-
ever, CHOP is not necessarily proapoptotic. Instead, CHOP
serves as a biomarker of disease severity and may induce expres-
sion of anti-apoptotic genes (Southwood et al., 2002). SCs in an
animal model of Charcot-Marie-Tooth disease express CHOP,
whichapparently promotes demyelination and causes cell death only
as a secondary function (Pennuto et al., 2008).

We have shown that, in crush-injured sciatic nerves, early
stages of the UPR are activated, as determined by the increase in
GRP78/BIP (Bertolotti et al., 2000). When LRP1 is active, the
UPR does not progress. Expression of GRP78/BIP in the injured
peripheral nerve is consistent with the known ability of adult SCs
to compensate for a UPR-inducing microenvironment and sur-
vive nerve injury in vivo (Grinspan et al., 1996). Once CHOP
levels are increased, SC cell death is promoted. SCs from CHOP
gene knock-out mice are less susceptible to TNF-�- and LSM-
induced cell death. Although some of these studies were per-
formed using SCs in culture, SC cultures are thought to provide a

model of the activated phenotype ob-
served in peripheral nerve injury (Jessen
et al., 1990).

The ability of TNF-� to induce phos-
phorylation of eIF2� and CHOP protein
expression in SCs is an important obser-
vation because, in injury to the peripheral
nerve, TNF-� is robustly expressed by SCs
(Wagner and Myers, 1996) and is a major
orchestrator of Wallerian degeneration
(Stoll et al., 2002). To our knowledge,
these are the first studies demonstrating
that a proinflammatory cytokine, known
to be involved in demyelination and neu-
ropathic pain, increases CHOP in SCs. In-
duction of the PERK–CHOP pathway by
TNF-� may depend on local physiological
concentrations, duration of exposure to
cytokine, and activation of interacting sig-
naling pathways in vivo. In response to
TNF-�, p-eIF2� and CHOP increased
gradually compared with the more rapid
changes induced by TN and LY. The
slower kinetics suggest that secondary

mediators may be responsible for regulating CHOP. Candidate
secondary mediators, which are activated in TNF-�-stimulated
cells, include reactive oxygen species and PKC� (Xue et al., 2005;
Greene et al., 2010).

Activation of PI3K by LRP1 emerges as a central pathway that
counteracts proapoptotic phases of the UPR in the injured pe-
ripheral nerve. When LRP1 activity was blocked with RAP in vivo,
PI3K activity was substantially decreased and CHOP was ex-
pressed. RAP also significantly increases Schwann cell death in
the injured nerve (Campana et al., 2006). LRP1 gene-silencing in
SCs in vitro substantially decreased the basal level of phospho-
PI3K and increased CHOP levels. Furthermore, diverse LRP1
ligands activated PI3K but inhibited TNF-�-induced caspase-3
activation and cell death. These results support a model in which
LRP1-initiated cell signaling is essential to restrict the UPR to the
corrective phase in SCs in the injured nerve. When LRP1 is not
available, as in RAP-treated cells or when the gene is silenced,
CHOP levels increase substantially and SC death occurs.

LRP1 mRNA expression increases substantially in SCs 1 d
after nerve injury in rats (Campana et al., 2006). However, in
TNF-� gene knock-out mice, LRP1 expression is not increased,
suggesting that LRP1 may play an important role in responding
to TNF-� activity in the injured peripheral nerve (Gaultier et al.,
2008). Our new findings identify a death-promoting pathway
downstream of TNF-� that may be counteracted by LRP1 with-
out inhibition of the ability of TNF-� to induce expression of
additional inflammatory cytokines. In doing so, LRP1 may pro-
tect cell viability while allowing development of intraneural in-
flammation. The balance between LRP1 and TNF-� signaling
may be shifted in different nerve injury model systems. For ex-
ample, in neuropathic pain models, such as chronic constriction
injury (CCI), higher levels of endoneurial TNF-� are observed
compared with crush injury (Kleinschnitz et al., 2004) and cell
death also is enhanced (Whiteside and Munglani, 2001). Thus, in
a model like CCI, it is possible that the effects of LRP1 on PI3K
activity may be insufficient to completely block TNF-�-induced
SC death. Therapeutic delivery of LRP1 ligands, such as RBD or
PEX, may reestablish a more favorable balance between LRP1

Figure 10. Proposed model of UPR regulation by LRP1. LRP1 activation of PI3K survival signaling antagonizes UPR signaling
that would normally culminate in Schwann cell death. CHOP is a major mediator of UPR in Schwann cells.
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and TNF-� and prevent cytotoxicity even under aggressively pro-
inflammatory conditions such as those modeled by CCI.

Bidirectional crosstalk between UPR signaling and the PI3K–
Akt pathway has been reported (Hyoda et al., 2006; Yung et al.,
2007; Price et al., 2010). Although the ultimate targets of PI3K
and Akt that inhibit the UPR in SCs remain incompletely char-
acterized, the prosurvival activity of this pathway is well described
(Campana et al., 1999; Weiner and Chun, 1999; Li et al., 2001).
Although numerous receptors other than LRP1 also activate
PI3K (Echave et al., 2009), our results suggest that LRP1 may play
a predominant role in the injured peripheral nerve, perhaps be-
cause of the availability of numerous high-affinity LRP1 ligands
(Strickland et al., 2002). To the extent that LRP1 is not saturated
with endogenously produced ligands in the injured PNS, agents
such as the RBD or PEX, which bind specifically to LRP1 with
minimal off-target effects, may have therapeutic efficacy
(Mantuano et al., 2008b, 2010). Our model demonstrating a cen-
tral role for LRP1 in PI3K activation and in counteracting the
PERK–CHOP signaling pathway is shown in Figure 10.

LRP1 expresses prosurvival activity in a number of cell types,
including macrophages, neurons, and cancer cells (Montel et al.,
2007; Fuentealba et al., 2009; Yancey et al., 2010). We propose
that the prosurvival activity of LRP1 is at least partially explained
by its central role in regulating the activity of PI3K. We further
propose that counteracting the latter stages of the UPR is a major
pathway by which LRP1 and PI3K promote survival of SCs. Over-
all, we have shown that UPR signaling pathways are significant
determinants of SC survival under conditions that are present in
the injured peripheral nerve. LRP1 is a major repressor of eIF2
activation and CHOP expression based on its ability to function
as a major regulator of PI3K. The effects of LRP1 on CHOP
expression may impact not only SC survival in peripheral nerve
injury but multiple forms of neuropathology, such as neurode-
generation, in which LRP1 is implicated (Strickland et al., 2002).
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