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Toll-Like Receptor Signaling Is Critical for Wallerian
Degeneration and Functional Recovery after Peripheral
Nerve Injury
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Toll-like receptors (TLRs) bind specific components conserved among microorganisms as well as endogenous ligands produced by
necrotic cells, injured axons, and the extracellular matrix. Here, we investigated whether TLRs are involved in regulating the immune
response, Wallerian degeneration (WD), and nerve regeneration after sciatic nerve lesion. Early expression of interleukin-1� and mono-
cyte chemoattractant protein-1 was compromised in the sciatic nerve distal stump of mice deficient in TLR signaling. In addition,
significantly fewer macrophages were recruited and/or activated in the sciatic nerve distal stump of TLR2-, TLR4-, and MyD88-deficient
mice compared with wild-type littermates, whereas WD, axonal regeneration, and recovery of locomotor function were impaired. In
contrast, animals that received a single microinjection of TLR2 and TLR4 ligands at the site of sciatic nerve lesion had faster clearance of
the degenerating myelin and recovered earlier than saline-injected control rats. Finally, rats that had altered innate immune response
through dexamethasone treatment exhibited three times more myelin debris in their sciatic nerve distal stump and a significant delay in
recovery of locomotor function. Our results provide strong evidence that TLR signaling plays a critical role in orchestrating the innate
immune response leading to efficient and rapid clearance of inhibitory myelin debris and nerve regeneration.
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Introduction
Although the cellular and molecular mechanisms regulating Walle-
rian degeneration (WD) and axonal regeneration in the injured pe-
ripheral nerve have been studied extensively, the identity of the mol-
ecules initiating these responses has remained elusive. Work done
with various animal models, including slow WD (Wlds) mutant
mice, has been instrumental in revealing how axonal loss rapidly
leads to a series of responses implicating non-neuronal cells, includ-
ing the dedifferentiation, proliferation, and activation of Schwann
cells; the activation of resident endoneurial macrophages; and the
recruitment of immune cells from the periphery (Heumann et al.,
1987; Lunn et al., 1989; Brown et al., 1991; Mueller et al., 2003). Of
particular interest are studies that linked these cellular responses to
the secretion of specific proinflammatory cytokines and chemokines
(Lindholm et al., 1987; Reynolds and Woolf, 1993; Fu and Gordon,
1997; Carroll and Frohnert, 1998; Liefner et al., 2000; Siebert et al.,
2000; Perrin et al., 2005).

Although this has been the object of longstanding controver-
sies, it is now well accepted that both macrophages (resident and
hematogenous) and Schwann cells participate in the clearance of
myelin debris and inhibitors of axonal regeneration associated
with it during WD in the injured peripheral nervous system
(PNS) (Beuche and Friede, 1984; Stoll et al., 1989; Fernandez-
Valle et al., 1995; Bruck et al., 1996). We recently demonstrated
that proinflammatory cytokines/chemokines interleukin-1� (IL-
1�), monocyte chemoattractant protein-1 (MCP-1), and macro-
phage inflammatory protein-1� (MIP-1�) regulate myelin de-
bris clearance after sciatic nerve lesion in mice (Perrin et al.,
2005). Several inflammatory cytokines/chemokines are produced
as early as 1 h after peripheral nerve lesion, with expression levels
peaking at �24 h (Carroll and Frohnert, 1998; Shamash et al.,
2002; Stoll et al., 2002; Perrin et al., 2005). Studies have revealed
that endoneurial cells such as Schwann cells and resident macro-
phages are responsible for the initial production of cytokines and
chemokines in injured peripheral nerves (Taskinen and Roytta,
2000; Subang and Richardson, 2001; Shamash et al., 2002). He-
matogenous macrophages, which require at least 2 d to invade
injured peripheral nerves, contribute to maintain their produc-
tion at later times after injury. One important issue that remains
to be resolved, however, is the identification of the signals and
receptors mediating the expression of the proinflammatory cyto-
kines and chemokines that regulate WD and peripheral nerve
regeneration after injury.

Toll-like receptors (TLRs) and activation of the nuclear
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tance. We also acknowledge the contribution of the Gene Quantification core laboratory of the Centre de Génomique
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factor-�B (NF-�B) signaling pathway play a critical role in the
transcriptional activation of a large family of inflammatory li-
gands in response to pathogen-associated molecular patterns
(PAMPs) (Nguyen et al., 2002). Interestingly, emerging evidence
suggests that TLRs may also mediate responses to nonpathogenic
ligands, such as necrotic cells, heat shock proteins (HSP60,
HSP70), and extracellular matrix (ECM) components (e.g., fi-
bronectin, hyaluronic acid, and heparan sulfate) (for review, see
Takeda et al., 2003). Perhaps even more interesting are the facts
that necrotic cells are abundant at sites of nerve injury, HSP60
and HSP70 are locally expressed by injured axons, and ECM
components are produced at sites of inflammation in response to
tissue damage (Willis et al., 2005). In culture, Schwann cells
treated with necrotic neuronal cells become activated and express
proinflammatory genes through TLR2 and TLR3 pathways (Lee
et al., 2006). Furthermore, Karanth et al. (2006) have demon-
strated that molecules derived from nerve homogenates induce
MCP-1 expression in primary Schwann cells and that activity in
nerve homogenates is partially inhibited by TLR4 function-
blocking antibodies. Another study has recently shown that in-
tact ECM inhibits TLR4 activation and that degradation of ECM
by proteases not only relieves TLR4 inhibition but generates en-
dogenous soluble agonists (e.g., heparan sulfate) that stimulate
the receptor (Brunn et al., 2005). Inducing inflammation
through injection of the TLR2 agonist zymosan into the eye was
shown to promote retinal ganglion cell regeneration after optic
nerve crush injury (Leon et al., 2000), whereas systemic injections
of the TLR4 agonist lipopolysaccharide (LPS) was able to accel-
erate myelin phagocytosis during WD in the injured spinal cord
(Vallières et al., 2006). Together, these findings suggest that en-
dogenous ligands present at sites of nerve injury may activate
specific TLRs and initiate innate immune responses during WD.

The characterization of the signals that regulate immune re-
sponses during WD could have a major impact on the develop-
ment of new strategies to treat PNS and CNS injuries. Here, we
demonstrate that deficiency in TLR signaling delayed macro-
phage recruitment/activation, myelin debris clearance, axonal re-
generation, and locomotor recovery after sciatic nerve lesion. On
the other hand, activation of TLR2 or TLR4 accelerated phago-
cytosis of myelin debris and recovery of peripheral nerve func-
tions. Finally, we show that alteration of immune responses via

administration of the glucocorticoid agent dexamethasone
(DEX) delayed functional recovery.

Materials and Methods
Animals
A total of 208 adult male mice and 178 adult male rats (8 –12 weeks old)
were used in this study. C3H/HeJ (TLR4 mutant mice) and their wild-
type counterparts, C3H/HeOUJ mice, were purchased from The Jackson
Laboratory (Bar Harbor, ME). TLR2-knock-out (ko) and MyD88-ko
mice in the C57BL/6J background (i.e., backcrossed with C57BL/6J mice
for at least nine generations) were obtained from The Jackson Laboratory
and Dr. S. Akira (Department of Host Defense, Osaka, Japan), respec-
tively. These two colonies of mice were maintained at the CHUL Re-
search Center until they were used for the present experiments. C57BL/6J
mice from The Jackson Laboratory were used as controls for TLR2 and
MyD88 mice. Rats were purchased from Charles River Laboratories
(Montréal, Québec, Canada). Mice and rats had ad libitum access to food
and water. All surgical procedures were approved by the Laval University
Animal Care Committee and followed Canadian Council on Animal
Care guidelines. The distribution of these animals among the three dif-
ferent sets of experiments performed in the present study and time points
at which animals were killed are reported in Table 1.

Surgeries and animal treatment
Sciatic nerve microcrush lesions. Mice and rats were deeply anesthetized
with isoflurane and underwent a microcrush lesion of their left sciatic
nerve at the mid-thigh level. The sciatic nerve was exposed, and a 10-0
(for mice) or 7-0 (for rats) suture was used to tie a knot to completely
constrict the nerve for 60 s, therefore allowing complete transection of
neural fibers without breaking the epineurium. The suture was then
carefully released, and the lesion site was marked with a 10-0 Ethilon
suture (Ethicon, Somerville, NJ) passed through the epineurium only.
For sham-operated animals, the sciatic nerve was left untouched.

Sciatic nerve microinjections. Immediately after microcrush lesion, rats
used for experiment 2 were given microinjections of zymosan (2 �g/�l;
Sigma-Aldrich Canada, Oakville, Ontario, Canada), LPS (2 �g/�l;
Sigma-Aldrich Canada), or PBS in a final volume of 1 �l. Microinjections
were made at the site of lesion through a pulled-glass micropipette (30
�m external diameter) connected to a 2 �l Hamilton syringe. In addi-
tion, microinjections were also performed in uninjured rats to investigate
the effects of zymosan and LPS on cytokine/chemokine expression and
leukocyte recruitment.

Injections of glucocorticoid agents. For the purpose of experiment 3, rats
with sciatic nerve lesions were treated with DEX, methylprednisolone
(MP), or saline. DEX sodium phosphate (Sandoz, Boucherville, Québec,

Table 1. Overview of the number of animals included in different experiments

Experiment/group Noninjured

Methodology

ISH

qRT-PCR (24 h) Arrays (24 h)

Immunohistochemistry

Histology (7 d) Behavior (49 d)1.5 h 6 h 24 h 3 d 4 d

Experiment 1
C57BL/6J 2 6 6 5 3 6 8 12
TLR2-ko 2 5 5 5 3 8 12
MyD88-ko 2 5 5 3 3 6 8 12
C3H/HeOUJ 1 4 5 5 3 8 12
TLR4d 1 4 5 5 3 8 12

Experiment 2
Lesion only 6 10
PBS 2a 8a 10b 6 10
Zymosan 2a 8a 10b 6 10
LPS 2a 8a 10b 7 10

Experiment 3
Control 6 10
DEX 2 5 11
MP 2 6 11

aUninjured rats given microinjections of PBS, zymosan, or LPS into their left sciatic nerve.
bTwo of these 10 rats were uninjured.
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Canada) at 10 mg/kg was injected intraperitoneally daily for 5 consecu-
tive days, starting immediately after the lesion. For MP, rats first received
an intravenous bolus of MP sodium succinate (Solu-Medrol; Pharmacia
Canada, Mississauga, Ontario, Canada) at 30 mg/kg at 1 h after lesion,
followed by intraperitoneal injections (64.8 mg/kg) every 12 h during the
first 48 h. This regimen is similar to the one used to treat patients with
spinal cord injury (SCI) in the second and third NASCIS (National Acute
Spinal Cord Injury Study; a 30 mg/kg intravenous bolus followed by a
continuous infusion of 5.4 mg/kg/h for 48 h) and current guidelines for
clinical treatment of SCI and acute traumatic optic neuropathy (Bracken
et al., 1990, 1997; Steinsapir, 2006). Animals given injections of 0.9%
saline constituted the control group. Some sham-operated animals
treated with glucocorticoid agents were also included to confirm that
immunosuppression had no effect on sensorimotor activity in the ab-
sence of a lesion.

Tissue processing
For the experiments dealing with in situ hybridization (ISH), mice and
rats were overdosed with a mixture of ketamine and xylazine and tran-
scardially perfused with 0.9% saline solution followed by 4% paraformal-
dehyde (PFA), pH 9.5, in borax buffer. After perfusion with the fixative,
sciatic nerves were dissected out, postfixed for 2 d, and placed overnight
in a 4% PFA-borax/10% sucrose solution until tissue processing. For the
purpose of histological and immunohistochemical labeling, animals
were perfused instead with cold PBS followed by 4% PFA, pH 7.4, in PBS.
Sciatic nerves were postfixed for 1 h only and placed in a PBS/10% su-
crose solution until sectioning.

Sciatic nerves were cut longitudinally, except for the experiment in
which axonal regeneration was studied (transverse sections were used for
this purpose), using a cryostat (model CM3050S; Leica Microsystems,
Richmond Hill, Ontario, Canada) set at a thickness of 14 �m. Sciatic
nerve sections were collected directly onto slides that have a permanent
positive-charged surface (Surgipath Canada, Winnipeg, Manitoba, Can-
ada), separated into four different series of adjacent sections, and stored
at �20°C.

ISH
ISH was performed to detect mRNAs coding for the following proinflam-
matory molecules: IL-1�, MCP-1, tumor necrosis factor (TNF), inter-
feron � (IFN�), and inducible nitric oxide synthase (iNOS). These five
proinflammatory molecules were chosen based on the following two
reasons: (1) solid in vivo evidence demonstrating a functional role for
IL-1�, MCP-1, and TNF in stimulating WD in the injured nervous sys-
tem (Liefner et al., 2000; Siebert et al., 2000; Perrin et al., 2005); and (2)
evidence that activation of TLRs signaling through MyD88-independent
pathways results in the expression of IFN-inducible genes such as IFN�
and iNOS (Akira and Takeda, 2004) (to study the importance of MyD88-
independent TLR pathways in the early events leading to macrophage
responses and WD). Radiolabeled cRNA probes were synthesized using
full-length cDNAs cloned into expression vectors pCRII-TOPO (IL-1�,
IFN�), pGEM-1 (MCP-1), and pBluescript II SK� (TNF, iNOS) and the
Riboprobe Combination System SP6/T7 (Promega, Madison, WI) and
T3 RNA polymerase (Promega). Sequences chosen for probe synthesis
were selected to match only the intended genes, as verified by BLAST
(Basic Local Alignment Search Tool) analysis in GenBank. ISH was per-
formed according to a previously described method (Pineau and Lacroix,
2007). All sections were prehybridized, hybridized, and posthybridized
in parallel to equalize background intensity.

Histology and immunohistochemistry
One series of adjacent sections was stained with Luxol fast blue (LFB) to
identify myelin, following our previously published protocol (Vallières et
al., 2006). These sections were used to quantify myelin clearance in the
degenerating sciatic nerve distal stump.

Immunohistochemistry was performed to detect the following anti-
gens: (1) mouse CD68 using the monoclonal anti-CD68 antibody (to
visualize activated macrophages/monocytes; Serotec, Raleigh, NC), (2)
growth-associated protein-43 (GAP-43) using the polyclonal anti-
GAP-43 antibody (to visualize regenerating axons; Novus Biologicals,
Littleton, CO), (3) rat CD68 using the monoclonal ED-1 antibody (to

visualize activated macrophages/monocytes; Serotec), (4) ionized
calcium-binding adaptor molecule 1 (iba1) using the polyclonal anti-
iba1 antibody (to visualize macrophages/monocytes; Wako Chemicals
USA, Richmond, VA), and (5) mouse CD45 using the monoclonal anti-
CD45 antibody (to visualize leukocytes; BD PharMingen, Mississauga,
Ontario, Canada). Multiple immunofluorescence labeling was per-
formed as described previously (Pineau and Lacroix, 2007). Immuno-
peroxidase labeling was performed following our previously published
protocol, with the exception of the step in which sections are incubated
with hydrogen peroxide (H2O2) to reduce activity of endogenous peroxi-
dases (Vallières et al., 2006). In this study, the H2O2 quenching proce-
dure was performed with 6% H2O2 in methanol for 1 h. All sections were
stained in parallel to equalize the background intensity and the peroxi-
dase reaction.

To further confirm the clearance of myelin debris and examine the
myelin phagocytic activity of macrophages in our experiments, Oil red O
(ORO) staining was combined with CD68 immunofluorescence on the
same series of sciatic nerve sections. As reported previously by us and
others, ORO staining is highly specific for degenerating myelin and for
myelin that has been ingested by macrophages (Ma et al., 2002; Vallières
et al., 2006). Immunofluorescence was performed first, followed by ORO
staining. For ORO staining, sections were incubated in a 0.15% ORO/
36% triethyl phosphate/0.02% 4�,6-diamidino-2-phenylindole solution
for 20 min, rinsed in TBS, and coverslipped with a glycerol-based aque-
ous mounting medium.

Quantification of ISH signal and histological and
immunohistochemical labeling
Levels of IL-1� and MCP-1 mRNA were quantified in the peripheral
nerve distal stump using nuclear emulsion-dipped slides. Signal intensity
was quantified within predefined 1 mm sciatic nerve segments, starting
from the site of injury (identified by the 10-0 suture node) up to 4 mm
distal to the lesion. Thus, a total of four sciatic nerve segments were
analyzed per animal (n � 2–3 sections per mouse). For each section
analyzed, the outline of the longitudinal section was traced manually
under bright-field illumination at 10� magnification. For the quantifi-
cation, mean gray values (ranging from 0 to 255 bits) within this pre-
defined area were measured under dark-field illumination using the Bio-
quant Nova Prime software (Bioquant Image Analysis Corporation,
Nashville, TN) on video images of tissue sections transmitted by a high-
resolution Retiga QICAM fast color 1394 camera (1392 � 1040 pixels;
QImaging, Burnaby, British Columbia, Canada) installed on a Nikon
(Tokyo, Japan) Eclipse 80i microscope. Mean gray values were corrected
for the average background signal, which was measured in four boxes 25
�m high � 25 �m wide placed in regions where a positive hybridization
signal was absent. In addition, the number of cells expressing a positive
mRNA signal was counted using our previously published method
(Pineau and Lacroix, 2007). All data collection was done blind with re-
spect to the identity of the animals.

For the quantification of activated macrophages (CD68) and macro-
phages that ingested myelin debris (CD68/ORO), the number of labeled
cells was estimated by the optical fractionator method using the Bioquant
Image software (Bioquant Image Analysis Corporation). First, the out-
line of the longitudinal segments were traced, as described above, and
then sampled at 100� magnification. The counting parameters were as
follows: sampling grid size, 225 � 225 �m; counting frame size, 50 � 50
�m; dissector height, 14 �m. Cells were counted only if their nuclei laid
within the dissector area, did not intersect forbidden lines, and came into
the focus as the optical plane moved through the height of the dissector.

For the quantification of myelin staining (LFB staining) and CD68 and
iba1 immunolabeling, the proportional area of tissue occupied by label-
ing within a region of interest was measured, as described previously
(Vallières et al., 2006). Briefly, the outline of the longitudinal sections
(n � 3 sections per mouse; n � 4 sections per rat), starting from the site
of injury up to 1.8 mm distal to the lesion, was traced manually at 4�
magnification. The area of tissue occupied by the histochemical staining
in this sampling area was then measured using the Bioquant Nova Prime
software on video images transmitted by the Retiga camera. Threshold-
ing values in Bioquant Image were chosen such that only a labeled prod-
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uct resulted in measurable pixels on the digitized image. Contrast be-
tween positive signal and background was maximized and held constant
between all images. GAP-43 immunolabeling was quantified in trans-
verse sciatic nerve sections at a distance of 4 mm distal to the lesion using
the same method. A similar approach has been used by others to assess
axonal regeneration in vivo (Krekoski et al., 2002; Pot et al., 2002).

Real-time quantitative RT-PCR
Total RNA was extracted from sciatic nerves (exsanguinated by intracar-
diac perfusion with saline) using the TRIzol method following the man-
ufacturer’s protocol (Invitrogen Canada, Burlington, Ontario, Canada).
RNA quantity and quality were assessed using the RNA 6000 Nano Lab-
Chip and Agilent (Mountain View, CA) Bioanalyzer 2100. cDNA was
generated from 40 ng of total RNA using a random primer hexamer and
following the protocol for Superscript II reverse transcriptase (Invitro-
gen Canada). Equal amounts of cDNA were amplified in a final volume
of 15 �l containing 7.5 �l of 2� Universal PCR Master Mix (Applied
Biosystems, Foster City, CA), 10 nM Z-tailed forward primer, 100 nM

untailed reverse primer, 250 nM Amplifluor Uniprimer probe (Chemi-
con, Temecula, CA), and 5 �l of cDNA (20 ng/�l). Primer pairs were
identical to the ones used previously (Sergerie et al., 2007). Amplification
was performed using the Applied Biosystems Prism 7900 Sequence De-
tector and the following conditions: 2 min at 50°C, 4 min at 95°C, fol-
lowed by 55 cycles of 15 s at 95°C and 30 s at 55°C. Amplification effi-
ciencies were validated and normalized to ribosomal 18S, and amounts
of IL-1� mRNA levels were calculated according to a standard curve.

Cytokine antibody array
IL-1� protein levels after sciatic nerve lesion were analyzed in mice defi-
cient in TLR signaling and their wild-type littermates using mouse anti-
body arrays (RayBio Mouse Inflammation Antibody Array 1; RayBio-
tech, Norcross, GA). Protein lysates were obtained by homogenization of
sciatic nerve distal stumps collected from three mice per group (bilateral;
n � 6 nerves) in cell lysis buffer (included in the kit) following the
manufacturer’s protocol. Protein concentration was determined by us-
ing the bicinchoninic acid kit (Sigma-Aldrich Canada). A total of 375 �g
of protein was incubated with each array membrane overnight at 4°C.
The membranes were then processed according to the RayBiotech pro-
tocol, exposed to x-ray films (Eastman Kodak, Rochester, NY), and an-
alyzed using ImageJ software (version 1.23; National Institutes of Health,
Bethesda, MD). As recommended by the manufacturer, integrated opti-
cal density (I.O.D) values generated from sciatic nerve lysates of naive
mice (i.e., negative controls) were subtracted from I.O.D values obtained
from lesioned animals, to generate relative cytokine levels after injury.

Behavioral analyses
Recovery of locomotor function after sciatic nerve lesion was quantified
using the sciatic nerve functional index (SFI). This test was performed for
all animals preoperatively and every week for 7 weeks after the operation.
To assess hindlimb performance, each animal was put on a scanner con-
nected to a computer-assisted system, and at least three digitized images
of the paws were taken. The SFI was measured from these images, using
the formula developed by Bain et al. (1989) for rats and the formula
adapted for mice by Inserra et al. (1998). Measurements were taken from
the control and operated sides of each animal using the ImageJ software.
SFI values oscillated around 0 � 10 for noninjured animals and around
�100 � 10 after complete lesion of the sciatic nerve (de Medinaceli et al.,
1982).

Statistical analyses
For each individual group of animals included in experiments that re-
quired behavioral analyses, differences between SFI values before and
after nerve injury were compared using an ANOVA. Post hoc compari-
sons were made using the Bonferroni test to determine at which time
point the animals had recovered sciatic functions equivalent to their
baseline performances. Statistical comparisons of SFI values between
groups and cytokine/chemokine ISH signal and CD68 immunolabeling
at various distances from the site of injury were made using two-way
repeated-measures ANOVA followed by the Bonferroni test. Significance
for GAP-43 immunolabeling was analyzed using Student’s t test. A two-

factor ANOVA comparison without repeated measures was used for the
statistical comparison of all other data. Post-ANOVA comparisons were
once again made using the Bonferroni test. All statistical analyses were
performed using the GraphPad Prism software (GraphPad Software, San
Diego, CA). A p value �0.05 was considered as statistically significant.
Data in graphs are presented as mean � SEM.

Results
Experiment 1: effects of TLR signaling deficiency on the
lesioned sciatic nerve
TLR signaling regulates early expression of IL-1� and MCP-1
Using ISH, we first examined the relative expression levels for
mRNAs encoding inflammatory molecules in the sciatic nerve
distal stump of TLR2-, TLR4-, and MyD88-deficient mice. For
this experiment, mice were killed at 1.5 and 24 h after lesion.
These two time points were selected based on a previous study,
which showed that MCP-1 mRNA is already expressed at 1.5 h
after sciatic nerve lesion, with maximal expression occurring at
24 h (Carroll and Frohnert, 1998). As expected, we found no
hybridization signal for any of the proinflammatory molecules
analyzed (i.e., IL-1�, MCP-1, TNF, IFN�, and iNOS) on sciatic
nerve sections obtained from noninjured mice. This was obvi-
ously not the case after a sciatic nerve lesion. At 1.5 h after lesion,
cells expressing IL-1� could already be detected, although in lim-
ited numbers, throughout the entire 10 mm-long sciatic nerve
segments analyzed (these segments included 5 mm on each side
of the lesion) (Fig. 1A). By 24 h, the number of cells expressing
IL-1� mRNA in the sciatic nerve distal stump of C57BL/6J had
increased by more than eightfold compared with the 1.5 h time
point, passing from 78 � 10 to 662 � 84 cells/mm 2 (Fig. 1D).
IL-1� mRNA expression was preferentially increased in areas
located near the lesion site (Fig. 1F), therefore confirming results
obtained by RNase protection assays in a previous study (Perrin
et al., 2005). In contrast, very few IL-1�� cells could be seen at
any of these two time points in MyD88-ko mice (Fig. 1B,E), with
the following numbers: 6 � 5 cells/mm 2 at 1.5 h and 43 � 13
cells/mm 2 at 24 h. A significant difference in IL-1� mRNA levels
was also detected between TLR2-ko mice and their wild-type
littermates at 24 h after lesion (Fig. 1F). To confirm the differen-
tial expression of IL-1� mRNA in mice deficient in TLR signaling
compared with control groups, real-time quantitative RT-PCR
(qRT-PCR) experiments were performed on total RNA extracted
from sciatic nerve distal stumps at 24 h after lesion. Results ob-
tained by qRT-PCR confirmed ISH data and even extended these
results by highlighting a significant twofold decrease in IL-1�
mRNA levels in TLR4-deficient (TLR4 d) mice compared with
their wild-type littermates (i.e., C3H/HeOUJ mice) (Fig. 1G).
Importantly, IL-1� protein levels, as detected by cytokine anti-
body arrays, paralleled the transcriptional changes observed by
ISH and qRT-PCR (Fig. 1H), therefore strengthening our results
showing that early expression of IL-1� is compromised in the
sciatic nerve distal stump of mice deficient in TLR signaling.

As for IL-1�, cells expressing MCP-1 mRNA could also be
detected as early as 1.5 h after lesion (Fig. 2A). Once again, cells
were seen along the entire nerve segment analyzed. By 24 h after
lesion, the number of MCP-1� cells found in the sciatic nerve
distal stump of C57BL/6J mice had almost doubled (Fig. 2D),
increasing from 615 � 44 to 1153 � 41 cells/mm 2. Quantitative
analyses of ISH for MCP-1 mRNA revealed that signal was signif-
icantly weaker in the sciatic nerve distal stump of MyD88-ko
mice compared with wild-type littermates at 1.5 and 24 h after
lesion (Fig. 2B,C,E,F). Together, these results provide direct ev-
idence that early production of IL-1� in lesioned peripheral
nerves is regulated through MyD88-dependent signaling path-
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ways, whereas MCP-1 expression is partly controlled by MyD88
signaling.

In contrast to IL-1� and MCP-1, TNF mRNA was barely ex-
pressed in injured peripheral nerves. Occasionally, a few scattered
TNF� cells were seen throughout the nerve at 1.5 h, whereas they
were mostly associated with the epineurium located at the level of
the lesion site at 24 h (data not shown). These results do not rule

out the possibility that more significant
levels of TNF could have been detected at
later time points after injury. In this re-
gard, others have reported, using a similar
lesion model, that TNF expression in the
rodent sciatic nerve distal stump peaks at
3 d after injury (La Fleur et al., 1996;
George et al., 2004; Sawada et al., 2007).
The hybridization signal for the genes en-
coding IFN� and iNOS mRNA was com-
parable to background levels (data not
shown). Because of the limited or lack of
expression of these transcripts in injured
sciatic nerves, the quantification was not
possible for TNF, IFN�, and iNOS.

TLRs regulate macrophage recruitment
and/or activation and myelin debris
clearance during WD
Macrophages respond to various chemo-
tactic and stimulatory signals that help or-
chestrate and control immune responses,
including chemokines and cytokines re-
leased at the site of nerve injury. Thus, we
next examined whether recruitment
and/or activation of macrophages would
be reduced after sciatic nerve lesion in var-
ious strains of mice deficient in TLR sig-
naling. This was done by visualizing a cell-
surface antigen expressed by activated
macrophages, CD68, using immunofluo-
rescence. As shown in Figure 3A–E, the
number of CD68-immunolabeled macro-
phages in the sciatic nerve distal stump
was significantly reduced in TLR2-ko,
TLR4 d, and MyD88-ko mice compared
with their respective wild-type littermates
at 7 d after lesion. These results were con-
firmed by another method of quantifica-
tion in which the proportional area of
tissue occupied by CD68 immunofluores-
cence, rather than the number of CD68�

cells, was measured in the sciatic nerve dis-
tal stump (data not shown). These results
indicate that fewer macrophages were
present in the sciatic nerve distal stump of
mice deficient in TLR signaling, although
the possibility remains that only the levels
of expression of CD68 fluctuated. Activa-
tion of macrophages has been reported by
others to lead to the upregulation of cer-
tain receptors, including CD68 (Choucair
et al., 2006).

Macrophages are the principal type of
leukocytes found in peripheral nerves af-
ter injury and contribute, at least in part,
to myelin debris clearance during WD

(Beuche and Friede, 1984; Stoll et al., 1989; Bruck et al., 1996). We
therefore investigated whether clearance of myelin debris would
be delayed in the absence of TLR signaling. Quantification of LFB
staining, a marker of myelin, in the sciatic nerve distal stump
revealed that the load of myelin debris was 70, 300, and 60%
higher in TLR2-ko, TLR4 d, and MyD88-ko mice, respectively,

Figure 1. Early expression of IL-1� is abolished in the sciatic nerve distal stump of mice deficient in TLR signaling. A, B, D, E,
Representative dark-field photomicrographs showing IL-1� mRNA expression in C57BL/6J (A, D) and MyD88-ko (B, E) mice at
1.5 h (A, B) and 24 h (D, E) after sciatic nerve lesion. All photomicrographs were taken at the same level of the sciatic nerve distal
stump. C, F, Quantification of ISH signal for IL-1� mRNA [in mean gray values (MGV)] in the sciatic nerve distal stump of TLR2-ko,
MyD88-ko, and TLR4 d mice and their respective wild-type littermates at 1.5 h (C) and 24 h (F ) after lesion (n � 4 – 6 per group per
time point). G, qRT-PCR analyses confirmed that IL-1� expression is severely compromised in TLR2-, TLR4-, and MyD88-deficient
mice at 24 h after sciatic nerve lesion (n � 3–5 per group). Data are expressed as the ratio to 18S ribosomal RNA (rRNA). H, Protein
levels for IL-1�, as detected using cytokine arrays and expressed as I.O.D., are significantly reduced in TLR2-, TLR4-, and MyD88-
deficient mice compared with their respective wild-type littermates at 24 h after sciatic nerve lesion (n � 3 per group). All data are
expressed as mean � SEM. Statistical significance bars were added to graphs to more directly infer whether any two means are
statistically significant from one another. ***p � 0.001, **p � 0.01, and *p � 0.05 compared with the control group. NS, Not
statistically significant. Scale bar, 125 �m.
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compared with their wild-type littermates
at 7 d after injury (Fig. 3F–J). Examination
and quantification of myelin clearance on
LFB-stained sections has been successfully
and repeatedly performed by several
groups of experts working in the regener-
ation and multiple sclerosis fields (Noble
and Wrathall, 1989; Behrmann et al., 1992;
Basso et al., 1996; Liu et al., 1998; Popovich
et al., 1999; Ma et al., 2001, 2002; Karnezis et
al., 2004). Results published by some of these
groups have demonstrated that the amount
of white matter loss measured with LFB cor-
relates very well with the degree of functional
loss observed after injury/disease. These
studies have also shown that white matter
areas where LFB staining is reduced nor-
mally correspond to the areas infiltrated by
immune cells and show increased ORO
staining, a marker for degenerating myelin
and myelin ingested by immune cells. To-
gether, these results indicate that TLR signal-
ing is important for macrophage recruit-
ment/activation and clearance of myelin
debris during WD.

Axonal regeneration and recovery of
locomotor function are delayed in the
absence of TLR signaling
In the injured nervous system, axonal regen-
eration is limited by several proteins associ-
ated with myelin (David and Lacroix, 2003).
After peripheral nerve injury, these inhibi-
tors, which become exposed as a result of
damage to axons and myelin sheaths, are
rapidly removed by macrophages and
Schwann cells, and regeneration can pro-
ceed. To address whether nerve regeneration
would be affected by a deficiency in TLR sig-
naling, which we have previously found to
reduce macrophage and leukocyte infiltration/activation and signif-
icantly delay clearance of myelin and its inhibitors, we assessed ax-
onal regeneration in the sciatic nerve distal stump of C57BL/6J and
MyD88-ko mice at 4 d after injury. Axonal regeneration was assessed
by GAP-43 immunofluorescence using transverse sciatic nerve sec-
tions taken at a distance of 4 mm distal to the lesion. Quantification
of GAP-43 immunolabeling revealed the presence of a significantly
smaller number of regenerating sciatic nerve axons in MyD88-ko
mice compared with wild-type littermates, indicating slower regen-
eration in mice deficient in TLR signaling. Thus, we next examined
recovery of locomotor function in our animals using the SFI (Fig.
3L,M). Results showed no statistically significant difference in the
preoperative SFI values among the five different groups included in
this experiment. When compared with their respective wild-type
controls, statistical significance for SFI values of TLR2-ko, TLR4d,
MyD88-ko mice was reached at four different time points (i.e., 7, 14,
21, and 28 d after injury). Whether compensation by sprouting of
axons that were spared by the crush injury may be responsible for the
behavioral differences observed between mouse strains at 7 d cannot
be excluded based on this study. A significant difference was also
detected at day 35 for MyD88-ko mice relative to wild-type litter-
mates, indicating a temporarily limited effect. In agreement with
previous studies, C57BL/6J and C3H/HeOUJ mice (i.e., control

groups) had recovered sciatic functions equivalent to their presurgi-
cal performances ( p 	 0.05) by 21 and 28 d after lesion, respectively
(Inserra et al., 2000; Pot et al., 2002). In contrast, recovery of hind-
limb function was only attained at day 35 for TLR2-ko and TLR4d

mice and at day 42 for MyD88-ko mice. This suggests that TLR
signaling is involved in recovery of hindlimb motor and sensory
function after peripheral nerve injury.

Experiment 2: effects of intraneural delivery of TLR ligands
on the unlesioned and lesioned sciatic nerve
Injection of TLR2 and TLR4 ligands accelerates phagocytosis of
myelin debris during WD
To confirm the hypothesis that activation of TLR2 and TLR4 is
involved in leukocyte recruitment/activation and myelin debris
clearance after sciatic nerve injury, as opposed to the required
presence of these two receptors for signaling by other receptor
complexes, we performed a second set of experiments in which
we microinjected TLR2 and TLR4 ligands in the intact sciatic
nerve or at the site of sciatic nerve lesion. These experiments were
conducted in rats instead of mice to minimize the extent of the
damage that could have been inflicted during the microinjection
procedure. First, we sought to determine whether a single injec-
tion of TLR2 and TLR4 ligands into the sciatic nerve of uninjured
rats would stimulate the expression of IL-1� and MCP-1 and the

Figure 2. Early expression of MCP-1 is compromised in the sciatic nerve distal stump of mice deficient in TLR signaling. A, B, D,
E, Representative dark-field photomicrographs showing expression for MCP-1 mRNA in C57BL/6J (A, D) and MyD88-ko (B, E) mice
at 1.5 h (A, B) and 24 h (D, E) after sciatic nerve lesion. All photomicrographs were taken at the same level of the sciatic nerve distal
stump. C, F, Quantification of ISH signal for MCP-1 mRNA [in mean gray values (MGV)] in the sciatic nerve distal stump of TLR2-ko,
MyD88-ko, and TLR4 d mice and their respective wild-type littermates at 1.5 h (C) and 24 h (F ) after lesion (n � 4 – 6 per group per
time point). All data are expressed as mean � SEM. ***p � 0.001, **p � 0.01, and *p � 0.05 compared with the control group.
NS, Not statistically significant. Scale bar, 125 �m.
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recruitment/activation of leukocytes. Not surprisingly, very few
cells expressing the IL-1� and MCP-1 hybridization signal could
be seen in PBS-injected rats (these cells were mostly associated
with the epineurium) (see supplemental Fig. 1A,C, available at
www.jneurosci.org as supplemental material). In contrast, a sin-
gle microinjection of zymosan or LPS was sufficient to stimulate
robust IL-1� and MCP-1 synthesis in intact sciatic nerves as early
as 1.5 h after injection (supplemental Fig. 1B,D, available at www.
jneurosci.org as supplemental material). Interestingly, the distribu-
tion of cells expressing IL-1� and MCP-1 and the intensity of signal
within these cells mimicked the expression pattern observed after
sciatic nerve lesion in mice. At day 3 after injection (still no lesion),
leukocytes had densely infiltrated the nerves of zymosan- and LPS-
injected rats, whereas only a few sporadic CD45� cells could be seen
in PBS-treated control animals (supplemental Fig. 1E,F, available at
www.jneurosci.org as supplemental material).

We next examined the impact of in-
jecting TLR2 and TLR4 ligands on the
clearance of myelin debris in the context
of a sciatic nerve lesion. To accomplish
this, we first established that more mac-
rophages, as visualized by CD68 and iba1
immunofluorescence, were infiltrating
the nerves of zymosan- and LPS-injected
rats after injury (Fig. 4 A–C). Multiple
fluorescence labeling techniques and
stereological methods were then used to
quantify the number of macrophages
that had phagocytosed myelin debris.
This was performed on sciatic nerve sec-
tions that were immunolabeled with
iba1 and then stained with ORO, which
has a very high affinity for degenerating
myelin and myelin that has been in-
gested by macrophages (for examples of
double-labeled cells, see Fig. 4 D, E).
Three days after injection of TLR li-
gands, quantitative analyses revealed
that the number of macrophages that
had ingested myelin debris was increased
by 155 and 210% in zymosan- and LPS-
injected rats, respectively, compared
with PBS-injected rats, suggesting a
greater clearance of myelin debris in
these lesioned animals. Quantification
of LFB staining of myelin confirmed that
rats given an injection of zymosan or
LPS had less myelin debris in their sciatic
nerve distal stump compared with con-
trols at 7 d after lesion/treatment (Fig.
4G), indicating that activation of TLR2
and TLR4 contributes to myelin debris
clearance during WD.

Injection of TLR2 and TLR4 ligands
accelerates recovery of locomotor function
As in experiment 1, we next investigated
the effects of injecting TLR2 and TLR4 li-
gands at the site of lesion on peripheral
nerve recovery using the SFI. Compared
with PBS-injected rats, animals that received
zymosan or LPS showed a statistically signif-
icant improvement in locomotor behavior at
14, 21, and 28 d after lesion (Fig. 4H). Nota-

bly, LPS-treated rats had recovered sciatic functions equivalent to
their presurgical performances ( p 	 0.05) by 21 d, which is 2 weeks
faster than PBS-injected animals.

Experiment 3: effects of glucocorticoid treatment on the
lesioned sciatic nerve
Treatment with glucocorticoid agents reduces macrophage
recruitment and/or activation and myelin debris clearance
during WD
Glucocorticoids are the most powerful endogenous inhibitors of
innate immune responses, because they can directly interfere
with the transcriptional activation of NF-kB and its partners
(Glezer and Rivest, 2004; Sternberg, 2006). This explains why
agents such as DEX and MP are still widely used to treat traumatic
spinal cord and nerve injuries (David and Lacroix, 2005; Steinsa-
pir, 2006). However, as demonstrated in the present study, the

Figure 3. Deficiency in TLR signaling compromises macrophage recruitment/activation and delays myelin debris clearance,
axonal regeneration, and locomotor recovery after sciatic nerve lesion. A–D, Representative fluorescence photomicrographs
taken from longitudinal sections of the sciatic nerve distal to the lesion showing CD68-immunopositive macrophages in C57BL/6J
(A), TLR2-ko (B), C3H/HeOUJ (C), and TLR4 d (D) mice at 7 d. E, Quantification of the number of CD68 � macrophages in the sciatic nerve
distal stump of TLR2-ko, TLR4 d, MyD88-ko, and wild-type mice at 7 d after lesion (n � 8 per group). F–I, Bright-field photomicrographs
showing myelin stained with LFB in the sciatic nerve distal stump of C57BL/6J (F ), TLR2-ko (G), C3H/HeOUJ (H ), and TLR4 d (I ) mice at 7 d.
J, Quantification of LFB staining of myelin in the degenerating sciatic nerve distal stump of mice deficient in TLR signaling at 7 d (n�8 per
group). K, Quantification of the number of axons that had regenerated up to 4 mm distal to the site of lesion, as visualized by GAP-43
immunofluorescence, at 4 d after lesion. L, M, Recovery of locomotor functions from a sciatic nerve lesion, as determined by the SFI, in
TLR2-ko,MyD88-ko,andTLR4 d micecomparedwiththeirrespectivecontrolgroups(WT)overaperiodof49d(n�12pergroup).***p�
0.001, **p � 0.01, and *p � 0.05 compared with the control group. Scale bar, 50 �m.
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immune response that rapidly develops af-
ter nerve injury is essential to support the
healing/regenerative process. Thus, we
next investigated whether acute treatment
with synthetic glucocorticoids would alter
macrophage responses and clearance of
inhibitory myelin debris after sciatic nerve
lesion in rats. At 7 d after lesion, we found
a significant decrease in levels of CD68 im-
munoreactivity in the sciatic nerve distal
stump of DEX-treated animals compared
with saline-treated controls (Fig. 5A).
However, there was no significant differ-
ence in proportional area occupied by
CD68 immunolabeling in MP-treated rats
compared with controls. LFB staining of
myelin showed that rats treated with DEX
had three times more myelin debris in
their sciatic nerve distal stump than saline-
treated rats at 7 d after lesion ( p � 0.001,
ANOVA) (Fig. 5B,C). In MP-treated rats,
the load of myelin debris was 75% higher
than in saline-treated animals, although
this difference did not reach statistical sig-
nificance. Together, these results indicate
that acute treatment with synthetic glu-
cocorticoids compromises posttraumatic
inflammation, which results in significant
delays in the onset of WD.

Glucocorticoid-mediated alteration of
immune responses delays recovery of
locomotor function
To test the influence of glucocorticoid
treatment on peripheral nerve regenera-
tion, neurological recovery was assessed in
DEX- and MP-treated rats at various time
points after sciatic nerve lesion using the
SFI. Saline-treated rats recovered in 28 d
(Fig. 5D), in line with published data (de
Medinaceli et al., 1982). In contrast, MP-
treated rats needed 42 d to recover sciatic
nerve functions, whereas DEX-treated an-
imals never completely recovered sciatic
functions equivalent to their presurgical
performances at any of the time points an-
alyzed in this study (Fig. 5D). Animals
given injections of DEX exhibited signifi-
cantly larger locomotor deficits than those
in the control group at 7, 14, and 21 d after
lesion. From these results, we can conclude
that delayed WD in sciatic nerves of
glucocorticoid-treated rats is associated
with delayed regeneration and functional recovery.

Discussion
This is the first in vivo study to demonstrate that activation of
innate immune responses through TLRs is important for WD,
axonal regeneration, and recovery of locomotor functions after
peripheral nerve injury. Specifically, we showed that early expres-
sion of the proinflammatory molecules IL-1� and MCP-1 is com-
promised in TLR2-, TLR4-, and MyD88-deficient mice com-
pared with their wild-type littermates. Deficiency in TLR

signaling also resulted in the recruitment/activation of signifi-
cantly fewer macrophages, persistence of myelin debris in the
degenerating sciatic nerve distal stump, and important delays in
axonal regeneration and recovery of hindlimb sensory and motor
functions. In contrast, injections of TLR2 and TLR4 ligands at the
site of sciatic nerve lesion accelerated myelin debris clearance and
recovery of locomotor functions. Finally, treatment with syn-
thetic glucocorticoids hindered macrophage responses, resulting
in significant delays in clearance of degenerating myelin and
functional recovery.

MyD88 is a critical adaptor protein mediating NF-�B signal-

Figure 4. Activation of TLR signaling through intraneural injections of TLR2 and TLR4 ligands enhances the recruitment and
myelin phagocytic activity of macrophages and accelerates myelin debris clearance and locomotor recovery after sciatic nerve
lesion. A, Quantification of CD68 and iba1immunoreactivity (ir) in the degenerating sciatic nerve distal stump of rats that received
a single microinjection of PBS (Ctl), zymosan (ZYM; a TLR2 ligand), or LPS (a TLR4 ligand) at the site of lesion (3 d time point; n �
8 per group). B, C, Representative fluorescence photomicrographs showing iba1-immunopositive macrophages in a PBS-injected
(B) and a LPS-injected (C) rat. Arrows indicate the lesion epicenter. D, E, Confocal high-power photomicrographs showing
examples of iba1 � macrophages (green) that have ingested myelin debris (red), as detected using the ORO staining. Arrows point
to double-labeled cells. F, Quantification of the number of macrophages that have ingested myelin debris in the sciatic nerve distal
stump of rats treated with PBS, ZYM, or LPS at 3 d after lesion per injection (n � 8 per group). G, Quantification of LFB staining of
myelin in the degenerating sciatic nerve distal stump at 7 d (n �6 –7 per group). H, Recovery of locomotor functions from a sciatic
nerve lesion in rats given microinjections of PBS or TLR ligands (n � 10 per group). ***p � 0.001 and *p � 0.05 compared with
the Ctl group. Scale bars: B, C, 260 �m; D, 8.5 �m; E, 14 �m.
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ing and transcriptional activation of a large family of proinflam-
matory molecules (Akira and Takeda, 2004). In particular, the
MyD88 pathway is used when TLRs bind PAMPs, such as zymo-
san and LPS. Interestingly, our results show that this signaling
pathway is essential for modulating innate immune responses
after injury, because IL-1� expression was almost completely
abolished in MyD88-ko mice after sciatic nerve lesion. It is im-
portant to point out, however, that IL-1� synthesis was not com-
pletely prevented in TLR2-ko and TLR4 d mice, raising the possi-
bility that compensatory mechanisms may exist among TLRs.
Furthermore, because MCP-1 expression was only partly blocked
in MyD88-ko mice, it seems likely that receptors signaling
through MyD88-independent pathways may also participate in
the innate immune response that rapidly develops after nervous
system injury. In this regard, studies have shown that stimulation
of MyD88-independent pathways through TLRs results in the
expression of IFN-inducible genes (e.g., IFN�, IFN-inducible pro-
tein 10, iNOS) (Akira and Takeda, 2004). This is particularly
relevant in light of our results showing the lack of expression of
IFN-inducible genes (IFN� and iNOS) during the first 24 h after
sciatic nerve lesion, indicating that MyD88-independent TLR
pathways are unlikely to play a role in the early events leading to
macrophage recruitment/activation and WD. Recent studies
have suggested that nucleotides released after CNS injury and
acting through purinergic receptors could also serve as signals for
the rapid response of brain resident macrophages (Davalos et al.,
2005; Haynes et al., 2006). Because the identification of the sig-
nals and receptors that regulate the early stages of the innate
immune response after nervous system injury is just starting to
emerge, future studies should help better understand these issues.

Using a brain lesion model, Babcock et al. (2006) have recently
demonstrated that TLR2, but not TLR4, is important for early
cytokine/chemokine expression and microglial responses such as
activation and proliferation. Although they found that TNF and
MIP-1� mRNA levels were significantly reduced in the lesion-
reactive hippocampus of TLR2-ko mice compared with wild-
type animals at 3 h after lesion, IL-1� and MCP-1 mRNA levels
were similar in those two groups. Another important finding of
their study was that leukocyte infiltration was not affected by the
absence of TLR2 signaling. We explain these discrepancies be-
tween our study and theirs by the presence of Schwann cells in
our model. Schwann cells in culture have been shown to express
several TLRs, including TLR2, TLR3, and TLR4 (Karanth et al.,
2006; Lee et al., 2006). They are also the main cellular source of
MCP-1 for the first few hours after peripheral nerve injury
(Taskinen and Roytta, 2000), a process that appears to be partially
initiated by the stimulation of TLR4 on Schwann cells (Karanth et
al., 2006). As demonstrated in vivo through infusion of function-
blocking antibodies against MCP-1 or via the use of CCR2-ko
mice, MCP-1 is essential for macrophage recruitment and myelin
debris clearance during WD in the injured PNS (Siebert et al.,
2000; Perrin et al., 2005). IL-1� is another proinflammatory cy-
tokine rapidly upregulated by Schwann cells after PNS injury
(Shamash et al., 2002). We found that neutralizing IL-1� through
infusion of function-blocking antibodies into the injured sciatic
nerve reduced the number of recruited macrophages by 42% and
the number of phagocytic macrophages containing myelin debris
by 69%, therefore slowing down the process of WD (Perrin et al.,
2005). In the present study, the levels of IL-1� and MCP-1
mRNAs and IL-1� protein in the sciatic nerve distal stump were
significantly reduced in the absence of TLR2, TLR4, or MyD88.
All these findings support a role for TLRs in macrophage recruit-
ment and myelin debris clearance during WD, the end result of
which has direct consequences on peripheral nerve regeneration
most likely attributable to the presence of inhibitors of axonal
regeneration associated with myelin debris.

It is not clear at present what endogenous ligands stimulate
TLR signaling and initiate immune responses in degenerating
peripheral nerves, nor was it the aim of the present study to
identify these factors. Potential ligands include necrotic cells,
HSPs, and ECM molecules (for review, see Takeda et al., 2003).
However, the fact that MCP-1 expression precedes the appear-
ance of axonal and myelin debris in the injured PNS [the first
signs of axonal fragmentation distal to the lesion are typically
seen after 36 – 44 h after injury (Beirowski et al., 2005)] does not
support the possibility that necrotic cells are responsible for ini-
tiating innate immune responses during WD. Nevertheless, be-
cause MCP-1 expression is considerably delayed in peripheral
nerves of Wld s mutant mice (Carroll and Frohnert, 1998), and
because early cytokine expression after nerve injury can be
blocked by pretreatment with a calpain inhibitor (calpain is
known to disassemble cytoskeletal proteins after axonal damage)
(Uceyler et al., 2007), it is tempting to speculate that the endog-
enous ligand(s) responsible for TLR activation is released by de-
generating axons. In this regard, a study by Willis and Twiss
(2006) has recently identified 	100 distinct axonally synthesized
proteins, including several HSPs, in lesioned dorsal root ganglion
sensory axons. However, it remains controversial whether HSPs
function as endogenous ligands for TLRs based on numerous
recent studies that have carefully excluded pathogen-derived
molecules from recombinant HSP preparations (Gao and Tsan,
2003; Tsan and Gao, 2004; Ye and Gan, 2007). Another possibility
is that specific ECM molecules may be rapidly released by pro-

Figure 5. Alteration of immune responses by glucocorticoid treatment delays myelin debris
clearance and recovery of locomotor functions after sciatic nerve lesion. A, Quantification of the
recruitment/activation of CD68 � macrophages in the sciatic nerve distal stump of rats treated
with DEX, MP, or saline (Ctl) at 7 d after sciatic nerve lesion (n � 5– 6 per group). B, Quantifi-
cation of LFB staining of myelin in the degenerating sciatic nerve distal stump of rats treated
with glucocorticoid agents or saline at 7 d (n � 5– 6 per group). C, Bright-field photomicro-
graphs showing myelin debris stained with LFB in the sciatic nerve of saline- and DEX-treated
rats at 7 d after lesion. Arrows indicate the lesion site. D, Recovery of locomotor functions from
a sciatic nerve lesion, as determined by the SFI, in rats treated with DEX, MP, or saline (n �
10 –11 per group). ***p � 0.001, **p � 0.01, and *p � 0.05 compared with the Ctl group.
Scale bar, 260 �m.
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teases during the process of axonal disintegration and could then
stimulate TLRs. Supporting this hypothesis is a study by Brunn et
al. (2005), which demonstrated that TLR4 signaling was consti-
tutively inhibited by ECM in intact tissues and that this inhibition
was relieved when the matrix was degraded. They also found that
components of the ECM, such as heparan sulfate, were released
after matrix degradation in vivo and further contribute to TLR4
activation (Brunn et al., 2005). However, a recent study by
Karanth et al. (2006) in which they measure MCP-1 mRNA syn-
thesis by Schwann cells treated with putative TLR ligands has
once again raised some doubts about the implication of HSP60,
HSP70, and heparan sulfate in TLR activation after nerve dam-
age. Rather, their in vitro model implicates a soluble protein of
1–10 kDa as one of the ligands for TLRs in damaged nerve tissues
(Karanth et al., 2006). Future studies should help identify the
host-derived ligand(s) that stimulates TLRs after axonal injury.

In recent years, several studies have emerged from the rapidly
growing interest in the roles of TLRs in the mammalian nervous
system under nonpathogenic conditions (for review, see Kielian,
2006). One particularly intriguing observation came from the
work of the Benowitz group, which showed that when injected
directly into the eye, zymosan activated macrophages and in-
duced regeneration of retinal ganglion cell axons into the le-
sioned optic nerve or into peripheral nerve grafts (Leon et al.,
2000; Yin et al., 2003). This group later identified oncomodulin as
a potent macrophage-derived factor with axon growth-
promoting properties for retinal ganglion cells and dorsal root
ganglion neurons (Yin et al., 2006). Herein, we showed that WD,
axonal regeneration, and recovery of locomotor functions after
sciatic nerve lesion are significantly delayed in mice deficient in
TLR signaling but accelerated after a single microinjection of
either zymosan (TLR2) or LPS (TLR4) at the site of injury.
Whether oncomodulin is responsible for peripheral nerve regen-
eration after TLR activation in our experimental model remains
to be investigated.

We reported in a previous study that systemic injections of
LPS in mice can accelerate myelin debris clearance during WD in
the injured spinal cord (Vallières et al., 2006). We also established
that LPS treatment was not sufficient to promote regeneration of
ascending sensory tract axons, despite enduring evidence that
systemic LPS injections may support regeneration of spinal cord-
injured axons (Windle, 1956; Guth et al., 1994). Factors that may
have prevented axonal regeneration after SCI include the possi-
bility that LPS treatment was not sufficient by itself to activate the
intrinsic growth state program of lesioned neurons and the pres-
ence of inhibitory molecules associated to the glial scar. This is
supported by the recent finding of Fischer et al. (2004), who
reported that counteracting myelin inhibitors will enhance axon
regeneration only if neurons are in an active growth state, and by
our results showing the presence of a dense astrocytic scar sur-
rounding ascending sensory tract axons in dorsal-hemisected
mice (Vallières et al., 2006). On the basis of data obtained in the
present study and the lack of evidence that injured neurons ex-
press TLRs, we propose that contradictory results seen in the SCI
model compared with the PNS lesion model in terms of axonal
regeneration may be once again linked to the presence of
Schwann cells. However, although Schwann cells can clearly sup-
port axon growth through factors that they release, whether these
factors are released in response to TLR activation remains to be
demonstrated.

That TLRs may exert divergent effects in different injury mod-
els appears not to be limited to the issue of axonal regeneration.
Several studies have shown that inflammation caused by the ac-

tivation of TLR2 and TLR4 in the CNS can result in tissue damage
and, in some cases, behavioral deficits (Fitch et al., 1999; Leh-
nardt et al., 2002, 2003, 2006; Popovich et al., 2002; Hoffmann et
al., 2007). In contrast, systemic LPS injections in rats apparently
reduce spinal cord cavitation after crush injury (Guth et al.,
1994). Using a spinal cord contusion model, Kigerl et al. (2007)
have recently found that locomotor recovery was impaired in
TLR2-ko and TLR4 d mice, suggesting once again that TLR sig-
naling may confer some form of neuroprotection after injury.
Finally, we report here that a single intraneural injection of either
zymosan or LPS significantly improved hindlimb functions. One
should take into consideration, however, that zymosan or LPS
was injected into the sciatic nerve distal stump in this study. We
can therefore presume that TLR2 and TLR4 ligands and the po-
tentially neurotoxic factors that may have been produced in re-
sponse to these ligands were only in contact with axonal segments
that were disconnected from their cell bodies and therefore al-
ready in the process of undergoing degeneration. Although we
did not investigate whether treatment with TLR agonists leads to
increased neuronal survival, we believe this possibility unlikely
considering that �2.5% of all L5 dorsal root ganglion neurons
and spinal cord motor neurons projecting into the sciatic nerve
normally die in our lesion model in adult rodents (S. Lacroix,
unpublished observations). Together, these studies suggest that
activation of TLR signaling may support neuronal survival and
axonal regeneration under certain conditions and be detrimental
in other circumstances. This may depend on several factors, in-
cluding the cells that are activated, timing of activation, transduc-
tion signals involved, and cellular environment.

In light of our results showing the importance of TLR signal-
ing in myelin debris clearance and peripheral nerve regeneration,
we were interested in finding out whether administration of syn-
thetic glucocorticoids would compromise regeneration in our
sciatic nerve lesion model. The scientific rationale for using syn-
thetic glucocorticoids (DEX and MP) instead of nonsteroidal
anti-inflammatory drugs was based on the following: (1) syn-
thetic glucocorticoids have been shown to inhibit transcription of
most genes involved in innate immune responses, including
NF-�B signaling pathways (Glezer and Rivest, 2004; Sternberg,
2006); and (2) synthetic glucocorticoids have been used for years
in the clinic to treat traumatic spinal cord and nerve injuries
(David and Lacroix, 2005; Steinsapir, 2006). Our results revealed
that macrophage infiltration and myelin debris clearance in the
sciatic nerve distal stump are greatly inhibited by the administra-
tion of high doses of DEX, whereas a nonsignificant trend in these
responses was observed after MP treatment. Even more impor-
tant was the fact that recovery of locomotor functions was signif-
icantly delayed in DEX-treated rats. It is also worth mentioning
that sciatic functions in DEX-treated rats never recovered to lev-
els equivalent to presurgical performances at any of the time
points analyzed in the present study (i.e., up to 49 d after lesion).
It should be pointed out, however, that MP-treated animals had
completely recovered by 42 d after sciatic nerve lesion compared
with 28 d for control rats. The difference between DEX and MP
may depend on the availability of both synthetic glucocorticoids
to inhibit NF-�B and transcriptional activation of immune genes.
DEX is, by far, the most potent agonist of glucocorticoid recep-
tors and is extremely powerful in inhibiting innate immune re-
sponses in the CNS (Glezer and Rivest, 2004). These data together
provide solid evidence that TLR signaling and innate immune
responses play a critical role in clearance of inhibitory myelin
debris and set the conditions for nerve regeneration and repair.
This concept will have a direct impact on the development of new
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therapeutic strategies to treat patients suffering from nerve inju-
ries and prevent long-term consequences of regeneration failure.
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