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Functional Recovery after Peripheral Nerve Injury is
Dependent on the Pro-Inflammatory Cytokines IL-1�
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IL-1� and TNF are potential targets in the management of neuropathic pain after injury. However, the importance of the IL-1 and TNF
systems for peripheral nerve regeneration and the mechanisms by which these cytokines mediate effects are to be fully elucidated. Here,
we demonstrate that mRNA and protein levels of IL-1� and TNF are rapidly upregulated in the injured mouse sciatic nerve. Mice lacking
both IL-1� and TNF, or both IL-1 type 1 receptor (IL-1R1) and TNF type 1 receptor (TNFR1), showed reduced nociceptive sensitivity
(mechanical allodynia) compared with wild-type littermates after injury. Microinjecting recombinant IL-1� or TNF at the site of sciatic
nerve injury in IL-1�- and TNF-knock-out mice restored mechanical pain thresholds back to levels observed in injured wild-type mice.
Importantly, recovery of sciatic nerve function was impaired in IL-1�-, TNF-, and IL-1�/TNF-knock-out mice. Notably, the infiltration of
neutrophils was almost completely prevented in the sciatic nerve distal stump of mice lacking both IL-1R1 and TNFR1. Systemic treat-
ment of mice with an anti-Ly6G antibody to deplete neutrophils, cells that play an essential role in the genesis of neuropathic pain, did not
affect recovery of neurological function and peripheral axon regeneration. Together, these results suggest that targeting specific IL-1�/
TNF-dependent responses, such as neutrophil infiltration, is a better therapeutic strategy for treatment of neuropathic pain after periph-
eral nerve injury than complete blockage of cytokine production.

Introduction
Cytokines such as IL-1� and TNF play a key role in the develop-
ment and maintenance of pain after peripheral nerve injury or
infection (Verri et al., 2006; Scholz and Woolf, 2007; Watkins et
al., 2007). Although IL-1� and TNF may contribute to neuro-
pathic pain by activating neurons directly, most studies suggest
that these two cytokines modulate nociception indirectly, via the
activation of non-neuronal nervous system cells (e.g., glial cells)
and infiltration of immune cells. What remains largely unknown
is the precise temporal expression pattern of these cytokines in
the injured peripheral nervous system and the type of immune

cells that are recruited to the injured site in an IL-1�/TNF-
dependent fashion.

Several reports indicate that immune cells contribute to pain
after nerve injury (for review, see Watkins and Maier, 2002;
Marchand et al., 2005; Austin and Moalem-Taylor, 2010), in-
cluding one study that demonstrated that depletion of mono-
cytes/macrophages through injection of clodronate-loaded
liposomes resulted in a reduction in hyperalgesia (Liu et al.,
2000). Since monocyte and macrophage heterogeneity may be
complex (for review, see Gordon and Taylor, 2005), it is currently
unknown whether a specific subset of monocytes/macrophages
are responsible for these effects. In addition to monocytes and
macrophages, both neutrophils and T lymphocytes have been
shown to influence pain sensitivity after nerve trauma (Perkins
and Tracey, 2000; Moalem et al., 2004). However, whether block-
ing the entry of specific immune cell subsets will provide an ad-
equate treatment of pain after injury will have to be reevaluated
by taking into consideration other key responses such as axonal
regeneration, nerve repair, and functional recovery.

Since the inflammatory response that rapidly develops after
peripheral nerve injury may contribute to both neuropathic pain
and nerve regeneration, it is critical to determine the exact role(s)
of immune cells and molecules in pathomechanisms after nerve
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injury. A better knowledge of the functions of these cells and
molecules could lead to the identification of new potential targets
for treating neuropathic pain without interfering with the tissue
repair program. In this study, we present the spatial and temporal
distribution of mRNA and protein expression patterns of IL-1�,
IL-1�, and TNF in the injured peripheral nerve, using the sciatic
nerve as a model. We analyzed roles of these cytokines in neuro-
pathic pain and peripheral nerve regeneration. We demonstrate
that IL-1 and TNF pathways are involved in the recruitment of
various immune cell subsets, such as neutrophils and proinflam-
matory M1 macrophages. Finally, we investigated whether deple-
tion of neutrophils, which we have found to infiltrate the nerve
distal stump in an IL-1/TNF-dependent fashion, affects repair
processes such as axonal regeneration and functional recovery.

Materials and Methods
Animals. A total of 393 adult mice were used in this study. IL-1�-ko mice
in the C57BL/6 background were generated as previously described by
the Iwakura laboratory (Horai et al., 1998). TNF- and IL-1�/TNF-ko
mice and their wild-type (WT) counterparts were generated as described
before by Turrin and Rivest (2006). IL-1R1/TNFR1-ko mice maintained
on a mixed C57BL/6 � 129 background and their appropriate controls,

B6129SF2 mice, were purchased from The Jackson Laboratory. Thy1-
YFP-H transgenic mice (referred to as YFP mice throughout the text)
were purchased from The Jackson Laboratory. For the experiments that
dealt with neutrophil depletion, C57BL/6 mice from The Jackson Labo-
ratory were used. All mice had ad libitum access to food and water.

Sciatic nerve injury and microinjection. The partial sciatic nerve ligation
(PSNL) model was used to study neuropathic pain, following the method
described in rats by Seltzer et al. (1990), and adapted to mice by Malmberg
and Basbaum (1998). For all other experiments, a microcrush lesion of the
left sciatic nerve was used as a model, following our previously published
method (Boivin et al., 2007). As before, the lesion was made at midthigh level
and the site of lesion was marked with a 10-0 Ethilon suture (Ethicon) passed
through the epineurium only. Microinjections of carrier-free recombinant
mouse (rm) cytokines were made at the site of PSNL through a pulled-glass
micropipette (30 �m external diameter) connected to a 2 �l Hamilton sy-
ringe. Immediately following PSNL injury, IL-1�-, and TNF-ko mice were
microinjected with rmIL-1� and rmTNF (amino acids 80–235), respec-
tively, at a concentration of 10 ng/�l (R&D Systems) in a final volume of 1 �l.
All surgical procedures were approved by the Laval University Animal Care
Committee (ACC) or McGill University ACC and followed Canadian Coun-
cil on Animal Care guidelines.

Tissue processing. For experiments involving in situ hybridization
(ISH), mice were overdosed with a mixture of ketamine and xylazine and

Table 1. Summary of the primary antibodies used in the present study

Antibody Specificity Immunogen/clone Dilution Source Catalog/lot #

Flow cytometry
7/4 (recently identified as

Ly-6B), PE-conjugated
25–30 kDa GPI-anchored protein expressed in

neutrophils and proinflammatory M1
monocytes

Clone 7/4 1:100 AbD Serotec MCA771PE

CD11b (Integrin �M chain,
Mac-1 � chain), BD Hori-
zon V450-conjugated

Murine �M chain of Mac-1 found on myeloid
cells

Clone M1/70 1:333 BD Biosciences 560455/65504

CD45 (Leukocyte Common
Antigen, Ly-5), PerCP-
conjugated

CD45 molecule on all leukocytes Clone 30-F11 1:167 BD Biosciences 557235/51129

Ly-6C, FITC-conjugated 14 –17 kDa GPI-anchored protein expressed
at various levels in monocyte/macrophage
subsets, granulocytes, and T cell subsets

Clone AL-21 1:500 BD Biosciences 553104/41637

Ly-6G, PE-Cy7-conjugated 21–25 kDa GPI-anchored protein expressed in
neutrophils

Ly-6G-transfected EL4J cell line
Clone 1A8

1:500 BD Biosciences 560601/44917

Immunofluorescence labeling
7/4 25–30 kDa GPI-anchored protein expressed in

neutrophils and proinflammatory M1
monocytes

Clone 7/4 1:800 AbD Serotec MCA771GA

Ionized calcium-binding
adaptor molecule 1 (iba1)

17 kDa EF hand protein expressed in
macrophages and microglia

Synthetic peptide of C-terminus
iba1 N�-PTGPPAKKAISELP-C�

1:750 Wako 019-19741/CDF1873

Ly-6G 21–25 kDa GPI-anchored protein expressed in
neutrophils

Ly-6G-transfected EL4J cell line
Clone 1A8

1:5000 BD Biosciences 551459/26029

Immunoblotting
�-Actin Antibody reacts with all vertebrate actin

isoforms
Purified chicken gizzard actin

Clone C4
1:7000 Millipore (Chemicon) MAB1501

Caspase-1 Antibody reacts with full-length caspase-1
and cleaved forms that retain aa 371–390

Synthetic peptide of amino
acids 371–390 of caspase-1
(human) Clone 14F468

1:300 Imgenex IMG-5028/AB093004A-3

Interleukin-1 � (IL-1�) Based on amino acid composition, the
theoretical MW of the recognized protein is
31 kDa

Highly pure (�98%)
recombinant mouse IL-1�

1:1250 Abcam ab9724

Interleukin-1 � (IL-1�) 17 kDa processed form of IL-1� Synthetic peptide of N-terminal
region of mature IL-1�
(human)

1:1000 Cell Signaling 2021

Tumor necrosis factor � (TNF) 26 kDa membrane-bound TNF precursor
(pro-TNF)

Recombinant full-length TNF
protein (human)

1:1250 Abcam ab6671

TNF-� converting enzyme
(TACE)

Antibody reacts with mature, precursor and
glycosylated forms of TACE (also termed
Adam17)

Synthetic peptide of C-terminus
TACE (human)

1:300 Lab Vision (NeoMarkers) RB-1660-P/1660P807A
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transcardially perfused with a 0.9% saline solu-
tion followed by 4% paraformaldehyde (PFA),
in borax buffer, pH 9.5. 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 post-
fixed for 1 h only and then placed in a PBS/20%
sucrose solution until sectioning. Sciatic nerves
were cut longitudinally using a cryostat (model
CM3050S; Leica Microsystems) set at a thick-
ness of 14 �m. Sciatic nerve sections were col-
lected directly onto slides having a permanent
positively charged surface (Surgipath Canada),
separated into five different series of adjacent
sections, and then stored at �20°C.

ISH. ISH was performed to detect mRNAs
coding for IL-1� and TNF, following our pre-
viously published method (Boivin et al., 2007).

Flow cytometry and immunofluorescence
labeling. Immune cells that infiltrated the in-
jured sciatic nerve were characterized using
flow cytometry analysis and multiple immu-
nofluorescence labeling, according to our
previously published methods (Barrette et
al., 2008). The complete description of the
primary antibodies used in this study is given
in Table 1.

Quantification of ISH signal, flow cytometry,
and immunofluorescence labeling. The average
density of ISH signal was measured within pre-
defined 1 mm sciatic nerve segments, starting
from the site of injury up to 4 mm distal to the
lesion, as described before (Boivin et al., 2007).

For flow cytometry analysis, cells isolated
from a 8 mm sciatic nerve segment, extending
from 1 mm rostral to the site of injury up to 7
mm distal, were analyzed using FlowJo soft-
ware (v. 9.2; Tree Star) on a FACS LSRII flow
cytometer (BD Biosciences). The LIVE/DEAD
Fixable Yellow Dead Cell Stain Kit (Invitrogen
Canada) was used to distinguish live from dead
cells. Myeloid cells were identified based on their
expression of CD45, CD11b, 7/4, Ly-6C, and Ly-
6G, as follow: neutrophils, CD45� CD11b�

7/4� Ly-6C� Ly-6G�; M1 macrophages,
CD45� CD11b� 7/4� Ly-6Chi Ly-6G�; M2
macrophages, CD45� CD11b� 7/4� Ly-6Clo

Ly-6G� (Gordon and Taylor, 2005; Nahrendorf
et al., 2007).

For immunohistological analysis, mono-
cytes/macrophages were identified based on
their expression of the iba1 marker (Boivin et
al., 2007; Audoy-Rémus et al., 2008). Expres-
sion of the 7/4 antigen and nuclear morphol-
ogy (i.e., round, ovoid, or kidney-shaped
nucleus that occupies up to 50% of the overall
cell area) were further used to define the pop-
ulation of M1 macrophages, as described pre-
viously (Henderson et al., 2003; Gordon and
Taylor, 2005; Tsou et al., 2007). Neutrophils
were identified based on their expression of the
7/4 and Ly-6G antigens, lack of expression of
iba1, and a multilobed nucleus (Stirling and
Yong, 2008). For the quantification of neutro-
phils and M1 macrophages, the outline of the

Figure 1. Sciatic nerve microcrush lesion rapidly induces production of the bioactive forms of IL-1� and TNF. A, Quantification
of in situ hybridization signal for IL-1� and TNF mRNA in the sciatic nerve distal stump at various times after lesion (n � 4
mice/time point). B–F, Representative dark-field photomicrographs showing IL-1� mRNA expression at 0 (B; naive mouse), 1 (C),
3 (D), 7 (E), and 14 (F ) d after sciatic nerve lesion in C57BL/6 mice. All photomicrographs were taken at 1 mm distal to the lesion.
The arrows in C–F point to the 10 – 0 suture node indicating the site of lesion. G–H, Quantification of ISH signal for IL-1� mRNA (G)
and the number of cells expressing IL-1� mRNA (H ) in the sciatic nerve distal stump of MyD88- and IL-1R1-knock-out (�/�)
mice and their WT littermates at 1 d after lesion (n � 4 per group). I, Representative immunoblots for IL-1�, IL-1� and TNF
performed on cell lysate extracts obtained from the sciatic nerve of naive (N) and injured C57BL/6 mice at various times after lesion
(n � 4 mice/time point). J–L, Immunoblot analysis of IL-1� (31 kDa), IL-1� (17 kDa), and TNF (26 kDa) proteins after sciatic nerve
injury. The �-actin protein was used as internal standard and control for protein loading. ***p � 0.001, **p � 0.01, and *p �
0.05 compared with naive (A, J–L) or WT (G–H ) mice. Scale bar (in F ) B–F, 250 �m.
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longitudinal section was traced at 20� magnification and a grid of 50
�m � 50 �m positioned over the nerve using the Bioquant Nova Prime
software (Bioquant Image Analysis Corporation). All cells with a visible
nucleus were then counted at 100� magnification.

Three-dimensional reconstruction and modeling. Three-dimensional
reconstructions of leukocytes were generated from confocal image stacks
acquired using an Olympus Fluoview microscope (BX61) using the
Imaris software (v. 4.5; Bitplane), following the method described previ-
ously (Audoy-Rémus et al., 2008).

Immunoblot analyses. Immunoblotting was performed on cell lysate
extracts obtained from the sciatic nerve of naive and injured mice (each
using n � 4 mice per time point). Four-millimeter-long sciatic nerve
segments, starting from the site of injury up to 4 mm distal to the lesion,
were homogenized and subjected to immunoblotting analysis with pri-
mary antibodies listed in Table 1, following our previously published
method (de Rivero Vaccari et al., 2008).

Behavioral analyses. Mechanical allodynia was measured using cali-
brated von Frey filaments (Stoelting; see Fig. 3 A, C), following our pre-
viously published method (Zhang et al., 2007). Animals were habituated
to the testing environment daily for at least 2 d before baseline testing.
Before experimentation, mice were allowed to acclimatize for at least 1 h
in individual plastic boxes with a wire mesh floor. A set of eight calibrated
von Frey filaments (ranging from 0.008 to 1.4 � g) were applied to the
plantar surface of the hindpaw until they bent. The threshold force re-
quired to elicit withdrawal of the paw (median 50% paw withdrawal) was
determined as the average of two tests separated by at least 1 h. As well,
the Ugo Basile Dynamic Plantar Anesthesiometer apparatus (Stoelting)
was used to measure allodynia in IL-1�-, TNF-, IL-1�/TNF-ko mice (see
Fig. 3B).

Recovery of locomotor function after sciatic nerve lesion was quanti-
fied using the sciatic nerve functional index (SFI), as described before
(Boivin et al., 2007). This test was performed for all animals preopera-
tively and every week after the operation up to 7 weeks. The SFI was
measured using the formula adapted for mice by Inserra et al. (1998).

Depletion of neutrophils and sciatic-sciatic nerve grafts. Neutrophils
were depleted through repeated intravenous injections with monoclonal
anti-mouse Ly-6G antibody, clone 1A8, purchased from BioXCell. Rat
IgG2a isotype (clone 2A3; BioXCell) and PBS served as controls. Mice
were injected with 100 �l of antibody at 0.1 �g/�l or PBS at 12 h before
the lesion, at the time of the lesion, at 12 and 24 h after lesion, and then
every day until day 4.

To investigate the capacity of peripheral axons to regenerate in the
absence of neutrophils, we performed experiments in which pre-
degenerated sciatic nerve segments collected from YFP � mice treated
with an anti-Ly-6G antibody, isotype control antibody, or PBS were
grafted to the sciatic nerve of YFP � recipient mice, allowing to visualize
YFP � axons that had regenerated into grafts [for a complete description
of the surgical procedure followed to perform the allografts, please refer
to Barrette et al. (2008)]. We note that recipient mice were also treated
with anti-Ly-6G antibody, isotype control antibody, or PBS. Mice were
killed at 7 d after grafting and quantification performed as described
before (Barrette et al., 2008).

Statistical analysis. All statistical evaluations were performed with one- or
two-way ANOVA or repeated-measures ANOVA. Post-ANOVA com-
parisons were made using the Bonferroni correction. All statistical anal-
yses were performed using the GraphPad Prism software (GraphPad
Software). Data in graphs are presented as mean � SEM.

Results
The biologically active forms of IL-1� and TNF are rapidly
produced in the peripheral nerve distal stump after injury
Using ISH and immunoblotting, we first examined the relative
expression levels for IL-1� and TNF mRNA and protein in the
sciatic nerve of naive and injured C57BL/6 mice.

IL-1�
As shown in Figure 1, A and B, no ISH signal for IL-1� was
detected in sciatic nerve sections obtained from naive mice. How-

ever, signal expression changed drastically after a sciatic nerve
lesion. At 1 h after lesion, cells expressing IL-1� could be readily
detected, although in limited numbers (see Boivin et al., 2007).
IL-1� mRNA levels peaked at day 1 and then decreased progres-
sively thereafter (Fig. 1A), to eventually return to baseline levels
by day 14 after lesion. For all time points studied, quantitative
analyses revealed that IL-1� mRNA expression was preferentially
increased in areas located near the lesion site (Fig. 1C–E). Nota-
bly, we found that IL-1� mRNA expression was abolished in the
sciatic nerve distal stump of MyD88- and IL-1R1-knock-out (ko)
mice (Fig. 1G,H). We also found that sciatic nerve cells contain
constitutive levels of the precursor form (31 kDa) of IL-1� (Fig.
1 I, J), which is known to be biologically active (Dinarello, 2009).

To determine whether sciatic nerve lesion induced the cleav-
age of the IL-1� precursor into its biologically active 17 kDa form,
we performed immunoblot analysis on sciatic nerve lysates. Pro-
tein levels for the mature form of IL-1� increased almost imme-
diately after injury, with increases of 	2-fold and 10-fold after 6 h
and 1 d, respectively, compared to levels detected in naive ani-
mals (Fig. 1 I,K). Immunoblots showed that IL-1� protein re-

Figure 2. The active forms of the enzymes that mediate the proteolytic cleavage of the
pro-forms of IL-1� and TNF into mature (secreted) cytokines are upregulated in the sciatic
nerve distal stump after microcrush lesion. A, Representative immunoblots for caspase-1 and
TACE performed on cell lysate extracts obtained from the sciatic nerve of naive and injured
C57BL/6 mice at various times after lesion. B, C, Quantification of immunoblot analysis of
caspase-1 (B) and TACE (C) protein expression revealed that the precursor forms for caspase-1
(45 kDa) and TACE (	100 kDa) were rapidly converted into the active forms of 26 and	80 kDa,
respectively, after injury. The �-actin protein was used as internal standard and control for
protein loading.
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mains at high levels for several days after injury, with two peaks of
expression observed at day 1 and day 7.

We next evaluated whether caspase-1, a component of inflam-
masomes that are involved in the proteolytic activation of IL-1�
(de Rivero Vaccari et al., 2008), was altered following nerve injury
(Fig. 2A,B). Both pro-caspase-1 (45 kDa) and active (cleaved)
caspase-1 (26 kDa) protein levels were modulated in sciatic nerve
lysates. The time course of pro-caspase-1 processing was similar
to that of IL-1� maturation. Together, these data demonstrate
that sciatic nerve lesion results in the acute activation of IL-1�
transcription, synthesis of pro-IL-1�, activation of caspase-1, and
cleavage of inactive pro-IL-1� into its biologically active form.

TNF
Cells expressing TNF mRNA were also detected early following
peripheral nerve injury (�1 h), although only few scattered pos-
itive cells were seen during the first 24 h following lesion. A small
but significant upregulation of TNF mRNA in the sciatic nerve
distal stump was detected at one time point only, i.e., at 3 d after
injury (Fig. 1A). As shown in Figure 1 I, the transmembrane pre-
cursor form of TNF (26 kDa) was detected by immunoblotting in
sciatic nerve lysates from injured animals at 3, 7, and 14 d. Al-
though the levels of the mature 17 kDa soluble form of TNF were

below the detection limit of our assay, an
increase in the expression of the active
form of the TNF-� converting enzyme
(TACE; corresponding to the 80 kDa
band) was clearly detected from day 1 to
day 14 after injury (Fig. 2A,C). That the
17 kDa form of TNF is released in the lat-
ter interval would be consistent with re-
sults from a previous study performed in
rats using a chronic constriction injury
model (Shubayev and Myers, 2000). Thus,
in addition to IL-1�, TNF is another ideal
marker for the rapid initiation of the in-
flammatory response upon nerve injury.

Mechanical allodynia induced by sciatic
nerve injury is compromised in mice
lacking both IL-1� and TNF or their
type 1 receptors (IL-1R1 and TNFR1)
To confirm earlier reports that neuro-
pathic pain arising after peripheral nerve
injury is modulated, at least in part, by
IL-1� and TNF (for review, see Verri et al.,
2006; Scholz and Woolf, 2007; Watkins et
al., 2007), we examined signs of mechan-
ical allodynia in IL-1R1/TNFR1-ko mice.
As shown in Figure 3A, preoperative val-
ues for mechanical pain hypersensitivity
of IL-1R1/TNFR1-ko mice and their WT
littermates were almost identical. A sig-
nificant decrease in the paw withdrawal
threshold was observed when a mechani-
cal touch stimulus was applied on the
plantar surface of the nerve-injured paw.
However, IL-1R1/TNFR1-ko mice were
significantly less sensitive to mechanical
pain after injury than control mice at all
time points investigated. The differences
in scores of noninjured WT, noninjured
IL-1R1/TNFR1-ko, and injured IL-1R1/
TNFR1-ko mice did not reach statistical

significance at any time in this study, indicating that IL-1R1/
TNFR1-ko animals are refractory to mechanical allodynia in the
partial sciatic nerve ligation model. Further analysis using IL-1�-,
TNF-, and IL-1�/TNF-ko mice revealed that both cytokines
needed to be absent for complete elimination of pain (Fig. 3B).
Microinjection of recombinant mouse IL-1� and TNF at the site
of sciatic nerve injury in IL-1�- and TNF-ko mice, respectively,
restored mechanical pain thresholds back to levels observed in
injured WT mice (Fig. 3C). This suggests that IL-1� and TNF
contribute to neuropathic pain by acting locally at sites of periph-
eral nerve injury. Together, these results indicate the importance
of the IL-1 and TNF signaling pathways in the development of
neuropathic pain (allodynia) after peripheral nerve injury.

Functional recovery after sciatic nerve lesion is impaired in
the absence of IL-1� and TNF
Based on our previous finding that inflammation is required for
axonal regeneration (Boivin et al., 2007; Barrette et al., 2008), we
next investigated whether functional recovery was affected in
mice lacking IL-1� or TNF after sciatic nerve injury. Since deple-
tion of either IL-1� or TNF may activate compensatory mecha-
nisms that lead to overproduction of these inflammatory

Figure 3. IL-1� and TNF are major factors contributing to pain after peripheral nerve injury and are critical for recovery of
neurological function. A, Paw withdrawal threshold (in grams) to mechanical stimulation following PSNL or sham-operation (n �
4 – 6 mice/group). WT mice showed a robust decrease in withdrawal threshold on the hindpaw ipsilateral to nerve injury at day 3
and maintained this hypersensitivity until the end of the testing period. In contrast, mechanical allodynia was almost completely
abolished in IL-1R1/TNFR1 double knock-out (�/�) mice. B, Paw withdrawal thresholds (expressed as percentage of baseline) of
IL-1��/�, TNF�/�, and IL-1�/TNF�/� mice compared with WT mice after sciatic nerve injury (n � 11 mice/group). C, Paw
withdrawal thresholds (percentage of baseline) of IL-1��/� and TNF�/�mice following PSNL and injection of recombinant
mouse IL-1� (rmIL-1�) or TNF (rmTNF) into the sciatic nerve at 7 d (n � 6 –9 mice/group). D, Recovery of sciatic nerve function
after microcrush lesion, as determined by the SFI, in IL-1��/�, TNF�/�, and IL-1�/TNF�/� mice compared with WT mice
over a period of 42 d (n � 10 –32 mice/group). ***p � 0.001, **p � 0.01, and *p � 0.05 compared with baseline levels in the
same group (A), WT (B, D), or sham WT (C).
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Figure 4. Time course of neutrophil and macrophage influx in the mouse sciatic nerve after microcrush lesion. A, Representative flow cytometry profiles showing the presence of neutrophils (red;
CD45 � CD11b � 7/4 � Ly-6C � Ly-6G �), proinflammatory M1 macrophages (blue; CD45 � CD11b � 7/4 � Ly-6C hi Ly-6G �), and anti-inflammatory M2 macrophages (Figure legend continues.)
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cytokines, mice deficient in both IL-1� and TNF genes were in-
cluded in our analyses.

Recovery of neurological function was assessed by measuring
the SFI (Fig. 3D). No significant differences were observed in the
preoperative SFI values among the four different groups included
in this experiment. When compared with control mice, statistical
significance for SFI values of IL-1�/TNF-ko mice was measured
at 7, 14, 21, 28, 35, and 42 d after injury. IL-1�- and TNF-ko mice
exhibited significant locomotor deficits compared with WT at
both 7 and 14 d. Thus, it appears that IL-1� and TNF are impor-
tant for recovery of sciatic nerve function after injury, and that
neutralization of the actions of these proinflammatory cytokines
most likely impairs peripheral nerve regeneration.

Neutrophil infiltration is prevented in the sciatic nerve distal
stump of mice lacking both IL-1R1 and TNFR1
Neutrophils and monocytes are two cell types that rapidly infil-
trate the injured nervous system. However, recent studies have
revealed considerable heterogeneity in monocyte/macrophage
populations and identified at least two different subsets of
monocyte-derived macrophages: “classically activated” proin-
flammatory (M1) macrophages and “alternatively activated”
anti-inflammatory (M2) macrophages (for review, see Gordon
and Taylor, 2005). Using flow cytometry and multiple immuno-
fluorescence labeling, we first performed a time course to estab-
lish the timing and magnitude of neutrophil, M1 macrophage,
and M2 macrophage presence in the injured sciatic nerve (Fig. 4).
By 3 h, both neutrophils and monocytes infiltrated the injured
sciatic nerve. However, quantitative analyses revealed that neu-
trophils were present in greater numbers acutely after injury, with
a peak of infiltration observed at 12–24 h after injury. Proinflam-
matory M1 monocytes/macrophages also infiltrated rapidly fol-
lowing peripheral nerve injury and similar numbers were present
by 1–2 d. Maximal infiltration for monocyte-derived M1 macro-
phages was observed at 2–3 d, followed by a progressive decrease
by day 7. Notably, recruitment of neutrophils and monocytes
that differentiate into M1 macrophages paralleled the endoneur-
ial expression of their respective murine chemoattractant chemo-
kines, i.e., KC/CXCL1 and MIP-2/CXCL2 for neutrophils and
MCP-1/CCL2 for M1 monocytes/macrophages (Fig. 4 J).

We next determined the number of neutrophils and M1 mac-
rophages present at various locations distal to the lesion site in the
sciatic nerve of IL-1R1/TNFR1-ko mice and their WT littermates.
At 1 d after injury, the number of multilobed 7/4� iba1� neu-
trophils was reduced by 	95% in IL-1R1/TNFR1-ko mice com-

pared to WT (Fig. 5A–C). This reduction in neutrophil numbers
was maintained at 4 d (	60% reduction), yet neutrophils were
observed in limited numbers at this time. Neutrophil numbers at
both time points were confirmed by immunodetection of the
neutrophil-specific antigen Ly-6G (Fig. 5D). The absence of both
IL-1R1 and TNFR1 also led to a 90% and 8% reduction in the
number of 7/4� M1 macrophages at 1 and 4 d, respectively. Thus,
the recruitment of neutrophils and proinflammatory M1 mono-
cytes/macrophages depends on IL-1R1 and TNFR1 signaling.

Neutrophil depletion decreases pain without interfering with
axonal regeneration and recovery of sciatic nerve function
To establish whether neutrophils are essential for nerve repair, we
depleted neutrophils by repeated injection of the sciatic nerve-
injured mice with a monoclonal antibody directed against the

4

(Figure legend continued.) (green; CD45 � CD11b � 7/4 � Ly-6C lo Ly-6G �) in the sciatic
nerve distal stump of C57BL/6 mice at 24 h after injury. B, Time course of the presence of
neutrophils, M1 macrophages, and M2 macrophages in the sciatic nerve distal stump of
C57BL/6 mice during the first week after lesion (n � 4 mice per time point), as revealed by flow
cytometry. C–I, Confocal images and 3D reconstructions of Z-stacks showing 7/4 � neutrophils
with their characteristic multilobed, segmented nuclei (cells pointed to by red arrows in C and
D–F) and proinflammatory M1 macrophages (7/4 � iba1 � cells with monolobed or bilobed
nuclei; cell pointed to by the yellow arrow in C and G–I) in the sciatic nerve distal stump at day
1 after lesion. Note that some elongated iba1 � cells did not express the 7/4 marker, suggesting
that they could be resident endoneurial macrophages (see the cell pointed to by the green arrow
in C). Nuclear counterstaining with DAPI is shown in blue. J, Time course of the presence of
neutrophils, M1 macrophages, and M2 macrophages in the sciatic nerve distal stump of C57BL/6 mice
during the first week after lesion (n � 4 mice per time point), as revealed by multiple immunofluo-
rescence labeling. Also shown in J is the expression of the neutrophil chemoattractants KC/CXCL1 and
MIP-2/CXCL2 and the monocyte chemoattractant protein-1 (MCP-1, also termed CCL2) at the mRNA
level. *p � 0.05 compared with naive mice (J). Scale bars: (in C) C, 10 �m; (in I) D–I, 6 �m.

Figure 5. Neutrophils are recruited in an IL-1/TNF-dependent fashion after peripheral nerve
injury. A, Quantification of the number of multilobed 7/4 � iba1 � neutrophils in the sciatic
nerve distal stump of IL-1R1/TNFR1 double-knock-out (�/�) mice and their WT littermates at
1 and 4 d after microcrush lesion (n � 4 mice per group per time point). B, C, Representative
photomicrographs showing 7/4 immunostaining in the sciatic nerve distal stump of WT (B) and
IL-1R1/TNFR1�/� (C) mice at 1 d after injury. D, Quantification of the number of Ly-6G �

neutrophils in the sciatic nerve distal stump of IL-1R1/TNFR1�/� mice and their WT litter-
mates at 1 and 4 d after lesion (n � 4 per group per time point). *p � 0.05 compared with WT
mice. Scale bar (in C) B, C, 150 �m.

Nadeau et al. • IL-1 and TNF in Nerve Regeneration and Pain J. Neurosci., August 31, 2011 • 31(35):12533–12542 • 12539



Ly-6G antigen that is specifically ex-
pressed by neutrophils. Sciatic nerves
were collected at 1 and 4 d after lesion and
processed for immunostaining of Ly-6G,
7/4, and iba1 to determine the efficacy of
neutrophil depletion, As demonstrated in
Figure 6A, the number of Ly-6G� neutro-
phils in the sciatic nerve distal stump of
mice treated with the anti-Ly-6G antibody
was reduced by 	85% and 80% compared
with PBS-treated and isotype control-
treated animals, respectively, at day 1. To
rule out the possibility that the Ly-6G anti-
body remains on the surface of viable neu-
trophils for extended periods and masks
Ly-6G antigenic sites to prevent binding of
subsequently applied anti-Ly-6G antise-
rum, immunostaining was also performed
using an antibody directed against the 7/4
antigen. DAPI counterstaining was used to
discriminate neutrophils from M1 macro-
phages (Fig. 4C–I). Quantification of 7/4�

cells exhibiting a multilobed, segmented nu-
cleus confirmed that anti-Ly-6G treatment
resulted in pronounced neutrophil deple-
tion within the injured sciatic nerve (Fig.
6B). Notably, the number of 7/4� M1 mac-
rophages did not change as a result of the
anti-Ly-6G treatment (Fig. 6C).

To first establish whether neutrophil
depletion attenuates the development of
neuropathic pain, mechanical allodynia
was measured using von Frey filaments.
Mice treated with PBS or isotype control
antibody showed a decrease in withdrawal
thresholds under conditions of partial sci-
atic nerve injury (Fig. 6 D). In contrast,
neutrophil-depleted mice failed to develop
allodynia during the entire duration of anti-Ly-6G treatment (i.e.,
4 d). Next, we examined hindlimb motor improvement using the
SFI to determine whether neutrophil depletion would interfere
with recovery of sciatic nerve function after lesion. No significant
differences were observed in the preoperative and postoperative SFI
values among all groups of mice (Fig. 6E). This result suggests that
neutrophil depletion decreases pain without interfering with the
nerve regeneration process.

To further confirm that axonal regeneration was not affected
by the deficit in neutrophils, we used a mouse model in which the
YFP marker is expressed in a defined subset of their neurons and
axons for the convenient visualization of axonal regeneration.
We determined the total number of YFP� sciatic nerve axons
that regenerated into YFP� peripheral nerve allografts at 7 d after
surgery following treatment with PBS, isotype control antibody,
or anti-Ly-6G antibody. Proximal to the graft at 7 d after surgery,
no significant differences in the count of YFP� axons was found
between the three different groups: PBS, 63 � 4.7; isotype control
antibody, 56 � 3.2; anti-Ly-6G antibody, 63 � 6.4. Similarly, the
average number of YFP� axons at specific distances into the
pre-degenerated sciatic nerve grafts did not change between
groups (Fig. 6F). Together with our results that show that recov-
ery of sciatic nerve function is not altered in injured mice treated
with the anti-Ly-6G, these data indicate that neutrophils are not
essential for peripheral nerve regeneration.

Discussion
The present study demonstrates that sciatic nerve injury induces
a rapid production and release of IL-1� and TNF and causes
infiltration of neutrophils and proinflammatory M1 monocytes/
macrophages into the distal stump. Mice lacking both IL-1R1 and
TNFR1 had reduced neutrophil and M1 macrophage influx and
reduced nociceptive hypersensitivity compared with wild-type
littermates after injury. However, recovery of sciatic nerve func-
tion was impaired in IL-1�-, TNF-, and IL-1�/TNF-ko mice. In
addition, we found that neutrophil depletion, a strategy that al-
leviates neuropathic pain after sciatic nerve ligation, does not
affect axonal regeneration and recovery of sciatic nerve function.
Together, these results indicate that therapeutic approaches
aimed at blocking neutrophil entry are likely to be more benefi-
cial than neutralizing proinflammatory cytokines such as IL-1
and TNF in the treatment of neuropathic pain.

Activation of the innate immune response orchestrates a com-
plex, tightly regulated cascade of events inducing production and
processing of proinflammatory cytokines such as IL-1 and TNF.
IL-1� and IL-1� are synthesized as 31 kDa precursor peptides
that are cleaved by calpain and caspase-1, respectively, into 17
kDa mature cytokines (Dinarello, 2009; Gabay et al., 2010). Of
the three cytokines investigated in this study, only the precursor
form of IL-1� was constitutively produced under normal condi-
tions. However, many cell types, including neural cells constitu-

Figure 6. Neutrophil depletion following peripheral nerve injury decreases pain without interfering with axonal regeneration
and functional recovery. A, B, Quantification of the number of neutrophils, characterized by their expression of the Ly-6G (A) and
7/4 (B) antigens and multilobed nucleus, in the sciatic nerve distal stump of mice treated with PBS, isotype control antibody, or
anti-Ly-6G antibody and killed at 1 and 4 d after microcrush lesion (n�4 per group per time point). C, Quantification of the number
of M1 macrophages, characterized by their expression of the 7/4 and iba1 antigens and monolobed or bilobed nucleus, in the sciatic
nerve distal stump of mice treated with PBS, isotype control antibody, or anti-Ly-6G antibody (n � 4 per group per time point).
Note the presence of fewer polymorphonuclear neutrophils, but not M1 macrophages, in the injured sciatic nerve of mice that
received treatment with the anti-Ly-6G antibody. D, Paw withdrawal thresholds to mechanical stimulation (von Frey filaments) in
partial sciatic nerve-ligated mice treated with either PBS, isotype control antibody, or anti-Ly-6G antibody (n �4 – 6 mice/group).
E, SFI analysis reveals no significant difference in recovery of locomotor function between neutrophil-depleted mice and control
groups over a 42 d period (n � 8 –9 mice/group; microcrush lesion model). F, Quantification of the number of YFP-labeled axons
at predetermined distances from the proximal host-graft interface following neutrophil depletion at 7 d after grafting (n � 4 – 6
mice/group). ***p � 0.001, **p � 0.01, and *p � 0.05 compared with PBS-treated mice. †††p � 0.001, ††p � 0.01, and †p �
0.05 compared with mice treated with the isotype control antibody.
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tively produce pro-IL-1� and pro-IL-1� (de Rivero Vaccari et al.,
2008; Dinarello, 2009), but only the precursor form of IL-1� is
biologically active. Therefore, it is possible that dead and dying
cells produced after traumatic injury may serve as a source of
proinflammatory IL-1�. In support of this idea is a recent study
by Chen et al. (2007) that showed that activation of IL-1R1 by
IL-1�, but not IL-1�, is absolutely required for the sterile
inflammatory response triggered by necrotic cells and tissue
(liver) injury.

Peripheral nerve injury resulted in increased in IL-1� mRNA
expression in the sciatic nerve distal stump at early times after
injury and this expression was significantly compromised in IL-
1R1- and MyD88-ko mice. However, the increase in IL-1�
mRNA expression detected during the early phase after injury
was not completely reduced in MyD88-ko mice and slightly low-
ered in MyD88-ko mice compared to IL-1R1-ko mice. These
results indicate that in addition to IL-1R1 other receptors that
signal via the MyD88 adaptor protein participate in the produc-
tion of IL-1� in the injured peripheral nerve. Our recent finding
that TLR2, a receptor that signals through MyD88 and responds
to several endogenous molecules that are released in the environ-
ment of the injured peripheral nerve (for review, Pineau and
Lacroix, 2009), plays an important role in the early expression of
IL-1� mRNA supports this idea (Boivin et al., 2007). Thus, IL-1�,
IL-1�, and TNF appear to be initiators of inflammation after
peripheral nerve injury.

Our results demonstrate that neutrophil infiltration is pre-
vented in IL-1R1/TNFR1-ko mice in response to sciatic nerve
injury. The importance of IL-1R1/MyD88 signaling for neutro-
phil infiltration was recently demonstrated in a number of animal
models of injury, including brain abscess as well as lung, liver, and
spinal cord injury (Chen et al., 2007; Gasse et al., 2007; Kielian et
al., 2007; Pineau et al., 2010). However, our findings provide the
report that neutrophil infiltration is more significantly impaired
in the sciatic nerve distal stump of IL-1R1/TNFR1-ko mice (93%
reduction) than MyD88-ko mice (60% reduction), compared
with their respective wild-type littermates at 1 d after lesion.
These data indicate that both IL-1R1 and TNFR1 are important
for neutrophil infiltration at the sites of nerve injury.

Neutrophils are one of the first cells recruited at sites of infec-
tion and injury. Mice deficient in IL-1R1 and TNFR show signif-
icant decreases in the number of neutrophils at the site of injury
and are refractory to mechanical allodynia in the partial sciatic
nerve ligation model. These findings indicate a critical role for
IL-1 and TNF in the development and persistence of pain in
various models (Verri et al., 2006; Scholz and Woolf, 2007; Wat-
kins et al., 2007). Importantly, our results show that IL-1� and
TNF not only modulate pain after neural injury, but also influ-
ence nerve repair and functional recovery. Thus, the findings
reported here provide a framework for more targeted investiga-
tions into molecular mechanism of IL-1 and TNF signaling in
modulation of neuropathic pain and nerve reparative processes.

Since certain subsets of monocytes/macrophages are neces-
sary for neural repair after injury (Barrette et al., 2008; Kigerl et
al., 2009), and considering the possible involvement of neutro-
phils in neuropathic pain (Austin and Moalem-Taylor, 2010),
our study focused on the role of neutrophils in peripheral nerve
regeneration and repair. Neutrophil depletion was achieved
through repeated intravenous injections of the anti-Ly-6G (1A8)
antibody. This depletion method has proven to be effective and
more specific than depletion with the anti-Gr-1 (RB6 – 8C5) an-
tibody, as the anti-Gr-1 antibody recognizes both the Ly-6G and
Ly-6C antigens, and because the Ly-6C antigen is expressed in

neutrophils as well as in dendritic cells and certain subsets of
monocytes and lymphocytes (Daley et al., 2008). Neutrophil-
depletion experiments support the earlier finding of Perkins and
Tracey that show that neutrophils contribute to thermal hyper-
sensitivity after peripheral nerve injury in rats (Austin and
Moalem-Taylor, 2010), and provide additional information that
neutrophils influence mechanical hypersensitivity. Importantly,
we found that the extent of axonal regeneration in sciatic nerve
distal stumps and functional recovery (SFI) showed no signifi-
cant difference between anti-Ly-6G-treated and control mice,
indicating that neutrophils are not essential for nerve regenera-
tion. Therefore, we hypothesize that therapeutic strategies that
block or reduce neutrophil recruitment after peripheral nerve
injury will result in better functional outcomes than anti-
proinflammatory cytokine therapies.

The pharmacological treatment of neuropathic pain has not
advanced and there are no approved therapies to improve the
long-term prognosis of peripheral nerve injury. One challenge is
to design novel therapeutics that reduce pain without interfer-
ence of nerve regeneration and reparative processes. Our study
demonstrates that neutrophils play a pivotal role in the genesis of
neuropathic pain and do not contribute significantly to periph-
eral nerve regeneration and functional recovery. Thus, the deple-
tion of neutrophils and the dynamic regulation of other types of
immune cells at the site of injury offer potential for new thera-
peutic approaches to inhibit pain without interference of regen-
erative and functional improvement.
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