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Abstract The proinflammatory and lipopolysaccharide
(LPS)-inducible cytokine tumor necrosis factor α (TNF-α)
has been shown to enhance primary sensory nociceptive
signaling. However, the precise cellular sites of TNF-α and
TNF receptors synthesis are still a matter of controversy.
Therefore, we focused our study on TNF-α, TNFR1, and
TNFR2 protein synthesis and expression patterns in sciatic
nerve of controls and rats under systemic challenge with
LPS. The enzyme-linked immunosorbent (ELISA) assay
showed that the protein level of TNF-α reached peak at 6 h.
Double immunofluorescence revealed that LPS-induced
expression of TNF-α exclusively located in a subpopula-
tion of Schwann cells, endothelial cells, and macrophages,
which increased at late time point in the rat sciatic nerve.
Positive staining of TNF receptors were also found in
Schwann cells and a few endothelial cells. These observa-
tions have demonstrated the production of this proinflamma-
tory cytokine by peripheral nerve glia especially Schwann

cells. Synthesized TNF-α might directly act on peripheral
nerve glia via TNF receptors, but the inherent mechanisms
remain unknown. Further studies are needed to confirm the
pathogenic role of tumor necrosis factor in the early stage of
inflammation.
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Introduction

Lipopolysaccharide (LPS) is a major integral structural
component of the outer membrane of Gram-negative
bacteria and one of the most potent initiators of inflamma-
tion. LPS activates monocytes and macrophages to produce
cytokines such as tumor necrosis factor-alpha (TNF-α),
interleukins (IL) -1, and IL-6 that, in turn, serve as
endogenous inflammatory mediators (Beutler et al. 2003;
Morrison and Morrison 2005).

TNF-α, first identified 20 years ago as a cytokine with
antitumor effects in vitro and in vivo (Aggarwal et al. 1985;
Pennica et al. 1984 ), belongs to the TNF-α superfamily of
death ligands, containing at least 19 members. TNF-α is
composed of three 17-kDa polypeptides forming a compact
trimer (Jones et al. 1989). It causes inflammatory, antiviral,
and immunoregulatory effects, stimulates proliferation of
normal cells, and exerts cytolytic and cytostatic action
against tumor cells (Baker and Reddy 1998). The effects of
TNF-α are mediated through two receptors, TNF receptor
type 1 (TNFR1, p55) and TNF receptor type 2 (TNFR2,
p75). TNFR1 contains the cytoplasmic death domain and
belongs to the family of death receptors. Through the death
domain, TNFR1 activates the caspase cascade, leading to
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cell death. However, this motif is missing in TNFR2, and
the function of the latter receptor is poorly understood.

During an immune response, TNF-α production is
enhanced in cells of the monocyte–macrophage lineage and
in T-cells (Bette et al. 1993). After peripheral nerve injury,
Schwann cells have been reported to produce TNF-α
(Wagner and Myers 1996). LPS has been reported to cause
hyperalgesia (Watkins et al. 1994, 1995; Reeve et al. 2000),
is known to enhance not only TNF-α synthesis and release
(Holst et al. 1996) but also the expression of TNFR2 and, to
a lesser extent, of TNFR1 (Nadeau and Rivest 1999).
Li et al. (2004) showed that LPS induced expression of
TNF-α in rat DRG exclusively in non-neuronal cells, but in
sciatic nerve, its expression pattern is unknown. So we
carried out the experiments to study this protein molecule in
rat sciatic nerve and determined the time points of TNF-α
protein expression in the sciatic nerve after intraperitoneal
LPS administration. TNF-α protein levels were assessed
across tissues and time points using an enzyme-linked
immunosorbent (ELISA) assay. Double-label immunohisto-
chemistry showed that most of the TNF-α immunoreactivity
(IR) cells are Schwann cells, suggesting that Schwann cell is
most likely the main source for TNF-α in rat sciatic nerve
under conditions of LPS-induced inflammatory pain. In
accordance with the investigation of Li et al. (2004), TNF-α-
IR was also found in macrophages. As for TNFR1 and
TNFR2, the positive signals are also located in Schwann cells.
These data suggested that TNF-α may have an effect on
inflammatory states of rat sciatic nerve. The role of TNF-α
during the process is probably via Schwann cells.

Materials and Methods

Experimental Animals and Treatments

Male Sprague–Dawley (SD) rats (Department of Animal
Center, Medical College of Nantong University) were
housed in plastic cages at 24±1°C on a 12-h light–dark
cycle and given free access to laboratory chow and water.
Some of them were intraperitoneally injected with 10 mg/kg
of LPS (Sigma). All animal experiments were carried out in
accordance with the United States National Institutes of
Health Guide for the Care and Use of Laboratory Animals.

ELISA

Rats were killed on hours 1, 3, 6, and 12 h after intraperitoneal
injection of LPS (n=3 per time point). Sciatic nerves were
removed by cutting the nerve shortly. Sciatic nerves were
homogenized as described (George et al. 1999). TNF-α
levels were determined using ELISA kit (Biosource Europe,

SA), according to the manufacturer’s instructions. The
detection limits of the assays were determined to be 15 pg/ml.

Immunohistochemistry

After defined survival times, control and LPS injected rats
(6 and 12 h) were terminally anesthetized and perfused
through the ascending aorta with saline, followed by 4%
paraformaldehyde. After perfusion, the normal and inflamed
sciatic nerves were removed and postfixed in the same
fixative for 3 h and then replaced with 20% sucrose for 2–3
days, after 30% sucrose for 2–3 days. Serial transverse
sections (14 μm) were cut through the tissues. For single-
label immunohistochemistry, all of the sections were blocked
with 10% donkey or goat serum with 0.3% Triton X-100 and
1% bovine serum albumin (BSA) for 2 h at room temperature
(RT) and incubated overnight at 4°C with anti-TNF-α
antibody (anti-goat, 1:50; R&D Systems), anti-TNFR1 an-
tibody (anti-mouse,1:100; Santa Cruz), or anti-TNFR2
antibody (anti-mouse,1:50; Santa Cruz). After washing in
phosphate-buffered saline (PBS) three times, the second
antibodies (FITC-Donkey anti Goat, 1:100, Jackson Labora-
tory; FITC-Goat anti Mouse, 1:100, Jackson Laboratory)
were placed in a dark room and incubated for 2 h at 4°C.

For double labeling, sections were first blocked with
10% normal serum blocking solution—species the same as
secondary antibody, containing 3% (w/v) bovine serum
albumin (BSA) and 0.1% Triton X-100 and 0.05% Tween
20 overnight at 4°C to avoid unspecific staining. Then, the
sections were incubated with both antibody specific for
TNF-α and antibody for different markers as follows: S100
(Schwann cell marker, 1:100; Sigma), or NF-200 (neuro-
filament marker, 1:600; Sigma), ED-1 (macrophage marker,
1:50; Serotec), overnight at 4°C. After washing in PBS
three times for 10 min each, the secondary antibodies
(FITC-Donkey-anti-Goat, 1:50, Santa Cruz; TRITC-Don-
key-anti-Mouse, 1:50/1:100, Jackson) were added in the
dark room and incubated for 2–3 h at 4°C. The sections
were incubated with both antibody specific for TNFR1/2
and polyclonal antibody for S100 (Schwann cell marker,
1:100; Sigma) overnight at 4°C. After washing in PBS
three times for 10 min, the secondary antibodies (FITC-
Goat anti Mouse, 1:100, Jackson Laboratory; TRITC-
Donkey-anti-Rabbit, 1:100, Jackson) were added in the
dark room and incubated for 2–3 h at 4°C. The images were
captured by Leica fluorescence microscope (Germany).

Quantification and Statistics

For immunofluorescence staining in the sciatic nerve, the
number of TNF-α-IR-, TNFR1-IR-, and TNFR2-IR-positive
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cells per section was counted. The proportions of TNF-α-,
TNFR1-, and TNFR2-expressed cells were determined by
counting the cell profiles that showed distinctive labeling in
the sciatic nerve sections. In each rat, four to six sections
of the sciatic nerve at each time point were selected ran-
domly. The total number of positive cells was obtained for
each animal across the different tissue sections. The count of
positive cells and the measurement of areas of TNF-α-IR,
TNFR1-IR, and TNFR2-IR were performed by a person who
did not know the experiment design. All data were analyzed
with Stata 7.0 statistical software. The OD of the immuno-
reactivity is represented as mean ±SEM. Students’ t tests
were used. One-way analysis of variance (ANOVA) and
Dunnett t tests were also used for statistical analysis. P
values less than 0.05 were considered statistically significant.

Results

LPS Induced TNF-α Secretion in Rat Sciatic Nerves

To examine the expression of TNF-α in rat sciatic nerve,
ELISA assay was used. As shown in Fig. 1, TNF-α protein
content of the sciatic nerve increased with time after
intraperitoneal injection of LPS. In control rats, TNF-α level
was low but detectable. At 1 h post-LPS administration, the
expression of TNF-α elevated, the most robust increase was
found at 6 h (P<0.05). Compared with the controls, it
remained elevated until 12 h after LPS injection, but was
statistically not significant (P>0.05).

Expression of TNF-α Immunoreactivity at Different Time
Courses After LPS Administration

To identify the distribution of TNF-α and TNF receptors in
sciatic nerve, we performed single-label immunohistochem-
istry with anti-TNF-α or anti-TNFR1/R2 antibodies. TNF-
α-IR was induced in a time-dependent manner in the sciatic
nerve; very little TNF-α-IR was detected in cells associated
with the sciatic nerve of rats as control. TNF-α-IR became
evident in cells especially in Schwann cells by 6 h after
LPS injection (P<0.05). After 12 h of injection, the number
of positive cells is reduced (Fig. 2a, 1–3), but it was
statistically significant compared with the controls (P<
0.05), as shown in Fig. 2b. Results of the single-label
immunohistochemistry of TNFR1 (Fig. 2a, 4–6) and
TNFR2 (Fig. 2a, 7–9) was mostly the same as TNF-α,
the number of positive cells reached peak at 6 h (P<0.05),
then slightly reduced at 12 h but remained statistically
significant (P<0.05). As shown in Fig. 2a, we found that
cells expressed positively the Schwann cell phenotype.

Double Immunofluorescent Staining for TNF-α
and S100, ED-1, and NF200

To identify the localization of TNF-α after administration
of LPS, we used double immunofluorescent staining. As we
had found that TNF-α-IR is mostly located in Schwann
cell, we first examined the immunohistochemical colocal-
ization of TNF-α and S100, a marker for Schwann cell. The
results of the colocalization of TNF-α and S100 in the
sciatic nerve at different time points were shown in Fig. 3.
In the control rats, a few Schwann cells in the eyesight was
TNF-α positive (Fig. 3a–c), indicating that TNF-α was
expressed by part of the Schwann cells. After 6 h of LPS
injection, colocalizations of TNF-α and S100 were more
than that in controls, and the intensity of staining was much
greater (Fig. 3d–f). A similar pattern was found at 12 h
(Fig. 3g–i), the number of TNF-α-IR Schwann cells was
increased compared with that of the control, but the staining
intensity was less than 6 h. As a previous study showed that
in response to LPS and inflammatory cytokines induced by
LPS, the endothelium altered vascular tone and permeabil-
ity, absorbed infectious insults, and directed leukocytes
such as neutrophils and macrophages into the areas of
inflammation (Cines et al. 1998), so we examined the
immunohistochemical colocalization of TNF-α and ED-1
(a marker for macrophage) in rat sciatic nerve. As shown in
Fig. 4a, an increase of macrophages was detected at 12 h
after injection (Fig. 4a, 7–9) compared with 6 h (Fig. 4a,
4–6). In the control, sciatic nerve sections from naive rats,
TNF-α-IR was occasionally found in a Schwann cell-like
structure, but ED-1-IR was completely absent in the
endoneurial compartment (Fig. 4a, 1–3). Furthermore, we
found that TNF-α-IR was prominent in many epineurial cells
with the morphology of macrophage. As shown in Fig. 4b,
colocalization studies at 12 h after LPS injection confirmed

Figure 1 TNF-α levels were low but detectable in control rats and
were elevated in LPS-treated animals by 3 h, then reached peak at 6 h
(P<0.05), but still were maintained until 12 h (P>0.05)
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that a few epineurial ED-1-positive cells, indicating macro-
phages, were immunoreactive for TNF-α (Fig. 4b, 4–6), and
these colocalizations in epineurium were low at 6 h (Fig. 4b,
1–3). TNF-α-IR was not found in the axons identified by

colocalization with NF-200 (a marker for neurofilament) at
either 6 h (Fig. 5a–c) or 12 hr (Fig. 5d–f). We also found that
TNF-α-IR is located in endothelial cells (Fig. 5a, arrow
indicated).

Figure 2 TNF-α-IR was induced in a time-dependent manner in the
sciatic nerve; very little TNF-α-IR was detected in cells associated
with the sciatic nerve of rats as control. Rapid increase of TNF-α-IR
was found at 6 h after LPS injection. At 12 h, the number of positive
cells is reduced (a, 1–3). The expression pattern of TNFR1-IR (a, 4–6)
and TNFR2-IR (a, 7–9) was mostly the same as TNF-α-IR; the
number of IR cells reach peak at the time course of 6 h, slight

reduction was observed at 12 h but still statistically significant. Scale
bar: 20 μm. As shown in b, the number of TNF-α- and TNFR1/R2-
positive cells in the sciatic nerve at different time points was counted;
results mean±SEM of three independent sets of analyses (asterisk,
number sign, caret sign: p<0.05, significantly different from the
control group)
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Double Immunofluorescent Staining for TNF Receptors
and S100

To investigate the expression of TNF receptors in rat sciatic
nerve under basal conditions and after intraperitoneal injection
of LPS, double immunofluorescent staining was performed on
TNF receptors and S100. These colocalizations in controls were
low (Fig. 6a, 1–3 and b, 1–3), after 6 and 12 h of LPS, the
levels were increased in the two receptors (Fig. 6a, 4–9; b, 4–9).

Discussion

The results of the present study demonstrated that TNF-α
protein level is induced in the sciatic nerve within several time

points after intraperitoneal administration of LPS, as assessed
by ELISA and immunohistochemistry. We first examined the
TNF-α in the sciatic nerve of several time points of LPS
injection and found that it could be detected in 1 h and was
especially high in 6 h. The increased level of TNF-α lasted
until 12 h, and the result was confirmed by immunohisto-
chemistry, suggesting that TNF-αmay function in that context
of events. From these results, we know that TNF-α is
expressed in rat sciatic nerve in early inflammation stage,
which is similar to the study of Li et al. (2004). According to
their research, the expression of TNF-α can be detected in
Bouin-Hollande fixed DRG sections from rats, 3 h after LPS
injection. Expressed as an integral transmembrane protein
that is rapidly induced in inflammatory states, this form of
TNF-α may moderate cell-to-cell communication and serve

Figure 3 Double immunofluorescent staining for TNF-α and S100 in
the sciatic nerve at different time points in rats sciatic nerve. In the
control rats, a few Schwann cells are in the same area, and there was
some staining of TNF-α in glial cells that are positive for S100 (a–c).
After 6 h of LPS injection, the number of TNF-α-IR Schwann cells

was more than the control, and the intensity of staining was much
greater (d–f). A similar expression pattern was found in 12 h (g–i) and
still showed a marked increase, but the intensity of staining and
number of positive cells were found in less than 6 h. Scale bar: 20 μm
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as a signal altering afferent neuronal function after inflam-
mation.

Based on the results of double immunofluorescent
staining, the TNF-α-IR mostly are locates in Schwann
cells, so we conclude that Schwann cells can produce TNF-
α in vivo. In the peripheral nervous system, Schwann cells
form the myelin sheath and play a key role in the
maintenance of the normal physiological function of the
axon. The majority of Schwann cells originate from neural
crest cells under the guidance of axonal cues that regulate
the proliferation, survival, and differentiation of precursor
cells into myelin-forming cells (Mirsky et al. 2002).
Moreover, Schwann cells overexpress numerous growth
factors and extracellular matrix (ECM) components and
activated macrophages secrete interleukins (IL), such as
IL-1 or IL-6, and growth factors, including nerve growth
factor (NGF) and transforming growth factor, which

stimulate, directly or indirectly, nerve fiber growth and
neuronal survival. We hypothesize that Schwann cell-
produced TNF-α participates critically in the pathogenesis
of inflammation pain in association with the pathological
process of inflammation. Our observation of TNF-α-IR in
Schwann cell in the early stage of inflammation suggests
that Schwann cell is most likely the main source of TNF-α
in rat sciatic nerve after LPS stimulation. As glia are
intimately involved in the process of systematical inflam-
mation, our data suggests that Schwann cell may function
as immunological cell.

Macrophage activation contributes to the pathology of
many inflammatory diseases. In the hemophagocytic syn-
drome, activated macrophages in the bone marrow show
excessive cytokine secretion, dub the “cytokine storm”, and
devour erythrocytes (McDonald and Cassatella 1997). In the
case of cancer cachexia, inflammatory cytokines such as IL-

Figure 4 The immunohisto-
chemical colocalization of TNF-α
and ED-1 (a marker for macro-
phage) in rat sciatic nerve. An
increase of macrophages were
detected after 12 h (a, 7–9) com-
pared to 6 h (a, 4–6). In controls,
TNF-α-IR was occasionally
found in Schwann cell-like struc-
tures but was completely absent in
the endoneurial compartment
(a, 1–3). Furthermore, we found
that TNF-α-IR was prominent in
many epineurial cells with the
morphology of macrophages. As
shown in (b), colocalization stud-
ies at 12 h confirmed that many
epineurial ED-1 positive cells,
indicating macrophages were im-
munoreactive for TNF-α (b, 4–6),
but these colocalizations in epi-
neurium was low at 6 h (b, 1–3).
Scale bar: 20 μm
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6 (Strassmann et al. 1992) and TNF-α (Costelli et al. 1992)
are considered to be involved, and most likely, these
cytokines are released from macrophages. Moreover, it has
been reported that even tumorigenesis is caused by macro-
phage activation. Apart from these types of inflammation,
macrophages are often observed in solid tumors, where they
are called tumor-associated macrophages (Coussens and
Werb 2002). Wagner and Myers (1996) detected that active
macrophages were stained at late stage of Wallerian
degeneration (7 days) in rat injured sciatic nerve. According
to their research, the results of double immunofluorescent
staining for TNF-α and ED-1 revealed that macrophages
infiltrated at 6 h of LPS, then became evident at 12 h. The
positive cells could be found in both endoneurium and
epineurium. The infiltration of macrophages was evidently
late (12 h) in rat sciatic nerve.We hypothesize that the process
depends on the peritoneal injection of LPS (10 mg/kg).

Then, the results of immunohistochemistry revealed that
the positive cells of TNF receptors reach peak at the time
point of 6 h, then slightly reduce at 12 h but are still
statistically significance. It has been reported that the two
TNF receptors, TNFR1 and TNFR2, differ significantly in
their intracellular signaling domains (Ksontini et al. 1998).
TNFR1 contains death domains essential for the recruit-
ment of TNFR-associated death domain (TRADD) and
activation of caspases, leading to apoptosis. TNFR2
contains no such death domains. In contrast, both the two
receptors contain TRAF2-binding regions that lead to
involvement of NIK and proinflammatory signaling path-

ways. Thus, both TNF receptors should theoretically
contribute to inflammatory processes, whereas TNFR1
signaling should predominate in terms of inducing apopto-
sis. However, in vitro and in vivo studies suggest a more
complicated signaling pattern because both the TNFR1 and
TNFR2 can signal apoptosis in inflammatory cells (Grell et
al. 1993), but only TNFR1 agonists appear to be inflamma-
tory in vivo (Van Zee et al. 1994; Welborn et al. 1996).
TNFR1 is involved in the early establishment of the
inflammatory response and that its deficiency causes a
decreased inflammatory response and tissue damage follow-
ing brain injury (Quintana et al. 2005). TNFR2 is involved
in the proliferation of thymocytes, and the murine cytotoxic
T-cell line, in the TNF-dependent proliferative response of
human mononuclear cells, in the induction of GM-CSF
secretion, in the inhibition of early hematopoiesis, and in
downregulating activated T cells by inducing apoptosis
(Grell et al. 1998; Gehr et al. 1992; Vandenabeele et al.
1992; Jacobsen et al. 1994; Zheng et al. 1995). Due to the
lack of intracellular death domain, TNFR2 may use a distinct
signaling pathway to induce apoptosis. Recent studies
suggest that TNFR2-induced apoptosis is associated with
the downregulation of the antiapoptotic proteins, Bcl-xL
and/or Bcl-2 (Boise et al. 1993; Lin et al. 1997).

In our research, the positive TNF receptors can be found
in Schwann cells, so it has been generally believed that
TNF receptors is responsible for the majority of biological
activities of TNF-α. The rapid dissociation of the TNF/
TNFR2 complex may facilitate the interaction of TNF with

Figure 5 The TNF-α-IR was not found in the axons identified by colocalization with NF-200 (a marker for neuro-filament) immunoreactivity at
either 6 h (a–c) or 12 h (d–f). We found that TNF-α-IR located in endothelial cells (a, arrow indicated). Scale bar: 20 μm
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TNFR1, suggesting a role for the TNFR2 in passing TNF to
TNFR1, which has been postulated to be the main TNF
signal transducer. However, recent data have demonstrated
that TNFR2 is able to mediate TNF biological activity

independently (Grell et al. 1998; Haridas et al. 1998). Our
data also found that TNFR2-IR is evident in rat sciatic nerve
at 6 h after LPS injection, but the inherent mechanisms need
further detection.

Figure 6 Double immunofluo-
rescent staining was performed
on TNFR1/R2 and S100.
Colocalizations in controls were
low (a, 1–3, b, 1–3), after 6 and
12 h of LPS. The levels were
increased in the two receptors
(a, 4–9; b, 4–9). Scale bar:
20 μm
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Above all, we know that TNF-α and TNF receptors exist
in the rat sciatic nerve during early inflammation stage, and
TNF-α may play a role in this process. However, its phys-
iological function as well as the mechanism and significance
during the process remain to be further elucidated.
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