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Abstract Tumor necrosis factor-alpha (TNF-a) is a
principal mediator in pro-inflammatory processes that
involve necrosis, apoptosis and proliferation. Experimental
and clinical evidence demonstrate that peripheral nerve
injury results in activation and morphological changes of
microglial cells in the spinal cord. These adjustments occur
in order to initiate an inflammatory cascade in response to
the damage. Between the agents involved in this reaction,
TNF-a is recognized as a key player in this process as it not
only modulates lesion formation, but also because it is
suggested to induce nociceptive signals. Nowadays, even
though the function of TNF-a in inflammation and pain
production seems to be generally accepted, diverse sources
of literature point to different pathways and outcomes. In
this review, we systematically searched and reviewed
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original articles from the past 10 years on animal models of
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Introduction
Neuropathic pain (NP) is a chronic and extensive condition
secondary to dysfunction or nerve damage, usually originated in the periphery. If the injurious stimulus perpetuates,
dorsal horn neurons in the spinal cord become sensitized,
enduring pain perception; process known as central sensitization (CS) [1–3]. Because inflammation is essential for
NP development and that apoptosis is involved in CS,
tumor necrosis factor-alpha (TNF-a) becomes an interesting study target [4, 5]. Several studies have investigated the
relation between TNF-a expression in different nervous
tissues and pain behavior; hitherto these studies have not
been conclusive. Though in general, TNF-a is associated
with cellular harm and pain behavior, it has also been
shown that these effects are bound by temporal and spatial
resolutions.
For decades, animal models have reproduced cardinal
aspects of human pain, offering essential features for the
preclinical study of NP. The main classification of NP
models divides them into central pain, peripheral nerve
injury, and secondary disease neuropathy models. In this
review, we will focus on the peripheral nerve injury models
in order to study the effect of these lesions on the process
of central sensitization. The primary anatomical structures
involved in these injury procedures are the sciatic nerve
and dorsal root ganglion (DRG). These methods comprise
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partial ligature, complete ligature, root or nerve pinching,
crushing, transection, and local inflammatory stimulus. The
most representative examples include the chronic constriction injury model (Bennett model), partial sciatic nerve
ligation model (Seltzer model), spinal nerve ligation,
plexus avulsion, compression of the DRG/root, laminectomy, and disc injury [6–12].
TNF-a is considered to be one of the principal mediators in pro-inflammatory processes that involve necrosis,
apoptosis and proliferation [5, 13–15]. It is produced
essentially by macrophages and T-lymphocytes in
response to stressed or damaged tissue, and it may
therefore serve as a systemic marker for tissue injury. For
instance, complications found in inflammatory and autoimmune diseases are often accompanied by increased
serum levels. In case of increased levels, a systemic
inflammatory reaction leading to septic shock might
occur. However, if TNF-a is present in low quantities it
would generate a process responsible for local inflammatory symptoms, depending on the damaged structure
[16–18]. In the nervous system, when a local peripheral
injury is produced, it generates activation and morphological changes in dorsal horn microglia [19–23]. This
process includes P2X4 receptors activation, followed by
Ca2? influx and p38 MAPK activation. As a consequence,
microglia releases diffusible factors like TNF-a, modifying neuronal excitability and thereby pain perception
[24–26]. TNF-a has two distinct receptors, TNF receptor1 (TNFR1 or p55) and TNF receptor-2 (TNFR2 or p75).
The main effect of TNFR1 is related to apoptosis and is
present in practically every cell; whereas TNFR2 has a
limited constitutive expression and is basically associated
with cell survival [27, 28]. This is particularly important
in pain attributable to different effects depending on
specific receptor activation [29–31].
In this review, we present the functional and biochemical changes after peripheral nerve injury in animal models,
focused on the role of TNF-a in the development of NP.
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The inclusion criteria were: original full-text articles,
preclinical reports, written in English, quantitative data on
inflammatory response and pain production, mechanical
compression or irritation to neural tissue, involvement of
peripheral nervous system injury, and detailed measurement instrument with objective examination protocol. The
exclusion criteria comprised: omission of TNF-a levels
measurements, absence of standardized behavioral evaluations, presence of co-morbidity, use of TNF-a as inductor
of lesion or inflammatory procedure, trauma-related or
spinal cord injury models, and involvement of other
cytokines.

Results
From the primary search a total of 2,896 publications were
identified. Based on titles and abstracts, 2,814 articles were
discarded due to irrelevance to the topic or duplication
between different combinations. From the 82 prospective
studies, 73 were selected according to the inclusion criteria.
After applying the exclusion criteria we obtained 33
articles that were finally chosen for this review (Fig. 1)
[32–64].
From these 33 studies, 25 used rats of different strains
and 8 applied genetically modified mice. The sample size
of the experiments ranged from 7 to 360 animals, with a
mean of 77 rodents per study. The most reproduced model

Search methods
Articles were collected via PubMed from 1999 until July
2010; in order to analyze the understanding progress in the
last decade, a period with increased standardized methods
since the initial works associating TNF-a and neuropathic
pain were performed. The following keywords and their
combinations were used: chronic neuropathic pain, tumor
necrosis factor, dorsal horn apoptosis, central sensitization,
peripheral nerve injury, and neuropathic pain model. The
obtained citations were examined by two independent
reviewers in order to assure the application of the inclusion
and exclusion criteria.
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Fig. 1 Flow diagram representative of search strategy, identification,
inclusion and exclusion of articles
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was the ligation of the sciatic nerve denominated chronic
constriction injury (n = 14), followed by nerve crushing
(n = 8) and nerve transection (n = 4). The most common
location to induce the inflammatory process was the sciatic
nerve (n = 18) followed by the spinal nerves (n = 5).
Tissue samples were obtained from diverse structures,
mostly the DRG (n = 16), sciatic nerve (n = 13) and
spinal cord (n = 10) (Table 1). Laboratory techniques used
for TNF-a determination in these biopsies included primarily immunohistochemistry (n = 22), and secondary
ELISA (n = 8), qPCR (n = 7), and immunoblotting
(n = 5). Follow-up of pain behavior monitoring ranged
from 5 days to 12 weeks, 14 days being the most repeated
period (n = 11). Not all of the included studies in this
review applied behavioral testing related to allodynia and
hyperalgesia (n = 11); the rest assessed mechanical sensitive thresholds primarily with von Frey filaments
(n = 18), and thermal responsiveness with the Hargreaves
test (n = 10). Some other conduct assessment techniques
comprising hot-plate (n = 2) and Randall–Selitto tests
(n = 2).
Mechanical allodynia was assessed in 20 studies through
application of pressure in affected and non-affected limbs
in order to evaluate painful responses. Each one of these
studies showed a significant decrease in all cases in nociceptive thresholds as a consequence of the injury procedure
when compared to sham groups. Initiation of pain typically
started 24 h after the lesion intervention, reached maximum levels at 1–2 weeks, and returned close to presurgical
control levels after 4 weeks. In two reports bilateral allodynia was present, in one case only for 7 days and referred
in the second one as significant and long-lasting [42, 64].
Nine articles evaluated pharmacotherapy and found the
highest effectiveness when the drugs were applied within
7 days after injury. In a specific case of cannabinoid
administration, an antinociceptive effect was achieved
after applying high doses from day 7 to 14 after injury
(20 mg/kg) [36]. Opioid administration also reverted successfully the acute nociceptive effects, but only at
increased doses and tolerance development (10 mg/kg
b.i.d. for 5 days) [55].
Thermal hyperalgesia followed a similar pattern as
mechanical allodynia, showing lower thresholds at shortterm measurements, starting to decrease and even reaching
baseline levels after 14 days. In one article TNFR1-deficient rodents did not exhibit significant painful behavior
after heating stimulation at any time point after injury [63]
(Table 2).
All models show increased TNF-a levels after injury.
Pharmacological treatments that failed to decrease these
levels included monotherapy of paracetamol, tramadol,
cannabidiol, morphine, soluble TNF receptor, and IL-1
receptor antagonist. On the other hand, successful
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interventions that lower TNF- a expression included
NMDA receptor antagonist MK-801, thalidomide, combined therapy of soluble TNF receptor with IL-1 receptor
antagonist, chronic administration of morphine (dosedependant with aggravation after interruption), a2-macroglobulin, nimesulide, a combination of paracetamol with
tramadol, recombinant human erythropoietin and triamcinolone [32, 34–36, 43, 45, 55, 61, 62, 64].
Chronologically, TNF-a expression was characterized
by an immediate increase in affected structures starting as
soon as 1 h after injury [45, 56, 59]. Peak levels are
detected around 24 h, sustain for about 3 days, and in
many cases then decreased, occasionally to baseline levels
[40, 41, 45, 47]. Some publications describe a lowering of
TNF-a expression after this point, but the mainstream
pointed out the maintenance of a plateau phase up to
1–2 weeks, followed by a periodical decline. Measurements performed at 3 and 4 weeks reveal weak signaling of
the inflammatory process [37, 39–41, 45, 47, 54, 56, 59,
60]. Only one study documented prolonged increased TNFa levels lasting at least 6 and 12 weeks, not only in nervous
tissue but also in connective tissue, after applying the high
force reaching task model [39].
The degree to which an altered TNFR1 and TNFR2 ratio
contributes to pain behavior is still not clear. One study
observed an increased TNFR1 expression several days after
dorsal root lesion, while TNFR2 levels remained unchanged [44]. In contrast, a similar follow-up after sciatic nerve
injury resulted in a twofold increased TNFR1 level and a
sevenfold elevated TNFR2 level [41]. Yet another report
showed that immediate measurement only after 6 h postspinal nerve ligation revealed that both receptors showed
similar increased expression in the dorsal root ganglia and
remained at comparable levels up to the maximum followup [59].

Discussion
In this review we have summarized the reports that
appeared over the past 10 years and described peripheral
injury-induced TNF-a expression in the nervous tissue and
its role in the production of CS. To date, there is a considerable amount of evidence to support the hypothesis that
inflammatory process following tissue damage can lower
pain thresholds. In this respect, many pathways and cytokines have been described to contribute in the development
of chronic nociceptive signaling, including the three proinflammatory cytokines that induce activation of p38
MAPK: TNF-a, IL-1b and IL-6 [25]. Focus on TNF-a is
because it is regarded as the archetypical proinflammatory
agent, attributable to its function as an inductor of diverse
processes that initiate and perpetuate the inflammatory
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Bianchi et al. 2004 48 (Sprague–
[33]
Dawley rats)

Bianchi et al. 2007 48 (Sprague–
[34]
Dawley rats)

Campana
et al. [35]

Costa et al.
[36]

Covey et al.
[37]

Dubový et al. 2006 32 (Wistar rats) Unilateral sciatic and spinal nerve
[38]
ligations, and sciatic nerve
transection

Elliott et al.
[39]

George et al.
[40]

George et al.
[41]

Hatashita
et al. [42]

Hayashi et al. 2008 11 (Sprague–
[43]
Dawley rats)

Holmes GM
et al. [44]

Kato et al.
[45]

Kleinschnitz
et al. [46]

Lee et al. [47] 2004 66 (Sprague–
Dawley rats)

Li et al. [48]

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

Chronic constriction injury

Chronic constriction injury

Spinal nerve crush

Nerve crush injury and chronic
constriction injury

Chronic constriction injury

High force reaching task

Chronic constriction injury

2008 16 (Sprague–
Dawley rats)

2005 200 (C7BL/6
mice)

2009 52 (Sprague–
Dawley rats)

Spared nerve injury

Chronic constriction injury

Nerve crush injury and chronic
constriction injury

Sciatic nerve crush

2004 44 (Long–Evans Rhizotomy
rats)

2008 132 (Sprague–
Dawley rats)

2005 360 (C57BL/6
mice)

1999 60 (Sprague–
Dawley rats)

2009 51 (Sprague–
Dawley rats)

2002 73 (Sprague–
Dawley rats)

2007 33 (Wistar rats) Chronic constriction injury and
intraplantar CFA injection

2006 77 (Sprague–
Dawley rats)

Intraplantar CFA injection

Formalin tail injection

Nerve crush injury and chronic
constriction injury

2

2007 28 (C57BL/6J
wild-type
mice)

Arandjelovic
et al. [32]

Model

1

Year No. of animals
(species)

First author

Study
no.

Table 1 Demographic data from all included papers in this review

14 days

28 days

28 days

12 days

7 days

14 days

21 days

28 days

14 days

12 weeks

14 days

14 days

14 days

14 days

7 days

24 h

5 days

Maximum
Follow-up

Sham group

Control and sham

Control, sham and
drug
administration

Control, sham and
drug
administration

Control and sham

Control, sham and
drug
administration

Sham group

Control and sham

Sham group

Untrained and
trained control
groups

Control and sham

Control and sham

Control, sham and
drug
administration

Control and drug
administration

Control and drug
administration

Control group

Control and drug
administration

Type of control

Hindpaw plantar surface and
sciatic nerve

DRG and sciatic nerve

Sciatic nerve

L5 spinal nerve

Sciatic nerve

Sciatic nerve

Median nerve and forearm tissue

Sciatic nerve and L4–L5 spinal
nerves

Brain sections (red nucleus)

DRG and spinal cord

DRG and sciatic nerve

Sciatic nerve

Ligation and section of 3 nervous
ramifications of sciatic nerve

Sciatic nerve

Sciatic nerve

Sciatic nerve

Spinal cord, DRG and medullary brainstem Thoracic or lumbar dorsal roots

Sciatic nerve

DRG and spinal cord

Sciatic nerve

Sciatic nerve

Blood, muscles, tendons and bones

DRG

Sciatic nerve, spinal cord (thoracolumbar
Sciatic nerve
and cervical), plasma and locus coeruleus

Sciatic nerve

Hindpaw plantar surface

Distal part of the tail
(intradermally)

Sciatic nerve

Location of inflammatory
procedure

Sciatic nerve

CSF

Blood and skin

Sciatic nerve

Type of sample
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Murata et al.
[50]

Murata et al.
[51]

Ohtori et al.
[52]

Okamoto
et al. [53]

Otoshi et al.
[54]

Raghavendra
et al. [55]

Sacedorte
et al. [56]

Sakuma et al. 2007 20 (Sprague–
[57]
Dawley rats)

Schäfers et al. 2001 16 (C57BL/6
[58]
mice)

Schäfers et al. 2003 12 (Sprague–
[59]
Dawley rats)

Sekiguchi
et al. [60]

Sweitzer
et al. [61]

Üçeyler et al. 2008 130 (C57BL/6
[62]
mice)

Vogel et al.
[63]

Xu et al. [64] 2006 118 (Sprague–
Dawley rats)

19

20

21

22

23

24

25

26

27

28

29

30

31

32

33

Disc incision

Disc incision

Disc incision

Model

Ventral root transection

Chronic constriction injury

Chronic constriction injury

Spinal nerve transection

Nerve root crush

Spinal nerve ligation

Chronic constriction injury

Facet joints capsulotomy

Chronic constriction injury

Spinal nerve transection

NP implantation into the DRG

Chronic constriction injury

45 days

36 days

7 days

14 days

28 days

5 days

10 days

14 days

14 days

11 days

56 days

45 days

14 days

24 h

21 days

21 days

Maximum
Follow-up

Sham group and
drug
administration

Control group

Control, sham and
drug
administration

Control, sham and
drug
administration

Sham group

Sham group

Control group

Control group

Control and sham

Control, sham and
drug
administration

Control and sham

Sham group

Control and sham

Sham group

Control, sham and
drug
administration

Sham group

Type of control

CFA complete Freund’s adjuvant, CSF cerebrospinal fluid, DRG dorsal root ganglion, NP nucleus pulposus

2006 98 (C57BL/6
mice)

2001 91 (Holtzman
rats)

2009 129 (Sprague–
Dawley rats)

2008 36 (C57BL/6
mice)

2002 100 (Sprague–
Dawley rats)

2010 100 (Sprague–
Dawley rats)

2001 42 (Sprague–
Dawley rats)

2004 18 (BCL6 mice) Sciatic nerve crush

2006 82 (Sprague–
Dawley rats)

2004 175 (Sprague–
Dawley rats)

2004 51 (Sprague–
Dawley rats)

Murata et al.
[49]

18

Year No. of animals
(species)

First author

Study
no.

Table 1 continued

Sciatic nerve
L5 ventral root

Spinal cord and DRG

Sciatic nerve

L5 spinal nerve

L5 nerve root crush (proximal or
distal to DRG)

L5–L6 spinal nerves

Sciatic nerve

DRG

Sciatic nerve

L5 spinal nerve

DRG

Sciatic nerve

Sciatic nerve

L4–L5 disc

L4–L5 disc

L4–L5 disc

Location of inflammatory
procedure

Sciatic nerve

Spinal cord, cortex, hippocampus
hypothalamus and thalamus

Spinal cord

DRG

DRG

Sciatic nerve

DRG

Sciatic nerve, DRG and spinal cord

Spinal cord

DRG

Sciatic nerve

DRG and spinal cord

DRG

DRG and NP

DRG and NP

Type of sample
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Table 2 Detection methods to asses TNF-alpha expression and behavioral tests to measure pain
Study
no.

TNF detection method and
behavioral test

TNF-a levels

1

Immunohistochemistry and
qPCR

Ninefold increase of TNF-a mRNA in control
None
animals. a2-macroglobulin activated for cytokine
binding decreases levels of mRNA expression
after injection

2

ELISA and Hargreaves test

3

ELISA and Randall–Selitto
paw-withdrawal test

Significant increase of TNF-a levels in the hindpaw Significant hyperalgesic hindpaw response after
and forepaw at all time-points compared with
formalin administration, but not in the forepaw
control animals after formalin injection
TNF-a levels significantly increased in non-treated Significant decrease of nociceptive thresholds in
animals. TNF-a concentrations prevented with
non-treated animals. Mechanical allodynia was
nimesulide or paracetamol and tramadol
prevented by oral administration of nimesulide,
combined, but not by paracetamol and tramadol
tramadol and paracetamol
used independently

4

Immunohistochemistry,
histology, qPCR, von Frey
filaments and Hargreaves
test

5

ELISA, Randall–Selitto paw- Increased TNF-a levels were present in injured
Significant increase in mechanical and thermal
withdrawal test and
DRG when compared to sham, but no changes in hyperalgesia in non-treated group; attenuated
Hargreaves test
injured sciatic nerve rats. High doses of
both by cannabidiol, but with dose-dependent
cannabidiol did not modified the elevated levels
behavior and only after using high doses
present in DRG samples

6

Immunohistochemistry, in
Increased TNF-a levels in sciatic nerve until day 14, Significant decrease of paw-withdrawal latency
situ hybridization, bioassay
and dissipated after that, with unchanged levels in when compared to sham and control, with
and hot-plate test
contralateral nerve; thoracolumbar spinal cord
highest value on day 12 and return to baseline
showed elevated TNF-a levels; no elevation in
levels on day 14
cervical spinal cord; significant accumulation
increase of mRNA specific for TNF-a in locus
coeruleus

7

Immunohistochemistry

Increased TNF-a levels in neuronal bodies and
None
satellite cells compared to control and sham rats
(ipsi- and contralateral, but higher in contralateral
side). Levels reached highest peak 1 week after
surgery, decreasing after 2 weeks; with TNFR1
expression ipsi- and contralateral after 2 weeks

8

ELISA and von Frey
filaments

Increased TNF-a levels at week 6, but not
Withdrawal threshold decreased progressively at
significant at week 12 in serum. High levels
weeks 6 and 12 for cutaneous sensitivity and grip
detected in distal bone at week 12 after repetitive strength at week 12
task performance

9

TNF-a levels increased rapidly after CCI with
None
Immunohistochemistry,
Immunoblotting and ELISA highest peak at 12 h, up to day 3. Rapid increase
of endoneurial TNF with plateau phase back to
baseline on day 14

10

ELISA, von Frey filaments
and Hargreaves test

TNF was increased on day 1 and 3 after injury (CCI Thermal hyperalgesia and mechanical allodynia
and crush) but it was not detectable on day 7 or
are present in both CCI and crush; thermal
after. TNFR1 increased twofold between days 1
sensitivity maximum peak on week 2, and
and 7; and TNFR2 elevated sevenfold on days 3
mechanical allodynia throughout all measures
and 7

11

Immunohistochemistry,
immunoblotting and von
Frey filaments

TNF-a expression in the contralateral DRG
significantly increased from day 7 to 21

123

Pain behavioral data

TNF-a was present in endoneurial cells, including Significant mechanical allodynia and thermal
macrophages, axons and Schwann cells cytoplasm hyperalgesia increased in non-treated group, but
in non-treated animals. rhEpo decreased TNF-a
significantly decreased after rhEpo
mRNA at injury site, and also decreased the extent administration
of nerve degeneration

Ipsilateral withdrawal threshold was significantly
decreased for 21 days; contralateral threshold
decreased also, but for 7 days

Neurol Sci (2011) 32:757–771
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Table 2 continued
Study
no.

TNF detection method and
behavioral test

TNF-a levels

Pain behavioral data

12

Immunohistochemistry, von
TNF-a staining was significantly increased after
Frey filaments, hot-plate test,
injury; especially prominent in Schwann cells
pin-prick test and acetone drop and cells with cytological mast cells
test
characteristics. TNFa-positive mast cells
significant reduction after triamcinolone
administration

13

Immunohistochemistry and
histology

Presence of constitutive TNFR1 on DRG, spinal None
afferences, solitary tract, vagal and spinal
trigeminal tract in naive and operated animals.
No TNFR2 shown in the solitary tract or dorsal
horn afferences.

14

Immunohistochemistry,
immunoblotting and von Frey
filaments

1 h after the injury, TNF immunoreactivity was Mechanical hyperalgesia was detected from 6 to
shown in Schwann cells, endothelial cells,
12 days after injury. Etanercept inhibited pain
fibroblasts and intact axons. Increasing
related behaviors significantly
expression until a peak at 48 h; after that at 96 h
very weak activity.

15

qPCR

TNF-a levels remained unchanged in
contralateral nerves. Significant ipsilateral
increase at day 3 in TNF-a levels

16

qPCR, von Frey filaments and
Hargreaves test

TNF-a, TNFR1 and TNFR2 mRNA levels in
Mechanical allodynia increased significantly
ipsilateral DRG increased significantly after
1 day after injury with maximum levels at day
1 day post-injury, levels decreased after day 1,
7. Thermal hyperalgesia had its peak at day 3.
and returned to baseline on days 7 and 14; in the Both persisted for at least 28 days
spinal cord the maximal level of TNF-a and
TNFR1 was reached on day 3, and also
decreased to baseline at days 7 and 14

17

Immunohistochemistry and von
Frey filaments

Significantly higher TNF-a cells and average
staining intensity compared to sham

Threshold significantly reduced when compared
to sham group

18

Immunohistochemistry

Significantly higher cells in disc incision group
compared to sham

None

19

Immunohistochemistry and
histology

Significant increase of TNF-a immunoreactive
None
cells between day 1 and 3, medium levels at
days 7 and 14, and very decreased on day 21.
No cells found after TNF-a inhibitor treatment
at any time point

20

Immunohistochemistry and
electron microscopy

Significant increase pixels in endoneurium and
inflammatory crescent

21

Immunohistochemistry

Weak to moderate immunoreactivity in DRG
None
when compared to non-lesion groups. Increased
immunoreactivity in spinal cord with its highest
peak after 5 days

22

qPCR, von Frey filaments and
Hargreaves test

Gene expression statistical significance only at
day 14

CCI group showed reduced sensory threshold for
thermal and mechanical allodynia (mainly at
short-term periods)

23

Immunohistochemistry,
immunoblotting and von Frey
filaments

Immunohistochemistry colocalized TNF-a with
endoneurial macrophages and GFAP-IR glial
cells. Immunoblotting showed significant
expression on day 7 in the NP group, but any
difference at day 28

Threshold significantly reduced in NP group with
lowest point at day 14, with gradual increase
after it

24

Immunohistochemistry, ELISA,
von Frey filaments and tailflick test

High amounts of cytokines and mRNA expression Significant increase of allodynia in both tests,
after spinal nerve transection, with no effect of reverted effect in both with opioids application
acute morphine administration, tolerance with
(high doses)
chronic treatment and worsening with
withdrawal

25

qPCR, von Frey filaments and
Hargreaves test

High levels of mRNA in the sciatic nerve at 6 and CCI group showed reduced sensory threshold for
24 h; in DRG at 24 and 72 h; and no expression thermal and mechanical allodynia (lowest point
at any moment in spinal cord
at day 14)

Significant increase in heat-hyperalgesia,
mechano- and cold-allodynia throughout the
tests. Triamcinolone had a significant reduction
on mechanical allodynia and thermal
hyperalgesia

None

None
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Table 2 continued
Study
no.

TNF detection method and
behavioral test

TNF-a levels

Pain behavioral data

26

Immunohistochemistry

Weak cell expression of TNFR1 in non-injured
None
neurons; elevated immunoreactivity for TNFR1
in injured neurons. Higher receptor expression in
higher levels of DRGs compared to lower spinal
levels.

27

Immunohistochemistry, von
Frey filaments and
Hargreaves test

Immunohistochemistry showed no statistical
differences between treated and untreated
animals after 10 days (no differences between
treatments)

28

Immunohistochemistry and von Low levels of TNFR1 and TNFR2 in sham
Significant mechanical allodynia showed in
Frey filaments
animals. Increased expression of both receptors
ligated animals when compared to sham, starting
after 6 h of lesion, with a second peak at 5 days. at 6 h with a peak at 24 h
Uninjured DRG showed early TNFR1
expression similar to ligated DRGs animals

29

Immunohistochemistry,
Immunoblotting showed significant expression in At day 14 proximal and distal crush groups
Immunoblotting and von Frey the distal crush group at every time-point
showed reduced thresholds; at day 28 only the
filaments
(always higher than any other group). Proximal distal crush group showed significant
crush group showed significance on days 2, 7
mechanical allodynia
and 14. Both groups indicated signs of apoptosis
in stainings

30

Immunohistochemistry, ELISA Moderate to intense activation expression in the Significant increase of allodynia in saline treated
and von Frey filaments
spinal cord of all animals, any treatment showed rats, high response rate when treated with
to be effective to change these findings
sTNFR

31

qPCR

mRNA was detectable in controls in all studied
tissues. Gene expression decreased within the
first 6 h after surgery in all areas. NMDA
receptor antagonist inhibited early gene
expression decrease

32

Histology, Electrophysiology,
von Frey filaments,
Hargreaves test and cold
sensitivity test

TNFR1(-) mice showed significant increase of
TNFR1(-) mice did not develop heat allodynia.
intact axons on day 36 compared to wild-type
TNFR1(-) and TNFR2(-) mice showed
mice. Maximal significant edema was found on decreased mechanical and cold hyperalgesia;
day 3 in TNFR2(-) mice, but also the lowest
and less changes in skin temperature
significant level at day 15 in this same group. No
differences found in number of macrophages
and degenerating fibers

33

Immunohistochemistry, von
Frey filaments and
Hargreaves test

Significant increase in immunoreactivity cells of Significant and long-lasting bilateral mechanical
TNF-a and TNFR1 in ipsilateral DRG compared allodynia and thermal hyperalgesia in
to sham; and increased expression of TNF-a and transection group. Thalidomide injection
TNFR1 bilaterally in dorsal and ventral horn of attenuated both types of allodynia when it was
the spine. Significant decrease in
applied in the first 7 days post-surgery
immunoreactivity was found in DRG and spinal
cord after thalidomide injection at any time
point of evaluation after surgery

Significant increase of mechanical and thermal
allodynia in CCI group (anti-TNF Ab reduces
thermal hyperalgesia)

None

CCI chronic constriction injury, rhEpo recombinant human erythropoietin, DRG dorsal root ganglion, NP nucleus pulposus, sTNFR soluble TNF
receptor, TNFR1(-) deficient TNF receptor 1, TNFR2(-) deficient TNF receptor 2, TNFR1 TNF receptor 1, TNFR2 TNF receptor 2, GFAP-IR
glial fibrillary acidic protein-immunoreactive

response. At the same time, its increased expression in
nervous tissues upon a pain stimulus suggests that this
cytokine is essential for the development of pain sensation
[65–69].
Several authors published similar results with regard to
TNF-a presence in peripheral and central nervous tissue
after neural injury (Fig. 2). However, part of the main
divergences remains in the involvement and interactions of
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TNFR1 and TNFR2. Thus far, it seems that both receptor
types play a different role in the development of allodynia
and hyperalgesia depending on the site of the lesion and the
moment of the cascade activation. For example, TNFR1
has shown constitutive expression in the uninjured spinal
cord in modulatory centers like the dorsal horn, whereas
these areas hardly express TNFR2 [44, 70]. Nevertheless,
this does not imply that after peripheral nerve injury and
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Fig. 2 Mechanisms involved in pain. TNF-a increases hyperexcitability and consequently neuropathic pain via different peripheral and
central mechanisms. At the site of injury TNF-a leads to activation of
p38 and JNK, followed by increased TTX-R and VR1 expression,
accompanied by production of other inflammatory agents and
substance P. In the dorsal horn of the spinal cord, TNF-a induces

increased activity of NMDA and AMPA receptors, leading to
depolarization. It is not completely elucidated yet the role of
TNF-a on inhibitory neurons, but it is suggested that it increases
GABA and glycine release from presynaptic terminals, producing
hyperexcitability

TNF-a release, TNFR2 could not be involved in nociceptive regulation [47]. This could also be dependant on the
proximity of these lesions from the spinal cord, illustrated
by earlier manifestation of pain in spinal nerve lesions
(h) than in sciatic nerve lesions (days) [45, 59]. In judgment of the literature reported to our days, it is not still
clear if the final nociceptive outcome is more dependant on
the amount of cytokine or on the activation/inhibition of
specific receptors (Fig. 3).
The increase of TNF-a immunoreactive cells or mRNA
levels showed a similar temporal resolution, regardless of
the studied tissue or injury model. As previously described,
TNF-a production typically starts to reach maximal levels
within 24 h, which are maintained for over 2 weeks and
then usually drop [37, 39–41, 45, 47, 54, 56, 59, 60]. This
paradigm is important for understanding the development
of painful symptomatology and for the therapeutic timing
approach. Behavioral data show that the clinical

presentation follows the presence of increased amounts of
TNF-a in neural tissue [71–73]. Fluctuation in TNF-a
levels tended to match with increased or decreased states of
mechanical allodynia and thermal hyperalgesia. Progressive nociception in injured animals was established after
the first few days and maintained until its highest point
around the second week, followed by a gradual drop up to
baseline thresholds [37, 54, 56]. This transient pain
behavior may be a consequence of the continuous adaptation of pain perception that familiarizes the animal with the
applied stimuli, yet in each study the cytokine levels correlated closely to the pain sensation [41, 53]. In this
respect, TNF-a involvement in pain could also be inferred
in studies where wild-type mice showed greater levels of
pain when compared to genetically TNF knock-out animals
[74, 75].
The pharmacological therapies proved to be successful
when applied during the first 7 days post-lesion, which is
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Fig. 3 Intracellular pathways
related to TNFR1 and TNFR2.
On the left, TNFR1 is primarily
related to the induction of
apoptosis; though, it can interact
via TRAF2 to promote cell
survival under certain
circumstances. On the right,
TNFR2 function is oriented to
follow parallel pathways that
will lead to cell survival and
proliferation. Probably the
balance and interaction between
these two receptors determine
the final damage produced by
lesions, and therefore the
amount of pain

consistent with the temporal resolution of TNF-a expression, probably avoiding the initial inflammatory response
[66, 76]. This is also an essential matter in the apparent
dual intervention of TNF-a in neurons as toxic or protective agent. Originally, the function of this cytokine has
been described as harmful, but previous evidence and data
in this review suggest that protection and regeneration
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could be involved in a receptor-dependant mode. It has
been described that TNFR2 has a fundamental participation
in remyelination of neurons after injury, probably linked to
its late participation in the inflammatory cascade [44, 70,
77–79]. This suggestion also comes from delayed expression of TNFR2, which coincides with behavioral recovery
in the late phases of pain sensation. Thus, it is of vital
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importance to understand the temporal expression of TNFa and its receptors in order to develop a successful therapeutic strategy. In these days, we can observe that the same
cytokine at different moments, acting on different receptors, could bring opposite histological and clinical outcomes. These observations bring the query as to which
factors are more determinant for the production of pain, the
concentration of TNF-a or the TNFR1–TNFR2 expression
ratio. In this respect, a key question that remains is why
patients with chronic NP do not benefit from this selflimiting protective mechanism. We believe that a balance
alteration between the TNF-a receptors could determine
the severity of pain, not only in a temporal expression (acute
or chronic) but also on the extension of the produced damage.
Animal models have proven to develop and reproduce pain
in a comparable manner to human observations. In summary,
there is evidence from physical injury models, transgenic
models, and pharmacological interference studies that TNFa expression in the spinal cord modulates pain sensation.
However, future perspectives for treatment still require
better understanding of its receptors and intracellular pathway interactions as pain modulators. Therefore, further
translational studies may be performed to address this challenging topic and design more effective therapies by regulating inflammation-induced pain sensation.
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72. Schäfers M, Sommer C, Geis C, Hagenacker T, Vandenabeele P,
Sorkin LS (2008) Selective stimulation of either tumor necrosis
factor receptor differentially induces pain behavior in vivo and
ectopic activity in sensory neurons in vitro. Neuroscience
157:414–423
73. Youn DH, Wang H, Jeong SJ (2008) Exogenous tumor necrosis
factor-alpha rapidly alters synaptic and sensory transmission in
the adult rat spinal cord dorsal horn. J Neurosci Res
86:2867–2875
74. DeLeo JA, Rutkowski MD, Stalder AK, Campbell IL (2000)
Transgenic expression of TNF by astrocytes increases mechanical
allodynia in a mouse neuropathy model. Neuroreport 11:599–602
75. Yamashita M, Ohtori S, Koshi T, Inoue G, Yamauchi K, Suzuki
M, Takahashi K (2008) Tumor necrosis factor-alpha in the
nucleus pulposus mediates radicular pain, but not increase of
inflammatory peptide, associated with nerve damage in mice.
Spine 33:1836–1842
76. Zanella JM, Burright EN, Hildebrand K, Hobot C, Cox M,
Christoferson L, McKay WF (2008) Effect of etanercept, a tumor
necrosis factor-alpha inhibitor, on neuropathic pain in the rat
chronic constriction injury model. Spine 33:227–234
77. Arnett HA, Mason J, Marino M, Suzuki K, Matsushima GK, Ting
JP (2001) TNF alpha promotes proliferation of oligodendrocyte
progenitors and remyelination. Nat Neurosci 4:1116–1122
78. Fontaine V, Mohand-Said S, Hanoteau N, Fuchs C, Pfizenmaier
K, Eisel U (2002) Neurodegenerative and neuroprotective effects
of tumor Necrosis factor (TNF) in retinal ischemia: opposite roles
of TNF receptor 1 and TNF receptor 2. J Neurosci 22:RC216
79. Aggarwal BB (2003) Signalling pathways of the TNF superfamily: a double-edged sword. Nat Rev Immunol 3:745–756

123

