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Abstract
Background: The aim of the present study was to examine inflammatory responses during
Wallerian degeneration in rat peripheral nerve when the regrowth of axons was prevented by
suturing.

Methods: Transected rat sciatic nerve was sutured and ligated to prevent reinnervation. The
samples were collected from the left sciatic nerve distally and proximally from the point of
transection. The endoneurium was separated from the surrounding epi- and perineurium to
examine the expression of cytokines in both of these compartments. Macrophage invasion into
endoneurium was investigated and Schwann cell proliferation was followed as well as the
expression of cytokines IL-1β, IL-10, IFN-γ and TNF-α mRNA. The samples were collected from
1 day up to 5 weeks after the primary operation.

Results: At days 1 to 3 after injury in the epi-/perineurium of the proximal and distal stump, a
marked expression of the pro-inflammatory cytokines TNF-α and IL-1β and of the anti-
inflammatory cytokine IL-10 was observed. Concurrently, numerous macrophages started to
gather into the epineurium of both proximal and distal stumps. At day 7 the number of
macrophages decreased in the perineurium and increased markedly in the endoneurium of both
stumps. At this time point marked expression of TNF-α and IFN-γ mRNA was observed in the
endo- and epi-/perineurium of the proximal stump. At day 14 a marked increase in the expression
of IL-1β could be noted in the proximal stump epi-/perineurium and in the distal stump
endoneurium. At that time point many macrophages were observed in the longitudinally sectioned
epineurium of the proximal 2 area as well as in the cross-section slides from the distal stump. At
day 35 TNF-α, IL-1β and IL-10 mRNA appeared abundantly in the proximal epi-/perineurium
together with macrophages.

Conclusion: The present studies show that even during chronic denervation there is a cyclic
expression pattern for the studied cytokines. Contrary to the previous findings on reinnervating
nerves the studied cytokines show increased expression up to 35 days. The high expressions of
pro-inflammatory and anti-inflammatory cytokines in the proximal epi-/perineurial area at day 35
may be involved in the formation of fibrosis due to irreversible nerve injury and thus may have
relevance to the formation of traumatic neuroma.

Published: 18 November 2005

Journal of Neuroinflammation 2005, 2:26 doi:10.1186/1742-2094-2-26

Received: 29 August 2005
Accepted: 18 November 2005

This article is available from: http://www.jneuroinflammation.com/content/2/1/26

© 2005 Ruohonen et al; licensee BioMed Central Ltd. 
This is an Open Access article distributed under the terms of the Creative Commons Attribution License (http://creativecommons.org/licenses/by/2.0), 
which permits unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited.
Page 1 of 11
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16287511
http://www.jneuroinflammation.com/content/2/1/26
http://creativecommons.org/licenses/by/2.0
http://www.biomedcentral.com/
http://www.biomedcentral.com/info/about/charter/


Journal of Neuroinflammation 2005, 2:26 http://www.jneuroinflammation.com/content/2/1/26
Background
During Wallerian degeneration, macrophages enter the
peripheral nervous system [1-3] when permeability of the
BNB is increased. The increased permeability of BNB leads
to the increased infiltration of macrophages into the
endoneurium [4,5]. Injury-activated Schwann cells and
resident macrophages are probably partly responsible for
the recruitment of hematogenous macrophages by secret-
ing MCP-1 [6] and the pro-inflammatory cytokines IL-1,
IL-6, IL-12; and especially TNF-α, in the early phase of the
inflammatory reaction [7-13]. The main population of
macrophages in the peripheral nerve is blood-derived
after injury. These gather in the endoneurium to start
phagocytosis of axons and myelin stumps [14,15]. Macro-
phages and Schwann cells mediate and promote inflam-
mation after injury by production of pro-inflammatory
cytokines, but they have also positive effects on neuro-
trophic factors, which can induce axonal sprouting [16].
Macrophages as well as Schwann cells express also anti-
inflammatory cytokines such as IL-10 and TGF-β1 to
inhibit inflammation [17-21]. The role of TGF-β1 during
nerve injury seems to be controversial. It increases neuro-
nal regeneration [19,22] but decreases NGF production
[23-25] and kills Schwann cells together with TNF-α [26].

In the present study permanent nerve damage was
induced by suturing the distal and proximal ends of the
transected sciatic nerve in order to create a model of
chronic denervation. Since relatively small amounts of
cytokine mRNAs are present in the nerve stumps, real-
time polymerase chain reaction was used to facilitate
detection of the studied cytokines. Additionally, morpho-

logical differences were followed to investigate possible
correlations with produced cytokines.

Materials and methods
Experimental animals
Young adult male Sprague-Dawley rats (n = 70) were used
in the present study. The animals were kept in the Turku
University Animal Centre. (Circadian 12-h rhythm, T = 21
± 1°C, humidity 50 ± 5%)

Normal daily care was provided with nutrition (Chow
Lactamin R36, Södertälje, Sweden) and water ad libitum.
The present study was approved by the Committee for
Ethical Animal Experiments (permission no. 1080/01).

Operative procedures
The left sciatic nerves were exposed and transected at the
level of hip joint under pentobarbital (Mebunat®)
anesthesia. Regeneration at the left sciatic nerve was pre-
vented with suturing of distal and proximal stumps beside
the point of transection [27]. The right sciatic nerve was
left intact. Additionally, normal control nerve samples
were collected from normal, unoperated rats of the same
age. Samples were collected 1 day, 3 days, 5 days, 7 days;
and 2, 3, 4 and 5 weeks after the primary operation. For
the subsequent biochemical studies six rats were sacrificed
at each time point, and two at each time point for the
immunohistochemical studies. The sciatic nerves of three
normal rats were studied as negative controls. The rats
were perfused intracardially with sterile 0.9% saline or
with 4% phosphate-buffered formalin. The nerves were
cut in 4-mm sections in freezing conditions (on a covered
Petri dish filled with ice).

Real-time PCR and histological samples
The samples were taken both proximally and distally from
the point of transection. To avoid local damage and/or
sutures beside the point of transection, the initial 1-mm
section beside the point of transection was discarded. For
real-time PCR and immunohistochemical analysis two 4-
mm sections (P1, P2) were cut starting 1 mm proximally
from the point of transection. Also, distally two sections
were cut, one (D1) starting immediately 1 mm from the
point of transection and the other (D2) starting 5 mm dis-
tally from the point of transection (Fig. 1). Furthermore,
for the real-time PCR studies, the endoneurium was sepa-
rated from the surrounding peri- and epineurium (Fig. 2)
[28]. All real-time PCR samples were immediately
immersed in a GITS solution, frozen to -196°C with liq-
uid nitrogen, and stored at -70°C. The samples were
pooled from six different rats for each time point to obtain
more homogenous material for the PCR studies.

Transection pointFigure 1
Transection point. Left sciatic nerves were exposed and 
transected at the level of the hip joint under pentobarbital 
anaesthesia. Regeneration of the left sciatic nerve was pre-
vented by suturing of distal and proximal stumps beside the 
point of transection. The right sciatic nerve was left intact. 
For biochemical and morphological analysis two 4-mm areas 
(P1, P2) were cut starting 1 mm proximally to the point of 
transection. Also, distally two sections were cut, one (D1) 
starting immediately 1 mm from the point of transection and 
the other (D2) starting 5 mm distal to the site of transection.
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Immunohistochemistry
The animals for morphological samples were perfusion-
fixed with 4% phosphate-buffered formalin and whole
peripheral nerve samples were exposed and fixed over-
night in 4% phosphate-buffered formalin. The specimens
were embedded in paraffin and 4-µm sections were cut for
immunohistochemical analyses. The paraffin sections
were treated with xylene and decreasing alcohol solutions
to remove paraffin, and then hydrated and digested with
0.4% pepsin in 0.01 M HCl for 60 min. Endogenous per-
oxidase activity was blocked using 0.3% H2O2 in metha-
nol, after which sections were incubated for 60 min with
horse serum to prevent non-specific staining. The sections
were then treated with monoclonal antibody ED-1 (Sero-
tec 0591) for monocytes/macrophages or S-100 (Dako-
patts) for Schwann cells overnight at 4°C. Bound
antibodies were demonstrated using an avidin-biotin
method with a Vectastain ABC kit according to the manu-
facturer's instructions. Additionally, normal rat serum was
used with the second antibody to diminish non-specific
staining.

The recruitment of macrophages was evaluated micro-
scopically. Semi-quantification of changes was performed
as in our previous studies [1,29]. In the endoneurium the
visual evaluation of macrophages was done with a scale of
four: 0 = only occasional macrophages similar to that seen
in the control nerve; + = a few macrophages, no focal accu-
mulation of macrophages; ++ = several macrophages with
focal accumulation, phagocytotic activity present; +++ =
numerous macrophages with phagocytotic activity. Simi-
lar principles were used in the epineurium. However, this
evaluation was done with a scale of three: 0 = only occa-
sional macrophages similar to that seen in the control
nerve; + = a few macrophages per cross section in the
epineurium; ++ = over 10 macrophages per cross-section
in the epineurium.

Schwann cells were assessed using similar techniques.
However, the proliferation pattern of Schwann cells was

similar to that found in previous studies [29]. Therefore,
the data from Schwann cells is not shown.

Immunofluorochemisty
For immunofluorochemical studies veins of animals were
stained with FITC-Dextran (Sigma, FD2000S) iv-injection.
The amount of FITC-Dextran was titrated to 100 mg/kg to
show the veins of the sciatic nerve in a whole-mount
experiment. Thirty minutes after injection the animals
were perfused with saline and 4% phosphate-buffered for-
malin. Samples were taken distally and proximally from
the point of transection. The nerve stumps were fixed
overnight in 4% phosphate-buffered formalin and then
transferred to 70% EtOH. The nerve stumps were cut into
four longitudinal sections before washing with TTBS and
Triton-X permeabilization. BSA (1%) was used to prevent
non-specific staining. The sections were then treated with
monoclonal antibody ED-1 (1:200; Serotec 0591) 2 h at
37°C. Bound antibodies were demonstrated using goat-
anti-mouse-Alexa 555 antibody (1:200; Molecular
Probes). The numbers of ED-1 positive cells were com-
pared to that observed in control nerve from unoperated
rats, using cross-sectional samples from the same area.
The samples were studied by confocal microscope (LSM
510, Zeiss Axiovert 200).

Determination of cytokine mRNA from endo- and epi/
perineurium
Pooled and frozen nerve stumps were first homogenized
with Ultra-Turrax. The RNA preparation was modified
from Chomczynski and Sacchi [30]. RNA was extracted
using Trizol (Gibco BRL 15596-018) according to the acid
phenol-quanidium thiocyanate-chloroform extraction
method. mRNA was purified from total RNA, and then
reverse-transcribed to cDNA. The reverse transcription was
performed using 10 µg of mRNA, and Superscript reverse
transcriptase (200 U; Life Technologies). The samples
were then measured with real-time PCR.

cDNA amplification was performed with the ABI PRISM
7700 Sequence Detector (Applied Biosystems) with a two-
step PCR protocol (preincubation 10 min at 95°C fol-
lowed by 40 cycles at 95°C for 15 sec and at 60°C for 1
min). All cytokine primers and probes were designed
using Primer Express software (Applied Biosystems)
avoiding contaminating genomic DNA amplification by
positioning one of the primers or a probe over the exon/
intron boundary. The probes were labeled with FAM at the
5' end as reporter dye and TAMRA at the 3' end as
quencher dye. The GAPDH gene was used as a stable
endogenous control.

Absolute quantification was performed using a standard
curve method. Standard curves were constructed using
three 100-fold dilutions of standard sample (for IL-1β the

Separation of endo-and epi-/perineuriumFigure 2
Separation of endo-and epi-/perineurium. For bio-
chemical studies, endoneurium was separated from the sur-
rounding peri- and epineurium. This was done on the icy 
cover of a Petri dish filled with ice. The endoneurium was 
pulled out with fine tip forceps.
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Cytokine expressionFigure 3
Cytokine expression. Cytokine expressions of IL-1β, IL-10, IFN-γ and TNF-α after transection. Statistical analyses were 
made with one-way ANOVA and t-test. Only those expressions that had t-values > 0 (relative to control expression) were 
taken into account. Significance values are marked as follows: * p = 0.05; ** p = 0.01; *** p = 0.001. The expression changes of 
different cytokines mRNAs could be observed at multiple time points after peripheral nerve injury. Expressions in control sam-
ples could only be observed in the epi-/perineurium. The proximal stump expressed IL-1β, TNF-α and IL-10 in a cyclic manner. 
The main time points for the cyclic expression pattern were 1-5, 14-21 and 35 days. The distal stump showed marked expres-
sion of these cytokines during days 1-3 after injury, but for cytokine IL-1β also at day 14. IL-10 was markedly expressed at 21 
and 35 days after injury. IFN-γ was not expressed in either compartment before day 5. The proximal stump showed marked 
expression of this cytokine at 14 days after injury and the distal stump at 21 days. IL-4 was not markedly expressed in this 
study.
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standards were plasmids containing the corresponding
cytokine gene; for GAPDH, TNF-α and IL-10 the standards
were cDNA from concanavalin-A stimulated rat lymph
node cells) and corresponding cycles of threshold (Ct)
value. The samples were run in triplicate for target
cytokine and endogenous GAPDH controls. After com-
puting the relative amounts of target cytokine and endog-
enous control for one sample, the final amount of
cytokine in that sample was presented as a ratio between
and the amount of cytokine and amount of endogenous
control, GAPDH. For real-time PCR, quantitative results
are available directly after PCR without additional purifi-
cation or analysis steps. Protein levels of cytokines were
not studied.

The results were imported into Microsoft Excel and leg-
ends were made with GraphPad Prism. SEM was calcu-
lated with one-way ANOVA and t-test, which were made
with Microcal Origin. The source SEM does not reflect dif-
ferentiation between individual animals but methodolog-
ical accuracy.

Results
Results of real-time PCR studies
IL-1β (Figure 3.)
Controls
Very low expression of IL-1β mRNA was observed only in
the epi/perineurium of the control samples.

Proximal areas
In the endoneurium the strongest expressions of IL-1β
mRNA were observed in both proximal areas (P1 and P2)
at 24 hours and at day 21 after injury. At other time points
the expression remained low.

The epi/perineurium expressed IL-1β mRNA in a cyclic
manner in proximal areas. Three expression peaks were
observed: the first one during days 3 and 5, the second
one at day 14 (proximal 2) and the third and strongest
one at day 35. Proximal 2 areas showed lower expression
of cytokines than the proximal 1 area.

Distal areas
The endoneurium showed a slight increase in the expres-
sion of IL-1β starting from day 1 until day 7 after injury.
The expression rose again dramatically (110-fold) at day
14. Otherwise the expression of IL-1β mRNA was low.

In the epi/perineurium marked expressions were observed
during days 1 and 3 in both distal areas. At the other time
points the expression stayed at the control level.

TNF-α (Figure 3.)
Controls
Very low TNF-α mRNA expression was observed in the
epi/perineurium but not in the endoneurium.

Proximal areas
The endoneurium showed strong TNF-α mRNA expres-
sion in the first proximal area at 24 hours. After that only
small peaks of expression were noted at days 7, 14, 21 and
35.

The epi/perineurium expressed TNF-α mRNA in a fashion
similar to that of the endoneurium. The first proximal
areas epi/perineurium showed marked expression of TNF-
α at 24 hours. However, the most pronounced expression
was noted at day 35 in the proximal 2 area.

Distal areas
In the endoneurium the strongest expression of TNF-α
mRNA was noted during the first days after injury but was
at the control level at day five. The expression rose slightly
at days 7, 14 and 21 in both distal areas, after which only
low expression was observed.

In the epi/perineurium the expression pattern of TNF-α
mRNA followed the pattern observed in the endoneurium
but with increased expressions. From day 5, the expres-
sion stayed at the control level.

IFN-γ (Figure 3.)
Controls
Very low expression of IFN-γ mRNA was observed only in
the epi/perineurial control samples but not in the
endoneurium.

Proximal areas
The endoneurium did not show IFN-γ mRNA until day 5
after which it declined. The most marked expression of
IFN-γ mRNA was noted at day 14 after injury.

In the epi-/perineurium only the first proximal area
showed some peaked expression of IFN-γ mRNA and only
at days 7 and 28 after injury.

Distal areas
The endoneurium showed marked expression of IFN-γ
mRNA in the distal 1 area at day 21, but some expression
was also noted at day 28 in both distal stumps. Also some
expression was noted at days 5 and 14.

The epi/perineurium showed increased expression of IFN-
γ only at days 5 and 21 after injury.
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IL-10 (Figure 3.)
Controls
Only slight IL-10 mRNA expression was noted in the epi-
/perineurium of the operated sciatic nerves but not in the
endoneurium.

Proximal areas
The endoneurium showed increased expression of IL-10
at 24 hours and at days 7 and 14 after injury.

In the epi/perineurium IL-10 mRNA was expressed
already at 24 hours but the most marked expression was
seen at day 35 (900-fold) compared to controls after
injury.

Distal areas
The endoneurium showed a marked increase in expres-
sion only at 24 hours. Slight expression was noted at days
14, 21 and 35.

The epi/perineurium showed marked peaks of expression
at days 1, 21 and 35; otherwise the expression remained at
the control level.

Results of morphological studies
Macrophages (Figures 4A,B,C,D,E,F)
In the distal and proximal stump the epineurial macro-
phages could be observed at day 3, (++) (Fig. 4A). Inva-
sion of macrophages into the endoneurial space took
place at days 5 and 7 in the proximal and distal stumps,
(++) [1]. At days 14 (Fig. 4B) and 21 several macrophages
were observed in the distal endo- and epineurium,
(endoneurium +++; epineurium ++). At this time point
the proximal stump seemed to have only a few MHC II-
expressing cells in cross-section samples (+). However,
confocal-microscopically studied longitudinal sections of
proximal 2 area revealed focal accumulation of macro-
phages in the epineurial area (Fig. 4D) compared to nor-
mal control nerves (Fig. 4F). After this time point only a
few macrophages were observed in the distal stump. How-
ever, occasional macrophages could still be observed in
the proximal and distal endo- (++) and epineurium (+) at
day 35 in cross-sections (Fig. 4C), as well as in the longi-
tudinal samples studied by confocal microscope (Fig. 4E).

Discussion
To achieve a model for a chronic nerve injury, and in an
attempt to provoke marked and long-lasting immunolog-
ical changes, transected sciatic nerve was sutured and
ligated to prevent reinnervation. In order to better under-
stand the possible dynamics in different compartments
within the peripheral nerve, the endoneurium was sepa-
rated from the surrounding epi/perineurium (Fig. 2) [28]
and these compartments were analyzed separately. We
have previously shown that after peripheral nerve transec-

tion a marked number of macrophages appear first in the
epineurium, after which they enter the endoneurium [1].
Hence, the expression of cytokines may differ in these
peripheral nerve compartments due to expression of
cytokines such as IL-1β and TNF-α, which affect vascular
permeability [31] and lead to increased infiltration of
macrophages into the endoneurial space during Wallerian
degeneration. Our previous studies on peripheral nerve
degeneration and regeneration [29,32,33] indicate that
when nerve stumps are sutured to prevent regeneration,
the most prominent source for endoneurial later-phase
expression of cytokines could be Schwann cells and possi-
bly fibroblasts. These cell types are significantly present
during the later time points when monocytes/macro-
phages are already almost absent in the endoneurium.
The main source for marked pro-inflammatory cytokine
expression in the epi-/perineurium would be macro-
phages. But, mast cells may also present a potent source
for cytokines in the peripheral nervous system [34].

The main sources of IL-1β after peripheral nerve injury are
macrophages and Schwann cells [35,36]. In the present
study macrophages were numerous in the proximal
perineurium showing simultaneous high expression of IL-
1β mRNA in the epi-/perineurium at days 1-5. The expres-
sion of IL-1β rose to a peak at days 14 and 35 after injury
in the epi-/perineurium. At day 14 in the epineurial cross-
section samples macrophages were almost absent. How-
ever, in the longitudinal samples studied by confocal
microscope, focal accumulation of macrophages was seen
in this particular area. The distal stump showed marked
expression of IL-1β in the endoneurium at day 14 and at
this time point numerous macrophages as well as
Schwann cells were present in the distal endoneurium.

We have previously observed that, after classical Wallerian
degeneration and regeneration, TNF-α mRNA is upregu-
lated in the distal areas from 14 hours to day 5 and at day
14. In the proximal areas TNF-α is expressed from 14
hours to day 1 and again at day 5 [32]. The present results
with sutured nerves showed a similar pattern of expres-
sion. TNF-α mRNA expression increased rapidly at 24
hours both in the endo- and epi/perineurium of distal and
proximal areas. TNF-α has several inflammation-mediat-
ing capabilities during peripheral nerve injury [37-40].
Thus, marked rapid activation is needed for stimulating
inflammatory reactions involving macrophages [41,42].
This includes the infiltration of macrophages into the
endoneurium when BNB is broken down [43] at the
beginning of Wallerian degeneration [44] where TNF-α
shows pathogenic actions [8]. We found a mild increase in
TNF-α mRNA expression at day 14 in the distal area. This
augmentation of expression could be related to increased
vascular permeability at two weeks [5,31]. Also, the
number of Schwann cells starts to decrease at this time
Page 6 of 11
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MacrophagesFigure 4
Macrophages. (A-C) The areas marked with asterisk (*) are shown with a higher magnification (×420). Black arrows indicate 
macrophages. (A) At day 3 macrophages are present in the epineurium (EP) of distal 1 area (×210). A few ED-1 positive cells 
are also seen in the endoneurium (EN). (B) In distal 1 area at day 14 there are numerous macrophages in the endoneurium 
(×210). (C) Some macrophages are still present in both epi- and endoneurium in the proximal 2 area at 35 days (× 210). (D-F) 
Longitudinal sections studied by confocal microscope. Macrophages are visualized with red color, endoneurial vessels with 
green, and yellow color indicates macrophages inside blood vessels. White arrows indicate the epineurial area. The pictures 
are focused to the endoneurial level in the middle. (D) At day 14 several macrophages can be observed in the epineurial and 
endoneurial area of proximal 2 area (× 120). (E) At day 35 several macrophages are still present in the epineurium of proximal 
2 area, but start to decrease in the endoneurium (× 120). (F) Control from sciatic nerve (non-operated control animal) (× 
120).
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point [29] and thus an explanation for this distal TNF-α
mRNA expression at 14 days could be the ability of TNF-
α to induce Schwann cell apoptosis [45]. In the present
study, however, the expression of TNF-α in the distal
stump was relatively much lower at day 14 compared to
our previous studies on freely regenerative nerves. This
indicates that the arrival of axons to the distal stump
would also be a possible starter of apoptosis of Schwann
cells and hence, an inducer of expression of TNF-α in the
distal area. The most remarkable TNF-α mRNA expres-
sions were noted at day 35 in the epi-/perineurium of the
proximal area 2. This peak of expression has not been
observed in freely regenerative nerve models [32,46]. The
reason for this is not known.

In the present study the expression of IL-10 mRNA
increased rapidly in proximal and distal sections at 24
hours after injury both in the endo- and epi/perineurium,
most likely as an inhibitory response to inflammatory
reactions that TNF-α and IL-1β had provoked [17,47,48].
The source for IL-10 expression at the very beginning after
injury cannot be infiltrating macrophages [49] because
these cells are not usually observed before day 3 in the
endoneurium. The most probable source at this time
would be Schwann cells [20]. However, the resident acti-
vated macrophages that are normally present in the
endoneurium are also activated during the inflammation
[7,9] and may be responsible for the observed expression.
Infiltrating hematogenous macrophages are probably par-
tially responsible for the high IL-10 expression noted at
day 21 in the distal epi-/perineurium, and in the endone-
urium this expression would be augmented by Schwann
cells [20,36]. An interesting observation was that from day
1 onwards the expression of IL-10 mRNA was mainly
found in both distal and proximal epi/perineurium. At
day 28 the expression of IL-10 was minimal in the distal
epi-/perineurium. However, despite the low expression of
TNF-α, IL-1β and IL-10 at this time point, the distal stump
presents several morphological findings [27,50]. Endone-
urial fibroblasts, which are markedly present in this area,
form minifascicle-like structures, which possibly support
basal lamina tubes from collapsing [27]. Interestingly the

expression of IL-10 mRNA was markedly increased at day
35 in distal and proximal epi/perineurium. These changes
could be related to the noted simultaneous high expres-
sions of the two pro-inflammatory cytokines (IL-1β and
TNF-α). IL-10 is known to inhibit the production of these
inflammation-related cytokines [17,49,51]. IL-10 dimin-
ishes apoptosis provoked by TNF-α [45] and down-regu-
lates MHC class II expression in macrophages/monocytes
[49]. The producers of IL-10 during this later phase are at
least partially macrophages [20,49], which were simulta-
neously present with IL-10 expression in the epineurium
in the present study. However, mast cells [52] are also
capable of producing IL-10. Why this expression of
cytokines in the epi/perineurium takes place at day 35 is
unknown. The present experimental design, with preven-
tion of axonal reinnervation, may provoke these changes.
Thus one cannot exclude the possibility that the observed
expression at day 35 may be related to structural reorgan-
ization of peripheral nerve compartments.

In the present study IFN-γ mRNA was present after day 5.
This observation can be temporally linked to macro-
phages, which enter the endoneurium [1,32]. In neuroin-
flammatory processes IFN-γ, which is primarily released
by T-lymphocytes, has been noted to have an important
role as an upregulator of MHC class II antigen expression
[53]. IFN-γ increases influx of T cells and macrophages
into the peripheral nervous system [54], and increases
TNF-α and IL-1 production in macrophages [55] and
fibroblasts [56]. By this action IFN-γ would induce a mas-
sive infiltration of macrophages into endoneurium 3 to 5
days after injury. The marked expression of IFN-γ mRNA
at day 14 in the proximal endoneurium is also the time
point at which a marked invasion of endoneurial blood-
derived macrophages occurs in the proximal stump (Fig-
ure 4B.)

At day 35 several cytokines showed augmented expres-
sions in the proximal 2 area in the present study. When
axonal regeneration is prevented by suturing the periph-
eral nerve, a traumatic neuroma starts to form. A compo-
nent of this neuroma is epineurial fibrosis, which is

Table 1: List of primers and probes used in the present study

Cytokine 5' primer 3' primer Probe

GAPDH TCAACTACATGGTCTACATGTTCCAG TCCCATTCTCAGCCTTGACTG TGACTCTACCCACGGCAAGTTCAACG
IFN-γ TCGAATCGCACCTGATCACTA GGGTTGTTCACCTCGAACTTG CATCCTTTTTTGCTTTACTGTTGCTGAGAAG
IL-1β GAAAGACGGCACACCCACC AAACCGCTTTTCCATCTTCTTCT TGCAGCTGGAGAGTGTGGATCCCAAAC
IL-10 CCCTCTGGATACAGCTGCG GCTCCACTGCCTTGCTTTTATT CGCTGTCATCGATTTCTCCCCTGTGA
TNF-α GACCCTCACACTCAGATCATCTTCT ACGCTGGCTCAGCCACTC TAGCCCACGTCGTAGCAAACCACCAA

The probes were labeled with FAM in the 5' end and TAMRA in the 3' end.
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increased by TGF-β1 [57]. The expression of TGF-β1
increases dramatically in the proximal 2 area epineurium
at day 35 during neuroma formation [58]. In the present
study, a similar increase in expression of cytokines IL-1β,
IL-10 and TNF-α was observed. This finding has not been
reported previously.

When axonal sprouts start to grow in the proximal stump,
some of them could accidentally start to grow backwards
in the epineurium. However, these axons do not extend
this growth very far, and sprouting is rapidly disabled. The
disabled growth of axons in the epineurium has not been
clarified but TGF-β1 is of special interest in this case. It has
a function as a mitogen for Schwann cells [59] but it is
also capable of killing them by activating c-Jun [60]. Acti-
vation of c-Jun leads also to increased expression of TNF-
α, which is also capable of inducing Schwann cell apopto-
sis [26] as well as neuronal death [45,61].

Interestingly, non-injured contralateral sciatic nerve
shows marked endoneurial expression of cytokines IL-1β,
IL-10 and TNF-α mRNAs at day 35 after injury [62]. How-
ever, at this same time marked expressions of these
cytokines at the site of injury were now observed only in
the epi-/perineurium. What is the mechanism behind
these paradoxical findings? This observation could indi-
cate that the observed changes in expression of cytokines
at the site of injury can spread through humoral stimulus
via circulation. Activated macrophages have also been
observed in the endoneurium of the contralateral side
after injury [9]. Could the observed endoneurial changes
in the contralateral nerve be a consequence of macro-
phage stimulation from the ganglions, brain, medulla or
hypothalamus? After chronic constriction injury, blocking
of NMDA-receptor was found to eliminate mRNA
cytokine expression in contralateral sciatic nerve [63]. The
biological significance of this finding is unknown.

Conclusion
Our results show that prolonged inflammatory mediator
changes take place in peripheral nerve in a chronic dener-
vation injury model. The expression is cyclic and corre-
lates partly with those noted in the non-injured
contralateral sciatic nerve. This study also supported pre-
vious suggestions that Schwann cells may have a central
role in the expression of cytokines in nerve [36], which
could be partly responsible for pain behavior as well as for
support of neural growth during neuroma formation. This
denervation model offers new and interesting ways to
study the pathogenesis of traumatic neuroma and neu-
roinflammatory changes, some of which may be related to
pain.
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