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Bilateral muscle fiber and nerve influences
by TNF-alpha in response to unilateral
muscle overuse – studies on TNF
receptor expressions
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Abstract

Background: TNF-alpha is suggested to be involved in muscle damage and muscle inflammation (myositis). In
order to evaluate whether TNF-alpha is involved in the myositis that occurs in response to muscle overuse,
the aim was to examine the expression patterns of TNF receptors in this condition.

Methods: A rabbit muscle overuse model leading to myositis in the soleus muscle was used. The expression
patterns of the two TNF receptors Tumor Necrosis Factor Receptor type 1 (TNFR1) and Tumor Necrosis Factor
Receptor type 2 (TNFR2) were investigated. In situ hybridization and immunofluorescence were utilized.
Immunostainings for desmin, NK-1R and CD31 were made in parallel.

Results: Immunoreactions (IR) for TNF receptors were clearly observed in white blood cells, fibroblasts and vessel walls,
and most interestingly also in muscle fibers and nerve fascicles in the myositis muscles. There were very restricted
reactions for these in the muscles of controls. The upregulation of TNF receptors was for all types of structures seen for
both the experimental side and the contralateral nonexperimental side. TNF receptor expressing muscle fibers were
present in myositis muscles. They can be related to attempts for reparation/regeneration, as evidenced from results of
parallel stainings. Necrotic muscle fibers displayed TNFR1 mRNA and TNFR2 immunoreaction (IR) in the invading white
blood cells. In myositis muscles, TNFR1 IR was observed in both axons and Schwann cells while TNFR2 IR was observed
in Schwann cells. Such observations were very rarely made for control animals.

Conclusions: The findings suggest that there is a pronounced involvement of TNF-alpha in the developing myositis
process. Attempts for reparation of the muscle tissue seem to occur via both TNFR1 and TNFR2. As the myositis
process also occurs in the nonexperimental side and as TNF receptors are confined to nerve fascicles bilaterally it can
be asked whether TNF-alpha is involved in the spreading of the myositis process to the contralateral side via the
nervous system. Taken together, the study shows that TNF-alpha is not only associated with the inflammation process
but that both the muscular and nervous systems are affected and that this occurs both on experimental and
nonexperimental sides.
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Background
Tumor necrosis factor alpha (TNF-alpha) is a cytokine
that is involved in several biological processes, including
activation of white blood cells, apoptosis, cell survival
and cell proliferation [1]. It is expressed in several types
of white blood cell, as well as other cell types, and is in-
volved in recruitment and activation of immune cells
[2]. TNF-alpha is signalling via the TNF Super Receptor
Family. This is a family of several glycoprotein receptors
in which Tumor Necrosis Factor Receptor type 1
(TNFR1) and Tumor Necrosis Factor Receptor type 2
(TNFR2) are the most studied.
TNF-alpha has been considered to possibly be an im-

portant factor in muscle inflammation/damage [3, 4].
Muscle inflammation (myositis) is a condition which can
be caused by several inflammatory myopathies [5], in
which the TNF-alpha system is involved [6, 7], as well by
muscle stress [8]. Several studies have shown a marked
role of TNF-alpha in such conditions [6, 9]. In a rabbit
model leading to muscle inflammation due to overuse, we
noted involvement of TNF-alpha in the myositis process
[10]. That included findings showing that overuse of one
of the extremities not only led to muscle inflammation
and damage ipsilaterally, but also contralaterally, and that
the TNF-alpha system was upregulated in both extrem-
ities. This suggests that the TNF-alpha system can have ef-
fect via the nervous system.
Muscle tissue is a tissue that can be markedly influenced

by various factors (for a review, see [11]. That includes in-
fluences in the different stages that occur in muscle differ-
entiation and muscle injury, not least effects elicited by
the central nervous system, growth factors and endocrine-
metabolic events [12]. The role of innervation has been
especially emphasized, denervation eventually leading to
muscle fiber death [13]. Physical exercise has also a great
impact on skeletal muscle, resulting in an effect on TNF-
alpha production [11]. A very marked exercise possibly
leads to inflammation and damage of the muscle tissue
[14]. There is also an effect of diet on muscle homeostasis
[14, 15] and an effect of vibration stimulation on the mus-
culoskeletal system [16].
The function of TNF-alpha in muscle tissue can be

very heterogeneous. One possibility is that TNF-alpha
may play an important role in the pathogenesis of the
muscle destruction that occurs in myositis [17].
However, results of experimental observations implicate
that TNF-alpha also has a direct action on the muscle
cells in muscle regeneration [18]. The major role of
TNF-alpha in inflammatory and non-inflammatory
myopathies is on the whole suggested to be related to
regeneration of the muscle fibers [19]. Nevertheless,
TNF-alpha is involved in the development of injury
following ischemia in various organs [20], but it is
presumably also involved in wound repair [21].
The functional importance of TNF-alpha in the situ-
ation with myositis in response to muscle overuse is
completely unclear. Thus, there is no information
whether TNF receptors are expressed in the muscle fi-
bers or the inflammatory cell infiltrates and the blood
vessel walls. An important question is also whether
TNF-alpha is influencing the peripheral innervation of
the muscle. The non-existence of information concern-
ing TNF receptor expression patterns for the peripheral
innervation in muscle tissue is hampering the under-
standing of the presumable TNF-alpha effect on the ner-
vous system. Here it should be recalled that TNF-alpha
can be produced by neurons [22–25] and that TNFR1 as
well as TNFR2 are shown to be expressed by neurons as
well as glia cells [26, 27]. These expressions are reported
to be increased in pathological situations, such as after
nerve injury [28] and lumbar facet joint injury [29].
The purpose of this study was to give an understand-

ing of the role of TNF-alpha in the muscle damage and
muscle inflammation that occurs in response to marked
overuse. To test the hypothesis that TNF-alpha is in-
volved in such a condition, we used a rabbit muscle
overuse model and investigated the presence of TNFR1
and TNFR2 in the myositis process. Via evaluating the
expression patterns for the receptors, a conclusion con-
cerning the role of TNF-alpha for the muscle fibers, the
innervation and the inflammation could be obtained.
Our study will deepen the knowledge of the importance
of TNF-alpha in the processes that occur in the myositis
process in response to marked muscle overuse.

Methods
Animals and experimental procedures
A total of 46 female rabbits were used in the studies.
The animals, New Zealand rabbits, had an average
weight of 4 kg and were 6–9 months old. The animals
were divided into eight groups with five or six animals
in each. Three groups were attending a muscle overusing
experiment for 1, 3 or 6 weeks. One group did not par-
ticipate in the muscle overuse experiment and is from
now on considered as the control group. To emphasize
the effects of an inflammatory stress on the muscle tis-
sue, other animals enrolled in the experiment for 1 week
were given injections of pro-inflammatory agents. See
Table 1 for overview of the groups.
The exercise experiment was performed when rab-

bits were anesthetized. Intramuscular injections of
fentanyl-fluanisone (0.095 mg/kg fentanyl citrate and
3 mg/kg fluanisone) (VetaPharma) and diazepam
(1 mg/kg) (Roche) were given at the start of the ex-
periments. Fentanyl-fluanisone (0.03 mg/kg fentanyl
citrate and 1 mg/kg fluanisone) was thereafter
injected every 30–45 min to sustain anesthesia. We
used a “kicking machine” that had been originally



Table 1 The characteristics of the animal groups are shown.
Substances given were sodium chloride (NaCl), substance P (SP),
DL-Thiorphan (Th) and Captopril (Cap)

Group Experiment Injected No. Animals

1 No No 6

2 1 week No 6

3 1 week Yes: NaCl 5

4a 1 week Yes: SP + Th + Cap 5

4b 1 week Yes: Cap + Th 6

4c 1 week Yes: Cap 6

5 3 weeks No 6

6 6 weeks No 6
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designed by Backman et al. [30]. Only one of the legs (the
right leg) was attached to the machine. Hereby, the right
foot, but not the left foot, was moving passively. Via the
use of a pneumatic piston, repetitive passive flexion-
extension of the right ankle was achieved. There was a
band placed around the hip/pelvis to restrict ankle move-
ments on the left side. By use of electrical stimulation in-
duced via surface electrodes, an active contraction was
furthermore induced during the plantar flexion phase.
The surface electrodes (Pediatric electrodes 40 426A,
Hewlett Packard, Andover, MA, USA) were placed 2 cm
apart over the triceps surae on the right side. By the use of
a microswitch, which triggered the stimulator unit (Disa
stimulator Type 14E, Disa Elektronik A/S, Herlev,
Denmark). The stimulation was synchronized with the
plantar flexion movement of the piston. 85 ms after the
initiation of plantar flexion an impulse of 0.2 ms duration
was delivered at an amplitude of 35-50 V. The movement
frequency of the right foot was 150 movements per mi-
nute. This exercise session lasted for in total 2 h and was
repeated every second day for 1, 3 or 6 weeks. In response
to the exercise, there was a marked overuse of the muscle.
For further details see [10].
Injection treatment was given directly after the muscle

experiment for animals subjected to 1 week training pro-
gram (groups 3, 4a–c). The injections included injections
with Captopril (Cap) (C4042, Sigma), Substance P (SP)
(S6883, Sigma) and DL-Thiorphan (Th) (T6031, Sigma).
The substances were given in different combinations
(groups 4a–c) (Table 1). One group (group 3) was
injected with sodium chloride (NaCl). Captopril is well-
known to be an ACE inhibitor and DL-Thiorphan is a
neutral endopeptidase inhibitor. The site of injection
was the loose peritendinous tissue around the Achilles
tendon of the experimental side.
For analgesia the rabbits were given buprenorphine

(0.01–0.05 mg/kg) (Schering-Plough) subcutaneously
after every training session. Between trainings, rabbits
were kept in cages allowing movement.
One day after the last training session, the rabbits were
euthanized with an excessive amount of sodium pento-
barbital and the entire triceps surae muscles from both
legs were excised. The soleus part of the muscles was
further dissected out and cut into pieces. These pieces
were either directly mounted in an OCT compound
(Tissue Tek®, Miles Laboratory, Naperville, IL, USA)
(4583) on a cardboard and frozen as described below or
fixed by immersion overnight at 4 °C in a solution of 4%
formaldehyde in 0.1 M phosphate buffer (pH 7.0). These
latter muscle samples were then carefully washed in
Tyrode’s solution (10% sucrose) at 4 °C overnight and
mounted as described above. Both unfixed and fixed
samples were then frozen in propane chilled with liquid
nitrogen and stored at −80 °C.

Sectioning and staining
The tissue samples were sliced in 5–8 μm thick sections
with a cryostat. The sections were mounted on glass
precoated with chrome-alum gelatin.
For visualization of morphology of the samples, staining

with Haematoxylin & Eosin was performed. Sections from
all groups were hereby stained. The sections were
defrosted, and then stained in Harris Haematoxylin solu-
tion for 2 min. Then the sections were rinsed in distilled
water and dipped three times in acetic acid (0.1%). There-
after the sections were put into hot water for 5 min
followed by contrast staining with Eosin (10 ml eosin
+90 ml 70% alcohol) for 1 min. At the end, the sections
were dehydrated by dipping three times into alcohol. The
sections were mounted with Pertex Mounting Medium
(art nr. 00840) (Histolab Products, Askim, Sweden).

Single immunostainings
For detection of TNFR1 and TNFR2 at protein level im-
munohistochemistry was performed on sections of
chemically fixed tissue. The sections were defrosted and
some of them were then put in potassium permanganate
(KMnO4) for 2 min, according to established procedures
[10, 31]. Other sections were processed without KMnO4

treatment. The glasses were washed in 0.01 M phosphate
buffer saline (PBS) 5 min × 3. Incubation for 20 min in
Triton X-100 (T8787, Sigma) in 0.01 M PBS proceeded,
followed by washing in PBS 5 min × 3. A following incu-
bation in 5% normal donkey serum (017–000-121,
Jackson ImmunoResearch Laboratories, Inc., PA, USA)
in PBS, for 15 min, was performed. Then the sections
were incubated with primary antibody diluted in PBS for
60 min in 37 °C. Two different primary TNF receptor
antibodies were utilized, namely antibodies towards
TNFR1 and TNFR2. The antibodies were diluted in PBS.
Both antibodies were goat polyclonal IgG antibodies.
The TNFR1 antibody was raised against the C-terminus
peptide mapping of mouse TNFR1 (Santa Cruz, sc-1070)
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(dilution used: 1:100). The TNFR2 antibody had been
raised against the peptide mapping at the C-terminus of
mouse TNFR2 (Santa Cruz, sc-1074) (1:100).
The sections where then washed in PBS 5 min × 3. An-

other incubation in normal donkey serum for 15 min
followed. The sections were thereafter incubated for
30 min in 37 °C with secondary antibody which correspond
to Fluorescein IsoThiocyanate-conjugated (FITC) Donkey
Anti Goat (DAG) IgG (705–095-147, Jackson ImmunoRe-
search Laboratories, Inc., PA, USA), and then diluted in
0.01 M PBS. One last rinsing in PBS for 5 min × 3 was per-
formed and then the sections were mounted with Vecta-
shield Antifade Mounting Medium (H-1000, Vector
Laboratories, Inc. Burlingame, CA 94010, USA).
The stainings were accomplished with control stain-

ings including staining when the secondary antibodies
were eliminated. Preabsorption of the primary antibody
with TNFR1/TNFR2 antigen (100 μg/ml for TNFR1 and
150 μg/ml for TNFR2) (sc-1070P for TNFR1, sc-1074P
for TNFR2) in 4 °C overnight was also performed. The
next day staining was made using same protocol as de-
scribed above. Ordinary stainings were made in parallel.
The sections were then examined in microscope (Zeiss

Axioskope 2 plus) and pictures were taken by an
Olympus DP 70 digital camera.

Double immunostaining
For determination of locations of immunoreactions (IR)
for TNFR1 and TNFR2, double stainings were done.
These were done on unfixed tissue as stainings with anti-
bodies used for these stainings, [mouse monoclonal anti-
bodies against Pax7 (Developmental Studies Hybridoma
Bank, University of Iowa, Iowa City, USA), CD31 (M0823,
DAKOCytomation, Glostrup, Denmark), βIII-tubulin
(T8660, Sigma) and S-100β (S2532, Sigma)] are known to
function optimally by using such tissue [32–34]. Different
combinations of antibodies were used for the double
stainings. Primary antibody (either against TNFR1 or
TNFR2, which are goat polyclonal antibodies) was incu-
bated in 4° overnight. Then the sections were incubated
with FITC-conjugated secondary antiserum (c.f. above) for
30 min in 37°, and washed with PBS 3 × 5 min. Then
followed a new incubation for 60 min in 37° with a differ-
ent primary antibody (which in all cases corresponded to
mouse monoclonal antibody) (c.f. above), use of normal
donkey serum as normal serum, washing with PBS 3 × 5
min, after which sections were incubated with Rhodamine
Red-X-conjugated (RRX; Jackson ImmunoResearch La-
boratories, West Grove, PA, USA) (code 713–295-003) or
Alexa fluor 647-conjugated (Invitrogen, CA, USA)
(S21374) antiserum. The secondly used primary antibodies
conformed to mouse antibodies against Pax7 for detection
of satellite cells, CD31 for demarcation of vessel walls (for
details, see above), βIII-tubulin (T8660, Sigma-Aldrich,
New York, NY, USA) for axons and S-100β (c.f. above) for
Schwann cells. Some unfixed sections were also labelled
with α-bungarotoxin (alpha-bungarotoxin 594, Molecular
Probes, B13423, Invitrogen) for detection of neuromuscu-
lar junctions.
Mounting and microscopic evaluation was thereafter

made as described above. Some sections were
mounted with another medium than described above,
namely Vectashield Antifade Mounting Medium with
DAPI (H-1500, Vector Laboratories, Burlingame, CA
94010, USA) for marking of nuclei. All mouse
monoclonal antibodies used for the double stainings
have been used in previous studies and have been
successfully tested [33, 35].
The sections which were double-stained were scanned

with a fluorescence microscope (Leica DM6000B, Leica
Microsystems CMS GmbH, Wetzlar, Germany). Photos
were taken with a color CCD camera (Leica DFC490)
and a digital high-speed fluorescence CCD camera
(Leica DFC360 FX).
In situ hybridization was performed for TNFR1

mRNA. We hereby selected representative specimens
from the 1, 3, 6 week groups (groups 2,5,6) and
specimens from the 1 week experiment/injected ani-
mals (groups 4a–c), the specimens exhibiting the
characteristic appearances that were noted morpho-
logically (in total 11 specimens). Specimens from the
control group were also investigated (two animals).
The specimens from the experimental animals in-
cluded specimens from both the experimental and
contralateral (non-experimental) sides. The tissues
were cut in 10 μm thick fresh cryosections by a
cryostat (with a knife washed in 70% EtOH in
DEPC-H2O) and mounted onto Super Frost Plus
slides (nr.041200, Menzel Gläser, Braunschweig,
Germany). The procedures were made according to an
established protocol [10, 36]. The sequence of the anti-
sense probe used was TCCTCGATGTCCTCCAGG-
CAGCCCAGCAGGTCCATGTCGCGGAGCACG. A
corresponding sense DIG-hyperlabeled ssDNA probe was
used as a negative control. A β-actin antisense probe (GD-
5000-OP) was utilized as a positive control, and was com-
pared to a β-actin sense probe (Gene Detect, New Zea-
land). The dilution was 50 ng in 15 μl hybridization
solution. An alkaline phosphatase (AP)-labelled anti-D16
antibody (Roche Germany, 11,093,274,910) was used for
detection. The sections were finally mounted in Pertex
mounting medium. For further details of the procedures,
see [8, 10].

TNFR1 mRNA in relation to desmin/NK-1R
To analyze the relation between muscle fibers expressing
TNFR1 mRNA and fiber reorganization/regeneration
[10], parallel sections to sections processed for TNFR1
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mRNA were processed with immunohistochemistry, via
using double staining for desmin (MO760, Dako Cyto-
mation, Glostrup, Denmark) and NK-1R (Sc5220, Santa
Cruz Biotechnology, Dallas, TX, USA) on unfixed tissue.
Concerning staining for the NK-1R antibody, the proce-
dures conformed to the procedures described above for
labeling for TNFR1/TNFR2. That included the use of
the same secondary antibody and the same normal
serum as described for this labeling. After the staining
for NK-1R the staining for desmin followed. As normal
serum, rabbit normal serum was used and the secondary
antibody conformed to anti-mouse immunoglobulins/
TRITC (R0276) (Dako, Denmark). The secondary anti-
body used in this case was used at a dilution of 1:40.
Mounting was made in Vectashield Antifade Mounting
Medium (H-1000) or Antifade Mounting Medium with
DAPI (H-1500) (Vector Laboratories, Burlingame, USA)
in order to identify nuclei.
The NK-1R antibody is produced in goats (sc-5220,

Santa Cruz) and is an affinity purified polyclonal anti-
body raised against a peptide mapping within an internal
region of NK-1R of human origin. It was used at a dilu-
tion of 1:100 in 0.1% in PBS. The antibody against des-
min is a mouse monoclonal antibody and is by the
supplier reported to be specific for desmin and to not
show reactivity with other types of intermediate fila-
ments. It was used at a dilution of 1:100 in PBS with
BSA. Both the NK-1R [10, 32] and the desmin [37] anti-
bodies have been previously characterized and tested.
Fig. 1 Figure demonstrating hematoxylin & eosin staining (H&E) of muscle
group), representing normal muscle tissue with tightly packed muscle fiber
group, contralateral side) (lower magnification in [b] than in [a] and [c]). In
white blood cells and abnormally looking muscle fibers that were not seen
variability in muscle fiber sizes in (b) and (c). Black arrow at the place of a n
muscle fibers that are small and that to varying extents show a basophilic
Orig. magnif. ×300 (a, c), ×200 (b)
Results
Morphology
The muscles of the control group showed a normal
morphology. There were no inflammatory infiltrates
(Fig. 1a). In the 1-week group, without injection treat-
ment (group 2), the morphology was still rather normal.
Occasionally, partly abnormally looking muscle fibers
were seen. In the 3-week group (group 5), streaks of
connective tissue with white blood cells (small myositis
areas) were seen in the muscle tissue in some of the
samples of both experimental and non-experimental
sides. However, the majority of the muscle fibers showed
a normal appearance. In the 6 week group (group 6),
there was a marked change in muscle morphology in
comparison to rabbits in the control group (Fig. 1a-c).
The changes were seen for both experimental and non-
experimental sides. These changes included an increase
in connective tissue spaces, occurrence of a large
amount of white blood cells within these spaces and
presence of a large number of abnormal muscle fibers,
as in a myositis situation. A similar pattern was seen for
the 1 week group treated with injections of substances
(group 4a–c). Not all areas were nevertheless influenced;
there were still parts of muscle tissue that had a normal
appearance (Fig. 1b, c). In the myositis areas, some of
the muscle fibers were invaded by white blood cells
(Fig. 1b). These are interpreted as being necrotic muscle
fibers. A lot of other abnormally appearing muscle fibers
were also seen but that not were invaded by white blood
tissue. a is from the group of the non-experimental animals (control
s. b and c show muscle tissue from experimental animal (6 week
(b) and (c) there is an abundance of connective tissue with infiltrating
in the non-experimental group (a myositis situation). Note the marked
ecrotic muscle fiber for which the contour is lost and white arrows at
appearance. Fibers with internal nuclei are seen (b) (white arrowheads).
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cells. That included muscle fibers that were small and
that sometimes could be seen to have a basophilic
appearance, as well as muscle fibers that had internal
nuclei (Fig. 1b, c) and that contained vacuoles. These
types of fibers are further on referred to as “abnormal
muscle fibers”.
These morphologic observations conform to those made

in previous studies on the experimental model [8, 10].

In situ hybridization – TNFR1
Parts of the fibroblasts in the connective tissue spaces of
myositis areas were found to express TNFR1 mRNA
(Fig. 2). Labeled fibroblasts were found at both experi-
mental and non-experimental sides in the 1 week
injected (groups 4a–c), and 3 and 6 week (groups 5,6)
groups. There were no fibroblasts expressing TNFR1
mRNA in the 1 week group (group 2) and the control
group (data not shown).
TNFR1 mRNA was also found in white blood cells lo-

cated in the connective tissue of the myositis areas
(Fig. 3). Such white blood cells existed in the 1 week
injected (groups 4a–c) and 3 and 6 week groups (groups
5,6) bilaterally, but not in the other groups.
TNFR1 mRNA expression was also seen to exhibit a

diffuse but localized pattern in some of the abnormal
muscle fibers (Fig. 4). This type of expression was found
bilaterally in the injected groups (groups 4a–c) as well as
in the 3 and 6 week groups (groups 5,6), being especially
prominent in the 6 week group. Occasionally such an
expression was also seen in samples of the 1 week group
(group 2) (Fig. 4).
Fig. 2 Region from myositis area with fibroblasts processed for in situ hybr
section processed with the corresponding sense probe and working as a c
group, contralateral side). Arrows at reactive (a) and non-reactive (b) fibrob
There were also TNFR1 mRNA reactions in the nec-
rotic muscle fibers (Fig. 5). The reaction resided in the
white blood cells that had invaded the fibers.

TNFR1 mRNA in relation to desmin and NK-1R
In our previous paper [10], it was noted that abnormal
non-necrotic muscle fibers that were interpreted to pos-
sibly be in a regenerative stage showed TNF-alpha
mRNA, a marked non-striated desmin immunoreaction
pattern and NK-1R IR. These features suggested that the
fibers presumably were in a regenerative stage [10].
Based on these findings, parallel sections to those

processed for TNFR1 mRNA were analyzed with immu-
nohistochemistry for desmin and NK-1R. The stainings
showed that there was a marked and generalized desmin
IR and a fine point-like NK-1R IR in the muscle fibers
expressing TNFR1 mRNA (Fig. 6). Muscle fibers show-
ing a normal morphology, exhibited a striated desmin
immunoreaction pattern characteristically seen in nor-
mal skeletal muscle, and a non-existence of NK-1R
immunoreactions.

Immunohistochemistry – TNFR1 and TNFR2
Fibroblasts
Fibroblasts in the connective tissue spaces of the myo-
sitis areas of 1 week injected (groups 4a–c), the 3 week
group and especially the 6 week group (groups 5,6)
expressed TNFR2 IR. The TNFR2 IR was most clearly
seen for the 6 week group (group 6) (Fig. 7a) and was
here noted bilaterally. TNFR2 IR was not seen for fibro-
blasts in the control group and the 1 week group not
idization (ISH) for detection of TNFR1 mRNA (a). b is from a parallel
ontrol. This sample is collected from experimental animal (3 week
lasts. Orig. magnif. ×500



Fig. 3 Sections of specimen collected from experimental animal (3 week group, experimental side) processed with ISH for detection of TNFR1
mRNA in white blood cells of myositis area (a). TNFR1 mRNA is present in white blood cells (arrows). The parallel section (b) is a control section
(sense control); arrows at non-reactive cells. Orig. magnif. ×500
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given injections (group 2) (data not shown). Only a few
fibroblasts with TNFR1 protein were seen in the 6 week
group (group 6). TNFR1 IR was not seen in fibroblasts
in any other groups.

White blood cells
Both TNF receptors were found to be expressed in white
blood cells located in the connective tissue of myositis
areas on both sides (Fig. 7c, d). TNFR2 IR was seen in
most of the white blood cells. Although TNFR1 mRNA
could be noted in the white blood cells (c.f. above),
TNFR1 IR was much less frequently seen than TNFR2
IR in the white blood cells.

Muscle fibers
TNFR1 IR was spread in a dot-like fashion in the cyto-
plasm in some of the abnormal non-necrotic muscle fi-
bers of myositis areas (Fig. 8a, b). There was no
difference between experimental and non-experimental
Fig. 4 Parallel sections of a group of muscle fibers from 1 week group (exp
sense TNFR1 mRNA probes. There are two muscle fibers (marked with *) th
TNFR1 mRNA is present, exhibiting a diffuse but localized pattern (b). Note
the frequently occurring white blood cells in the connective tissue outside
no specific reaction in the control (c). Orig. magnif. ×300
sides in this respect. This type of immunoreaction for
muscle fibers was the most distinct in the 6 week group
(group 6). There was no TNFR1 expression in the
muscle fibers of the control group (data not shown) and
an immunoreaction of this type in muscle fibers was not
seen in any group concerning TNFR2.

TNFR2 IR was also seen in necrotic muscle fibers.
The pattern of TNFR2 IR was different from that seen
for TNFR1 in abnormal muscle fibers described above.
The TNFR2 IR in the necrotic muscle fibers was in the
form of immunoexpression for invaded white blood cells
(Fig. 8c, d).
There were also localized TNFR2 immunoreactions in

the outer part of the muscle fibers (Fig. 9a). This expres-
sion pattern was seen for all groups, including those in
the control group. Double stainings with Pax7 and
CD31 and labeling with DAPI showed that the localized
TNFR2 immunoreactive structures in the outer parts of
the muscle fibers were not satellite cells nor capillaries
erimental side) which are investigated with H&E, ISH antisense and
at are different from the others surrounding them, and in which
the presence of vacuoles (arrows, a) in these muscle fibers. Note also
the muscle fibers. That includes eosinophils (red coloured) (a). There is



Fig. 5 Sections from experimental animal (3 week group, experimental side) processed with ISH; antisense (a) and sense (b) probes. a shows that
there are TNFR1 mRNA reactions in two muscle fibers (asterisks) that are very poorly outlined. b is a control (use of sense probe). In (b), as well as
in (a), it can be noted that there is cellular infiltration in the two muscle fibers, especially the one to the right, suggesting that they are necrotic
fibers. Both necrotic fibers are very much destroyed. Such an infiltration of cells was not seen in the muscle fibers expressing TNFR1 mRNA in
Fig. 4. Note that the other muscle fibers seen in the fig appear normal. Orig. magnif. ×300
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but muscle fiber nuclei (Fig. 10). Localized immunoreac-
tions in the outer parts of muscle fibers were not seen
concerning TNFR1.
In the experimental animals, localized TNFR2 immunor-

eactions were also seen in internal nuclei of the muscle fi-
bers (Fig. 9b). That was never the case concerning TNFR1.
Blood vessel walls
TNFR2 IR was seen in blood vessel walls in all groups,
but the reaction was most prominent for the blood ves-
sel walls in the experimental groups (Fig. 10a). There
was no TNFR2 IR in walls of capillaries (Fig. 10a). The
TNFR2 IR was positioned just outside the CD 31 IR
layer, i.e. in the smooth muscle layer (Fig. 10a, 11c, d).
TNFR1 IR was only sometimes seen in blood vessel walls
(Fig. 11a, b) and was then restricted to the nuclei in the
smooth muscle layer of the vessel walls.
Nerve fascicles
TNFR1 and TNFR2 immunoreactivities were only very
occasionally seen in nerve fascicles in the control group
as well as in the 1 week group (group 2). In the 1 week
injected and the 3 and 6 week groups (groups 4–6), ex-
pressions for both TNF receptors were more regularly
seen in the nerve fascicles and the intensities of immu-
noreactions were stronger (Fig. 12). That was the case
for the experimental as well as the non-experimental
sides. Double stainings with TNF receptors, S-100β and
βIII-tubulin showed that TNFR1 IR was present in
Schwann cells and axons, whilst TNFR2 IR was only
seen in the Schwann cells (Fig. 13).
Neuromuscular junctions (NMJ)
As marker for NMJ, staining for α-bungarotoxin was
used. It was found that TNFR2 IR was confined to the



Fig. 6 a-c Parallel sections of muscle fibers, processed with ISH for TNFR1 mRNA (a) and immunohistochemistry (IHC) with antibodies towards desmin
(b) and NK-1R (c). Please note that (c) is in higher magnification than (a) and (b). a shows that there is an abnormal muscle fiber expressing TNFR1
mRNA in the middle, in which in (b) a high expression of desmin is seen. In (c), there is an existence of point-like NK-1R immunoreactions in this muscle
fiber (arrows). The muscle fiber is not filled with fine cells of the type seen in Fig. 5. Also the muscle fiber to the right is to some extent abnormal, partly
showing high expression of desmin (b). The muscle fiber below in (b) shows a more normal, striated, desmin pattern. Sample from experimental animal
(6 week group, contralateral side). Asterisk at corresponding location. Orig. magnif. ×300. d-f Sections of specimen of 6 week experimental group
(contralateral side) processed with antisense and sense TNFR1 mRNA probes (d, e) and for desmin IHC (f) (in f, processing for DAPI was performed).
Some of the muscle fibers appear abnormal, several of them being small in size (asterisks), whilst others appear normal (M1, M2). Note the presence of
TNFR1 mRNA (white arrows, d) in the abnormally appearing small muscle fibers but not in those with normal morphology. Note also the presence of
internal nuclei in the abnormal muscle fibers (white arrowheads, f). As in a-c the abnormal muscle fibers are not filled with fine cells of the type seen in
Fig. 5. There are no specific reactions in (e). Orig. magnif. ×300
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Fig. 7 a, b Figure showing fibroblasts of myositis area. Sample from experimental animal (6 week group, experimental side). The section in (a) is
processed for IHC (TNFR2). Fibroblasts exhibit TNFR2 IR (arrows). b is processed with preabsorbed TNFR2 antibody and works as a control (arrows
at non-immunoreactive fibroblasts). Orig. magnif. ×500. c, d. Figure showing presence of TNFR1 and TNFR2 IR in white blood cells. Samples from
1 week experimental animal; experimental side (injected; group 4a). Arrows at white blood cells with reaction for receptors. Orig. magnif. ×500
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NMJ for all the groups (Fig. 14). TNFR1 was never seen
for NMJ.

Quantifications
The degrees of labellings for TNFR1 IR and TNFR2 IR
concerning muscle fibers, white blood cells, nerve fasci-
cles and the neuromuscular junctions for the various
groups were calculated. Based on the labellings, semi
quantitative estimations were made (see Table 2).

Discussion
The present study shows that there is a marked upregu-
lation of TNFR1 and TNFR2 IR in the rabbit muscle tis-
sue in animals subjected to marked overuse. This
includes expressions in the muscle fibers, the nerve fas-
cicles, the blood vessel walls, the white blood cells and
the fibroblasts. There were nevertheless differences be-
tween the reaction patterns for the two receptors. In
contrast, very restricted reactions were observed in the
control animals.
In regards to the morphology, it was evident that a

myositis had developed, especially in the 3 and 6 week
groups and the 1 week group animals that were given
pro-inflammatory substance (groups 3–6). This is in ac-
cordance with the observations on the model we have
previously made [8, 10, 38]. Certain muscle fibers in the
myositis areas were necrotic whilst others showed an ab-
normal morphology in other ways. The latter muscle fi-
bers contained varying extents of internal nuclei and
vacuoles, were sometimes basophilic and were of varying
sizes, often being small. They are in Results referred to
as abnormal muscle fibers.



Fig. 8 TNFR1 IR expression in the cytoplasm of muscle fibers, the
reactions showing a finely spread and dot-like pattern (a, b) (arrow-
heads). Sample from 6 week group, contralateral side (arrows at un-
stained areas). c and d show a much destroyed necrotic muscle
fiber (asterisks) partly being infiltrated by white blood cells TNFR2 IR
(c) preabsorption with TNFR2 antigen in (d). The white blood cells
express TNFR2 IR. Sample from experimental animal (3 week group,
contralateral side). e shows another example of muscle fiber being
infiltrated by white blood cells and being stained with H&E in a spe-
cimen from experimental animal (6 week group, contralateral side).
Orig.magnif. ×500 (a), ×300 (c-e)

Fig. 9 Muscle fibers stained with IHC for the detection of TNFR2 in
(a) and (b). In (a), there is localized TNFR2 immunoreactions in the
outer parts of the muscle fibers while in (b), there is also TNFR2
immunoreactions localized to the middle of muscle fibers (arrows).
c shows a parallel section to (b) stained with H&E which displays
that the immunoreactive structures represent internal nuclei. The
specimens are from 6 week experimental group; contralateral side.
Orig. magnif. ×300 (a-c)
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Expressions in muscle fibers
Some of the abnormal muscle fibers that were not nec-
rotic showed frequently a marked non-striated desmin
immunoreaction pattern. This feature suggests that they
are in a reparative/regenerative stage. It is known that
there initially is a loss of desmin in response to muscle
injury but that there later on is a tremendous quantita-
tive increase in desmin content, interpreted to be related
to protective effects [39]. Overexpression of desmin and
a non-striated immunoreaction pattern for this protein
is actually reported for regenerative phases of the muscle
fibers [40]. Occurrence of a strong and generalized reac-
tion for desmin in parallel with features such as small
fiber sizes, presence of internal nuclei and a basophilic
cytoplasm have also previously been interpreted as
markers for possibly regenerating muscle fibers [41].
TNFR1 mRNA was observed as diffuse but localized

reactions in abnormal muscle fibers exhibiting a strong
and generalized desmin IR. Immunohistochemically,
TNFR1 was seen to be widespread in a dot-like pattern
within abnormal muscle fibers. Such an immunoreaction
pattern was never observed for TNFR2. The functional
importance of the observations could be that TNFR1 is
related to reparative/regenerative features in muscle fi-
bers in myositis areas. This implies that these muscle fi-
bers, although they are present in myositis areas,
possibly can be repaired and not become necrotic.
An interesting fact is that the muscle fibers showing a

strong and non-striated desmin IR and a TNFR1 mRNA
reaction exhibit NK-1R IR. This is not surprising as it is
known that there is an established interrelationship be-
tween TNF-alpha and substance P (SP) for which NK-1R
is the main receptor. Thus, the production of TNF-alpha
from inflammatory cells can be activated via stimulation
of SP [42] and blocking of the NK-1R leads to a marked
reduction of TNF-alpha production in the joint cavity as
seen in studies on experimental inflammation for the
temporomandibular joint [43]. Furthermore, in studies
on chronic gastritis, it has been found that an increased
SP activation can lead to an increased TNF-alpha
production [44]. Thus, it may be speculated that in a
stressful and damaging process for the muscle tissue, a
NK-1R activation occurs in parallel with an activation of
TNF-alpha in a reparative/regeneration process for the
muscle fibers.



Fig. 10 a Double staining (TNFR2/CD31) in section from specimen of 6 week experimental group; contralateral side. In the top, a blood vessel is seen
being located outside a muscle fiber, showing CD31 IR (red colour) in the internal (intima) part and TNFR2 IR (green colour) in the outer part (large
arrowhead). Arrows at nuclei located in peripheral parts of muscle fibers (marked with DAPI) in association with which TNFR2 IR is seen (appearing as
fine dot-like whitish reactions). Fine CD31 immunoreactions (red colour) (small arrowheads), representing capillaries, and in which there are no TNFR2
immunoreactions, are also seen. There is a high auto fluorescence background reaction in the cytoplasm of the muscle fiber. Orig. magnif. ×300. b-d
Figure showing double staining (IHC) for TNFR2 and the satellite cell marker Pax7. It is also labelled with DAPI. TNFR2 is not expressed in the satellite
cells (arrows); there is no co-localization (b and c) (arrows at Pax7 positive cells). TNFR2 IR is on the other hand seen in some muscle cell nuclei
(arrowheads, b and d). Sample from experimental animal; contralateral side (6 week group). Orig. magnif. ×300
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TNFR2 IR was regularly seen to be localized in outer
parts of the muscle fibers for all groups but was also
observed in the internal nuclei in the center of some
muscle fibers for experimental animals. TNFR1 IR did
not demonstrate these features. Double stainings and
Fig. 11 a, b The figures represent double staining (IHC) of a vessel,
with antibodies towards TNFR1 and CD31. The section in (b) is also
labelled with DAPI. TNFR1 is expressed in cell nuclei of the smooth
muscle (arrows) but not in the endothelium of the vessel. Sample
from experimental animal; experimental side (6 week group). Orig.
magnif. ×500. c, d. Staining with antibody against TNFR2 (green
colour) (c). d represents double staining; staining with antibodies
against TNFR2 (green colour) and CD31 (red colour). TNFR2 is seen
in the outer (smooth muscle) part of blood vessel walls in both (c)
and (d) but not in the inner (intima) parts. There is expression of
CD31 in the inner layer (d). Specimens from 6 week experimental
group, contralateral side. Orig. magnif. ×300 (c), ×500 (d)
stainings with DAPI revealed that the reactions localized
at the outer parts of the muscle fibers were related to
reactions for internal nuclei, whilst satellite cells as well
as capillaries were non-reactive. The findings of TNFR2
IR but not TNFR1 IR for the internal nuclei can be
Fig. 12 Specimens from 6 week experimental group (contralateral
side). Large part of a nerve fascicle is shown (small part of a nerve
fascicle in inset). IHC staining for TNFR1 and TNFR2. Immunoreactions
are seen for both receptors (arrows). Orig. magnif. ×300



Fig. 13 a, b Double staining (IHC) of nerve fascicle with antibodies towards TNFR1 (green colour) (a) and βIII-tubulin (merged reactions in b). There is
co-localization between TNFR1 and βIII-tubulin IR in nerve profiles in (b) (arrows). Sample from experimental group (6 week group; contralateral side).
Orig. magnif. ×500. c. Double staining for TNFR1/Schwann cell marker S-100β: Small part of a nerve fascicle is shown. There are TNFR1 reactions
(green-yellowish) in one of the Schwann cells (red) (arrowhead). Sample from experimental group (6 week group; experimental side). Orig. magnif.
×500. d, e. Double staining TNFR2/S-100β [TNFR2 reaction in green in (d), merged reactions in (e); S-100β in red)]. There is TNFR2 IR in S-100β stained
cells, i.e. Schwann cells. Arrows at the TNFR2 immunoreactive spots. Sample from 6 week group, contralateral side. Orig. magnif. ×500

Fig. 14 Parallel stainings (IHC) towards TNFR2 (a) and the NMJ
marker α-bungarotoxin (b). The figures demonstrate the presence of
TNFR2 in the NMJ. Sample from experimental animal (6 week group,
experimental side). Orig. magnif. ×300
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related to a potential function of TNF-alpha to promote
repair and proliferation of the muscle fiber population
via TNFR2.
The observations do overall indicate that TNF-alpha is

involved in the changes that occur for muscle fibers in
the case of an overuse situation. According to what is
discussed above, attempts for reparation can occur via
both TNFR1 and TNFR2. Earlier studies of our research
group on the rabbit experiment model [10] showed that
TNF-alpha mRNA is found within both necrotic/degen-
erating muscle fibers, the reactions being observable in
infiltrating white blood cells, and in presumably regener-
ating muscle fibers. This means that there are cells pro-
ducing TNF-alpha in relation to muscle fibers [8] but
that there also is a basis for TNF-alpha associated effects
for the fibers via TNFR1 and TNFR2 pathways.
It is possible that TNF-alpha derived from infiltrated

white blood cells, which are likely to be macrophages
[45], may play an important role in the development of
the myositis, as was suggested for TNF-alpha in the
myositis process that was triggered by alphavirus infec-
tion in mice [46]. Actually, late-activated macrophages
are suggested to contribute to a myositis pathology [47].
On the other hand, TNF-alpha can also influence a sim-
ultaneously developing reparation/regeneration process
via white blood cell produced TNF-alpha. According to
Tidball and Villalta [18], infiltrating macrophages can
thus play a major role in promoting growth and regener-
ation following muscle damage.



Table 2 Table showing semi quantitatively the magnitude of expressions for TNFR1 and TNFR2 immunoreactions (IR)

Animals showing normal
morphology TNF Receptor
type 1

Animals showing normal
morphology TNF Receptor
type 2

Animals expressing myositis
TNF Receptor type 1

Animals showing myositis
TNF Receptor type 2

Abnormal muscle fibers - - ++ -

Necrotic muscle fibers with
invading cells

- - - ++

Muscle nuclei - +++ - +++

White blood cells - - + +++

NMJ - +++ - +++

Nerve fascicles (+) (+) ++ ++

– (no reaction), (+) (very limited reaction, + (moderate reaction), ++ (marked reaction), +++ (very marked/regularly occurring reaction). The animals for which a
clear myositis was seen (related to most animals from groups 4 and 6 and sometimes those from group 5) and for which a normal muscle morphology occurred
(related to animals from groups 1–3 and occasional animals from group 5)
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Expressions in nerve structures
An interesting finding is the presence of the TNF recep-
tors in nerve structures. This observation was neverthe-
less very rarely made for the control and 1 week group
(group 2), but with longer experimental period or via
the proinflammatory substance injections for 1 week an-
imals (groups 3–6), the expression of receptors in nerve
structures was more clearly seen. This finding suggests
that effects on nerves gradually increase in response to
the experiment condition. While expression for TNF-
alpha and its receptors have been very seldom noted for
nerves in previous studies on various organs, expressions
for TNF-alpha, TNFR1 and TNFR2 have been previously
found in nerve trunks in relation to peripheral nerve in-
jury [48]. Furthermore, TNFR1 and TNFR2 are
expressed in numerous nociceptors in inflammation-
related pain as well [49]. It has also been demonstrated
that anti-TNF-alpha treatment has a rapid effect on the
nervous system. Via performing fMRI, Hess and col-
leagues [50] thus found that in response to this treat-
ment, rheumatoid arthritis patients experienced rapid
pain relief.
The results of double stainings showed that TNFR1 IR

was present in both axons and Schwann cells, whilst
TNFR2 was only seen in Schwann cells. These findings
are in agreement with findings of TNFR1 expression in
neurons and certain of the glia cells and TNFR2 in several
of the glia cells but not in neurons in a study on experi-
mental autoimmune encephalomyelitis [51]. Concerning
the findings of TNFR2 IR for Schwann cells it should be
noted that TNF-alpha can stimulate Schwann cell prolifer-
ation [52]. This is in accordance with the well-known fact
that signaling via TNFR2 is related to proliferation signal-
ing and neuroprotection [53, 54].
We noted that TNFR2 IR was regularly detected in the

NMJ of all groups of animals. The NMJ did not show
TNFR1 in any of the animals. Such an observation has
to the best of our knowledge never before been made.
The observation shows that TNF-alpha effects at the
NMJ are effectuated via the TNFR2. Such an interpret-
ation is in accordance with the finding that deletion of
TNFR2 impairs motor performance, as seen in study on
young and aged mice [55].

Expressions in blood vessel walls
TNFR1 IR was only sometimes seen in nuclei of the
smooth layer of the walls, while TNFR2 IR was regularly
seen in the smooth muscle layer of blood vessels, being
especially prominent in those of experimental animals.
The finding of a difference between reaction patterns for
TNFR1 and TNFR2 suggests that the two receptors can
have different functions in the blood vessels. In compari-
son, it is shown that TNFR1 and TNFR2 play different
roles in ischemia-triggered angiogenesis, as well as arter-
iogenesis [56]. TNF alpha is on the whole reported to
have an effect on the proliferation of vascular smooth
muscle cells [57].

Findings of a bilaterality
It was observed that changes in TNF receptor expres-
sions for the experimental animals not only occurred for
the experimental side but for the contralateral side as
well. That included reactions observed for the muscle fi-
bers, the nerve fascicles, the white blood cells and the fi-
broblasts. Similar findings of a bilateral effect for the
overuse model used were noted in regards to the tachy-
kinin system [32]. These findings show that there is an
obvious contralateral effect in our overuse muscle
model. Contralateral effects after unilateral experiments
have also been previously noted. Presumably the first
study to demonstrate a contralateral effect was a study
by a research group from Yale University in the end of
the nineteenth century [58]. They let one of the authors
exercise the right hand for ten days but saw a strength
increase in not only the right but also the left hand.
Since then, many investigators established that there are
positive contralateral effects of unilateral training [59].
One condition which is known to demonstrate bilateral
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effects is Achilles tendinosis. Patients diagnosed with the
condition in both legs can get bilateral pain relief after
operation on one of the tendons [60].
Bilateral effects related to the TNF alpha system have

previously been observed. In experimental studies it was
noted that sciatic and spinal nerve ligature resulted in
an increased TNFR1 in the neuronal bodies of both ipsi-
and contralateral dorsal root ganglia [61]. The neuronal
cell bodies were found to bilaterally exhibit an enhanced
immunoreaction for TNF-alpha after the sciatic nerve
transection [61]. TNF-alpha neutralization with etaner-
cept or infliximab treatment of unilateral antigen-
induced arthritis in rats significantly reduced infiltration
of macrophages into dorsal root ganglia bilaterally [62].
In experimental studies on a murine model of thermal
hyperalgesia it has been shown that unilateral injection
of TNF-alpha leads to thermal hyperalgesia in both the
inflamed and the contralateral uninjured hind paws [63].
As there was a distinct expression for both TNF recep-

tors in the nerve fascicles bilaterally in experimental ani-
mals, it is logical to ask the question whether TNF-alpha
can be involved in spreading the myositis process to the
contralateral side via the nervous system. This aspect
needs to be further investigated.

Conclusions
It has earlier been shown that musculoskeletal disorders
due to overuse in humans lead to elevated levels of inflam-
matory biomarkers, including TNF-alpha [64]. The
present study adds information via showing the expression
patterns of the TNF receptors in response to marked
muscle overuse. It is shown that there are pronounced
TNFR1 and TNFR2 immunoreactions in the soleus mus-
cles of the animals that were exposed to the overuse. This
was not the case for the controls. The findings thus sug-
gest that the overuse model leads to a marked involve-
ment of TNF-alpha in the developing myositis process.
That was not only related to an involvement in the inflam-
mation process as such but, most interestingly, expression
of the receptors was noted for both muscle fibers and
nerve fascicles. This demonstrates that in myositis both
the muscular system and the nervous system are affected
by TNF-alpha. A limitation of the study may be that ef-
fects of electrical stimulation was partly a basis for the
overuse. Nevertheless, via using the model in the way that
was done the features in the developing myositis could be
clearly followed.
Whether or not blocking of TNF-alpha effects are

worthwhile for skeletal muscle in overuse situations is
an interesting aspect which remains for the scientific
community to be further investigated. What is known is
that blockade of TNF-alpha in exercised dystrophic mdx
mice leads to a reduced histological evidence of muscle
fiber damage [4]. Interestingly, in the absence of exercise
for the dystrophic mdx mice, there was no evidence of a
reduction of muscle fiber damage [4]. It is actually sug-
gested that TNF-alpha may be a target for myositis de-
velopment [65, 66].
As is discussed above, it is possible that effects of

TNF-alpha are important in the phase of reparation/re-
generation. In our opinion, it can therefore not be ex-
cluded that TNF-alpha blocking can have negative
effects in the reparation phase after the muscle damage/
myositis. It is on the whole obvious that the experience
of anti-TNF treatments is very limited for myositis and
that more research is needed in order to clarify the ef-
fects of this type of treatment in the condition [67].

Abbreviations
ACE: Angiotensin converting enzyme; CD31: Cluster of Differentiation 31 (or
Platelet endothelial cell adhesion molecule); DAPI: 4′,6-diamidino-2-
phenylindole; DIG: Digoxigenin; FITC: Fluorescein isothiocyanate;
H&E: Hematoxylin and Eosin; IHC: Immunohistochemistry;
IR: Immunoreactions; ISH: In situ hybridization; KMnO4: Potassium
permanganate; NaCl: Sodium chloride; NF-κB: Nuclear factor kappa-light-
chain-enhancer of activated B cells; NK-1R: Neurokinin 1 receptor (same as
tachykinin receptor 1 or substance P receptor); NMJ: Neuromuscular
junctions; Pax-7: Paired box protein pax-7; PBS: Phosphate-buffered saline;
RRX: Rhodamine red-X; S-100β: S-100 calcium binding protein B;
SP: Substance P; TNF-alpha: Tumor necrosis factor alpha; TNFR1: Tumor
necrosis factor receptor type 1; TNFR2: Tumor necrosis factor receptor type 2

Acknowledgements
The authors are thankful to Mrs. Ulla Hedlund and Mrs. Anna-Karin Olofsson for
assistance in the laboratory, Dr. Clas Backman and Professor Ronny Lorentzon
for co-operation with animal experiments and Mr. Adrian Lamouroux and Ms.
Fellon Robson-Long for technical service concerning the animal model.

Funding
The Faculty of medicine, Umeå University and the Swedish National Centre
for Research in Sports (CIF) supported the study. A stipend has been given
from Margaretha, Kjell and Håkan Alfredsons Stiftelse. The funders had no
role in study design, data collection and analysis, decision to publish, or
preparation of the manuscript.

Availability of data and materials
There is no code and no biological materials to share. Raw images analyzed
during the study are available from the corresponding author L Renström
upon request.

Authors’ contributions
SF designed the study including the animal experiments. LR was responsible
for the stainings, the microscopy and figure montages and wrote the first
draft of the manuscript. SF and LR were responsible for the further writing.
YS and PS were involved in the interpretations and in the making of figure
montages. All authors have been involved in the final drafting of the
manuscript and gave final approval to it.

Ethics approval
The study protocol was approved by the local ethical committee at Umeå
University (A 34/07 and A95/07). The approval was obtained before the start
of the experiments. A licensed breeder had bred all animals for the sole
purpose of being used in animal experiments. All efforts were made to
minimalize animal suffering.

Consent for publication
Not applicable

Competing interests
The authors declare they have no competing interests.



Renström et al. BMC Musculoskeletal Disorders  (2017) 18:498 Page 16 of 17
Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in
published maps and institutional affiliations.

Author details
1Department of Integrative Medical Biology, Section of Anatomy, Umeå
University, Umeå, Sweden. 2Perelman School of Medicine & Pennsylvania
Muscle Institute, University of Pennsylvania, Philadelphia, PA, USA.

Received: 15 May 2017 Accepted: 31 October 2017

References
1. Vassalli P. The pathophysiology of tumor necrosis factors. Annu Rev

Immunol. 1992;10:411–52.
2. Munro JM, Pober JS, Cotran RS. Tumor necrosis factor and interferon-gamma

induce distinct patterns of endothelial activation and associated leukocyte
accumulation in skin of Papio Anubis. Am J Pathol. 1989;135(1):121–33.

3. Kondo M, Murakawa Y, Harashima N, Kobayashi S, Yamaguchi S, Harada M.
Roles of proinflammatory cytokines and the Fas/Fas ligand interaction in
the pathogenesis of inflammatory myopathies. Immunology. 2009;128(1
Suppl):e589–99.

4. Radley HG, Davies MJ, Grounds MD. Reduced muscle necrosis and long-
term benefits in dystrophic mdx mice after cV1q (blockade of TNF)
treatment. Neuromuscul Disord. 2008;18(3):227–38.

5. Plotz PH, Dalakas M, Leff RL, Love LA, Miller FW, Cronin ME. Current
concepts in the idiopathic inflammatory myopathies: polymyositis,
dermatomyositis, and related disorders. Ann Intern Med. 1989;111(2):143–57.

6. Tews DS, Goebel HH. Cytokine expression profile in idiopathic inflammatory
myopathies. J Neuropathol Exp Neurol. 1996;55(3):342–7.

7. De Bleecker JL, Meire VI, Declercq W, Van Aken EH. Immunolocalization of
tumor necrosis factor-alpha and its receptors in inflammatory myopathies.
Neuromuscul Disord. 1999;9(4):239–46.

8. Forsgren S, Renström L, Purdam C, Gaida JE. TNF-alpha in the Locomotor
system beyond joints: high degree of involvement in Myositis in a rabbit
model. Int J Rheumatol. 2012;2012:637452.

9. Lundberg IE. The role of cytokines, chemokines, and adhesion molecules in
the pathogenesis of idiopathic inflammatory myopathies. Curr Rheumatol
Rep. 2000;2(3):216–24.

10. Renström L, Song Y, Stål P, Forsgren S: TNF-alpha in an overuse muscle
model - relationship to muscle fiber necrosis/regeneration, the NK-1
receptor an an occurence of bilateral involvement. J Clini Cell Immunol.
2013 4(2):doi.org/10.4172/2155-9899.1000138

11. Trovato FM, Imbesi R, Conway N, Castrogiovanni P. Morphological and
functional aspects of human skeletal muscle. J Funct Morphol Kinesiol.
2016, 1(3):289-302. doi:10.3390/jfmk1030289.

12. Musumeci G, Castrogiovanni P, Coleman R, Szychlinska MA, Salvatorelli L,
Parenti R, Magro G, Imbesi R. Somitogenesis: from somite to skeletal muscle.
Acta Histochem. 2015;117(4–5):313–28.

13. Borisov AB, Dedkov EI, Carlson BM. Interrelations of myogenic response,
progressive atrophy of muscle fibers, and cell death in denervated skeletal
muscle. Anat Rec. 2001;264(2):203–18.

14. Musumeci G, Maria Trovato F, Imbesi R, Castrogiovanni P. Effects of dietary
extra-virgin olive oil on oxidative stress resulting from exhaustive exercise in rat
skeletal muscle: a morphological study. Acta Histochem. 2014;116(1):61–9.

15. Musumeci G, Imbesi R, Trovato FM, Szychlinska MA, Aiello FC, Buffa P,
Castrogiovanni P. Importance of serotonin (5-HT) and its precursor l-
tryptophan for homeostasis and function of skeletal muscle in rats. A
morphological and endocrinological study. Acta Histochem. 2015;117(3):
267–74.

16. Musumeci G. The use of vibration as physical exercise and therapy. J Funct
Morphol Kinesiol. 2017,2(2):17. doi:10.3390/jfmk2020017.

17. Kalovidouris AE, Plotkin Z. Synergistic cytotoxic effect of interferon-gamma
and tumor necrosis factor-alpha on cultured human muscle cells. J
Rheumatol. 1995;22(9):1698–703.

18. Tidball JG, Villalta SA. Regulatory interactions between muscle and the
immune system during muscle regeneration. Am J Physiol Regul Integr
Comp Physiol. 2010;298(5):R1173–87.

19. Kuru S, Inukai A, Kato T, Liang Y, Kimura S, Sobue G. Expression of tumor
necrosis factor-alpha in regenerating muscle fibers in inflammatory and
non-inflammatory myopathies. Acta Neuropathol. 2003;105(3):217–24.
20. Gesslein B, Hakansson G, Gustafsson L, Ekstrom P, Malmsjo M. Tumor
necrosis factor and its receptors in the neuroretina and retinal vasculature
after ischemia-reperfusion injury in the pig retina. Mol Vis. 2010;16:2317–27.

21. Chen X, Thibeault SL. Role of tumor necrosis factor-alpha in wound repair in
human vocal fold fibroblasts. Laryngoscope. 2010;120(9):1819–25.

22. Liu T, Clark RK, McDonnell PC, Young PR, White RF, Barone FC, Feuerstein
GZ. Tumor necrosis factor-alpha expression in ischemic neurons. Stroke.
1994;25(7):1481–8.

23. Wagner R, Myers RR. Schwann cells produce tumor necrosis factor alpha:
expression in injured and non-injured nerves. Neuroscience. 1996;73(3):625–9.

24. Sommer C, Schafers M. Painful mononeuropathy in C57BL/Wld mice
with delayed wallerian degeneration: differential effects of cytokine
production and nerve regeneration on thermal and mechanical
hypersensitivity. Brain Res. 1998;784(1–2):154–62.

25. Barker V, Middleton G, Davey F, Davies AM. TNFalpha contributes to the
death of NGF-dependent neurons during development. Nat Neurosci. 2001;
4(12):1194–8.

26. Vandenabeele P, Declercq W, Beyaert R, Fiers W. Two tumour necrosis factor
receptors: structure and function. Trends Cell Biol. 1995;5(10):392–9.

27. Morganti-Kossman MC, Lenzlinger PM, Hans V, Stahel P, Csuka E, Ammann
E, Stocker R, Trentz O, Kossmann T. Production of cytokines following brain
injury: beneficial and deleterious for the damaged tissue. Mol Psychiatry.
1997;2(2):133–6.

28. George A, Buehl A, Sommer C. Tumor necrosis factor receptor 1 and 2
proteins are differentially regulated during Wallerian degeneration of
mouse sciatic nerve. Exp Neurol. 2005;192(1):163–6.

29. Sakuma Y, Ohtori S, Miyagi M, Ishikawa T, Inoue G, Doya H, Koshi T, Ito T,
Yamashita M, Yamauchi K, et al. Up-regulation of p55 TNF alpha-receptor
in dorsal root ganglia neurons following lumbar facet joint injury in rats.
Eur Spine J. 2007;16(8):1273–8.

30. Backman C, Boquist L, Friden J, Lorentzon R, Toolanen G. Chronic achilles
paratenonitis with tendinosis: an experimental model in the rabbit. J Orthop
Res. 1990;8(4):541–7.

31. Hansson M, Forsgren S. Immunoreactive atrial and brain natriuretic peptides
are co-localized in Purkinje fibres but not in the innervation of the bovine
heart conduction system. Histochem J. 1995;27(3):222–30.

32. Song Y, Stal PS, Yu J, Forsgren S. Marked effects of Tachykinin in Myositis
both in the experimental side and Contralaterally: studies on NK-1 receptor
expressions in an animal model. ISRN Inflamm. 2013;2013:907821.

33. Lindström M. Satellite cells in human skeletal muscle: molecular
identification quantification and function. Umea: Umea University; 2009.

34. Andersson G, Forsgren S, Scott A, Gaida JE, Stjernfeldt JE, Lorentzon R,
Alfredson H, Backman C, Danielson P. Tenocyte hypercellularity and
vascular proliferation in a rabbit model of tendinopathy: contralateral
effects suggest the involvement of central neuronal mechanisms.
Br J Sports Med. 2011;45(5):399–406.

35. Song Y. Cross transfer effects after unilateral muscle overuse: an
experimental animal study about alterations in the morphology and the
tachykinin system of muscles. Umea: Umea University; 2013.

36. Danielson P, Alfredson H, Forsgren S. Situ hybridization studies
confirming recent findings of the existence of a local nonneuronal
catecholamine production in human patellar tendinosis. Microsc Res
Tech. 2007;70(10):908–11.

37. Song Y, Forsgren S, Liu JX, JG Y, Stal P. Unilateral muscle overuse causes
bilateral changes in muscle fiber composition and vascular supply. PLoS
One. 2014;9(12):e116455.

38. Song Y, Forsgren S, Yu J, Lorentzon R, Stal PS. Effects on contralateral
muscles after unilateral electrical muscle stimulation and exercise. PLoS One.
2012;7(12):e52230.

39. Barash IA, Peters D, Friden J, Lutz GJ, Lieber RL. Desmin cytoskeletal
modifications after a bout of eccentric exercise in the rat. Am J Physiol
Regul Integr Comp Physiol. 2002;283(4):R958–63.

40. Gallanti A, Prelle A, Moggio M, Ciscato P, Checcarelli N, Sciacco M, Comini A,
Scarlato G. Desmin and vimentin as markers of regeneration in muscle
diseases. Acta Neuropathol. 1992;85(1):88–92.

41. Paciello O, Wojcik S, Gradoni L, Oliva G, Trapani F, Iovane V, Politano L,
Papparella S. Syrian hamster infected with Leishmania infantum: a new
experimental model for inflammatory myopathies. Muscle Nerve. 2010;
41(3):355–61.

42. Nair MP, Schwartz SA. Substance P induces tumor necrosis factor in an
ex vivo model system. Cell Immunol. 1995;166(2):286–90.

http://dx.doi.org/10.4172/2155-9899.1000138
http://dx.doi.org/10.3390/jfmk1030289
http://dx.doi.org/10.3390/jfmk2020017


Renström et al. BMC Musculoskeletal Disorders  (2017) 18:498 Page 17 of 17
43. Denadai-Souza A, Camargo Lde L, Ribela MT, Keeble JE, Costa SK, Muscara
MN. Participation of peripheral tachykinin NK1 receptors in the carrageenan-
induced inflammation of the rat temporomandibular joint. Eur J Pain. 2009;
13(8):812–9.

44. Sipos G, Sipos P, Altdorfer K, Pongor E, Feher E. Correlation and
immunolocalization of substance P nerve fibers and activated immune cells
in human chronic gastritis. Anat Rec (Hoboken). 2008;291(9):1140–8.

45. Rinnenthal JL, Goebel HH, Preusse C, Lebenheim L, Schumann M, Moos V,
Schneider T, Heppner FL, Stenzel W. Inflammatory myopathy with abundant
macrophages (IMAM): the immunology revisted. Neuromuscul Disord. 2014;
24(2):doi:10.1016/j.nmd.2013.11.004

46. Lidbury BA, Rulli NE, Suhrbier A, Smith PN, McColl SR, Cunningham AL,
Tarkowski A, van Rooijen N, Fraser RJ, Mahalingam S. Macrophage-derived
proinflammatory factors contribute to the development of arthritis and
myositis after infection with an arthrogenic alphavirus. J Infect Dis. 2008;
197(11):1585–93.

47. Rostasy KM, Schmidt J, Bahn E, Pfander T, Piepkorn M, Wilichowski E, Schulz-
Schaeffer J. Distinct inflammatory properties of late-activated macrophages
in inflammatory myopathies. Acta Myol. 2008;27:49–53.

48. Shubayev VI, Myers RR. Axonal transport of TNF-alpha in painful neuropathy:
distribution of ligand tracer and TNF receptors. J Neuroimmunol. 2001;
114(1–2):48–56.

49. Schaible HG. The role of TNF-alpha as pain mediator. Z Rheumatol. 2010;
69(3):237–9.

50. Hess A, Axmann R, Rech J, Finzel S, Heindl C, Kreitz S, Sergeeva M, Saake M,
Garcia M, Kollias G, et al. Blockade of TNF-alpha rapidly inhibits pain
responses in the central nervous system. Proc Natl Acad Sci U S A. 2011;
108(9):3731–6.

51. Brambilla R, Ashbaugh JJ, Magliozzi R, Dellarole A, Karmally S, Szymkowski
DE, Bethea JR. Inhibition of soluble tumour necrosis factor is therapeutic in
experimental autoimmune encephalomyelitis and promotes axon
preservation and remyelination. Brain. 2011;134(Pt 9):2736–54.

52. Mosnier JF, Jarry A, Camdessanche JP, Antoine JC, Laboisse CL. Situ
evidence of involvement of Schwann cells in ulcerative colitis: autocrine
and paracrine signaling by a disintegrin and metalloprotease-17-mediated
tumor necrosis factor alpha production. Hum Pathol. 2009;40(8):1159–67.

53. Probert L. TNF and its receptors in the CNS: the essential, the desirable and
the deleterious effects. Neuroscience. 2015;302:2–22.

54. Dong Y, Fischer R, Naude PJ, Maier O, Nyakas C, Duffey M, Van der Zee EA,
Dekens D, Douwenga W, Herrmann A, et al. Essential protective role of
tumor necrosis factor receptor 2 in neurodegeneration. Proc Natl Acad Sci
U S A. 2016;113(43):12304–9.

55. Naude PJ, Dobos N, Van der Meer D, Mulder C, Pawironadi KG, den Boer JA,
Van der Zee EA, Luiten PG, Eisel UL. Analysis of cognition, motor
performance and anxiety in young and aged tumor necrosis factor alpha
receptor 1 and 2 deficient mice. Behav Brain Res. 2014;258:43–51.

56. Luo D, Luo Y, He Y, Zhang H, Zhang R, Li X, Dobrucki WL, Sinusas AJ, Sessa
WC, Min W. Differential functions of tumor necrosis factor receptor 1 and 2
signaling in ischemia-mediated arteriogenesis and angiogenesis. Am J
Pathol. 2006;169(5):1886–98.

57. Qi L, Zhi J, Zhang T, Cao X, Sun L, Xu Y, Li X. Inhibition of microRNA-25 by
tumor necrosis factor alpha is critical in the modulation of vascular smooth
muscle cell proliferation. Mol Med Rep. 2015;11(6):4353–8.

58. Scripture EW, Smith TL, Brown EM. On the education of muscular control
and power. Stud Yale Psychol Lab. 1894;2:114–9.

59. Carroll TJ, Herbert RD, Munn J, Lee M, Gandevia SC. Contralateral effects of
unilateral strength training: evidence and possible mechanisms. J Appl
Physiol (1985). 2006;101(5):1514–22.

60. Alfredson H, Spang C, Forsgren S. Unilateral surgical treatment for patients
with midportion Achilles tendinopathy may result in bilateral recovery. Br J
Sports Med. 2014;48(19):1421–4.

61. Dubovy P, Jancalek R, Klusakova I, Svizenska I, Pejchalova K. Intra- and
extraneuronal changes of immunofluorescence staining for TNF-alpha and
TNFR1 in the dorsal root ganglia of rat peripheral neuropathic pain models.
Cell Mol Neurobiol. 2006;26(7–8):1205–17.

62. Segond von Banchet G, Boettger MK, Fischer N, Gajda M, Brauer R, Schaible
HG. Experimental arthritis causes tumor necrosis factor-alpha-dependent
infiltration of macrophages into rat dorsal root ganglia which correlates
with pain-related behavior. Pain. 2009;145(1–2):151–9.

63. Russell FA, Fernandes ES, Courade JP, Keeble JE, Brain SD. Tumour necrosis
factor alpha mediates transient receptor potential vanilloid 1-dependent
bilateral thermal hyperalgesia with distinct peripheral roles of interleukin-
1beta, protein kinase C and cyclooxygenase-2 signalling. Pain. 2009;142(3):
264–74.

64. Carp SJ, Barbe MF, Winter KA, Amin M, Barr AE. Inflammatory biomarkers
increase with severity of upper-extremity overuse disorders. Clin Sci (Lond).
2007;112(5):305–14.

65. Chevrel G, Granet C, Miossec P. Contribution of tumour necrosis factor
alpha and interleukin (IL) 1beta to IL6 production, NF-kappaB nuclear
translocation, and class I MHC expression in muscle cells: in vitro regulation
with specific cytokine inhibitors. Ann Rheum Dis. 2005;64(9):1257–62.

66. Baer AN. Advances in the therapy of idiopathic inflammatory myopathies.
Curr Opin Rheumatol. 2006;18(3):236–41.

67. Mastaglia FL. Inflammatory muscle diseases. Neurol India. 2008;56(3):263–70.
•  We accept pre-submission inquiries 

•  Our selector tool helps you to find the most relevant journal

•  We provide round the clock customer support 

•  Convenient online submission

•  Thorough peer review

•  Inclusion in PubMed and all major indexing services 

•  Maximum visibility for your research

Submit your manuscript at
www.biomedcentral.com/submit

Submit your next manuscript to BioMed Central 
and we will help you at every step:

http://dx.doi.org/10.1016/j.nmd.2013.11.004

	Abstract
	Background
	Methods
	Results
	Conclusions

	Background
	Methods
	Animals and experimental procedures
	Sectioning and staining
	Single immunostainings
	Double immunostaining
	TNFR1 mRNA in relation to desmin/NK-1R


	Results
	Morphology
	In situ hybridization – TNFR1
	TNFR1 mRNA in relation to desmin and NK-1R
	Immunohistochemistry – TNFR1 and TNFR2
	Fibroblasts
	White blood cells
	Muscle fibers
	Blood vessel walls
	Nerve fascicles
	Neuromuscular junctions (NMJ)
	Quantifications


	Discussion
	Expressions in muscle fibers
	Expressions in nerve structures
	Expressions in blood vessel walls
	Findings of a bilaterality

	Conclusions
	Abbreviations
	Funding
	Availability of data and materials
	Authors’ contributions
	Ethics approval
	Consent for publication
	Competing interests
	Publisher’s Note
	Author details
	References

