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Abstract

TNF-alpha is known to be involved in muscle damage and inflammation (myositis). The relationships between
the TNF-alpha system and muscle fiber necrosis/regeneration and the tachykinin system in this situation are
unclear. We have an experimental rabbit model related to unilateral muscle overuse which leads to marked muscle
derangement and myositis bilaterally. Using this model, staining for TNF-alpha, in parallel with staining for the
substance P-preferred receptor (NK-1R) and desmin were performed. Desmin staining was used as a reference
concerning identification of degeneration/regeneration and the soleus muscle was the muscle examined. It was
observed that the inflammatory cells, as well as blood vessel walls in the myositis areas, expressed TNF-alpha
mRNA. Muscle fibers that were interpreted to represent necrotic fibers expressed TNF-alpha mRNA reactions and
showed NK-1R immunoreactions, the reactions being confined to white blood cells that had infiltrated into the fibers.
Muscle fibers that were interpreted to be in a regenerative state expressed patchy/widespread TNF-alpha mRNA
and point like NK-1R immunoreactions. Abnormal muscle fibers thus showed TNF-alpha mRNA as well as NK-1R
immunoreactions. Normal muscle fibers never showed these reactions. Occurrence of inflammatory cell and muscle
fiber TNF-alpha mRNA reactions was equally marked in the myositis areas of the contralateral side as in these
areas of the ipsilateral experimental side. The observations show that the TNF-alpha system is much involved
in the processes that occur in the muscle derangement/myositis processes. The involvement relates to effects in
processes of both regeneration and muscle fiber necrosis. It may be that substance P via activation through the
NK-1R influences the TNF-alpha expression. The findings of TNF-alpha upregulation also for the contralateral side
show that the TNF-alpha system is involved both ipsi and contralaterally during the development of myosits/muscle
affection in response to unilateral overuse.

TNF-alpha is overexpressed in skeletal muscle in dystrophic mdx
mice and blockade of TNF-alpha reduced the adverse responses to
exercise-induced muscle damage seen in studies on these mice [17-
20]. TNF-alpha is considered to be involved in the immune responses
that occur after musculoskeletal trauma [21]. In our recent studies
referred to above, TNF-alpha expression was detected at both protein
and mRNA levels in inflammatory cells in the myositis process [4]. As
seen in double-stainings, the TNF-alpha-expressing cells in myositis
tissue were CD68 immunoreactive, i.e. corresponded to macrophages
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Introduction

TNF-alpha is a pro-inflammatory cytokine that drives the
activation and recruitment of inflammatory cells, that maintains the
inflammatory response and that is at the apex of the cascade leading
to the production of various inflammatory mediators [1]. TNF-alpha
is a therapeutic target for rheumatoid arthritis (RA) and several other

autoimmune diseases [2].

One troublesome inflammatory condition is pronounced muscle
inflammation (myositis). Via an established animal (rabbit) model for
muscle overuse, we have recently observed that pronounced muscle
derangement including a marked myositis develops in response to a
combination of heavy exercise/electrical stimulation and injections
of substances having pro-inflammatory effects [3,4]. The substances
having these effects were delivered in the loose peritendinous tissue
related to the tendon of the muscle in question (m. triceps surae).
Previously, a marked myositis has been found to develop in muscle
tissue for patients with inflammatory myopathies [5,6]. Experimentally,
myositis is found to develop in response to crush-injury [7]. Damage of
the muscle tissue can also occur in response to very marked overuse of
skeletal muscle, i.e. in non-autoimmune conditions [8,9].

It has been previously suggested that an occurrence of a marked
inflammatory response involving TNF-alpha can be of significance
for the myositis processes that occur in the inflammatory myopathies
[10,11]. It is also proposed that TNF-alpha can be directly responsible
for damaging muscle fibres in these myopathies [12]. There is on the
whole considerable evidence showing that TNF-alpha is produced in
the skeletal muscle in inflammatory myopathies [6,12-16].

[4]. There were also TNF-alpha mRNA reactions in some of the muscle
fibers of myositis areas. The importance of the TNF-alpha expression in
this condition is, however, unclear. TNF-alpha is overall suggested to
be involved not only in damaging events for skeletal muscle but also in
the recovery of muscle function after traumatic muscle injury [22,23].

We have noted that marked overuse of the triceps surae muscle in
rabbits not given injections of proinflammatory substances, also leads
to affected muscles and myositis [24]. This fact was most obviously
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seen when prolonging the experimental period (up to 6 weeks). This
shows that myositis develops in our model without the requirement
of pro-inflammatory injections. Interestingly, we noted that muscle
derangement including myositis not only developed in the muscle on
the experimental side but also in the muscle on the contralateral non-
experimental side, suggesting effects via the nervous system [24]. We
have also observed that there is a marked upregulation of the tachykinin
system in this myositis process, including presence of the substance
P (SP)-preferred receptor, the NK-1 receptor, both in degenerating
and regenerating muscle fibers [25]. This can be of relevance when
understanding the importance of the TNF-alpha system in this process.
It is thus well-known that there are marked interrelationships between
the TNF-alpha and tachykinin systems. For example, it has been shown
that activation of mast cells and keratinocytes by SP leads to production
of TNF-alpha [26], that tachykinins enhance the expression of TNF-
alpha mRNA expression in monocytes isolated from RA patients [27],
and that NK-1 receptor antagonists protect from TNF-alpha-mediated
liver damage in mice [28]. It has also been shown that treatment with
NK-1 receptor blocker substantially reduces the production of TNEF-
alpha into the temporomandibular joint cavity in experimentally
induced inflammation for rats [29].

Based on what is described above it is evident that TNF-alpha is
of importance in inflammatory myopathies and in the muscle for mdx
mice. Itis unclear what the effects of TNF-alpha are in non-autoimmune
situations when there is marked muscle derangement and myositis,
i.e. if TNF-alpha has effects during the processes of both muscle fiber
necrosis and regeneration. Furthermore, there is no information as to
whether there is a relationship between the TNF-alpha system and the
tachykinin system in these situations. There is also no information on
the possibility that TNF-alpha is involved in bilateral processes within
muscle in response to overuse of muscle on only one side. In our
previous study on soleus muscle using the overuse rabbit model (4),
it was not studied as to whether there were correlations between the
TNF-alpha expression pattern and features of degeneration/necrosis
and regeneration and the tachykinin system and if there was a bilateral
involvement of TNF-alpha in response to unilateral overuse.

In studies exploring the importance of TNF-alpha in the processes
of degeneration/regeneration in muscle derangement and myositis we
have here taken advantage of the fact that our overuse model leads to
a marked muscle derangement including myositis and the fact that the
tachykinin system is upregulated in this process. The overuse model
for which no injection treatments were given was used. One muscle
part of the triceps surae, the soleus muscle, was examined after 1,3 or
6 weeks of experiment (exercise/electrical stimulation) via the use of
immunohistochemistry and in situ hybridization for the demonstration
of TNF-alpha. In parallel, stainings for the SP-preferred receptor, the
NK-1 receptor, were made. Furthermore, stainings for desmin, which
can give information on degenerating/regenerating features, were
applied. The soleus of both the experimental and contralateral sides was
evaluated. The aim was to evaluate if the TNF-alpha system is involved
bilaterally in the muscle derangement/myositis process, if there is a
relationship between the TNF-alpha and tachykinin systems and to
what extent TNF-alpha expression is related to muscle fiber necrosis
and/or regeneration.

Materials and Methods
Animals

A total of 24 New Zeeland adult white female rabbits were used.
The animals had an average weight of 4 kg and ranged in age from 6 to

9 months. They were divided into four groups consisting of six animals
in each group. The animals of three of the groups were exposed to an
experiment exercise procedure on their right leg, as described below.
The animals of the fourth group served as controls and did not undergo
any experiment at all (control animals).

Experimental procedures

The animals were exposed to an exercise procedure designed to
lead to marked overuse of the triceps surae muscle and the associated
tendon (the Achilles tendon). The procedure is performed according
to previously described procedures [30], with some modifications
[31]. All animals were anaesthetized during the exercise procedure,
by means of an intramuscular injection of fentanyl-fluanisone (0.2-
0.3 ml/kg) and diazepam (0.2 ml/kg; 5 mg/ml), followed by additional
injections of fentanyl fluanison (0.1 ml/kg) every 30-45 min during the
experimental procedure in order to maintain anaesthesia. For analgesia,
buprenorphine (0.01-0.05 mg/kg) was given s.c. after each experiment
session. The experiment lasted for 2 hours and was repeated every
second day for 1, 3 or 6 weeks.

Design of the used apparatus

An apparatus (“kicking machine”), originally designed by
Backman and collaborators for tendon studies [30] was used. This
model has with some modifications been used for the induction of
muscle affection including myositis [4,24,25] and for recent studies on
the development of changes in the corresponding tendon, the Achilles
tendon (tendinosis) [31]. The apparatus is constructed to generate
passive flexion and extension of the ankle joint in one of the legs (the
right leg). A pneumatic piston attached to the right foot produced
the movements. During the plantar flexion, an active contraction was
furthermore induced by electrical stimulation via surface electrodes
(Pediatric electrode 40 426A, Hewlett Packard, Andover, MA, USA)
placed 2 cm apart over the triceps surae muscle of the right leg. The
optimal setting of movement has been found to be 9.5 cm, which
gives a total range of motion of 55-65° for the ankle. A microswitch
synchronized the stimulation unit (Disa stimulator Type 14E 10, Disa
Elektronik A/S, Herlev, Denmark) with the plantar flexion movement
of the piston. A single impulse with a duration of 0.2 ms was delivered
85 ms after the initiation of the plantarflexion at an amplitude of
35-50 V. The intensity was individually tested out to give powerful
muscle contractions. The movement frequency was 150 movements
per minute, i.e. 2.5 Hz. The left leg was not attached to the piston. The
pelvis was strapped down and there were no ankle movements on the
left side. In between the experiment periods, the rabbits were kept in
ordinary cages, which allowed them freedom of movement. It was not
obvious that they hereby showed amended movements or changed
behaviours.

Sampling of specimens and sectioning

One day after the last exercise, the rabbits were sacrificed via an
overdose of sodium pentobarbital and the entire triceps surae muscle
with attached Achilles tendon was dissected out. Samples conforming
to the soleus muscle part (5x8-10 mm) from both right and left sides
were dissected out and fixed by immersion overnight at 4°C in an
ice-cold solution of 4% formaldehyde in 0.1M phosphate buffer (pH
7.0). The samples were thereafter thoroughly washed in Tyrode’s
solution containing 10% sucrose at 4°C overnight and mounted on
thin cardboard in OCT embedding medium (Miles Laboratories,
Naperville, Ill.). The samples were then frozen in propane chilled with
liquid nitrogen, and stored at -80°C. Series of 7-8 um thick sections

J Clin Cell Immunol
ISSN:2155-9899 JCCI, an open access journal

Volume 4 + Issue 2 + 1000138



Citation: Renstrom L, Song Y, Stal PS, Forsgren S (2013) TNF-alpha in an Overuse Muscle Model-Relationship to Muscle Fiber Necrosis/
Regeneration, the NK-1 Receptor and an Occurrence of Bilateral Involvement. J Clin Cell Immunol 4: 138. doi:10.4172/2155-9899.1000138

Page 3 of 10

were cut using a cryostat. The sections were mounted on slides
precoated with chrome-alum gelatine and were then processed for
immunohistochemistry. Other sections were processed for morphology
or in situ hybridization.

Staining for demonstration of morphology (haematoxylin-
eosin; H & E)

From all specimens, one section from the series of sections was
stained in Harris Haematoxylin solution for 2 min. These sections
were then rinsed in distilled water, dipped in 0.1% acetic acid for a
few seconds, and then washed in running water. For counterstaining,
immersion in eosin for 1 min was performed. The sections were finally
dehydrated in ethanol and mounted in Permount.

Immunohistochemistry

TNF-alpha immunostaining: Sections of all specimens were
processed for TNF-alpha immunohistochemistry. The sections were
for this purpose initially pretreated with acid potassium for 2 min, a
procedure used by the group to enhance specific immunofluorescence
reactions [32]. Incubation for 20 min in a 1% solution of Triton X-100
(Kebo lab, Stockholm) in 0.01 M phosphate buffer saline (PBS), pH
7.2, containing 0.1% sodium azide as preservative, and three 5 min
washes in PBS, then followed. Thereafter, the sections were incubated
for 15 min in 5% normal donkey serum (code no: 017-000-121, Jackson
ImmunoResearch Lab. Inc.) in PBS. Then, incubation with the primary
TNF-alpha antibody, diluted in PBS (pH 7.4), was performed in a
humid environment for 60 min at 37°C, after which washes in PBS
5 minx3 followed and another 15 min incubation in normal donkey
serum. Next, the sections were incubated with either of these donkey
antigoat IgGs for 30 min at 37°C: FITC-conjugated AffiniPure donkey
antigoat IgG (705-095-147; Jackson ImmunoResearch Lab Inc, dilution
1:100) or Alexa FluorO 568 donkey anti-goat (Invitrogen, dilution
1:300). The sections were thereafter washed in PBS and then mounted
in Vectashield Mounting Medium (H-1000) (Vector Laboratories,
Burlingame, CA, USA). Examination was carried out in a Zeiss
Axioscope 2 plus microscope equipped with epifluorescence optics and
an Olympus DP70 digital camera.

Double-staining NK-1R/desmin: It was found to be of great interest
to evaluate the reaction pattern of TNF-alpha mRNA in relation to that
of NK-1 R and desmin immunostainings. Double-staining NK-1R/
desmin was therefore performed on parallel sections to those processed
for TNF-alpha mRNA. Concerning staining for the NK-1R antibody,
the procedures conformed to the procedures described above. That
included the use of FITC-conjugated AffiniPure donkey anti-goat IgG
(705-095-147) and rinsing in PBS 4x2.5 min, and as normal serum, 5%
normal donkey serum in PBS was used. After the procedure for NK-1R
immunolabelling was finished, the sections were rinsed in PBS 4x2.5
min, and incubated in 5% normal rabbit serum in PBS with BSA for 15
min. After that, the sections were incubated with the desmin antibody,
diluted in PBS with BSA, in a humid environment. Incubation was
performed for 60 min at 37°C. After incubation with this antiserum
and 4x2.5 min washes in PBS, a new incubation in normal rabbit serum
followed, after which the sections were incubated in rabbit anti-mouse
immunolobulins/TRITC (R0276) (Dako, Denmark). The secondary
antibody was used at a dilution of 1:40, and the incubation with this
proceeded for 30 min at 37°C. The sections were thereafter washed in
PBS for 4x2.5 min and were then mounted in Vectashield Mounting
Medium (H-1000) or Mounting Medium with DAPI (H-1500) (Vector
Laboratories, Burlingame, USA) in order to identify nuclei.

Antibodies and control stainings

An antibody against TNF-alpha produced in goats was used (AF-
210-NA; R and D Systems) at a dilution of 1:50. It is by the suppliers
described that this antibody is directed against E. coli-derived
recombinant human TNF-alpha, the TNF-alpha specific IgG being
purified by human TNF-alpha affinity chromatography. It is described
to be specific via having the ability to neutralize the biological activity
of recombinant human TNF-alpha. It is nevertheless shown that the
TNF-alpha amino acid sequence homology between species is highly
conserved and that TNF-alpha DNA sequence comparison shows an
overall high sequence homology between various species (including
rabbit) [33]. As control staining, preabsorption of the primary
antibody with TNF-alpha antigen (T6674; Sigma; 20 pg/ml antiserum)
was performed.

An antibody against NK-1R was furthermore used. It is produced
in goats (sc-5220, Santa Cruz). It is an affinity purified polyclonal
antibody raised against a peptide mapping within an internal region of
NK-1R of human origin. It was regularly used at a dilution of 1:50-1:100
in 0.1% in PBS. Control stainings concerning this antibody included
the use of NK-1R blocking substance (sc-5220P) (50 pg/ml antiserum).

Anantibody against desmin was also used. It is a mouse monoclonal
antibody (Ab D33, Dako, Denmark). It is by the supplier reported to
be specific for desmin and to not show reactivity with other types of
intermediate filaments. It was used at a dilution of 1:100 in PBS/BSA.
This antibody has been evaluated in previous studies [24].

Control stainings regularly included stainings when the respective
primary antibody was omitted.

In situ hybridization (ISH)

A digoxigenin (DIG)-hyperlabeled oligonucleotide probe (ss-
DNA) for detection of TNF-alpha mRNA was used. The procedures
were performed according an established protocol [34], using an al-
kaline phosphatase-labeled anti-DIG antibody (GeneDetect) for
detection [4,35,36]. The anti-sense sequence of the probe used was
CGGCGAAGCGGCTGACAGTGTGAGTGAGGAGCACGTAG-
GAGCGGCAGC. The probe for TNF-alpha mRNA was used at 50 ng
in 15 pl of hybridization solution.

The specimens used for ISH staining were from the 1week group
(2 samples; one from exercised side, one from contralateral side),
the 3 week group (2 samples; one from each side) and the 6 week
group (2 samples; one from each side) and 3 samples from muscles
of non-exercised animals. The samples were chosen in order to depict
representative features for abnormal/normal muscle.

The tissue specimens were cut into 10 um thick fresh cryosections
using a cryostat (with a knife washed in 70% EtOH in DEPC-H20)
and mounted onto Super Frost Plus slides (nr.041300, Menzel Gléser,
Braunschweig, Germany). The protocol that thereafter followed was
that previously used in our laboratory for detection of mRNA for other
substances [4,35-37].

An alkaline phosphatase (AP)-labelled anti-DIG antibody (Roche,
Germany, 11 093 274 910) was used for detection. The sections were
finally mounted in Pertex mounting medium. The corresponding sense
DIG-hyperlabeled ssDNA probe was used as a negative control. As a
positive control probe, a -actin antisense probe (GD5000-OP) was
used, comparisons being made with sense 3-actin probe (GeneDetect,
New Zealand).
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Ethics

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

Results

Morphologic appearance

The structure of the muscle tissue was markedly changed in
response to the experiment (Figure 1). That was especially the case
in the 6w group, but was also to some extent seen in the 1 and 3w
groups. The changes were seen for both the experimental and non-
experimental (contralateral) sides and were noticeable for certain
parts of the specimens (“myositis areas”). Other parts of the specimens
showed in principle a normal morphology. The morphologic changes
corresponded to an increase in loose connective tissue and muscle fiber
alterations such as variations in fiber sizes and existence of frequent
internal nuclei. There were also inflammatory infiltrates; white blood
cells that were dispersed in the connective tissue areas. Marked muscle
fiber alterations in the form of a massive infiltration of cells into the
fibers were also seen (Figure 1c). The cells in these conformed to
white blood cells, and have in a recent study been found to especially
correspond to macrophages but also to some extent to eosinophils [24].
These fibers are further on referred to as necrotic muscle fibers. All
these observations conform to observations made in parallel studies on
soleus muscle specimens from the animals here analyzed [24].

TNF-alpha mRNA reaction in muscle of experimental
animals

Via in situ hybridization, it was observed that the white blood cells
of the inflammatory infiltrates frequently displayed TNF-alpha mRNA
reactions. That was the case for the experimental (Figure 2a) as well as
the contralateral (Figure 5) sides of the experimental animals. There
were thus marked reactions for the cells after processing with antisense
probe (Figure 2a) but not sense probe (Figure 2b).

There were also TNF-alpha mRNA reactions in blood vessel walls
(Figures 3-5). That included the situation for the walls of veins (Figures

Figure 1: Sections of specimens stained with H&E. The specimens were
from the experimental (a) and non-experimental (contralateral) (b,c) sides
of the 6w group. It is shown that pronounced morphological changes had
occurred. Marked presence of loose connective tissue and presence
of inflammatory infiltrates (above, a, and above and to the right, b) and
occurrence of a variability in muscle fiber sizes are thus seen. Presence
of a morphologically abnormal muscle fiber (necrotic muscle fiber), being
completely infiltrated by cells, is shown in (c) (middle part). Bars= 25 pm.

Figure 2: Sections of specimen processed for demonstration of TNF-alpha
mRNA via in situ hybridization. Stainings with antisense (a) and sense (b)
probes. The specimen was from the 6w group, experimental side. The regions
shown in (a) and (b) are from corresponding areas. There are TNF-alpha
mRNA reactions in white blood cells of an inflammatory infiltrate (arrows, a).
There are no reactions in the sense control section (b). Bar=25 pm.

Figure 3: Section of specimen from the 6w group, experimental side, stained
for demonstration of TNF-alpha mRNA; antisense probe. There are TNF-alpha
mRNA reactions in walls of veins (arrows). Bar=25 ym.

Figure 4: Sections of specimen stained for in situ hybridization (TNF-alpha
mRNA); stainings with antisense (a) and sense (b) probes. The specimen
was from the 3w group, experimental side. TNF-alpha mRNA reactions are
observable in the endothelial part of a large vein. Arrows point at the occurrence
of reactive (a) and non-reactive (b) endothelium of the large vein. Bar=25 ym.

3 and 4) and small arterioles (Figure 5) and was noticeable for the
experimental (Figures 3, 4a) as well as the contralateral (Figure 5) sides.
The blood vessel wall reactions were restricted to blood vessels located
in areas of the specimens showing morphologic affection, i.e. the
myositis areas. Weak TNF-alpha mRNA reactions could be observed
in fibroblasts (not illustrated).

Necrotic muscle fibers, i.e. fibers being completely infiltrated by
white blood cells (c.f. above), exhibited TNF-alpha mRNA reactions:
The reactions were seen for the infiltrated white blood cells (Figure 6).
TNF-alpha mRNA reactions were also seen for certain other muscle
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Figure 5: Section of specimen from the 6w group, contralateral side, stained
for in situ hybridization (TNF-alpha mRNA); staining with antisense probe.
TNF-alpha mRNA reactions are observable in cells of an inflammatory infiltrate
(arrows), and in the wall of an arteriole (inset) (asterisks). Bar=25 pm.

| M1 b C R d . i - M el
Figure 6: Sections from a series of sections of a specimen from the 6w group,
experimental side. The sections were stained with H&E (a), for demonstration
of desmin (including DAPI reaction) (b), NK-1R immunolabelling (c) and for
demonstration of TNF-alpha mRNA (in situ hybridization) (antisense staining in
d, sense staining in e). Asterisks mark a previously existing (necrotic) muscle
fiber, in the area of which there is an accumulation of white blood cells [arrows
in (a) point at debris material of the fiber]. There is no desmin immunoreaction
within the fiber, whilst there are desmin reactions in the most peripheral
cells arrowheads, which based on their strong desmin immunoreaction and

occurrence of large nuclei are interpreted to be very small regenerating muscle
fibers. There are cellular NK-1R immunoreactions in the necrotic muscle fiber
(arrows). Artefact at curved arrow. Infiltrated cells do show TNF-alpha mRNA
reactions (arrows in d). M1 and M2=corresponding muscle fibers. Bar=25 pm.

i ]
, : é ¥

Figure 7: Sections processed for in situ hybridization. The specimen was from
the 1w group, experimental side. The sections were processed with TNF-alpha
antisense (a) and sense (b) probes. There are TNF-alpha mRNA reactions in
muscle fibers (asterisks). The reactions occur in the form of patchy/widespread
reactions (a). Arrows point at nuclei.

J

fibers. The reactions occurred in this case in the form of patchy and
widespread reactions within the fibers (Figures 7 and 8). These muscle
fibers exhibited frequently several internal nuclei (Figures 7-9). The
fibers were frequently seen as grouped fiber profiles in the tissue (c.f.
Figure 8) and are further described below. In the muscle fibers showing
these patchy/widespread TNF-alpha mRNA reactions, cellular TNF-
alpha reactions of the type seen in necrotic muscle fibers (c.f. Figure 6)
were not detected.

The muscle fibers showing patchy or widespread TNEF-alpha
mRNA reactions as well as the necrotic muscle fibers were located to
myositis areas of both sides of the experimental animals.

TNF-alpha mRNA reactions in normal muscle

Except for the occurrence of weak reactions for fibroblasts, TNF-
alpha mRNA reactions were not noticed for any structure in the
specimens of the non-experimental animals, i.e. the control animals.
The situation was the same for normally appearing muscle tissue of
the experimental animals. TNF-alpha mRNA reactions were thus never
noticed for normal muscle fibers nor for blood vessel walls in normally-
appearing muscle tissue. TNF-alpha mRNA reactions were not detected in
nerve fascicles of control animals, nor in those of the experimental animals.

TNF-alpha in situ hybridization in relation to desmin and
NK-1R immunohistochemistry

It was found relevant to further clarify the characteristics of the
muscle fibers showing TNF-alpha mRNA reactions. The reaction
patterns for muscle fibers processed for TNF-alpha mRNA using in
situ hybridization were thus compared with immunoreactions for
desmin. The use of sections processed for in situ hybridization and
not for immunohistochemistry concerning TNF-alpha was related
to the fact that specific TNF-alpha reactions were seen in the former
sections but not in the latter (c.f. below). Desmin immunolabelling was
performed as the pattern of desmin immunoreaction depicts features
for degenerating/regenerating muscle fibers [38,39].

It was also considered to be of importance to clarify if there
were relationships between the TNF-alpha mRNA and NK-1R
immunoexpression patterns. It is thus known that SP regulates TNF-
alpha transcription and release via activation of NK-1 receptors
[26,40,41]. There are also other data which show that NK-1 receptors
mediate the production of TNF-alpha [42].

It was found that the muscle fibers exhibiting patchy or widespread
TNF-alpha mRNA reactions to a large extent exhibited a clearly
stronger desmin immunoreaction than what was normally seen
(Figures 9 and 10). That was the fact for entire muscle fibers or parts
of muscle fibers. The characteristic striated desmin immunoreaction
pattern normally seen for muscle fibers was not evident in the fibers/
fiber regions showing this strong desmin immunoreaction (Figures
9 and 10). Clumps of internal nuclei could be present in TNF-alpha
mRNA expressing/strongly desmin immunoreactive muscle fibers
(Figure 10a).

Figure 8: Parallel sections in a series of sections processed with TNF-alpha
antisense probe (a) and stained with H&E (b). The specimen was from the
6w group, contralateral side. There are patchy/widespread TNF-alpha mRNA
reactions in muscle fibers (asterisk). There is a presence of internal nuclei in

these muscle fibers (arrows b). Bar=50 pm.
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Figure 9: Parallel sections processed for TNF-alpha mRNA (antisense staining in a, sense staining in b) and desmin immunoreaction (c) (DAPI in mounting
medium). The specimen was from the 6w group, experimental side. One of the muscle fibers (asterisk) shows a very strong non-striated desmin immunoreaction.
There are intracellular nuclei (arrows, c) and patchy TNF-alpha mRNA reactions in this muscle fiber. There are also TNF-alpha mRNA reactions in cells located
just outside this muscle fiber (arrowheads). There are no reactions in the sense control section (b). M=corresponding muscle fiber. Bar=25 ym.

C

Figure 10: Specimen of soleus muscle, experimental side, 6w group. Parallel
sections processed for desmin (a,c) and NK-1R (b,d) immunolabellings.
Myositis area in (a,b) and normally appearing muscle area in (c,d). Muscle
fibers in (a) show a strong and non-striated desmin immunoreaction pattern,
whilst the muscle fibers in (c) show the characteristic desmin striated pattern.
Point-like NK-1 R immunoreactions are detected in the fibers in (b) (arrows) but
notin those in (d). In the inset in (a), the corresponding muscle fibers in a parallel
section processed for TNF-alpha mRNA are shown in low magnification. There
are patchy mRNA reactions (arrows). Asterisks at corresponding locations in
(a-c). Bars=25 um.

In previously existing muscle fibers (necrotic muscle fibers) and in
which places there was an accumulation of white blood cells expressing
TNF-alpha mRNA and only debris of muscle fiber material (c.f. above,
Figures 6a and 6d) there was no desmin immunoreaction (Figure 6b).
However, there was desmin immunoreaction in cellular structures in
their peripheries and which we consider represent small regenerating
muscle fibers (Figure 6b).

NK-1R immunoreactions were observed for both types of
morphologically abnormal muscle fibers described above. NK-1R
immunoreactions were thus detected within the necrotic muscle fibers,
parts of the cells in these muscle fibers being NK-1R immunoreactive
(Figure 6c). Furthermore, point like NK-1R immunoreactions were

Figure 11: Sections of muscle specimens from the experimental (a) and
contralateral (b) sides. The animals were from the 6w (a) and 3w (b) groups).
There is TNF-alpha immunoreaction in cells of inflammatory infiltrates (arrows).
Bar=25 pm.

detected in muscle fibers partly or entirely showing a strong desmin
immunoreaction and patchy or widespread TNF-alpha mRNA
reactions (Figure 10b). NK-1R immunoreactions were never detected
in normally appearing muscle fibers (Figure 10d).

TNF-alpha immunohistochemistry

TNF-alpha immunoreaction was clearly detected in white blood
cells that were dispersed in the tissue in myositis areas. That was the
case for the experimental (Figure 1la) as well as the contralateral
(Figure 11b) sides. There were very weak TNF-alpha immunoreactions
in fibroblasts and a non-existence of TNF-alpha immunoreactions for
the blood vessel walls and the nerve fascicles (not illustrated). There
was also no clear TNF-alpha immunoreactions in the morphologically
abnormal muscle fibers.

Discussion

Summary of the findings

The occurrence of marked muscle derangement including myositis
after an experimental length of up to 6 weeks of overuse, the experiment
being performed for 2h every second day, makes our model useful in
clarifying the relationships between TNF-alpha and degeneration/
regeneration and the tachykinin system. The pattern for the TNF-alpha
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system contralaterally in response to unilateral overuse could also be
followed.

In these studies we have shown that there indeed is an involvement
of the TNF-alpha system for the muscular tissue in response to
excessive exercise/electrical stimulation. The involvement of the TNF-
alpha system was especially obvious at the 6 week stage, but TNF-alpha
expressions could to a certain degree also be seen at the 1 and 3 week
stages. The study much extends our previous observations for the rabbit
model when injections having proinflammatory effects were given [4].
Completely new information was obtained via the parallel stainings for
desmin and NK-1R and via examinations of both the experimental and
non-experimental sides.

TNF-alpha mRNA expression was detected in various types
of morphologically abnormal muscle fibers, but never in normally
appearing muscle fibers. We also show that there is a relationship
between the TNF-alpha and tachykinin systems concerning the
affected muscle tissue. There was thus labelling for both TNF-alpha (at
the mRNA level) and NK-1R (at the protein level) in morphologically
abnormal muscle fibers, the significance of which will be discussed
below. We have previously observed that there are NK-1R expressions
also at the mRNA level for these morphologically abnormal muscle
fibers [25]. Another noteworthy observation was the finding of a
pronounced involvement of the TNF-alpha system for both sides. There
is thus an involvement of this system both ipsi- and contralaterally
during the development of the myositis/muscle affection.

As was observed previously [4], it is obvious that muscle fibers,
blood vessel walls and to some extent fibroblasts clearly display TNF-
alpha expression at the mRNA level but not clearly so at the protein
level. This observation suggests that the production level of TNF-alpha
for these structures is low, that our immunohistochemical method
is not sensitive enough and/or that our in situ hybridization method
detects small quantities of TNF-alpha mRNA. Nevertheless, the TNF-
alpha mRNA reactions for abnormal muscle fibers and blood vessel
walls of myositis areas were distinct and were in all cases verified via
parallel staining with antisense and sense probes.

TNF-alpha in relation to muscle fiber necrosis/regeneration
and NK-1R

A noteworthy finding was that TNF-alpha mRNA was detected
in muscle fibers showing either a desmin loss or partially or entirely
a strong desmin immunoreaction. The former fibers were completely
filled with white blood cells and which we, based on the desmin
immunoreaction pattern and the appearance after staining for htx-
eosin, consider represent necrotic muscle fibers. It is thus known that
desmin is undetectable or very much decreased in such muscle fibers
[39]. The TNF-alpha mRNA reactions seen in this case were localized
to the infiltrated white blood cells.

The TNF-alpha mRNA expressing muscle fibers which completely
or to a large extent exhibited a strong desmin immunoreaction are
likely to be in a regenerative stage, as it is well-known that there is an
overexpression of desmin during muscle regeneration processes [38].
The TNF-alpha mRNA reactions in these fibers showed a patchy or
widespread reaction pattern and not the cellular reaction pattern seen
for the necrotic fibers (c.f. Figure 6d). It is thus obvious that there is
an involvement of the TNF-alpha system both for the processes that
occur in muscle fiber necrosis, TNF-alpha expression in this case being
present for the infiltrating cells, and those of regeneration.

Interestingly, in muscle fibers in which TNF-alpha mRNA reactions

were detected, NK-1R immunoreactions were also encountered. Thus,
in fibers showing necrotic features, there were NK-1R immunoreactions
in infiltrated white blood cells. In fibers which showed regenerative
features, NK-1R immunoreactions occurred as point-like reactions.
These findings show that the TNF-alpha and tachykinin systems are
expressed in parallel in both degenerating/necrotic and regenerative
muscle fibers.

It may be that NK-1R activation during the stages of degeneration/
regeneration induces TNF-alpha expression. As described in the
Introduction, there are thus reports suggesting that it is via activation
of the NK-1R that SP can regulate TNF-alpha transcription. Treatment
with NK-1R blocker has furthermore been found to substantially reduce
the production of TNF-alpha into the temporomandibular joint cavity
in experimentally induced inflammation for rats [29] and cigarette
smoke amplifies the production of TNF-alpha from macrophages via
SP binding to the NK-1R [42]. It has also been shown that stress induces
SP in neurons and in local cells [43] and that SP here by increases the
number of TNF-alpha-positive cells in airway inflammation, as seen in
studies using a murine experimental model [44], and that an increase
of SP in immune cells together with an increased SP in the innervation
can activate the production of TNF-alpha in the generation of chronic
gastritis [45]. Information from cell culturing studies have shown that SP
can stimulate the production of TNF-alpha in inflammatory cells [46,47].
It was also shown that SP leads to TNF-alpha mRNA expressions for
various types of human cells, e.g. keratinocytes [48], fibroblasts from hip
periprosthetic membrane [49] and dental fibroblasts [50].

Functions of the TNF-alpha system for the myositis process-
general aspects

There is well documented evidence that TNF-alpha is a central
cytokine in the inflammation that occurs in conditions like RA [1].
Effects of TNF-alpha can be related to proinflammatory effects,
including activation of macrophages and induction of apoptotic and
necrotic cell death [51], as well as induction of nitric oxide synthase
[52]. The results presented in this study suggest that tachykinins play a
role in the establishment of TNF-alpha expression for muscle fibers. It
may actually be that NK-1R activation via SP stimulation leads to TNF-
alpha expression, consequently amplifying the inflammatory response.
In accordance with this suggestion, it is emphasized that stimulation of
SP via the NK-1R has an important influence on TNF-alpha mediated
events in the mouse skin [53].

An involvement of the TNF-alpha system has been noted in other
inflammatory situations affecting the locomotor system in addition
to those related to myositis and arthritis. TNF-alpha mRNA is for
example highly expressed in inflamed equine tendons [54] and in the
subacromial bursa specimens in patients with subacromial bursitis
[55]. TNF-alpha is also detected in human tendon tissue, implying that
it can play a role in tendinopathy [55-57].

Apart from having pro-inflammatory, detrimental and apoptotic/
necrotic modulating effects, TNF-alpha can also have protective, anti-
apoptotic and regenerative effects [58,59]. Accordingly, it has been
suggested that TNF-alpha plays a role in muscle regeneration [6,60].
Our findings relating TNF-alpha to regenerating muscle fibers suggest
that this is the case in our experimental model. It may be that the type,
severity and stage of the muscle injury determine the role TNF-alpha
has [61]. It is apparent that there is a parallel occurrence of degenerative
and regenerative processes at the stage of the muscle affection process
that we have studied. TNF-alpha is apparently involved in both the
detrimental and the regenerative events.
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Bilaterality

TNF-alpha expression was obvious in the muscle affection process
that occurs both ipsilaterally and contralaterally. We have recently
noted that there is also a bilateral involvement of the SP-ergic system
in our model [25]. There is thus a marked expression of NK-1R in the
cells of the inflammatory infiltrates as well as in the blood vessel walls
and the nerve fibers of the myositis areas bilaterally in the triceps surae
muscle [25].

It may be that there are influences via the nervous system that
explain these symmetric bilateral effects. One possibility is that there
is an influence on the afferent innervation in the experimental side
that secondarily leads to a contralateral effect. In accordance with such
a suggestion it is considered that contralateral increases in sensory
neural activity can be of importance for the symmetrical spread of the
joint affections in RA [62].

It has been shown that bilateral symmetric changes concerning
sensory neuropeptides for the joints can become established
experimentally [63] and that a unilateral stimulus gives contralateral
responses which are likely to be mediated via bilateral neural pathways
[64]. Allodynia/hyperalgesia is reported to occur contralaterally
in response to inflammatory stimuli [65] and unilateral electrical
stimulation induces interstitial cell proliferation in both the stimulated
and contralateral muscles [66]. Interestingly, paw inflammation
in response to injection of complete Freund’s adjuvant leads to
increased levels of TNF-alpha in the injected muscle as well as in the
contralateral non-inflamed paw [67]. It has also been reported that
there are increased levels of both TNF-alpha and SP in the hindpaws of
rats treated with formalin injections in the tail [68]. The fact that we in
preliminary studies have noted occurrence of TNF receptors in nerves
in myositis specimens strengthens a suggestion that there actually can
be an involvement of the TNF-alpha system in nerve affection processes
in the present model. Further studies are to be undertaken in order to
lead to a more precise understanding of the affected nerves and their
relationship with the TNF-alpha system and the symmetric bilateral
effects seen in our model.

Concluding remarks

It is known that cytokines such as TNF-alpha become involved
in inflammation processes in extremeties [69]. There is also evidence
which favours that there are regulatory interactions between muscle
and the immune system during phases of muscle regeneration [70].
Also other factors than TNF-alpha are likely to be involved in the
myositis process. In addition to what we have seen concerning the
tachykinin system [25], we have also e.g. noted expression of glutamate
transporter and glutamate receptor in white blood cells in the myositis
areas (3). We have also observed expression of IL-3 in these cells in the
myositis areas (unpublished observations).

Based on the findings in the current study, it appears as if TNF-
alpha is of marked relevance in processes where there is a myositis/
muscle affection in response to pronounced overuse (resulting from
excessive exercise coupled with electrical stimulation). The results
suggest that TNF-alpha is of importance for processes in both muscle
fiber necrosis and regenerative events. Stimulation via SP on NK-1
receptors may possibly be responsible for the upreglation of TNF-alpha
that we see for muscle fibers showing features of being in necrotic and
regenerating phases. TNF-alpha may be interacting with several signal
substances in these cases. One such may be insulin-like growth factor,
which is reported to exhibit a cross-talk with TNF-alpha for diseased

skeletal muscle [71]. There is a symmetric bilateral affection of the
muscular tissue using the model and, as seen in the present study, a
symmetric and bilateral involvement of the TNF-alpha system. The
possible occurrence of detrimental and apoptotic/necrotic effects in
relation to survival- and recovery-promoting and anti-apoptotic effects
of TNF-alpha in myositis/muscle derangement should be further
studied.
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