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Summary

Delayed onset muscle soreness (DOMS) is quite common, but the mechanism for this
phenomenon is still not understood; even the existence of muscle tenderness
(mechanical hyperalgesia) has not been demonstrated in experimental models. We
developed an animal model of DOMS by inducing eccentric contraction (lengthening
contraction, ECC) to the extensor digitorum longus muscle (EDL), and investigated the
existence of mechanical hyperalgesia in the EDL by means of behavioural pain tests
(Randall-Selitto test and von Frey hair test, applied to/through the skin on the EDL
muscle) and c-Fos expression in the spinal dorsal hom. We found that the mechanical
withdrawal threshold measured with Randall-Selitto apparatus decreased significantly
between | and 3 days after ECC, while that measured by von Frey hairs did not. The
group that underwent stretching of the muscle only (SHAM group) showed no change
in mechanical pain threshold in either test. These results demonstrated that the pain
threshold of deep tissues (possibly of the muscle) decreased after ECC. C-Fos
immunoreactivity in the dorsal hom (examined 2 days after ECC/SHAM exercise) was
not changed by either ECC or compression (1568 mN) to the EDL muscle by itself, but
it was significantly increased by applying compression to the EDL muscle 2 days after
ECC. This increase was observed in the superficial dorsal horn of the L4 segment of the
ipsilateral side, and clearly suppressed by morphine treatment (10 mg/kg, i.p.). These
results demonstrated the existence of mechanical hyperalgesia in the muscle subjected
to ECC. This model may serve as a model for future study of the neural mechanism of

muscle soreness.



Introduction

Delayed onset muscle soreness (DOMS) is described as an unpleasant sensation or pain
after unaccustomed strenuous exercise, and is quite common in humans (Armstrong,
1984). The most characteristic symptom in DOMS is tenderness, a kind of mechanical
hyperalgesia, in the exercised muscle. It usually reaches a peak some 24 to 48 hours
after exercise in humans and disappears within 3 to 7 days (Armstrong, 1984; Newham,
1988; Graven-Nielsen & Arendt-Nielsen, 2003). There is usually no spontaneous pain

(Graven-Nielsen & Arendt-Nielsen, 2003).

While the mechanism underlying DOMS remains unclear, eccentric muscular work
(contraction while the muscle is being stretched) is known to cause DOMS more
effectively than concentric work (Armstrong ef al. 1983; Newham, 1988; Pyne, 1994).
Eccentric exercise has been widely used in human and animal studies, and histological
(Armstrong et al. 1983; McCurry & Faulkner, 1985; Friden & Lieber, 1998),
ultrastructural (Newham ef al. 1983; QOgilvie et al. 1988), biochemical (Armstrong ef al.
1983; Ostrowski et al. 1998; Blais Jr ef al. 1999), and physical (Proske & Morgan,
2001) changes have been found. However, the mechanism of mechanical hyperalgesia
has not yet been clarified, and even the existence of mechanical hyperalgesia
(tenderness) itself, one of the most typical symptoms in DOMS, has not been confirmed
in experimental animals. We could find just one paper reporting that reflex EMG
activity from biceps femoris muscle, taken as an index of pain, was elicited after manual

extension of the exercised paw in rabbits (Itoh & Kawakita, 2002).

The purpose of this study was to examine whether eccentrically exercised muscle is



hyperalgesic to mechanical stimulation. To assess such hyperalgesia, we used
withdrawal threshold from mechanical stimulation in awake animals and c-Fos protein
expression in the spinal dorsal horn. C-Fos protein is well known to be induced after
neural excitation in various nervous systems, and its expression in the superficial dorsal
horn of the spinal cord has been used as a neural marker of pain since Hunt et al. (1987)
reported that various kinds of noxious stimuli induced c-Fos protein in this region,
which contains secondary neurons receiving nociceptive A-delta and C-fibre inputs
(Cervero & Connell, 1984; Sugiura et al. 1986; Mizumura ef al. 1993; Ling ef al. 2003).

Preliminary results appeared as abstract form (Taguchi et al. 2003).

Materials and Methods

Animals

Fifty-four male Sprague-Dawley rats (SLC Inc., Japan) weighing c.a. 200 g (7 wks) at
the beginning of the experiments were used in this study, 26 for behavioural
experiments and 28 for c-Fos experiments. The animals were kept two per cage under a
12 b light/dark cycle (light between 07.00 h and 19.00 h) in an air-conditioned room
(22-24°C). They had food and water ad libitum throughout the experiment. All
experimental procedures were approved by the Animal Care Committee, Nagoya

University.

Exercise protocol (Fig. 14)
On day 0 the animals underwent either eccentric contraction (ECC) or stretching of the
muscle (SHAM) under anesthesia with sodium pentobarbital (50 mg/kg, i.p.). Rectal

temperature was kept in the physiological range (37-38°C) with a heating pad during the



exercise period. Procedures for contracting and stretching the muscle are shown
schematically in Fig 14. A pair of needle electrodes, insulated except for the tips, were
transcutaneously inserted near the common peroneal nerve that innervates the extensor
digitorum longus muscle (EDL). Repetitive contraction of the EDL was induced in ECC
group rats by electrically stimulating the common peroneal nerve through these needle
electrodes. Currents were supplied through an isolator (SS-202J, Nihon Kohden Corp.,
Japan) connected to an electrical stimulator (SEN-7203, Nihon Kohden Corp., Japan).
Before starting exercise, twitch threshold currents were determined. If the threshold
current exceeded 100 pA, the electrodes were repositioned so that a lower threshold was
obtained. The current applied during exercise in the ECC group was set at three times
the twitch threshold. The stimulus parameter to induce tetanic contraction was a
frequency of 50 Hz with pulse duration of I ms. The EDL muscle was stretched from
the starting position (about 45° plantar-flexion) to maximal plantar-flexion (about 90°)
over a 1 s period (‘lengthen’ in Fig. 14) with use of a linearized servomotor
(CPL28T08B-06C2T, Oriental Motor Co. Ltd., Japan) and then returned to the starting
position over 3 s (‘shorten’ in Fig. 14). The movement of the servomotor was
synchronized with the electrical stimulator so that the muscle was stretched while it was
being activated. This pattern was repeated every 4 s for a total of 500 repetitions. The
rats in the SHAM group received no current to their nerves; that is, the EDL was not
activated at all during the exercise period, but simply stretched as described above.
After the rats recovered from anesthesia following exercise or sham exercise, they

behaved, ate and drank normally.

Pain tests



Randall-Selitto test

A Randall-Selitto apparatus (Ugo Basile, Italy) was used to measure the withdrawal
threshold. The animals were restrained around the trunk with a towel to calm them, and
treated gently during the experiments. A cone-shaped pusher with a rounded tip
(diameter of the base: 9 mm) was applied to the belly of the EDL muscle through
shaved skin. The rate of force application was set at 156.8 mN/s and there was a 2450
mN cut-off loading to avoid damaging the tissue. The intensity of pressure causing an
escape reaction was defined as the withdrawal threshold. The tests were always done
between 12.00 h and 15.00 h to avoid circadian fluctuations. Training sessions were
carried out for four consecutive days to increase the sensitivity of the test (Taiwo et al.
1989). Measurements were performed 10 times at several-minute intervals, and the
mean value of the latter 5 trials was taken as the threshold. The experimenter was blind

to which group an animal belonged.

von Frey hair test

To ensure that change in the withdrawal threshold measured by the Randall-Selitto
apparatus was not the result of cutaneous mechanical hyperalgesia, the cutaneous
mechanical pain threshold was measured with self-made von Frey hairs (VFHs,
diameter: 0.5 mm, bending forces 37.5-707.3 mN in quasi-logarithmic order) because
the mechanical strain induced by thin VFHs hardly reaches the deeper muscle layer
(Takahashi er al. 2004). The rats were restrained at the trunk with a towel, similar to in
the Randall-Selitto test, and each filament was applied to the skin on the exercised
(EDL) muscle. The threshold force was determined by the method of limits. Briefly, a

filament presumably painful was firstly applied. If an animal withdraws its leg, then



