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Abstract

Background Osteoarthritis arising from cartilage degen-

eration is the most common cause of joint pain. However,

the relationship between joint pain and cartilage degener-

ation is not well understood.

Questions/Purposes We asked whether the inflammatory

mediators participate in the joint pain in the presence of

cartilage degeneration.

Methods We observed electromyographic responses of

hindlimb flexors to four inflammatory mediators (brady-

kinin, ATP, acetylcholine, and serotonin) injected in

normal rat knees and in those with monosodium iodoace-

tate (MIA)-induced arthritis.

Results Joint cartilage of all the rats with MIA-induced

arthritis histologically showed severe degeneration. We

observed greater magnitude and longer duration responses

in the MIA-induced arthritis than normal joints with all

four mediators.

Conclusions The data suggested nociceptors in osteoar-

thritic joints are more sensitive to inflammatory mediators

than in normal joints. Such nociceptive sensitization to

inflammatory mediators may participate in the joint pain in

osteoarthritis.

Introduction

Osteoarthritis is the most frequent and painful musculo-

skeletal disease. In general, osteoarthritis is characterized

by progressive cartilage degeneration. However, the rela-

tionship between joint pain and cartilage degeneration is

not well understood and the cartilage is not innervated by

sensory nerve endings. However, the synovial fluid con-

tains various inflammatory mediators such as bradykinin

(BK), adenosine triphosphate (ATP), acetylcholine (Ach),

and serotonin [21], and these are believed to directly

stimulate nociceptors of sensory nerve terminals and par-

ticipate in the process of pain generation [20, 24].

The relationship between chemical mediators and joint

pain has been suggested in previous studies. BK has been

identified in synovial effusions of human joint disease [16].

Local application of BK sensitizes afferent fibers inner-

vating a cat knee [12]. Several reports suggest Ach is also a

mediator [5, 11, 24] and the application of Ach increased

excitability of C-fiber axons [15]. ATP is also reportedly an

inflammatory mediator [4, 8, 19] and the concentration of

products from extracellular ATP catabolism correlates with

the degree of cartilage degeneration [19]. Serotonin acti-

vates nociceptive fine articular afferents [9, 21] and

nociceptive receptors in arthritic joints are affected by

serotonin [1, 2].

Pain evaluation in animals has been performed mostly by

observation of behavioral changes induced by heat [10] and

mechanical stimulation [12]. However, behavioral changes

are subject to some interpretation. Yamashita et al. [25]

reported intraarticular chemical nociceptive receptors are

stimulated by the injection of BK. Other investigators also

have used nociceptive flexion reflex as a tool to assess pain

[6, 22, 23], because nociceptive joint receptor afferents
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increase the excitability of flexion reflex pathways [6]. We

believe EMG responses may provide a more objective way

to assess pain response than do behavioral changes.

We therefore determined whether (1) injection of

mediators in a joint would elicit flexor reflex EMG pat-

terns, (2) injection of mediators in a degenerated joint

would cause a greater EMG signal magnitude than in a

normal joint, and (3) injection of mediators in a degener-

ated joint would cause a greater EMG signal duration than

in a normal joint.

Materials and Methods

We used 48 adult male Wistar rats (200–250 g) (Fig. 1).

To generate a cartilage degeneration model in rat knees, we

used a monosodium iodoacetate (MIA)-induced arthritis

model as this model manifests human osteoarthritis-like

cartilage degeneration by histologic analysis [3, 13].

Twenty-five microliters of MIA solution at a concentration

of 60 mg/mL was injected in the right knee of 24 animals

(MIA group). The other 24 animals were injected with

25 lL of physiologic saline (control group). After the

injection, the animals were maintained in separate cages

and allowed free movement and free access to food and

water. Fourteen days later, we conducted the following

experiment. To evaluate the degree of induced joint pain in

animals, EMG responses of hindlimb flexors through the

flexion withdrawal reflex were analyzed [22, 23]. All ani-

mal procedures were reviewed and approved by the

Committee of Asahikawa Medical College for Laboratory

Animal Care and Use and complied with its guidelines.

The animals were anesthetized with 3% halothane. After

tracheal cannulation and decerebration by suction ablation

at the level of the pons, the anesthesia was discontinued

and animals were respirated with room air [18]. A pair of

stainless wire electrodes (50 lm in diameter, 5 mm apart)

as a lead for EMG was inserted into the belly of the knee

flexor muscle (biceps femoris). Under direct vision of the

central part of the muscle belly from a small skin incision,

the tips of the electrodes were placed at a depth of 3 mm

from the fasciae. The hindlimb was fixed at a slightly knee-

flexed position. The tip of a thin flexible needle was

inserted in the knee cavity for mediator injection. After

waiting 3 minutes for the EMG signal to return to baseline

after insertion, 25 lL of a mediator was injected using a

microsyringe. For chemical application, a 27-gauge needle

connected to an injection syringe with an extension tube

was used, and the tip of the needle was inserted in the

patellofemoral joint space through a patellar tendon. The

following mediators were tested: (1) BK: 1.25 lg; (2)

ATP: 12.5 lg; (3) Ach: 25 lg; and (4) serotonin: 12.5 lg.

The dose of each mediator was the minimal dose for which

EMG activities consistently appeared in the normal knee

[17]. In the normal and MIA groups, six animals were

given one of the four mediators. One injection and obser-

vation was performed per joint.

EMG signals elicited by each mediator were recorded

using an electrodiagnostic system (Counterpoint; Dantec

Co, Skuvlunde, Denmark). Raw EMG signal was full-wave

rectified and integrated with a 3 Hz low-pass filter, finally

processed as a linear envelope waveform in which the height

reflected the degree of muscle activity. We observed EMG

signals and their integrated wave shapes using an oscillo-

scope and recorded all signals on paper simultaneously.

Using the integrated EMG waveforms, we recorded the

maximal amplitude (mV) and action duration (seconds) for

all responses to each mediator. The maximal amplitude

(mV) was the difference measured between the maximal

height during the response and the preinjection level.

Action duration (seconds) was the time of the response

between the onset and the point returning to the preinjec-

tion level (Fig. 2).

Fig. 1 A flow chart shows the numbers of rats given each chemical in

the control and the monosodium iodoacetate (MIA) groups.

Fig. 2 Representative responses to acetylcholine in the control and

the monosodium iodoacetate (MIA) groups are shown. Using an

integrated EMG waveform, the maximal amplitude (mV) and action

duration (seconds) were measured for all the responses to the

mediators.
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After the measurements, the rats were euthanized with an

excess dosage of sodium pentobarbital through an intra-

peritoneal injection. We dissected all knees and placed them

in 10% neutral formalin. We then prepared 5-l thin sections

in a sagittal plane at 1-mm intervals. The sections were

stained with hematoxylin-eosin and Safranin-O. And we

examined the sections for cartilage degeneration using light

microscopy. All the sections obtained from the MIA group

showed irregular surfaces and ulceration on the femoral and

tibial sides. In contrast, none of the sections obtained from

the control group showed such changes (Fig. 3).

Using an unpaired t-test, we compared the maximal

amplitudes and action durations for each chemical media-

tor between the control and the MIA groups to assess

whether there is a difference in the values resulting from

the presence of cartilage degeneration. Statistical analysis

was performed using StatView Version 5.0 (SAS Institute,

Cary, NC). The level for statistical significance was set at a

value of p \ 0.05.

Results

Changes in EMG activities were elicited in all the animals

after application of each mediator. The common reaction

pattern was observed in which the EMG activity increased

within a few seconds after injection, reached the maximum

quickly, and then gradually decreased, returning to the

preinjection level (Fig. 2).

All maximal amplitudes were greater after injection of

the mediators in the MIA group compared with those in the

control group (Fig. 4). The maximal amplitude by BK was

greater (p = 0.0448) in the MIA group (mean value:

2.07 mV) than in the control group (mean value: 1.43 mV).

The maximal amplitude by ATP also was greater

(p = 0.0241) in the MIA group (mean value: 1.55 mV)

than in the control group (mean value: 0.80 mV). That by

Ach was greater (p = 0.0146) in the MIA group (mean

value: 2.18 mV) than in the control group (mean value:

1.07 mV) and that by serotonin also was greater

Fig. 3A–D (A) No abnormality

is present in this normal rat knee

(Stain, hematoxylin and eosin;

original magnification, 910), (B)

or this normal rat knee (Stain,

Safranin-O; original magnifica-

tion, 920). (C) The irregular

surface of the joint cartilage and

exposure of subchondral bone

are evident in this monosodium

iodoacetate (MIA) rat knee (Stain,

hematoxylin and eosin; original

magnification, 910). (D) Ulcera-

tion and fibrillation of the

cartilage with inflammatory cell

infiltration are present in this MIA

rat knee (Stain, Safranin-O; ori-

ginal magnification, 920).

Fig. 4 A comparison of the maximal amplitudes (mV) for each

mediator between the control and the monosodium iodoacetate (MIA)

groups is shown. BK = bradykinin; ATP = adenosine triphosphate;

Ach = acetylcholine; SR = serotonin.
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(p \ 0.001) in the MIA group (mean value: 2.35 mV) than

in the control group (mean value: 0.93 mV).

All action durations were longer after injection of the

mediators in the MIA group compared with those in the

control group (Fig. 5). The action duration by BK was

longer (p \ 0.001) in the MIA group (mean value: 245.0

seconds) than in the control group (mean value: 121.7

seconds). That by ATP also was longer (p = 0.007) in the

MIA group (mean value: 366.7 seconds) than in the control

group (mean value: 180.0 seconds). The action duration by

Ach was longer (p = 0.0021) in the MIA group (mean

value: 376.7 seconds) than in the control group (mean

value: 143.3 seconds), and that by serotonin was longer

(p = 0.0061) in the MIA group (mean value: 648.3 sec-

onds) than in the control group (mean value: 296.7

seconds).

Discussion

Joint pain in osteoarthritis is derived mainly from carti-

lage degeneration. However, the relationship between

joint pain and cartilage degeneration is not well under-

stood. We therefore determined whether (1) injection of

mediators in a joint would elicit flexor reflex EMG pat-

terns, (2) injection of mediators in a degenerated joint

would cause a greater EMG signal magnitude than in a

normal joint, and (3) injection of mediators in a degen-

erated joint would cause a greater EMG signal duration

than in a normal joint.

We acknowledge several limitations of our study design

and experiment. First, we could not distinguish the effects

of cartilage degeneration and the inflammation on the EMG

responses in our experimental arthritic model. However,

the two typically occur together clinically. Second, we did

not examine the degree of joint degeneration in histologic

examinations, nor did we attempt to correlate the degree of

the degeneration with the EMG responses; rather, with the

small numbers of animals in each subgroup, we considered

this a pilot study to simply determine whether the

responses were greater in the MIA animals with the various

mediators.

Two reports describe neurobiologic mechanisms of

arthralgia [7, 20]. Numerous sensory nerves are distributed

in the synovial lining, joint capsules, and ligaments [21].

They include polymodal receptors in the free nerve end-

ings, which are sensitive to mechanical stimuli and

chemical mediators [14]. In the final stage of the pain

generation process, electrical responses are evoked as

afferent action potentials, which finally cause pain. In our

control group, we observed EMG activities after applica-

tion of all four mediators, which confirms receptors for

these mediators exist on the free nerve endings in the joint

cavity. Using our experimental methods, we evaluated

changes in sensitivity of intraarticular polymodal receptors

to exogenously applied chemical mediators.

Two previous experimental studies of joint pain were

performed with an acute inflammatory arthritis [2, 18] and

thus did not explore the relationship of pain and cartilage

degeneration. We used a MIA-induced arthritis model to

evaluate the influence of cartilage degeneration. MIA is an

inhibitor of glycolysis, disrupts chondrocyte metabolism,

and induces cartilage degeneration. MIA-induced arthritis

has similar histopathologic characteristics as human

osteoarthritis [3, 13]. The EMG responses to all the

mediators used in our study were augmented when the

mediators were applied to the MIA group. The data suggest

the sensitivity of polymodal receptors in a knee is increased

in the presence of cartilage degeneration. Such hypersen-

sitivity of polymodal receptors may be based on existence

of other mediators in osteoarthritis such as prostaglandins

[21].

We observed pain-generating properties of four chemi-

cal mediators by analyzing EMG responses using rat knees.

MIA-induced arthritis had major effects on the mediator

sensitivities of joint polymodal receptors. Such changes

may participate in the generation of joint pain in

osteoarthritis.
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