Papers

Acknowledgrments

The authors wish to thank Prof K Kawakita for his
constructive comments on the manuscript, and H
Ochi for assistance in this study, This study was
supported by a grant from the Ministry of Health
and Welfare (H14-Choju-029),

Reference list

1.

Andersson GB. Epidemiological features of chronic low-
back pain. Lancef 1999;354(9178):581-5.

Waddell G. The Back Pain Revolution. Edinbuigh;
Churchill-Livingstone; 1998,

Frank A. Low back pain. BMJ 1993;306(6882):901-9.
Cunningham G, Dodd TR, Grant DJ, McMurdo MR,
Richards ME, Drug-related problems in clderly patients
admitted to Tayside hospitals, methods for prevention and
subsequent reassessment, Age Ageing 1997;26(5):375-82.
Ernst E, White AR. Acupuncture for back pain: a meta-
analysis of randomised controlled trials. Arch Intern Med
1998;158(20):2235-41.

van Tuldere MW, Cherkin DC, Berman B, Lao L, Koes
BW. The effectiveness of acupuncture in the management
of acute and chronic low back pain. A systematic review
within the framework of the Cochrane Collaboration Back
Review Group. Spine 1999;24(11):1113-23,

NIH Consensus Conference. Acupuncture. JAMA 1998;
280(17):1518-24.

Beijjing College of Chinese Medicine. Evsentials of Chinese
Medicine. Beijing: Foreign Languages Press; 1987,
Xinnong C. Chinese acupuncture and moxibustion. Beijing:
Foreign Languages Press; 1987.

10.

11

12,

13,

14,

15.

16.

17.

18.

19.

20.

21.

22,

23.

ACUPUNCTURE IN MEDICINE 2004;22(4):170-177.

www.medical-acupuncture,co,uk/aimintro.him

Stux G, Pomeranz B. Basics of Acupuncture. 4th ed.
Berlin: Springer-Vertag; 1997,

Molsberger AF, Mau ), Pawelec DB, Winkler J. Does
acupunciure improve the orthopedic management of chronic
low back pain ~ a rendomised, blinded, controlled trial
with three months follow up. Pain 2002;99(3):579-587.
Hong C-Z. Persistence of local twitch response with loss
of conduction o and from the spinal cord. drch Phys Med
Rehabil 1994;75:12-6.

Simons DG, Travell JG, Simons PT, Travell & Simons'
Myofascial Pain & Dysfimction. The Trigger Point Manval,
Volume 1. Upper Half of Body. 2nd ed. Baltimore: Williams
& Wilking; 1999.

Scott J, Huskisson EC. Graphic representation of pain.
Pain 1976;2(2):175-84.

Roland M, Morsis R. A study of the natural history of back
pain. Part 1: development of a reliable and sensitive measure
of disability in low-back pain. Spine 1983;8(2):141-4.
Leibing B, Leonhardt U, Koster G, Goerlitz A, Rosenfeldt JA,
Hilgers R, et al. Acupuncture treatment of chronic low-
back pain —  randomised, blinded, placebo-controlled trial
with nine-month follow-up. Pain 2002;96(1-2):189-96.
Grant DJ, Bishop-Miller J, Winchester DM, Anderson M,
Faulker S. A randomised comparative trial of acupuncture
versus transcutaneous electrical nerve stimulation for
chronic back pain in the elderly. Pain 1999,82(1):9-13.
Carlszon CPO, Sjdlund BH. Acupuncture for chronic low
back pain: & randomised placebo-controlled study with
long-term follow up. Clin J Pain 2001;17(4):296-305.
Ceccherelli ¥, Rigoni MT, Gagliardi G Ruzzante L.
Comparigson of superficial and deep scupuncture in
the treatment of lumbar myofascial pain: & double-
blind randomised controlled study. Clin J Pain
2002;18(3):149-53,

Hopg C-Z. Myofascial trigger points: pathophysiology
and correlation with acupuncture points. Acupunct Med
2000;18(1);41-7.

Ishimaru X, Kawakita K, Sakita M. Analgesic effects by
TENS and electroacupuncture with different types of
stimulating electrodes on dgep tissues in human subjects,
Pain 1995;63(1):181-7.

Itoh K, Kawakita K. Effect of indomethacin on the
development of eccentric exercise-induced localized
sensitive region in the fascia of the rabbit. Jpn J Physiol
2002;52(2);173-80.

Kawakita K. Polymodal receptor hypothesis on the
peripheral mechanisms of acupuncture and moxibustion.
Am J Acupunct 1993;21(4):331-338,

1717



Papers

A proposed experimental model of myofascial
trigger points in human muscle after slow
eccentric exercise

Kazunori Itoh, Kaoru Okada, Kenji Kawakita

Abstract

Background The purpose of this study was to develop an experimental model of myofascial trigger
points to investigate their pathophysiology.

Methods Fifteen healthy volunteers who gave informed consent underwent repetitive eccentric exercise
of the third finger of one hand (0.1Hz repetitions, three sets at five minute intervals) until exhaustion,
Physical examination, pressure pain threshold, and electrical pain threshold of the skin, fascia and muscle
were measured 1mmediately afterwards and for seven days. Needle electromyogram (EMG) was also
recorded in a subgroup of participants. ‘

Results Pressure pain thresholds decreased to a mininum on the second day after the exercise, then
gradually returned to baseline values by the seventh day. On the second day, a ropy band was palpated in
the exercised forearm muscle and the electrical pain threshol_d of the fascia at the palpable band was the
lowest amo’rig the measured loei and tissues. Needle EMG activity accompénied with dull pain sensation
was recorded only when the electrode was locz_ited on or near the fascia of the palpable band on the second
day of exercise.

Conclusion These results suggesi that eccentric exercise may yleld a useful model for the investigation
of the myofascial trigger points and/or acupuncture pomnts. The sensitised nociceptors at the fascia of the

palpable band might be a possible candidate for the localised tender region.

Keywords

Myofascial frigger point, acupuncture point, eccentric exercise, palpable band, fascia, controlled trial.

Introduction
The clinical value of the concept of myofascial

{rigger points has been widely recognised™* and .

the close relation between myofascial trigger pomts
and acupuncture points has-also been noted.™

Myofascial - trigger points have been
characterized by their location on a palpable taut
band of skeletal muscle, and by the induction of
local twitch responses, jumip signs and particular
patterns of referred pain."** However, it has been
shown to be quite difficult to discriminate trigger
points from the fender points found -in
fibromyalgia palients and spontaneous tender
points in normal subjects.’’

The palpable band has long been supposed to
be the site of muscle contracture, based on the
existence of confraction knots and the lack of
electrical activity.® However, recent studies have
demonstrated that spontaneous electrical activity

(SEA) can-be recorded from palpable bands in
patients with the myofascial pain syndrome. The
origin of this SEA is uncertan, and different
possibilities such as endplate potential. and -
mtrafusal fibre activity in musele spindles have
been proposed.® Uncertainty also exists i .
discussion about the acupuncture points: some
acupuncture points have been characterized by
their tenderness (called ‘4h shi” points) which are
often situat_ed on a palpable band.” In addition,
electrical activity that has been recorded from

~ acupuncture points has been proposed to originate

in spinal reflex activity,” or in intrafusal fibre activity .
in muscle spindles.” Thus, myofascial trigger points
and acupuncture points seem to have some
similarities, although their pathophysiology is still
not fully understood.

In the present study, we investigated the
localised tenderness of experimentally induced

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13.
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muscle pain, compared its characteristics with
those of myofascial trigger points, and evaluated
its usefulness as a model for trigger points and
possibly some acupuncture points. We used
repetitive eccentric exercise to generate delayed
onset muscle soreness (BOMS): eccentric exercise
involves a muscle lengthening under load, and is
particularly associated with the production of
DOMS.

Methods

Subjects

Fifteen healthy volunteers (five male and ten
female), ranging in age from 18 to 48 years (mean
22.6 yearsj who gave informed consent, were
mvolved. All were in good health and not engaged
in any training programmes involving exercise
of the extensor digitorum muscle. The first group
of seven subjects (five male and two female)
underwent three sets of imvestigations in random
order (crossover design): 1) a control procedure in
which pain thresholds were measured (see below)
without exercise; 2) a series of assessments. in
which pain thresholds of the tender area were
measured after exercise; 3) a series of assessments
in which the" distribution of 'pain thresholds
around the tender area after exercise were
measured, agéin after exercise. Bach set of
investigations was performed at intervals of six
months or more, since the induction of DOMS
leads to a resistance to further development of the
condition for some time. The second group
consisted of the remaining eight subjects (all
female) who underwent a single series of EMG
recordings daily after exercise. ’

Procedure of eccentric excrcise

The subject was seated, with one forearm
supported as far as the wrist on a mat on top of a
desk. A moveable 475g weight, éonsi_sting of a
metal nut threaded on to a long-shaft. bolt, was
placed on the middle finger of one hand. The
position of -the weight was adjusted until the
subject could .retain the finger in a horizontal
position for at least 10 seconds. The subject was
then asked to Hold this positisn as long as
possible, and each time the finger bent 20°
downward at the metacarpophalangeal jomt,
the finger was manually reset to the original
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'1101'izonta1 position by the iexperimeuter. This

exercise’ continued repeatedly until exhaustion of

_the volunteer’s extensor muscle, Three sets of this

loading exercise were performed, separated
by five minute rest periods. During the exercise,

‘the electromyogram (EMG) of the extensor digital

muscle was mounitored and displayed on an
oscilloscope to indicate when other muscles were
being recruited to assist the tiring extensor
digitorum.

Pressure Pain and Electrical Pain Threshold
Measures
Pressure pain threshold (PPT) was determined by
pressing the skin over the muscle with a finger
pressure algometer (Aikoh Engineering -Corp,
Model 9500) which has a probe 6mm in diameter.”
The measurement was repeated three times where
a sensation of tenderness was first elicited and the
minimum value was employed as the threshold value.
Electrical pain thresholds (EPTS) of skin, fascia

“and musecle were measured by a pulse algometer

(Unique Medical Co Ltd, UPA-100).1* A stainless

steel needle electrode insulated with acrylic resin

(180um 1n dismeter, impedance - 39130kQ at
1kHz; Nishin Medical Institute) was used -as a
cathodal monopolar stimulating electrode. The
needle was inserted manually and held in a guide

* tube attached to skin with adhesive tape. The

needle was inserted progressively in steps of 0.5-
1.0mm in order to measure the pain thresholds of
the skm fascia and muscle. The location of the
fascia was determined by the needling stiffness

(physical resistance to the needle) with the help

of ultrasonic echo imaging (1.LOGIQ™400,
GE Medical Systems) to identify the depth'of the
border between subcutaneous tissue and muscle.
A metal, anodal, surface electrode 10mm in
diameter was attached to the skin 10mm away
from the needle. The subjects were requested to
press a button when they felt péin (péin threshold),
which automatically triggered a digital display of
the stimulus current and terminated the current
stimulus pulse. ' .

For the control session.without exercise, the
location for testing both PPT and EPT was the
middle of the extensor digitai muscle, where the
focal muscle tenderness tended to be produced.

To assess the distribution of the pressure and
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electrical pain thresholds, assessments were made

at the tender region and at four points 10mm away
from the focus {proximal, distal, medial and lateral).

For the three sets of examinations of these
seven subjects (see Subjects above), the schedules
for assessment were as follows: 1) for the control
session, pressure and electrical pain thresholds
were measured once daily for seven days; 2) for
threshold levels, PPTs were measured before,
mmediately after, and oue, two, three, four and
seven days after the eccentric exercise. EPTs were
measured on the second and seventh day after the
exercise; 3) for assessment of pain distribution,
measurements were made on the second and
seventh day after the exercise.

Detection of palpable band

On the second day after the exercise, the forearm
extensor muscles were examined for the presence
of a palpable band by a well-trained licensed
acupuncturist with four years’ training and seven
years” clinical experience. The subject was again
seated with the forearm placed relaxed on a soft
mat, while being examined with repeated light
pressure with the fingertip. In several cases, but
not all, the observer was blinded as to which arm
had been exercised: in other cases, he was present
during the exercise procedure.

Recordings of referred pain pattern v
The pattern of the referred pain elicited by finger
pressure at the most tender region on the palpable
band was drawn on the skin surface then was
copied on a,clear sheet. When the subject could
not recognize any patterns of referred pain; the
subject was classified as ‘no referred pain’.

Recordings of needle EMG activity
In the second group of eight subjects the electrical
activity -at the skin, fascia and muscle of the focal
tender tegion and non-tender region of ‘palp;able
band and 10mm away from the band were measured.
An insulated needle, as used for the stimulation
above, was used as a recording electrode, together
with an indifferent surface electrode. The EMG
activity was amplified using a band pass filter
of 0.1-10kHz (DAM-80, WPI), displayed on an
oscilloscope (V-202F, Hitachi) and recorded on a
data recorder (RID-135T, TEAC). Electrical activity

was recorded for one minute or more at 1.0mm
increments of ‘depth. The unitary discharge that
continued for at least 30 seconds, with relatively
regular mtervals (1-60Hz) was classified as
EMG(+). At the samie time, the surface EMG was
recorded from a pair of metal surface electrodes
(10mm in diameter) placed on the skin 50mm
distal from the needling pomt.

Measurements were made on the second day
after exercise.

Statistical analysis

Pressure pain and electrical pain thresholds were .
shown as mean * standard deviation (mean+SD).
Non parametric multiple test of Tukey and
Dunnet’s multiple test (Yukms version 5; Yukrs
Company) were used for the statistical analysis, .
The level of statistical significance was defined
as P<0.05. '

Results
Immediately after the repetitive eccentric exercise,
subjects reported warmth and tenderness of the
working muscle of the forearm.. The region of
tenderness was gradually restricted to the muscle
ina region about S0mm distal to the elbow, where
a ropy taut band could be detected on the first and
second days after the exercise. By the seventh day,
the palpable bands and local tender regions were .
hardly detectable.
Changes in pressure; pain threshold
The PPTs at the centre of the measuring area,
where a palpable band was usually formed after
the eccentric exercise, are shown in Figure 1. In
the control session, the PPT did not change
significantly during the experimental periods for
* seven days (Dunnett’s multiple test, P=0.75-0.99).
After exercise, on the other hand, the PPTs
gradually decreased to a minimum on the second
day, then recovered by the seventh day. The
mean value for PPT before the exercise was
972178 arbitrary units (AU, 1AU=1.8g), decreasing
significantly to 274+57AU on the second day
(Dunnett’s multiple test, P<0.0l).
Spatial distribution of the PPTs on and arpund
the palpable band is demonstrated in Figure 2,
and the values (Table 1) show that a significant
difference between the tender locus and other

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13.
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Figure'1 This figure shows the effects of eccentric exercise of extensor digitorum on the pressure pain
threshold (PPT) in seven subjects (meanSD arbitrary units (AU)). Circles indicate vales in the control
session witflout éxercise, and squares indicate values in the expefimehtal session with exercise. Asterisks
indicate significant difference compared with the baseline threshold (Dunnet’s multiple test, *P<0.05,

*“p<0.01); pre: pre-exercise; post: post-exercise.

A 2nd day . B 7th day

PPT (AU)

F 4,4mm
10mm & A
laferal proximal

Figure 2 This figure shows the distribution of pressure pain thresholds on and around the palpable band.
A and B show the distribution of pressure pain thresholds (PPTs) on the second and seventh days after
the exercise. The distribution of PPTs on the sites of PPT measurement are illustrated schematically in

C and D

ACUPUNCTURE IN MEDICINE 2004;22( 1):2-13.
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~ Fascia Mu§cle ’

Figure 3 This ﬁgﬁxre shows the distribution of electrical pain thresholds (EPTs) of the different tissues.
(4} shows the readings taken on the second day, and (B) shows the readings faken on the seventh day.
The location of measuring sites were the same as in Fig 2. The asterisk shows signifi cant dzﬁ‘erence from
other four sites (nonparametric Tukey § multiple test, P<0.05).

points was detected on the second day (Tukey,
P<0.01). There were no differences on the seventh
day. The distribution of PPT before exercise was

not examined because the precise location of the
palpable band could not be predicted.

Changes in Elecirical Pain Thresholds

Figure 3 shows the EPT of the skin, fascia and
muscle, on the second day (A), and on the seventh
day (B), at the tender locus on the palpable band,

- and four surrounding sites. The values are given

in Table 2, which indicates that there was. a
significantly lower EPT for the fascia only, at the
tender locus on the second day (Tukey’s multiple
test, P=0.01). There was no difference on the
seventh day. There was no significant difference
amohg the five EPTs of the skin and muscle,

The sensations elicited by the current pulse
stimulation apparently varied with the tissucs
stimulated. In the skin; volunteers reported

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13.
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Figure 4 This is a schematic illustration of the
pattern of referred pain from the palpable band.
Referred pain was elicited by mechanical
stimulation of the most localised tender region
(&). More common areas of referred pain are
represented bjl-_denser-shading. Note that the
dorsal part of the middle finger is the most
Jrequent area of the pain referrql.

localised sharp pain and sometimes burning. In
the fascia, dull and uncomfortable pain tended to
be reported, and in the muscle, pulling pain.

Development of palpable band

Immediately after the eccentric exercise, the
working muscle tended to be swollen and became
hard to touch. On the second day after exercise, a
clear ropy palpable band could be detected at the
musculotendinous attachment area of the working
muscle. The band was detected in all 15 exercised
subjects by a- well-trained observer. In several
cases, the observer was asked to detect which of
the two -arms contained the palpable band in a
blinded manner, and in all cases he detected the
band correctly. The mean width and length of the
palpable band on the second day were 4.4+0.6mm

and. 33.0%1.9mm respectively. The existence of a

taut band was also confirmed during the manual

“needle insertion for measuring the electrical pain

threshold. Resistance was increased when the
needle penetrated the palpable band. On the
seventh day after exercise, the bands had softened
and become diffuse, and could hardly be
dentified.

Induction of referred pain

Application of an intense pressure to the tender
locus usually induced various pain sensations
projected over the distal area accompanied by dull
and uncomfortable sensations. These referred pain
sensations were felt most intensely in the hand
and formed a line that extended along the dorsum

of the forearm, wrist, hand, and the middle finger,

as shown schematically i Figure 4. The tender

locus of the palpable band. had the lowest

threshold for inducing referred pain.

During the measurefnent of EPT, referréd' pain
was also frequently reported' when the stinjulating
needle electrode was inserted into the palpable
band. The fascia at the tender focus most readily
induced referred pain, and stimulation of the skin
and miusele hardly provoked the referred pain.

Needle EMG acti'vilﬁv at the tender z‘egion
In general, no spontaneous EMG activity was .

recorded from the relaxed muscle of the subjects.
In the control session, we could not detect any
sustained EMG activity from the fascia or musole,

“only a transient injury burst response. On the

other hand, sustained unitary EMG activity was

“frequently recorded when the recording needle

was situated close to the Tascia at the-tender locus
on the palpable band. Usually the discharges

‘continued for 30 seconds with- regular frequency
(1-60Hz), but in one’ case they continued for

more than 10 minutes. Table 3 .shows that sustained
EMG activity was only recorded from the tender
region on the palpable band.

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13. ‘
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Figure 5 This Jigure shows simultaneous recordings of sustained EMG activity wzth the needle and
surface electrodes. The needle electrode was placed at the pa]pable band and surface electrode 50mm away
Jrom the needling site. A shows the needle EMGs and B shows the surface EMG recordings (time scales
are different in the right and left figures). Solid triangles mark spike activity in the surface EMG, and

should be noted

~ arrows indicate the spike discharges of needle LMGs. The synchronous appearance of the spike activities

Figure 5.demonstrates an example of EMGs
recorded from' an insulated needle electrode at
the palpable:band (A) and from a surface electrode
on the skin 50mm distal to the needle electrode
over the same muscle (B).- Synchronized unitary
discharges were. observed at the two recording

sites sxmultaneously, and also disappeared dt the -

same time.

When EMG aCthllV was lecorded, the subjects
frequently reported strong dull pain sensation
which subjectively appeared to be associated with
the frequency of the EMG activities.

Discussion

Repetitive eecentric exercise produced a localised

tender region with a palpable ropy. band on the .

second day, with decreased pain threshold of
the fascia at the locus. Intense pressure applied
to the tender locus on the palpable band also
elicited referred pain. Sustained electrical
activity was frequently recorded from the
palpable band, and was accompanied by a deep,
dull pain sensation. :

The experimental model of localised tender region
Eccentric contraction is known to produce tissue
injury more easily than concentric contraction,'®
because muscle can bear a greater load under
eccentric contraction, . and therefore the evoked
ténsion of a single muscle fibre is greater.” -
The majority of previous studies on
experimental DOMS have reported only muscle
soreness,™" or have given a rough illustration of
the distrabution of tenderness on the muscle. No
previous reports have described a palpable band
or a localised tender region, as we describe. Our
findings may be due to the size of the muscle
studied, and the methods of examination and pain
measurement. Previously, relatively large muscles
such as the quadriceps femoris or biceps
brachialis have been used, whereas we exercised a
small forearm muscle and then carefully palpated
in order.to find the most tender region along the
length of a taut band, We identified a reduction in
the PPT which was greatest at the tender region in
the palpable band, and the EPT of the fascia at that
site was selectively decreased. The distribution of

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13.
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the EPTs in the fascia was similar to that of the
PPTs, so the tender structure detected by the
pressure algometer was presumably the fascia.
This is the first report of a localised tender region
ona rope-iike taut band appearing after eccentric
exercise and of a selective ‘decrease in the pamn
threshold at the fascia of the extensor digitorum
muscle. '

The mechanisms of localised tenderness
The facts that the tender region was not
spontaneously painful and that pain was evoked
only when light pressure was applied suggest that
the sensitisation of nociceptors in the damaged
tissue might be a possible cause of the restricted
tenderness. The tlime-course of development of
DOMS has been shown to be similar to that of
inflammatory ‘processes,*® and the production
of various inflammatory mediators such as
prostaglandin E; (PGE,), bradykinin and histamine
in the damaged tissies has been rev;ported.21
Recently, we found that the application of
indomethacin, a prostaglandin synthesis inhibitor,
suppressed the development of DOMS in rabbits. *
An merease of prostaglandin E, in the muscle of
the DOMS subject has also been demonstrated
by microdialysis.® These mediatots sensitise the
nociceptors and may activate silent nociceptors in
the muscle.?**

The polymodal-type receptor is proposed as
a possible candidate for the formation of the

tender .point.”. It is responsive to mechanical

(acupuncture), thermal (moxibustion), and chemical
stimulation (various chemical substances are
produced by acupuncture and moxibustion).
Excitation of the polymodal-type receptors
produces flare and oedema " (neurogenié
inflammation), and such phenomena are frequently.
observed after ac_uptinotﬁrc and moxibustion. The
sensation elicited by selective-activation of the
polymodal_-typeb receptors is similar to the de -gi
sensation, and sensitisation of the polymodal-type
receptors may be.a possible cause of tender points
and myofascial trigger points.?

Central sensitisation should be considered as
another possiblé explanation for the tenderness. A
decrease in the threshold. of nociceptive dorsal
horn neurons in acute inflammation is well
known® Expansion of the receptive field and

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13.
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appearance of a new receptive field were induced
by intramuscular injection of chemical algesics.™
These phenomena, however, do not seem to be the

- major cause of the formation of localised. tender

regions. [n the present study we found that the

tender region on the palpable band was highly

restricted to a spot-like area less than 2mm in
diameter and located on the fascia. These very
localised changes in the electrical pain threshold
of a particular tissue are difficult to attribute to the
effects of central sensitising mechanisms as they
are currently understood.

tormation of the palpable band

In the present study, a ropy palpable band was
-detected on the second day after the exercise, and

disappeared, or was hardly detectable, by the

_seventh day. Clinically, the development of the

palpable band is considered to be a characteristic
feature of a myofascial trigger point and is readily
detected by well-trained examiners. Ericton et al
found that experienced raters were more reliable
in defecting the trigger point than inexperienced

taters.’ It should be noted that the training in

palpation is important. )
The palpable band was_initially regarded as

~a localised muscle contracture induced by the

increase of intracellular calcium ion within the
muscle cell,” then the idea developed into the
more sophisticated -energy crisis theofy.”“ This
theory postulates ari initial release of intracellular
calciim from the . sarcoplasmic reticulum or
inflow from the extracellular fluid through the
mmjured membrane. The increase of mtrac_zélhllar
calcium ions causes sustained contraction of the
muscle, which may inhibit the local circulation

~ and thus induce a shortage of oxygen and ATP

in the tissues. The .lack of energy may inhibit
calcium re-uptake into the sarcoplasmic reticulum
by the calcium pump, which- would perpetuate
the vicious cycle. While the increased excitability
of the motor neuron is undoubtedly a possible
mechanism for the increase in muscle tension
and rigidity, the lack of EMG activity from the
palpable band has been well established” and it
seems that muiscle contraction is unlikely to be the
cause of the palpable band. Localised ocdema
developing in deep tissues was proposed as

“another possibility.” In the present model,
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eccentric exercise undoubtedly produced muscular
tissue injury. When the localised muscle fibres are
damaged, causing an accurmulation of extracellular
water and an increase in mtra-tissue pressure, this
may be detected as a taut band.

Referred pain phenomena, electrical activity and
local twitch response

It has been well established that intramuscular
injection of hypertonic saline induces particular
referred pain patterns depending on the sites of
injection.” This phenomenon has been well
established in recent studies with human subjects.
Our data clearly demonstrate-that the localised
tender region s the most sensitive to elicit at the
localised tender region and that needle insertion at
the fascia also frequently provokes referred pain.

Recently, the participation of spinal neurons in
referred pain was demonstrated in anaesthetised
rats,** as an intramuscular mjection of bradykinin
induced a new receptivé field of nociceptive
dorsal horn neurons. This suggests possible
mechanisms of referred pain phenomena from the
muscle,

Lack of electrical activity in the palpable band
has long been commonly accepted, and various
mechanisms were proposed based on that
observation. Recently, however, spontaneous
clectrical activity (SEA) has been recorded from
niyofascial trigger points: in human subjects.”*
The cause of the SEA has not been clarified
yet. This SEA was not considered to be the result
of spastic hyperexcitability .of motor neurons
because it was recorded from very restricted sites
in the muscle. Simons pointed out the similarity of
the SEA to the end-plate potentials in clifical
electromyogram studies.**® On the other hand,
Hubbard argued that the SEA was activity of the
mtrafusal musele of the muscle spindle elicited by
the sympathetic nerve.’

In the present study we could recerd the
sustained EMG -activity at the restricted tender
region on the palpable band, and the EMG activity
was accompanied by strong deep pain sensation.
Inother words, the electrical activity seemed to be
the result of the nsertion of -a-reCOI‘ding electrode
into the tender region which produced deep pain
sensation. The fact that the synchronised unitary
EMG discharges were recorded simultaneously

from the surface electrode and needle electrode
(Fig 4) strongly suggests that the recorded sustained
EMG activity was the reflex activity evoked by
the nociceptive inputs from the faseia. Our recent
study demonstrated that sustame& EMG activity .
recorded from the eccentrically exercised rabbit
palpable band was clearly suppressed by
acupuncture needling to the muscle 50mm away
from the band.“ Although we could not exclude
the possibility of the endplate potential, the
majority of the sustained EMG activity in the
present study might be the reflex activities elicited
by nociceptive inputs produced .by the needle
insertion to the tender tegion of palpable band. .

The Tocal (wnch response (LTR) elicited by
palpation of the taut band is a useful indicator of a
myofascial trigger point, and the LTR was
considered to be a spinal reflex elicited by the
noxious inputs from the trigger point.**! In our
study, similar LTR was freqﬁently observed during
the insertion of the needle electrode. Thus, the
features of the restricted tender region in our étudy
and those of the trigger point are quite similar.
Therefore, some trigger poinis may be explained
as the result of D()MS'-lﬂce.phenomena. ,

The relationships between myofascial trigger
point and acupuncture point
The present experimental model was based on the
similarity of myofascial trigger points and
acupuncture points. The characteristics of the
trigger -point such as localised tender points on
the palpable band and a typical. referred pain
and Jocal twitch response are also clinically
useful indicators of the acupuncture points.
Melzack et al found that the location of
acupuncture points are coineident with trigger
points in 100%.of cases, allowing for a difference
of 3cm. Typical referred pain. patterns of the
trigger point also resemble the meridian patterns.
Moreover, sust'uned electrical ac‘uv;ty wds
frequently recorded from triggér points and
acupuncture points, " ' '

The present model may be useful for further
iuvestigationvof myofascial trigger points and
certain acupuncture points.
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Editorial comment

This paper’s passage from submission to publication
has presented the editors with a dilemma: whether
to continue remorselessly in a reiterative process
of review, dispute and revision over several
months, or whether to publish the paper and let

© it stimulate. The findings themselves have been

clearly described in the paper, and we are left with
differences of opinion that cannot easily be

" resolved without doing more studies. Therefore,

out of respect to the authors’ standing in the world
of acupuncture physiology, and to the potential
importance of this claimed model of the
myofascial trigger point, we decided to publish
the paper after two sets of revisions; and, out of

© respect and gratitude to our reviewers (we used

four altogether, three of whom specialise in this area
of research) we want to sunmarise the limitations

- of the paper that they have pointed out, and other

possible reasons for caution -in accepting this
model in its pfesent form and at the present time.

.One set of limitations concerns the likelihood
that the changes seen in delayed onset muscle
soreness (DOMS) are really similar enough to

. trigger points to provide a meaningful model.

DOMS usually “affects whole muscles and a
number of tender areas can be found. The whole
muscle may develop the characteristics which
could appear to be the *taut band’ of a myofascial
trigger point, but some reviewers questioned
whether a taut band in the middle finger portion
of the extensor digiterum could be differentiated
by palpation from the whole muscle. They
commented that the damage in DOMS affects
the entirety of-the muscle, and therefore is
significantly different from the focal - symptoms
associated with trigger points. They suggested that
it 'was plausible that the ‘palpable band’ that the
authors report in their paper might be a swollen

entire muscle in the forearm, which becomes hard
because the fascia which envelops it does not
allow the oedema to dissipate. The tender sites in
DOMS have not been shown previously-to refer
pain [which does not mean they cannot, of course].
The clinical picture of DOMS is different from
that of trigger points: DOMS settles in a week or
so, and actually confers some protection against
further episodes of DOMS. Trigger points, in
contrast, tend to pérs_ist at least in latent form and
are more likely to be'made worse By further insults
such' as over-exercise. We are in- the land
of uncertainty since, nobody knows the
pathophysiological mechanisms of DOMS or
trigger points. An associated problem is an ethical
one about using this model in volunteers: the pain
of DOMS is difficult to relieve, which may be an
aceeptable price to pay for a volunteer running ‘a
marathon, but hardly fair on those who help
trigger point research! ‘ '
Another area of doubt is how to interpret the
various.features of the e!ecuical'aclivity reported
here. Firstly, the authors report that they recorded
the maximal electrical activity from the fascia. It
has to be said that the basis for claiming the needle '
. was exactly at the fascia can be challenged ~ the
ultrasound examination was not simultaneous, so
the judgement probably relied largely on the ‘feel’
of the needle-tip, which is subjective.. Secondly,
the claim that sustained needle EMG activity
arose in the fascia needs further explanation and
exploration. Fascia seems unlikely to be the source
of action potentials, nor is it likely to be a source
of other spontaneous electrical activity, though it
- might comduct action potentials from remote
muscles (which could be identified by further studies
recording simultaneously from" intramuscular
needles). One reviéwer doubted whether the

ACUPUNCTURE IN MEDICINE 2004;22(1):2-13.
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recordings made simultancously from the skin
could be interpreted correctly without fully
analysing their characteristics; particularly the
time-course {(which would differ from direct
recordings, since it is conducted through tissues).

We know that many significant scientific

ACUPUNCTURE IN MEDICINE 2004:22(1):2-13.

www.medical-acupuncture.co.uk/aimintro. htm

-discoveries are greeted by 'disbelief. Progress
relies on the exchange of ideas that provoke

others to comment and criticise, and to conduct
more experimental studies. We therefore publish
this article in the hope of stimulating just such
a response.
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Abstract

Cold allodynia is an annoying symptom in conditions of chronic inflammation such as rheumatoid arthritis. To examine whether primary
afferent nerve activities are changed in association with hypersensitivity to cold, we recorded single nerve activities from the sural nerve in
persistently inflamed rats in vivo. Inflammation was induced by an injection of complete Freund’s adjuvant (CFA) solution into the tibio-tarsal
joint. Inflamed rats showed an increased number of paw shakes to paw immersion in 25°C water (pre-inflammation: 1.15 4- 0,58, 2-week
inflammation: 4.7041.15). We also recorded cutaneous C-fiber activities under pentobarbital anesthesia and studied their responses to thermal
and mechanical stimuli. The response of C-low threshold mechanoreceptors to cooling (total discharges between 27 and 23 °C) increased
1.8-fold (control group: 5.17 & 1.04 impulses, inflamed group: 9.38 & 1.47 impulses). In addition, the proportion of C-nociceptor units
responding to cold down to 2 C was significantly greater in the inflamed group (9 out of 18 units; threshold: 10.0 4 2.6 °C) than in the intact
group (1 out of 14 units; threshold: 4.0 *C). These results suggest that the facilitated responses of these primary afferents are associated with

cold hypersensitivity in chronically inflamed conditions.

© 2003 Elsevier Ireland Ltd and The Japan Neuroscience Society. All rights reserved.

Keywords: Cold allodynia; Cold hyperalgesia; Rheumatoid arthritis; Persistent inflammation; Nociceptors; Low threshold mechanoreceptors

1. Introduction

Exposure to a cold environment often induces pain in
patients with chronic inflammatory conditions such as
rheumatoid arthritis, and this pain is a serious problem that
interferes in their everyday lives (Jahanshahi et al., 1989;
Jamison et al,, 1995; Drane et al.,, 1997). Many complain
that their pain becomes worse even with mild temperature
decreases that are surely not noxious. This cold allody-
nia/hyperalgesia in chronic inflammation is often explained
by a putative but not experimentally proven mechanism;
namely, that tissue ischemia resulting from cooling-induced
vasoconstriction sensitizes or excites nociceptors. Rat
adjuvant-induced arthritis, the histopathology of which re-
sembles that observed in rheumatoid arthritis, has been used
to investigate inflammation-induced changes for nearly half
a century (Lewis et al.,, 1985); however, few behavioral

* Corresponding author. Tel.: 4+-81-52-789-3864,
fax: +81-52-789-3889.
E-mail address: mizu@riem.nagoya-u.ac.jp (K. Mizumura).

studies exist regarding changed cold sensitivity. Persistent
inflammation has been shown to induce hyperalgesia to
noxious cold in rats (<10°C) (Petrot et al., 1993; Jasmin
et al., 1998), but there has been little investigation of the ef-
fects of mild cold on pain (Sato et al., 2000). Cold allodynia
in neuropathic pain, which contains inflammatory compo-
nents, is now aftracting the attention of researchers, most of
whom are focusing on its central mechanism (Vrinten et al.,
2000; Yashpal et al., 2001). Thus, virtually no research on
peripheral mechanisms of cold allodynia/hyperalgesia has
been done. This contrasts sharply with the many studies
on the peripheral mechanisms of mechanical and/or heat
hyperalgesia in inflammation (Kocher et al., 1987; Schaible
and Schmidt, 1988; Mizumura and Kumazawa, 1996;
Andrew and Greenspan, 1999; Koltzenburg et al., 1999; see
Mizumura, 1998 for review).

Several types of primary afferents are known to respond
to cooling. Cold receptors, which are a type of thermore-
ceptor, respond vigorously even to a slight decrease in
temperature (Hensel et al., 1960; Iggo, 1969; Spray, 1986).
Nociceptors respond predominantly to noxious stimuli such

0168-0102/$ — see front matter © 2003 Elsevier Ireland Ltd and The Japan Neuroscience Society. All rights reserved.

doi: 10.1016/j.neures,2003.08.003
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as intense mechanical and/or heat stimuli, and some of them
respond also to noxious cold (<15°C) (Bessou and Perl,
1969; Shea and Perl, 1985; Simone and Kajander, 1996,
1997). Low threshold mechanoreceptors consist of rapidly
conducting AB- and slowly conducting C-fibers. C-low
threshold mechanoreceptors (CLTMs) respond both to in-
nocuous mechanical stimulus and to small skin temperature
decreases (by <2 °C) (Bessou and Perl, 1969; Bessou et al.,
1971; Shea and Perl, 1985).

In the current study, we examined first the existence of
cold allodynia in rats with adjuvant monoarthritis, a model
which has previously been used to investigate the mechanism
of inflammatory pain (Butler et al., 1992; Neto et al., 2000),
and then performed single nerve fiber recordings in vivo
using these animals, focusing on C-fibers. We found that
nociceptive behavior in response to innocuous cold (25°C)
was increased in the monoarthritic rats, and that the cold
responses of two types of C-primary afferent fibers (CLTM
units and C-nociceptors) were facilitated in these rats.

Preliminary reports have appeared in abstract form
(Takahashi et al., 2002).

2. Materials and methods

Forty-two adult male Sprague-Dawley rats (254-400g,
SLC Inc., Japan) were used in this study; 20 for behav-
toral experiments and 22 for electrophysiological experi-
ments. The rats were divided into two groups: a control
group that received a saline injection and a persistently
inflamed group that received an injection of complete
Freund’s adjuvant (CFA) (described below). The animals
were kept in a temperature-controlled room (24 =+ 1°C)
on a 12-h alternating light:dark cycle. Water and food
were provided ad libitum. We carried out all experiments
with the approval of the Animal Care Committee, Nagoya
University.

2.1. Induction of persistent inflammation

We induced monoarthritis according to the method de-
veloped by Butler et al. (1992), with some modification.
Briefly, CFA, a suspension of heat-killed Mycobacterium bu-
tyricum (60 mg, Difco, Detroit, USA) in paraffin oil (6 ml)
was mixed with 0.9% NaCl (4 ml) and Tween 80 (1 ml), and
autoclaved. The inflamed group (n = 22) received an injec-
tion of 0.05 ml of this CFA solution into the left tibio-tarsal
joint, while the control group (n = 20) was injected with
0.05ml of 0.9% NaCl under anesthesia by intraperitoneal
injection of sodium pentobarbital (50 mg/kg). The day of
these injections was designated day 0.

2.2. Behavioral experiment

We employed the cold-immersion test (Attal et al., 1990,
1994; Perrot et al., 1993) to observe the response to in-

nocuous cold (25°C) stimulus. The number of paw shakes
was considered to be an indicator of pain, because a pilot
study showed almost no shakes in intact animals with a
bath temperature of 25 °C, and an increase by about 3 when
the temperature was lowered to 15 °C. The response to cold
was tested from days —7 to 21, and this time was divided
into four periods: ‘Pre’ (days —7 to —1), ‘1 week’ (days
1-7), 2 week’ (days 8-14) and ‘3 week’ (days 15-21).
Measurements were taken twice for each period and then
averaged. The rats were held with a towel and the right paw
(non-treated paw) was fixed with a piece of surgical tape.
They tried to escape from this fixation at first, but became ac-
customed to it after the second trial and remained calm. The
left paw (treated paw) was slowly immersed into the 25°C
water bath down to the ankle and left immersed for 30 s. The
normal temperature of the plantar surface of the rats’ hind
paw was approximately 30 °C. We recorded all the behav-
ioral experiments on videotape, and later counted the number
of brisk paw shakes during the water immersion. The number
of paw shakes in the Pre period was subtracted from that at 1,
2 and 3 weeks, respectively, to cancel individual behavioral
differences.

2.3. Electrophysiological experiment

2.3.1. Surgical procedure

As will be described in Section 3, inflamed rats showed
increased paw shaking behavior shortly after the hind paw
was immersed into the 25°C water bath. This observa-
tion suggests that cutaneous receptors are responsible for
this phenomenon, since it should take some time until
the temperature decrease reaches the deeper ankle joint.
Therefore, cutaneous receptors were examined in this
study.

We recorded the single nerve activity from the sural
nerve using the method of Leem et al. {1993) with some
modification. Recordings were taken from animals between
2 and 3 weeks after CFA injection, when behavioral cold
hypersensitivity was observed. Approximately four fibers
were recorded per experiment. Anesthesia was initially
induced with an intraperitoneal injection of sodium pen-
tobarbital (50 mg/kg), and then maintained by constant
infusion of sodium pentobarbital (17 mg/kg/h)) through
a cannula inserted into the jugular vein. A tracheostomy
was performed for unobstructed breathing. Blood pres-
sure and rectal temperature were maintained at >80 mmHg
and at 37.5 & 0.5°C, respectively. A dorsal midline in-
cision from the ankle to the knee was made to expose
the sural nerve, and the skin was sewn to a fixed metal
ring to make a pool with warm mineral oil. The sural
nerve was separated from adjacent tissues and cut prox-
imally at its junction with the sciatic nerve. Hairs of the
lateral hind paw, including the toe and the heel, were
removed using depilatory cream (DEPILA, Taisho Phar-
macy, Japan) to search for the receptive fields of cutaneous
receptors.
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Fig. 1. Sample recordings showing the procedure for confirming single-unit
activity (collision test). This unit was a C-low threshold mechanoreceptor
with a conduction delay of 22.8 ms (conduction distance: 20 mmy). Elec-
trical stimulation was applied at time 0. The top panel shows an overlay
of four traces. In the bottom panel, the preceding activity evoked by
mechanical stimulation (%) cancelled the subsequent action potential that
should appear ().

2.3.2. Recording and stimulating procedures

We teased each bundle of nerve fibers on a small mir-
ror with forceps under a dissecting microscope until we
obtained single fiber activities. Bipolar platinum stim-
ulating electrodes were placed 14-25mm distal to the
recording site. Gold wires were used for the recording-
and indifferent-electrodes. Nerve activity was amplified
and stored in DAT tapes and later analyzed on a PC
computer with a template-matching program (Forster and
Handwerker, 1990). To ensure that the recording was taken
from the same single unit, we used the ‘collision method’
(Ritchie and Douglas, 1957) (Fig. 1). The conduction ve-
locity was then measured and the sensory properties of the
unit were examined. Units conducting at <2.0m/s were
considered to be C-units, as in other studies in the rat
(Handwerker et al., 1991).

2.3.3. Identification of the receptor type of a cutaneous
afferent unit

We classified C-afferent fibers according to the crite-
ria used by Leem et al. (1993) and Cain et al. (2001). A
series of search stimuli was applied to the hind paw as
follows: first, we applied weak mechanical stimuli such
as cotton ball stroke and mild extension of the skin with
a finger or forceps. Next, we applied a small drop of
acetone to find cooling-sensitive units. An acetone drop
produced a decrease of about 5 °C in the skin temperature.
If these innocuous stimuli failed to excite a unit, we ap-
plied stronger mechanical stimuli (pinching the skin with
fingers or with blunt-tipped forceps). After an active unit
was found, the location and size of the receptive field was
accurately determined with homemade nylon monofila-
ments (von Frey hairs) at the strength of about twice the
threshold and marked with a felt-tip pen. These nylon
monofilaments have a diameter of 0.5 mm and strength as-
cending in quasi-logarithmic order (14.4, 34.0, 46.1, 53.9,
74.8, 126.7, 264.3, 284.9 mN). We defined the mechanical

threshold of a unit as the lowest strength that consistently
evoked action potentials. Next, we applied thermal stimuli
to the receptive field using a feedback-controlled Peltier
thermode (DPS-777, Dia Medical, Japan) with a contact
area of 12.6 mm?. We exercised special care to ensure that
the thermode contacted the entire receptive field evenly.
After the thermode was placed properly with armatures
and a resting period of at least 120s at a baseline tem-
perature of 32 °C had elapsed, the skin was cooled down
to 2°C over 120s. The stimulus temperature was set at
6°C in some cases. Then, after a 180s interval, a 30s
heat stimulus was applied to increase the temperature to
49°C.

Nerve fibers were classified as CLTM units if they re-
sponded to an innocuous mechanical stimulation such as
slow brushing of the receptive field or stretching of the skin
surrounding the receptive field. Neither stimulus evoked any
discharges in C-nociceptors, which made the fiber discrim-
ination process easy. CLTM fibers typically had a field-like
oval shaped receptive field (short diameter: 1-3 mm; long
diameter: 2-4mm) and responded vigorously to a rather
small temperature decrease (about 2 °C) caused by stimuli
such as an acetone drop (Bessou et al., 1971; Shea and Perl,
1985; Leem et al.,, 1993). Fibers were classified as noci-
ceptors if they did not respond to weak mechanical stimuli
such as brushing or stretching of the skin but predomi-
nantly to noxious stimuli (pinching the skin with fingers
or with blunt-tipped forceps). Nociceptors were further di-
vided into four subclasses with regard to their thermal sen-
sitivity: fibers that did not show any response to either cold
(down to 2°C) or heat (up to 49 °C) stimuli were classi-
fied as C-mechanical units. Fibers that responded only to
heat stimulus were classified as C-mechanoheat units, most
of which are polymodal receptors (Bessou and Perl, 1969),
and those that responded only to cold stimulus were clas-
sified as C-mechanocold units. Fibers that responded to
both heat and cold were classified as C-mechanoheat-cold
units. Criteria for a positive response were as follows: (1)
the instantaneous frequency of a spike exceeded the rest-
ing discharge rate (discharges were counted every second
(DR), and mean DR during the 120 s pre-stimulation period
(MDR) was calculated) +2 S.D. of MDR, and (2) subse-
quent spike(s) appeared during the next 2°C temperature
decrease/increase. When a unit responded to the stimulus,
the temperature that satisfied criterion 1 was taken to be the
threshold temperature. No attempt was made to find C-heat
nociceptors (fibers that respond only to noxious heat stim-
uli). Finally, fibers that continuously fired (at approximately
1-10Hz) at the baseline skin temperature of 32°C (some
units did not have any firing at 32 °C) and/or responded vig-
orously to a slight decrease in temperature were classified as
C-cold units (Hensel et al., 1960; Iggo, 1969). These units
typically did not respond to mechanical stimulation. Finally,
the mechanical response was re-checked using the nylon
monofilament of threshold strength to confirm that the unit
was still alive.
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2.4. Data analyses

Statistical analyses were performed using Prism software
{GraphPad Software Incorporated, version 3.02, 2000). The
results were regarded as significant when P < 0.05. We
applied the Fisher’s exact probability test to examine the
differences between the control and inflamed groups in the
proportion of cold sensitive nociceptors (i.e. C-mechanocold
and C-mechanoheat-cold) among all nociceptors, and the
proportion of paradoxical discharge-positive units among all
C-cold units. Student’s -test was used for the analyses of the
difference between the control and inflamed groups. Data
are expressed as mean = S.E.M.

3. Results
3.1. Inflammation

The intra-articular injection of CFA led to swelling and
erythema in the entire treated hind paw distal to the ankle,
which included the skin area from which we recorded nerve
activities. While the erythema diminished gradually and fi-
nally disappeared about 7 days post-injection, paw swelling
persisted for the entire experimental period (up to 3 weeks).
Animals tended to lift their inflamed paw to avoid contact
with the floor of the cage soon after they recovered from the
anesthesia, and this behavior lasted throughout the experi-
ment. The toes were flexed and showed resistance to exten-
sion from about 2 weeks post CFA injection, suggesting that
inflammation spread over the entire paw (Fig. 2). No sign
of inflammation was observed in the contralateral paw.

3.2. Inflammation-induced behavioral change to cold

The number of paw shakes in response to stimulation
to the hind paw with a normally non-noxious temperature
(25°C) was 1.65 == 1.12 in the control group and 1.15 &+
0.58 in the inflamed group at Pre. There was no significant
difference between them (P > 0.05). CFA injection into
the tibio-tarsal joint induced increased sensitivity to 25°C
cold (Fig. 3). The number of paw shakes, most of which
were observed shortly after immersion into the cold water,

Nociceptive behavior at 25°C
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Fig. 3. Increased pain behavior in response to immersion in 25 "C water.
Ordinate: Change in the number of paw shakes during 30s immersion in
25"C water compared with the Pre value. The numbers of paw shakes at
Pre were not different between the control and inflamed groups. Abscissa:
Weeks after injection of CFA. The number of paw shakes in the inflamed
group tended to increase afler inoculation of CFA, and became signifi-
cantly larger than that in the control group 2 and 3 weeks after inocula-
tion (comparison between the control and inflamed groups at each week,
Student’s r-test). (+) P < 0.05; (%) P < 0.02, Results are mean+S.E.M.

gradually increased after CFA injection and the change from
Pre reached a maximum value of 4.70 4= 1.15 at 2 weeks.
In the control group, the number of paw shakes increased
slightly by 1.70 £ 0.63 at 1 week, but after that it decreased
and remained at almost the same level as at Pre. The number
of paw shakes in the inflamed group was significantly larger
than that in the control group at 2 and 3 weeks (P = 0.028
and 0.011, respectively) (cold allodynia).

3.3, Inflammation-induced alteration in the property of
primary afferent neurons

3.3.1. Fiber population

Ninety single C-primary afferent fibers were analyzed in
this study. Of them, 41 units (12 CLTMs, 17 C-nociceptors
and 12 C-cold units) were recorded from the control group
and 49 units (13 CLTMs, 28 C-nociceptors and 8 C-cold
units) from the inflamed group. Only the nociceptors tested
their cold response down to the lowest temperature of
2°C (14 units in the control and 18 units in the inflamed

Fig. 2. Photographs of the rat hind paw 3 weeks after an intra-articular injection of saline (A) or CFA (B). Note massive swelling at the tibio-tarsal joint

and flexion of toes in the inflamed animal.
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Table 1
Proportions of different kinds of nociceptive units in the control and
inflamed groups

Control Inflamed
CM 2 (14.3) 1 (5.6)
CMH 11 (78.6) 8 (44.4)
CMC 0 (0.0) 1 (5.6)
CMHC 1(7.1) 8 (44.4)

Values are numbers of responding fibers, with percents in parentheses.
Only the units tested for their cold response down to 2 °C were recruited
for this study population. CM: C-mechanical units; CMH: C-mechanoheat
units; CMC: C-mechanocold units; CMHC: C-mechanoheat-cold units.

groups) were classified into one of the four subgroups of
nociceptors. The proportions of different types of nocicep-
tive units in the control and inflamed groups are shown in
Table 1.

In the control group, most of the nociceptive units were
C-mechanoheat units (11 of 14, 78.6%); the remaining
units consisted of two C-mechanical (14.3%) and one
C-mechanoheat-cold (7.1%) units, We did not encounter
C-mechanocold units in the control group, possibly be-
cause of the sample size of this experiment. In contrast,
the proportion of C-mechanoheat-cold units was greater
in the inflamed group (8 of 18, 44.4%), and that of
C-mechanoheat units was smaller (8 of 18, 44.4%). The
remaining units in the inflamed group consisted of one
C-mechanical (5.6%) and one C-mechanocold (5.6%) unit.
The proportion of cold sensitive units (i.e. C-mechanocold
and C-mechanoheat-cold) among the total number of noci-
ceptive units was significantly greater in the inflamed group
(P =0.011).

Among units that were excluded from this classification
because they were cooled down to only 6°C, 2 of 3 units
responded to cold in the control group (thresholds: 7.2 and
16.6°C), and 4 of 10 units in the inflamed group (mean
threshold: 12.1 & 1.9°C). The proportion of cold sensitive
units was still significantly higher in the inflamed group even
when all these units were included (P = 0.048).

3.3.2. C-low threshold mechanorecepiors

The receptive fields of all units recorded were at the hairy
skin of the lateral hind paw, including the toe and the heel.
A sample recording is shown in Fig. 4 (top trace). Most of
them, irrespective whether they were recorded from the con-
trol or inflamed group, had little or no firing when nothing
was touching the receptive field. However, when the Peltier
thermode at the baseline temperature (32 °C) was fixed to
the receptive field, 7 out of 13 CLTM units in the inflamed
group showed persistent firings (~0.29 Hz), while only 2 out
of 12 did in the control group. Two units showed burst-like
spontaneous activity in one inflamed rat, but none did in the
control group. The resting discharge rate before cold stimuli
in the inflamed group was significantly greater than that in
the control group (0.12 % 0.03 and 0.04 &+ 0.02 impulses/s,
respectively; P = 0.016), as shown in Fig. 5.

All CLTM units in both groups responded to weak me-
chanical stimuli such as slow brushing of the receptive ficld
or stretching of the skin. Thus, even the weakest von Frey
hair used (14.4 mN) was clearly above the threshold and in-
duced vigorous discharges. Further attempts to determine the
precise mechanical threshold were not made. There was no
significant difference in the conduction velocities of the con-
trol and inflamed groups (0.71 £ 0.02 and 0.76 4= 0.05 m/s,
respectively; P > 0.05).

CLTM units showed a typical response pattern to cold
stimuli, responding shortly after the cooling ramp was
started, when the stimulus temperature was still in the in-
nocuous range of cold. There was no significant difference
in cold threshold between the control and inflamed group
(26.6 £ 1.6 and 27.6 £ 0.9°C, respectively; P > 0.05).
Their discharge rates peaked before the temperature reached
the noxious level, then declined and finally ceased firing
at noxiously cold temperatures (Fig. 4, top trace). It is
worth noting that some units in the inflamed group showed
prolonged response down to the noxious cold range.

The response of CLTM fibers to 120s cold stimulation
in the inflamed group was 2.2 times larger than that in the
control group (control group: 28.0 £ 5.5 impulses, inflamed
group: 60.5 £ 11.8 impulses; P = 0.020). Fig. 6 shows
averaged cold responses of CLTM units from the base-
line temperature of 32°C to 20°C. The temperature used
in the behavioral experiment (25 °C) was included in this
temperature range and the temperature change was linear
(temperature decrease: 0.9 °C/s) there. When the response
of CLTM fibers is expressed as impulses per second at every
second, these fibers started to respond 5—6s after the onset
of cold stimulus (30.0-29.1 °C) and showed the maximum
cold response 10-11 s after the onset (24.3-25.3 °C), which
were at the innocuous level, in both the control (1.58 +
0.31impulses/s) and inflamed (2.46 + 0.51 impulses/s)
groups. The response was significantly larger in the in-
flamed group than in the control one (P < 0.05) at 5, 9,
10 and 12s after the onset of cold stimulus (correspond
to 30.0, 26.2, 25.3 and 23.4°C, respectively). The total
number of spikes at 27-23°C, which was close to the
temperature where cold allodynia was detected, was signif-
icantly greater in rats with inflammation than in control rats
(9.38:£1.47 impulses and 5.1741.04 impulses, respectively;
P =0.027).

When the heat stimulus was applied with the Peltier
thermode, only one CLTM unit in the inflamed group
showed discharges exceeding the level of the resting dis-
charge rate +2 SD, with a heat threshold of 47.5°C. The
greatest supra-threshold response was 3.3Hz (instanta-
neous frequency) at the maximum stimulation temperature
of 49°C.

It is noteworthy that most CLTM units responded dur-
ing the cooling phase after the cessation of the heat-
ing. The threshold temperature of this discharge (range:
34.8-42.3 °C) was higher than that when the skin tempera-
ture was decreased from the baseline temperature of 32°C
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Fig. 4. Sample recordings of 3 receptor types of C-fibers. Primary afferent activity is illustrated by means of instantaneous frequency. Top trace: a C-low
threshold mechanoreceptor (CLTM). Second trace: a C-nociceptor (in this case, a C-mechanoheat-cold unit), Third trace: a C-cold unit. Bottom trace:
temperature recording. /nsets: spike shape of each unit. The bars inside insets indicate 2 ms. The bar at bottom right indicates 30s. Note the differences
in the response pattern to each stimulus (left panel: cold stimulation down to 2 °C; right panel: 49 °C heat) among units. A CLTM unit (top trace), taken
from the control group, responded to cold in an innocuous range (in this case, 28.7-17.2°C). It did not respond to heat stimulus; activity was observed
when the skin temperature was decreasing after the heat stimulation. The conduction velocity was 0.71 m/s. A C-nociceptor (second trace), taken from
the inflamed group, typically showed excitation at a noxious range (in this case, <8.9°C). This fiber also responded to heat, thus it was classified as a
C-mechanoheat-cold unit. The conduction velocity was 0.68 m/s. A C-cold unit (third trace), taken from the inflamed group, had a continuous resting
discharge at the normal skin temperature (32 °C) and showed an immediate and vigorous response to temperature decrease. This unit showed ‘paradoxical
discharge’ to a heat stimulus (black arrow, threshold: 44.2°C). The subsequent firings appeared in the temperature decrease phases of temperature
fluctuation (broken arrows). The conduction velocity was 0.49 m/s.
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Fig. 5. Resting discharge rates in CLTM and C-nociceptor units. Resting
discharge rates were measured after the Peltier thermode (32°C) was
attached to the skin, thus they were observed under some influence of
pressure to the skin. Open bar: data from the control group; closed bar:
the inflamed group. (%) P < 0.02; NS: P > 0.05 (Student’s (-test).

(7.6-28.7°C) (a typical example is shown in the top panel
of Fig. 4). This observation suggests that CLTM units did
not respond to the absolute temperature, but rather to the
relative temperature decrease.

3.3.3. C-nociceptors

The majority of the C-nociceptors recorded had receptive
fields at the hairy skin of the lateral hind paw, including the
toe and the heel, and some at the glabrous skin adjacent to
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Fig. 6. Stimulus response curves for CLTM units during a cold ramp
stimulation. Top panel: The averaged cold response of CLTM units.
Open circle: CLTM units from the control rats (n = 12); closed circle:
those from the inflamed rats (n = 13). Data are expressed as mean
impulses/s & S.E.M. Bottom panel: Temperature recording. () P < 0.05
(comparison between control and inflamed groups, Student’s ¢~test).

these areas. In contrast to CLTM units, these nociceptors
had no response to innocuous cold, but typically responded
to noxious cold (<10°C) (Fig. 4). Usually, the maximum
discharge rate in response to cold was less than 10 Hz (high-
est instantaneous frequency: ~32.8 Hz, median: 0.95 Hz).
There was no significant difference in the number of rest-
ing discharges between the control and inflamed groups
(0.02 4 0.01 and 0.04 £ 0.02 impulses/s, respectively; P >
0.05) (Fig. 5). The median mechanical threshold of nocicep-
tive units measured with nylon monofilaments was 34.0 mN
for both groups (range: 14.4-284.9 mN for both groups).
There was no significant difference in conduction velocities
between the two groups (0.75 4 0.02 and 0.76 & 0.03 m/s,
respectively; P > 0.05).

Cold sensitivity was identified in the fibers that were stim-
ulated down to 2°C (14 units for the control group and 18
for the inflamed group). Among these, only one unit (7.1%)
was cold sensitive in the control group while nine (50%)
were in the inflamed group; these incidences were signifi-
cantly different (P = 0.011). The distribution of the cold
threshold is shown in Fig. 7. The cold threshold of one
unit in the control group was 4.0°C, and the mean cold
threshold in the inflamed group was 10.0 4 2.6 °C (range:
2.4-26.7°C). The supra-threshold cold response of nocicep-
tors in the inflamed group was 0.19 =+ 0.06 impulses/s (at
2-4°C, range: 0.06-0.64 impulses/s), and that in the control
group was 0.06 impulses/s. A statistical analysis of the re-
sponse magnitude was not done because there was only one
cold responder in the control group.

The heat threshold was not different between the groups
(42.8 = 0.7°C, n = 14 in the control group and 42.9 +
1.0°C, n = 23 in the inflamed group, P > 0.05). In the
supra-threshold response to heat, as well, no significant dif-
ference was found in any temperature sector (Fig. 8).
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Fig. 7. Proportions of C-nociceptors excited during a ramp cold stimulation
down to 2 °C. The proportion was cumulatively presented along the thresh-
old temperature. Open bar: data from the control group (n = 14); closed
bar: the inflamed group (n = 18). Note that only 7.1% of C-nociceptors
responded to 2 °C cold in the control group, while 50% of them did in
the inflamed group.



