withdrawal threshold. Closed circles show data from the ECC group, open circles show
the result of the SHAM group. Randall-Selitto test showed decreased pain threshold
after ECC. *p<0.05, ***p<0.001 compared with the value immediately before the day

###p<0.001 compared with the SHAM group on each day

of exercise (-1 day). #p<0.01,
after treatment. B, Withdrawal threshold for the skin over the exercised muscle
measured by von Frey hairs (n=7 for each group). The presentation is the same as in 4.
No significant differences were found between groups on each day, or between -1 day
and days after ECC (non-parametric Friedman test followed by Dunn’s multiple

comparison test). These results suggest that the pain threshold was decreased in the

deeper tissue, probably in the muscle.

Figure 3. C-Fos-ir neurons in the ipsilateral dorsal hom of the spinal cord at 14.

A-D: Camera lucida drawings of representative sections from four groups 2 days after
treatment: SHAM group (4), ECC group (B), SHAM-compression group (C), and
ECC+compression group (D). Labelled neurons are represented as black dots. Note that
the number of labelled neurons increased in the ECC+compression group on the second
day. This was especially marked in the superficial dorsal horn. E and F: Photographs
with different magnification of the same section as in D, showing c-Fos-ir neurons in
the ipsilateral dorsal horn of the spinal cord at L4. Calibration bars: 100 pm in E and 50

um in F, respectively.

Figure 4. Segmental distribution of the c-Fos-ir neurons in the dorsal horn of the spinal

cord at 1.2-1.6.
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A: Representative camera lucida drawing of the c-Fos-ir neurons in the dorsal hom of
the spinal cord at L2-L6 in a rat with ECC+compression. Labelled neurons are
represented as black dots. The largest number of labelled neurons was observed in the
superficial dorsal horn of L4 segment, and smaller numbers were seen also in L2 and L3
segments. B: Summary of segmental distribution of ¢c-Fos-ir neurons in the spinal dorsal
horn (L2-1.6). Number of labelled neurons per section in the entire dorsal born in each
segment is shown. The number of animals used was 4 in SHAM, SHAM-+compression,
and ECC+compression groups, and 5 in ECC group. Note that there is a significant
increase in the number of c-Fos-ir neurons at L4 in ECC+compression group compared
with the other three groups (**p<0.01). The number of ¢-Fos-ir neurons at L2 and L3 in
ECC-+compression group tended to be greater, but differences among the four groups

were not significant.

Figure 5. Number of c-Fos-ir neurons in the different areas of the spinal dorsal horn at
L4 (4) and suppression of its increase by morphine (5).

In 4, TTL (DH): total number of labelled neurons in the entire dorsal horn, SDH:
superficial dorsal horn, PN: proprius nucleus, NDH: neck of the dorsal horn. The
number of animals was 4 for SHAM, SHAM+compression, and ECC+compression
groups, and 5 in ECC group. A significant increase in the number of c-Fos-ir neurons
was observed in the superficial dorsal horn compared with each of other three groups
(**p<0.01, ***p<0.001). The numbers of ¢-Fos-ir neurons in the proprius nucleus and
the neck of the dorsal horn looked somewhat increased in the ECC+compression group,
but the difference was not statistically significant. In B, black columns show the number

of c-Fos-ir neurons per section in the animals that received morphine (10 mg/kg, i.p.) 20
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min before compression of EDL muscle 2 days after ECC, and white columns show
those in the control group that received saline instead of morphine. Number of animals
was 5 for the morphine group, and 6 for the control group. Note that c-Fos
immunoreactivity was clearly suppressed in the morphine-treated group (**p<0.01,

Mann-Whitney test).
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Abstract

Pathological pain is often associated with changed sympathetic nerve activities. It is known that sympathetic nerve endings release ATP as
a co-transmitter of norepinephrine, but the effect of this ATP on the nociceptive system has not been properly studied in that the concentration
range used in the previous studies was much higher than is expected in the surroundings of nociceptor terminals. We examined the effects of
ATP, especially at low concentration (10~ M or less), on C-fiber polymodal receptor (CPR) activity using a rat skin-netve prepatation in vitro.
We found for the first time that ATP inhibited the heat response of CPRs at low concentration (10~> M), but facilitated it at high concentration
(1()_3 M). The former effect was mimicked by a P2X; agonist, o,8-methylene ATP, at 1073 M, while the latter was mimicked by 2-methylthio
ADP (a P2Y; agonist) or UTP (a P2Y, agonist) at 107 M, suggesting that the former is mediated by P2X receptors and the latter by P2Y
receptors. After repetitive heat stimuli, ATP-induced CPR excitation was increased (107> to 107> M), but none of the purinergic agonists

induced CPR excitation in a magnitude comparable to that by ATP. Possible mechanisms for these effects were discussed.
© 2004 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.

Keywords: Rat; ATP; o,B-methylene ATP; 2-methylthio ADP; UTP; Purinoceptor; Cutaneous nociceptor

1. Introduction

Neuropathic or chronic inflammatory pain in patients is
often associated with disorders in sympathetic nerve
functions such as a change in skin blood flow or abnormal
sudomotor activity in the painful region (Birklein et al.,
1997, 1998). This association and the relief of pain by
interrupting sympathetic nerve activity to the affected region
have led to characterization of these pathological conditions
as sympathetically maintained (Roberts, 1986). There are
several possible sites of interaction between the sensory and
sympathetic nervous systems that may account for these
phenomena (Sato and Perl, 1991; Seltzer and Devor, 1979;
McLachlan et al., 1993). To clarify the mechanism of

* Corresponding author. Tel.: +81 52 789 3861; fax: +81 52 789 3889.
E-mail address: mizu@riem.nagoya-u.ac.jp (K. Mizumura).
' These authors contributed equally to this work.
? Present address: Unidat de Farmacologia, Departmento Ciencias de la
Salud, Universidad Rey Juan Carlos, 28922 Alcorcon, Madrid, Spain.

peripheral interaction, we have investigated the effects of
sympathetic nerve activation on nociceptive fiber activities
using the single C-fiber recording technique. Our previous
experiments have shown that cutaneous nociceptors (C-fiber
polymodal receptors (CPRs)) exhibit abnormal excitation to
sympathetic nerve stimulation or norepinephrine (NE)
administration in animals rendered neuropathic (Sato and
Perl, 1991) or chronically inflamed (Sato et al., 1993), but
not in healthy ones. Further, a simulated acute inflammatory
state produced by repetitive application of bradykinin
caused sensitization of CPRs so that they were excited by
exogenous NE (Banik et al., 2004). We therefore consider
these alterations in the sensitivity of cutaneous nociceptors
to adrenergic stimulation to be significant as a peripheral
mechanism for sympathetically maintained pain.

ATP has long been known as an intracellular energy
source. It is also known to be stored in vesicles of
sympathetic terminals and other nerve terminals in
periphery and in central nervous system, and released when
sympathetic nerves are excited (Burnstock, 1995; Bodin and

0168-0102/$ - see front matter €5 2004 Elsevier Ireland Ltd and the Japan Neuroscience Society. All rights reserved.
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Burnstock, 2001; Santos et al., 2003). Although the role of
ATP released from the sympathetic nerve terminals in
pathological pain states as described above is not fully
understood, ATP is now known as a pain producing
substance: ATP administration into the human skin
generates burning pain (Hamilton et al., 2000), and ATP
injected into the plantar skin induces a dose-dependent
nocifensive foot withdrawal response in rats (Bland-Ward
and Humphery, 1997). Amongst ATP receptor subtypes,
significant research efforts have been directed to P2X;
receptor as this receptor subtype is expressed specifically in
small-sized dorsal root ganglion (DRG) neurons (Chen et al.,
1995; Lewis et al., 1995), many of which are cell bodies of
nociceptors. It has been shown that «,3-methylene ATP
(a,B-met ATP), a P2X; receptor agonist having also affinity
with P2X;, P2X5/3 and P2Xy6 receptors, injected into the
planter skin induced behaviors related to spontaneous pain
in rats and hyperalgesia to heat and mechanical allodynia
(Tsuda et al., 2000). Further, patch clamp studies on isolated
small-sized DRG neurons showed that ATP facilitated the
heat response (Kress and Guenther, 1999) and that ATP as
well as o,3-met ATP elicited inward currents (Ueno et al.,
1999). Recent reports have demonstrated an additional
contribution of P2Y receptor subtypes in pain: P2Y; and
P2Y, receptors were also expressed in small-sized DRG
neurons, and nociceptive behavior to heat was facilitated by
P2Y agonist (Moriyama et al., 2003). ATP facilitated TRPV1
currents through P2Y, receptors in a heterologous expres-
sion system (Tominaga et al., 2001) and through P2Y,
receptors in DRG (Moriyama et al., 2003). Additionally,
ATP- and o,B-met ATP-induced nocifensive withdrawal
responses of the hindpaw were facilitated in chronically
inflamed animals, and expressions of P2Xs3; and P2Xj5s3
receptor subtypes in their DRG neurons were increased (Xu
and Huang, 2002). P2Y, receptor in rat DRG neuron was
increased after peripheral axotomy (Xiao et al., 2002). In
dura mater, ATP enhanced the proton-induced calcitonin
gene-related peptide release from sensory nerves through
P2Y, receptors (Zimmermann et al., 2002). This ample
evidence supports the hypothesis that ATP may activate and
sensitize peripheral nociceptors through activation of P2X3
(or P2X5;3) and P2Y receptor subtypes, and thus has an
important role in pathological pain. In fact, recent
experiments have shown that a proportion of C-fibers in
normal rats respond to ATP, and under inflammatory
conditions both the proportion of sensitive units to this agent
and their response magnitude were increased (Hamilton
et al., 2001).

1t is worth noting that the experiments described above
tested the effects of high concentrations (mM order) of ATP,
which mimicked the extracellular ATP level in damaged or
inflamed tissues (Cook and McCleskey, 2002). Although it
has been hypothesized that ATP acts on P2X5 or P2X5s
receptors on nociceptors to contribute to the initiation and
maintenance of sympathetically maintained pain (Burn-
stock, 2000), the mode of action of ATP released from the

sympathetic nerve terminals as a co-transmitter with NE and
neuropeptide Y (Burnstock, 2000) has not yet been clearly
identified. Our present study was therefore designed to
elucidate the role of ATP, especially at the low concentration
that is expected to be present in the tissue when sympathetic
nerves are activated in conditions of pathological pain. The
effects of P2Xs P2Y, and P2Y, agonists on CPR activity
were also tested to identify putative purinergic receptor
subtype(s) involved in the ATP effects.

2. Materials and methods

All experiments were conducted following the ethical
guidelines of the Animal Care Committee of Nagoya
University, and were performed in accordance with the
guidelines of the International Association for the Study of
Pain (Zimmermann, 1983).

2.1. Electrophysiological recording

Male Lewis rats (n =42, Charles River Laboratories,
Japan) weighing 250280 g were used in this study. The
experimental procedures for in vitro single fiber recording
techniques (Reeh, 1986) were described in a previous report
(Banik et al., 2001). Under deep anesthesia (pentobarbital
sodium, 55 mg/kg, ip.), the saphenous nerve and its
innervating territory on the hairy hindpaw skin was
subcutaneously dissected and excised. After dissection,
the rats were killed with an intracardial injection of a lethal
dose of pentobarbital sodium. The skin was pinned, out side
down, in the perfusion chamber, and superfused (14 ml/min)
with a modified Krebs—Henseleit solution (110.9 mM NaCl,
4.8 mM KCI, 2.5 mM CaCl,, 1.2mM MgSQ4, 1.2 mM
KH,SO,, 24.4 mM NaHCO;, and 20 mM glucose), which
was satorated with a gas mixture of 95% 0,-5% CO;
maintained at a temperature of 32 & 0.5 °C. The saphenous
nerve was drawn through a hole into a recording chamber,
placed on a small mirror and covered with a layer of liquid
paraffin. Small filaments of the nerve were repeatedly split
with sharpened watchmaker forceps and a thin needle until a
single unit activity could be recorded. Action potentials were
amplified, filtered, and displayed on an oscilloscope and
continuously recorded on videotapes (for off-line analysis).
They were later analyzed on a computer with an analog—
digital converter and a SPIKE/SPIDI software package
(Forster, University of Erlangen-Neurnberg, Germany).
Units were first identified by manual probing of the skin
with a glass rod with a small round tip (diameter 1.3 mm).
Only units responding to this mechanical stimulation were
studied in detail. Homemade von Frey hairs (tip diameter
0.5 mm, force strength 83-265 mN) were then used to
determine the receptive field size and examine its
mechanical response characteristics. Monopolar electrical
stimulation was applied to the receptive field. Conduction
velocity of a unit was calculated by dividing the distance
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between the receptive field and the recording electrode with
the conduction delay of the action potential induced by this
electrical stimulation. We focused in this study only on those
units that showed a slowly adapting response to the von Frey
hair stimulation, responded to heat stimulation (described
later), and had conduction velocities <1.5 m/s. These units
were considered to be the CPRs (Bessou and Perl, 1969).

2.2. Heat and chemical stimulation

A metal cylinder (5.5 mm i.d.; height, 6 mm; volume,
0.4 ml) was placed over the receptive field (ring chamber) to
isolate the receptive field against the superfusate. For heat
stimulation, solution in the ring chamber was removed and a
thermocouple was placed in the chamber to monitor the skin
temperature. Heat stimulation was applied at 10 min
intervals by a feedback controlled radiation heat stimulator
(Thermal Stimulator DPS-701, Dia Medical Co., Tokyo,
Japan) at the corium side. The temperature was raised from
32 °C at a speed of 0.65 °C/s up to 50 °C at the maximum
(Fig. 1A and B). In the first heat stimulation the temperature
was raised until spikes were evoked at 5Hz (cut-off
temperature). The cut-off temperature established in this
way was applied in the subsequent stimuli (10 min intervals)
for a given unit. Chemical stimulation was carried out by
superfusing the ring chamber separately (2.6 ml/min, 32 °C)
with drug solutions for 5 min using a push—pull pump. At the
end of the drug superfusion, the receptive field was rinsed
with warmed (32 °C) Krebs solution. The following drugs
were used for stimulation: adenosine 5'-triphosphate lithinm
salt (ATP), o,B-methylene adenosine 5'-tri-phosphate
lithium salt (o,-met ATP), 2-methylthio adenosine 5'-
diphosphate trisodium salt (2-MeS ADP) and uridine 5'-
triphosphate trisodium salt dihydrate (UTP). All drugs were
obtained from Sigma (St. Louis, MO, USA). Stock solutions
(1072 M) of these drugs used were kept frozen (—80 °C) and
were diluted to the relevant concentration in the Krebs
solution on the day of use.

2.3. Analysis of the heat response and the drug-induced
excitation

The effect of ATP or purinergic receptor agonists on the
heat response was studied in different groups of CPRs. The
control group of CPRs received five to seven trials of heat
stimuli delivered at 10 min intervals (control heating
protocol); the same protocol was used in the other groups
except that after two to four trials of heat stimuli, when the
response of a CPR was confirmed to be stable, the ring
chamber was superfused for 5 min with one of the above-
mentioned chemical solutions, and then the thermal test
procedure was repeated.

Two parameters of heat response were measured before
and after a 5 min application of these drugs: (1) the heat
threshold temperature and (2) the net total number of
impulses induced by a heat stimulation. The heat threshold
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Fig. 1. Responses of C-fiber polymodal receptors to ramp-heat stimulation.
(A) Upper panel: original recording of a unit over a period of temperature
increase; lower panel: recording of tissue temperature. The stimulus tem-
perature (36.8 *C) that induced the first spike (marked with an arrow and a
broken line), was determined to be the threshold of this unit according to the
criteria (see methods section). (B) Upper panel: the instantaneous frequency
of spikes (in log scale) over the period of temperature increase; lower panel:
recording of tissue temperature. Note that this C-fiber polymodal receptor
unit has ongoing discharges before the heat stimulation. The spike marked
by an arrow was elicited at 43.4 °C, the threshold temperature of this unit
according to the criteria (see methods section). The solid line shows the
mean basal activity +1S.D. (standard deviation). (C) Average response of C-
fiber polymodal receptors to repeated heat stimuli at 10 min intervals with
“cut-off temperature”. The net total number of impulses (@) and the
threshold temperature (O) were obtained in a control group of C-fiber
polymodal receptors (mean == S.E.); n =6 up to 5 heating trials, 4 in the
sixth trial and 2 in the seventh trial. Repeated heat stimulation did not alter
either response parameter (Friedman test).

was defined as the temperature that evoked the first spike by
the heat stimulation (sample shown in Fig. 1A). As
previously described (Banik et al., 2001), the majority of
CPRs identified in this in vitro preparation had no
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spontaneous activity before any stimuli; however, the
mechanical search stimulus with a glass rod or thermal
stimulation sometimes resulted in ongoing activity of a low
frequency in some units. When a unit had spontaneous
discharges, the threshold was determined as the lowest
temperature at which the instantaneous frequency of two
successive spikes exceeded the mean instantaneous fre-
quency during the 30 s control period preceding the heat
stimulus by its standard deviation (sample shown in
Fig. 1B). Since some fibers had spontaneous discharges
and/or after-discharges outlasting the stimulation period, the
net total number of impulses induced from the initiation of
the heat stimulation to cessation of the response (total
response period) was calculated according to the following
formula: {(mean discharge rate during the total response
period) — (mean discharge rate during the 30 s preceding
control period)} X total response period.

Effect of repetitive heat stimuli on the ATP-induced
excitation was examined. For this purpose, some CPR
units received ATP at a concentration of 107>, 107* or
107> M to their receptive field before any heat stimuli and
after the three to four trials of heat stimuli, and the
proportion of excited units and the response magnitudes
were compared between two ATP applications. Another
group of CPR units received one of the purinergic receptor
agonists at a concentration of 107, 107% or 107> M after
two to four trials of heat stimuli to compare their response
magnitude and discharge pattern with those of the ATP
response.

The magnitude of the response to ATP and purinergic
receptor agonists at different concentrations was deter-
mined by counting the total number of impulses evoked
and the peak discharge rate (impulses/s) during the drug
superfusion (5 min). To count the total number of impulses
induced, spontaneous discharges during the 30 s preceding
control period were multiplied by 10 and subtracted
from the count during 5 min drog superfusion. If the
instantaneous discharge rate of a unit during drog appli-
cation exceeded that during the preceding 30 s control
period by its standard deviation, the unit was scored as
having a response to ATP or the purinergic receptor
agonists. The latency of the drug response was determined
as time from the beginning of the drug application until
the instantaneous frequency of two successive spikes
exceeded, by its standard deviation, the mean instanta-
neous frequency during the 30 s control period preceding
the drug application.

2.4. Statistical analyses

Data are shown as mean £ standard error of mean
(S.E.M.). Statistical analyses were performed using Mann—
Whitney U-test, Friedman test followed by Tukey test,
unpaired #-test and Fisher’s exact probability test, as
appropriate. Difference was considered significant at the
P <0.05 level.

3. Results
3.1. General properties of CPRs

Eighty CPR units with an average conduction velocity of
0.50 £ 0.02 m/s (ranging from 0.25 to 0.83 m/s, median:
0.50 m/s) were investigated in the present study. Twenty-two
units (27.5%) showed spontaneous discharges ranging from
1 to 4 impulses/30 s before any stimulation other than the
search stimulus. No significant difference in the conduction
velocity was observed between fibers with or without
spontaneous discharges (P = 0.96, unpaired z-test). In this
study all tested CPRs responded to the heat stimulation, and
had a single spot-like receptive field. The identified units
were randomly assigned for the following experimental
series.

3.2. Suppressive and facilitatory effects of ATP on
the heat response

In 6units heat stimulation was applied five to
seven times using the heating protocol with the cut-off
temperature described in the methods section. We
confirmed that CPRs were neither sensitized nor desensi-
tized by this stimulation protocol (Fig. 1C). Based on this
finding, we tested the effects of ATP after three to four
trials of heat stimuli in another group of units. The last heat
response before the ATP application was used as the
control heat response, and the difference of the heat
responses examined successively after the ATP application
from the control heat response was taken as the change of
the heat response induced by ATP. Sample recordings of
the effects of ATP on the heat response are shown in Fig. 2.
In the CPR unit shown in the upper panel (A), ATP at a
lower (10_5 M) concentration excited the unit to induce
low-frequency discharges and clearly decreased the
following heat response (P1). This suppression of the
heat response disappeared 10 min after the ATP treatment
(P2). ATP at the highest concentration (1073 M) used
(lower panel (B)), on the other hand, induced higher-
frequency discharges and clearly augmented the following
heat response (P1). In this unit, such sensitization of the
heat response was seen up to 10 min after the ATP
treatment (P2). The time course of the sensitizing and
desensitizing effects induced by different concentrations
of ATP is shown as changes in the net total number of
impulses in Fig. 3. On average in 8 units, ATP at 107> M
significantly decreased the heat response just after ATP
application (Fig. 3A, P < 0.05, Friedman and Tukey tests).
Such significant inhibition of the heat response was not
observed 10 min later. To the contrary, ATP at 107> M
induced a significant enhancement of the heat response
(n=15, Fig. 3C, P < 0.05, Friedman and Tukey tests), and
this effect was still observed 10 min later with a small
tendency to decline. This facilitatory effect was not
induced as a result of the smaller control response in this
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Fig. 2. Examples of bi-directional effect of ATP on the heat responses of C-fiber polymodal receptors. Peri-stimulus time histograms according to the order of
testing (1 bin is 5 s). Symbol (/) shows that the recording was interrupted for several min at this point. Lines indicate the time of heat stimulation and ATP
application. After three trials of heat stimuli (B1, B2, B3), ATP at 107> M (A) or at 107> M (B) was superfused to the receptive field for 5 min. In (A), ATP-
induced small numbers of discharges and inhibited the subsequent heat response (P1). In (B), ATP excited the unit strongly and increased the subsequent heat

responses (P1, P2). Insets display action potential forms of these nociceptors.

series than that with 107° M ATP, because we observed
such augmenting effect of ATP at 107> M even in 2 units
with larger magnitude of the control heat response (22
impulses and 16 impulses). In all units tested with 107> M
of ATP, observation was carried out further up to 20 min
after rinsing, and this declining tendency was confirmed
(sample shown in Fig. 2B). For 5 units tested with 1074 M
of ATP, 1 unit had a suppressed heat response, while the
others were augmented. On average, ATP at this
concentration (10_4 M) did not induce a significant
change in the heat response (Fig. 3B, P > 0.05, Friedman
test). The threshold temperature tended to increase and
decrease after 10> and 10> M ATP application,
respectively, but these alterations were not statistically
significant (data not shown).

In another series of experiments, the influence of even
lower (1077 and 107° M) concentrations of ATP on the heat
response was examined in each of 4 CPR units. ATP at either
concentration was applied after three to four trials of heat
stimuli. ATP at 10’ M did not change the following heat
response in any of the 4 units (average net total number of
impulses: 29 + 4.4 impulses before ATP versus 30+ 5.1
impulses after ATP), while ATP at 107°M tended to
decrease the following heat response of 3 units (from
29 £ 6.7 to 23 £ 4.7 impulses).

3.3. Role of purinergic receptor subtypes in the
ATP-induced alteration of the heat response

The result in the previous section showed that ATP has
a bi-directional effect on the heat response of CPRs,
depending on the concentration. That is, the lower (10™> M)
concentration of ATP caused the following heat responses to
decrease while the higher concentration (10> M) augmen-
ted them. This result might snggest that different purinergic
receptor subtypes are involved in the ATP effects on the heat
response at different concentrations. To examine this, we
tested the effects of three different purinergic receptor
(P2X3, P2Y, and P2Y,) agonists on the heat response of
CPRs. One example of the desensitizing effect of P2X
agonist, o,3-met ATP, is shown in Fig. 4 A. o,-met ATP at
10™° M did not induce any substantial excitation of this unit
and clearly decreased the following heat response (P1). This
desensitization of the heat response disappeared at 10 min
after the treatment (P2). On average in 7 units, ot,3-met ATP
at 107> M significantly inhibited the first heat response after
the drug, characterized by a decreased net total number of
impulses (Fig. 5A, P < 0.05, Friedman and Tukey tests).
Such inhibitory effect seemed to last for another 10 min,
although it was not a significant change. The time course of
the desensitizing effect of o,3-met ATP is similar to that of
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Fig. 3. ATP either suppressed or facilitated the following heat response
depending on its concentration (summary). Ordinate: average heat response
(net total number of impulses, mean £ S.E.) of C-fiber polymodal receptors.
Abscissa: time from the first heat stimulus. Heat stimulation was applied
two to four times before ATP application (shadow areas), but only the last
two responses are shown. ATP at 107> M (n = 8) significantly inhibited the
subsequent heat response, while ATP at 107 M (z=5) significantly
facilitated it. ATP at 107*M (n=35) did not alter the heat response.
P < 0.05, compared with the heat response just before ATP application
(Friedman and Tukey tests).

lower (10_5 M) concentration of ATP (see Fig. 2A). The
threshold temperature rose from41.4 = 2.0t043.0 = 1.8 °C
after o,3-met ATP at 1072 M; this change was also
statistically significant (P < 0.05, Friedman and Tukey
tests). Higher (10‘4 M) concentration of «,3-met ATP did
not induce significant changes in the total number of
impulses (21.7 &= 4.6 impulses before treatment versus
18.6 & 5.0 impulses after treatment, n = 8, Friedman test) or
threshold temperature (43.4 +2.1°C before treatment
versus 43.6 == 1.8 °C after treatment, n = 8, Friedman test).
Neither did the highest (10> M) concentration of the drug:
no changes were observed in the net total number of
impulses (16.8 = 3.1 impulses before treatment versus
16.9 & 4.7 impulses after treatment, n = 6, Friedman test) or

threshold temperature (41.4 +2.4°C before treatment
versus 41.8 £ 1.5 °C after treatment, n = 6, Friedman test)
at this concentration. Thus, e,B-met ATP suppressed the
heat response of CPRs only at the lowest concentration
(107> M) used.

P2Y, agonist showed a completely different effect from
the P2X5 agonist on the heat response of CPRs. Fig. 4B
illustrates an example of the angmenting effect of 2-MeS
ADP. In this unit, the highest concentration (10_3 M) of 2-
MeS ADP excited the unit with rapidly responding and
relatively high-frequency discharges, and apparently in-
creased the following heat response (P1). This sensitization
of the heat response was seen up to 20 min after the
treatment (P2 and P3). On average in 6 units, 2-MeS ADP at
107> M significantly augmented the heat response just
after the drug, characterized by an increased net total
number of impulses (Fig. 5B, P < 0.05, Friedman and Tukey
tests), although the threshold temperature was not sig-
nificantly changed (39.9 £ 1.3 °C before treatment versus
39.3 £ 1.2 °C after treatment, Friedman test). Lower con-
centration (10_5 or 1074 M) of 2-MeS ADP neither
suppressed nor facilitated the subsequent heat responses
of CPRs: no changes were observed in the net total number
of impulses (10~ M: 16.7 & 2.6 impulses versus 17.4 & 5.8
impulses, 107* M: 12.7 & 2.6 impulses versus 13.6 £ 2.9
impulses, n = 6 for 107> M and n = 8 for 10~* M, Friedman
test) or the threshold temperature (10_5 M: 410+ 09°C
versus 38.8+ 1.1°C, 107*M: 423+ 1.3°C versus
20E£15°C, n=6 for 10°M and n=8 for 10°* M,
Friedman test). Thus, 2-MeS ADP augmented the heat
response only at the highest concentration (107> M) used.

We next tested the effects of P2Y, agonist, UTP on the
heat responses of 20 CPR units. Fig. 4C shows an example of
single CPR recording. In this unit, UTP at 107> M itself
induced small excitation and increased the subsequent heat
response (P1). This sensitizing effect disappeared at 10 min
after the treatment (P2). On average in 8 units, UTP at
107°M significantly angmented the heat response just after
the drug, characterized by an increased net total number of
impulses (Fig. 5C, P < 0.05, Friedman and Tukey tests).
The threshold temperature was significantly lowered after
application of the highest (107 M) concentration of UTP
(43.7 £ 0.9 °C before treatment versus 40.7 £ 1.1 °C after
treatment, P < 0.05, Friedman and Tukey tests). Lower
(10“5 or107* M) concentration of UTP did not influence the
subsequent heat responses of CPRs, as neither increases nor
decreases were observed in the net total number of impulses
(107° M: 10.4 = 3.4 impulses versus 11.3 & 4.1 impulses,
107* M: 16.2 + 3.8 impulses versus 19.7 + 4.0 impulses,
n=7 for 107°M and n=6 for 10™* M, Friedman test) or
threshold temperature (107> M: 41.7 £1.9°C versus
405+ 1.6°C, 107*M: 41.1£1.1°C versus 409+
1.1°C, n=17 for 107°M and n=6 for 107* M, Friedman
test). Thus, UTP augmented the heat response only at the
highest concentration (10~3 M) used. This effect was similar
to that of P2Y, agonist, 2-MeS ADP.
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Fig. 4. Examples of different effects of purinergic receptor agonists on the heat responses of C-fiber polymodal receptors. Presentation method is similar to
Fig. 2. After three trials of heat stimuli (B1, B2, B3), o,,B-met ATP at 10-> M (A), 2-MeS ADP at 107> M (B) or UTP at 107> M (C) was superfused in the
receptive field for 5 min. In (A), the drug did not excite the unit and inhibited the subsequent heat response (P1). In (B) and (C), the drug excited the unit and
increased the subsequent heat responses (P1, P2, P3). Insets display action potential forms of these nociceptors.

3.4. Preceding heat stimuli increased ATP-induced
activity of CPRs

Since a bi-directional effect of ATP on the heat response
was clearly observed, we next addressed the question
whether heat stimulation has any effect on ATP sensitivity.
Our previous data (Yajima et al., 2000) showed that NE
(10'5 M) did not excite any CPRs before heat stimulus, but
did excite some (30%) of them after three to four heat stimuli
trials. Thus, we applied ATP before any heat stimuli and
after three to four heat stimuli. In the present experiment,
some CPRs responded to ATP even before any heat stimuli:
2/9 at 107°M, 5/9 at 10™*M, and 6/9 at 10> M ATP
(Fig. 6A). As shown in this figure, an increased proportion of
CPRs seemed to be sensitive to ATP after a few heat stimuli
compared with those of before the heat stimuli: 4/8
responded at 1073 M, 3/5 at 1074 M, and all of the 5 units
at 107> M ATP, although this increment is not statistically

significant (Fisher’s probability test). Fig. 6B shows the
concentration-response relationship for the ATP-induced
excitation both before and after the heat stimuli. More
clearly than the change in proportion of exciting units
(Fig. 6A), CPRs displayed increasing net total number of
impulses as a function of the concentration of ATP. A
significant increase in the number of ATP (10”3 M)-evoked
impulses was observed after heat stimuli compared with
those before the heat stimuli (P < 0.05, unpaired z-test).
The latency of ATP response was influenced by the
concentration of the drug; that is, the higher the concentra-
tion, the shorter the latency (10_5 M:1195+245s,n=2;
107 M: 63.0 £29.85, n=5; 10> M: 40.9 & 12.5s,n = 6),
although this difference was not statistically significant
(Kruskal-Wallis test). After heat stimulation, the latency of
ATP-induced excitation at different concentrations tended to
be shortened (10*5 M: 499%400s, n=4; 1074 M:
290x£124s, n=3; 1073 M: 21.7+£95 s, n=35), again
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Fig. 5. Purinergic receptor agonists changed the heat response (summatry).
The method of presentation is the same as in Fig. 3. In (A), o,B-met ATP at
1075 M (1 = 7) significantly inhibited the subsequent heat response, while
in (B) and (C), 2-MeS ADP at 107 M (1= 6) and UTP at 107> M (n=28)
significantly facilitated it. *P < 0.05, compared with the heat responses just
before drug application (Friedman and Tukey tests).

this change was not statistically significant (Kruskal-Wallis
test). Fig. 6C shows averaged discharge patterns evoked by
107> M of ATP both before and after the heat stimuli. After
repetitive heat stimulation, the discharge pattern of the ATP
excitation was changed from the “low frequency and slowly
increasing” type to *“high frequency and rapidly increasing”
type. ATP at even lower concentrations (107% and 107" M)
excited half of the units tested (each n=4) with a small
number of impulses (1077 M: 4 and 4 impulses, 107°M: 3
and 10 impulses).

3.5. Purinergic receptor agonists induced CPR excitation

CPRs were challenged by the different concentrations of
P2X; and P2Y agonists after the heat stimulation. A dose-
dependent tendency for the proportion of exciting units
(Fig. 7A) and their response magnitude (Fig. 7B) was

observed. This dose-dependency in the CPR excitation to the
purinergic receptor agonists was similar to that of ATP
responses described above. However, the number of
discharges induced by these agents was smaller than that
of ATP (see Fig. 6B), and the response pattern consisted with
“slowly increasing” discharges to the highest (107> M)
concentration of the agonists even after the heat stimulation
(Fig. 7C). This was different from ATP, which induced
“high frequency and rapidly increasing” discharges at the
high concentration (107> M) after heat stimulations
(Fig. 6C, sample shown in Fig. 2B).

4, Discussion

The present study demonstrated that the heat response of
cutaneous C-fiber polymodal receptors (CPRs) was inhib-
ited by low (107> M) concentration of ATP, while the
response was facilitated by high (1072 M) concentration of
the drug. The study of effects of purinergic receptor agonists
showed that the former effect can be mimicked by the low
(107 M) concentration of o,B-met ATP (P2X; agonist),
while the latter was mimicked by the high (107> M)
concentration of 2-MeS ADP (P2Y agonist) or UTP (P2Y,
agonist), suggesting that the former effect was mediated by
P2X receptors and the latter by P2Y receptors. However,
none of the purinergic agonists could induce a magnitude of
excitation in CPRs similar to that induced by ATP. In
addition, this study revealed that CPR excitation by ATP
occurs at a greater magnitude after repetitive heat
stimulations.

4.1. Mechanism of inhibition and facilitation of the heat
response by ATP

Comparative evaluations of the effects of purinergic
receptor agonists suggested that the P2X receptor is involved
in the inhibitory effect of ATP at the low concentration and
the P2Y, and/or P2Y, receptors are involved in the
augmenting effect at the high concentration. With respect
to the augmenting effect of ATP at high concentration, the
present observation is in agreement with a recent publication
that ATP, through P2Y, receptor activation, facilitated
capsaicin-induced currents of a heat-sensitive ion channel
(vanilloid receptor ! or TRPV1) in sensory neurons
(Moriyama et al., 2003). P2Y activation can also facilitate
the TRPV1 currents in a heterologous expression system
(Tominaga et al., 2001).

This is the first report that ATP at a low concentration
inhibited the heat response of CPRs, possibly through
activating P2X receptors. Several reports have examined the
effects of ATP and P2X3 receptor agonists on nocifensive
behavior, but none reported a suppression of the behavioral
heat response by these agents, but rather its facilitation:
intracutaneous injection of ATP or o,3-met ATP augmented
nocifensive paw withdrawal response to heat stimuli in rats
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(I bin= 10 s, mean &+ S.E.).

(Hamilton et al., 1999; Tsuda et al., 2000; Waldron and
Sawynok, 2004). However, in these experiments high
concentrations of ATP or o,f-met ATP (10-100 mM,
calculated from the injected dosage and volume) were used
(Hamilton et al., 1999; Waldron and Sawynok, 2004). In the
present experiment, P2X; receptor agonist did not facilitate
the heat response even at the highest concentration (10_3 M)
used, although ATP at 107> M did facilitate the heat
response, in agreement with the findings in the above papers
on nocifensive behavior. Thus, P2X receptor-mediated
facilitation of the nocifensive behaviors in rats may be
mediated by other types of nociceptors than CPRs. It is not
known, however, whether these types of receptors are
sensitized to heat by low concentration of ATP in rats.
Hilliges et al. (2002) recently reported that ATP
5 x 1073 M) did not induce heat or mechanical sensitiza-
tion in mechano-insensitive, heat sensitive C-fibers of
human skin, and, different from our result, that even
mechano-heat responsive (polymodal) C-fibers were not
sensitized to heat by ATP. Another possibility is A-delta

fiber mechano-heat sensitive nociceptors. Alternatively, the
difference between our present result and the behavioral
experiments might suggest that some tissue or blood-born
factors are involved in o,-met ATP-induced augmentation
of nocifensive behavior. Further studies are needed to
answer this question.

As for the mechanisms for suppression of the heat
response, at least two possibilities can be considered. Firstly,
in the present experiment, the rapid breakdown of ATP by
the extracellular ATPases may have resulted in production of
adenosine, which might have inhibited the heat response
(Sawynok, 1998). This possibility, however, is highly
unlikely, since the ring chamber was continuously super-
fused with the drug when the receptive field was stimulated,
and thus the concentration of ATP must have been kept at a
constant level. In addition, o,3-met ATP, which is more
stable than ATP, also induced suppression of the heat
response. Secondly, extracellular ATP at a lower concentra-
tion may indirectly inhibit CPR response to heat through
activating P2X receptors expressed on other cells/nerve
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Fig. 7. Response of C-fiber polymodal receptors to the purinergic receptor agonists given after a few heat stimuli. In (A) and (B), concentration—response curves
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dose-dependency in (A), the incidence of drug sensitivity, and in (B), the mean net total number of impulses.

fibers. ATP might act on the P2X receptors in the
sympathetic nerve terminals and induce release of NE
(Boehm, 1999), and this released NE might then inhibit the
heat response of CPRs. This hypothesis is supported by our
previous observation that endogenous NE inhibited the heat
response of CPRs in normal conditions, irrespective of the
presence or absence of the NE-induced excitation (Yajima
et al., 2000).

What is the physiological role of this inhibitory effect
from low concentration ATP? It is known that traumatic
injuries during athletic competitions or combat are
often reported as being relatively painless (Melzack and
Wall, 1982). The inhibitory modulation of pain in the
central nervous system (descending inhibition or endo-
genous opioids and so on) has been used to explain this
phenomenon (Fields and Basbaum, 1999). Our present
observation might suggest that pain can also be inhibited in

the periphery by sympathetic nerve activity in some
conditions.

4.2. ATP-induced excitation

ATP excited a proportion of CPRs before heat stimuli in a
concentration-dependent nature. As ATP increased in
concentration, CPRs were more frequently excited and
the magnitude of the response to the drug was increased.
Excitation of nociceptors induced by ATP has been reported
(Hamilton et al., 2001, Hilliges et al., 2002), but the
concentration range used in these experiments was higher
than that used in the present experiment. The excitation
induced by ATP at a low concentration, such as might exist
in the surroundings of nociceptors when ATP escapes from
the sympathetic-effector junction, was quite small before
any heat stimuli. This might indicate that ATP released from
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the sympathetic terminals has a negligible role in induction
of excitation of nociceptors except in conditions wherein the
sympathetic terminals are located adjacent to nociceptors,
e.g. sympathetic sprouting around dorsal root ganglion
newrons after nerve injury (McLachlan et al., 1993).

The P2X5, P2Y, and P2Y, receptor agonists excited a
proportion of CPRs in a roughly concentration-dependent
manner. These results were similar to those in the ATP-
induced excitation of CPRs, however, the magnitude of the
response elicited by these agonists was considerably smaller
than that with ATP at the same concentration and in the same
condition (namely, after a few heat stimuli). This observa-
tion is at odds with the report that o,3-met ATP was more
potent in inducing nocifensive behavior than ATP (Hamilton
et al., 1999). Although they also examined o,(3-met ATP-
induced excitation in the same excised skin-nerve prepara-
tion in vitro as we did, they did not determine whether o,3-
met ATP was more potent than ATP. The difference of our
present result from those of the behavioral experiments
might suggest that some tissue or blood-born factors are
involved in o,3-met ATP-induced nocifensive behavior.

A previous report showed that the effects of a,3-met ATP
on P2X; receptor and 2-MeS ADP on P2Y receptor are both
more potent than that of ATP (Grubb and Evans, 1999), and
UTP is as potent as ATP on P2Y,, receptors. CPR excitation
induced by ATP, therefore, cannot be mediated through
either P2X3, P2Y, or P2Y, receptor alone. Alternatively, in
view of the presence of P2X,_¢ and P2Y_ in DRG neurons
(Burnstock, 2000), there is also a possibility of additional or
concerted involvement of a purinergic receptor subtype
other than P2Xs, P2Y, and P2Y; receptors in the CPR
excitation.

4.3. Mechanism of facilitation of ATP-induced excitation
after heat stimuli

After repetitive heat stimuli, ATP-induced excitation
tended to be facilitated at all concentrations used. This
augmenting effect of repetitive heat stimulations on the
ATP-induced excitation was similar to that by NE, which
excited CPRs after a few heat stimuli in normal animals
(Yajima et al.,, 2000). Our results suggest that some P2
receptors may be dormant under normal conditions, and
recruited or sensitized after repetitive heat stimuli. Hamilton
et al. (2001) reported that mechano-heat nociceptors
were sensitized to o,B-met ATP in short inflammatory
states by caraggeenan. Our observation was done in vitro;
therefore, the sensitizing substance is unlikely to be
blood-born.

4.4. Possible interaction of ATP with NE

ATP is a co-transmitter of NE at sympathetic nerve
terminals. ATP-induced excitation was small, especially so
at low concentration. If NE acts together with ATP, a larger
magnitude of the ATP response might be induced. Our

previous studies demonstrated a novel action of NE in such a
pathological condition: NE sensitized the response to
bradykinin of nociceptors (Banik et al., 2004). Recently
Waldron and Sawynok (2004) reported that spontaneous
pain behavior was augmented by injection of o,-met ATP
and NE. Although in this experiment they employed a high
concentration of o,B-met ATP, their results suggested
cooperation between ATP and NE. If ATP and NE acted
in concert on nociceptors, ATP in damaged tissue or released
from the sympathetic terminals might have more potent
effects, either inhibitory or facilitatory, on nociceptors. This
issue remains open for future study.
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anism through intracellular signals and cloning of several thermo-sensitive ion channels were done
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changed thin-fiber activities in these models.

Key words : A X#2F (nociceptor), HHAFEE 7V (muscle pain model), THEZEMEME (transduction
mechanism)

WMoz ﬁ@#w<0%7n—w/7éh ra

U BHIC
DR PIERIRE - BHIRE OB IEA 72

HTh, B EDOMHICHEEL R,
AFERVROEWEEICA Y, EFEERHIC
HELTWEEFROLPTS L2 HEDTW
5., L2L, MOEBROREMIILRZE DM
BRI OWT ORI v, FORd#
DR RO DD 2T, MMoEETHS »
WENTEREHAS S LBV & L LETH

ZLTHD, T2, FHLRELOMREEC
&, BELERICREAREES 2 TR 5%
FH ORI & 3 OBESBH T Bk
bbroT&, 2F0, HOWMAOHREIZ
X, TEBZERNEHOBAIENET
WD Bl EWPYLETHLEN) I LITHR
5. KRTIEET, REDHEAZEEGTFD

5. LD EIBDOKRE LH#EASIZ, AR JA—Z Y TORREEIL, BAREHICS

Current topics on nociceptors: Transduction mechanism in nociceptors and changed nociceptor activities in muscle

pain models _

Kazue MIZUMURA, Prof, MD, DSc and Toru TAGUCHI, MS

WAL - T464-8601 BHBH THREAEE L EREBREEEVETASEFG ST KK B 052-
789~ 3861



177

BOIFRXTa—~H— (TRPVIH &)

IGENBAL

Na*

TTXIEHE

FrUTLF vV

o
-
-
- IR i

B LS RS 1 —H—
CREE)

R (bad, a0,

REREBM
EENE (2PED) (BXREAYENL) BT RILF~)
1 I~ e I
ensmmaazy

HH-H

ol e

K1 REZEHFRRIIBIDIHBOMREST~AOLESR (ZELH) OBRXK
B2: 79 V%=V B2REW., EP.E¥ A TTORY TS IV VSHEIR, GGy 08, AC: 7TF= )L

v75—¥, PLC: 74X 7% )=

WTHARIBSED X H I L THREDIFHE
R END DICOWTERN, F08,
DFAETNEMPNLC, HET COMEE
BHT 5.

SRLTR—E AR
HEAS NIV RAILEBRENDETE D —

FAhei I TRIE (BERE) 12X, EE
DM R GEWEEZRE), # - %5Hl
B W43 TCTULEFEAZ10TCTUT), BEY
H (79VF%=, B, ATP LX) b sb.
INHIETRT, BAZER (REXES)
KRIZBWTHROES (BRWEEML) ~
LEBRING., BHBICE > THWTEAR

BRRRCHMBES BT Fy RV EL
TERMIZ7O—= v 7 EN/0id TRPVI
(BT A4 T ZF/4, DRNE VR EFHIEHh
72) ThH5bH. CTNEFEFEFOEADLY LV
ATHEHTYA T IBZENDY, o
BTLHRLF A ANTHAEY, 2hic5] &
BWT, ZNIDLEVWRETHIF YRV
(TRPV2), Th X )RR EWiRETHF
¥ 2 (TRPV3, TRPV4), EHIZHIICE
DB < F % & (TRPM8, TRPA1) 7% &EH
BR, ra—= 7 8hiW,

—7, BHHBMTHSF Yy A NIZIEEZZ
NIZEWIHEEN LD DRV, BEWEIC
LT, ZRIFIGLTHAA S Y F v 4



178

W DOZRE (728 2T 5 RBMEKD
ASICs, ATP ZHtd %5 5%845D P2X3 % &)
&, WP REER 2 ST 2 A A=
TR (2T VF=INTH B2
B4k, ATPIZXF$ 5 P2Y R84k, 7uax¥
75yt B EP RERLE) B3h 5.
BEOBEZELI AV FAv Ry Uy —
WA SHDAF F ¥ 2 NVEREPET, FHH
THRBHRRIIRSBESI&EREET. T0F v
AN DERD—2ATRPV1 T 5. TRPV1
i P2Y SZ2546% B2 ZAMEOEEAL L7 R
4 % protein kinase C DiEHALIZ L - TV
YRAEE RO, F v A REAMRIR L
RV TIETTRETS I EAR SN,
SFY), TIVF= R ATP BSELET T
TRPV1 ZNP o8 M RnwTHHE, B
DRERILIDBEVWIZETHA.
BAZEHIIIHEED ), ThEThOMHE
AZHFEEENETN S ORISEICEEL 72
SERER IS VAV a—Y—Fr A NEDo
TwhEHEENTVwAS, k2, BICDH
MBI D X ORI IC b RIS T 5K
VE—FNVERFORBEIIE, B, B
VAV a—H%—, ZEBERPWEOZERE D
oTWwbEEZONDE (K1), FLHRBRE
ZRZITEEOWHRE T { TRPAL % %
S TWALEZLNTWA.
CDEACFF VATV a—HF—F ¥ J R
ZBERA T T ANVPRL I EILE o THAE
UBBRAHoKRE &1, HEOBSICHAL
TWwh, EEREBOPMEIZE L NIEDL SR

w (BET D) OT, KEMEOHE RV

BECO o THEMIE TIEEINS Z2DITIE,

ELITHEHBUNEERS N ZTNE R L%

WV, [EBIEMORBAEICITBMEEEDOT MY
TAF X RANET ) TATF ¥ RANVDBLETDH
D, TNHEZFAEHEERICE LR IHb o

TWwhb, BRIBICBILRAMBORE 23
BIEMOEENLERINS. OF RIS
BRI HIEK E RHSEAE L, FhidE VW
EOEBRELXE LS. ZOBBEERMIC
LITRL 7.

BOMERESER L
FDEECL BPIR - £ H5EHR

FRAGIREE TR A DR U A 88E1%, FEERBIC
S r SR 52 CELHHADORE
BERIPLRVRLZLIE b oTETY
A, e ziE, 1) BETCIEEATELR
&9 REEE QBN R TE () X o
THADBELZY) BH7o71=27), 2)
HECEESENEELZWE ) LEM (&
BBENEZEZ %) CHRWICEHENSEL
720 (BArERE), 3) FAUEBEOREWE
WL TCRERRIEZETL 5, GREDPETH
ns.

1) 2 HDITHFHICBIT 5HEAEER
BoOWEK R (EEROBEKR, ROME
DHFFENIZBIT 5 sprouting % &) 12X B &
EAOLNTEYY, 2) IHHEBMEELS
7o OV E R BAKEN Na T v 2V OFESH
BEALT A0 TR0 bEZSRTHY
5. 3) BCHMZERORHYWEZER
upregulation 2L A & EZ LN TW5,

B EHORAD, BEHICSMERIH
BrH52ATELLZHADORBEE TR > Tw
LU RN H DNBRMTH 5. BERETIE
gL ERE, BHoEADMERME (AS C
HAE, B OBE I I EE, IV E MM
EH\VY) FRBIZLoTELONS, %R
HiFA4 X OBHEREZTERES LR, £
 HYERIT S BRI B DRI D BT
BR)E—FNERERTHEI EwRLEY,

BHECHEZERIBORALIEL S



