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Abstract
It was recently found that nociceptive sensations (stinging, pricking, or burning) can be evoked by
cooling or heating the skin to innocuous temperatures (e.g., 29°, 37°C). Here we show that this low-
threshold thermal nociception (LTN) can be traced to sensitive ‘spots’ in the skin equivalent to
classically defined warm spots and cold spots. Because earlier work had shown that LTN is inhibited
by simply touching a thermode to the skin, a spatial search procedure was devised that minimized
tactile stimulation by sliding small thermodes (16 mm2 and 1 mm2) set to 28° or 36°C slowly across
the lubricated skin of the forearm. The procedure uncovered three types of temperature-sensitive
sites (thermal, bimodal and nociceptive) that contained one or more thermal, nociceptive or (rarely)
bimodal spots. Repeated testing indicated that bimodal and nociceptive sites were less stable over
time than thermal sites, and that mechanical contact differentially inhibited nociceptive sensations.
Intensity ratings collected over a range of temperatures showed that LTN increased monotonically
on heat-sensitive sites but not on cold-sensitive sites. These results provide psychophysical evidence
that stimulation from primary afferent fibers with thresholds in the range of warm fibers and cold
fibers is relayed to the pain pathway. However, the labile nature of LTN implies that these low-
threshold nociceptive inputs are subject to inhibitory controls. The implications of these findings for
the roles of putative temperature receptors and nociceptors in innocuous thermoreception and thermal
pain are discussed.

Keywords
warmth; cold; psychophysics; pain; cold receptors; warm receptors; nociceptors

Introduction
Proposed by von Frey over a century ago, the specificity theory of somesthesis grew out of the
discovery that the sensitivities to touch, temperature and pain were distributed separately
throughout the skin in a spot-like manner (Boring 1942;Norrsell et al. 1999). The basic tenets
of the theory as it pertains to temperature sensitivity subsequently received support from a
variety of electrophysiological and psychophysical findings. The discovery of putative ‘warm
fibers’ and ‘cold fibers’ that had thermal thresholds in the nonpainful temperature range
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(Hensel and Zotterman 1951;Hensel and Boman 1960;Hensel and Iggo 1971) and punctate
receptive fields (Kenshalo and Gallegos 1967;Hensel and Iggo 1971;Darian-Smith et al.
1979) provided a physiological basis for warm spots and cold spots, and evidence that
stimulation of the spots evoked only sensations of warmth or cold (Dallenbach 1927;Jarvilehto
1973) gave psychophysical credence to the assumption that warm fibers and cold fibers encode
only thermal sensations. Further support for the sensory specificity of temperature spots came
from the phenomena of ‘paradoxical’ cold and warmth, which sometimes occur when warm
spots and cold spots are stimulated by temperatures of opposite pole (Pavlicek and Jenkins
1933;Boring 1942;Jenkins and Karr 1957).

However, recent studies have shown that cooling the skin of the forearm to temperatures as
mild as 28°–31°C, which are assumed to be sensed by cold fibers (Dubner et al. 1975;Hensel
1982), can evoke nociceptive sensations of stinging, pricking or burning (Green and Pope
2003;Green and Schoen 2005). A signal characteristic of these sensations is their susceptibility
to inhibition by contact, e.g., by simply touching a thermode to the skin. A study of individual
differences in temperature perception recently revealed a similar phenomenon for heat
stimulation in which a majority of subjects reported nociceptive sensations during static contact
heating of the skin to just 37°C (Green & Akirav, in press).

The absence of prior evidence that nociceptive sensations can be evoked by stimulation of
warm spots or cold spots raises questions about the neural mechanisms that are responsible for
what we refer to hereafter as low-threshold thermal nociception (LTN). One possibility is that
LTN requires spatial summation in a class of sensitive thermal nociceptors that when stimulated
individually fail to evoke sensation. However, data from the first study of cold LTN showed
that increasing stimulus area from 2.56 cm2 to 10.84 cm2 led to only a small increase in intensity
of nociceptive sensations (Green and Pope 2003). It seemed more likely that LTN was missed
in earlier studies of temperature-sensitive spots because of its high susceptibility to inhibition
by contact. The common practice of searching for spots by touching a punctate thermode to
the skin would have worked against detection of LTN spots. This possibility was tested using
a novel search method that minimized tactile stimulation by lubricating the skin and sliding a
small thermode across the surface. Two experiments confirmed the existence of nociceptive
sites (16 mm2) and spots (1.0 mm2) that are sensitive to mild warming or cooling and which
are inhibited by contact.

Methods
Subjects

A total of 86 subjects (53 females and 33 males) were recruited from Yale University and its
immediate environs to participate in the two experiments of the study. Seventy-four were
recruited for experiment 1 and 38 for experiment 2. Twenty-six of the latter subjects had served
in experiment 1. None of the subjects were aware of the hypotheses being tested and all were
told that the purpose of the experiment was to test the sensitivity of the forearm to temperature.
Informed consent was obtained and subjects were paid for their participation.

Equipment and Stimuli
Searches for temperature-sensitive sites in experiment 1 were conducted using a 4 mm × 4 mm
(0.16 cm2) Peltier thermoelectric module (Melcor™) that was powered by a system designed
and built in the John B. Pierce Laboratory electronics shop and controlled by LabView™
software. The ceramic surface of the module was covered with a machined copper plate and
temperature at the skin-thermode interface was monitored by a 40-gauge copper constantan
thermocouple epoxied into a .5-mm deep groove in the center of the plate. The backside of the
module was bonded to a water-circulated heat sink. Tubing and wire connections to the
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thermode extended from the opposite end of the device and were attached to a counterbalanced
pulley system that suspended the thermode just above the subject’s arm. This arrangement gave
the experimenter unencumbered manual control of the thermode and allowed it to be touched
to the forearm with minimal force. The thermode was set to regulate at 28°C to search for cold-
sensitive sites and to 36°C to search for heat-sensitive sites. These temperatures were tightly
controlled via a PID loop, and the output of the thermocouple was displayed in real time on a
computer monitor that was constantly visible to the experimenter. Brief deviations from the
regulated temperatures were observed on initial contact with the skin, with smaller deviations
(< ±0.5°C) occurring as the thermode was drawn slowly across the skin. The same thermode
system was used to measure psychophysical functions for cold- and heat-sensitive sites in
experiment 2.

Sensitive spots were located within sensitive sites using an aluminum cylinder tapered at one
end to a rounded, 1-mm2 stimulating area. The temperature of this device, hereafter referred
to as the ‘spot stimulator’, was controlled by submerging it in a circulated constant temperature
water bath set to 28°C (±0.5°) for cold-sensitive spots or 36°C (±0.5°) for heat-sensitive spots.
The cylinder remained in the water bath for at least 10 min prior to use, then was quickly dried
and used to search a single site before being replaced in the bath.

All testing was conducted in an environmental chamber with air temperature and relative
humidity regulated at 24°C and 33%, respectively. Skin temperature on the volar forearm was
measured with an infrared sensor at the beginning of each session. If skin temperature was less
than 33°C a thermostatically controlled heating pad 34°C (±1.0°) was placed on the left forearm
for 5 min, after which and the temperature retested and recorded. Average skin temperature at
the time testing began was 33.4°C.

Experiment 1: Sensitive Sites and Sensitive Spots
Practice Procedure—Subjects who had not served previously in thermal psychophysical
experiments in our laboratory participated in a separate practice session that included
instructions about how to use the general version of the Labeled Magnitude Scale (gLMS;
(Green et al. 1993;Bartoshuk et al. 2003) to rate sensation intensity. The gLMS is bounded at
the bottom by “no sensation” and at the top by “strongest imaginable sensation of any kind”,
and is displayed vertically on a computer monitor. Subjects made their ratings by using a
computer mouse to move a cursor to the appropriate place on the scale. Practice was given by
asking subjects to use the scale to rate the intensity of 16 commonly experienced thermal
sensations (e.g. washing hands in cold tap water; briefly touching a hot light bulb).

Before data collection began all subjects were given practice feeling thermal sensations
produced by the Peltier thermode and the spot thermode. The experimenter explained that both
thermodes would be used to identify sites on the forearm that were sensitive to cold or heat.
Subjects were allowed to slide the thermodes along their own arm with instructions to attend
to variations in sensation intensity and quality. During this practice, the subjects were also
familiarized with a list of thermal (cool, cold, icy, warm, or hot) and nociceptive (burning,
stinging, pricking, aching, or painful) qualities and their definitions. The instructions were to
describe sensations they experienced on sensitive sites and spots by choosing one or more
words from the list. It was emphasized that people vary in the kinds of sensations they perceive,
and that they should feel free to use as many or as few of the descriptors as necessary to describe
whatever sensations they felt. The list of qualities and definitions was posted on the wall of
the environmental chamber where it was visible throughout testing.

Experimental Procedure—Each testing session had three parts: (1) A search for sensitive
sites on the forearm, (2) a search for and characterization of sensitive spots within identified
sensitive sites, and (3) measurement of the intensity and quality of sensations produced by
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thermal stimulation of sensitive sites during normal or sliding contact. To maintain the subjects’
attention and concentration, testing sessions were limited to approximately 1 hr, which
accommodated locating and testing up to three sites. Most subjects for whom sensitive sites
could be identified served in a total of three sessions.

(1) Sensitive Site Search: Because previous studies had shown that LTN is readily inhibited
by merely touching a thermode to the skin (Green and Pope 2003;Green and Schoen 2005),
we sought an alternative procedure to search for thermally-sensitive sites that minimized
mechanical stimulation. An initial attempt to slide the 0.16 cm2 thermode lightly across the
skin produced distracting sensations of touch and failed to evoke any nociceptive sensations.
A literature search for “spot-mapping” techniques revealed that Dallenbach (1927) and others
had tried the same method and concluded that it gave unreliable results. However, we found
that lubricating the skin with mineral oil greatly reduced tactile sensations produced by sliding
the thermode, and that after this treatment nociceptive as well as thermal sensations were
readily detectable. Although it is probable that lubricating the skin did not eliminate all tactile
inhibition of LTN, the ability to identify nociceptive sites that were undetectable by normal
contact (see below) confirmed the utility of the sliding procedure as a search and stimulation
method.

The subject sat at a table with his or her left forearm resting volar side up on a padded armrest.
The experimenter sat across the table from the subject and used a pen to draw two parallel 10-
cm lines (separated by 4 mm) along the midline of the forearm. A small amount of light mineral
oil was then rubbed lightly into the same area of skin. To begin a search the experimenter
instructed the subject to look away from the arm and to close his or her eyes. The experimenter
then touched the thermode to the skin at the proximal ends of the two lines and began to slide
it slowly between the lines at a rate of approximately 2 mm/sec. Subjects were instructed to
say “there” the moment they felt a thermal or nociceptive sensation (as previously defined)
and to indicate the sensation or sensations they experienced. The experimenter marked the
distal edge of the site with a pen and lifted the thermode from the skin. After recording the
subject’s response the experimenter touched the thermode back down onto the same site before
the search was resumed. Subjects were told to ignore any sensations experienced at the time
of re-contact, but to report any new sensations once the thermode began moving again. This
procedure was repeated each time a new sensation was reported.

After reaching the end of the 10-cm track subjects were given a 3-min break to allow for
recovery of adaptation before a second search of the same area was conducted. The second
search, which also began at the proximal end of the track, served to (1) determine which
sensitive sites could be verified by replication, and (2) make certain that no sensation was
perceived in the region immediately adjacent to verified sites, i.e., that the site was spatially
isolated. The latter criterion was intended to insure that the sensitivity of sites could be
attributed to sensitive spots beneath the thermode rather than to spots in nearby skin. Seventy-
four subjects participated in this part of the study, with 47 tested for cold-sensitive sites and
63 tested for heat-sensitive sites. Study of cold-sensitive sites began first, with some subjects
tested for both cold and heat-sensitive sites. Thirty-four subjects (72.3% of those tested) yielded
one or more isolated and replicated cold-sensitive sites, and 47 (74.6%) yielded one or more
isolated and replicated heat-sensitive sites.

(2) Sensitive Spot Search: Searches for sensitive spots within replicated sensitive sites were
conducted in the testing session in which the sites were identified. It was possible to study up
to three sites within each session. The procedure was to slide the 1-mm spot stimulator slowly
back and forth across each 4mm × 4mm site. When the subject reported a sensation the location
was marked by a dot of ink and the sensation or sensations were recorded. After each site had
been thoroughly surveyed for sensitive spots, a plastic template with an open area equal to that
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of the thermode was centered over the site. When a spot was found on the perimeter of the site,
the template was moved slightly to insure the spot would be contacted during later testing with
the Peltier thermode. The template was then used to trace a 4mm × 4mm square in ink on the
skin, which served as a clear target for thermode placement during subsequent testing of the
site.

(3) Normal versus Sliding Contact Stimulation of Sensitive Sites: After a 5-min break
measurements were made of the perceived intensity and quality of sensations produced on
sensitive sites by thermal stimulation under two conditions: sliding contact, which was
expected to allow both thermal and nociceptive sensations to be perceived, and normal
(perpendicular) contact, which was expected to differentially inhibit nociceptive sensations.
In the sliding contact condition the experimenter manually slid the thermode onto the site in a
manner similar to that used to search for sites. The thermode was placed adjacent to the
proximal edge of the target site and the subjects were asked if they felt any temperature-related
sensations. If so, the thermode was moved to another side of the target site until no sensation
was reported. This was rarely required, however, because of the initial criterion that target sites
be spatially isolated. The experimenter then instructed the subject to “attend now” as the she
slid the thermode slowly onto the marked site. Three seconds after the thermode was centered
on the site the experimenter said “rate” and lifted the thermode from the skin. Subjects were
told their intensity ratings should reflect the maximum intensity of sensations felt between the
time the experimenter said “attend now” and “rate”. Subjects moved a mouse with their right
(free) hand to make separate ratings of thermal intensity and nociceptive intensity on the gLMS.
Lists of thermal (“nothing”, “cool”, “cold”, “icy”, “warm”, and “hot”) and nociceptive
(“nothing”, “burning”, “stinging”, “pricking”, “aching”, and “painful”) descriptors then
appeared on the computer screen and subjects used the mouse to click on as many or as few
terms as necessary to fully describe the sensation they had perceived.

In the normal contact condition the thermode was touched to the skin for 5 sec instead of 3 sec.
The longer duration took into account that in the sliding condition, the thermode usually
contacted one or more spots within each site before it covered the entire site and the 3-sec
duration was initiated. This conservative strategy helped to rule out the possibility that any
differences in outcome between conditions might be attributable to briefer stimulation of spots
during normal contact. The subject was instructed to “attend now” immediately before the
thermode was touched to the skin and to “rate” as the thermode was lifted from the skin. Ratings
were made in the same manner as in the sliding condition. The order of testing of the two
conditions was counterbalanced across subjects, and there was a 3-min break between
measurements in the two conditions.

Experiment 2: Psychophysical Functions on Sensitive Sites
Practice Procedure—Subjects who had not previously served in a thermal perception
experiment in our laboratory participated a practice procedure similar to that used in experiment
1.

Experimental Procedure—Sensitive sites were located using the search method of
experiment 1. Because of the need for repeated thermal testing on each site, a maximum of
two verified sites were tested per session.

There was a 3-min break after the site or sites had been replicated before testing was resumed.
At each site subjects received a series of 5 trials, one for each target temperature. Cooling
temperatures were 31°, 29°, 26°, 23° and 20°C, and heating temperatures were 35°, 37°, 39°,
41° and 43°C. Stimuli were presented in ascending order (descending temperature for cooling
stimuli) with an interstimulus interval of 2 min. To enable intensity scaling of nociceptive as
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well as thermal sensations, stimulation always occurred via the sliding contact method of
experiment 1. The duration of stimulation and instructions for intensity ratings and quality
judgments were as before. Subjects participated in two sessions, one for cold-sensitive sites
and one for warm-sensitive sites, with sessions conducted on separate days. The order of testing
was counterbalanced so that half of the subjects received cold stimuli and half received warm
stimuli in session 1.

Results
Types and Frequencies of Sensitive Sites

A total of 468 temperature-sensitive sites were located and replicated in sliding searches with
the 16-mm2 Peltier thermode set to 28° or 36°C. All of the sites were one of three types: thermal
sites, on which subjects reported only temperature sensations; bimodal sites, on which subjects
reported both temperature sensations and nociceptive sensations; and nociceptive sites, on
which only nociceptive sensations were reported. Fig. 1 shows the percentages of the three
types of sites based on sensations reported during the intensity rating task (part 3) of Exp. 1.
Sensations rated less than ‘barely detectable’ were disregarded when classifying sensitivity
sites. As expected, thermal sites were by far the most common, accounting for 69.3% of cold-
sensitive sites and 58.6% of heat-sensitive sites. However, 28.2% and 34.2% of cold- and heat-
sensitive sites were bimodal. Purely nociceptive sites were rare, equaling only 8.4% of all heat-
sensitive sites and 2.5% of all cold-sensitive sites.

Types and Frequencies of Sensitive Spots
Fig. 2 shows the percentages of each category of site in which either single or multiple spots
were found using the 1-mm aluminum thermode cooled or heated to 28° or 36°C. Most sites
contained multiple spots. The only exception appeared to be cold-sensitive nociceptive sites,
but too few were studied (n = 6) to be confident that this is a reliable trend. Overall, cold-
sensitive sites contained 1.9 spots and heat-sensitive sites contained 2.3 spots.

Fig. 3 shows that sensitive spots found within sensitive sites were of the same three qualitative
types as sensitive sites, i.e., thermal, bimodal and nociceptive. Classically defined cold spots
and warm spots were most common within thermal sites (Fig. 3a,d). However, nociceptive
spots were also found on some thermal sites, particularly heat-sensitive sites, where they
accounted for 1/3 of all sensitive spots. Bimodal spots were detected only rarely within thermal
sites.

Within bimodal sites, the most common type of spot differed for cooling and heating. Thermal
spots were most frequent within cold-sensitive bimodal sites, whereas nociceptive spots were
most frequent within heat-sensitive bimodal sites (Fig. 3b,e). The differences in relative
frequencies were pronounced: thermal spots accounted for 69.5% of all spots within cold-
sensitive sites compared to only 32.2% within heat-sensitive sites, and nociceptive spots totaled
58% of all spots within heat-sensitive sites compared to 20.6% within cold-sensitive sites. Not
surprisingly, nociceptive spots were encountered most often within nociceptive sites, where
they accounted for 83.3% and 66.7% of the spots found during heating and cooling,
respectively. Bimodal spots were by far the rarest, and accounted for less than 10% of spots
within bimodal sites (Fig. 3b,e). Thus bimodal sites most often resulted from thermal and
nociceptive spots located close to one another. Although 33.3% of spots within cold-sensitive
nociceptive sites were thermal spots, the small number of such sites once again prevents
conclusions from being drawn about their relative frequencies. It is nevertheless evident that
nociceptive spots were sometimes found with thermal spots within both cold- and heat-
sensitive sites.
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Stability of Sensitive Sites
Not all identified and replicated sensitive sites were consistent throughout testing. After
completing the searches for sensitive spots, the sites were tested again with the 0.16 cm2

thermode to compare the perceived intensity of thermal and nociceptive sensations during
sliding and normal contact. During this third phase of testing some sites gave rise to different
sensations than they had when they were identified and replicated, and a small percentage
became insensitive (i.e., no sensations were rated as more than ‘barely detectable’ in the sliding
contact condition). Fig. 4 provides data on the stability/instability of cold- and heat-sensitive
sites for each type of site. The data reflect changes in the reported qualities of sensation between
the initial replication of the sites at the end of the search procedure (part 1) and their testing in
the intensity scaling task (part 3). Thus stimulation of spots within the sites as well as the mere
passage of time may have contributed to the measured instability. Calculated across all three
types of sites and both temperatures, 96.7% of replicated sites remained sensitive during
intensity testing, but only 68.2% remained within the same qualitative category. Thermal sites
were the most stable and nociceptive sites the least stable. Seventy-one percent of cold-sensitive
thermal sites and 62.1% of heat-sensitive thermal sites remained unchanged in the third phase
of testing, compared to only 9.7% of cold-sensitive nociceptive sites and 27.9% of heat-
sensitive nociceptive sites. When changes in quality occurred, thermal sites and nociceptive
sites most often became bimodal sites (Fig. 4a,d and 4c,f), and bimodal sites most often became
thermal sites (Fig. 4b,e). These trends indicate that nociceptive sensations were reported less
consistently than thermal sensations. However, conversion of 19.2% of cold-sensitive thermal
sites (Fig. 4a) and 26.9% of heat-sensitive thermal sites (Fig. 4d) into bimodal sites also
indicates that nociceptive sensations sometimes appeared where only thermal sensations had
initially been reported.

Perceived Intensity during Sliding and Normal Contact
Fig. 5 compares the perceived intensities of thermal and nociceptive sensations reported under
conditions of sliding versus normal contact for the three types of sites. Only sites that yielded
sensations rated above ‘barely detectable’ were included in the analysis. Sliding contact evoked
stronger sensations than normal contact for both thermal and nociceptive sensations, but the
differences in perceived intensity were much greater for nociceptive sensations. Compared to
sliding contact, during normal contact nociceptive sensations on bimodal sites were reduced
by 85.9% and 86.5% (Fig. 5b,e) for the 28° and 36° stimuli, respectively, with mean intensity
ratings dropping below ‘barely detectable’ for both temperatures. Nociceptive sensations were
similarly attenuated on the few nociceptive sites that were studied (Fig. 5c,f). Thus under
conditions of normal contact, nociceptive sensations were virtually undetectable. This result
is consistent with prior evidence that tactile stimulation produced by dynamic (normal) contact
inhibits LTN (Green and Schoen 2005). In contrast, thermal intensity ratings for the 28° and
36° stimuli were only 40.0% and 29.2% lower during normal contact (Fig. 5a,d). Nevertheless,
t-tests for dependent means confirmed these differences were significant (29°: t166=8.7,
p<0.0001; 36°: t128=3.7, p<0.001).

It is noteworthy that thermal sensations were rated about equally intense under both conditions
of stimulation on thermal sites and bimodal sites. The only quantitative difference between
these two types of sites was the added perception of nociceptive sensations on bimodal sites.

Fig. 6 displays the percentage of trials on which different sensation qualities were reported for
the two contact conditions. Because the small number of nociceptive sites (particularly for
cold) made it difficult to interpret differences in percentages of ratings across multiple sensation
qualities, the data from nociceptive sites have been combined with the data from bimodal sites
(Fig. 6b,d). On thermal sites, normal contact reduced reports of ‘cold’ and ‘icy’ sensations at
28° by more than half (Fig. 6a), and reports of ‘cool’ became more frequent. These differences
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were consistent with the slightly lower intensity ratings for thermal sensations during normal
contact compared to sliding contact. In contrast, 36° stimulation was most often described as
‘warm’ in both conditions, with only slight decreases in frequencies of ‘warm’ and ‘hot’ ratings
in the normal contact condition (Fig. 6c). Normal contact had its greatest effect on the incidence
of nociceptive sensations, which were consistently reported less often than during sliding
contact (Fig. 6b,d). For both the 28° and 36° stimuli, ‘pricking’ was the most frequently
reported nociceptive sensation during sliding contact, being reported on 31% of trials during
cooling and 59% of trials during warming. For both temperatures, normal contact reduced the
incidences of these sensations by approximately 2/3, to only 11% and 20%, respectively.

Experiment 2: Intensity Functions on Cold- and Heat-Sensitive Sites
Looking first at the intensity functions for thermal sites (Fig. 7a,c), heat-sensitive sites were
more sensitive to weak stimulation than were cold-sensitive sites. Heat-sensitive sites yielded
perceptible thermal sensations when ΔT (re: 33°C) was just +2°, while a ΔT of −4° was required
to produce an equally intense sensation of cold. Also, nociceptive sensations began to be
reported on heat-sensitive thermal sites when ΔT= +10° (43°C), whereas nociceptive
sensations remained negligible at ΔT= −13° (20°C) on cold-sensitive thermal sites.

On bimodal sites (Fig. 7b,d) the psychophysical functions for thermal sensations were very
similar to those for thermal sites. Of greater interest was the difference in the functions for
nociceptive sensations on cold- and heat-sensitive sites. On cold-sensitive sites, log-mean
ratings of nociceptive sensations initially rose together with thermal ratings, then dropped to
near ‘barely detectable’ at colder temperatures. On heat-sensitive sites nociceptive ratings
closely paralleled thermal ratings throughout the stimulus range. Perusal of the raw data from
cold-sensitive sites revealed that the drop in mean nociceptive ratings at colder temperatures
was caused primarily by the complete disappearance of nociceptive sensations at some sites
rather than by a decline in intensity ratings at all sites. Specifically, 5 sites from which
nociceptive sensations had been reported at ΔT = −4° (29°C) yielded ratings of ‘no sensation’
at ΔT = −7° (26°C). These 5 sites remained insensitive together with an additional 3 sites that
became insensitive at ΔT = −10° (23°C). Thus the general tendency found in experiment 1 for
nociceptive sensations to be more labile than thermal sensations was also evident in experiment
2. However, nociceptive sensations evoked from heat-sensitive bimodal sites did not show the
same tendency to “dropout” during the stimulation series. The latter result is consistent with
the data from experiment 1, which showed both a greater stability of heat-sensitive compared
to cold-sensitive nociceptive sites and a tendency for heat-sensitive bimodal sites to
occasionally become nociceptive sites (Fig. 4e, f). In general, LTN was a more common and
consistent characteristic of heating than of cooling.

Discussion
The present study has demonstrated that small, temperature-sensitive sites can be found that
contain one or more spots from which burning, stinging or pricking can be evoked by mild
heating or cooling. This result implies the nociceptive pathway can be stimulated via low-
threshold primary afferent fibers, and thus conflicts with the classical theory that temperature
and pain are served entirely by separate sensory receptors.

The evidence that LTN sites are strongly suppressed by normal contact supports the hypothesis
that LTN spots escaped prior detection primarily because of their susceptibility to inhibition
by touch (Fig. 5). The instability of LTN spots relative to warm spots and cold spots may also
have been a factor. Without the expectation that nociceptive sensations can be perceived at
mild temperatures, occasional reports of stinging or pricking during punctate searches may
have been ignored. The alternative possibility that the present results are artifacts of the
methods of thermal stimulation can be ruled out by the precise control of stimulus temperature

Green et al. Page 8

Pain. Author manuscript; available in PMC 2009 June 15.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



afforded by the Peltier system together with use of a ‘classical’ metal thermode to locate and
stimulate sensitive spots.

The neurophysiological basis of LTN spots is unclear. Although the spots were detected at
temperatures served by cold fibers and warm fibers, it has been assumed that sensations of
burning, stinging or pricking arise from stimulation of nociceptors, which by definition have
high thresholds and respond to noxious stimulation (Bessou and Perl 1969;Iggo and Ogawa
1971). The test temperatures of 28° and 36°C were specifically chosen to avoid stimulation of
C-polymodal nociceptors (CPNs), which have average cold thresholds below 20°C (Simone
and Kajander 1996;Campero et al. 1996) and average heat thresholds above 40°C (Bessou and
Perl 1969;Van Hees and Gybels 1981;Yarnitsky et al. 1992). However, Georgopoulos
(1976) reported a few Aδ- and C-mechano-thermal nociceptors in primates that were unusually
sensitive to cold, with some having thresholds as high as 30°C. More recently, Campero et al.
(2001) discovered cold-sensitive C-fibers in humans that discharge statically to temperatures
up to 30°C yet respond maximally below 20°C. These C-fibers and the sensitive C-mechano-
thermal nociceptors described by Georgopoulos (1976) could potentially mediate cold LTN
≤30°C, although Campero et al. (2001) questioned whether the C-fibers contribute to thermal
perception after a vigorous discharge in one of the fibers failed to evoke a sensation.

Recent evidence that some dorsal root ganglion (DRG) neurons in mice express two transient
receptor potential (TRP) channels that have different thermal thresholds raises the possibility
that LTN may arise from what might be described as ‘sensitive nociceptors’. The heat-sensitive
channel TRPV3, a potential warm receptor with a threshold of 31°–39°C (Smith et al.
2002;Xu et al. 2002;Peier et al. 2002b), has been reported to be co-expressed in DRG neurons
(Smith et al. 2002) with the capsaicin and heat-sensitive channel TRPV1 (Caterina et al.
1999;Szolcsanyi 2004). In addition, TRPV3 continues to respond to painfully hot temperatures
(Peier et al. 2002b) knockout mice that lack TRPV3 show deficits in response to both noxious
and innocuous heat (Moqrich et al. 2005). Similarly, the menthol and cold receptor TRPM8
(McKemy et al. 2002;Peier et al. 2002a), which was recently shown in mice to be the principal
receptor for cold below 30°C (Bautista et al. 2007;Colburn et al. 2007;Dhaka et al. 2007;see
however Munns et al. 2007), has been reported in some DRG and trigeminal ganglion neurons
that are capsaicin-sensitive and/or were shown to express TRPV1 (McKemy et al.
2002;Okazawa et al. 2004;Abe et al. 2005;Xing et al. 2006;Hjerling-Leffler et al. 2007). (See,
however, Kobayashi et al. 2005.) Studies have also shown that menthol can evoke nociceptive
sensations (Green 1992;Cliff and Green 1994;Namer et al. 2005) via stimulation of C-fibers
(Wasner et al. 2004). LTN sites and spots may therefore be attributable to primary afferent
fibers that express TRPV1 together with TRPV3 or TRPM8..

However, the possibility that LTN arises from classically defined cold fibers and warm fibers
cannot be ruled out, as the thresholds of fibers that express TRPM8 and TRPV3 fall within the
range of putative cold and warm fibers. Support for involvement of cold fibers comes from
their ‘paradoxical’ response to high temperatures (Dodt and Zotterman 1952;Long 1973;
1977;Campero et al. 2001) and from the phenomenon of the heat grill illusion, or ‘synthetic
heat’ (Green 1977;Green 2002;Fruhstorfer et al. 2003). Whereas the high threshold [>50°C;
(Long 1977)] and temporal irregularity of the paradoxical discharge rule out a role for cold
fibers in encoding heat pain, evidence that repeated heating sensitizes cold fibers to heat and
lowered the threshold of the paradoxical discharge (Dubner et al. 1975;Long 1977) led to
speculation that cold fibers may contribute to heat hyperalgesia (Dubner et al. 1975;Price and
Dubner 1977). This possibility may seem to conflict with the phenomenon of ‘paradoxical
cold’, in which heating cold spots to high temperatures sometimes evokes a sensation of cold
(Boring 1942). However, under natural conditions cold fibers discharge paradoxically only
when warm fibers and heat-sensitive nociceptors are also stimulated, and mimicking these
conditions by heating and cooling adjacent areas of skin produces the heat grill illusion (Green
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1977;Craig and Bushnell 1994;Green 2002;Fruhstorfer et al. 2003). Evidence that the heat grill
illusion can also occur at very mild temperatures [e.g., 31° and 36°C; (Green 2002)] indicates
either that simultaneous stimulation of warm fibers and cold fibers is sufficient to induce heat
(Alrutz 1898), or that warm fiber stimulation inhibits the cold pathway and thereby disinhibits
low-threshold stimulation in the nociceptive pathway. The latter hypothesis is a modification
of Craig and Bushnell’s disinhibition interpretation of the heat grill illusion (Craig and Bushnell
1994;Craig et al. 1996) which allows for the likelihood that nociceptive stimulation can arise
from low-threshold afferent fibers.

If cold fibers and warm fibers are responsible for LTN, they must project directly or via
interneurons to nociceptive STT neurons. Evidence of wide-dynamic range (WDR) and
polymodal spinal thalamic tract (STT) neurons in the dorsal horn, trigeminal nucleus caudalis
and thalamus that respond to both innocuous and noxious thermal stimulation (Christensen
and Perl 1970;Bushnell et al. 1993;Zhang et al. 2006;Zanotto et al. 2007) confirms that low-
threshold thermal stimulation reaches the nociceptive pathway. However, because some
‘sensitive nociceptors’ apparently express TRPM8 or TRPV3, it is impossible to deduce from
the available data which class of primary afferent fibers drive the low-threshold thermal
response of spinal and trigeminal WDR neurons.

The ability of dynamic contact to inhibit LTN sites together with evidence that both nonpainful
cold and tactile stimulation can inhibit pain (Pertovaara 1979;Bini et al. 1984;Craig and
Bushnell 1994), suggests that low-threshold stimulation of the nociceptive pathway can be
readily inhibited. Convincing evidence that stimulation from cold fibers inhibits cold-induced
nociceptive stimulation comes from the aforementioned studies of ischemic or pressure block
of A-δ cold fibers, which causes innocuous cooling to be felt as stinging, burning or hot
(Fruhstorfer 1984;Kojo and Pertovaara 1986;Wahren et al. 1989;Yarnitsky and Ochoa 1990).
Evidence that nociceptive stimulation might also be inhibited by stimulation of warm fibers
(Kanui 1987) comes from the present finding that 33% of all spots within heat-sensitive thermal
sites were nociceptive spots (Fig. 3d). Readily inhibited nociceptive stimulation might also
explain the instability of nociceptive sites and spots and individual differences in reports of
LTN. Fluctuations in inhibition of low-threshold nociceptive projections could cause
nociceptive spots to fall silent or to become thermal spots. That bimodal and nociceptive sites
sometimes changed to thermal sites supports the involvement of thermoreceptors in LTN, and
implies that nociceptive projections are more susceptible to inhibition than are thermal
projections. The latter possibility is consistent with the much weaker suppression of thermal
sensations compared to nociceptive sensations (Fig. 5). Parallel discharge in the thermal
pathways, or a tonic descending inhibition (Dickhaus et al. 1985), may be sufficient in some
individuals to block relatively weak stimulation of the nociceptive pathway from low-threshold
fibers.

Previous psychophysical studies have also provided evidence of a close relationship between
temperature sensitivity and thermal pain. Green and Cruz (1998) found that small patches of
healthy skin in which warmth sensitivity was absent had significantly higher heat pain
thresholds than adjacent skin with normal warmth sensitivity. Similarly, Defrin et al. (2001;
2002) reported that in spinal cord injury patients, regions of the body where warmth sensitivity
had been lost had abnormally high heat pain thresholds. These earlier findings imply that
stimulation in the warmth pathway convergences with stimulation in the nociceptive pathway.
The present results imply that the nociceptive pathway can also be stimulated directly by
primary afferent fibers that have low thresholds to heating or cooling. Both lines of evidence
point to a functional overlap between temperature and pain that may prove to be important for
understanding the source of painful neuropathies that can be triggered by mild temperatures.
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Figure 1.
Shown are the percentages of temperature-sensitive sites classified as thermal, bimodal and
nociceptive found using the 0.16 cm2 Peltier thermode in the sliding search procedure of Exp.
1. The graphs on the left and right side of the figure contain the results obtained with the 28°
and 36°C stimuli, respectively. The number of each type of site that was found is indicated in
the parentheses above each bar.
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Figure 2.
The percentage of temperature-sensitive sites in which multiple (gray bars) or single (hatched
bars) temperature-sensitive spots were found during sliding searches with the 1.0 mm2

thermode adjusted to 28° (top) or 36°C (bottom). The number of each type of site that was
studied is indicated in the parentheses above each pair of bars.
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Figure 3.
The percentages of thermal (Th), bimodal (Bi) and nociceptive (Noci) spots found within cold-
sensitive (a,b,c) and heat-sensitive (d,e,f) thermal, bimodal and nociceptive sites. The spots
were located using the 1.0 mm2 thermode and the sliding search procedure. The N indicated
in each graph refers to the total number of spots studied for each category of site.
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Figure 4.
The stability of cold- and heat-sensitive sites is expressed as the percentage of each type of site
that was found when the originally identified sites were retested to obtain ratings of perceived
intensity during sliding contact. Complete stability would be indicated by 100% of the sites
remaining in the original category (indicated by the arrows). Th = thermal sites; Bi = bimodal
sites; Noci = nociceptive sites; Ins = Insensitive sites. Note that bimodal and nociceptive sites,
which were more unstable than thermal sites, more often became thermal or bimodal sites than
becoming insensitive.
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Figure 5.
Shown are the log means of perceived intensity ratings given in response to the 28° and 36°
stimuli on cold- and heat-sensitive sites under conditions of sliding (open bars) and normal
(hatched bars) contact. Vertical bars indicate standard errors of the means. Letters on the right
y-axis of each graph represent descriptors on the psychophysical scale of perceived intensity
(gLMS) that was used: NS = no sensation; BD = barely detectable; W = weak; M = moderate;
S = Strong. The dashed lines highlight the finding that during normal contact, nociceptive
sensations were on average rated below ‘barely detectable’.
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Figure 6.
The qualities of sensation reported in the sliding (open bars) and normal contact (hatched bars)
conditions of experiment 1 for cold- and heat-sensitive sites expressed as percentages of the
total number of trials on which thermal stimulation was delivered. The data for bimodal and
nociceptive sites have been combined.
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Figure 7.
Log mean ratings of perceived intensity of thermal (empty circles) and nociceptive (filled
circles) sensations are shown for cold- and heat-sensitive sites as a function of stimulus
temperature. Vertical bars indicate standard errors of the means. Letters on the right y-axis of
each graph represent descriptors on the psychophysical scale of perceived intensity (gLMS)
that was used: NS = no sensation; BD = barely detectable; W = weak; M = moderate; S =
Strong. The dashed line provides a reference to indicate stimuli that were rated above ‘barely
detectable’.
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