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Abstract 

Pain thresholds in humans were determined for heat stimulations of the skin before and after a 
mild injury induced by a single conditioning stimulus (CS) of 50°C and 100 set duration. The same 
stimuli were delivered to the receptive fields of C fiber and A fiber mechanoheat-sensitive nociceptors 
(CMH and AMH nociceptors, respectively) and of low threshold warm and cold receptors in the 
anesthetized monkey and to the receptive fields of CMH nociceptors recorded percutaneously from 
the peroneal nerve of awake humans. Pain thresholds in normal skin were matched only by the 
response thresholds of CMH and not AMH nociceptors. Immediately following heat injury, some 
pain thresholds and CMH response thresholds were elevated, but by 5 to 10 min after the CS, pain 
and CMH thresholds were lowered to 2 to 6°C below normal (hyperalgesia and nociceptor sensiti- 
zation). No other type of cutaneous receptor studied exhibited changes in threshold similar to those 
observed for pain and for CMH nociceptors. The magnitude of hyperalgesia in humans and the 
magnitude of sensitization of CMH nociceptors in monkeys following heat injury were greater for 
hairy than for glabrous skin. The time course of the development of hyperalgesia was not altered by 
ischemia or conduction block in A fibers. The results support the conclusion that altered activity in 
CMH nociceptors is a major peripheral determinant of cutaneous hyperalgesia following a mild heat 
injury to the skin. 

Following a mild cutaneous injury, there is often a 
sensation of burning pain and enhanced pain sensitivity 
of the skin. The threshold or minimal intensity of cuta- 
neous stimulation required to evoke a pain sensation is 
lowered so that even normally innocuous stimuli may be 
perceived as mildly painful. Further, there is an enhanced 
painfulness of stimuli that are normally painful and, in 
some instances, spontaneous pain without externally ap- 
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plied stimulation. One or more of these altered pain 
sensations are descriptive of the state of cutaneous hy- 
peralgesia (Lewis and Hess, 1933; Hardy et al., 1952; 
Lynn, 1977). Cutaneous hyperalgesia may result not only 
from direct injury to the skin but from a variety of 
pathologies involving the peripheral or central nervous 
system (Hardy et al., 1952). 

Hyperalgesia resulting from a well defined stimulus, 
such as heat applied to the skin, might be expected to 
have a basis more amenable to study and thus might 
serve as an experimental model of clinical cutaneous 
hyperalgesia. In the present study, we searched for the 
peripheral neuronal determinants of heat-pain thresholds 
and of alterations in pain thresholds following mild injury 
by heat. 

Neurophysiological studies of single cutaneous affer- 
ents have described several types whose receptor endings 
are sensitive to heat and thus may contribute to altered 
changes in cutaneous sensation following injury by heat. 
High threshold receptors or “nociceptors” have either A 
fibers (A nociceptors) or C fibers (C nociceptors) (Zot- 
terman, 1936,1939). Nociceptors of either of these generic 
fiber types differ in their sensitivities to various forms of 
noxious energies. Some are selectively responsive only to 
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noxious mechanical stimuli but not to hot or cold noxious 
stimuli (Iggo, 1960; Burgess and Perl, 1967; Bessou and 
Perl, 1969; Beck et al., 1974; Georgopoulos, 1976; LaMotte 
and Campbell, 1978), while others respond readily to 
mechanical or thermal stimuli but differ in their sensitiv- 
ities to noxious chemicals (Adriaensen et al., 1981). Still 
others are less selective and respond to either mechani- 
cal, hot, cold, or chemical stimuli and thus have been 
termed polymodal nociceptors (Iggo, 1959; Iriuchijima 
and Zotterman, 1960; Bessou and Perl, 1969; Van Hees 
and Gybels, 1972; Torebjork and Hallin, 1974; Adriaensen 
et al., 1981). In the present study, only mechanical and 
heat stimuli were used. Thus, A nociceptors and C noci- 
ceptors that were sensitive to mechanical and heat stim- 
uli will be labeled as AMHs and CMHs, respectively. 
This terminology is not intended to exclude the possibil- 
ity that these nociceptors also respond to chemical stim- 
uli. Indeed, the latter might account for changes in their 
sensitivities following heat injury. 

Previous studies have shown that certain cutaneous 
receptors, particularly CMH and AMH nociceptors, are 
capable of being sensitized to heat following injury by 
heat. Sensitization is characterized by one or more of the 
following: a lowering of the heat threshold, an enhanced 
response to stimuli normally above threshold, and the 
development of spontaneous discharge without exter- 
nally applied stimulation (Bessou and Perl, 1969; Beitel 
and Dubner, 1967a, b; Per1 et al., 1976; Fitzgerald and 
Lynn, 1977; Torebjork and Hallin, 1977; Campbell et al., 
1979). In addition to nociceptors, certain low threshold 
receptors also may exhibit a change in responsiveness to 
heat following heat injury. For example, many cold re- 
ceptors exhibit a paradoxical response to noxious heat 
(Dodt and Zotterman, 1952; Dubner et al., 1975; Kenshalo 
and Duclaux, 1977; Long, 1977). It has been shown that 
this response can be sensitized during or following suffi- 
ciently intense heating and therefore might contribute to 
altered sensory states in hyperalgesic skin (Dubner et al., 
1975; Long, 1977). 

The understanding of the peripheral neural determi- 
nants of hyperalgesia following heat injury to the skin 
has been clouded by a general disagreement as to the 
physical and physiological conditions responsible for no- 
ciceptor sensitization and by the finding that nociceptors 
may exhibit an opposite response property-that of “fa- 
tigue” or “suppression.” The latter is manifested by a 
decreased response to repetitively delivered mechanical 
or thermal stimuli (e.g., Perl, 1968; Torebjork and Hallin, 
1974; Beitel and Dubner, 1976a; Price et al., 1977; La- 
Motte and Campbell, 1978). In some studies, sensitization 
was a predominant characteristic of the nociceptor’s re- 
sponse to noxious heat (Beitel and Dubner, 1976a, b; 
Fitzgerald and Lynn, 1977; Campbell et al., 1979), while 
in others, suppression and not sensitization (LaMotte 
and Campbell, 1978; Gybels et al., 1979) or both phenom- 
ena (Bessou and Perl, 1969; Croze et al., 1976; Georgo- 
poulos, 1976) were observed. However, these same stud- 
ies often differed as to the species tested, the type of skin 
stimulated, the type of nociceptor studied, the patterns 
and intensities of stimuli delivered, and the extent of 
injury to the skin brought about by these stimuli. Any or 
all of these factors may be related to the susceptibility of 

a nociceptor to changes in the response threshold follow- 
ing heat injury to the skin. 

The complexities of the factors that may influence the 
peripheral neuronal response to heat and the relative 
paucity of psychophysical studies of hyperalgesia have 
made it difficult to relate altered pain thresholds follow- 
ing a heat injury of the skin to changes in the response 
properties of cutaneous receptors. Thus, the purpose of 
the present study was 4-fold: (1) to determine psycho- 
physically the time course of changes in the pain thresh- 
old to heat following a mild injury produced by a heat 
stimulus maintained at constant temperature and of suf- 
ficient duration to render the skin hyperalgesic; (2) to 
deliver a sequence of heat stimuli, identical to that used 
in the psychophysical experiments, to the receptive fields 
of CMH and AMH nociceptors and low threshold warm 
and cold receptors in the monkey in order to determine 
whether alterations in the sensitivities of these receptors 
might contribute to the observed threshold changes in 
human pain sensation; (3) to determine how measures of 
the pain threshold and thresholds of nociceptors vary 
with differences in the type and location of skin tested 
and other parameters that might influence the results 
obtained; and (4) to replicate a portion of these studies 
during percutaneous recordings from CMH nociceptive 
afferents in the peripheral nerve of the awake human. 

Materials and Methods 

Psychophysical Methods 

Naive human subjects participated in the experiments 
after giving informed consent to a protocol previously 
approved by the University’s Human Investigation Com- 
mittee. The subjects made continuous ratings of the 
magnitude of pain sensation during experiments in which 
heat stimuli were applied to the skin. The subject indi- 
cated the magnitude of pain by moving a lever along a 
scale (20-cm line) marked off in divisions of 4 cm, in- 
tended to represent a continuum of subjective intensity. 
Five Greek letters were spaced evenly over the scale. The 
subject was told that the markings on the scale were not 
intended to represent equal divisions of sensory intensity 
but were there only to facilitate memory of previous 
ratings of pain. Each subject was told to rate only the 
sensory magnitude of pain and not his reaction to pain, 
such as how tolerable or unpleasant the sensation may 
be. If there were no pain, e.g., only warmth, the subject 
was to indicate the absence of pain by keeping the lever 
at the bottom mark on the scale. Each was to rate pain 
continuously, indicating when the pain began and its 
time course of increase and decrease. No information was 
given as to the number, durations, or sequence of stimuli. 
During a training session, when data were not collected, 
seven heat stimuli were delivered to the subject’s volar 
forearm in ascending order of temperature in steps of 
2°C from 39 to 51°C. The stimuli, each of 5 set duration, 
were delivered every 30 set on a base temperature of 
38°C. After the stimulus of 49”C, there was a brief pause, 
and the subject was told that the next stimulus (51’C) 
would be slightly more intense than the last and that he 
should rate the magnitude of pain sensation such that 
the lever was brought to within the top third of the scale 
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when the pain sensation reached a maximal level. His 
memory of this maximal level was to serve as a standard 
for all subsequent ratings. Following this, the hyperal- 
gesia experiments as described below were begun. 

Experimental Control, Data Collection, and Data 
Analyses 

A voltage analog of the subject’s ratings was obtained 
via a potentiometer attached to the subject’s response 
lever. This signal and a voltage representation of stimulus 
temperature were displayed in real time on a high reso- 
lution video display (VTll) and stored on a disc via a 
PDP 11/34 computer. Off-line data analyses provided 
such information as the maximal rating of pain for each 
stimulus, latency of pain, pain duration, the area under 
the time-intensity rating curve, and other data as will be 
described in a subsequent paper. 

The computer also controlled the timing and intensi- 
ties of the thermal stimuli which were delivered via a 
round silver plate (thermode) of 1.2 cm diameter pressed 
gently against the skin. Stimulus temperature was meas- 
ured at the interface between the thermode and the skin 
via a thermocouple glued to the bottom of the silver 
plate. Stimulus temperature was maintained at the de- 
sired level to within +O.l”C by a local analog control 
circuit. The rise time to two-thirds of the desired incre- 
ment above the control base temperature was 260 msec. 
Further details on the thermode are available elsewhere 
(Darian-Smith et al., 1973). 

Electrophysiological Recordings in Anesthetized 
Monkeys 

Recordings were made of action potentials in single, 
afferent, peripheral nerve fibers of Macaca fascicularis 
monkeys. The monkeys were anesthetized with intrave- 
nous administration of sodium pentobarbital. Five per- 
cent dextrose was administered intravenously through- 
out the experiment. Core temperature was monitored via 
a rectal probe and maintained at 37 f 1°C with the use 
of a heating pad. Action potentials were recorded by 
means of conventional microdissection and electrophys- 
iological techniques (e.g., La Motte and Campbell, 1978) 
from primary afferent nerve fibers in the median and 
ulnar nerves, the superficial radial nerve innervating the 
wrist and hand, and the saphenous nerve innervating the 
ankle and foot. The action potentials were converted to 
digital events, displayed in real time on the video display 
along with the signal representing the stimulus temper- 
ature, and stored on a disc by the computer. During the 
search procedure, neuronal activity in single warm or 
cold fibers was identified by briefly warming the skin 
(<4O”C) by means of a heat lamp. Activity in mechano- 
sensitive nociceptive afferents was identified from pres- 
sure applied to a local region of the skin with the exper- 
imenter’s fingers (pinching or kneading the skin). Such 
stimuli were faintly painful when applied to the skin of 
human observers. Upon isolating activity in a single 
nociceptive afferent fiber, its receptive field was mapped 
with nylon monofilaments of the von Frey type. The 
thermode then was centered over the receptive field, and 
a series of heat stimuli, as described below, were delivered 
starting about 5 min after the last mechanical stimula- 

tion. At the end of the experiment, conduction velocity 
was determined by electrical stimulation through needles 
inserted into the skin near or within the receptive field. 

Great care was taken to insure that the receptive field 
of each receptor to be studied was located within an area 
of skin that had received no previous noxious heat stim- 
ulations (or such noxious mechanical stimuli as insertion 
of a needle into the skin) nor was within 1 cm of an area 
that had received such stimulation. Consequently, at 
best, only a small number of receptors could be studied 
in each nerve experiment. 

Percutaneous Electrophysiological Recordings in the 
Awake Human 

Recordings were obtained at knee level from the per- 
oneal nerve innervating the lateral calf and the dorsum 
of the foot from a population of 14 human subjects. The 
subject was seated comfortably in a reclined position in 
a dental chair with his foot held securely in Plasticine. 
The nerve was located by palpation and by electrical 
stimulation through the recording electrode. The elec- 
trode was inserted manually through the skin and into 
the nerve. Action potentials from single CMH nocicep- 
tive afferents were recorded on FM tape for subsequent 
off-line analysis. Only unitary activity that could be 
safely discriminated from background discharges in other 
afferents or in sympathetic efferents was included in our 
analyses. Further details concerning the recording tech- 
niques are available elsewhere (Torebjork and Hallin, 
1974). A search for unitary activity was carried out either 
by gently scraping the skin with a sharp piece of plastic 
or by electrical microstimulation through the tip of the 
electrode. During the latter, the subject would control 
the current of a continuous train of square wave pulses, 
each of 0.25 msec duration delivered at a frequency of 3 
Hz. The subject would report the quality of sensation 
that he felt as well as the locus on the skin to which the 
sensation was referred. The latter served to direct the 
experimenter’s attention to the appropriate location on 
the skin so that mechanical stimulation could be applied 
there. Upon isolating activity in a single, unmyelinated, 
nociceptive afferent, the receptive field was mapped by 
applying monofilaments capable of delivering different 
forces to the skin. Next, the thermode was centered over 
the receptive field and the standard series of heat stimuli 
was delivered (see below). During each recording, the 
subject made continuous ratings of pain during heat 
stimulation. No auditory or visual signals concerning the 
stimuli or nerve impulse activity were available to the 
subject during his performance. At the end of the exper- 
iment, conduction velocity was determined by electrical 
stimulation through electrodes inserted into the skin 
within the receptive field. 

Experimental Design 

Determinations of pain threshold in humans and 
response thresholds of CMH nociceptors in monkeys 

and humans 

Single test stimulus. In a preliminary psychophysical 
experiment, 4 subjects were given a single test stimulus 
to the volar forearm either before or at 0.5, 1.0, 1.5, 3.0, 
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or 5.0 min after a conditioning stimulus (CS) of 50°C and 
100 set duration delivered to the same locus on the skin. 
The temperature of the test stimulus was varied ran- 
domly from one day to the next over a range of 39 to 
51°C in steps of 2°C. The stimulus duration was 5 set 
and each stimulus was delivered on a base temperature 
of 38°C. Each stimulus temperature was presented on 
only one occasion. The pain threshold in this and all 
subsequent experiments was defined as the minimal tem- 
perature eliciting a rating of pain. One determination of 
the pain threshold was made at each point in time for 
each subject. The thresholds obtained from each subject 
were averaged. 

Multiple test stimuli. In all psychophysical experi- 
ments other than the above and in all neurophysiological 
experiments, multiple test stimuli were delivered, in the 
sequence illustrated in Figure 4, to various regions of the 
glabrous and hairy skin. In this standard test series, heat 
stimuli of 39 to 51°C each of 5 set duration, were 
delivered at interstimulus intervals of 25 set in ascending 
order of temperature in steps of 2°C on a base tempera- 
ture of 38°C before and after a conditioning stimulus 
(CS) that was typically of 50°C and of either 60 or 100 
set duration. An ascending series of 39 to 47°C was 
started at 0.5 min and again at 5 min after the CS. The 
full series of 39 to 51°C was delivered starting 10 and 20 
min after the CS. A duration of 100 set for a stimulus of 
50°C is two-thirds of the shortest duration found to 
produce irreversible damage to the epidermis (Moritz 
and Henriques, 1947). The CS and test stimuli resulted 
in no visible edema, only erythema which lasted for 
several days. In two recordings from human nerve, a CS 
of 48°C and 5.3 min duration was substituted for the CS 
of 50°C. During the CS of 48”C, small incremental pulses 
of heat, ranging from 0.1 to 1.3”C, were superimposed 
now and then on the 48°C base temperature in order to 
determine the sensitivity of CMHs to such stimuli 
(Robinson et al., 1980). 

The response threshold of a cutaneous receptor was 
the minimal temperature in each ascending temperature 
sequence that elicited a response of one or more impulses 
or, in the case of warm fibers, a noticeable increase above 
background discharge. The pain threshold was the min- 
imal stimulus temperature rated as painful. Thresholds 
for normal skin were those obtained prior to the CS 
during the first ascending series of 39 to 51°C. 

The study of possible factors influencing the 
development of hyperalgesia 

The standard test series was delivered in studies of the 
effects of alterations in blood flow (ischemia), A fiber 
block, or small differences in the duration of the CS on 
the time course of hyperalgesia following the CS. 

Ischemia. A pressure cuff was applied to the upper 
arm of 3 subjects and inflated to and held at 200 mm Hg 
during heat stimulations of the volar forearm over a 
period beginning just prior to the first test stimulus and 
extending to the end of the ascending series delivered 10 
min after the CS. 

Compression block of conduction in A fibers. In 8 
subjects, the forearm was held comfortably in Plasticine 
while the hand lightly gripped a vertical rod held fixed 

and perpendicular to the axis of the arm. A 2-cm-wide 
linen band was applied over the superficial branch of the 
radial nerve at wrist level and the nerve was compressed 
against the bone by two 2.3-kg weights, one hanging from 
each end of the band. In addition, supporting clay under 
pressure from the band also compressed the median and 
ulnar nerves. A total compression time of 40 to 48 min 
was required to eliminate the sense of touch and cold in 
skin supplied by the radial nerve and, in most cases, 
areas of skin supplied by the median and ulnar nerves as 
well. At this time, the thermode was placed quickly on 
the skin overlying the first interosseous space on the 
dorsum of the hand (innervated by the radial nerve). The 
ascending temperature series then was given. Testing 
was discontinued and the compression block was re- 
moved at the end of the ascending series delivered 10 
min after the CS. Recovery of sensation proceeded rap- 
idly in all subjects without untoward effects. 

Duration of the CS. Four subjects were each tested on 
the forearm with a CS of 50°C the duration of which 
was 60 set in one test and 100 set in a second test. In 
neurophysiological studies of hairy skin in the monkey, 
a CS of 50°C was of 100 set duration for 13 CMH 
nociceptors tested and 60 set for 7 other CMHs. 

Results 

Comparison of the pain thresholds of humans with 
the response thresholds of nociceptors in normal 

(uninjured) skin in the monkey 

Magnitude ratings of pain were obtained from 19 naive 
subjects during a series of heat stimuli delivered in order 
of ascending temperature to the forearm. The ratings of 
one subject are shown in Figure 1 (left). The same 
sequence of stimuli was delivered to the cutaneous recep- 
tive fields of 58 CMH and 45 AMH nociceptors in the 
monkey. The responses of a CMH and an AMH nocicep- 
tor to heat also are illustrated in Figure 1. The response 
threshold of a nociceptor was not difficult to determine 
since no nociceptor was spontaneously active in normal 
skin. Data obtained from the psychophysical and neu- 
ronal responses to suprathreshold stimuli in these exper- 
iments will be described in subsequent papers. 

The distributions of pain thresholds for humans are 
shown in Figure 2A. Thirteen subjects were tested on the 
volar forearm while 6 others were tested on the leg or 
dorsum of the foot. In addition, 8 of the 19 subjects tested 
on hairy skin were tested subsequently on the thenar 
eminence of the glabrous skin of the hand. Six of these 8 
later were tested on the finger tip and 4 of the latter were 
tested further on the hypothenar eminence. Paired t tests 
were used to test the significance of differences between 
pain thresholds on hairy skin of the volar forearm and 
those on each region of glabrous skin (with (Y levels 
adjusted by the Bonferroni procedure to allow multiple 
comparisons) (Harris, 1975). The only significant differ- 
ence was a 2°C lesser mean threshold for the thenar 
eminence than the obtained for the volar forearm (p < 
0.008). Repeated measures analyses of variance of the 
thresholds obtained before and after the CS revealed no 
differences between values for the arm and the leg or 
foot. These analyses were obtained (1) for different sub- 
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Figure 1. Magnitude ratings of pain by a human subject and evoked activity 
in a CMH and AMH nociceptor in the monkey during heat stimulations of 
normal skin. Leftpanel, Magnitude ratings of pain made by a subject during the 
first heat stimulations of 39 to 51°C delivered in steps of 2°C to the volar 
forearm prior to heat injury. Each horizontal line represents the passage of time 
during one trial. The base temperature was 38°C. The upward arrow at 0 set 
under the abscissa indicates the onset of each stimulus, while the downward 
arrow and dashed line in the horizontal plane indicate stimulus termination. 
The vertical axis, which is not shown, represents the magnitude of pain as rated 
continuously throughout testing. The pain threshold, in this case, was 43°C the 
minimal stimulus temperature that elicited a rating of pain. Middle panel, 
Responses of a C fiber mechanoheat nociceptor (CMH) to the same heat stimuli 
delivered to hairy skin of the anesthetized monkey. Each vertical mark repre- 
sents a single nerve impulse. The response threshold, in this case, was 43”C, the 
minimal stimulus temperature that evoked a response. Right panel, Responses 
of an A fiber mechanoheat nociceptor (AMH) to the same stimuli delivered to 
monkey hairy skin. The response threshold was 51°C. 
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Figure 2. Distributions for normal skin of pain thresholds to 

heat in humans and response thresholds to heat of CMH and 
AMH nociceptors in the monkey. The stippled areas represent 
the number of thresholds of the indicated temperatures on the 
hairy skin, while the solid line indicates the total number of 
thresholds for both glabrous and hairy skin combined. A, Pain 
thresholds in humans obtained from 19 subjects tested once on 
the hairy skin and from 8 of the 19 given a second test on the 
thenar eminence of the glabrous skin of the hand. B, Response 
thresholds of CMH nociceptors. C, Response thresholds of 
AMH nociceptors. 

jects, 9 tested on the arm and 6 others tested on the leg 
or foot (p > 0.5) and (2) for the same 6 subjects randomly 
chosen and tested first on the arm and then given a 
second test on the foot ( p > 0.5). Distributions of the 
response thresholds obtained from the CMH and AMH 
nociceptors in the monkey are shown in Figure 2, B and 
C. The receptive fields of the CMHs were located either 
on the hairy (n = 21) or glabrous (n = 27) skin of the 
hand or hairy skin of the arm, leg, or foot (n = 10). The 
receptive fields of 31 AMHs were located on the glabrous 
skin of the hand, and the remaining 14 AMHs were on 
the hairy skin of the hand (n = 9), arm, foot, or leg (n = 
5). A t test revealed no significant differences in the 
response thresholds, obtained prior to the CS, of CMH 
nociceptors located on the hairy as opposed to the gla- 
brous skin (p = 0.45). Since the ranges of thresholds 
obtained for the arm, hand, and foot or leg were nearly 
identical, no further analyses of differences between re- 
gions of skin were performed. 

Most of the small number of AMHs responsive to 
temperatures of 51°C or less had their receptive fields in 
hairy skin. The majority of the AMHs with thresholds of 
greater than 51°C were determined as responsive to heat 
only after subsequent tests at longer or higher stimulus 
temperatures delivered, at the end of experiments, with 
either the thermode or a hand-held probe. 

It is readily apparent from Figure 2 that the CMHs, 
and not the AMHs, were sensitive to those temperatures 
that evoked threshold sensations of pain in humans and 
that this was the case both for glabrous and for hairy 
skin. Further, a median threshold of 45°C was obtained 
for hairy skin both for the CMHs and for pain sensation. 
Median thresholds of 45 and 43°C were found for CMHs 
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and pain sensation, respectively, in glabrous skin. Thus, 
similar ranges and medians of threshold distributions in 
normal skin were found for pain sensation and for CMH 
nociceptors. 

The time course of changes in pain threshold in 
humans following injury by heat 

In the next experiment, we determined the time course 
of changes in the threshold by delivering a single test 
stimulus at selected points in time after the CS. The 
latter method avoided the temporal position effects of 
one test stimulus suppressing the pain elicited by another 
when multiple test stimuli were delivered repeatedly to 
the same spot on the skin. The results were useful as an 
aid in interpreting data obtained with the zscending 
temperature series of test stimuli given above and in all 
of our subsequent experiments. 

In Figure 3 are the mean pain thresholds of 4 subjects 
tested on the volar forearm with a single stimulus before 
and after a CS of 50°C and 100 set duration. Within 0.5 
min after the CS, the pain threshold was elevated by a 
mean of 5.5”C above control values (“hypoalgesia” or 
“suppression” of pain) followed by recovery from 2 to 2.5 
min after the CS and a subsequent lowering of mean 
threshold to 2.5”C below control by 5 min (“hyperalge- 
sia”). Thus, the time course of hypoalgesia following a 
mild heat injury was of relatively short duration and was 
replaced within about 3 min by the development of 
hyperalgesia. In this and subsequent experiments, spon- 
taneous ratings of pain in the absence of a test stimulus 
were uncommon. When they did occur, they were after, 
but never before, the CS. 

The testing of 3 subjects revealed that the recovery of 
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Figure 3. The time course of changes in the pain threshold 
following heat injury. Subjects were tested with a single test 
stimulus of 5 set duration before and after a conditioning 
stimulus (CS) of 50°C and 100 set duration. The temperature 
and time of occurrence of the heat stimulus was varied. The 
base temperature was 38°C. The pain threshold was the mini- 
mal stimulus temperature evoking a rating of pain. The solid 
line connects the mean pain thresholds for 4 subjects, while the 
dashed lines above and below the solid line represent the 
highest and lowest thresholds, respectively, for these subjects 
at each point in time. 
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Figure 4. The standard test series of heat stimuli. Stimuli of 
39 to .51”C, each 5 set in duration, were delivered in ascending 
order of temperature in steps of 2°C on a base temperature of 
38°C at interstimulus intervals of 25 set prior to heat injury 
from a conditioning stimulus (CS) of 50°C and 100 set duration. 
Following the CS, stimuli of 39 to 47°C were given starting 0.5 
min and again 5 min after the CS. Stimuli of 39 to 51°C were 
delivered starting 10 and 20 min after the CS. The time of 
occurrence of each stimulus is referenced to the end of the CS 
(time = 0 min). 

pain thresholds to within 1 to 2°C of pre-CS values was 
achieved within 2 to 4 hr after the CS. In contrast, the 
erythema produced by the CS often lasted several days. 

A comparison of the changes in the median pain 
threshold following heat injury with parallel changes 
in the median response thresholds of heat-sensitive 

cutaneous receptors in the monkey 

In the remaining experiments, we wished to measure 
the pain threshold and the response thresholds of high 
and low threshold heat-sensitive cutaneous receptors 
before and after heat injury using an identical sequence 
of heat stimuli as illustrated in Figure 4. Our first objec- 
tive was to use this “standard” sequence of stimuli to 
determine the time course of the development of hyper- 
algesia following a CS of 5O”C, 100 set delivered to the 
volar forearm. The second goal was to investigate which 
class of heat-sensitive receptors might account for the 
observed changes in the pain threshold. 

In Figure 5A is the time course of changes in the 
median pain threshold for 13 subjects tested on the volar 
forearm following a CS of 50°C 100 sec. (The median 
was chosen over the mean since thresholds of many 
AMH and cold receptors were greater than 51°C and 
thus were not measured precisely.) All values are given 
for the times at which each ascending series of stimuli 
began (Fig. 4). Although pain thresholds varied over a 
wide range prior to the CS (41 to 49”C), all were less than 
or equal to 43°C by 5 min after the CS and remained 
so through the last test at 20 min. Four classes of cuta- 
neous receptors were found to be responsive to heat: 
CMH and AMH nociceptors and the low threshold cold 
and warm receptors. The numbers and conduction veloc- 
ities of each type of receptor in hairy and glabrous skin 
are given in Table I. Figure 5, B to D, summarizes the 
changes in the thresholds of the three types of cutaneous 
receptors whose responses to heat could be sensitized 
following a CS of 50°C 60 or 100 sec. Sensitization was 
defined as a lowering of the threshold below the control 
measured prior to the CS and/or an increase over the 
control in the number of impulses evoked by suprathresh- 
old stimuli. The responses of warm receptors were sup- 
pressed but not sensitized following the CS and thus are 
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Figure 5. A comparison of the pain thresholds of humans, before and after heat injury, with the 
response thresholds of three types of monkey cutaneous receptors capable of being sensitized to 
heat. In each panel, the solid line connects the median thresholds, while the top and bottom dashed 
lines connect the highest and lowest individual thresholds obtained in response to the sequence of 
stimuli (see Fig. 4) beginning at each indicated time. Thresholds of 49°C or greater were pooled. A, 
Pain thresholds of human subjects tested on the volar forearm before and after heat injury by a 
conditioning stimulus (CS) of 50°C and 100 set duration. B and C, Response thresholds of CMH 
and AMH nociceptors, respectively, in monkey hairy skin. The CS was 50°C and either 60 or 100 
sec. D, Response thresholds for the paradoxical response to heat of low threshold cold receptors in 
the monkey (data for hairy and glabrous skin combined). The CS was 50°C and either 60 or 100 sec. 

TABLE I 
Conduction velocities of the cutaneous afferents studied in the monkey 

Receptor 
Type” 

Hairy Skin 

Number Mean r SD 

Glabrous Skin 

Number Mean + SD 

miser mfsec 

Warm 3 0.9 + 0.1 5 1.5 + 0.5 
Cold 5 10.7 + 0.7 4 11.2 k 1.1 

CMH 31 0.8 + 0.1 27 0.9 f 0.3 
AMH 14 15.0 f 7.0 31 22.2 + 13.0 

a Low threshold warm and cold receptors and mechanoheat-sensitive 

nociceptors with C or A fibers (CMH and AMH, respectively). 

not described in this figure. Two cold receptors in gla- 
brous and two in hairy skin did not respond to any of the 
heat stimuli before or after the CS. Five cold receptors 
exhibited the “paradoxical” response to heat during test- 
ing prior to the CS and all but one of these were sensitized 
to heat following the CS as evidenced by a transient 
lowering of threshold over control by 2 to 60C6 However, 
the initial heat thresholds of these cold receptors were 

‘Because no apparent differences were observed in the response 
properties of this type of receptor in hairy versus glabrous skin nor in 
responses following a CS duration of 60 as opposed to 100 set, data for 
both types of skin and both durations of CS were pooled. 

higher than most pain thresholds, and the time course of 
sensitization did not parallel the time course of hypo- 
and hyperalgesia. For example, recovery from sensitiza- 
tion was more rapid than recovery from hyperalgesia. 
The same statements apply to changes in response 
thresholds of 8 AMH nociceptors with receptive fields on 
the hairy skin. These were given either a CS of 60 (n = 
5) or 100 set (n = 3) with no apparent differences in 
results obtained due to these differences in CS duration. 
Three of the 8 AMHs remained unresponsive to the heat 
stimuli used in the test sequence. The rest had a lowering 
of response thresholds from the initial values of 51’C to 
between 45 and 51°C followed by a recovery within 20 
min. Not shown in the figure are similar results, but with 
still a lesser degree of sensitization, obtained from 15 
AMHs in the glabrous skin. Of the latter, 3 exhibited a 
slight lowering of threshold, while the rest remained 
unresponsive to the test stimuli. Thus, sensitization was 
a more frequent occurrence of AMHs in hairy than in 
glabrous skin. However, the magnitude and time course 
of changes in the thresholds of AMHs in either type of 
skin, after the CS, did not parallel changes in pain thresh- 
old. In contrast, the time course of changes in the heat 
thresholds of 13 CMH nociceptors in the hairy skin (Fig. 
5B) closely paralleled that obtained for the pain thresh- 
olds following the same CS delivered to human skin. 
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Furthermore, the range of CMH thresholds, at every 
point in time, overlapped or was equal to the range of 
pain thresholds. Also, sensitization was long lasting. In a 
few instances in which tests were given over a long period 
of time, sensitization was still present several hours after 
the CS. Thus, the time course and magnitude of changes 
in the pain threshold following the heat injury was 
matched only by changes in the heat thresholds of CMH 
nociceptors and not by those observed in any other type 
of heat-sensitive cutaneous receptor. 

A striking feature of the pain thresholds was that the 
proportion of subjects reporting pain to stimuli of 43°C 
or less rose from about 50% prior to the CS to 100% by 5 
min after the CS. Further, the mean magnitude ratings 
of pain elicited by a stimulus of 43°C increased following 
the CS (Fig. 6A). Analogous neuronal measures were 
obtained by the mean number of impulses evoked by the 
test stimulus of 43°C in each type of receptor in hairy 
skin before and after a CS of 50°C. The AMH nociceptors 
were unresponsive to this stimulus both before and after 
the CS and therefore results for these receptors are not 
shown. All of the warm receptors responded maximally 
to the test stimulus prior to the CS but were suppressed, 
with varying degrees of recovery, following the CS (Fig. 
6C).‘j Those cold receptors that subsequently responded 
to stimuli of 43°C or less following the CS did so only for 
a short period of time followed by a recovery to their 
previous levels of insensitivity (Fig. 6D). In contrast to 

25 

A 

PAIN 

CMH 
NOCICEPTORS 

the above, both the proportion of CMH nociceptors in 
hairy skin responsive to the test stimulus and the mean 
number of impulses evoked by the stimulus exhibited a 
decrease after the CS followed by an increase over pre- 
CS values (Fig. 6B). Thus, both the number of active 
CMH nociceptors and the magnitudes of their responses 
to a stimulus of 43°C underwent changes that paralleled 
those in threshold or near threshold ratings of pain in 
humans. 

The effects of a block of conduction in myelinated 
afferents on pain thresholds in humans before and 

after heat injury 

The fact that weak sensitization was observed in a 
small proportion of cold receptors and nociceptors with 
A fibers and the reported existence of AMHs with heat 
thresholds similar to those of CMHs (Dubner et al., 1977; 
Adriaensen et al., 1981) raised at least the possibility of 
a contribution of these receptors to alterations in the 
pain threshold following heat injury. In order to test this 
possibility, a compression block was applied at the wrist 
to the radial, median, and ulnar nerves (see “Materials 
and Methods”). The block resulted in the loss of touch 
and the sense of cool, the latter believed to be served by 
A6 fibers conducting within the range of 5 to 30 m/set. 
The mean response latency of one subject to the first 
pain evoked mechanically with a sharp probe was meas- 
ured before and after the compression block. The longer 

C 

WARM 
RECEPTORS 

/--- 

D 

COLD 
RECEPTORS 

BERRE TIME AFTER CS (mid 

Figure 6. A comparison of the pain ratings of a test stimulus of 43”C, before and after heat 
injury, with the magnitudes of neural responses evoked by the same stimulus in each of three types 
of cutaneous receptors. A, Magnitude ratings of pain, averaged for 13 subjects and expressed as a 
percentage of the maximum mean response to the test stimulus, were obtained before and after a 
CS of 5O”C, 100 set duration. B, The mean number of impulses evoked by the test stimulus in 13 
CMH nociceptors in monkey hairy skin. The mean is expressed as a percentage of the maximum 
obtained in response to the test stimulus. The CS was 5O”C, 100 sec. C and D, The mean number 
of impulses (percentage of maximum) evoked by the test stimulus in 8 warm and 9 cold receptors 
in the monkey. The CS was 50°C and either 60 or 100 set duration. 
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latency obtained following the block was consonant with 
a loss of conduction in A fibers. In previous studies using 
this kind of compression block, microneurographic re- 
cordings have shown that impulse conduction in myeli- 
nated fibers was blocked at the time when sensations of 
touch and cold were abolished and only C fibers were 
conducting (Torebjork and Hallin, 1973; MacKenzie et 
al., 1975; Hallin and Torebjork, 1976). 

The A fiber block involved most of the hand, thereby 
reducing or eliminating the possibility that nociceptors 
with myelinated afferents in the superficial radial nerve 
or in nerves with overlapping distributions might be 
activated by the heat stimuli. In addition, the compres- 
sion block did not result in any obvious impairment of 
circulation to the hand. 

Following the fast indication of a successful block, 8 
subjects were tested prior to and up to 10 min after a CS 
of 5O”C, 100 sec. The pain thresholds obtained under the 
block were entirely within the range of values obtained 
for the 13 subjects tested on the forearm without a block 
(Fig. 7). The same was true for the pain ratings of all 
suprathreshold stimuli. That is, the A fiber block pro- 
duced no obvious changes in psychophysical functions 
relating stimulus temperature to maximum ratings of 
pain (R. H. LaMotte, J. G. Thalhammer, H. E. Torebjork, 
and C. J. Robinson, unpublished observations). These 
findings confirm the hypothesis that the phenomena of 
hypo- and hyperalgesia following a mild heat injury are 
served by activity in C fibers and not A fibers. The 
possibility of conduction in A fibers of the smallest di- 
ameter cannot be ruled out by the above experiment. 
However, this is ruled out for most AMHs with heat 
thresholds similar to those of CMHs since the mean 
conduction velocities of these more sensitive AMHs are 
typically in the range of 15 to 20 m/set (Dubner et al., 
1977; Adriaensen et al., 1981)-values greater than that 
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Figure 7. Results demonstrating that alterations in pain 
thresholds following heat injury did not depend upon either 
blood flow or conduction in A fibers. The mean pain threshold 
before and after heat injury by a CS of 5O”C, 100 set was 
determined (I) during a compression block of conduction in the 
A fibers in 8 subjects (O), (2) during ischemia induced by a 
pressure cuff in 3 subjects (A), and (3) under control conditions 
in 13 subjects (0). 

of the low threshold cold receptors (Darian-Smith et al., 
1973; Dubner et al., 1975). 

The effects of ischemia on pain thresholds in humans 
before and after heat injury 

In 3 subjects, a pressure cuff was applied to the upper 
arm and inflated to 200 mm Hg, thereby eliminating 
blood flow to the forearm. The cuff was applied only for 
the ~20 min required to test the pain threshold prior to 
and up to 10 min after a CS of 50°C 100 sec. Thus, there 
was no significant block of conduction in A fibers as in 
the previous experiment. No apparent differences were 
observed between the results obtained from these sub- 
jects and those obtained from the 13 subjects tested on 
the forearm when circulation was intact (Fig. 7). Both 
hypo- and hyperalgesia were observed under ischemia, 
suggesting that these phenomena do not occur as a result 
of regional changes in blood flow that might occur follow- 
ing heat injury. These results are consistent with those 
of Lynn (1979, 1980) who demonstrated that neither 
decreases in the pain threshold in humans nor the sen- 
sitization of CMH nociceptors in the rabbit depended on 
local blood flow. 

These results do not mean that the rate of blood flow 
plays no role in the pain elicited during and following 
heat injury. On the contrary, the results of a pilot study 
(R. H. LaMotte, J. G. Thalhammer, H. E. Torebjork, and 
C. J. Robinson, unpublished observations) suggested that 
intense hyperemia induced by circulating warm water 
through a tube coiled around the arm reduced the inju- 
rious and hyperalgesic effects of the CS. Conversely, 
ischemia produced by a rubber band wrapped around the 
base of a finger, while not greatly altering the time course 
or magnitude of hyperalgesia on the finger pad, resulted 
in a remarkable increase in the magnitude ratings of pain 
with time during the CS. Nevertheless, the results of the 
ischemic forearm study demonstrate that the lowering of 
the pain threshold following the CS did not result from 
or depend upon alterations in blood flow that might have 
occurred, for example, due to the release of vasoactive 
substances within the area of injury. 

Differences for hairy and glabrous skin in the changes 
in pain thresholds in humans and response thresholds 

of CMH nociceptors in monkeys following a heat 
injury 

The changes in mean pain thresholds, following the 
CS, for hairy skin of the forearm were compared with 
those for three regions of the glabrous skin of the hand 
(Fig. 8, left panel). In order to evaluate the differences 
for these areas of skin in the changes in threshold follow- 
ing heat injury, thresholds obtained at each time after 
the CS (5O”C, 100 set) were first expressed as percentages 
of the subject’s threshold prior to the CS. Then, repeated 
measures analyses of variance were made of the differ- 
ences between the subjects’ percentage scores for the 
hairy skin and those for the finger and the thenar emi- 
nence of the glabrous skin.7 Significantly greater de- 
creases in the pain threshold were found for the hairy 

‘The results of these and all of our analyses of variance with 

repeated measures over time indicated a highly significant main effect 
of the time of testing (p < 0.001). 
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Figure 8. A comparison of alterations in the thresholds in glabrous skin with those in hairy 
skin following a heat injury (CS). Left panel, Mean pain thresholds of 8 subjects tested first 
on the hairy skin of the forearm (dashed line) and subsequently on the glabrous skin (solid 
lines) of the thenar eminence (8 subjects, 0), fingertip (6 subjects, A), and hypothenar 
eminence (4 subjects, 0). Right panel, Mean response thresholds of CMH nociceptors in 
monkey, 11 on the glabrous skin (solid line) and 13 on the hairy skin (dashed line). In both 
panels,“the CS was%O’C, 100 sec. 

skin than for either the finger (p = 0.006) or the thenar 
eminence ( p < 0.001). Although thresholds on the thenar 
eminence were about the same as those on the hairy skin 
5 to 20 min after the CS, they were significantly lower 
prior to the CS and thus exhibited less of a decrease. 
Thresholds on the finger and hypothenar eminence were 
the same as those on the hairy skin prior to the CS but 
were higher after the CS. The least lowering of the pain 
threshold occurred on the hypothenar eminence. In fact, 
3 of the 4 subjects tested on this area exhibited no 
lowering of the threshold, only a transient elevation 
following the CS. 

Similar analyses were made on the CMH response 
thresholds, obtained after the CS, each expressed as a 
percentage of the threshold obtained prior to the CS. A 
significantly lesser degree of threshold lowering was ob- 
served for the 11 CMH nociceptors tested on the glabrous 
skin than for the 13 CMHs studied on the hairy skin (p 
= 0.01). Although small sample sizes precluded further 
statistical analyses of the regional differences within gla- 
brous skin, no apparent differences in thresholds were 
observed for CMHs with receptive fields on the thenar 
eminence as opposed to the hypothenar eminence, finger, 
or palm. In any case, it is clear that following a mild heat 
injury to the skin, a greater sensitization of CMH noci- 
ceptors and a greater degree of hyperalgesia (lowering of 
the pain threshold) occurred for the hairy skin than for 
the glabrous skin. 

The effects of variations in the duration and intensity 
of the CS on the time course of changes in pain 

thresholds in humans and response thresholds of 
CMH nociceptors in the monkey 

In order to determine whether the test stimuli them- 
selves might alter the thresholds of CMHs in the monkey, 
4 CMHs were given the standard sequence of test stimuli 
(Fig. 4) without presentation of the CS. Only slight 
suppression and not sensitization was observed during a 
subsequent 20-min period of testing. Following a subse- 

quent presentation of the CS, sensitization ensued. Anal- 
ogous psychophysical experiments in which stimuli of 5 
set duration and temperatures of 47 to 50°C were pre- 
sented revealed only a transient suppression of the pain 
ratings elicited by subsequent test stimuli (LaMotte, 
1979). Thus, it was considered unlikely that the presen- 
tation of the ascending series of stimuli in the present 
study contributed to the development of hyperalgesia 
following the CS of 50°C. 

The effects of variations in the duration of a CS of 
50°C on the pain thresholds and response thresholds of 
CMHs also were studied. A comparison was made be- 
tween the alterations in thresholds following a CS of 
5O”C, 60 set duration and those following a CS of 50°C, 
100 set duration. The results obtained from 4 human 
subjects tested once under each CS duration on the volar 
forearm are compared in Figure 9 with the results ob- 
tained for hairy skin from the 13 CMH nociceptors tested 
following a CS of 100 set and 7 other CMHs tested after 
a CS of 60 set duration. The data from both sets of 
experiments are suggestive of lower thresholds following 
the longer duration of CS. However, the differences in 
thresholds obtained under the two durations of CS failed 
to reach statistical significance in repeated measures 
analyses of variance. This was true both for the pain 
thresholds (p = 0.16) and for CMH response thresholds 
(p = 0.24). Either larger differences in CS duration or 
larger sample sizes might be required to reveal a statis- 
tically significant effect of differences in CS duration on 
the thresholds for pain and CMH responses. 

Lastly, a test of the effects of differences in the inten- 
sity of the CS on changes in the pain threshold was 
conducted. In a few psychophysical experiments, a CS of 
either 53°C for 30 set for 48°C for 320 set was delivered 
to the volar forearm or foot. These stimuli have approx- 
imately the same injurious effects on the skin as does our 
CS of 50°C 100 set (Moritz and Henriques, 1947). The 
time course of hypo- and hyperalgesia did not differ for 
these three types of CS. Thus, it is likely that there is a 
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trade off between the duration and intensity of the min- 
imal stimulus required to induce hyperalgesia as there is 
to produce an irreversible injury of the skin. 
A comparison of the distributions of pain thresholds in 
humans with the distributions of response thresholds 
of CMH nociceptors in monkeys before and after heat 

injury 

Although the time course of the sensitization of CMH 
nociceptors paralleled the time course of the develop- 
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Figure 9. The effects of differences in the duration of CS on 
alterations in the pain thresholds in humans and the response 
thresholds in CMH nociceptors in the monkey. Mean pain 
thresholds (solid lines) were determined for 4 humans tested 
on the forearm before and after a CS of 50°C and 60 set (0) or 
100 set (0). Mean response thresholds for hairy skin were 
obtained from 13 CMHs tested before and after a lOO-set CS of 
50°C (0) and 7 other CMHs before and after a 60-set CS of 
50°C (0). 
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ment of hyperalgesia after heat injury, the magnitudes of 
change in the mean or median thresholds in the two sets 
of experiments were not the same. An appropriate ques- 
tion is whether the magnitudes of change in at least some 
of the nociceptors matched the magnitudes of change in 
the pain thresholds of some of the subjects. A summary 
of the distributions of human pain thresholds and mon- 
key CMH response thresholds for the arm are presented 
in Figure 10. The mean pain threshold shows a slightly 
greater drop from normal to hyperalgesic skin than does 
the mean threshold of CMH nociceptors in the monkey. 
However, the development of an increased sensitivity to 
pain elicited by lower temperature stimuli, such as 39’C, 
is matched at 10 and 20 min after the CS by the devel- 
opment of a sensitivity to such stimuli in a small number 
of CMH nociceptors-a sensitivity that they did not have 
in normal skin. 

Another similarity between pain thresholds and CMH 
thresholds that was not evident in comparisons of means 
was that subjects and nociceptors with thresholds of less 
than 45°C prior to the CS (indicated by the shading in 
Fig. 10) had elevated thresholds at 0.5 min after the CS, 
while those with thresholds equal to or greater than 45°C 
did not. This effect may be attributed to the nature of 
the ascending sequence of stimulus temperature and to 
the finding that both hypoalgesia and the decrease in 
nociceptor sensitivity immediately following the CS were 
short lived (e.g., see Fig. 3): responses to lower tempera- 
tures were tested sooner and thus suppressed more than 
responses to higher temperatures. 

There is a slight mismatch in the time course of 
changes in pain thresholds and CMH response thresh- 
olds. Although 4 humans had pain thresholds of 39°C 
when tested 5 min after the CS, no CMHs responded to 
this stimulus at this time. Possibly minor discrepancies 
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Figure 10. The time course of changes in the distributions of pain thresholds in humans and 
response thresholds of CMH nociceptom in monkeys following a heat injury (CS). The number 
(No.) of human subjects or CMH nociceptors having the indicated threshold temperature is 
represented by the width of the histogram at each threshold temperature. Thresholds of 49°C or 
greater were pooled. The shaded areas indicate the thresholds of subjects or CMH nociceptors 
whose initial thresholds, prior to the CS, were less than or equal to 43’C. The solid circles 
connected by the heavy line are the mean thresholds. The CS was 5O”C, 100 sec. Left panel, Pain 
thresholds of 13 humans tested on the volar forearm. Rightpanel, Response thresholds of 13 CMH 
nociceptors tested on the hairy skin of the arm or hand in monkey. 
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such as this would be less apparent if a larger sample of 
CMHs were studied. 

The suppressive effects of the base stimulus on pain 
threshold. In order to test the possibility that the base 
temperature of 38°C had a mild suppressive effect on the 
thresholds, a psychophysical study was conducted in 
which stimulus increments were presented on a base 
temperature of 30°C. Test stimuli were delivered to the 
volar forearms of 3 subjects in steps of 2°C in order of 
ascending temperature from 31 to 47°C before and at 10 
min after a CS of 50°C 100 sec. Following the CS, the 
base was elevated from 30 to 38°C and maintained at this 
value until 10 min after the CS. (This was done to allow 
the development of hyperalgesia to occur under the same 
base temperature as used in our other experiments.) At 
10 min after the CS, the base was reduced to 30°C and 
the ascending temperature sequence began. The mean 
pain threshold dropped by 7°C from 45°C obtained in 
all 3 subjects prior to the CS, to 38°C (range of 37 to 
39’C) 10 min after the CS. In the previous tests with the 
standard test series given on a base of 38”C, subjects 
with pre-CS thresholds of 45’C had a mean decrease in 
pain threshold of only 45°C 10 min after the CS. These 
results are suggestive of a mild suppressive effect of the 
38°C base on the pain threshold following the CS. 

A greater suppressive effect of the base stimulus on 
lower than on higher thresholds following the CS would 
bring the thresholds of different individuals closer to- 
gether. In fact, the standard deviation of pain thresholds 
for the volar forearm decreased from 2.6”C (prior to the 
CS) to values of 1.2 to 1.5’C obtained 0.5 to 20 min after 
the CS. Similarly, the standard deviation of CMH thresh- 
olds for monkey hairy skin decreased from 3.6” C prior to 
the CS to post-CS values of 2.0 to 2.8’C. 

A comparison of the distributions of pain thresholds in 
humans with the distributions of response thresholds 
of CMH nociceptors also obtained in humans before 

and after heat injury 

The standard test series of test stimuli was delivered 
to the cutaneous receptive fields of 14 CMH nociceptive 
afferents recorded percutaneously from the peroneal 
nerve in the awake human subject. The mean conduction 
velocity, as obtained from 8 of the 14 was 0.85 f 0.17 m/ 
sec. Eight CMHs were studied before and up to 10 min 
after the CS and only data for these are included in the 
present study. Receptive fields of these CMHs were 
located on the dorsum of the foot (n = 4) or the leg (n 
= 4). The CS was either 50°C for 100 set (n = 5) or 60 
set (n = 1) or 48°C for 320 set (n = 2) (see “Materials 
and Methods”). The psychophysical measurements ob- 
tained for these different types of CS were virtually 
identical and no apparent differences in the responses of 
CMH nociceptors could be readily explained on the basis 
of which CS was delivered. Pain thresholds were obtained 
from 11 subjects during the first test on the foot or leg 
regardless of whether a simultaneous recording was also 
being carried out. Thus, each pain threshold was ob- 
tained from a different observer, whereas 2 CMH noci- 
ceptors were recorded on different occasions from the 
same subject and the rest were from different subjects. 
The distributions of pain thresholds on the leg or foot 

before and after the CS are shown in Figure 11 (left 
panel). As stated earlier, pain thresholds on the foot or 
leg were not significantly different from those on the 
forearm prior to the CS. The overall time course of hypo- 
and hyperalgesia for the leg or foot matched that found 
for the forearm (compare with Fig. 10). The standard 
deviation of pain thresholds decreased from 2.5”C, ob- 
tained prior to the CS, to post-CS values of 1.8 to 2.1”C. 
Pain thresholds of subjects with lower initial thresholds 
(less than 45°C) were elevated more and for a longer 
time immediately after the CS than those of subjects 
with higher initial thresholds. 

The range of heat thresholds of CMH nociceptors on 
the human leg or foot prior to the CS was 41 to 43°C (n 
= 14). This is in contrast to the much wider range of 
values obtained from CMHs in the monkey. The 8 CMHs 
in humans that were studied both before and after the 
CS all happened to have a threshold of 41°C. It is 
interesting that these more sensitive CMHs in humans 
were suppressed following the CS in the manner char- 
acteristic of the more sensitive CMHs in the monkey and 
the more sensitive subjects in the psychophysical exper- 
iments. However, only 2 of the CMHs in human exhibited 
a lowering of the threshold below control following the 
CS. Of the monkey CMHs with pre-CS thresholds of 
41”C, both were suppressed after the CS and one re- 
mained so to the end of testing. Thus, there were simi- 
larities in the time course of changes in the response 
thresholds of CMHs in monkeys and humans following 
heat injury despite the differences in the mean magnitude 
of these changes for the two species. Also, the time course 
of changes in the pain threshold was similar for the 
forearm and the leg or foot. 

Discussion 

The quality of heat-pain sensation 

Subjects questioned at the end of the experiments 
stated that the pain evoked by a heat stimulus had a 
singular quality of burning or stinging which increased in 
magnitude to a single maximum followed by a decrease 
and disappearance. There were no reports of a double 
sensation (i.e., “first” or “pricking” pain followed by a 
second pain of burning) at least when stimuli were pre- 
sented in ascending order of magnitude. However, some 
subjects reported a pricking, or “prickle” sensation dur- 
ing the experiment in which a single stimulus of 41 to 
45°C was presented (Fig. 3). Other studies have reported 
double pain and/or short latency sensations of pricking 
pain, but these sensations typically have been elicited by 
heat applied at long interstimulus intervals to hairy skin. 
In one study, a short latency pricking pain sensation was 
evoked by a single stimulation of 43°C delivered to the 
hairy skin but not by stimuli of 43 to 51°C delivered to 
the glabrous skin (Campbell and LaMotte, 1977). For 
glabrous skin, a double pain sensation requires stimulus 
temperatures of greater than 51’C (Campbell and La- 
Motte, 1977; J. G. Thalhammer and R. H. LaMotte, 
unpublished observations). For hairy skin, a small num- 
ber of AMH nociceptors responsive to stimuli of less than 
47°C has been found in monkeys (Dubner et al., 1977) 
and humans (Adriaensen et al., 1981) and may serve the 
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Figure 11. The time course of changes in the distributions of pain thresholds and response 
thresholds of CMH nociceptors in humans following a heat injury (CS) delivered to the hairy skin 
of the leg or foot. Left panel, Pain thresholds of 11 humans. Right panel, Response thresholds of 8 
CMH nociceptors recorded from the peroneal nerve in the awake human subject (not necessarily 
the same subjects contributing to the data in the left panel). The same format as in Figure 10 is 
used. 
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sense of pricking pain. Since these nociceptors appear 
more responsive to innocuous heat stimuli below 45°C 
than are the CMHs, it is possible that when stimuli are 
presented in ascending order of magnitude, the responses 
of these AMHs are somewhat suppressed before the pain 
threshold is reached, thereby explaining the absence of 
double pain sensations under these stimulus conditions. 
In any case, the fact that, in normal and in hyperalgesic 
skin, pain thresholds did not appear altered following a 
conduction block in A fibers indicates that the contribu- 
tion from AMHs was not of critical importance. 

Pain thresholds in normal skin 

In the present study, pain thresholds prior to the CS 
ranged from 41 to 49°C. The only regional difference 
found between glabrous and hairy skin was a slightly 
lower mean threshold on the thenar eminence than on 
the volar forearm. No other differences were noted be- 
tween the pain thresholds for forearm, leg, foot, hypoth- 
enar eminence, and fingertip. Previous investigations us- 
ing heat stimulation also have found only minor differ- 
ences in the pain thresholds between most loci on the 
body (Hardy et al., 1952; Lynn and Perl, 1977). 

Contributions from cutaneous receptors. In both mon- 
keys and humans, only the CMH nociceptors had thresh- 
old sensitivities within the range of pain thresholds in 
humans. In the monkey, the response thresholds of most 
AMHs and cold receptors were outside of this range of 
pain thresholds. Conversely, thresholds of warm recep- 
tors were well below the pain threshold and warm recep- 
tors responded as well or better to painless heat than to 
painful heat. Percutaneous nerve recordings in humans 
have indicated that the response properties of low thresh- 
old cold and warm receptors (Hensel and Boman, 1960; 
Konietzny and Hensel, 1975) and AMH nociceptors (Ad- 
riaensen et al., 1981) are similar in most respects to those 
studied in the same receptors in monkeys (Iggo, 1969; 

Hensel and Iggo, 1971; Darian-Smith et al., 1973; Sumino 
et al., 1973; Dubner et al., 1975, 1977; Kenshalo and 
Duclaux, 1977; Darian-Smith et al., 1979). 

In the present study, CMHs in humans had thresholds 
of 41 to 43°C whereas those of most CMHs in the 
monkey lay between 41 and 49°C. It is possible that the 
thresholds of CMHs and the more sensitive AMHs are 
distributed over lower temperature values in humans 
than in monkeys. Alternatively, the disproportionate 
number of lower threshold CMHs in humans, in compar- 
ison with that observed in the monkey (e.g., Beitel and 
Dubner, 1976b; LaMotte and Campbell, 1978), may be 
due to our use of weaker and more superficial mechanical 
stimuli (gentle scraping) to search for CMH activity in 
humans as opposed to our pinching the skin in the 
monkey experiments (see “Materials and Methods”). We 
have found a positive correlation between the heat 
thresholds and mechanical thresholds of CMHs in the 
monkey (J. G. Thalhammer and R. H. LaMotte, unpub- 
lished observations), leading us to speculate that a 
weaker mechanical search stimulus may have yielded 
CMH nociceptors with lower heat thresholds. Further, a 
recent study by Van Hees and Gybels (1981) has found 
thresholds of CMHs in humans to vary from about 40 to 
47°C. We therefore favor the hypothesis that CMH 
thresholds on the leg or foot in humans are, in reality, 
similar to those that we have found for the monkey arm, 
leg, and foot. 

Most neurophysiological studies of CMHs in the mon- 
key have obtained heat thresholds within close range of 
those obtained for monkey CMHs in the present study 
(41 to 51’C) despite differences in the base (adapting) 
temperatures and the intensities, durations, and presen- 
tation rates of test stimuli used and whether glabrous or 
hairy skin was tested (Beitel and Dubner, 1976b; Croze 
et al., 1976; Georgopoulos, 1976; Kumazawa and Perl, 
1977). Similar ranges also have been obtained for monkey 
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spinothalamic and trigeminothalamic neurons of the type 
that receives input from CMHs (Christensen and Perl, 
1970; Kenshalo et al., 1979; Price et al., 1976, 1978) and 
for monkey ventral posterior lateral thalamic neurons 
that receive input from dorsal horn neurons (Kenshalo 
et al., 1980). Thus, the evidence suggests that the thresh- 
old sensitivities of CMH nociceptive afferents in the 
monkey are preserved in the parallel sensitivities of the 
higher order neurons to which they project and that 
these, in turn, are matched by thresholds for pain as 
measured in humans. 

Changes in pain thresholds following a mild heat 
injury. The similarities in the time course and magnitude 
of changes in pain thresholds in humans and changes in 
heat thresholds of CMH nociceptors in monkeys and 
humans following mild heat injury suggest that CMH 
activity provides a peripheral neuronal basis for hypo- 
and hyperalgesia. Threshold sensitivities of other heat- 
sensitive cutaneous receptors, such as AMH nociceptors 
and low threshold warm and cold receptors, did not 
undergo changes that paralleled those observed for pain 
sensation. The responses of warm fibers following heat 
injury were greatly suppressed with gradual and less than 
complete recovery occurring over a 20-min period of 
testing. Only a small proportion of AMHs and cold re- 
ceptors were appreciably sensitized following heat injury 
and, in any case, sensitization was not preceded by sup- 
pression and was too transient and of insufficient mag- 
nitude to account for the observed changes in the pain 
threshold. 

Previous studies of AMHs in monkey and rabbit have 
found most to be relatively insensitive to heat in normal 
skin but to become greatly sensitized to heat following a 
sufficiently intense heating, typically of 53°C or higher 
(Fitzgerald and Lynn, 1977; Campbell et al., 1979). Meyer 
and Campbell (1981) used a laser thermal stimulator to 
deliver a radiant heat stimulus of 53°C for 30 set to the 
glabrous skin of the monkey hand. The responses to heat 
of CMH nociceptors within the area of injury were sup- 
pressed, while those of AMHs were greatly enhanced.” 
Similarly, in a study of monkey hairy skin, a mild heat 
injury produced by a CS of 56°C and 7 set duration 
(comparable in severity to injuries produced in the pres- 
ent study) sensitized a greater proportion of AMH than 
CMH nociceptors (Thalhammer and LaMotte, 1982). 
Thus, both CMH and AMH nociceptors potentially con- 
tribute to cutaneous hyperalgesia: a major role is pro- 
vided by CMHs following mild heat injuries and by 
AMHs following more severe injuries and/or higher tem- 
peratures of injurious heat. 

” A given desired stimulus temperature, when produced by the laser 

stimulator, would result in a slightly higher skin temperature than that 
produced by our contact thermal stimulator. This is true since the laser 
stimulator controls stimulus temperature at a level of about 100 am 
within the skin (via feedback from a radiometer remote to the skin) 
(Meyer et al., 1976), whereas the contact stimulator controls tempera- 

ture just above the skin via feedback from a thermocouple at the skin- 
thermode interface. Thus, a stimulus of 53°C 30 set, when delivered 
by the laser, commonly produced a blister (R. A. Meyer, personal 
communication). The same stimulus delivered by the contact stimula- 
tor (or as produced in the study of heat injuries by Moritz and 
Henriques, 1947) did not blister the skin and was probably 1 to 2°C 

cooler. 

Only a small proportion of our CMH nociceptors sam- 
pled from human nerve exhibited a lowering of the re- 
sponse threshold after the CS. However, as discussed 
earlier, this sample may not be representative of the 
whole CMH population since all of the CMHs had a 
threshold of 41°C prior to the CS. It may be that the 
endings of these sensitive CMHs were more superficially 
located in the skin than those of higher threshold noci- 
ceptors and that they were stimulated more vigorously 
and hence were more suppressed following the CS. Other 
CMH nociceptors, such as those whose endings lie deeper 
in the skin or adjacent to the area of injury, would have 
higher thresholds. These might be less suppressed by the 
base and test stimuli and therefore exhibit a greater 
degree of sensitization. 

Our analysis of the pain ratings of suprathreshold 
stimuli and the responses of CMH nociceptors to these 
stimuli have revealed the same time course of changes in 
response magnitude as described in the present paper for 
threshold measurements. However, the relation that we 
obtained between magnitude ratings of pain and the 
magnitude of responses in CMH nociceptors was neither 
a simple one (Robinson et al., 1981) nor was it the same 
for CMHs in monkeys and humans (R. H. LaMotte and 
J. G. Thalhammer, unpublished observations). 

Variables that may influence the changes in pain 
thresholds and response thresholds of CMH 

nociceptors following heat injury 

The degree and direction of change in the heat-pain 
threshold or response thresholds of heat-sensitive noci- 
ceptors following injury to the skin will depend upon the 
type and severity of the injury, the temperatures and 
sequences of test stimuli delivered, the type of skin 
stimulated, and the species tested. 

Type and severity of injury and the temperatures and 
sequences of stimuli delivered. The time course of hy- 
peralgesia depends upon the type of injury sustained. 
Lewis and Hess (1933) noted that hyperalgesia occurred 
“almost at once” following mechanical or heat injuries 
but was delayed up to several hours following exposure 
to UV radiation. Also, the magnitude and the direction 
of change in the pain threshold depend upon the severity 
of the injury, that is, on the intensity and duration of the 
injurious stimulus. Single or multiple presentations of 
painful heat stimuli each of short duration and relatively 
low intensity may result in hypoalgesia, i.e., elevated pain 
thresholds and suppressed pain ratings of suprathreshold 
stimuli (LaMotte and Campbell, 1978; LaMotte, 1979). 
At the other extreme, hyperalgesia, or a lowering of the 
pain threshold, is greatest following stimuli that irrevers- 
ibly injure the skin. Following application of molten wax, 
freezing, or UV radiation resulting in a blister and thus 
damage to the epidermis, the pain threshold was lowered 
from normal values of, for example, 43 to 45’C to 32 to 
36°C (Lewis and Hess, 1933). Moritz and Henriques 
(1947) demonstrated that there is an inverse relation 
between the intensity of a heat stimulus maintained at 
constant temperature at the surface of the skin and the 
duration of that stimulus required to produce irreversible 
injury defined as transepidermal necrosis. Our CS dura- 
tion of 100 set is two-thirds of the shortest duration of a 
50°C stimulus that produces, on at least some occasions, 
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irreversible injury to the skin. Although our increase in 
the duration of a CS of 50°C from 60 to 100 set resulted 
only in minor, and not significantly greater, decreases in 
pain thresholds, it still seems probable that the amount 
of hyperalgesia induced by a reversible heat injury will 
be greater for longer than for shorter durations of the 
same temperature of heating. Further, if the stimulus is 
of insufficient strength, hypoalgesia is likely to occur 
instead of hyperalgesia. 

The degree of change in the response thresholds of 
nociceptors also may depend upon the severity of the 
injury but in a more complex way than that for pain 
thresholds. As shown in the present study, CMH and 
AMH nociceptors are not sensitized the same amount 
following a mild heat injury. A heat injury that induced 
hyperalgesia for several hours lowered the response 
thresholds of CMH but not AMH nociceptors. Further, 
individual nociceptors may differ in their thresholds for 
the intensities and durations of heat required for their 
sensitization. For CMHs in the monkey, one or more 
heat stimuli of at least 45°C and of durations typically 
longer than 20 set were required to produce decreases in 
thresholds that varied from 1 to 4°C (Beitel and Dubner, 
1976b; Croze et al., 1976; Kumazawa and Perl, 1978). As 
is the case for judgments of pain, the responses of CMH 
and AMH nociceptors to nondamaging but painful me- 
chanical or heat stimuli may become suppressed with 
repetitive stimulations. However, the responses of CMHs 
also may be suppressed and not sensitized if heat stimuli 
are too intense, for example, greater than 55°C and 10 
set duration (Kumazawa and Perl, 1978; see also Beitel 
and Dubner, 1976a, b). Suppression can occur even after 
sensitization has taken place. Kumazawa and Per1 (1978) 
found that, after the initial sensitization of a CMH, 
repeated heat stimulations resulted in suppression and 
then, after a sufficiently long stimulus-free period, sen- 
sitization again. The fact that, under certain conditions, 
suppression can outweigh the sensitizing effects of nox- 
ious stimulation might explain why, in one study in 
humans, rapid, repetitive presentations of heat stimuli 
blistered the skin without sensitizing a CMH nociceptor 
(Gybels et al., 1979), while in another study, a single heat 
stimulation of 50°C and 1 to 2 min duration resulted in 
suppression and subsequent sensitization of a CMH no- 
ciceptor along with parallel changes in the pain thresh- 
olds (Torebjork and Hallin, 1977). Thus, the response 
thresholds of CMHs, unlike pain thresholds, can be low- 
ered only by stimuli delivered within a window of stim- 
ulus-time values. Stimuli of temperatures either beneath 
or above the window produce a transient suppression of 
CMH responses. In contrast, sufficiently intense stimuli 
above the window may sensitize AMHs dramatically 
(Campbell et al., 1979; Meyer and Campbell, 1981) and 
also possibly those CMHs with receptive fields that are 
adjacent to the most intensely heated area of skin. Pos- 
sibly, the latter would be less suppressed and more sen- 
sitized than those CMHs more vigorously activated. 

Types of species and skin stimulated. Nociceptors 
differ in their susceptibility to the sensitizing effects of 
an injurious stimulus. The relative proportion of nocicep- 
tors of a given type that become sensitized following heat 
injury may not be the same from one species to the next 
or for different types of skin within the same species. For 

example, CMH nociceptors in the rabbit were readily 
sensitized following a sufficiently intense heat stimulus 
and the amount of sensitization was directly proportional 
to the stimulus temperature (Lynn, 1979). In contrast, 
CMHs in the rat were considerably less likely to be 
sensitized by the same stimuli (B. Lynn, personal com- 
munication). There are also differences in the degree of 
sensitization of nociceptors from one region of skin to the 
next within the same species. In the present study, CMHs 
in hairy skin were sensitized more (greater decrease in 
threshold) than CMHs in the glabrous skin. Also, a 
greater proportion of AMHs were sensitized, and to a 
greater degree, in hairy than in glabrous skin. In psycho- 
physical experiments, the same heat injury produced 
more hyperalgesia and less hypoalgesia for the hairy than 
the glabrous skin. Further, there were regional differ- 
ences within glabrous skin, such as less hyperalgesia for 
the hypothenar than the thenar eminence. We suggest 
that nociceptive transducers for heat, mechanical, or 
chemical stimuli externally applied to the skin differ in 
their responsiveness to sensitivity changes following ex- 
posure to chemical substances released by injured tissue. 
These differences in susceptibility to sensitization may 
be observed even within the same nociceptor. For ex- 
ample, some AMH or CMH nociceptors, after becoming 
sensitized to heat, also exhibit sensitization to mechanical 
stimuli, while others do not (Bessou and Perl, 1969; 
Thalhammer and LaMotte, 1982). Thus, although CMHs 
in certain regions of the glabrous skin may have the same 
sensitivities to heat as those of CMHs in hairy skin, they 
may be less responsive to the actions of sensitizing chem- 
ical substances. Alternatively, there may be less of these 
substances available to the receptors in glabrous than in 
hairy skin. The glabrous skin of the hand has an impor- 
tant sensory role during the active manipulation of ob- 
jects in the environment, while the hairy skin serves 
primarily a protective function. The predominance of 
suppression over hyperalgesia in glabrous skin would 
facilitate the capacity of the hand to function as an organ 
of sensory discrimination and exploration even in a 
mildly injurious environment. 

Conclusion 

The present study focused on determinations of pain 
thresholds and response thresholds of nociceptors. We 
have found that, following a mild heat injury, the time 
course of changes in the pain thresholds of humans 
paralleled the time course of changes in the threshold 
responses of CMH nociceptors as measured in humans 
and monkeys. We therefore conclude that altered activity 
in CMH nociceptors is a major peripheral neuronal de- 
terminant of cutaneous hyperalgesia following a mild 
heat injury to the skin. 
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