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We investigated the ability of human nociceptive primary 
afferent neurons to encode mechanical pain and to produce 
vasodilatation. Pain was induced by shooting a light metal 
cylinder (0.3 g) at different velocities (6-l 6 m/set) perpen- 
dicularly against the hairy skin of the hand. When single 
impact stimuli were applied, monotonically increasing stim- 
ulus-response functions were obtained in 10 psychophys- 
ical experiments using magnitude estimation techniques. In 
35 microneurographic experiments nine unmyelinated~affer- 
ents were recorded from the superficial radial nerve. All units 
responded readily to impact stimulation even at stimulus 
intensities that were not rated as painful. However, there 
was a close linear correlation between the number of action 
potentials evoked from the nociceptors and the psycho- 
physical magnitude estimates of the perceived sensation or 
the stimulus intensity. This was also reflected by a corre- 
sponding increase of neurogenic vasodilatation. While two 
thin myelinated afferents displayed qualitatively similar re- 
sponses 12 low-threshold mechanosensitive afferents (4 
rapidly adapting, 5 slowly adapting type I, 3 slowly adapting 
type II) failed to encode the intensity of the applied impact 
force and often became desensitized. This indicates that 
the total number of action potentials is the determinant of 
the magnitude of mechanical pain and the associated va- 
sodilatation following single brief stimuli. 

By contrast, the close correlation between nociceptor ac- 
tivity and sensation changed when trains of mechanical im- 
pact stimuli (five stimuli of constant intensity, intratrain fre- 
quency of l/32 to 2 Hz) were applied. Magnitude estimates 
of pain intensity were frequency dependent and stimuli with 
short interstimulus intervals were perceived as more painful 
than those delivered with long intervals. However, the total 
number of action potentials evoked from C-fibers was higher 
at longer interstimulus intervals than shorter intervals, thus 
yielding a negative correlation between the magnitude es- 
timates of the perceived painful sensation and the number 
of action potentials elicited from nociceptive afferents. This 
suggests that temporal summation of the nociceptive dis- 
charge at central neurons becomes increasingly more im- 
portant for the sensory discriminative experience of pain 
evoked by repetitive stimulation. 
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We conclude that human nociceptive C-fibers signal brief 
noxious mechanical stimuli by the total number of action 
potentials evoked during a short period of time. However, 
with repetitive stimulation the total number of action poten- 
tials evoked from nociceptors is less important for evoking 
pain and temporal summation of the nociceptive primary 
afferent discharge becomes the crucial factor for signaling 
the magnitude of sensation. 

[Key words: microneurography, low-threshold mechano- 
receptors, hyperalgesia, central sensitization, windup, flare, 
neurogenic vasodilatation] 

A central problem in the study of sensory systems is how pri- 
mary afferent activity and its processing by higher-order neurons 
relate to perception (Willis and Coggeshall, 1991). In the so- 
matosensory system the function of central pathways mediating 
tactile events is thought to conserve the presentation of a stim- 
ulus dictated by the peripheral sensory apparatus (Mountcastle, 
1984; Kandel and Jessell, 199 1). This view has also been adopt- 
ed to explain acute stimulus induced pains. It has been found 
that the discharge of nociceptive primary afferents encodes many 
aspects of the sensory discriminative component of acute stim- 
ulus-induced pain (Campbell et al., 1989). Such close correlation 
has been repeatedly found when human psychophysical re- 
sponses to noxious heat stimuli were compared with the recep- 
tive properties of nociceptive afferents recorded from anesthe- 
tized monkey (Meyer and Campbell, 198 1; LaMotte et al., 1983; 
Robinson et al., 1983) or alert humans (Gybels et al., 1979; 
LaMotte et al., 1982; Torebjork et al., 1984). These studies have 
also determined that the increased pain perception following 
tissue injuries, notably mild burns, can be explained by the 
corresponding change of the stimulus-response functions of no- 
ciceptive afferents (Meyer and Campbell, 198 1; LaMotte et al., 
1982, 1992; Torebjijrk et al., 1984). However, it is unclear 
whether the concept that has been developed for brief heat pain 
stimuli applies universally to all other modalities ofpain stimuli. 

Other studies have also noted important discrepancies be- 
tween the discharge pattern of nociceptors and the correspond- 
ing sensations. Human nociceptive afferents are often vigorously 
activated by mechanical stimuli that are not rated as painful 
(Gybels et al., 1979; Van Hees and Gybels, 198 1). Moreover. 
application of a constant level of noxious pressure over several 
minutes results in the gradual buildup of the pain rating, and 
although some fibers discharge at low intensity when such stim- 
uli are applied outside the receptive field (Reeh et al., 1987) 
the discharge rate of most nociceptors actually decreases sig- 
nificantly (Adriaensen et al., 1984a; Handwerker et al., 1987). 

This suggests that the discharge rate of nociceptors is not 
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always a good predictor for the perception of experimentally 
induced pain and emphasizes the importance of central nervous 
mechanisms of nociceptive processing for the consciously per- 
ceived magnitude of sensations. One factor that could account 
for the differential relation of nociceptor discharge and pain 
sensation is the coactivation of non-nociceptive afferents. While 
noxious thermal stimuli would predominantly activate noci- 
ceptive afferents, noxious mechanical stimuli will also excite 
sensitive mechanoreceptors that are known to interact with the 
central processing of nociceptive inputs (Melzack and Wall, 1965; 
Handwerker et al., 1975). Therefore, it remains unclear whether 
this discrepancy between the nociceptor discharge and pain 
magnitude is due to inherent properties of thermal or mechan- 
ical stimulus energies or whether it is the consequence of the 
different stimulus duration. The knowledge of the relative im- 
portance of peripheral and central determinants of mechanical 
pain in normal tissue will also be important for the understand- 
ing of the increased sensitivity to mechanical stimuli that de- 
velops in injured skin (LaMotte et al., 199 1; Koltzenburg et al., 
1992). 

Apart from signaling nociceptive events, unmyelinated and 
thin myelinated primary afferents have an efferent function. 
Excitation of cutaneous nociceptors produces a vasodilatation 
that spreads around a focal noxious stimulus (Chahl, 1988; Lynn, 
1988; Szolcslnyi, 1988; Lisney and Bharali, 1989; Lynn and 
Cotsell, 1992) It has been suggested that the intensity of the 
vascular reaction reflects the degree of the nociceptor discharge 
and correlates with the magnitude of the perceived pain (Magerl 
et al., 1987). 

Knowledge of the ability of nociceptors to signal mechanical 
pain stimuli has implications that go beyond the immediate 
understanding of pain mechanisms, because it provides an ex- 
ample that illustrates the relative importance of peripheral or 
central nervous components of the somatosensory processing 
for the conscious perception. It is often tacitly assumed that the 
mechanisms encoding acute pain lasting few minutes are simply 
the prolongation of the events activated by brief phasic stimuli 
that last seconds. We have explicitly tested this proposition by 
comparing the psychophysical magnitude estimates of pain and 
the neurogenic vasodilatation in alert humans with simulta- 
neous microneurographic recordings of single nociceptive pri- 
mary afferents during single and repetitive mechanical stimu- 
lation. 

Materials and Methods 
Subjects. A total of 39 healthy subjects (16 females and 23 males) aged 
24-52 years participated in 55 experiments. In psychophysical experi- 
ments each individual entered a series of experiments only once. The 
investigations had been approved by the ethics committee ofthe medical 
faculty, and participants were instructed that the general purpose of the 
investigation was to study pain, but they were not informed about the 
specific aims. After having given informed consent the subjects were 
comfortably seated in a reclining chair and the left hand was positioned 
in a vacuum cast in an intermediate position between pro- and supi- 
nation. 

A4echanicalstimulution. Mechanical stimuli were applied to the hairy 
skin on the dorsum of the hand in the innervation territory of the 
superficial radial nerve using a novel stimulation technique that has 
been described in detail elsewhere (Kohlliiffel et al., 1991). Briefly, a 
small metal cylinder (12 mm length, 6 mm diameter, weight of 300 mg) 
was accelerated by pressurized air in a barrel that was perpendicularly 
directed against the skin. After impact the cylinder bounced back from 
the skin and was then quickly retrieved by suction. By varying the 
driving pressure in the barrel it is possible to adjust the impact speed 
and hence the force of the cylinder impinging on the skin. Different 
impact velocities ranging from 6 to 18 m/set were used in the present 

investigation. Because of the small mass of the cylinder, mainly the 
superficial layers of the skin are stimulated by this method (Kohlliiffel 
et al., 1991). Depending on the impact velocity of the bullet a short 
sensation of nonpainful touch or of pain is elicited. In previous studies 
we have determined that this technique provides a reliable and repro- 
ducible method for the application of a wide range of nonpainful and 
painful mechanical stimuli (Kohllijffel et al., 1991). 

Stimulus protocols. Two stimulation protocols were used. In the first 
series of experiments stimulus-response functions were obtained for 
single impact stimuli. All stimuli were delivered to the dorsum of the 
hand using an interstimulus interval of 60 sec. In psychophysical ex- 
periments the different stimulus intensities were presented in random 
order. In microneurographic experiments the stimuli were given in as- 
cending order of intensity. This procedure was used as a precaution to 
prevent dislodgement of the electrode and loss of the recording caused 
by small involuntary movements of the hand that occurred in some 
subjects after application of stronger stimuli. As judged by the linear 
correlation coefficients of the psychophysical stimulus-response func- 
tions obtained in both experimental designs, there was no significant 
difference between the ascending (range of individual coefficients, 0.92- 
1 .O; mean, 0.93) or random (range of individual coefficients, 0.90-l .O; 
mean, 0.92) stimulus presentation. The coefficients obtained in the pres- 
ent investigation are also very similar to those of two independent sets 
of experiments that have previously found mean coefficients of 0.92 
and 0.94 (KohllBffel et al., 199 1). 

In the second series of experiments the effect of repetitive stimulation 
was investigated. Trains of five impact stimuli with a constant impact 
force of 14 m/set were applied at four different interstimulus intervals 
of0.5,2,8, and 32 set using an intertrain interval of 3 min. This stimulus 
intensity was chosen because most subjects rated single impact stimuli 
of this intensity as painful. Trains with the four different interstimulus 
intervals were presented in random order in all experiments. 

Psychophysical measurements. Subjects were asked to rate numeri- 
cally the intensity of their sensations evoked by mechanical impact 
stimuli using magnitude estimation techniques (Stevens, 1975; Gracely, 
1989). They were instructed to rate the intensity of the sensation which 
was associated with a just painful stimulus as 100. Subjects were told 
to rate the perceived intensity of the sensation to other stimuli in pro- 
portion to this modulus whereby 200 would indicate an intensity of 
sensation that was twice as intense as the intensity of a just painful 
sensation. They were also asked to estimate the intensity of nonpainful 
or “prepain” sensations by giving proportionate values below 100 
(Handwerker and Kobal, 1993). Stimulus intensities in this study were 
chosen to cover the nonpainful and painful range. Thus, the rating scale 
used in this study has the advantage of incorporating also prepain sen- 
sations in contrast to a visual analog scale for pain that uses “just 
noticeable pain sensation” and “the worst imaginable pain intensity” 
as anchors. Since nociceptors readily discharged at the lowest stimulus 
intensities (see Results) a large number of data points would have been 
lost, if only a scale for painful sensations were employed. Moreover, it 
would have also been impractical to use two separate scales for painful 
and nonpainful sensations. First, subjects described the sensations as a 
continuum rather than two strictly separate modalities. Second, the use 
of two scales would presuppose that the intensity of nonpainful sen- 
sations and painful mechanical impact stimuli are signaled by entirely 
different sets of primary afferents, which may not necessarily be the 
case. 

Normalized stimulus-response functions were obtained by expressing 
each individual rating from one experiment as the percentage of the 
mean of all ratings of this session. We have previously determined that 
monotonic stimulus-response functions can be obtained with this meth- 
od (KohllBffel et al., 1991). Thus, for computation of the mean nor- 
malized ratings, painful and nonpainful stimuli were used. As reported 
previously (KohllBffel et al., 1991) this procedure reduces the interin- 
dividual variability without changing the characteristics of the stimulus- 
response function (Fig. 1). 

For trains of five stimuli the subjects were asked to estimate the overall 
magnitude of the sensations for the entire stimulus sequence, as esti- 
mations of each stimulus in the train was not possible for interstimulus 
intervals of 2 set or shorter. These stimuli were always rated as painful 
and therefore the mean normalized ratings are derived only from pain 
ratings. 

Laser Doppler measurements of cutaneous bloodjlow. Cutaneous blood 
flow was assessed with a laser Doppler device (Perimed PFII) at a 
distance of 5 mm from the edge of the stimulated skin area. As cutaneous 
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Figure 1. Stimulus-response function of the raw (A) and normalized 
(B) ratings obtained in this study following random presentation of the 
stimulus. Normalization does not affect the slope of the curve, but it 
increase the correlation coefficient, because of the reduction of inter- 
individual variability. 

blood flow often did not return to the prestimulus baseline close to a 
stimulus site, the probe and the stimulator were moved in psycho- 
physical experiments to another skin area before application of the next 
stimulus. The laser Doppler device used in the present investigation 
does not provide absolute readings of blood flow, but measures the 
relative changes within a hemisphere of 1 mm. The voltage output of 
the apparatus is proportional to the quantity and velocity of the red 
blood cells under the probe whereby the absence of flow corresponds 
to 0 V. The baseline blood flow level obtained in the minute prior to 
each stimulation was subtracted, which could seemingly result in flow 
values below 0. For quantitative comparison of blood flow changes, the 
area under the curve was computed (Magerl et al., 1987) for 3 min after 
a single impact stimulus or 10 min after the onset of stimulus trains. 
For the sake of clarity a running average over the adjacent data points 
was used to smooth the curves shown in the illustrations. 

Microneurography. Microneurography (Hagbarth and Vallbo, 1967) 
was performed in 35 experiments on 3 1 participants using the superficial 
radial nerve at wrist level. Teflon-coated steel needles (300 pm shaft 
diameter, IO-20 pm uninsulated tip diameter, l-2 Km resistance at 1 
kHz) (Handwerker et al., 199 1) were percutaneously inserted into the 
nerve with an indifferent electrode placed subcutaneously nearby. Dur- 
ing the search procedure for the nerve cathodal electrical pulses (4 V 
intensity, 0.5 msec stimulus duration, 2 Hz frequency) were delivered 
through the electrode until the subject reported strong paresthesia pro- 
jecting to the nerve’s innervation territory. With this electrode config- 
uration threshold voltages below 1 V were usually indicative that the 
uninsulated tip of the electrode had penetrated into a fascicle of the 
nerve and this could be verified by recording multiunit activity evoked 
from mechanosensitive afferents by gently brushing the skin. Subse- 
quently, minute adjustments of the needle were performed until single- 
unit activity could be clearly recorded. Neural activity was continuously 
displayed on an oscilloscope and fed into an AT-type computer equipped 
with a commercial I/O-card (DAP 1200/4; Microstar Laboratories, 
Bellevue, WA) for further quantitative analysis using a software package 

that had been specifically developed for microneurography (Forster and 
Handwerker, 1990). This software uses a cluster analysis as a template- 
matching paradigm to analyses spike recordings according to the form 
of the action potential rather than merely to its amplitude as in con- 
ventional window discriminators. 

Characterization of primary afferent units. The search procedure for 
single units consisted ofgently stroking or pinching the skin with forceps. 
Once a unit had been isolated its mechanical threshold was determined 
with calibrated von Frey hairs. Low-threshold afferents were further 
classified into slowly and rapidly adapting units according to established 
standard criteria (Vallbo et al., 1979; Johansson and Vallbo 1984). 
Nociceptive units were also tested with a standard radiant heat stimulus. 
Skin temperature was linearly increased by l”C/sec from an adapting 
temperature of 32°C up to the tolerance level of the subject or maximally 
to 52°C. The heat threshold was defined as the temperature level at 
which the instantaneous frequency of the discharge reached 1 impulse/ 
sec. 

After having ascertained the receptive properties of a unit its con- 
duction velocity was determined with transcutaneous electrical stimuli 
applied to the receptive field using cathodal constant voltage pulses 
(intensity up to 130 V, 0.5 msec duration, 0.25 Hz frequency) that were 
applied through a hand-held metal electrode (0.5 mm tip diameter) 
gently pressed against the skin with the reference electrode positioned 
at the ulnar side of the hand. 

Data evaluation and statistics. The total number of impulses evoked 
by mechanical impacts was measured for 10 set following a single stim- 
ulus or for 180 set when trains of five impact stimuli were used. For 
single impact stimuli the instantaneous frequency of the response was 
also analyzed. The discharges of each unit were normalized by express- 
ing each individual discharge as the proportion of the grand mean of 
the discharge obtained for one protocol (either single or repetitive stimuli 
as appropriate). 

All values are given as the mean f  standard error of the mean or as 
the median and the range between the 25th and 75th quartile. For 
statistical evaluation the data were analyzed using the STATISTICA soft- 
ware package of StatSoft (Tulsa, OK). After having determined that the 
relevant data were normally distributed they were analyzed by uni- 
variate analysis of variance (ANOVA), by Student’s paired t test, or by 
linear regression. 

Results 
Psychophysical stimulus-response function and associated 
vasodilatation using single impact stimuli 
In the first series of experiments on 10 subjects we studied the 
psychophysical stimulus-response functions and associated 
neurogenic blood flow changes produced by single impact stim- 
uli applied to the dorsum of the hand. Depending on the impact 
velocity of bullet these stimuli evoked a brief sensation of non- 
painful touch or of pain. The sensations had a superficial rather 
than deep quality, indicating that mainly skin and not the un- 
derlying tissue was stimulated. The median impact velocity at 
pain threshold was 11.0 m/set (quartile range, 3.3 m/set) and 
magnitude estimation techniques showed a monotonically in- 
creasing stimulus-response function (F6,6) = 28.4; p < 0.001, 
ANOVA). There was a close linear correlation (r = 0.92; p < 
0.001) between the impact velocity of the stimulus and the 
normalized rating of the perceived sensation. For individual 
subjects the linear correlation coefficient, of the stimulus-re- 
sponse functions varied from 0.90 to 1 .OO. 

The mechanical impact stimuli also resulted in increases of 
cutaneous blood flow measured outside the stimulated area. In 
6 of 10 experiments vasodilatation was produced by mechanical 
stimuli that were not rated painful and this is also reflected in 
the grand mean of the blood flow responses (Fig. 2). While the 
mean pain threshold was 11 .O m/set, a significant vasodilatation 
response lasting 3 min was already evoked by an impact stimulus 
of 9 m/set. Above pain threshold the vasodilatation responses 
increased both in magnitude and duration and lasted longer than 
3 min. In the suprathreshold range there was a monotonic rise 
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Figure 2. Graded cutaneous vasodilatation evoked by single impact 
stimuli. A, Grand mean of the laser Doppler measurements derived 
from 10 subjects. B, Quantification of the responses expressed as the 
integral of blood flow change over time. Impact velocities of 9 m/set 
or faster result in responses that are significantly different from baseline 
(~0.05, paired t test). 

of the vasodilatation with increasing stimulus intensity (F,,,, = 
3.8; p < 0.0 1, ANOVA). Furthermore, there was a close linear 
correlation between the normalized increase of blood flow and 
the magnitude estimates of the evoked sensations (Y = 0.64; p 
< 0.001). 

Microneurographic recordings of primary afferent neurons 
excited by mechanical impact stimuli 

A total of 23 single primary afferent units were recorded from 
the superficial radial nerve. Most units had their receptive fields 
on the dorsum of the hand and only few on the fingers (Fig. 3). 
Thus, the majority of the units innervated the same skin area 
that was also used for the blood flow measurements. Twelve of 
them were mechanosensitive primary afferents and on the basis 
of their receptive properties they were classified as rapidly adapt- 
ing (n = 4), or slowly adapting type I (n = 5) or type II (n = 3) 
units. The remaining 11 units had high mechanical thresholds 
and were A&fibers (n = 2) or C-fibers (n = 9). 

Unmyelinated nociceptive afferents 
The unmyelinated fibers had a conduction velocity of 0.78 * 
0.03 m/set (n = 9). Before the application of mechanical impact 
stimuli the fibers exhibited no ongoing activity and had a median 
von Frey hair threshold of 64 mN (quartile range, 52 mN). Seven 
units responded also to radiant heat stimuli with a mean thresh- 
old of 43.4 f  0.9”C. 

All unmyelinated afferents were excited by mechanical impact 
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Figure 3. Distribution of the receptive fields of the units studied. 

stimuli and six units responded readily to the lowest stimulus 
intensity used (Fig. 4). The mean discharge of the nine units 
evoked by an impact velocity of 6 m/set was 2.0 -t 0.4 impulses. 
Some particularly responsive units displayed maximal instan- 
taneous discharge frequencies of more than 10 Hz at this stim- 
ulus intensity. Despite such activation of nociceptive primary 
afferents none of the subjects called this stimulus intensity pain- 
ful. The impact velocity that was rated on average as painful 
(11 m/set) evoked 8.7 t 1.2 action potentials and 16.7 * 2.6 
spikes were elicited by the highest impact velocity used in this 
study (Fig. 54). Beyond threshold the units displayed a mono- 
tonically increasing stimulus-response function (F,,,Z = 16.5; p 
< 0.00 1, ANOVA) and there was a highly significant correlation 

between the impact velocity and the number of evoked impulses 
(r = 0.69; p < 0.001). Despite the discrepancy between the 
threshold for nociceptive unmyelinated afferents and the psy- 
chophysical pain threshold, there was a good linear correlation 
(r = 0.78; p < 0.001) between the normalized discharge of the 
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Figure 4. Specimen of an unmyelinated nociceptive afferent unit re- 
sponding to impact stimuli. A, Electrical identification of the unit (sev- 
eral sweeps are superimposed) using transcutaneous electrical stimu- 
lation (Stim.). B, Instantaneous frequency histogram of the response to 
impact stimuli delivered with increasing intensity (impact velocity from 
6-l 8 m/set). C, Stimulus-response function of the unit. 
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Figure 5. A, Mean stimulus-response function of nine unmyelinated 
nociceotive afferents tested with imnact stimuli. B. Correlation between 
the normalized number of action potentials of the units and the nor- 
malized magnitude estimations of sensation obtained simultaneously 
from the subjects. 

units (derived from the number of spikes evoked by a stimulus) 
and the simultaneously obtained normalized psychophysical 
magnitude estimates (Fig. 5B). 

By contrast there was no significant correlation between the 
mean instantaneous discharge frequency of the neural responses 
(derived from the interspike intervals) and the stimulus intensity 
or the estimations of the sensory magnitude. The mean instan- 
taneous discharge frequency of the evoked response did neither 
encode the stimulus intensity (Y = 0.22; Fig. 6.4), nor was there 
a significant correlation between the normalized rating and the 
normalized discharge frequency (r = 0.19; Fig. 6B). 

These results were also confirmed when correlations were 
computed for individual units. The correlation coefficients be- 
tween the impact velocity and the number of action potentials 
varied from 0.22 to 0.98 while the respective correlation coef- 
ficient varied from 0.05 to 0.45 for the mean instantaneous 
discharge frequency. The correlation coefficient between the psy- 
chophysical ratings and the number of action potentials ranged 
from 0.51 to 0.97, but only from 0.01 to 0.80 for the mean 
instantaneous discharge frequency. In a direct comparison the 
highest coefficient was obtained in eight of the nine fibers for 
the correlation of the ratings with the total number of action 
potentials rather than with the mean instantaneous discharge 
frequency. This indicates that the instantaneous frequencies of 
neural discharge of C-fibers are probably not a crucial parameter 
for the sensory discriminative aspect of short-lasting mechanical 
pain stimuli. 

Thin rnyelinated nociceptive aferents 
The two thin myelinated units exhibited qualitatively similar 
responses as the unmyelinated units, except that the total num- 
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Figure 6. A, Mean discharge frequencies of nine unmyelinated noci- 
ceptive afferents tested with impact stimuli. B, Correlation between the 
normalized discharge frequency of the units and the normalized mag- 
nitude estimations of sensation obtained simultaneously from the sub- 
jects. 

ber ofaction potentials elicited by any stimulus was considerably 
higher (Fig. 7). Both units responded to the lowest impact ve- 
locities that were not rated as painful. 

Low-threshold mechanosensitive afferents 

All low-threshold mechanoreceptive afferents were excited by 
the impact stimuli. Rapidly adapting afferents discharged one 
to three impulses for every stimulus regardless of its impact 
velocity. Type I slowly adapting afferents responded more vig- 
orously to the stimuli, but their discharge patterns differed from 
those of the nociceptive units. Some myelinated fibers dis- 
charged progressively less when the stimulus intensity increased 
and thus displayed inverse stimulus-response functions (Fig. 8). 
The lowest stimulus intensity (6 m/set) yielded a mean discharge 
of 12.8 + 3.5 impulses (n = 5) and the discharge at stronger 
stimulus intensities varied from 21.0 to 26.4 (range of SEM, 
4.6-l 0.0) so no significant stimulus-response function was ob- 
tained for this receptor type (F6,49 = 0.9; p > 0.4, ANOVA). 
There was therefore also no significant correlation (r = -0.19; 
p > 0.5) between the normalized rating and the normalized 
number of action potentials. This means that mechanosensitive 
type I slowly adapting fibers cannot signal the stimulus intensity 
of mechanical impact stimuli used in the present investigation. 
Strong impact stimuli often led also to a transient desensitization 
of the receptors to mechanical stimuli (Fig. 9). This desensiti- 
zation was more pronounced after high stimulus intensities or 
with repetitive stimulation and could last for 3 min after a single 
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Figure 7. Specimen of a thin myelinated nociceptive afferent unit re- 
sponding to impact stimuli. A, Electrical identification of the unit (sev- 
eral sweeps are superimposed) using transcutaneous electrical stimu- 
lation (Stim.). B, Histogram (bin width, 1 set) of the response to impact 
stimuli delivered with increasing intensity (impact velocity from 6-14 
m/set; higher velocities were not tested because of the subject’s refusal). 
C, Stimulus-response function of the unit. 

impact stimulus. Receptor sensitivity recovered spontaneously 
in all units tested. 

The type II slowly adapting afferents displayed more complex 
discharge patterns (Fig. 10). These units discharged spontane- 
ously prior to stimulus application and often displayed biphasic 
response with an initial increase that was followed by an inhi- 
bition. During the abolition or reduction of resting activity im- 
mediately after an impact stimulus, the units often also became 
desensitized to stimulation with von Frey filaments. Based on 
the nonmonotonic and reverse slope of the stimulus-response 
functions, it is unlikely that the large myelinated mechanosen- 
sitive afferents contribute significantly to the encoding of me- 
chanical impact stimuli. 

Psychophysical stimulus-response function and associated 
vasodilatation upon trains of impact stimuli 
In a second series of experiments we tested the effect of different 
interstimulus intervals of five impact stimuli delivered with a 
constant velocity of 14 m/set. In 10 experiments we investigated 
the psychophysical stimulus-response functions and the asso- 
ciated neurogenic blood flow response at different interstimulus 
intervals. Magnitude estimates of pain intensity were conspic- 
uously frequency dependent and higher pain ratings were ob- 
tained with shorter interstimulus intervals (F3,36 = 5.1; p < 0.0 1, 
ANOVA). 

In contrast, simultaneous blood flow measurement showed 
that the magnitude of vasodilatation decreased significantly (P’s,36 
= 3.1; p < 0.05, ANOVA) from lower to higher intratrain fre- 
quencies while the mean magnitude of the rating increased (Fig. 
11). This is opposite to the results obtained with single impact 
stimuli were a close positive correlation between sensory mag- 
nitude estimates and neurogenic vasodilatation had been found. 

Stimulus-response functions of nociceptive aflerents tested with 
trains of impact stimuli 

The effect of different interstimulus intervals was studied in 
seven unmyelinated nociceptive units, and a representative ex- 
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Figure 8. A, Histogram of a type I slowly adapting mechanosensitive 
afferent unit responding to impact stimuli (6.1-17.9 m/set). B, Stim- 
ulus-response function. 

ample is illustrated in Figure 12. The mean number of action 
potentials increased from 15.9 f  10.1 at an interstimulus in- 
terval of 0.5 set to 33.7 + 12.0. at an interstimulus interval of 
32 set (F3,24 = 3.2; p < 0.05, ANOVA). Although longer inter- 
stimulus intervals evoked larger numbers of action potentials, 
they were dispersed over a much longer time and therefore the 
stimulus-response functions based on the cumulative discharge 
became flatter. When the total number of action potentials re- 
corded from the unmyelinated afferents was plotted against the 
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Figure 9. Type I slowly adapting mechanosensitive afferent unit that 
was desensitized by a single painful impact stimulus (impact velocity, 
14 m/set). The unit responded reliable every 30 set to a von Frey hair 
exerting a bending force of 64 mN. Following the impact stimulus the 
unit was desensitized for more than minutes until the response to von 
Frey hair stimulation recovered. Zmet shows the location of the receptive 
field and the shape of the action potential. Dotted lines indicate the 
borders of the template used by the software for identification of spikes. 
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Figure 10. Type II slowly adapting mechanosensitive afferent unit 
responding to impact stimuli (6-l 8 m/set). A, Instantaneous frequency 
histogram of the response. B, Histogram of the response. Inset shows 
the stimulus-response function of the unit. 

simultaneously obtained magnitude estimates of the pain (Fig. 
13) there was a significant negative correlation (r = -0.4 1; p < 
0.05). The two thin myelinated units had qualitatively similar 
discharge properties. We did not attempt to study large my- 
elinated fibers with repetitive stimulation because of their fre- 
quent desensitization. 

Sensitization of unmyelinated afferents following mechanical 
impact stimuli 
Following the application of the impact stimuli the radiant heat 
and von Frey hair thresholds were retested. While there was no 
change in the median von Frey hair threshold, we observed an 
increased responsiveness to the standard heat stimulus. There 
was a small but significant drop of the heat threshold of 2.0% 
from 43.4 + 0.9”C to 41.4 * l.l”C (p < 0.05, paired t test), 
indicating sensitization. The increased responsiveness of un- 
myelinated units to heat stimuli corresponded to the increased 
painfulness of the heat stimulus reported by most subjects after 
the mechanical stimulation. 

Discussion 
The principle finding of the present investigation is that human 
nociceptive primary afferents have a differential ability to en- 
code mechanical pain for single and repetitive mechanical stim- 
uli. Pain of single stimuli is signaled by the total number of 
action potentials while the magnitude of pain evoked by repet- 
itive stimuli depends critically on the temporal pattern of the 
discharge. The experiments also showed that thin myelinated 
and unmyelinated nociceptive afferents probably encode the 
magnitude of sensation produced by single impact stimuli by 
the absolute number of action potentials rather than by the 
instantaneous frequency of the discharge. These results are in 
agreement with previous investigations that showed the noci- 
ceptor discharge accounts for the magnitude of brief heat pain 
stimuli (Gybels et al., 1979; Meyer and Campbell, 198 1; LaMotte 
et al., 1982; Adriaensen et al., 1983). In normal hairy skin there 
is a linear correlation between the mean nociceptor discharge 
and the corresponding pain rating (LaMotte et al., 1983; To- 
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Figure Il. Cutaneous vasodilatation following a train of five impact 
stimuli at constant stimulus intensity (impact velocity, 14 m/set) given 
at different intrastimulus frequencies. A, Grand mean ofthe laser Dopp- 
ler measurements derived from 10 subjects. The first stimulus of each 
train was given at 0 min. B, Quantification of the responses expressed 
as the integral of blood flow change over time. 

rebjijrk et al., 1984). Moreover, fatigue of this receptor popu- 
lation usually results in reduced heat pain sensations (LaMotte 
et al., 1983; Adriaensen et al., 1984b; Torebjijrk et al., 1984). 
By contrast, nociceptors of primates can become sensitized fol- 
lowing (Meyer and Campbell, 198 1; Campbell and Meyer, 1983; 
Torebjijrk et al., 1984) injurious skin stimuli and it is generally 
agreed that the temporal and spatial pattern of this sensitization 
correlates well with the corresponding psychophysical changes 
of an increased pain perception (Treede et al., 1992; Handwerker 
and Kobal, 1993). However, it is also evident that sensitization 
of afferents alone does not fully explain the psychophysical 
changes, and central spatial or temporal summation probably 
contributes to the changes of the observed pain perception 
(LaMotte et al., 1983; Torebjijrk et al., 1984; Treede et al., 1992; 
Handwerker and Kobal, 1993). Thus, several independent lines 
of evidence converge to the conclusion that the pains evoked 
by brief mechanical and thermal stimuli are signaled by the 
number of action potentials of nociceptive afferents. A linear 
correlation between the magnitude of pain and the total number 
of impulses has also been demonstrated with transcutaneous 
(Magerl et al., 1987) or intraneural microstimulation (Lundberg 
et al., 1992) of cutaneous nociceptors although the pattern of 
the discharge can influence the magnitude estimates of pain also 
(see below). This could mean that the afferent information gen- 
erated by brief noxious stimuli in normal skin will be subjected 
to relatively little modification by central nervous processing. 
It also suggests that the frequency modulation of the nociceptor 
discharge is not a major factor in the coding of stimulus intensity 
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Figure 12. A, Instantaneous frequency histogram of an unmyelinated 
unit to trains of five impact stimuli (constant impact velocity of 14 m/ 
set) delivered at different interstimulus frequencies. B, Cumulative 
number of impulses evoked by each stimulus train. 

and the corresponding magnitude of sensation following very 
short mechanical stimuli. 

Despite the good correlation between the nociceptor discharge 
and the magnitude estimates of the sensation, it was equally 
plain that the lowest stimulus intensities that were not rated 
painful evoked neurogenic vasodilatation and a C-fiber dis- 
charge. Nonpainful stimuli could elicit instantaneous discharge 
with interspike intervals of less than 100 msec, that is, instan- 
taneous frequencies of more than 10 Hz. This indicates that a 
brief high-frequency burst of unmyelinated nociceptors is not 
necessarily sufficient to induce pain. On the other hand, the 
mean number of action potentials evoked by a painful impact 
stimulus was around 8 impulses. The discrepancy between no- 
ciceptor discharge and pain perception has also been observed 
for other mechanical (von Frey hairs) (Van Hees and Gybels, 
1981; Adriaensen et al., 1984a), thermal (Gybels et al., 1979; 
Van Hees and Gybels, 198 l), and chemical (Adriaensen et al., 
1980) stimuli. These studies have estimated that mean noci- 
ceptor discharge rates exceeding 0.5-l .O Hz during a maintained 
stimulus are required to evoke painful sensations. This could 
mean that temporal summation of a certain number of impulses 
in nociceptive afferents is necessary for the conscious perception 
of pain in humans, in spite of the limited correlation of the 
frequency modulation of the discharge with the perceived sen- 
sation. 

The monotonic increase of the total nociceptor discharge fol- 
lowing impact stimulation of increasing stimulus intensity is 
also reflected by the corresponding increase of vasodilatation. 
This indicates that the total number of action potentials is also 
the determinant for the magnitude of the neurogenic vasodil- 
atation after a single noxious stimulus. Such parallel changes of 
pain sensation and vasodilatation have also been observed after 
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Figure 13. A, Mean stimulus-response function ofseven unmyelinated 
nociceptive afferents tested with a train of five impact stimuli (constant 
impact velocity of 14 m/set). B, Correlation between the normalized 
discharge of the units and the normalized magnitude estimations of 
stimulus intensity obtained simultaneously from the subjects. 

thermal (Lynn and Cotsell, 199 l), electrical (Magerl et al., 1987; 
Szolcsanyi, 1988) and chemical stimuli (Magerl et al., 1990). 

A clear discrepancy between nociceptor activity and magni- 
tude of pain became obvious when trains of impact stimuli were 
used. Although the total number of impulses decreased with 
shorter interstimulus intervals, the psychophysical magnitude 
estimates of the corresponding pain increased. Of course, the 
evoked nociceptor activity was then elicited in a shorter interval 
and therefore the slope of the cumulative number of spikes 
evoked from the nociceptors is actually steeper (Fig. 13). This 
provides evidence that summation of nociceptor activity is an 
important determinant of the magnitude of evoked pain when 
more than one brief stimulus is applied. The temporal depen- 
dence of the magnitude of C-fiber evoked pain has also been 
shown in a series of experiments by Price and colleagues (Price 
et al., 1977, 1978; Price, 1988). They applied trains of short 
heat pulses to evoke first and second, delayed pain in humans 
and found that both pain components behaved differently. While 
there was a gradual decrease of the first component of pain there 
was a gradual buildup of the second pain component when 
interstimulus intervals became shorter than 3 sec. Using neu- 
rophysiological recordings in monkey, they went on to show 
that impulse rates in both thin myelinated and unmyelinated 
nociceptive afferents decreased their discharge with stimulus 
repetition and they concluded that this caused the decline of the 
magnitude estimates of the first pain component. However, re- 
cordings from spinothalamic tract neurons revealed a summa- 
tion of the C-fiber evoked discharge, indicating substantial tem- 
poral summation of unmyelinated nociceptive neurons despite 
the fatigue of the primary afferent input occurring with stimulus 
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repetition. They concluded that the slow temporal summation 
of afferent activity onto central neurons is therefore important 
for the magnitude of the perceived pain. 

A similar conclusion has recently been obtained in humans 
using intraneural microstimulation. It has been determined that 
the magnitude of the pain evoked by electrical excitation of 
nociceptive afferents depends on the pattern of stimulation 
(Lundberg et al., 1992). A pattern that mimicked the natural 
discharge of nociceptors and consisted of a dynamic high-fre- 
quency discharge that settled on a lower frequency was generally 
perceived as more painful than the same number of impulses 
delivered over the same time with a regular interstimulus in- 
terval. 

The summation of pain sensations observed in human ex- 
periments has many features in common with the slow excit- 
ability increase of higher-order neurons studied in animals. It 
has been found that repetitive electrical stimulation of C-fibers 
results in the progressive excitability increase of spinal cord 
neurons (Wall and Woolf, 1984; Willis and Coggeshall, 199 1; 
Dubner and Ruda, 1992; Woolf, 1992) although there are dif- 
ferent mechanisms that could account for this phenomenon. 
NMDA receptor antagonists block the C-fiber evoked sum- 
mation of activity following repetitive stimulation, but not the 
excitation of the spinal cord neurons by single impulses. This 
has been interpreted as a release of glutamate from central C-fi- 
ber terminals leading to a postsynaptic potentiation of the re- 
sponses (Davies and Lodge, 1987; Dickenson and Sullivan, 1987; 
Thompson et al., 1990). Others have also found that the C-fiber- 
evoked summation can be reduced by application of antagonists 
to neuropeptides, notably substance P (Kelstein et al., 1990). 
As application of substance P can induce a sustained depolar- 
ization of spinal cord neurons (Urban and RandiC, 1984) it has 
been concluded that neuropeptides could also have such mod- 
ulatory role. More recently, it has been shown that tachykinins 
potentiate the response of dorsal horn neurons to application 
ofNMDA receptor agonists (Dougherty and Willis, 199 1; Rusin 
et al., 1992). 

The results ofthe present study also bear on the understanding 
of mechanical hyperalgesia that can develop after tissue injury 
(Handwerker and Reeh, 199 1; LaMotte, 1992; Treede et al., 
1992). There is good evidence that at least some components 
of this hyperalgesia are transmitted by nociceptive afferents 
(Cervero et al., 1991; LaMotte et al., 1991; Koltzenburg et al., 
1992). By contrast, most neurophysiological studies have failed 
to show convincingly threshold reduction of the nociceptors to 
mechanical stimuli under conditions that produce profound hy- 
peralgesia (Handwerker and Reeh, 199 1; LaMotte, 1992; Treede 
et al., 1992). The fact that the magnitude of mechanical pain 
critically depends on central processes even in normal tissues 
therefore invites speculations that an altered central processing 
of unchanged nociceptive afferent inputs could contribute to 
mechanical hyperalgesia. 

With repetitive stimulation a clear discrepancy between the 
degree of vasodilatation and the corresponding pain sensation 
was observed. This indicates that nociceptive afferents possess 
different frequency optima for the effectiveness of their central 
and peripheral function. In rodents maximal vasodilatation can 
be produced with frequencies as low as 0.1 Hz (SzolcsBnyi, 1984, 
1988; Lynn and Shakhanbeh, 1988) and this frequency may be 
too low to evoke pain or any other sensation. A discrepancy 
between the magnitude of sensations and the corresponding 
neurogenic inflammation has also been found when different 

nociceptive-specific stimuli have been compared (Simone et al., 
1987, 1989; McMahon and Koltzenburg, 1992; Treede, 1992). 

In conclusion, the present results have shown that unmyelin- 
ated nociceptive afferents exhibit different properties for their 
central afferent and their peripheral efferent function. For the 
pain processing we have shown that temporal summation is 
relatively unimportant when single brief stimuli are used. With 
stimulus repetition the magnitude ofthe perceived pain depends 
on the temporal summation at central synapses, although this 
summation is probably not achieved by a simple modulation 
of the interspike interval of individual C-fibers. An alternative 
explanation is that the magnitude of pain is encoded by the 
average discharge rates in populations of units and that slow 
excitability increases of central sensory neurons become increas- 
ingly more important determinants of the magnitude of pain. 
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