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Nociceptor activation and pain

By E. ToREBJORK
Department of Clinical Neurophysiology, University Hospital, S-75185 Uppsala, Sweden

This paper reviews advances in our knowledge on the physiological properties of
human nociceptors and their capacity to signal pain. Conventional microneurography
was used in combination with intraneural microstimulation in subjects who estimated
the magnitude of pain from nociceptor stimulation. The experimental evidence
favours the notion that C polymodal nociceptors can provide a peripheral neuronal
basis for determination of heat pain threshold and also an essential peripheral code
for suprathreshold magnitude judgements of heat pain. Furthermore, sensitized C
polymodal nociceptors can contribute to hyperalgesia after a mild heat injury to hairy
skin. Temporal summation is documented for dull, delayed C fibre pain, which is
different in quality and less accurately projected than the fast, sharp pain from
high-threshold A 8 nociceptors. A segmental organization is shown for projected and
referred pain from deep structures. Examples are given of central inhibition of pain
by a prostaglandin synthetase inhibitor, and by physical manoeuvres such as vibration
and cooling. Recent reports on microneurographic findings after nerve injury indicate
that the technique may be useful for future studies on pathophysiological pain
mechanisms.
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INTRODUCTION

Human microneurography (Vallbo & Hagbarth 1968) involves microelectrode recordings of
nerve impulses in intact nerves in awake human subjects. The technique has been used to study
the response properties of various types of sensory detectors in man (Vallbo ef al. 1979), and
has allowed comparisons with sensory receptors described in animals. The great advantage of
the technique is that the subjects will report what they feel when their peripheral sensory units
are stimulated. Thus not only can the nerve fibres and their receptors be studied, but also the
perceptual capacity of the central nervous system. In particular, the technique of electrical
intraneural microstimulation, i.n.m.s. (Torebjork & Ochoa 1980), takes full advantage of the
discriminative capacity of the human brain. Sensations can be dissected into their most
elementary components (Ochoa & Torebjork 1983), thereby allowing new insights into
processing of sensory events, including pain.

The following sections include brief descriptions of some physiological properties of human
nociceptors. The main emphasis is focused on psycho-physical correlations between nociceptor
stimulation and pain.

METHODS
Microneurography and intraneural microstimulation were performed in awake human
subjects by using tungsten microelectrodes coated with epoxy resin, whose tip diameters were

of the order of 1-5 pm. These were inserted percutaneously into a peripheral nerve at an
accessible site, such as the median nerve at the wrist or above the elbow, the radial or the ulnar
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nerve at the wrist, or the peroneal nerve at knee or ankle levels. A reference electrode was
inserted a few millimetres under the skin nearby. By means of a switch in the preamplifier, the
electrodes could be connected to either the input of a storage oscilloscope for microneurographic
recording, or to a stimulator delivering rectangular electrical pulses of 0.25 ms duration and
intensities ranging from 1 to 3 pA, repeated at frequencies of 1-100 Hz in trains lasting for 220 s.

Details of the techniques and the psychological methods have been described elsewhere
(Torebjork & Ochoa 1980; Torebjork 1981; Vallbo 1981; Ochoa & Torebjork 1983; Vallbo
et al. 1984 ; Torebjork et al. 19844, ¢).

REsuLTS
General properties of C polymodal nociceptors in man and monkey

Recordings, particularly from the radial and peroneal nerves, have shown that human hairy
skin has a rich supply of nociceptors with unmyelinated (C) fibres (Torebjork & Hallin 1970,
1974, 1976; van Hees & Gybels 1972; Torebjork 1974, 1979). Such nociceptors respond to
mechanical, thermal and chemical stimuli of near-painful or painful intensity, and resemble
in many respects the C polymodal nociceptors identified in the cat (Iggo 1959; Bessou & Perl
1969) and the monkey (Beitel & Dubner 1976 ; Kumazawa & Perl 1977). Indeed, the discharge
frequencies and response profiles at temperatures ranging from 39 to 51 °C were virtually
identical in a population of fairly low threshold C polymodal nociceptors in Macaca fascicularis
compared with a population of human C polymodal nociceptors with similar thresholds
(LaMotte et al. 1984).

Heat thresholds for C nociceptors and subjective thresholds for heat pain

Human C nociceptor thresholds for heat stimuli applied to hairy skin have been found to
range from about 40 to 47 °C (van Hees & Gybels 1981). These can be compared with heat
pain thresholds ranging from 41 to 49 °C in normal subjects (LaMotte et al. 1982). Selective
blocking of conduction in myelinated (A) fibres by compression or ischaemia did not alter heat
pain thresholds (LaMotte e al. 1982). These observations suggest that C polymodal nociceptors
can provide a peripheral neuronal basis for determination of heat pain threshold, at least in
hairy skin.

Suprathreshold response functions of C nociceptors and magnitude ratings of pain

Intensity—response functions have been obtained for 14 C polymodal nociceptors by relating
the total number of impulses evoked per stimulus to stimulus temperature in the range 39-51 °C.
For most nociceptors the number of impulses increased fairly linearly with increasing
temperature, even though a few nociceptor responses saturated at 51 °C. Corresponding scale
ratings of pain were obtained in the same experiments in which nociceptor recordings were
made. When averages were computed for all 14 tests, a nearly linear relation was found between
the mean number of C nociceptor impulses and the median ratings of pain (Torebjork et al.
1984.a). The result indicates that C nociceptors can provide an essential peripheral neuronal
code for magnitude judgements of heat pain. This notion is supported by the observation that
C nociceptors are capable of signalling small increments of the order of 0.1-0.5 °C on an already
painful base temperature of 48 °C, and this capacity is matched by the capacities of humans
to detect and rate such increments as painful (Robinson et al. 1983).
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Sensitization of C nociceptors and hyperalgesia

Immediately after a mild heat injury (50 °C for 100 s) the C nociceptors in hairy skin
exhibited fatigue, and pain ratings were less than before the injury (hypoalgesia). Within
5-10 min after the injury, some nociceptor thresholds were lower and the responsiveness to
suprathreshold stimuli were enhanced, characterizing nociceptor sensitization. Pain ratings
during this period indicated lowering of pain thresholds and greater than normal rating of
suprathreshold stimuli (hyperalgesia). A compression block of conduction in A fibres did not
alter these changes in pain ratings. Thus it is concluded that C nociceptors can contribute to
hyperalgesia after a mild injury to hairy skin (Torebjork & Hallin 1977; Torebjork et al. 1984.4).
However, more intense heat stimuli have been shown to produce sensitization of monkey A
nociceptors, and nociceptors of this type are likely to contribute to cutaneous hyperalgesia
after severe injuries, particularly in glabrous skin (Meyer & Campbell 1981).

Temporal summation of C fibre pain

While there was fairly good matching between activity in a population of C nociceptors and
pain, mismatching was often observed between activity in a single C nociceptor and

simultaneous pain ratings. As many as 9 of 14 nociceptors responded with a few impulses to
temperatures that were rated as nonpainful (Torebjork et al. 1984a), confirming previous
observations that low rates of impulses in a single C nociceptor need not evoke pain (Torebjork
& Hallin 1974; van Hees & Gybels 1981). It was evident that summation of C nociceptor
impulses was necessary to evoke pain (Torebjork 1981). An example of temporal summation
of pain is shown in figure 1. The graphs are voltage analogues of pain ratings of an individual
subject during 20 s trains of i.n.m.s. at fixed stimulus intensity and various frequencies. At 1 Hz
pain was not signalled until 13 s after the beginning of the stimulus train, with progressively
shorter latencies at 3, 5 and 10 Hz. Pain also peaked earlier and ratings were higher with higher
stimulus frequency. Since the stimulus intensity was not altered it must be presumed that the
same number of axons were activated in each trial and that the observed changes in pain ratings
were due to the effects of temporal summation of impulses. Also, the duration of pain could
outlast the duration of C nociceptor activity by several seconds, even when conduction delays
to the central nervous system were compensated for (LaMotte et al. 1984). Again, this
observation suggests a temporal summation mechanism for C fibre pain at central levels. Such
summation may occur already at the dorsal horn. It is known that the discharge of dorsal horn
neurons becomes progressively larger in response to repetitive electrical stimulation of C afferent
fibres (Mendell & Wall 1965), and that heat-evoked discharge in dorsal horn neurons receiving
input from C nociceptors can continue beyond the cessation of C fibre activity (Handwerker

et al. 1975).

Pain _from intraneural stimulation of A & and C nociceptive fibres

Human subjects could discriminate two types of cutaneous pain elicited by intraneural
microstimulation in the median nerve (Torebjork & Ochoa 1980). One type had a dull aching
quality and was projected to diffusely delineated areas of skin 5-10 mm across, often larger
in the palm than in the finger tips (figure 2). Microneurographic recordings from intraneural
sites where dull pain was felt at liminal stimulus intensity for sensory detection often revealed
signals from bundles of C nociceptive fibres close to the electrode tip. The other type of pain
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Ficure 1. Voltage analogue of a subject’s pain ratings during intraneural stimulation at constant intensity for 20 s
periods at (a) 1 Hz, (b) 3 Hz, (¢) 5 Hz and (d) 10 Hz. Note delayed and low pain rating at 1 Hz, in contrast
with the shorter latencies and steeper increases in pain ratings at higher frequencies. (Modified from Torebjérk
et al. (1984¢).)

60[

sharp dull
FIGURE 2. Areas of projected fields of pain from intraneural stimulation in the median nerve. Sharp pain (filled
columns) was projected to significantly smaller areas than dull pain (open columns) both in finger tips, fingers
and palm. (Data compiled from Schady et al. (1983).)
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was sharp pricking or stinging and was projected to small, punctiform areas of skin, significantly
smaller than the projection areas of dull pain (figure 2). Recordings from such sites where
stinging pain was felt at liminal stimulus intensity for detection sometimes revealed single unit
impulses from A & nociceptives fibres with receptive fields located at the site of projected sharp
pain. Typically, such A d nociceptors in the glabrous skin of the hand had very high mechanical
thresholds and did not respond to noxious heat. The receptive fields were small but difficult
to map in detail because of the high-intensity stimuli that had to be used to elicit responses.
Such very high-threshold nociceptors probably would not have been detected in conventional
microneurographic recordings without microstimulation. However, it was not uncommon for
i.n.m.s. to induce stinging pain projected to a skin region where no receptor could be identified.
This is perhaps not surprising in view of the known difficulties involved in recording activity
from single A 8 fibres in man (Adriaensen et al. 1983).

In conclusion, the results from intraneural microstimulation support previous reports of a
role of C nociceptive fibres in dull delayed pain and of A 8 nociceptive fibres in fast sharp pain
(Zotterman 1933; Collins ef al. 1960; Torebjork & Hallin 1973; Mackenzie et al. 1975).
Furthermore, the A 3 nociceptive system seems more accurate in localizing and delineating pain
than the C nociceptive system.

Referred pain

Superficial pain from intraneural stimulation in cutaneous fascicles of the median nerve was
typically projected to skin areas within the innervation territory of the median nerve (Schady
etal. 1983 ; Torebjork et al. 1984 5). By contrast, deep pain projected to muscle could be referred
to regions outside those supplied by the impaled nerve (Torebjérk & Ochoa 1980). In a study
on 26 median nerve muscle fascicles, it was found that pain was projected not only to muscles
in the forearm, but in 7 cases was also referred to the upper arm and chest wall, sometimes
mimicking angina pectoris. In these cases, projected and referred pain involved muscles
supplied by the same spinal segment (Torebjork et al. 19845). This suggests convergence of
nociceptive inputs at the level of the dorsal horn. The fact that referred pain was observed only
when muscle fascicles were stimulated implies that such convergence is more common for
nociceptive fibres from muscle than from skin.

Central inhibition of pain

Because intraneural microstimulation bypasses peripheral receptors, the technique can be
used to study central effects of analgesic agents or manouevres on intraneurally induced pain
(Torebjork et al. 1984¢). In this way it was shown that a prostaglandin synthetase inhibitor,
zomepirac sodium, has a central analgesic action in addition to possible peripheral inhibitory
effects on nociceptor sensitization (Schady & Torebjork 1984). Furthermore, vibration and
cooling of skin produced analgesia at central levels (figure 3), quite separate from any
conceivable additional effects on receptor sensibility (Bini ef al. 1984).

Pathological pain

So far, most experiments have been performed in normal subjects to obtain solid facts about
the normal physiology of pain. It is expected that this collection of normal data will serve as
a valuable reference for pathophysiological studies on patients with pain. A few studies have
been published on the influence of the sympathetic system on causalgic pain (Wallin et al. 1976
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Ficure 3. Effects on a subject’s rating of intraneurally evoked pain when vibration (a) and cooling () were applied
to the skin area to which pain was projected. Periods of natural skin stimuli are indicated in upper traces
and pain ratings in lower traces (no pain at lower ends of vertical bars). The reduction of pain can be explained
only by central inhibitory mechanisms. (Modified from Bini ¢t al. (1984).)

Torebjork & Hallin 1979), and on ectopic impulse generation in neuromas and other nerve
disorders with paresthesiae (Torebjork ef al. 1979; Ochoa & Torebjork 1980; Nystrom &
Hagbarth 1981; Ochoa et al. 1982; Nordin ¢t al. 1984). However, relevant data are
fragmentary, and much more work is needed to increase our understanding of the difficult
problems of pathological pain.

CONCLUSION

The combined use of microneurography and intraneural microstimulation in psychophysio-
logical experiments performed in awake human subjects has provided new insights into
peripheral and central pain mechanisms under normal conditions. It is a challenge for the future
to apply these techniques to the study of pathological pain.

This work was supported by grants from the Swedish Medical Research Council (nos 5206
and 6153).
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