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Neurophysiological Mechanisms Involved in
the Pain-Relieving Effects of Counterirritation
and Related Techniques Including Acupuncture

D.Le Bars', J.C. Willer?, T.de Broucker?, and L. Villanueva'

! INSERM U-161, 2, rue d’Alésia, 75014 Paris, France
2 Dept. Physiol., Lab. Neurophysiol., Faculté Médecine Pitié-Salpétriére, 91, Bd. de 'Hopital,
75013 Paris, France

Counterirritation phenomena, i.e., the paradoxical, pain-relieving effects of pain-
ful stimulation of heterotopic areas of the body have been known for centuries,
and various non-Western (e.g., Chinese) medical procedures still include counter-
irritation as a pain-relieving technique. In fact, most “popular” methods of prac-
tising medicine include the therapeutic use of counterirritation [95], and it has
been repeatedly rediscovered by scientists! :

In the present review, we will first briefly consider clinical and experimental
observations in man and behavioral experiments in animals which support the
notion that “pain inhibits pain.” Thereafter, a neural substrate for this phenome-
non will be proposed on the basis of electrophysiological experiments in both man
and animals. In the final section evidence for the involvement of such mechanisms
in pain management by somatic stimulation will be discussed.

Clinical Observations

Most counterirritant procedures have involved the production of a more or less
bearable level of pain as a treatment for preexistent pain. In 1956, Wand-Tetley
reviewed a series of old counterirritation methods used for the treatment of rheu-
matic diseases [137]. Most of them were undoubtedly painful: for instance, “cup-
ping” when associated with scarification of the skin, cautery, moxibustion, or blis-
ters. Another example was the use of discharge from the electric eel for the relief
of pain. As reviewed by Kane and Taub [68], the Greeks and probably the Egyp-
tians knew about these effects, which are referred to in numerous manuscripts. -

Such clinical practices progressively disappeared in modern occidental medi-
cine when analgesic and anti-inflammatory drugs became available. It should be
stressed, however, that country people still use procedures such as twitch in horses,
and barnacles in cattle for surgical purposes (e.g., docking horse’s tails, castrating
calves) in the absence of any medication. The use of moxibustion in Chinese
popular veterinary medicine is illustrated in Fig.1.

The use of electrical stimulation was introduced in the 19th century as a pain-
relieving method and, despite being a subject of controversy, it has commonly
been used in Western medicine [68]. In the light of present neurophysiological
knowledge, it appears that several mechanisms might have been brought into play
by such techniques, depending on the nature of the current used and/or the part
of the body to which it was applied. In some cases, segmental inhibitory mecha-
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Fig.1. Example of the technique of moxibustion as used in Chinese traditional veterinary practice
to produce hypoalgesia (from a veterinary acupuncture plate sold in Peking in 1971). Translation:
“In the south of China, draught cattle often exhibit rheumatic diseases in winter and spring. The
symptoms appear suddenly with myalgia associated with lumbar stiffness and laborious walk.
Lumbar, limb, or generalized rheumatisms are observed. Acupuncture is strongly effective against
rheumatic syndromes. Popular treatment often uses moxibustion with alcohol: first one has to
make a kind of ring using clay set on the lumbar ‘Bai-Hui’ point of the diseased cow; then alcohol
is poured into it which must be consumed until extinction ...”. Note the implicit relevance in this
text of acupuncture to the counter-irritation effects of an intense burn

nisms induced by low-intensity currents were most probably the underlying mecha-
nisms. In others, the practices clearly involved counter-irritation phenomena [42,
115, 126]. .

More recently, painful electrical stimulation of the skin was reintroduced in the
treatment of chronic pain [67, 94] and described as “hypoalgesia by hyperstimula-
tion.” Interestingly, the hypoalgesia induced by some forms of acupuncture or
electroacupuncture has been postulated as being related to counter-irritation phe-
nomena [47, 48, 86, 97, 137]. Based on wide clinical experience, the conclusion
reached by Mann [91] was that acupuncture stimulation must be as strong as the
patient can tolerate for a reliable pain-relieving effect to occur.

Finally, intense cold (“ice massage”) applied to the hand has been reported to
relieve dental pain [98], and related methods have been used for the treatment of
muscular [56, 101] and low-back pain [99]. )

Further clinical evidence for the existence of a diffuse inhibitory system trig-
gered by pain of peripheral origin is the observation that organic pain raises pain
thresholds in other areas of the body [64, 89, 102].
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Fig.2. The effect of arresting the blood flow to the left arm upon thc-s pain threshold.on the fore-
head in man [61}. The upper shaded area represents the subjective estimates of the pain capsed by
ischemia in the arm (induced by a sphygmomanometer c.uff wound abov‘? the elbow and-m'flated
to a pressure of 200 mmHg). The pain threshold was estl'm‘ated by applying thermal radlfitlon to
the forehead (lower curve). Note that the pain sensation arising from the arm parallels the increase

in the pain threshold from the forehead

Psychophysical Approaches in Man

To our knowledge, the first experimental investigation of counterirritation‘ phe-
nomena was made by Duncker [43]. Reffering to the practices we pave mentioned
above, he noted that “in the olden days where modern anaesthetics were not yet -
discovered, it was one of the functions of the dentist’s assistant to pinch thf: pa-
tient at the critical moment,” and he undertook “experiments on the mutual influ-
ence of pains” induced mechanically on right and left forearms.. He _concludedv
that in about 40 cases and without exception, a pain A (“active”) induced a
decrease of a distant and simultaneous pain P (“passive”) if A was stronger than P
and, if so, in proportion to A’s relative intensity; interesting_ly, the pressure sensa-
tion elicited by mild stimuli was not affected. Further experiments allowed .hlm to
conclude: “I never encountered any chance evidence that quality of A or distance
between A and P were playing a part. Pain in a toe caused by contact with a hot-
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water bottle would readily yield under the influence of pain inflicted by pinching
the lobe of an ear.”

Hardy et al. [61] also reached similar conclusions. One of their experiments is
illustrated in Fig.2. The pain threshold was measured using radiant heat applica-
tion to the forehead; a sphygmomanometer cuff placed around the left arm was
then inflated to a pressure of 200 mmHg, which resulted in a progressive pain sen-
sation associated with a disappearance of other sensations emanating from this
arm. The threshold for pain elicited by means of thermal radiation of the forehead
increased in a strikingly parallel fashion to the pain sensation elicited from the
arm. Further investigations by the same group [9] using two radiant heat dolorime-
ters applied to various body areas confirmed these results and allowed them to
state that both the pain and the reflex threshold were affected by what they called
“extinction of pain.”

Gammon and Starr [49], using several types of counter-irritants (cold, heat,
mechanical, electrical), described a similar phenomenon, the most effective
method being the application of painful cold (4°-10°C). They mainly investigated
the effects of counter-irritants applied over the painful area (i.e., near the body
surface where the conditioned painful stimulus was applied) but noticed that
counter-irritation applied elsewhere was ‘by no means ineffectual.’ Similarly,
Parsons and Goetzl [107] observed a rise in the threshold to dental pain during the
application of a spray of ethyl chloride (nociceptive cold) to the anterior surface of
the subject’s tibiae. More recently, Pertovaara et al. [108] confirmed that pain
resulting from ischemia of the arm associated with muscular exercise strongly
increased the dental pain threshold and Talbot et al. [122] reported a reduced per-
ception of painful heat stimuli on the face during and after the time the subjects
submerged a hand in painfully cold water (5°). Our psychophysical observations,
together with neurophysiological data, will be presented below.

Behavioral Approaches in Animals

The exprimental study of counterirritation phenomena in animals is not easy for
several reasons. Apart from the general difficulties of studying pain in animals,
there are problems related to the necessary application of two noxious stimuli -
one “active” and affecting the response to the latter “passive” stimulus. Results
may be influenced by the mutual effects of these stimuli [81], while the “active”
stimulus might induce stress reactions other than those specifically related to noci-
ception.

However, experimental data suggest that counter-irritation phenomena can be
observed in animals. For instance, in the cat, stimulation of tooth pulp at an obvi-
ously noxious intensity can increase by up to 700% the threshold for escape
behavior induced by footshock [3]. In rodents, sustained pinch applied to the paw
or tail [30], noxious cold applied to the entire body [11], and various electrical
shocks applied to the feet or tail [15, 16, 25, 63, 66, 87, 88, 125, 138, 139] can induce
potent hypoalgesic effects. Visceral nociceptive stimuli can also induce hypoalge-
sia in behavioral testing [20, 24, 63, 71, 72]. In this respect, we have reported that a
noxious peritoneovisceral stimulus [IP injection of phenylbenzoquinone (PBQ) or
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Fig.3A-D. Hypoalgesia elicited by IP administration of an algogenic sub_stance, phenylbenzoqui-
none (PBO) and its reversal by naloxone [71]. Ordinate shows percentage increase of the threshold
for vocalization induced by electrical stimulation of the tail. A Control sequence for PBQ fol-
lowed after 15 min by saline IV. B Reversal of PBQ effect by naloxone 200 pg/kg. C Evoluthn
in vocalization threshold following PBQ vehicle and IV saline. D Effect of naloxone 200 pg/kg in
the absence of a noxious conditioning stimulus. Note that while naloxone produceq a very sharp
threshold decrease in PBQ-treated animals, it had no significant effect in the unconditioned rat

acetic acid] produces a significant increase in the threshold for vocalization
elicited by transcutaneous electrical stimulation of the .tail. anversely, tl_le
response (writhing) to the visceroperitoneal nociceptive stlmul.us is reduced in
experimental arthritic rats during the most severe phase of the disease [19]. y

The time course for the PBQ effect on the vocalization threshold of normal rats
is illustrated in Fig.3A. As can be seen in Fig.3B, naloxone 0.2 mg/kg IV antagon-
ized this increase. This action was limited in time: 30 min after the injection of.
naloxone, the vocalization threshold returned to values comparable to those for
PBQ-treated controls which received saline IV (Fig.3C). Rats which .recelved sol-
vent alone as the conditioning injection were affected very little by this IV dose of
naloxone (Fig.3D). :

These results show that a dull pain of peritoneovisceral origin can block the
behavioral response to a focal peripheral stimulus and sugges} the involvement of
endogenous opioids in producing this effect. Interestingly twitch has been shown
to increase, in a naloxone-reversible manner, the nociceptive threshold measured

on the back of horses [74].
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The participation of serotonergic mechanisms in counter-irritation phenomena
has been investigated in the rat using the model described above. It was found that
pretreatment with 5--hydroxytryptophan strongly potentiated, in a dose-dependent
fashion, the PBQ-induced rise in threshold. The specificity of this effect was con-
firmed by its suppression by the serotonin receptor blocker, cinanserin [72].

Electrophysiological Approach in Man

In a recent study [146], we attempted to investigate counter-irritation phenomena
in' man using a combined psychophysical and neurophysiological approach.
Knowing that the spinal cord is one of the main targets of most analgesic proce-
?uris [82], we postulated that counter-irritation phenomena may also act at this
evel.

A Spinal Target

To investigate this proposal, the sural nerve was stimulated in healthy volunteers
and both the spinal RIII reflex and the simultaneously evoked sensation were
recorded to study the effects of various conditioning nociceptive stimuli applied to
the contralateral arm or nose of human subjects. This experimental protocol was
chosen because the threshold of the RIII reflex had previously been found to be
close to the threshold of pain [141].

Fig.4. A Upper part, experimental design for stimulating the sural nerve (Stim.), measuring the
stimulus intensity (Probe), and recording the reflex activity from the biceps femoris muscle (Bi).
nger part, example of recruitment of the nociceptive reflex (RIII) activity (lefi) as a function of
stimulus intensity (right). B Device used by the subjects for estimation of sensations elicited by
the sural nerve stimuli. The 10-level visual scale consists of 10 potentiometers (S output). The pain
threshold i$ defined as level 3 (arrow)and intolerable pain as level 10. C Examples of the inten-
sity-response curves in the case of the reflex (upper) and sensation (lower). T, reflex threshold; T,
threshold for obtaining a maximum reflex response; 7,, pain threshold; T;,, threshold for into-
lerable pain; a.u., arbitrary units

QA

The right sural nerve was stimulated at a rate of 0.25 Hz and the electromyo-
graphic reflex responses were recorded from the ipsilateral biceps femoris muscle
(Fig.4A). The subjective quality (tactile or painful) and intensity of the sensation
elicited by the sural nerve stimulus were estimated by the subjects on the 10-level
visual scale consisting of 10 switches (Fig.4B) with the pain threshold being
defined as level 3 and intolerable pain as level 10.

The intensity of stimulation was delivered randomly while both the digitized
nociceptive reflex and sensation were plotted against stimulus intensity via a com-
puter program. As shown in Fig.4C, both the reflex activity and the subjective rat-
ing score increased linearly as a function of stimulus intensity within a limited
range; this allowed the measurement of both pain and nociceptive reflex thresh-
olds.

The experimental procedure consisted of sequences during which both the spi-
nal nociceptive reflex (RIII) and the related subjective sensation elicited by stimu-
lation of the right sural nerve were measured before and during the application of
heterotopic conditioning somatic stimuli, e. g., immersion of the contralateral hand
in a waterbath. As shown in Fig.5, the responses were modified in direct relation-
ship to the temperature of the waterbath. At 42 °C, neither the reflex nor the sensa-
tion curves were different from the controls. At 44 °C there was a slight shift to the
right for the reflex response curve while the sensation curve remained unchanged.
The shift of the reflex curve is mainly due to a change in the slope, the threshold
being unchanged. By contrast, with 45°, 46° and 47 °C both the reflex and the sen-
sation curves were shifted to the right, with a maximal effect for the highest tem-
perature.

The intensity-reflex and intensity-sensation curves were also substantially
shifted to the right by immersion of the contralateral hand in a 6 °C waterbath, by
muscle pain induced by forearm muscular exercise during ischemia and by strong
pressure applied to the nasal septum (Fig.6).

In summary, these results demonstrate that experimentally induced pain can be
profoundly modified by nociceptive stimuli applied to heterotopic body areas. In
addition, these nociceptive conditioning stimuli were found to depress the simulta-
neously recorded nociceptive spinal reflex (RIII). With regard to the sensation or
the reflex, both threshold and suprathreshold responses were affected; for thermal
stimulation, this was directly related to the temperature applied within the noci-
ceptive range. -

It is worth pointing out the contrast between (a) the phasic nature of the condi-
tioned (test) stimulus (20-ms electrical train) and the long duration (2-3 min) of
the nociceptice conditioning stimuli; (b) the relatively restricted central input (part ’
of S1) of the sural nerve compared with the wide distribution of the central inputs
evoked by the various conditioning stimuli; and (c) the larger central somatotopic
representation of the hand and the nose compared with that of the foot. There was
therefore a clear imbalance between the afferent volleys triggered by the condi-
tioning and the conditioned stimuli. Previous studies [143] have shown that the
stimulation parameters used in the present work for eliciting a RIII reflex activate
predominantly the myelinated fibres of the peripheral nerve. The nociceptive con-
ditioning stimuli used most probably involved A§ and C fiber nociceptive af-
ferents. This seems particularly likely for the thermal conditioning stimuli since

oL



Reflex Sensation

Fig.5. Individual examples showing the effects of various conditioning thermal stimuli applied to
the contralateral hand (temperatures indicated on the leff) on the nociceptive reflex activity (left)
and the .corresponding subjective sensation (right) induced by sural nerve stimulation (a. u., arbi-
trary umts). For each sequence, control (open circle, dotted line) and conditioned (filled circle' solid
line) recruitment curves are plotted on the same'graph [146] ,

40°-44°C stimuli were ineffective whereas inhibitory effects were found between
45° and 47.5°C in a direct relationship with the temperature. In man, the pain
thresho.ld for thermal stimulation is achieved when skin temperatur’e reaches
approximately 45 °C, [62], and pain scaling is possible only in the 44° -50°C range
[1, 75]. In addition, pain scaling has been shown to be correlated with the firing of
polymodal nociceptors during thermal noxious stimulation [2, 58]. Taken together,
these data suggest that the observed inhibition induced by heterotopic thermai

con'ditioning stimuli parallels both the sensation of pain and the responses of
peripheral nociceptors.
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Sensation

Fig.6. Individual examples showing the effects of three heterotopic nociceptive conditioning
stimuli (presentation and symbols as in Fig.9). A Immersion of the left hand in an agitated water-
bath maintained at 6°C. B 10 watts muscular exercise with the left forearm during an ischemic
block of arterial blood flow achieved using a pneumatic cuff placed around the middle part of the
left arm and inflated to 1.5 times the systolic blood pressure. C Application of a pair of forceps
(15-20 mm?, 4.5 kg/cm?) to the nasal septum [146]

In a more recent study [147], the inhibitory effects of acute pain produced by the
Laségue’s maneuver on the RIII reflex were explored in patients complaining of
sciatica as a result of an identified unilateral disc protrusion. Laségue’s maneuver
on the affected side produced a typical radicular pain and resulted in a powerful
depression of nociceptive reflexes elicited either in the normal or in the affected
lower limb. Simultaneously, patients reported relief of the electrically induced
pain. In contrast, painless Laségue’s maneuver on the normal side had no effect
on these parameters. :

Thus, our data show that whether clinical or experimental and, in the latter case,
whether induced by heat, cold, mechanical, or chemical procedures a painful con-
ditioning stimulus strongly depresses, at spinal level, the nociceptive messages
elicited from remote localized body areas. The site of application of the effective
conditioning nociceptive stimuli could be far from the site of origin or the condi-
tioned pain response, thus excluding segmental mechanisms or the involvement of
trigger points [124].
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The close relationship between the effects of the conditioning stimuli on the
reflex and on the related sensation argues against a mechanism of inhibition
acting on the motoneural pool. Instead, such a relationship suggests that these
inhibitory mechanisms modulate a common spinal interneuronal pool responsible
for both the nociceptive reflex and ascending pain pathways. The question arises
as to the identity of the pathways mediating such inhibitory mechanism and, more
particularly, whether they are confined to the spinal cord or whether they extend
to supraspinal structures.

Involvement of Supraspinal Structures

In order to assess the possible involvement of supraspinal structures in these
effects, we compared the effects of nociceptive electrical stimuli applied to the 4th
and 5th fingers of the hand upon the contralateral RIII reflex in normal subjects
and tetraplegic patients suffering from a clinically complete spinal cord section of
traumatic origin [114].

In both groups, the RIII reflex threshold was determined, and a juxtathreshold
RIII reflex was studied before, during, and after a 2-min period of conditioning
stimulation. The nociceptive conditioning procedure consisted of electrical stimu-
lation (1-ms duration pulses at 3 Hz) applied to the digital branches of the contra-
lateral ulnar nerve which arises from C8 and T1. The intensity was adjusted to the
maximum that normal subjects could tolerate (25-30 mA).

In normal subjects, the nociceptive electrical stimulation of the fingers induced
rhythmic painful sensations described as being like a pin prick with additional
burning and squeezing sensations originating from deep structures. As illustrated
with an individual example in Fig.7A, the conditioning stimuli induced a strong
inhibition of the RIII reflex. This inhibition occurred rapidly within the first
minute, lasted throughout the conditioning period and only gradually recovered
during the following 5 min. By contrast, non-nociceptive electrical stimulation
(0.1-ms duration, 6-8 mA, 3 Hz) of the fingers induced a rhythmic tactile sensa-
tion, and this type of conditioning stimulation produced no significant change in
the RIII reflex.

The tetraplegic patients had a CS5, C6, or C7 spinal cord section with the lower
segments, notably C8 and T1 from which the digital branches of the ulnar nerve
project, clinically uninjured. In these patients, sural nerve stimulation induced a
biceps femoris reflex which did not differ from the RIII reflex recorded in normal
subjects, either in terms of latency or of threshold. As illustrated by the example in
Fig.7B, the nociceptive conditioning stimulation did not produce any depression
of the RIII reflex in these patients.

These results show that the effects of heterotopic nociceptive stimulation
observed in normal humans are probably mediated by a complex loop involving
supraspinal structures. :
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Involvement of the Brain Stem

This assertion is strongly supported by further unpublished experiments per-
formed with brain-damaged patients involving analgesia and thermal anesthesia
on one side of the body. The lesions were located either in the parietal cortex or in
the thalamus (unilateral thalamic lesions visible on CT scanner) or in the retro-
olivary portion of the medulla (Wallenberg’s syndrome).

With an experimental procedure identical to that reported above, the results
were unambiguous. In the case of parietal or thalamic lesions, the RIII reflex
recorded from the normal lower limb was strongly depressed by the nociceptive
but painless conditioning stimulation applied to the 4th and 5th fingers of the
affected hand. Inhibitory and poststimulus effects were identical to those observed
in normal subjects.

By contrast, in patients with Wallenberg’s syndrome, e.g., in cases in which the
fibers originating from the anterolateral tract (including the spinothalamic, spino-
reticular, and spinotectal tracts) were interrupted in the medulla, no signs of inhi-
bition were detected when the affected hand was stimulated; when the contra-
lateral, nonaffected hand was stimulated, inhibitory and poststimulus effects were
found, akin to those of normal subjects. These experiments demonstrate that
thalamic and suprathalamic structures are not involved in the inhibitory processes
described herein; whereas brain stem, probably reticular structures constitute a
key neuronal link in producing these effects.

Involvement of an Opioidergic Link

We reffered above to the possible involvement in animals of opioidergic systems
in hypoalgesia induced by a distant painful focus. In order to assess such an hypo-
thesis in humans, we checked the effects of naloxone upon the electrophysiologi-
cal model described above.

The RIII reflex threshold was determined, and a juxtathreshold RIII reflex was
studied before, during, and after a 2-min period of heterotopic conditioning stimu-
lation (immersion of the contralateral hand in a 46.5°C waterbath). As shown in
Fig.8 with an individual gxample, such a manipulation resulted in a strong inhibi-
tion of the RIII reflex both during and after the conditioning period. Then, using
a double-blind paradigm, either saline or naloxone were injected IV. The results
were unambiguous in the nine normal volunteers tested in this way: while the
inhibitory effects could be repeated following saline injection, they disappeared
completely following naloxone administration (Fig.8). Fifty minutes later the
inhibitory effects were observed in both cases, a finding which is consistent with
the well-known, short-acting action of the opioid antagonist.
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Fig.8. Individual example showing the effect of a painful thermal stimulps (46°C), a_pphed for
2 min (cp) to the contralateral hand, on the RIII reflex before (control), 5 min and 50 min after !V
administration of saline (/eft) and of naloxone (right). In each case, d:jlta _ar'e.presented both as his-
tograms (left) and as averaged responses (right). Note the' l?ck'of inhibition of the RIII reflex
5 min after naloxone, but it is observed again 50 min after injection

Electrophysiological Approach in Animals
Diffuse Noxious Inhibitory Controls (DNIC)

In the rat, the activity of certain dorsal horn neurons can be strongiy inhibiteq by,
noxious inputs. Since such effects do not appear to be somatotoplgally grg?qlzed
but do concern the entire body, they have been called diffuse noxious inhibitory
controls (DNIC) [77, 78]. DNIC affect the whole population of convergent neu-
rons, whether recorded in the superficial or deeper layers within the dorsal horn qf
various segments of the spinal cord [20, 77] or in the trigeminal nucleus caudalis
[37]. By contrast, DNIC do not affect the other neuronal t'ypes that are found
within the dorsal horn or nucleus caudalis, i.g., noxious specific, nonnoxious spe-
cific, cold responsive, and proprioceptive neurons [37, 78]. Recently, the existence
of DNIC has been demonstrated in the cat [104].
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The main feature of DNIC is that they can be triggered from any part of the
body, distant from the excitatory receptive field of the neuron under study pro-
vided that this conditioning stimulus is clearly noxious. Indeed, DNIC can be trig-
gered by any heterotopic nociceptive stimulus whatever its type - mechanical,
thermal, chemical, or electrical - whereas nonnoxious stimuli are completely inef-
fective. For strong stimuli, the inhibitory effects are powerful and followed by
long-lasting after effects which can persist for several minutes.

When the general characteristics of DNIC are analyzed, one striking feature is
their capacity to affect all kinds of activities of convergent neurons, whether
evoked from the periphery by noxious or nonnoxious, natural or electrical stimuli
or directly by the microelectrophoretic application of excitatory aminoacids [132,
133]. Transcutaneous electrical stimuli applied to the receptive field or convergent
neurons produce an activation of large (A) and fine (C) fibers, and in systematic
studies of DNIC, suprathreshold currents have been employed in this way, to
evoke a reproducible “C-fiber response” from convergent neurons. All noxious
conditioning stimuli tested have induced marked inhibitions of these responses.
Both the strength and long duration of DNIC are illustrated in Fig.9, in which the
response of a convergent neuron to a pinch applied on its receptive field is condi-
tioned by various distant noxious stimuli.

It has been shown that the spinothalamic tract contains numerous convergent
neurons; since nearly all convergent neurons tested have been influenced by
DNIC, one can assume that DNIC will influence the transmission of information
from convergent neurons to the brain. This assertion has been verified in the rat
[36] by demonstrating that DNIC affect identified spinothalamic and trigemino-
thalamic convergent neurons.

The studies cited so far involved the use of acute stimuli, and it seemed essential
to investigate also the way in which DNIC act in situations more relevant to clini-
cal pain. Rats rendered arthritic by intradermal injection of Frend’s adjuvant into
the tail are considered to be a model of chronic pain relevant to human rheuma-
toid arthritis [31, 34, 111]. We chose to record dorsal horn neurons between the
third and the fourth week following the adjuvant inoculation since in a recent
study [21] it was found that such a period was critical for this disease in terms of
both clinical, including radiological, observations and behavioral data, including
pain-related tests. v

As facial areas are not affected by arthritis, we recorded from trigeminal
nucleus caudalis neurons in order to investigate the effects of heterotopically
applied stimuli of various intensities on the responses of convergent neurons
whose receptive fields were not in regions affected by the disease [23]. All conver-
gent neurons were inhibited by heterotopic stimuli, whether noxious (52 °C, pinch)
or nonnoxious (light and mild pressure), applied to inflamed areas. While the inhi-
bitions triggered by noxious stimuli were similar to those observed in healthy rats,
those triggered by nonnoxious mechanical stimuli had never previously been
found when such stimuli were applied heterotopically in healthy animals. More-
over, the strength of these inhibitions was related to the inflammatory state of the
part of the body stimulated, the most sensitive areas being the hind paws; in this
case, light and mild pressure resulted in 60% and 100% inhibition, respectively,
followed by long-lasting after effects (several minutes).
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ig.9. Inhibitory effects induced by various heterotopic noxious stimuli.upon _the response of a
givgerglélnt neu?(l)n to a sustained pinch [18]. The application of a sustained pinch (open agow—
head, broken line) to the peripheral excitatory field of the lumbar convergent neuron IOCZ\i’tC 1 on
the hind paw extremity resulted in a phasic response followed by a tonic dngchar%e. ?thus.
stimuli (solid arrowheads) induced strong inhibitory effects followed by long-'lastmg af ter e eil s%
a, immersion of the tail in a 52°C water bath; b, pinch of the contralateral hind paw; ¢, pinch o

the tail; d, pinch of a forepaw

The increase in peripheral sensitivity induced by arthritis could accognt for
such an augmentation of the heterotopic inhibi_tqry phenomena. Perlphe-ral
changes induced by arthritis have been described: joint capsule receptors, which
have nonmyelinated or poorly myelinated axons, have lowe}' 'thresholds to
mechanical stimulation [57], and some dorsal horn neurons exhibit exaggerated
responses to light mechanical stimulation [22, 100}.
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Mechanisms Underlying Diffuse Noxious Inhibitory Controls

DNIQ cannot be demonstrated in anesthetized or decerebrate animals in which
th.e spinal cord has been sectioned [18, 78, 104]. Therefore, the mechanisms under-
lying DNIC are obviously not confined to the spinal cord, and thus supraspinal
structures must be implicated in the circuits. In this respect, it is important to note
that such a system is completely different from segmental inhibitory systems since
segmental inhibitory receptive fields are found in both intact and spinal animals
Furthermore, this latter type of inhibition can be triggered by the activation of lovs;
'threshold afferents. DNIC are also completely different from propriospinal inhib-
itory processes triggered by noxious inputs [18, 45, 51].

Peripheral Mechanisms

The correlation between the intensity of a noxious stimulus and the resultant
§trength of DNIC would seem to be an important point to investigate. For simplic-
ity anfi technical ease, we considered the effect of various temperatures applied to
Fhe tail on the C-fiber responses of lumbar and trigeminal convergent neurons elic-
ited by transcutaneous electrical stimulation of their hind paw or facial receptive
fields [79, 131]. As shown in Fig. 10, the threshold for producing DNIC is between
4Q° and 44°C, and above this temperature (in the range 44°-52 °C), a highly sig-
'mﬁ.ca‘n't correlation exists between the conditioning temperature and’the degree ff
inhibition. In addition, analogous results have been obtained when identical ther-

mal. stimuli were tested against activities evoked by microelectrophoresis of an
excitatory amino acid [131].
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Fig.10. Temporal evolution of individual responses due to C-fiber inputs of a nucleus caudalis
convergent neuron before, during, and after the application of various temperatures to the tail
Eacl_l histogram represents the temporal evolution (abscissa, time) of the responses due to C-ﬁbers.
((l)rdm'are7 n_umb_er of spikes in the 50-120 ms period following the stimulus) when transcutaneous
electrical stimuli (2 ms 12 mA, 0.66 Hz) were applied in the center of the excitatory receptive field ‘
From the 45th to the 70th stimulus (arrows), the distal two-thirds of the tail were immersed in .
waterbatgl at various temperatures (indicated between arrows). Note that nonnociceptive temper. ?
tures 36°, 40 °C) did not affect the neuronal discharges. At 44°C discrete inhibito 5 ;
occurred; these increased as the temperature increased [131] o eets
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These data reinforce the hypothesis that DNIC are triggered specifically by the
activation of peripheral nociceptors whose signals are carried by Aé- and C-fibers.
C polymodal nociceptors have been described in the cat, rat, monkey, rabbit, and
humans [131]. They constitute a large proportion of the total population of C-fiber

‘afferents in these species, and it is important to note that, to date, all C-fibers

recorded in humans have shown the characteristics of polymodal nociceptors [123,
130]. In addition, a population of A§ myelinated polymodal nociceptors respond-
ing to thermal stimuli exists, and these have electrophysiological characteristics
essentially similar to those of C polymodal nociceptors; they have been described
in monkeys and humans [131]. Both types of polymodal nociceptors increase their
discharges when the temperatures applied to their receptive fields increase, espe-
cially in the 45°-51°C range. According to Lamotte and Campbell [75] their mean
threshold for activation is 43.6 °C. Finally, Dubner and Beitel [41] have reported a
good correlation between the activity of polymodal nociceptors triggered by ther-
mal stimulation and escape behavior in the monkey. This strongly suggests that
DNIC are specifically triggered by the activation of nociceptors.

We then investigated the types of peripheral fibers involved in DNIC [14]. For
this purpose, we took advantage of the facts that trigeminal and spinal dorsal horn
neurons respond with relatively steady discharges to the electrophoretic applica-
tion of excitatory amino-acids and that DNIC act on convergent neurons by a
final postsynaptic inhibitory mechanism involving hyperpolarization of the neu-
ronal membrane [132, 133]. It was found that when trigeminal convergent neurons
were directly excited by the electrophoretic application of dl-homocysteate
(DLH), the percutaneous electrical application of single square-wave stimuli
(10 mA; 2 ms) to the tail always induced a biphasic depression of such activity.
Both the early and late components of this inhibition occurred with shorter laten-
cies when the base rather than the tip of the tail was stimulated (Fig. 11). Since the
two stimulation sites were 100 mm apart, it was possible to use these differences in
latencies from the two sites to estimate the conduction velocities of the peripheral
fibers triggering the inhibitions. For the onset of the earlier and later components
of the inhibition, the mean differences between the latencies from the two sites of
stimulation were 13.6 and 147.7 ms, respectively, corresponding to peripheral con-
duction velocities of 7.3 and 0.68 m/s respectively. According to Gasser and
Erlanger [50] and Burgess and Perl [17], these values correspond to peripheral con-
duction velocities in the AS- and C-fiber ranges, respectively. .

Although peripheral unmyelinated and thin myelinated fibers can respond t
stimuli below the pain threshold [2, 58, 123, 129], the relationship between the acti-
vation of such fibers and nociceptive reactions or pain is a classical one [2, 41, 58,
75, 123, 129]. However, the thresholds for triggering the Aé- and C-fiber compo-
nents were found to be in the 0.25-0.5 mA and 1-2 mA ranges, respectively, which
could be interpreted as suggesting a possible contribution by nonnociceptive affer-
ents.

The importance of Ad-fiber activation in the production of analgesia or anti-
nociceptive effects by somatic electrical stimulation has been suggested by several
authors [29, 69, 85, 120, 149]. In this respect, our results showed that, by compari-
son with the C-fiber component, the A§-fiber component of inhibition was easier
to obtain and more constant in terms of magnitude and duration: it was observed
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Fig. 11A, B. Example of the heterotopic activation of AS- and C-fibers triggering inhibition of a
trigeminal convergent neuron [14]. A Schematic representation of the experimental design. Neu-
rons with receptive fields located ipsilaterally on the muzzle were recorded at the trigeminal
nucleus caudalis. The continuous electrophoretic application of an excitatory amino acid, dl-hom-
ocysteic acid (DLH), induced a steady discharge from the neuron under study. The repetitive
application of individual percutaneous, electrical stimuli of adequate intensities to the base (a) or
the tip (b) of the tail induced biphasic depressions of activity which exclusively affected conver-
gent neurons. B Individual example of the biphasic inhibitory processes triggered by repetitive,
single, percutaneous, electrical stimuli (2 ms duration, 10 mA, 0.66 Hz, 200 ms delay) applied to
the base (a) or the tip (b) of the tail on the discharge of a trigeminal convergent neuron, evoked by
the continuous electrophoretic application of DLH (17 nA). Peristimulus histograms (bin width:
1 ms left; 5 ms, right) were constructed from 100 trials. The earlier component of the inhibition is
detailed in the left part of the figure while the whole biphasic inhibition is shown on the right.
Note that both components appeared earlier when the base (a) as opposed to the tip (b) of the tail
was stimulated

with lower intensities of percutaneous electrical stimulation and rapidly reached
its maximum effect when the current was increased. Applying stronger intensities
of peripheral stimuli gave rise to inhibitory effects of similar magnitude. This dif-
ference between the AS- and C-fiber components is probably due to the fact that,
in addition to having lower threshold, the Ad-fibers responsible for the earlier
inhibitions produce a more synchronized input to the spinal cord than do the
slower C-fibers. The “safety” of the AS-fiber component of inhibition is also illus-
trated in Fig.12, in which currents of 1 mA were applied percutaneously to the
base of the tail at different frequencies. Such an intensity was chosen because it
was found to induce clear AS- but no C-fiber components of inhibition. Note that
the inhibitory processes followed increasing frequencies of stimulation, although
they were slightly less effective with the highest frequency employed (8 Hz). This
observation reinforces the proposal that AS-fibers play an important role in the
induction of analgesia or hypoalgesia by procedures using transcutaneous stimu-
lation, since such procedures often involve these frequencies of stimulation (see
below). )
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ig. -C. Individual example of the inhibitory effects induced by percutaneous electrical stim-
:;lg(;zrr“:s duration, 1 mA, 20011)115 delay) applied at different frequencies to .the base.of the tail, on
the DLH-evoked activity (15 nA) of a trigeminal convergent neuron. Peristimulus histograms (l?lp
width 5 ms) were composed from 100 trials. Note that the A compor}ent presents thg same xpagl;ll-
tude when frequencies of 0.66 and 3.5 Hz were applied, whereas it decreased slightly with the

highest frequency employed (8 Hz) [14]

Involvement of the Anterolateral Quadrant

We have already mentioned that DNIC acting on convergent lumbar neurones are
abolished by total section of the (cervical) spinal cord. It appears, therefore, that
the involvement of a supraspinal loop is essential for the triggering of DNIC. In
order to determine the anatomical profile of the ascending limb of the loqp sub-
serving DNIC, we made use of the fact that DNIC act on nucleus caudalis con-
vergent neurons. By triggering DNIC from a caudal region of the body, we were
able to study a model in which the circuitry of the loop consisted of a long ascend-
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