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mentally induced pain can be attenuated by concomitant heterotopic nociceptive stimuli (counterirritation). Animal data indicate that this stems from supraspinal "diffuse noxious inhibitory controls" (DNICs) triggered by C and A␦ fibers. In humans, only noxious stimuli induce counterirritation. This points at C fibers, but the effects of pharmacologically stimulating C fibers have not been studied. Intravenous adenosine activates pulmonary C fibers and induces dyspnea. This study tests the hypothesis that putative activation of pulmonary C fibers by adenosine would trigger DNICs in humans and induce counterirritation. Twelve healthy volunteers were included (with valid results available in 9) and studied according to a double-blind, randomized, cross-over design (intravenous adenosine, 140 g•kg Ϫ1 •min Ϫ1 , during 5 min vs. placebo). We measured ventilatory variables and end-tidal CO2 tension, dyspnea intensity by visual analog scale, and the intensity of putative chest pain. The primary outcome was the amplitude of the RIII component of the nociceptive flexor reflex recorded by biceps femoris electromyogram in response to painful electrical sural nerve stimulation (RIII), taken as a substitute for pain perception. Placebo did not induce any significant effect. Adenosine induced dyspnea, hyperpnea, tachycardia, and significant RIII inhibition (24 Ϯ 8% at the 4th min, P Ͻ 0.0001). The temporal dynamics of adenosineinduced dyspnea and RIII inhibition differed (immediate onset followed by a slow decrease for dyspnea, slower onset for RIII inhibition). Intravenous adenosine in normal humans induces counterirritation, fueling the notion that C-fiber stimulation trigger DNICs in humans. The temporal dissociation between adenosine-induced dyspnea and RIII inhibition suggests that C fibers other than pulmonary ones might be involved.

ATTENUATION OF A PAINFUL SENSATION by a concurrent heterotopic noxious stimulus ("counterirritation") is a prominent characteristic of pain physiology. This phenomenon is underpinned by supraspinal "diffuse noxious inhibitory controls" (DNICs) [START_REF] Villanueva | The activation of bulbo-spinal controls by peripheral nociceptive inputs: diffuse noxious inhibitory controls[END_REF]. In animals, DNICs involve a supraspinal loop to the subnucleus reticularis dorsalis, with the ascending and de-scending pathways located in the ventrolateral quadrant and the dorsolateral funiculus, respectively [START_REF] Bernard | Efferent projections from the subnucleus reticularis dorsalis (SRD): a Phaseolus vulgaris leucoagglutinin study in the rat[END_REF]. In humans, DNICs are likely to involve the same structures [START_REF] Bouhassira | Diffuse noxious inhibitory controls in humans: a neurophysiological investigation of a patient with a form of Brown-Sequard syndrome[END_REF][START_REF] Danziger | A clinical and neurophysiological study of a patient with an extensive transection of the spinal cord sparing only a part of one anterolateral quadrant[END_REF][START_REF] Broucker | Diffuse noxious inhibitory controls in man. Involvement of the spinoreticular tract[END_REF]. DNICs act on convergent neurons that integrate somaesthetic and pain information in the spinal dorsal horn and the trigeminal nucleus caudalis [START_REF] Bars | The whole body receptive field of dorsal horn multireceptive neurones[END_REF]. They are activated by somatic and visceral nociceptive stimuli applied to a territory distinct from their peripheral receptive fields [START_REF] Cadden | Effects of visceral distension on the activities of neurones receiving cutaneous inputs in the rat lumbar dorsal horn; comparison with effects of remote noxious somatic stimuli[END_REF][START_REF] Bars | The whole body receptive field of dorsal horn multireceptive neurones[END_REF][START_REF] Bars | Electrophysiological evidence for the activation of descending inhibitory controls by nociceptive afferent pathways[END_REF]. In humans, DNICs can be studied by monitoring the RIII component of the nociceptive flexion reflex [START_REF] Sandrini | The lower limb flexion reflex in humans[END_REF][START_REF] Skljarevski | The nociceptive flexion reflex in humansreview article[END_REF]. Attenuation of RIII is considered to reflect DNIC activation, provided that spinal motoneuronal excitability is not concomitantly decreased (efferent limb of the reflex arc). This can be verified by monitoring the monosynaptic Hoffmann (H) reflex [START_REF] Sandrini | The lower limb flexion reflex in humans[END_REF][START_REF] Skljarevski | The nociceptive flexion reflex in humansreview article[END_REF]. In animals, experimental evidence indicates that DNICs are specifically activated by stimulation of A␦ and C fibers [START_REF] Bouhassira | Heterotopic activation of A delta and C fibres triggers inhibition of trigeminal and spinal convergent neurones in the rat[END_REF]. In humans, a similar link between C-fiber activation and DNICs is suspected, because only nociceptive stimuli induce counterirritation [START_REF] Talbot | Diffuse noxious inhibitory controls (DNICs): psychophysical evidence in man for intersegmental suppression of noxious heat perception by cold pressor pain[END_REF], reflected by RIII inhibition [START_REF] Bouhassira | Inhibition of a somatic nociceptive reflex by gastric distention in humans[END_REF][START_REF] Bouhassira | Effects of rectal distensions on nociceptive flexion reflexes in humans[END_REF][START_REF] Willer | Encoding of nociceptive thermal stimuli by diffuse noxious inhibitory controls in humans[END_REF], while nonnociceptive stimuli generally do not [START_REF] Granot | Determinants of endogenous analgesia magnitude in a diffuse noxious inhibitory control (DNIC) paradigm: do conditioning stimulus painfulness, gender and personality variables matter?[END_REF][START_REF] Willer | Encoding of nociceptive thermal stimuli by diffuse noxious inhibitory controls in humans[END_REF]. The effects of pharmacologically stimulating C fibers on DNIC activation have not been studied in humans.

C fibers are particularly abundant in the respiratory system. C-fiber endings are present in respiratory muscles as in all skeletal muscles (muscular respiratory C fibers). Numerous C fibers are also present in the bronchial tree and lung parenchyma (vagal respiratory C fibers). Vagal respiratory C fibers are involved in the response to irritative aggression. Activation of vagal C fibers arising from the jugular ganglia (bronchial nerve endings) induces coughing, respiratory slowing, and apnea in guinea pigs [START_REF] Chou | Differential effects of airway afferent nerve subtypes on cough and respiration in anesthetized guinea pigs[END_REF] and in humans (see review in Refs. [START_REF] Dicpinigaitis | Experimentally induced cough[END_REF][START_REF] Jain | Search for evidence of lung chemoreflexes in man: study of respiratory and circulatory effects of phenyldiguanide and lobeline[END_REF][START_REF] Raj | How does lobeline injected intravenously produce a cough?[END_REF]. Activation of vagal C fibers arising from the nodose ganglia (placodal C fibers, pulmonary nerve endings) induces tachypnea in rats (12, see review in Ref. 31). In humans, vagal respiratory C fibers are also involved in the pathogenesis of respiratory sensations and certain dyspneic modalities (see also Refs. 7,[START_REF] Burki | Blockade of airway sensory nerves and dyspnea in humans[END_REF]review in Ref. 29).

Exogenous adenosine is known to stimulate A1 and A2A receptors on the terminal part of placodal C fibers, essentially located deep within the lungs in rats [START_REF] Hong | Activation of pulmonary C fibres by adenosine in anaesthetized rats: role of adenosine A1 receptors[END_REF] and guinea pigs [START_REF] Chuaychoo | Evidence for both adenosine A1 and A2A receptors activating single vagal sensory C-fibres in guinea pig lungs[END_REF][START_REF] Undem | Subtypes of vagal afferent C-fibres in guinea-pig lungs[END_REF]. Intravenous adenosine is dyspnogenic in humans [START_REF] Burki | Intravenous adenosine and dyspnea in humans[END_REF], where it induces "shortness of breath" and "chest tightness" [START_REF] Burki | Intravenous adenosine and dyspnea in humans[END_REF]. This effect is attenuated by inhaled lidocaine, a nonselec-tive sodium channel blocker that exerts topical anesthetic effects through C-fiber blockade, but to an even greater extent by oral theophylline, a nonselective adenosine receptor antagonist [START_REF] Burki | Blockade of airway sensory nerves and dyspnea in humans[END_REF]. This illustrates the predominant involvement of pulmonary C fibers in adenosine-induced dyspnea [START_REF] Burki | Blockade of airway sensory nerves and dyspnea in humans[END_REF][START_REF] Burki | Effects of airway anesthesia on dyspnea and ventilatory response to intravenous injection of adenosine in healthy human subjects[END_REF]. Of note, theophylline does not attenuate adenosine-related hyperventilation (8) that is probably more closely related to the stimulation of carotid body receptors (see review in Refs. [START_REF] Lahiri | Purines, the carotid body and respiration[END_REF][START_REF] Watt | Adenosine-induced respiratory stimulation in man depends on site of infusion. Evidence for an action on the carotid body?[END_REF] than to pulmonary C fibers stimulation.

The present study was designed to investigate the hypothesis that putative activation of pulmonary C fibers via their agonist adenosine would trigger DNICs in humans. Based on the above, we indeed predicted that intravenous adenosine would attenuate the RIII component of the spinal nociceptive flexion reflex in proportion of the corresponding adverse respiratory sensations, as we had previously observed during experimental dyspnea experiments with inspiratory threshold loading [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]. To this aim, we conducted a randomized double-blind trial in which we examined the effects of intravenous adenosine or placebo on the amplitude of the RIII component of the nociceptive flexion reflex in human subjects.

MATERIAL AND METHODS

Subjects

The research was conducted at the Pitié-Salpêtrière Hospital Clinical Investigation Center (CIC-9503) in accordance with the declaration of Helsinki of the World Medical Association. With approval by the appropriate institutional review board (Comité Consultatif de Protection des Personnes se prêtant a la Recherche Biomédicale, Pitié-Salpêtrière Hospital, 2006-50-06), healthy volunteers were included in the study after they had signed an informed consent form. Inclusion criteria were healthy male nonsmoker subjects with no history of cardiovascular or respiratory diseases, no history of autonomic nervous system dysfunction, and no experience of chronic pain. Subjects had to present a strictly normal electrocardiogram and standard pulmonary function tests. All subjects had a negative methacholine challenge test, ruling out bronchial hyperresponsiveness.

Experimental Conditions

The subjects were instructed to avoid sleep deprivation and consumption of coffee, chocolate, alcohol, and cola drinks for 24 h before the experiments, and to refrain from consumption of analgesics and psychotropic drugs for 48 h before the experiments. Before the sessions, the subjects were asked whether or not they currently suffered from acute pain of whatever intensity. The experiments were postponed in case of a positive answer. All sessions were held at the same time of day to avoid the influence of circadian rhythm on the nociceptive flexion reflex [START_REF] Sandrini | Circadian variations of human flexion reflex[END_REF]. During the experimental sessions, the subjects sat comfortably on an examination bed with their back and head supported.

Respiratory and Cardiac Parameters

The subjects breathed through a nasal mask connected to a pneumotachograph (Hans Rudolph 3700 series, linearity range 0 -160 l/min, Kansas City, MO). Ventilatory airflow (V ˙) was assessed by connecting the pneumotachograph to a linear differential pressure transducer (Ϯ5 cmH 2O, Validyne, Northridge, CA). Tidal volume (VT) was obtained by electrical integration of the inspired flow signal. Determination of inspiratory time (TI), expiratory time, and total time (Ttot) allowed calculation of instantaneous breathing frequency (ϭ 1/Ttot), mean inspiratory flow (VT/TI), and duty cycle (TI/Ttot). End-tidal CO 2 tension was measured by sampling expired gas from the nasal mask with a pump connected to a gas analyzer (Servomex SA, Saint-Denis La Plaine, France). ECG was recorded using three chest leads (Philips, Medical System, France), blood pressure was measured with a sphygmomanometer, and oxygen saturation was measured with a pulse oximeter (Sp O 2 ; Trioscope, Datascope, Créteil, France). Heart rate, blood pressure, and oxygen saturation were recorded each minute.

Psychophysiological Parameters

Dyspnea. The intensity of dyspnea was recorded every 60 s using a visual analog scale (VAS) graded from "0" (no sensation) to "10" (intolerable sensation). At the end of the experimental session, those subjects who rated a dyspnea sensation Ն10% of full scale were asked to choose one or more sensory descriptors from the 19-item list proposed by Simon et al. (38; for validation in French, see appendix in Ref. [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]. They were asked to choose the descriptors best characterizing their dyspnea and then to rank them in decreasing order, according to how they actually matched their perceptions.

Chest pain. Chest pain was evaluated every 60 s using a VAS graded from "0" (no pain) to "10" (intolerable pain).

Reflex Responses

Nociceptive flexor reflex. The nociceptive flexor reflex was studied according to previously described principles [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF][START_REF] Sandrini | The lower limb flexion reflex in humans[END_REF][START_REF] Skljarevski | The nociceptive flexion reflex in humansreview article[END_REF]. Briefly, the electromyographic activity of the right biceps femoris muscle was recorded with a pair of surface electrodes placed 2 cm apart on the skin overlying the muscle mass, after careful skin abrasion (2-kHz sampling rate, 20-to 1,000-Hz bandwidth; PLS 32-21, Notocord Systems, Croissy-sur-Seine, France). Another pair of electrodes was used to deliver nociceptive stimuli to the sural nerve in its retromalleolar path. These stimuli consisted of 20-ms trains of five rectangular 1-ms electrical shocks, delivered six times per minute with a constantcurrent stimulator. The RIII component of the reflex was identified as a multiphasic response appearing 90 -180 ms after each stimulation. This response was full-wave rectified and integrated within a 90-ms time window beginning 90 ms after the stimulus. The nociceptive threshold was determined by tentative recruitment and derecruitment sequences. The intensity of nerve stimulation was then adjusted to 20% above the threshold and kept constant throughout the corresponding experiment (15.5 Ϯ 6 mA, from 5.5 to 27 mA).

Extensor monosynaptic H reflex. The H reflex and the direct motor (M) response were studied according to previously described principles [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF] to assess ␣-motoneuron excitability. Briefly, the posterior tibial nerve was stimulated at the popliteal fossa, while the electromyographic H reflex and the M response were recorded from the ipsilateral soleus by a pair of surface electrodes fixed to the abraded and degreased skin overlying the muscle. Time windows of 3-22 ms and 30 -45 ms were defined for the analysis of M and H responses, respectively. A recruitment-derecruitment procedure was followed to identify the stimulation intensity determining an H response equal to 50% of its maximal value (H max/2). This stimulus intensity was then kept constant throughout the corresponding experiment (6.1 Ϯ 3.8 mA, from 2.4 to 13.7 mA).

Experimental Protocol

Each subject participated in four experimental sessions at 1-wk intervals, during which adenosine or placebo was administered in random order. The H-reflex response was studied during the first session of each experimental set (adenosine or placebo in random order, day 1 and day 15). In the absence of any effect on the H reflex (verified in every case), the effect of intravenous injection on RIII was then studied (adenosine or placebo in random order, day 8 and day [START_REF] Granot | Determinants of endogenous analgesia magnitude in a diffuse noxious inhibitory control (DNIC) paradigm: do conditioning stimulus painfulness, gender and personality variables matter?[END_REF].

Intravenous injection. The subjects were randomized to receive either adenosine or placebo on day 1 and day 8, and the other second substance was administered on day 15 and day 22. Adenosine (140 g•kg Ϫ1 •min Ϫ1 ; 30 mg/10 ml, vial, Sanofi-Aventis, France) or placebo (0.9% sodium chloride) was administered by intravenous injection using an infusion pump over 5 min, via a forearm vein.

Procedure. All sessions followed the same sequence. After stabilization of reflex responses, a 5-min baseline period was recorded. The study drug was then administered. At the end of injection, recording of the reflex responses was maintained for 5 min.

Data management. Respiratory variables were averaged over 1-min epochs. Dyspnea, pain, blood pressure, heart rate, and Sp O 2 were recorded minute by minute. RIII and H-reflex data were averaged minute by minute throughout the experiment. A baseline value was computed by averaging all data collected during the 5-min interval immediately preceding inspiratory loading. All values (one per minute) were expressed as percentages of this baseline value.

Statistical Analysis

Statistical analysis were performed using Prism software (Graphpad Software, La Jolla, CA; version 4.0a) and the Statistix package (Analytical Software, Tallahassee, FL; version 9). Data distributions were first assessed for normality using the Shapiro-Wilk test. As normality was consistently verified, the results were expressed as mean Ϯ SD, and parametric statistical tests were used. Data were analyzed using a general variance analysis model, according to a split-split-plot design, looking for a "drug" effect (adenosine vs. placebo), a "sequence" effect, and a "drug ϫ time" interaction, taking into account a "subject" effect. When a significant effect was detected, pairwise comparisons were conducted with a protected least square difference post hoc test. We tested the effect of sequence and time on the various values, particularly on dyspnea and RIII. Of note, during the RIII session, the subjects were actually no longer naive with respect to the sensations experienced in response to adenosine, as this substance had already been administered during the H-reflex session. Moreover, the subjects who received placebo during the first sessions could present different nociceptive reactions (sequence effect). Dif-ferences were considered significant when the probability P of a type I error was below 0.05.

RESULTS

Twelve healthy volunteers were included in the study (all men; mean age: 28 Ϯ 6 yr; range: 24 -45 yr). A stable baseline RIII could not be obtained in three subjects, who were, therefore, excluded from the final analysis. The following results, therefore, pertain to nine individuals (mean weight 80.0 Ϯ 18.1 kg, range 64 -115 kg; mean height 1.80 Ϯ 0.07 m, range: 1.71-1.91 m; mean body mass index 24.5 Ϯ 3.9 kg/m 2 , range 19.7-31.5 kg/m 2 ).

Nociceptive Flexor Reflex

Intravenous injection of adenosine was accompanied by a significant reduction of the amplitude of RIII (P Ͻ 10 Ϫ4 compared with placebo "drug" effect). Inhibition was significant relative to baseline by the 2nd min (P ϭ 0.02) and remained so until the 5th min (P Ͻ 10 Ϫ4 ). Maximal inhibition was observed at the 4th and 5th min (24 Ϯ 8 and 24 Ϯ 11%, respectively) (Fig. 1). The RIII amplitude at recovery was not different from baseline, even during the 1st min after the end of the injection (P ϭ 0.79).

Conversely, the placebo injection was accompanied by no significant RIII changes. No "sequence" effect was detected (adenosine-placebo session order).

H reflex

Intravenous injection of adenosine did not induce an inhibitory effect on the H reflex, but induced significant potentiation at the 2nd and 5th min (P ϭ 0.047 and P ϭ 0.02 compared with baseline, excluding possible spinal inhibition of the efferent RIII pathway (Fig. 1).

Psychometric Parameters

Dyspnea. No dyspnea was reported during placebo injection. Eight of the nine subjects described a sensation of dyspnea rated Ͼ10% of full scale during the first injection of adenosine. Dyspnea was maximal during the 1st min of injection (22 Ϯ 15% of full scale, P Ͻ 10 Ϫ4 compared with baseline) and then remained moderate before decreasing. The VAS rating remained significantly higher than the baseline value until the 4th min (P ϭ 0.001), but was no longer significantly higher than baseline after the 5th min (P ϭ 0.1) (Fig. 2). Seven of the eight subjects who reported dyspnea during the first injection of adenosine also reported dyspnea during the second injection.

The dyspnea experienced during this second injection was less intense than that experienced during the first injection.

The subjects described their dyspnea by using an average of five descriptors (Table 1). All subjects chose one item from the "work" cluster. This item was considered to be the main descriptor in four cases. The second most frequent cluster was "concentration" (4 subjects; main descriptor in 2). The "tightness" cluster was also chosen by four subjects (main descriptor in 1 case).

Pain. Only three subjects described chest pain in response to adenosine. This pain was extremely mild (VAS ϭ 6 Ϯ 2% of full scale during the first injection, and VAS ϭ 4 Ϯ 2% of full scale during the second injection).

V ˙and hemodynamics. As previously described ( 7), intravenous adenosine increased V ˙(6.64 Ϯ 1.37 l/min at baseline vs. 13.23 Ϯ 2.18 l/min at peak response, 2nd min or adenosine injection, P Ͻ 10 Ϫ4 ) (Fig. 3A) through an increase in VT (0.521 Ϯ 0.216 liter at baseline vs. 0.907 Ϯ 0.232 liter at the peak of the response, P Ͻ 10 Ϫ4 ) (Fig. 3B) without change in respiratory rate (Fig. 3C). The VT increase was significant by the 1st min (P ϭ 0.008) and persisted until the 4th min (P ϭ 0.02). Administration of adenosine was accompanied by a significant reduction in end-tidal CO 2 tension (41.6 Ϯ 5.1 mmHg at baseline vs. 35.5 Ϯ 2.9 mmHg at peak ventilatory response, P Ͻ 10 Ϫ4 ), i.e., at the 2nd min after intravenous injection.

Administration of adenosine was also accompanied by sinus tachycardia (73.3 Ϯ 14.5 beats/min at baseline vs. 107.1 Ϯ 18.9 beats/min at peak response, i.e., at the 3rd min, P Ͻ 10 Ϫ4 ). However, adenosine had no effect on systolic or diastolic blood pressure and did not induce any variations of Sp O 2 .

DISCUSSION

In this study, as expected, intravenous injection of adenosine was accompanied by hyperventilation, tachycardia, and dyspnea [START_REF] Burki | Intravenous adenosine and dyspnea in humans[END_REF]. It was also accompanied by an inhibition of the spinal nociceptive flexion reflex, but this inhibition was delayed respective to hyperventilation and dyspnea (Fig. 2).

Possible Mechanisms of Nociceptive Reflex Inhibition

Adenosine exerts complex effects on pain transmission [START_REF] Sawynok | Adenosine receptor activation and nociception[END_REF], with both antinociceptive and pronociceptive effects, depending on the type of receptor activated and the peripheral or central site of receptor activation [START_REF] Sawynok | Adenosine receptor activation and nociception[END_REF]. Intravenous adenosine is known to possess antinociceptive properties [START_REF] Gan | Adenosine as a non-opioid analgesic in the perioperative setting[END_REF][START_REF] Segerdahl | The influence of adenosine, ketamine, and morphine on experimentally induced ischemic pain in healthy volunteers[END_REF]. For example, in rats, direct spinal administration of adenosine inhibited the response of nociceptive dorsal horn spinal neurons to noxious heating of receptive fields of the hindpaw [START_REF] Sumida | Spinal R-phenyl-isopropyl adenosine inhibits spinal dorsal horn neurons responding to noxious heat stimulation in the absence and presence of sensitization[END_REF]. This analgesic effect is due to adenosine A1 receptor activation [START_REF] Goldman | Adenosine A1 receptors mediate local anti-nociceptive effects of acupuncture[END_REF][START_REF] Sawynok | Adenosine receptor activation and nociception[END_REF]. In anesthetized rabbits, adenosine had a potent inhibitory effect on the response to clamping of the forepaw and electrical nociceptive stimulation [START_REF] Hayashida | The characteristics of intravenous adenosine-induced antinociception in a rabbit model of acute nociceptive pain: a comparative study with remifentanil[END_REF]. The magnitude of this effect was comparable to that observed with remifentanil, a potent opioid agonist [START_REF] Hayashida | The characteristics of intravenous adenosine-induced antinociception in a rabbit model of acute nociceptive pain: a comparative study with remifentanil[END_REF]. In humans, intravenous adenosine reduced the perception of tourniquet ischemic pain by 30 -40% with a comparable effect to that of 0.1 mg/kg of intravenous morphine [START_REF] Segerdahl | The influence of adenosine, ketamine, and morphine on experimentally induced ischemic pain in healthy volunteers[END_REF]. However, adenosine-related analgesia seems to have a very slow onset (peak of analgesic effect reached at the end of a prolonged infusion in Ref. [START_REF] Hayashida | The characteristics of intravenous adenosine-induced antinociception in a rabbit model of acute nociceptive pain: a comparative study with remifentanil[END_REF]).

The antinociceptive effects also persist after cessation of adenosine injection [START_REF] Hayashida | The characteristics of intravenous adenosine-induced antinociception in a rabbit model of acute nociceptive pain: a comparative study with remifentanil[END_REF][START_REF] Segerdahl | The influence of adenosine, ketamine, and morphine on experimentally induced ischemic pain in healthy volunteers[END_REF]. This radically differs from the dynamics of RIII inhibition observed in our subjects. Indeed, RIII inhibition became significant 2 min after the start of adenosine injection (Fig. 2). This rapid effect was limited in duration: RIII no longer differed from baseline 1 min following adenosine discontinuation. This is not compatible with adenosine accumulation as described above. In contrast, the dynamics of RIII inhibition in this study somewhat resembles the dynamics of RIII inhibition in response to heterotopic somatic or visceral nociceptive stimuli [START_REF] Villanueva | The activation of bulbo-spinal controls by peripheral nociceptive inputs: diffuse noxious inhibitory controls[END_REF]. Thus, in 11 healthy subjects, a thermal nociceptive stimulus resulted in almost immediate RIII inhibition with return to baseline within 1 min after stimulus removal [START_REF] Willer | Encoding of nociceptive thermal stimuli by diffuse noxious inhibitory controls in humans[END_REF]. Similar dynamics were observed in response to gastric distension (3) and rectal distension [START_REF] Bouhassira | Effects of rectal distensions on nociceptive flexion reflexes in humans[END_REF]. Dyspnea-pain counterirritation experiments conducted by our group also demonstrated similar results: sudden induction of intense dyspnea by inspiratory threshold loading in six healthy subjects was associated with rapid and profound RIII inhibition [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]. These RIII responses to heterotopic stimuli are generally interpreted as resulting from activation of descending diffuse nociceptive inhibitory controls mediated by C-fiber stimulation (see Introduction). Our observation of RIII inhibition in response to intravenous adenosine strongly suggests a role for C fibers in the activation of diffuse nociceptive inhibitory controls in humans.

Nature of the Involved C Fibers

The dynamics of RIII inhibition in our subjects resembled the dynamics of RIII inhibition previously observed in response to heterotopic somatic or visceral nociceptive stimuli [START_REF] Bouhassira | Inhibition of a somatic nociceptive reflex by gastric distention in humans[END_REF][START_REF] Bouhassira | Effects of rectal distensions on nociceptive flexion reflexes in humans[END_REF][START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF][START_REF] Villanueva | The activation of bulbo-spinal controls by peripheral nociceptive inputs: diffuse noxious inhibitory controls[END_REF][START_REF] Willer | Encoding of nociceptive thermal stimuli by diffuse noxious inhibitory controls in humans[END_REF]. There is, however, one major difference, namely the fact that, in other studies, RIII inhibition and pain or dyspnea had roughly parallel dynamics. In a previous series of dyspnea-pain experiments, we even reported a significant correlation between dyspnea intensity and the degree of RIII inhibition [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]. In the present study, RIII inhibition became significant after the dyspnea and the hyperventilation peaks and continued to build up while dyspnea and hyperventilation were past their peaks and rapidly decreasing in magnitude. No correlation between dyspnea and RIII inhibition was, therefore, observed. To explain this temporal dissociation, one could argue that the adenosine-induced dyspnea observed in our subjects did not arise from pulmonary C-fiber stimulation (and in fact from C-fiber stimulation in general), because it occurred mostly independently of RIII inhibition. This is unlikely in view of the published evidence on the dyspnogenic effect of adenosine [START_REF] Burki | Effects of airway anesthesia on dyspnea and ventilatory response to intravenous injection of adenosine in healthy human subjects[END_REF][START_REF] Lee | Respiratory sensations evoked by activation of bronchopulmonary C-fibers[END_REF]. One could also argue that the adenosine administration protocol (rhythm and dose) that we chose did not activate pulmonary C fibers sufficiently to trigger DNICs, a hypothesis that would be compatible with the relatively low dyspnea intensities observed in our subjects (in line with the known sensation-RIII inhibition relationship, see Ref. that the latter could have been induced by the stimulation of C fibers other than the pulmonary ones [and other than C fibers connected to the carotid bodies (1), the stimulation of which produces quasi-immediate hyperventilation [START_REF] Lahiri | Purines, the carotid body and respiration[END_REF]]. These include somatic C fibers (but our subjects did not report angina-like chest pain, esophageal pain, or abdominal pain that adenosine can produce) and muscular C fibers. Our laboratory previously submitted that DNIC activation in response to inspiratory threshold loading [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF] resulted from the stimulation of respiratory muscle C fibers during the strenuous inspiratory efforts imposed on our subjects, rather than from the stimulation of pulmonary C fibers. In a way, the present results contribute to strengthen this contention by suggesting that the stimulation of pulmonary C fibers may not inhibit the RIII reflex.

H-reflex Potentiation

Adenosine is known to produce potent synaptic inhibition within the central nervous system. In addition, activation of pulmonary C fibers in the anesthetized cat powerfully depresses monosynaptic reflexes [START_REF] Deshpande | Reflex of monosynaptic reflexes by stimulation of type J pulmonary endings[END_REF] and inhibits walking in cat mesencephalic preparations [START_REF] Pickar | Stimulation of vagal afferents inhibits locomotion in mesencephalic cats[END_REF]. Observing H-reflex potentiation rather than inhibition in our subjects is, therefore, surprising. Yet this observation is reminiscent of the findings described by Gandevia et al. [START_REF] Gandevia | Absence of viscerosomatic inhibition with injections of lobeline designed to activate human pulmonary C fibres[END_REF] in normal individuals receiving intravenous lobeline, a potent C-fiber activator. In this study as in ours, significant increases in the H reflex were observed [synchronously with the lobeline-induced respiratory discomfort in the study by Gandevia et al. (19), and with the RIII inhibition in our study]. Several mechanisms could be called upon to explain these observations. Motoneuronal excitability can be increased by tonic contractions of the corresponding muscle, movement preparation, startling events, attention, and, generally, by arousal. Any of the above could have occurred in our subjects in response to the perceived effects of adenosine. Stimulation of C fibers being an arousing stimulus (in cats, Ref. 20), lobeline [START_REF] Gandevia | Absence of viscerosomatic inhibition with injections of lobeline designed to activate human pulmonary C fibres[END_REF], and adenosine (this study) could have increased spinal motoneuron excitability through descending influences overriding drug-induced inhibition at the spinal level. Of note, we already observed H-reflex facilitation during experiments designed to induced dyspneapain counterirritation [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]. This occurred in response to inspiratory loading, a stimulus known to induce sympathetic stimulation [START_REF] Calabrese | Cardiorespiratory interactions during resistive load breathing[END_REF]. H potentiation roughly mirrored RIII inhibition over time [START_REF] Morélot-Panzini | Dyspnea as a noxious sensation: inspiratory threshold loading may trigger diffuse noxious inhibitory controls in humans[END_REF]. Whatever the mechanisms involved, documenting increased motoneuronal excitability synchronous to RIII inhibition reinforces the likelihood that the RIII inhibition is indeed produced by activation of descending nociceptive inhibitory controls.

We conclude that intravenous adenosine in normal humans induces counterirritation, fueling the notion that C-fiber stimulation trigger DNICs in humans. The temporal dissociation between adenosine-induced dyspnea and RIII inhibition suggests that C fibers other than pulmonary ones might be involved.

Fig. 1 .

 1 Fig. 1. Amplitude of the RIII component of the nociceptive flexor reflex (top, as percentage of baseline value) and amplitude of the H reflex (bottom, as percentage of baseline value) in response to intravenous injection of adenosine (left) and placebo (right). Each vertical bar represents the mean value of data collected over 1 min, with 1 SE. The first 5 bars correspond to the 5 min of steady state before injection (B1-B5). The 5 shaded bars correspond to the 5 min of continuous intravenous injection (I1-I5), and the last 5 bars correspond to the 5 min of recovery after stopping the injection (R1-R5). *Significant difference (P Ͻ 0.05) with respect to baseline.

Fig. 2 .

 2 Fig. 2. Top: dyspnea (solid squares) and pain (shaded triangles) assessed by visual analog scales (VAS) during intravenous injection of adenosine (RIII experimental session). Dyspnea intensity peaked at the 1st min of adenosine injection and then decreased while remaining significantly different from baseline during the first 4 min of adenosine injection. Bottom: percentage of RIII inhibition in response to intravenous injection of adenosine (RIII experimental session). RIII inhibition was significant by the 2nd min until the end of adenosine injection. No correlation was observed between dyspnea intensity and RIII inhibition. The shaded panel indicates the duration of adenosine injection. Values are averages with 1 SE. *Significant difference (P Ͻ 0.05) with respect to baseline.

Fig. 3 .

 3 Fig. 3. Ventilation (V ˙; A), tidal volume (VT; B), and respiratory frequency (fR; C) in response to intravenous injection of adenosine (squares) and placebo (triangles). Each point represents the mean value over 1 min with indication of 1 SE. The shaded panel indicates the duration of adenosine or placebo injection. *Significant difference (P Ͻ 0.05) with respect to baseline.

Table 1 .

 1 Characterization of respiratory sensations induced by intravenous adenosine

	Sensation	No. of Subjects	Main Descriptor
	My breathing requires effort	7	2
	My breathing requires more work	7	2
	My breathing requires more concentration	4	2
	My breathing is heavy	4	0
	My chest feels tight	4	1
	I feel that I am breathing more	4	0
	I feel a hunger for more air	5	0
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