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Preferential C-nociceptor stimulation facilitates peripheral axon reflex flare, but not secondary mechanical hyperalgesia
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“Silent” C-nociceptors are crucial for inducing the axon reflex erythema in humans and may also contribute to spinal sensitization such as secondary hyperalgesia. Electrical slow depolarizing stimulation paradigms activate unmyelinated C-fibers [25 ms half-sine (HS) profile] whereas A-fibers are stimulated by 500 µs rectangular (R) pulses. We therefore expect to provoke larger areas of axon-reflex flare (silent nociceptor activation) and secondary hyperalgesia to HS stimuli. We compared axon-reflex erythema and secondary mechanical hyperalgesia areas induced by intracutaneous electrical HS and R stimuli using stimulation intensities that induced pain ratings of 3 and 6 on a numeric rating scale (NRS 0–10) in 24 healthy volunteers. Slowly depolarizing C-fiber stimulation was linked to lower current intensities required to induce pain (NRS 6: HS 3.6 vs. R 9.2 mA, p = 0.001) and resulted in larger axon reflex erythema for high stimulus intensities (AUCFlare: NRS 6, 320.7 vs. 234.1 cm2⋅min, p = 0.015; NRS 3, 79.1 vs. 51.0 cm2⋅min; p = 0.114). Preferential C-fiber stimulation indicated a correlation of axon-reflex erythema with the areas of secondary mechanical hyperalgesia (NRS 6: r = 0.21, p = 0.036; NRS 3: r = 0.48, p = 0.0016). In contrast, the mean area of secondary mechanical hyperalgesia did not differ between HS and R [AUCHyper: NRS 6, 1,555 (HS) vs. 1,585 cm2⋅min (R), p = 0.893; NRS 3, 590 (HS) vs. 449 cm2⋅min (R), p = 0.212] albeit it developed faster during HS. Our data confirm that silent nociceptors provoke the axon reflex erythema, but their role in secondary hyperalgesia appears to be less crucial.
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1 Introduction

Repetitive activation of skin nociceptors by electrical stimulation provokes pain accompanied by an area of axon reflex erythema and secondary hyperalgesia (1, 2). While the sharp pulses of pain are mediated by thinly myelinated Aδ-nociceptors, the axon reflex in humans is linked to the activation of C-nociceptors, more precisely of mechano-insensitive “silent” C-nociceptors, whereas polymodal C-nociceptors or Aδ-fibers are not involved (3–5). Silent nociceptors are of particular clinical interest as they may be sensitized in pathological conditions (6–9) and have been hypothesized to induce spinal sensitization underlying secondary mechanical hyperalgesia and allodynia (10–12). Classic electrical stimulation involves short rectangular pulses that preferentially activate Aδ-fibers. Recently, there have been attempts to optimize electrical stimulation protocols for C-fibers (13–15) with depolarizing pulses of 25 ms duration being particularly useful for C-fiber activation (16). Thus, we predicted that stimulation with C-fiber-optimized electrical pulses would facilitate the induction of the axon reflex erythema and secondary mechanical hyperalgesia as compared to classic rectangular stimulation.

For this study, we used the established experimental model for pain and secondary hyperalgesia developed by Koppert et al. (1). This human pain model uses repetitive intradermal electrical stimulation to generate stable areas of secondary mechanical hyperalgesia for translational interventional studies (1, 17–20). We compared the classic rectangular pulses to half-sine shaped currents of 25 ms duration, which preferentially activate C-fibers. Slower depolarizing pulses at 4 Hz would have further facilitated the activation of silent nociceptors, but they showed particular adaptation even during a 1 min stimulus (14) and were therefore not suitable for longer-term experiments. Stimulation intensities were set to induce pain levels of either 3 or 6 on an 11-point numeric rating scale. We compared the stimulation profiles in their detection thresholds and current intensities required for pain threshold but also suprathreshold pain levels. We focused on differences in the time course of the induced flare response and in the development of secondary hyperalgesia upon repetitive stimulation using two suprathreshold stimulation intensities that provoked mild (NRS 3) or moderate pain (NRS 6).



2 Material and methods


2.1 General study design

This study was preregistered at ClinicalTrials.gov (NCT05440266) following approval by the local ethics committee (Ethikkommission Nordwest- und Zentralschweiz, ID 2022-00682). The study was conducted at the University Hospital Basel, Switzerland, after obtaining written informed consent from each participant.

This randomized, cross-over, single-blinded experimental proof-of-concept study compared rectangular (R) with half-sine (HS) stimulation at two pain levels (NRS 3 and NRS 6) for the induction of flare and secondary hyperalgesia, in addition to standard threshold assessment. As shown in Figures 1 and 2, each participant began with either the study intervention (half-sine stimulation) or the control intervention (rectangular stimulation). After a minimum interval of 2 weeks, they underwent the alternate intervention. This process was conducted for both protocols, NRS 6 (Experiment I + II) and NRS 3 (Experiment III). Notably, some participants took part in both protocols, while others participated in only one.
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FIGURE 1
Study flowchart.
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FIGURE 2
Schematic illustration of the experimental protocol for Experiment II + III showing repeated measurements of pain ratings, allodynia, hyperalgesia, and axon-reflex flare. Adaption of current intensity is possibly made during the first 15 min (according to pain rating). X indicates an assessment of the item at a given time point during the experiment.




2.2 Participants

Volunteers were recruited through an advertisement on the homepage of the University of Basel, and inclusion occurred on a “first come, first served” basis with a balanced sex distribution (50% male, 50% female). The inclusion criteria included healthy [American Society of Anesthesiologists Physical Status (ASA) I–II] adults (aged 18–65 years) with a body mass index (BMI) of 18.5–25 kg/m2. The exclusion criteria included regular intake of pain-modifying drugs (i.e., analgesics, opioids, antihistamines, calcium and potassium channel blockers, antidepressants, and corticosteroids); presence of neuropathy, chronic pain, neuromuscular disease, dermatological disease (i.e., atopic dermatitis), and psychiatric disease; or pregnancy/lactation. Female participants of childbearing age were tested for pregnancy prior to each intervention and received information concerning contraception in the participant information.

The experimental setup, including the assessment of pain according to the numeric rating scale (NRS; 0 = no pain to 10 = worst pain imaginable), sensory testing (allodynia, hyperalgesia), and the use of the laser Doppler imaging (LDI), was explained to each participant prior to the first intervention. The participants received financial compensation.



2.3 Pain model

After providing cold analgesia using an ice pack attached to the forearm skin sites designated for microdialysis, two microdialysis catheters (outer diameter, 0.2 mm) were inserted intracutaneously and in parallel into the participant's non-dominant volar forearm using 25 G cannulas and at a length of approximately 10 mm, separated from each other by 5 mm, a configuration used for electrically evoked secondary hyperalgesia since 2001 (1). The microdialysis catheters were each equipped with an internal stainless-steel wire, connected to a constant current stimulator (Digitimer DS7A or DS5, Digitimer Ltd., Welwyn Garden City, UK). The catheters were perfused with 0.9% saline at a continuous flow of 0.4 µl/min guaranteed by a syringe pump (CMA 402, Harvard Bioscience, Holliston, MA, USA).

For the study intervention, electrical half-sine pulses of 25 ms duration in alternating polarity were applied at 2 Hz by a constant current stimulator (Digitimer DS5, Digitimer Ltd., Welwyn Garden City, UK) controlled by DAPSYS 8 (https://www.dapsys.net).

In a separate session, the established stimulation with rectangular pulses of 500 µs duration in alternating polarity was applied at a 2 Hz frequency by a constant current stimulator (Digitimer DS7A, Digitimer Ltd., Welwyn Garden City, UK) connected to a pulse generator (PG1, Rimkus Medizintechnik, Parsdorf, Germany) and served as the control.


2.3.1 Threshold evaluation

Electrical stimulation through the intracutaneous electrodes started at 0.1 mA, and the intensity was increased in 0.1 mA steps per 3 s. The subjects were asked to indicate when they first felt the stimulation (detection threshold). Stimulus intensity was then further increased until the subjects reported the first pain sensation (pain threshold) and, finally, until they reported a targeted pain level of NRS 3 (suprathreshold pain). At least six pulses were applied for each threshold, and the intensities (mA) were recorded. The participants were blinded to the milliampere values applied.

After a 15 min break, electrical pulses at the detection threshold, pain threshold, and pain level NRS 3 were applied for 106 s at 2 Hz, and the instant flare reaction was recorded by laser Doppler line scans across the stimulation site. The experimental setup (A), the electrically evoked axon reflex erythema with laser Doppler line scan orientation (B), and laser Doppler line scan sequences recorded upon half-sine (C, top) and rectangular (C, bottom) stimuli are depicted in Figure 3.
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FIGURE 3
Schematic overview of stimulation and flare recording. Microdialysis catheter at the volar forearm, detection area of 5 × 5 cm, the arrow indicates laser Doppler scan direction (A). Corresponding laser Doppler image after flux correction (B). Laser Doppler image of flare response at high temporal resolution during half-sine and rectangular stimulation (C).




2.3.2 Axon reflex with high temporal resolution (“line scan”)

Changes in superficial blood flow were assessed by laser Doppler imaging (LDI, Moor Instruments Ltd., Devon, UK) at high temporal resolution (1.18 s per scanned line) using repetitive line scans of 5 cm length oriented across the stimulation site (Figure 3B). After a baseline of 70 lines, the electrodes were stimulated for 106 s (90 lines) followed by a control period of 70 lines without stimulation (Figure 3C). The spatial extent of the induced axon reflex was analyzed offline (Research Version 5.3, 2009, Moor Instruments Ltd., Axminster, UK). Pixels were defined as flare when their flux values exceeded baseline level plus twofold standard deviation, and the spatial extent was assessed by the length measuring tool of the moorLDI software as performed previously (16, 21), according to Chizh et al. (22) and Geber et al. (23). The maximum length before, during, and after stimulation were analyzed (cf. Supplementary Figures S3 and S4). To evaluate the temporal aspect, we identified the stimulation pulse at which blood flow exceeded 125% of the length at baseline.



2.3.3 Secondary mechanical hyperalgesia

After a 30 min stimulation break following the final line scan recorded after threshold evaluation, baseline measurements of hyperalgesia, allodynia, and spatial extent of the axon reflex erythema were assessed. Thereafter, repetitive electrical stimulation at 2 Hz commenced according to the participant's pain rating of NRS 3 (35 min assessment) or NRS 6 (65 min assessment). After 5, 10, and 15 min, stimulation intensity was readjusted to compensate for habituation and kept thereafter constant for the remaining time period of the protocol (Figure 2). During continuous electrical stimulation, the extent of hyperalgesia and allodynia was assessed every 10 min (six times for NRS 6 and three times for NRS 3). Pinprick hyperalgesia was assessed using a 256 mN von Frey filament (MRC Systems GmbH, Heidelberg, Germany), and allodynia was determined using a dry cotton swab (MediSet, IVF Hartmann, Neuhausen, Switzerland). In both cases, the test stimuli were approaching the site of electrical stimulation in 0.5 cm increments from four orthogonally oriented lines from proximal, distal, lateral, and medial sites. Starting points were well outside the expected hyperalgesic area, 12 cm from the site of electrical stimulation for distal and proximal measurements and 6 cm for lateral and medial measurements. Participants were instructed to report when the sensation either increased in pain from the pinprick (hyperalgesia) or an unpleasant “rougher” sensation occurred from the cotton swab (allodynia). Assuming the test area to be elliptical, the area of hyperalgesia and allodynia was calculated by using the formula ¼ π D·d (where D is the diameter in the sagittal and d is the diameter in the transverse axis of the forearm).



2.3.4 Spatial extent of axon reflex

Laser Doppler scans of 11.6 × 5.7 cm were taken at 10 min intervals before assessment of the hyperalgesia and analyzed offline for flare size development. As mentioned above, pixels for which flux exceeded baseline level plus twofold standard deviation were encountered to the axon reflex flare, and their area was assessed by dedicated software (Research Version 5.3, 2009, Moor Instruments Ltd., Axminster, UK) (cf. Supplementary Figures S5 and S6).




2.4 Endpoints

The primary endpoint was the secondary hyperalgesia measured as the area under the curve (AUC) during constant current simulation for 65 min at pain level NRS 6 (AUCHyper). The main comparison was the difference of the AUC during 25 ms half-sine stimulation vs. 500 µs rectangular stimulation.

Secondary endpoints were pain rating (NRS), axon-reflex flare, and extent of allodynia during stimulation at pain levels NRS 6 and NRS 3 (as AUCs) between the stimulation profiles. In addition, the development of secondary hyperalgesia during stimulation was compared between the two profiles. For both pain levels, we investigated correlations between the area of hyperalgesia and the corresponding flare response. The different current intensities (in mA) for the detection threshold, pain threshold, and pain levels NRS 6 and NRS 3 as well as after adaption were compared between the two profiles. Moreover, the instant flare reaction (laser Doppler line scan signal) generated during threshold testing and the axon-reflex flare upon ongoing stimulation were compared between the stimulation profiles.



2.5 Statistical methods and data presentation


2.5.1 Sample size

The sample size was estimated with the aim of showing a significant difference between the area of secondary hyperalgesia (AUCHyper) during stimulation with the two stimulation profiles. The significance level was chosen to be α = 5%, while the power was chosen to be at least (1 – β) = 90% when the difference of mean AUCHyperHS and AUCHyperR was θ = 20% based on the experience of development of hyperalgesia during prior trials using this model (24). Assuming a proportional change of mean AUCHyper θ = −20% and a dropout rate of 10%, a total of 23 participants should have been recruited to achieve a total of n = 20 evaluable participants. No power calculation was performed for the 35 min assessments at pain level NRS 3 due to lack of preliminary data, and therefore only 11 participants were recruited to achieve a total of n = 10 evaluable participants.



2.5.2 Statistical analysis

We quantified the current intensities, differences in skin blood flow (line scan extension), and applied pulses (until a flare reaction occurred) for the two stimulation protocols and performed a paired two-sample t-test. No adjustments for P-values were made.

Pain scores during continuous electrical stimulation and current adaptation in the first 15 min were analyzed by paired two-sample t-test as well. To compare the areas of hyperalgesia, allodynia, and axon-reflex flare over time (each as a dependent variable), we calculated the AUC by using the trapezoid formula and analyzed these data using analysis of variance (ANOVA) including current type and time point of measurement as inner subject factors. Bonferroni post hoc testing was performed. A repeated-measures ANOVA was used to compare the area of hyperalgesia between the stimulation profiles at single time points. Normal distribution was checked using a Kolmogorov–Smirnov test. Only detection thresholds and allodynia were not normally distributed, and thus additional non-parametric Wilcoxon rank tests were performed confirming the parametric tests. We report the results of t-tests and ANOVA as predefined in our study protocol for all parameters based on the robustness of the repeated measures ANOVA against violation of normality (25, 26).

We used a linear correlation model reporting Pearson’s r for correlation analysis between hyperalgesia and flare response.

Statistical analyses were performed with SPSS (IBM SPSS Statistics, 2021; New York, NY, USA), and graphical content was designed with GraphPad Prism (Version 9, 2020; San Diego, CA, USA).



2.5.3 Data presentation

Participant characteristics are shown as numbers (proportions), medians with interquartile ranges (IQR), and mean ± SD as appropriate (Table 1). All outcome parameters of primary and secondary endpoints are presented as means ± SD or absolute numbers in descriptive reports.


TABLE 1 Baseline characteristics.
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3 Results


3.1 Baseline characteristics

The participants (n = 26: 22 Caucasian, 2 South Asian, 1 Black African, 1 East Asian) were recruited in a balanced sex distribution [14 women (54%), 12 men (46%)] from May to November 2022. The participants ranged in age from 21 to 55 years (median = 24.5; IQR = 4.75), and the mean BMI was 22.3 ± 1.5 kg/m2. Two participants dropped out: one was not able to follow the instructions during the intervention due to psychological issues, and one had an accident that impaired skin blood flow and nociception before the second session. Only completed measurements were analyzed (Figure 1).



3.2 Dose response and immediate flare induction

The mean current intensities to reach the detection threshold were similar for both stimulation profiles [0.39 ± 0.11 mA (R) vs. 0.37 ± 0.09 mA (HS)]. However, approximately 2.5 times higher current intensities were required to reach the pain threshold (3.12 ± 2.43 mA vs. 1.28 ± 0.62 mA; p = 0.001) and a pain level of NRS 3 (4.88 ± 3.56 mA vs. 1.90 ± 0.75 mA; p = 0.001) for R stimulation vs. HS stimulation (Figure 4).
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FIGURE 4
Experiment I. Box plots showing intensity values (mA) for dose response at detection threshold, pain threshold (NRS 1), and pain level (NRS 3) with half-sine or rectangular-shaped stimulation for all participants (dots) (A). Sagittal expansion (in cm) of flare during half-sine or rectangular stimulation at the three different (pain) levels for all participants (dots) (B). NRS, numeric rating scale.


At the detection threshold, the mean sagittal expansion of the axon reflex during both interventions was 0.15 ± 0.24 cm (R) and 0.46 ± 0.58 cm (HS), p = 0.023. Only three participants during R and six participants during HS developed a persistent flare reaction at the detection threshold. Stimulation at the pain threshold elicited a flare reaction in 3 participants during R and 12 participants during HS stimulation, and the extension differed significantly between the groups [0.21 ± 0.18 cm (R) vs. 0.64 ± 0.57 cm (HS), p = 0.001]. At pain level NRS 3, most participants (20 of 24) developed a flare reaction during HS stimulation, whereas during R stimulation only 7 had a flare reaction with a significant difference in spatial extension of 1.17 ± 0.79 cm during HS vs. 0.37 ± 0.41 cm during R stimulation (p = 0.001) (Figure 4).



3.3 Pain, hyperalgesia, allodynia, and flare

To target a pain level of NRS 6, current intensities were 2.5–3 times higher during R vs. HS stimulation (9.2 ± 5.34 mA vs. 3.6 ± 1.17 mA, respectively; p = 0.001). Additionally, the increase of current to compensate for habituation during the first 15 min of stimulation was 3.5–6.5 times higher during R (0.75–0.78 mA) vs. HS stimulation (0.12–0.21 mA) (Figure 5). The mean average pain score (NRS) over time was 4.8 ± 0.4 during R stimulation and 4.6 ± 0.5 during HS stimulation (p = 0.19) (Figure 6A). To induce pain levels of NRS 3, current intensities were 2.5 times higher during R vs. HS stimulation (3.8 ± 1.3 mA vs. 1.5 ± 0.5 mA, respectively; p < 0.01). To compensate for initial habituation during the first 15 min of measurement, current intensities had to be increased by an average of 0.5 mA during R and 0.2 mA during HS stimulation. During R stimulation, the mean of the average pain score (NRS) over time was 2.3 ± 0.3 vs. 2.0 ± 0.4 during HS stimulation (p = 0.127) (Figure 6B).


[image: Figure 5]
FIGURE 5
Adaptation of current intensity (mA) during the first 15 min of stimulation to target pain level NRS 6 shown as bright lines for individuals and bold lines as the average of the respective stimulation group (half-sine or rectangular). NRS, numeric rating scale.
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FIGURE 6
Experiment II + III. The course of pain level (NRS), areas of secondary hyperalgesia, allodynia, and flare (cm2) over time shown as bright lines for individuals and bold lines as the average of the respective stimulation group (half-sine or rectangular) at target pain level NRS 6 (A) and at NRS 3 (B). Allodynia at B shows less bright lines, as some lines run at level 0 because no allodynia occurred. NRS, numeric rating scale. # marks the significant difference of hyperalgesia after 5 min; * and ** mark the significant difference of axon-reflex flare for NRS 3 and 6 over time, respectively.



3.3.1 Assessment of hyperalgesia and allodynia

For the higher stimulation intensity (NRS 6), AUCHyper (at 65 min) did not differ [1,584.8 ± 1,233.1 cm2·min (R) vs. 1,555.21 ± 1,225.8 cm2·min (HS), p = 0.893] between the two stimulation profiles. The mean area of hyperalgesia over all time points of assessment increased continuously in both intervention groups and reached a maximum after 35 min [26.8 ± 20.9 cm2 (R) vs. 26.4 ± 21.9 cm2 (HS)]. The maximum growth of the area occurred during the first five minutes of stimulation and was greater with HS stimulation (+190% vs. 142%) with an absolute increase of 9.5 cm2 (HS) compared to 7.1 cm2 (R) (p = 0.57) (Figure 6A). During HS stimulation, 16 out of 24 participants developed hyperalgesia, whereas it occurred in 14 participants during R stimulation.

Regarding AUCAllo, HS stimulation tended to produce a larger area of allodynia but without reaching statistical significance [549.2 ± 814.5 cm2⋅min (R) vs. 681.3 ± 910.4 cm2⋅min (HS); p = 0.206, Figure 6A]. However, there was a great within- and inter-participant variability regarding allodynia.

For the lower stimulus intensity (NRS 3), AUCHyper over 35 min was not significantly larger during HS (590.2 ± 464.2 cm2⋅min) vs. during R stimulation (448.7 ± 406.1 cm2⋅min; p = 0.212). The maximum spread of secondary hyperalgesia was achieved during the first 5 min of HS stimulation (area after 5 min during R 8.3 ± 6.1 cm2 vs. HS stimulation 19.0 ± 17.5 cm2; p = 0.042). The maximum area of hyperalgesia was slower to develop during R stimulation, with maximum extension after 15 min (15.5 cm2) (Figure 6B). The absolute increase (during the first 5 min of stimulation) of the area of secondary hyperalgesia was also greater with HS (14.9 cm2) vs. R stimulation (2.7 cm2; p = 0.005).

AUCAllo at 35 min did not differ between the two stimulation types (227.9 ± 364.4 cm2⋅min vs. 218.7 ± 429.6 cm2⋅min for HS vs. R stimulation, respectively; p = 0.879; Figure 6B). Allodynia developed in 4 of 10 participants and in 6 of 10 participants during R and HS stimulation, respectively.



3.3.2 Assessment of flare

For the higher stimulation intensity (NRS 6), AUCFlare at 65 min was 234.1 ± 140.8 cm2⋅min during R and 320.7 ± 108.6 cm2⋅min during HS stimulation (p = 0.015). The maximum extent of flare was reached by most participants at 35 min [8 of 24 (R) vs. 16 of 24 (HS)]. The greatest increase in area was measured during the first 5 min of stimulation, with 1.79 cm2 (R) and 3.9 cm2 (HS) representing a 37% vs. 78% respective increase compared to prior size (Figure 6A).

For the lower stimulus intensity (NRS 3), the AUCFlare at 35 min was 51.0 ± 27.0 cm2⋅min during R vs. 79.1 ± 38.9 cm2⋅min during HS stimulation (p = 0.114). Both stimulation types achieved maximum expansion after 25 min (1.7 ± 0.9 cm2 during R vs. 2.6 ± 1.5 cm2 during HS stimulation; p = 0.051). The greatest area increase was measured during the first 5 min of stimulation with 0.4 cm2 during R and 1.1 cm2 during HS stimulation (p = 0.027; Figure 6B).




3.4 Correlations between areas of flare and secondary hyperalgesia

When plotting the flare areas against areas of secondary hyperalgesia assessed during the first 35 min of stimulation, there was a significant correlation for HS stimulation at NRS 3 (r = 0.48, p = 0.0016; Figure 7B), and this correlation remained significant at NRS 6 (r = 0.21, p = 0.036) (Figure 7A). Flare and hyperalgesia were found to be completely unrelated for R stimulation at NRS 3 (r = 0.18, p = 0.24) and at NRS 6 (r = 0.12, p = 0.24) (Figure 7).
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FIGURE 7
Correlation between development of axon-reflex flare and hyperalgesia at NRS 6 (A) and NRS 3 (B) for half-sine and rectangular stimulation; r, Pearson’s r.





4 Discussion

While C-fiber-optimized electrical stimulation facilitated the generation of the axon reflex erythema, it did not increase the area of secondary hyperalgesia. Secondary mechanical hyperalgesia developed earlier as compared to traditional rectangular stimulation and correlated with the axon reflex area. Accordingly, this correlation was not observed with conventional rectangular stimulation. Most importantly, the final area of punctate hyperalgesia did not differ between the two electrical stimulation profiles. Our data therefore suggest that nociceptive fibers inducing the axon-reflex flare may contribute to the development of secondary mechanical hyperalgesia, but they are not crucial for its induction. Probably, an additional fiber class that is not involved in the peripheral flare response contributes to the development of secondary mechanical hyperalgesia.


4.1 Evidence for preferred activation of C-nociceptors by 25 ms half-sine stimulation: pain and axon reflex flare response

While detection thresholds did not differ significantly between the two electrical stimulation profiles, our data confirm that the current intensities required for pain thresholds were lower for the half-sine stimulation as previously reported rectangular stimuli (27). This result was expected based on the different expressions of voltage-sensitive sodium channels (NaVs) in A- and C-fibers. The short rectangular pulses are ideal to activate NaV1.6 on A-fibers whereas the slower depolarization induced by sinusoidal pulses facilitates its closed-state inactivation, and thus, myelinated fibers are less sensitive to such stimuli. In contrast, NaV1.7 and NaV1.8 in C-fibers (28, 29) are less prone to closed-state inactivation facilitating C-fiber activation upon slow depolarization (9, 13). Moreover, based on the long chronaxie of unmyelinated fibers (16), pulses of longer duration are more efficient. For extracellular stimulation, the axonal membrane potential is proportional to the second temporal derivative of the electrical stimulus (30), and thus sinusoidal rather than long-lasting rectangular pulses were used.

Indeed, axon-reflex flare responses that have been shown to depend on the activation of mechano-insensitive “silent” nociceptors (4) were induced preferentially by half-sine stimulation and were evident even at stimulus intensities as low as the detection threshold. Rectangular pulses, even at the pain threshold, did not induce a significant flare response (Figure 4). Our data are in line with the hypothesis that half-sine electrical stimulation more selectively activates “silent” nociceptors as compared to rectangular stimulation. However, upon increasing the stimulus intensity of the rectangular pulse, we expect that not only A-nociceptors but also some silent C-nociceptors will be activated. We therefore also investigated suprathreshold pain responses inducing a pain level of 3/10. In fact, at this suprathreshold stimulation level, rectangular pulses induced a small axon reflex flare response comparable in size to the one seen after half-sine stimulation at the detection threshold, but with >3 times smaller diameter as compared to half-sine stimulation at the same pain level.



4.2 Arguments for the link between silent nociceptors and secondary mechanical hyperalgesia

Long-lasting chemical responses to capsaicin injection in human silent nociceptors, but not in polymodal nociceptors, have been suggested as an argument for the crucial role of silent nociceptors for the induction of secondary mechanical hyperalgesia (31). Moreover, the area of secondary hyperalgesia is known to depend on the level of nociceptive input as has been shown during peripheral nerve fiber conduction block (11) and in clinical pain conditions (27). Even in the same electrical pain model, it has been shown that the reduction of nociceptor excitability by systemic administration of lidocaine reduced both the spatial extent of the peripheral axon-reflex flare and the area of secondary hyperalgesia (1), which would speak in favor of a link. Therefore, we expected that increased spinal input via “silent” nociceptors would also lead to larger areas of secondary hyperalgesia. However, our results support this link only for the initial assessment (Figure 6, 5 min) and only for the low stimulus intensity (NRS 3) for which we observed a larger area of punctate hyperalgesia for the half-sine stimulation. Beyond this very limited direct evidence, we found a positive correlation between the areas of flare response and secondary mechanical hyperalgesia only for the half-sine stimulation and for both stimulus intensities (Figure 7). Although this effect appears to be stronger, such a correlation can only be considered indirect evidence for the involvement of silent nociceptors in the induction of punctate hyperalgesia and should not be overestimated.



4.3 Arguments against the link between silent nociceptors and secondary mechanical hyperalgesia

If the development of secondary hyperalgesia were exclusively dependent on the activation of “silent” C-nociceptors, we would have expected an increase in both flare response and area of secondary hyperalgesia for half-sine vs. rectangular profile. However, while the difference in flare responses between the stimulation profiles was very clear, the area under the curve and maximum hyperalgesic areas did not significantly differ. Thus, our results clearly speak against silent nociceptors being indispensable for the induction of secondary mechanical hyperalgesia.




5 Possible explanations

One might argue that the induction of central sensitization might be peculiar requiring only a few action potentials to develop (32) and thereby leading to a saturation phenomenon or ceiling effect (33). Thus, suprathreshold rectangular stimulation might have activated some “silent” nociceptors, which are too few to evoke a stable axon-reflex flare response compared to half-sine stimuli, but whose spinal input could induce the same area of secondary hyperalgesia over time. However, a clear dose response for capsaicin-induced punctate hyperalgesia and flare has been found that was virtually linear between 0.1 and 100 µg of capsaicin (34) including the range of pain ratings reported here. Therefore, saturation or ceiling effects are highly improbable explanations for our results.

Given the development of secondary hyperalgesia without axon reflex following rectangular stimulation (Figure 6), our results likely indicate that “silent” nociceptor activation induces both peripheral axon-reflex flare responses and central sensitization but that there could be other nociceptor classes capable of inducing central sensitization without necessarily eliciting the axon-reflex flare. A potential example in the literature is prolonged non-painful warming of human skin that induced secondary hyperalgesia in most subjects without a concomitant flare response (35). However, injection of hypertonic saline into deep somatic tissue (interspinous ligament) provokes secondary hyperalgesia without flare response in the skin (36). Teleologically, the depth aspect appears to be of importance: secondary mechanical hyperalgesia induced by nociceptors innervating deeper tissues would make sense, as protection appears to be the more adequate response as compared to withdrawal. Accordingly, as suggested decades ago by Sir Thomas Lewis (37), such a “nocifensor system” can be activated by deep tissue injury contributing to the spreading of hyperalgesia. Unfortunately, our knowledge about nociceptor classes of deeper skin layers is limited, but we have anecdotal evidence of subcutaneous C-nociceptors in human microneurography only activated by strong pinching of the skin (Torebjörk, Handwerker, Schmelz, personal communication) and also recorded from such subcutaneous nociceptors in pig (Rukwied, Schmelz, in preparation). The deep location of such nociceptors would limit their ability to provoke a neurogenic flare in the dermis.


5.1 Strengths and limitations

The blinding of participants to electrical stimulation represented a strength of the present study. In addition, the consistency between the results of the rectangular stimulation profile in the present study with those of the previous study of our group underlines the quality of our data. However, this study is limited by the small sample size for the assessments at pain level NRS 3 and by the unpowered secondary outcomes. Furthermore, the interpretation of allodynia and its comparison between the two stimulation profiles was limited using the investigated model.




6 Conclusion

Albeit slow depolarizing half-sine stimulation at low stimulation levels triggers hyperalgesia faster and a positive correlation between hyperalgesia and flare was observed for this electrical stimulation profile, rectangular stimulation also provoked hyperalgesia but without concomitant flare development indicating that “silent” nociceptors are not the only pathway of noxious peripheral input to induce central sensitization. Growing knowledge in expression patterns of single nociceptors in humans will potentially help to identify possible candidates contributing to secondary hyperalgesia.
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Supplementary Figure S1

The flux image is generated by a total of 230 lines. The white line (1) marks the line before stimulation while the red line (2) marks the end of stimulation. The warmer colors represent a higher blood flow (interpreted as axon-reflex flare), as shown here above the red line.

Supplementary Figure S2

Line scan during electrical stimulation with rectangular pulses. The brighter colors represent a higher blood flow (interpreted as axon-reflex flare). During stimulation no blood flow changes was observed.

Supplementary Figure S3

Line scan during electrical stimulation with half-sine pulses after image correction. The white line (1) marks the beginning of stimulation. The calculated mean of the three longest lines (2, 3, and 4) represent the baseline length without stimulation. The brighter colors represent a higher blood flow (interpreted as axon-reflex flare).

Supplementary Figure S4

Line scan during electrical stimulation with halfsine pulses. The white line (1) marks the beginning of stimulation. The calculated mean of the three longest lines (2, 3 and 4) represents the expansion of blood flow increase during respectively after stimulation. The brighter colors represent a higher blood flow (interpreted as axon-reflex flare).

Supplementary Figure S5

Flare square recorded during electrical stimulation with half-sine pulses. The brighter colors represent a higher blood flow (interpreted as axon-reflex flare). 1 = 0 min, 2 = 5 min, 3 = 15 min, 4 = 25 min, 5 = 35 min, 6 = 45 min, 7 = 55 min, 8 = 65 min.

Supplementary Figure S6

Flare square after image correction recorded during electrical stimulation with half-sine pulses. The brighter colors represent a higher blood flow (interpreted as axon-reflex flare). 1 = 0 min, 2 = 5 min, 3 = 15 min, 4 = 25 min, 5 = 35 min, 6 = 45 min, 7 = 55 min, 8 = 65 min.
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