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NEW AND NOTEWORTHY 48 

Burst-like electrical conditioning stimulation applied to human skin induces an increase in 49 
pinprick sensitivity in the surrounding unconditioned skin (a phenomenon referred to as 50 
secondary hyperalgesia). Here we show that the development of the increase in pinprick 51 
sensitivity is dependent on the frequency of the burst-like electrical conditioning 52 
stimulation. 53 

 54 
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ABSTRACT  75 

High-frequency burst-like electrical conditioning stimulation (HFS) applied to human skin 76 

induces an increase in mechanical pinprick sensitivity of the surrounding unconditioned skin 77 

(a phenomenon known as secondary hyperalgesia). The present study assessed the effect of 78 

frequency of conditioning stimulation on the development of this increased pinprick 79 

sensitivity in humans. In a first experiment we compared the increase in pinprick sensitivity 80 

induced by HFS using monophasic non-charge-compensated pulses and biphasic charge-81 

compensated pulses. High-frequency stimulation, traditionally delivered using non-charge-82 

compensated square-wave pulses, may induce a cumulative depolarization of primary 83 

afferents and/or changes in pH at the electrode-tissue interface due to the accumulation of 84 

a net residue charge after each pulse. Both could contribute to the development of the 85 

increased pinprick sensitivity in a frequency-dependent fashion. We found no significant 86 

difference in the increase in pinprick sensitivity between HFS delivered using charge-87 

compensated and non-charge-compensated pulses, indicating that the possible contribution 88 

of charge accumulation when non-charge-compensated pulses are used is negligible. In a 89 

second experiment, we assessed the effect of different frequencies of conditioning 90 

stimulation (5, 20, 42 and 100 Hz) using charge-compensated pulses on the development of 91 

increased pinprick sensitivity. The maximal increase in pinprick sensitivity was observed at 92 

intermediate frequencies of stimulation (20 and 42 Hz). It is hypothesized that the stronger 93 

increase in pinprick sensitivity at intermediate frequencies may be related to the stronger 94 

release of substance P and/or neurokinin-1 receptor activation expressed at lamina I 95 

neurons following C-fiber stimulation. 96 

 97 

 98 
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INTRODUCTION 99 

Long-term potentiation (LTP) refers to a long-lasting increase in synaptic efficacy and was 100 

discovered following repetitive stimulation in the rabbit hippocampus (Lømo, 2003; Bliss 101 

and Lømo, 1973; Bliss and Gardner-Medwin, 1973 Bliss and Lømo, 1973). LTP is thought to 102 

be a crucial mechanism involved in memory formation (Neves, Cooke and Bliss, 2008; Bliss 103 

and Collingridge, 1993). Animal studies have shown that LTP can also be induced in spinal 104 

nociceptive pathways. Indeed, it has been shown that high frequency burst-like stimulation 105 

(HFS; several burst of 100 Hz for 1 s) of primary C-fiber nociceptors triggers LTP between the 106 

peripheral C-fiber terminals and spinal lamina I neurons projecting to the parabrachial area 107 

of the brainstem (Ikeda et al., 2003; 2006). Moreover, Kronschläger et al., (2016) showed 108 

that HFS also activates glial cells in the spinal cord which, via the release of d-serine and 109 

tumor necrosis factor (TNF), trigger LTP at remote or nearby C-fiber synapses. LTP at 110 

synapses that were active during conditioning stimulation (homosynaptic LTP) may 111 

contribute, besides peripheral sensitization, to primary hyperalgesia; i.e. the increase in pain 112 

at the site of tissue injury or inflammation (Sandkühler and Gruber-Schoffnegger, 2013). LTP 113 

at remote synapses (heterosynaptic LTP) could contribute to the phenomenon of secondary 114 

hyperalgesia; i.e. the increase in pain sensitivity that develops surrounding the site of tissue 115 

injury (Kronschläger et al., 2016; Ruscheweyh et al., 2011).  116 

In humans, HFS (5 trains of 100 Hz for 1 s, repeated at 10 s intervals) delivered to the skin 117 

induces a pronounced and long-lasting increase in mechanical pinprick sensitivity in the 118 

surrounding skin, a phenomenon reminiscent of secondary hyperalgesia (Klein et al., 2004; 119 

Vo and Drummond, 2013; Henrich et al., 2015; van den Broeke et al., 2016; Xia et al., 2016).  120 
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We also showed that after HFS, the perception elicited by small-spot laser stimuli selectively 121 

activating C-fiber nociceptors is enhanced when the stimuli are delivered inside the 122 

surrounding area of increased pinprick sensitivity, although the effect of HFS on these laser 123 

stimuli was less pronounced than the effect on pinprick stimuli (Lenoir et al., 2018). The 124 

effect of HFS on the perception elicited by the C-fiber laser stimuli could be a perceptual 125 

correlate of the “gliogenic” heterosynaptic LTP at C-fiber synapses identified by 126 

Kronschläger et al. (2016) in animals. However, a peripheral origin cannot be presently 127 

excluded.  128 

Previous studies using intradermal capsaicin injection to induce increased pinprick 129 

sensitivity surrounding the site of injection in humans have shown that the increase in 130 

pinprick sensitivity is mediated by A-fiber nociceptors rather than C-fibers (Ziegler et al., 131 

1999). Moreover, by recording the activity of nociceptive neurons in the primate spinal cord 132 

before and after intradermal capsaicin injection, Simone et al. (1991) showed that, after the 133 

injection, both high-threshold (HT) neurons in lamina I and wide-dynamic-range (WDR) 134 

neurons in lamina V respond more strongly to mechanical pinprick stimuli delivered to the 135 

skin surrounding the injection site. The same group also recorded the activity of peripheral 136 

A-fiber and C-fiber nociceptors but their activity was unchanged (Baumann et al., 1991), 137 

confirming that the increase in responsiveness of spinal neurons results from a facilitation at 138 

spinal level. Torsney (2011) found that inflammation of the hindpaw of rats by complete 139 

Freunds adjuvant increases the incidence and magnitude of monosynaptic A-fiber input to 140 

lamina I neurons expressing the NK1 receptor. It was hypothesized that this novel 141 

monosynaptic A-fiber input results from normally “silent” synapses and that this may 142 

contribute to secondary hyperalgesia (Torsney, 2011). It is, however, presently not known 143 
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whether spinal LTP also affects A-fiber mediated synaptic transmission (Ruscheweyh et al., 144 

2011). 145 

Henrich et al. (2015) showed that when HFS is delivered to skin pre-treated with capsaicin to 146 

induce a denervation of TRPV1-expressing nociceptors, HFS does not induce any increase in 147 

pinprick sensitivity in the surrounding skin. They also showed that both A- and C-fiber 148 

nociceptors contribute to the induction of increased pinprick sensitivity, but the 149 

contribution of C-fiber input is greater than that of A-fibers (Henrich et al., 2015). Taken 150 

together, these results suggest that mainly TRPV1-expressing C-fiber nociceptors are 151 

involved in the HFS-induced enhancement of pinprick sensitivity (Henrich et al., 2015). 152 

It is thought that the activation of mechano-insensitive “silent” C-fiber nociceptors is crucial 153 

for the induction for secondary mechanical hyperalgesia (Sauerstein et al., 2018; Schmelz et 154 

al., 2000). However, in pig skin this subclass of nociceptors shows conduction failure at high 155 

frequencies of stimulation (Obreja et al., 2013; Werland et al., 2015), which raises the 156 

question to what extent this subclass of C-fibers contributes to the induction of secondary 157 

mechanical hyperalgesia by HFS. However, in rats, some C-fiber nociceptors are able to 158 

follow HFS (Adelson et al., 2009). 159 

Not much is known about the effect of frequency of the conditioning stimulation on the 160 

development of the increased pinprick sensitivity in humans. Xia et al. (2016) investigated 161 

the effect of three frequencies of electrical conditioning stimulation (10 Hz, 100 Hz and 200 162 

Hz) on the averaged magnitude of the increase in pinprick sensitivity in the surrounding skin. 163 

Although the magnitude of the increase in pinprick sensitivity was not the same between 164 

the different frequencies (100Hz>200Hz>10Hz), no statistically significant differences were 165 

observed. In that study, the authors matched the 10 Hz and 100 Hz regarding the total 166 
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number of stimuli, pulse duration and total duration of the protocol. As a consequence, the 167 

pattern of stimulation was not the same which makes it difficult to compare the two 168 

conditions. Indeed, whereas the 100 Hz condition consisted of five trains of 100 Hz that 169 

lasted for 1 s and were repeated in a 10 s interval, the 10 Hz condition consisted of 170 

continuous stimulation. Another previous study comparing 20 Hz continuous stimulation 171 

versus 20 Hz stimulation for 1 s repeated using a 2 s inter-train interval found that 172 

continuous stimulation induces hypoalgesia to pinprick stimulation, whereas burst 173 

stimulation induces hyperalgesia to pinprick stimulation (de Col et al., 2008). 174 

Furthermore, in the study by Xia et al. (2016), and other studies exploring how frequency 175 

influences the after-effects of the conditioning stimulation, they used square-wave electrical 176 

pulses. Because square-wave electrical pulses are not charge-compensated, a net residue 177 

charge may accumulate after each pulse. This accumulation can be expected to be stronger 178 

when the frequency of pulse delivery is high, leading to a stronger cumulative depolarization 179 

of the membrane potential of afferent fibers (Grover et al., 2009) and/or tissue damage 180 

(Piallat et al., 2008) or inflammation related to changes in pH at the electrode-tissue 181 

interface. 182 

Therefore, the present study followed two aims. The first aim was to assess whether the 183 

increase in pinprick sensitivity induced by HFS is dependent on cumulative depolarization of 184 

the membrane potential and/or inflammation related to changes in pH at the electrode-185 

tissue interface. To test this we compared the increase in pinprick sensitivity induced by HFS 186 

delivered using non-charge-compensated versus charge-compensated electrical pulses 187 

(Experiment 1). The second aim was to explore whether the development of the increase in 188 

pinprick sensitivity depends on the frequency of the conditioning stimulation (Experiment 189 
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2). If indeed mechano-insensitive “silent” C-fiber nociceptors play a crucial role one would 190 

expect a stronger increase in pinprick sensitivity induced by low frequencies of stimulation 191 

compared to high frequencies of stimulation. In this second experiment, four frequencies 192 

were tested (5, 20, 42 and 100 Hz) using charge-compensated electrical pulses, keeping 193 

constant both the total number of pulses and the stimulation pattern (1 second trains 194 

separated by a 10 s inter-train interval).  195 

 196 

MATERIALS AND METHODS 197 

Participants  198 

Fifteen healthy volunteers took part in Experiment 1 (7 men and 8 women; aged 21 – 27 199 

years; 23.5 ± 1.6 years [mean ± sd]). In this experiment, participants took part in two 200 

experimental sessions separated by at least one week, during which they were exposed to 201 

either charge-compensated 100 Hz HFS or non-charge-compensated 100 Hz HFS. The order 202 

of two sessions was counterbalanced across participants.   203 

Sixty participants took part in Experiment 2 (31 men and 29 women; aged 18 – 40 years; 204 

23.4 ± 4.3 years); Fifteen participants per condition (5 Hz, 20 Hz, 42 Hz or 100 Hz). For the 205 

100 Hz group, this included the data of the seven participants of Experiment 1 that had 206 

received 100 Hz charge-compensated HFS in the first experimental session. All participants 207 

were naïve regarding HFS. 208 

The experiments were conducted according to the declaration of Helsinki (except 209 

preregistration of the trial). Approval for the experiments was obtained from the local 210 

Ethical Committee (comité d'éthique hospitalo-facultaire des Cliniques universitaires Saint-211 
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Luc-UCLouvain) of the Université catholique de Louvain (UCLouvain) (B403201316436). All 212 

participants signed an informed consent form and received financial compensation for their 213 

participation. 214 

 215 

Experimental design 216 

In both experiments, the electrical conditioning stimulation was applied to the dominant or 217 

non-dominant volar forearm, counterbalanced across participants (10 cm distal to the 218 

cubital fossa) (Fig. 1). Handedness was assessed using the Flinders Handedness Survey 219 

(Nicolls et al., 2011). Pinprick sensitivity of the skin was assessed by applying mechanical 220 

pinprick stimuli (128 mN) before applying the conditioning stimulation (‘pre’) and 20 221 

minutes after the end of the conditioning stimulation (‘post’), to the skin surrounding the 222 

site where the conditioning stimulation was delivered (‘pinprick test area’) and to the 223 

corresponding skin area of the contralateral arm serving as control. In Experiment 1, we 224 

compared in a cross-over design, the increase in pinprick sensitivity induced by 100 Hz HFS 225 

delivered using either biphasic charge-compensated pulses or monophasic non-charge-226 

compensated pulses (Fig. 2). In Experiment 2, we compared in a between-subject design, 227 

the change in pinprick sensitivity induced by 100 Hz HFS to the change in pinprick sensitivity 228 

induced by 5, 20, and 42 Hz conditioning stimulation. In this second experiment, all stimuli 229 

were delivered using biphasic charge-compensated pulses.  230 

 231 

 232 

 233 
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Conditioning stimulation 234 

All stimuli were delivered to the forearm skin using a constant-current electrical stimulator 235 

(Digitimer DS5, Welvyn Garden City, UK) and a specifically designed electrode built at the 236 

Centre for Sensory-Motor Interaction (Aalborg University, Denmark). The electrode consists 237 

of 16 blunt stainless-steel pins (diameter: 0.2 mm) protruding 1 mm from the base. The pins 238 

are placed in a 10 mm diameter circle and serve as cathode. A stainless-steel anode 239 

electrode is concentrically located around the steel pins (inner diameter: 22 mm; outer 240 

diameter: 40 mm).  241 

Monophasic non-charge-compensated electrical pulses were square-wave pulses having a 2-242 

ms pulse width (Fig.2B). Biphasic charge-compensated electrical pulses consisted in the 243 

same 2-ms square-wave pulse followed, after a 0.1 ms delay, by a 4-ms compensation pulse 244 

of opposite polarity having half the intensity of the first pulse (Fig. 2B).  245 

In all conditions, the intensity of conditioning stimulation was individually adjusted to 20x 246 

the detection threshold to a single non-charge-compensated monophasic pulse (pulse 247 

width: 2 ms). The detection threshold was determined after the pre measurements using a 248 

staircase procedure.  249 

A total of 500 electrical pulses were delivered as 1-s trains separated by a stimulation-free 250 

interval lasting 9 seconds. For 100 Hz HFS, five trains were delivered, each including 100 251 

pulses (total duration: 50 seconds). For 5 Hz stimulation, a total of 100 trains were 252 

delivered, each including 5 pulses (total duration: ≈17 minutes). For 20 Hz stimulation, 25 253 

trains were delivered, each including 20 pulses (total duration: ≈4 minutes). For 42 Hz 254 

stimulation, 12 trains were delivered, 8 including 42 pulses and 4 including 41 pulses (total 255 
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duration: ≈2 minutes). The 42 Hz stimulation was chosen, instead of 40 Hz (the double of 256 

20), because it is able to deliver the same total number of stimuli as the 5 Hz, 20 Hz and 100 257 

Hz. 258 

The electrical pulses were triggered by a National Instruments digital-analogue interface (NI, 259 

National Instruments, Austin, Texas, USA), controlled by custom Matlab code (Matlab 260 

2014B, Mathworks, USA).  261 

 262 

Quantifying changes in the perceived intensity of mechanical pinprick stimuli 263 

To assess changes in pinprick sensitivity, a calibrated pinprick stimulator exerting a normal 264 

force of 128 mN using a 0.25 mm probe (MRC Systems, Heidelberg, Germany) was applied 265 

perpendicular to the skin. Before applying the conditioning stimulation and 20 minutes after 266 

having applied the conditioning stimulation a total of three pinprick stimuli were applied 267 

inside the pinprick test area of the conditioned arm and the contralateral control arm. The 268 

target of each pinprick stimulus was displaced after each stimulus. Participants were asked 269 

to report the intensity of perception elicited by the pinprick stimulation on a numerical 270 

rating scale (NRS) ranging from 0 (no perception) to 100 (maximal pain), with 50 271 

representing the transition from non-painful to painful domains of sensation. For the 272 

statistical analysis, the mean of the three pinprick ratings was calculated for each arm and 273 

time point.  274 

 275 

 276 
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Mapping the area of increased pinprick sensitivity 277 

The same pinprick stimulator was used to map the area of increased mechanical pinprick 278 

sensitivity after conditioning stimulation. Mechanical pinprick stimuli were applied to the 279 

skin along eight axes, each separated by an angle of 45 degrees. Along each axis, testing 280 

started far outside the skin showing increased pinprick sensitivity and moved towards the 281 

centre of the conditioning site in steps of 1 cm. Participants were instructed to indicate the 282 

point at which the pinprick perception changed. This point was then indicated on the skin 283 

with a marker. Then, the distance between each mark and the centre of the conditioning 284 

stimulation was measured. Finally, the area was drawn on millimetre paper and the surface 285 

(cm2) was calculated using the open-source platform Fiji (Schindelin et al., 2012). 286 

 287 

Statistical analysis 288 

Statistical analyses were performed using SPSS Statistics 24 (IBM Corp., Armonk, NY, USA). 289 

In Experiment 1, the change in perceived pinprick intensity induced by non-charge-290 

compensated monophasic pulses and charge-compensated biphasic pulses was compared 291 

using a repeated measures ANOVA with three within-subject factors: ‘time’ (pre vs. post), 292 

‘arm’ (conditioned vs. control) and ‘condition’ (charge-compensated vs. non-charge-293 

compensated). Post-hoc paired t-test were performed comparing the ‘post’ minus ‘pre’ 294 

change in perception intensity at the conditioned vs. control arm. To compare the size of 295 

the area of increased pinprick sensitivity after charge-compensated vs. non-charge-296 

compensated HFS, we performed a paired t-test on the individual area sizes (cm2). 297 
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In Experiment 2, the change in intensity of pinprick perception after conditioning 298 

stimulation using four frequencies of stimulation was compared using a mixed ANOVA with 299 

two within-subject factors, ‘time’ (pre vs. post) and ‘arm’ (conditioned vs. control); and one 300 

between-subject factor, ‘condition’ (5, 20, 42 and 100 Hz). Tukey post-hoc tests were 301 

performed comparing the ‘post’ minus ‘pre’ change in pinprick intensity ratings at the 302 

conditioned arm vs. the control arm. The size of the area of increased pinprick sensitivity 303 

was compared across the four frequencies of stimulation (5 Hz, 20 Hz, 42 Hz and 100 Hz) 304 

using a one way-ANOVA. A Tukey post-hoc test was performed to identify which 305 

comparisons were significantly different. 306 

Finally, to test whether the electrical detection thresholds to a monophasic non-charge-307 

compensated pulse differed in the two experimental sessions of Experiment 1, the 308 

individual detection thresholds were compared using paired t-test. To test if in Experiment 2 309 

the detection thresholds differed between the four different groups (5, 20, 42 and 100 Hz), 310 

the individual detection thresholds were compared using a one-way ANOVA. In all tests, the 311 

level of significance was set at p<.05. 312 

 313 

RESULTS 314 

Detection thresholds  315 

The electrical detection thresholds to a single monophasic non-charge-compensated pulse 316 

in experiment 1 were 0.29 ± 0.13 mA (mean ± sd) for the non-charge-compensated 317 

condition and 0.32 ± 0.11 mA for the charge-compensated condition. The electrical 318 

detection thresholds in experiment 2 were 0.25 ± 0.09 (5 Hz), 0.27 ± 0.10 (20 Hz), 0.29 ± 319 
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0.09 (42 Hz) and 0.29 ± 0.12 (100 Hz). No significant difference in electrical detection 320 

thresholds was observed between the charge-compensated and non-charge-compensated 321 

condition of Experiment 1, and between the four groups in Experiment 2.  322 

 323 

Experiment 1 324 

Intensity of pinprick perception 325 

The means and standard deviations of the intensity of perception elicited by pinprick stimuli 326 

delivered before and after HFS at both arms (control vs. conditioned) in both conditions 327 

(charge-compensated vs. non-charge-compensated pulses) are shown in Figure 3A. The 328 

repeated-measures ANOVA revealed a significant time x arm interaction (F(1,14)=54.684, 329 

p<.001, η2=.796). This means that, after HFS, the intensity of perception elicited by pinprick 330 

stimulation of the HFS arm was higher compared to pinprick stimulation of the control arm, 331 

across the two conditions (charge-compensated and non-charge-compensated stimulation) 332 

(Fig 3A). No significant time x arm x condition was observed (F(1,14)=1.392, p=.258, 333 

η2=.090) suggesting that there was no difference in the enhancement of pinprick sensitivity 334 

after HFS delivered using charge-compensated and non-charge-compensated pulses (Fig 335 

3B).  336 

 337 

Area size 338 

The mean and standard deviations of the area of increased pinprick sensitivity after charge-339 

compensated and non-charge-compensated HFS are shown in Figure 3C. The paired t-test 340 
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comparing area sizes revealed no significant difference between charge-compensated and 341 

non-charge-compensated pulses (t(14)=-.738, p=.472). Figure 4 shows scatter plots of the 342 

individual changes in pinprick perception and area size after HFS delivered with a charge 343 

compensated pulse versus non-charge compensated pulse. 344 

 345 

Experiment 2 346 

Intensity of perception 347 

The means and standard deviations of the intensity of pinprick perception before and after 348 

conditioning stimulation at both arms (conditioned vs. control) in all four groups (5, 20, 42 349 

and 100 Hz) are shown in Figure 5. The mixed ANOVA revealed a significant time x arm 350 

interaction (F(1,56)=179.621, p<.001, η2=.762), compatible with an increase in pinprick 351 

perception at the conditioned forearm in all four groups (5 Hz, 20 Hz, 42 Hz and 100 Hz). 352 

Most importantly, there was a significant time x arm x condition interaction (F(3,56)=8.493, 353 

p<.001, η2=.313), indicating that the strength of the increase of pinprick perception at the 354 

conditioned arm differed across the four frequencies of stimulation.  355 

To assess whether the increase in pinprick sensitivity was significant in all four groups, we 356 

then performed, for each group of participants, separate repeated-measures ANOVAs with 357 

the factors ‘time’ and ‘arm’. For all four frequencies of stimulation, there was a significant 358 

time x arm interaction (5 Hz: F(1,14)=26.846, p<.001, η2=.657; 20 Hz: F(1,14)=58.031, 359 

p<.001, η2=.806; 42 Hz: F(1,14)=86.701, p<.001, η2=.861; 100 Hz: F(1,14)=20.459, p<.001, 360 

η2=.594). 361 
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Tukey post-hoc tests performed on the ‘post’ minus ‘pre’ change in pinprick perception at 362 

the conditioned arm vs. the control arm revealed a significant difference between 5 and 20 363 

Hz stimulation (p=.007), between 5 and 42 Hz stimulation (p<.001), and between 42 and 100 364 

Hz (p=.005) (Fig. 6A).  365 

 366 

Area size 367 

The means and standard deviations of the area of increased pinprick sensitivity after 5, 20, 368 

42 and 100 Hz conditioning stimulation is shown in Figure 6B. The one-way ANOVA revealed 369 

a statistically-significant difference between the different frequencies (F(3,59)=7.781, 370 

p<.001). Tukey post-hoc tests revealed a significant difference between 5 and 42 Hz 371 

stimulation (p<.001) and between 42 and 100 Hz stimulation (p=.006)(Fig. 6A). 372 

 373 

DISCUSSION 374 

The present study yields two important findings. First, there is no significant difference in 375 

the intensity and area size of the increase in pinprick sensitivity induced by 100 Hz HFS 376 

delivered using charge-compensated and non-charge-compensated pulses. This result 377 

indicates that HFS is able to induce increased pinprick sensitivity even when the 378 

conditioning pulses are charge-compensated, and that the possible contribution of 379 

cumulative depolarization of sensory afferents and/or tissue lesion or inflammation induced 380 

by charge accumulation when non-charge-compensated pulses are used is negligible.  381 

Second, we show that the increase in pinprick sensitivity, which is thought to result from 382 

spinal heterosynaptic facilitation, is dependent on the frequency of conditioning 383 
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stimulation. Indeed, with a constant number of electrical pulses delivered using the same 384 

pattern of stimulation (1-second trains delivered every 10 seconds), intermediate 385 

frequencies of stimulation (20 and 42 Hz) induce a stronger increase in pinprick sensitivity as 386 

compared to both high-frequency stimulation (100 Hz) and low-frequency stimulation (5 387 

Hz).   388 

At present, one can only speculate about the possible mechanism(s) underlying the 389 

frequency-dependence of HFS-induced increase in pinprick sensitivity. One possibility could 390 

be that the frequency-dependent increase in pinprick sensitivity is related to spinal 391 

neurokinin-1 (NK1) activation through the release of substance P following primary afferent 392 

peptidergic A- and C-fiber nociceptor stimulation. Both the release of substance P as well as 393 

the activation of the NK1 receptor are frequency-dependent (Adelson et al. 2009; Go and 394 

Yaksh, 1987). Indeed, Go and Yaksh (1987) showed in cats that the release of substance P 395 

following sciatic nerve stimulation at 2, 5, 10, 20, 50 and 200 Hz was largest at 20 and 50 Hz 396 

and then decreased. Furthermore, Adelson et al. (2009) showed in rats that NK1 receptor 397 

activation was maximal when C-fibers are stimulated at frequencies between 30-100 Hz. 398 

Moreover, Substance P can diffuse at a considerable distance from its site of release (Liu et 399 

al., 1994), and may be able to activate extrasynaptic NK1 receptors (Klein et al., 2008). 400 

Moreover, animal studies have shown that spinal lamina I neurons expressing the NK1 401 

receptor play a pivotal role in central sensitization and mechanical hyperalgesia (Khasabov 402 

et al., 2002; Nichols et al., 1999; Mantyh et al. 1997; Abbadie et al., 1997).  403 

That high frequency stimulation induces a similar increase in pinprick sensitivity than low 404 

frequency stimulation is somewhat surprising, as the aforementioned studies have shown 405 

that high frequency stimulation results in a greater release of substance P and more NK-1 406 
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activation than low frequency stimulation (Go and Yaksh, 1987; Adelson et al., 2009). One 407 

possibility is that HFS triggers LTP at GABAergic synapses of spinal lamina I neurons that 408 

receive monosynaptic A- or C-fiber input (Fenselau et al., 2011) which may influence the net 409 

output (less facilitation) of these lamina I neurons. Second, HFS may recruit more strongly 410 

descending inhibitory pathways that may interact with the development of increased 411 

pinprick sensitivity. In animals, intense nociceptive stimulation recruits diffuse inhibitory 412 

noxious controls (DNICs), which can inhibit the activity of wide-dynamic range (WDR) 413 

neurons of the dorsal horn (LeBars, 2002). Simone et al. (1991) showed in primates that 414 

both high threshold (HT) neurons (in the superficial laminae) and WDR neurons (in deeper 415 

lamina) show increased responses to pinprick stimulation when these pinprick stimuli are 416 

applied after intradermal capsaicin injection to the surrounding skin, suggesting that WDRs 417 

also contribute to the increase in pinprick sensitivity, at least after capsaicin. That a DNIC-418 

like mechanism can interfere with the development of increased pinprick sensitivity has 419 

been shown recently by Xia et al. (2017). In that study they showed that 10 Hz conditioning 420 

stimulation of the forearm skin, delivered just after the application of conditioned pain 421 

modulation (CPM) to the foot, which is believed to recruit a DNIC-like mechanism (Yarnitsky, 422 

2010; Bannister and Dickenson, 2017), induces a smaller increase in pinprick sensitivity 423 

compared to a control condition not preceded by CPM.  424 

In summary, our results show that the induction of increased pinprick sensitivity by 425 

repeated burst-like electrical stimulation of cutaneous nociceptors is not significantly 426 

dependent on charge accumulation within the stimulated tissues, and that the induced 427 

increased pinprick sensitivity is significantly dependent on the frequency of the burst 428 

stimulation, being maximal at intermediate frequencies of stimulation.  429 
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FIGURE LEGENDS 559 

Fig. 1. Experimental design. A. Conditioning stimulation is applied to the dominant or non-560 
dominant volar forearm. Pinprick stimulation (128 mN) was applied to the skin surrounding 561 
the area onto which conditioning stimulation was applied (“pinprick test area”) as well as to 562 
the same skin area on the contralateral control arm. B. Characteristics of the conditioning 563 
electrode. C. Time-line of the experiment. The perceived intensity elicited by the pinprick 564 
stimulation was assessed at two different time-points: before conditioning stimulation 565 
(“Pre”) and twenty minutes after applying conditioning stimulation (“Post”). At the end of 566 
the experiment the area of increased pinprick sensitivity at the conditioning arm was 567 
mapped. 568 

Fig. 2. A. Example of a train of 100 Hz (1 s) delivered with a non-charge-compensated pulse 569 
(top) and a charge-compensated pulse (bottom). Shown is the actual current is delivered to 570 
the skin (stimulation intensity: 5 milliampere). B. First two stimuli of each train in A. Non-571 
charge-compensated pulses left and charge-compensated pulses right. 572 

Fig. 3. A. Intensity of perception elicited by the mechanical pinprick stimulation (128 mN) 573 
before and twenty minutes after applying HFS using a monophasic non-charge- 574 
compensated pulse (left) and a biphasic charge- compensated pulse (right). Shown are the 575 
group-level average and standard deviation of the numerical rating scale (NRS) scores. B. 576 
Group-level average and standard deviation increase in NRS compared to baseline and 577 
control site. C. (left) Group-level average and standard deviation area size of the increase in 578 
pinprick sensitivity. (right) Group-level average areas of increased pinprick sensitivity. 579 

Fig. 4. A. Scatter plot (and linear regression line) showing the individual changes in pinprick 580 
ratings after HFS (compared to baseline and control site) delivered using charge-581 
compensated pulses (y-axis) and non-charge-compensated pulses (x-axis). B. Scatter plot 582 
(and linear regression line) showing the individual area sizes of increased pinprick sensitivity 583 
after HFS delivered using charge-compensated pulses (y-axis) and non-charge-compensated 584 
pulses (x-axis).  585 

Fig. 5. Intensity of perception elicited by the mechanical pinprick stimulation (128 mN) 586 
before and twenty minutes after applying HFS using a biphasic charge- compensated pulse 587 
for all frequencies of conditioning stimulation (5 Hz, 20 Hz, 42 Hz and 100 Hz). Shown are 588 
the group-level average and standard deviation of the numerical rating scale (NRS) scores. 589 

Fig. 6. A. Group-level average and standard deviation increase in NRS compared to baseline 590 
and control site. B. (left) Group-level average and standard deviation area size of the 591 
increase in pinprick sensitivity. P<.05 refers to the significant comparisons of the post-hoc 592 
Tukey test. (right) Group-level average areas of increased pinprick sensitivity. 593 
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