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Abstract
Background: We examined de-functionalization and temporal functional recov-
ery of C-nociceptor evoked pain after topical 8% capsaicin applied for 4 consecu-
tive days.
Methods: Capsaicin and placebo patches were applied to human forearm skin 
(n = 14). Cold, warmth and heat pain thresholds, pain NRS to electrical and ther-
mal (48°C, 5 s) stimuli and axon reflex flare were recorded weekly for 49 days. 
Mechanical and heat sensitive (‘polymodal’) nociceptors were activated by single 
electrical half-period sinusoidal pulses (0.5 s, 1 Hz). Mechanical and heat insensi-
tive (‘silent’) nociceptors were activated by 4 Hz sinusoidal stimuli.
Results: Capsaicin abolished heat pain. Sensation to electrical sinusoidal stimula-
tion was reduced but never abolished during the treatment. Pain to electrical 1 Hz 
‘polymodal’ nociceptor stimulation took longer to recover than pain ratings to 4 Hz 
2.5 s sinusoidal stimulation activating ‘polymodal’ and ‘silent’ nociceptors (35 vs. 
21 days). Heat pain was indifferent to placebo from day 21–49. Axon reflex flare 
was abolished during capsaicin and only recovered to ~50% even after 49 days.
Conclusions: Capsaicin abolishes heat transduction at terminal nociceptive end-
ings, whereas small-diameter axons sensitive to sinusoidal electrical stimulation 
can still be activated. 1 Hz depolarizing stimuli evoke burst discharges, as dem-
onstrated before, and recover slower after capsaicin than single pulses induced 
by 4 Hz. The difference in recovery suggests differential time course of functional 
regeneration for C-nociceptor sub-types after capsaicin. All sensations recovered 
completely within 7 weeks in healthy subjects. Our findings contrast analgesia last-
ing for months in spontaneous neuropathic pain patients treated with 8% capsaicin.
Significance: Sinusoidal electrical stimulation can still activate small diameter 
axons desensitized to heat after 4 consecutive days of topical 8% capsaicin appli-
cation and reveals differential temporal functional regeneration of C-nociceptor 
sub-types. Electrical sinusoidal stimulation may detect such axons that no longer 
respond to heat stimuli in neuropathic skin.
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1   |   INTRODUCTION

Topical 8% capsaicin applied for 1 h causes an intra-
epidermal nerve fibre reduction (Kennedy et al., 2010) and 
a progressive de-functionalization of nociceptors (Anand & 
Bley, 2011). Treating neuropathic pain patients with 8% cap-
saicin can induce pain relief for 12 weeks or longer (Anand 
& Bley, 2011; Backonja et al., 2008). C-nociceptors, particu-
larly hyper-excitable ‘silent’ nociceptors, have been associ-
ated with neuropathic pain pathology (Orstavik et al., 2003), 
and long-term suppression of peripheral nociceptor activity 
by 8% capsaicin may contribute to the analgesic response. 
Mechanistically, the partial denervation of the epidermis 
following capsaicin treatment (Nolano et al., 1999) is linked 
to tonic activation of the transient receptor potential vanil-
loid receptor 1 (TRPV1) (Caterina et al., 1997), expressed in 
human nociceptors (Tavares-Ferreira et al., 2022). It is also 
associated with a calcium2+/calpain-dependent local degen-
eration (Wang et al., 2017). Neuronal degeneration by cap-
saicin might also lead to a ‘pruning’ effect, i.e. an increased 
regeneration of ‘normal’ intraepidermal innervation, and 
this might correlate to the analgesic effects of topical cap-
saicin in patients with diabetic- and chemotherapy-induced 
peripheral neuropathic pain (Anand et al., 2019, 2022).

After 8% capsaicin treatment, a striking temporal mis-
match can be observed between the transient reduction of 
nociceptive thresholds in healthy volunteers (Lo Vecchio 
et  al.,  2018) and the analgesic effect lasting months in 
neuropathic pain patients (Anand & Bley,  2011; Baron 
et  al.,  2017). A slower regeneration of the intraepider-
mal nerve fibre density has been shown to be indicative 
of disease progression in diabetic patients (Khoshnoodi 
et al., 2019). Differences in temporal nociceptor recovery 
could provide a basis for long-lasting analgesia observed 
clinically in neuropathic pain patients. Therefore, elec-
trical nociceptor stimulation might be a valuable tool to 
assess axonal excitability. The present study aimed to in-
vestigate the pattern of nociceptor de-functionalization 
after 8% capsaicin patch application in healthy volunteers. 
We recorded the temporal dynamics of nociceptor-sub-
type-specific responses following capsaicin-evoked de-
nervation over a period of 7 weeks. Changes in sensory 
transduction were assessed by tonic heat tests. Axonal 
excitation profiles of specific nociceptor classes were ex-
plored by sinusoidal electrical stimulation which does not 
depend on sensory transduction. A single 500 ms half-sine 
wave-shaped pulse (first half of a sinusoidal pulse of 1 Hz) 
induces a burst of action potentials (APs) in ‘polymodal’ 
C-nociceptors, but ‘silent’ C-nociceptors remain largely 
unresponsive (Rukwied et al., 2020). Application of 4 Hz 
sinusoidal pulses activate ‘polymodal’ and ‘silent’ C-
nociceptors with one AP per cycle (Rukwied et al., 2020) 
and minimum recruitment of A-fibres (Jonas et al., 2018) 

or unmyelinated sympathetic efferent neurons (Jonas 
et al., 2020). Activation of ‘silent’ C-nociceptors was con-
firmed by recording superficial skin blood flow changes 
around the 4 Hz sine wave stimulation site (‘axon reflex 
flare’) (Schmelz et al., 2000a).

2   |   METHODS

Experimental procedures carried out on healthy human 
subjects were approved by the Ethics Committee II of 
Heidelberg University, Medical Faculty Mannheim 
under approval number 2022-545 and in accord with the 
Helsinki Declaration of 1975, as revised in 1983.

2.1  |  Human subjects

Overall, 14 right-handed healthy volunteers (4 female and 
10 male, age range 23–34 (female) and 22–58 (male), over-
all average 32 ± 3 years) were recruited according to their 
temporal convenience either face-to-face or via email. 
Exclusion criteria of the subjects comprised prevailing 
neurological or dermatological disorders and use of pain 
medication. Subjects were informed about the procedure 
and the experimental protocol and signed a consent form 
prior to starting the experiments. All subjects were in-
troduced to the test setup and took part in a training ses-
sion to familiarize them with the electrical stimulation 
paradigms and the use of the numeric rating scale (NRS) 
with the endpoints 0 (no pain) and 10 (maximum pain 
imaginable). Data from the training session were not in-
cluded in the analysis. Experiments were performed in a 
quiet room with an ambient air temperature of 20 ± 2°C. 
Subjects were seated comfortably in a chair and tests were 
conducted on the volar surface of the forearms that rested 
in supine position on a table.

2.2  |  Experimental protocol

Baseline measures of sensory thresholds to electrical 
stimuli, electrical pain assessment, axon reflex flare, 
thermal thresholds, and continuous heat pain were 
conducted at least 24 h after the information and train-
ing session (day 0). The stimulation protocol and se-
quence of sensory tests investigated at one skin site 
are depicted in Figure 1. Sensory tests were performed 
in randomized order on the left and right forearm on 
each of the 4 consecutive days of topical 8% capsaicin/
placebo treatment (Days 1–4) and after that weekly 
over 49 days (day 7–14–21–28–35–42–49, Figure  1a). 
Electrical and thermal stimuli were delivered 
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transcutaneously. Rationales for the different tests 
were: Identify thresholds to electrical 0.1 ms rectangu-
lar pulses of 20 Hz for A-fibre recruitment (Torebjork 
& Hallin, 1973) and electrical 4 Hz sinusoidal stimula-
tion for C-fibre activation (Jonas et al., 2018) with the 
endpoints ‘perception’—‘pain’—‘pain NRS 3’ for both 
electrical stimulation paradigms. Pain intensity (NRS) 
was recorded after single 1 Hz half-period sinusoidal 
pulses (0.2–1 mA, 500 ms), which activate polymodal 
C-nociceptors resulting in a burst of APs (Figure  1b, 
‘nerve fiber discharge’) (Rukwied et al., 2020). For the 
activation of both polymodal and ‘silent’ C-nociceptors, 
10 pulses of 4 Hz sinusoidal stimuli (2.5 s) were applied 

at amplitudes of 0.05–0.4 mA causing AP discharges 
at 4 Hz (Figure  1b) (Jonas et  al.,  2018). When supra-
threshold 4 Hz sinusoidal stimuli were delivered con-
tinuously for 60 s, healthy volunteers reported profound 
pain habituation (‘accommodation’ of C-nociceptors), 
whereas about 50% of neuropathic pain patients re-
ported increasing pain (Jonas et  al.,  2018; Landmann 
et al., 2022). Accordingly, we investigated whether the 
pattern of C-nociceptor accommodation changes after 
capsaicin treatment. Laser Doppler Imaging (LDI) of 
superficial skin blood flow for ‘axon reflex flare’ re-
cordings was performed as an objective assessment of 
‘silent’ C-nociceptor activation (Schmelz et al., 2000a) 

F I G U R E  1   Overall timeline of the experimental design (a), schematic diagram of the stimulation protocol (b), and the timing for test 
sequences (c) performed in the order from left to right (Start to End). The diagram and schedule apply to one test site only. For details, see 
Materials and Methods section 2.
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(not shown in Figure 1b). Thermal thresholds were as-
sessed for cold sensation (A-delta fibre function (Lewis 
& Griffith,  2022)), warm sensation (C-fibre func-
tion (Paricio-Montesinos et  al.,  2020)), and heat pain 
(dependent on polymodal C-nociceptors (Campero 
et  al.,  2009)), all of which are dependent on transient 
receptor potential (TRP) sensory transduction mecha-
nisms. Continuous warming (42°C, 60 s), and finally 
tonic supra-threshold heat stimuli (48°C, 5 s) were ap-
plied to explore temperature effects on C-nociceptors 
located in deeper skin layers. The time required for each 
test and the intervals (pauses) are depicted in Figure 1c. 
Prior to each assessment, the skin surface temperature 
was determined at the capsaicin test site using an in-
frared thermometer (Raytek Raygner ST™, Berlin, 
Germany, not shown in Figure 1b). Pilot experiments, 
in which 8% capsaicin patches were applied for 2 con-
secutive days, similar to a previous protocol (Henrich 
et al., 2015; Magerl et al., 2001), did not abolish pain by 
C-fibre-specific electrical sinusoidal stimulation (data 
not shown). We therefore increased the duration of 8% 
capsaicin application to 4 consecutive days.

2.3  |  Topical application of capsaicin 
(8%)

An 8% capsaicin (Qutenza®) patch of 1.5 × 1.5 cm was 
applied onto one forearm (balanced across subjects be-
tween left and right) and a placebo vehicle patch onto 
the contra-lateral arm. Patches were secured on the skin 
with medical tape (Leukosilk®, BSN Medical Hamburg, 
Germany), and both patches were renewed every 24 h 
over four consecutive days. Subjects were requested to 
note maximum pain ratings on each of the 4 days of 
capsaicin application and to avoid showering the skin 
patches.

2.4  |  Electrical stimulation

Constant current stimuli were delivered via a pair of 
blunt pin platinum wire electrodes (0.4 mm diameter, 
Cephalon A/S, Nørresundby, Denmark), positioned 
3 mm apart from one another and mounted in an ap-
plicator printed on a 3D-printer. Electrodes were posi-
tioned on the volar surface of the forearm at either the 
capsaicin or placebo site. Rectangular and sinusoidal 
profiles of constant currents were used for transcutane-
ous electrical stimulation (Figure  1b). The current in-
tensities required for rectangular and sinusoidal stimuli 
to elicit sensory detection, pain, and to reach pain levels 
of NRS3 were assessed.

2.4.1  |  Rectangular pulses

Electrical stimuli were delivered by a constant current 
stimulator (DS7A, Digitimer Ltd, Welwyn Garden City, 
UK) and applied as brief (0.1 ms duration) rectangular 
pulses at a frequency of 20 Hz (triggered by a pulse gen-
erator PG1, Rimkus Medizintechnik, Parsdorf, Germany). 
Current amplitudes of rectangular pulse stimuli were 
increased in steps of 0.5 mA per second and subjects re-
ported (1) their first sensation (detection threshold), (2) 
pain threshold, and (3) a pain intensity of NRS3 (supra-
threshold pain).

2.4.2  |  1 Hz and 4 Hz sinusoidal stimulation

Sinusoidal pulses were delivered by a constant current 
stimulator (DS5, Digitimer Ltd., Welwyn Garden City, 
UK) connected to a digital–analogue converter (DAQ) (NI 
USB-6221, National Instruments, Texas, USA) controlled 
by custom-written software (Dapsys 8, © Brian Turnquist, 
Minnesota, USA) to generate the timing, intensity and sig-
nal profile of the sinusoidal pulses.

Sinusoidal current at 1 Hz (500 ms half-period sine 
wave profile) was applied at amplitudes of 0.2–1 mA (in 
increments of 0.2 mA) in a randomized order. Single half-
period pulses were delivered at 10 s intervals and each 
intensity was presented twice. Subjects were requested 
to estimate the magnitude of pain on a numerical rating 
scale (NRS 0–10) for each pulse.

Sinusoidal current profiles of 4 Hz were applied for 2.5 s 
(10 sinusoidal cycles) with increasing current intensities 
(0.005–0.01 to 0.025–0.05 mA, then increments of 0.05 mA to 
a maximum of 0.4 mA) to obtain sensory (detection) thresh-
old, a pain NRS of 1 (pain threshold), and a pain NRS of 
3 (supra-threshold pain). Thereafter, an intensity-response 
profile to 2.5 s 4 Hz sinusoidal stimulation was generated 
using current intensities of 0.05–0.1–0.2–0.4 mA (delivered 
in randomized order) and volunteers were requested to es-
timate pain intensity (NRS, 0–10). Each stimulus intensity 
was presented twice. Finally, sinusoidal current profiles of 
4 Hz were applied continuously for 60 s at amplitudes of 
0.2 mA and 0.4 mA (ascending order, Figure  1c). Subjects 
were instructed to report pain intensity every 5 s for 20 s and 
thereafter at 10 s intervals.

2.5  |  Assessment of the pain intensity

Subjects were asked to rate the intensity of their pain 
sensations evoked by 1 Hz and 4 Hz sinusoidal electrical 
stimuli or tonic heat on an 11-point numerical rating scale 
(NRS, 0–10) with anchor points at 0 for no pain and 10 
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for the most excruciating pain imaginable. Subjects were 
also asked to categorize the quality of pain sensations into 
burning or stinging in nature and to report any accompa-
nying sensations, such as itch or vibration/pulsation.

2.6  |  Assessment of skin blood flow with 
laser Doppler imaging (LDI)

Electrical sinusoidal pulses cause widespread vasodilation 
(axon reflex flare) of the skin surrounding the stimula-
tion site (Jonas et  al.,  2018). The area of this axon reflex-
mediated flare response was assessed by LDI (Moor LDI, 
Moor Instruments Ltd, Axminster, UK). The LDI scanner 
head was mounted perpendicular and at a 50 cm distance to 
the skin surface. The scan area covered 25 cm2 and required 
1 min for image capture (scan speed 4 ms/pixel). Skin blood 
flow scans were acquired before and after each bout of sine 
wave stimulation (2.5 s intensity-response / 60 s 0.2 mA / 60 s 
0.4 mA). The resulting sequence of skin blood flow images 
was stored on a computer and analysed off-line using dedi-
cated software supplied by Moor Instruments Ltd. Average 
baseline skin blood flow and standard deviation across all 
pixels were calculated and the threshold for an increase in 
blood flow was set at the mean flux plus two standard devia-
tions. The area of the axon reflex flare was calculated within 
each image post-stimulation by simply counting the num-
ber of pixels exceeding the flux threshold and lying within a 
contiguous region of interest (ROI) surrounding the electri-
cal stimulation site.

2.7  |  Thermal stimulation

A 9 × 9 mm Peltier-based contact thermode (Somedic 
Modular Sensory Analyser (MSA), Sösdala, Sweden) was 
placed onto the skin within the treated area. Thermal 
thresholds were assessed by dedicated software (Somedic 
SenseLab version 6.52) and the sequence for testing the 
capsaicin- or the placebo-site was randomized. Tonic 
warmth and heat pulses were delivered with SenseLab 
Exposure3.0 program (Somedic, Sweden).

2.7.1  |  Cold, warmth and heat pain threshold 
(HPT)

From a basal holding temperature of 32°C, the tempera-
ture of the thermode was set to change by 1°C/s, and sub-
jects instructed to press a hand-held trigger as soon as the 
temperature was perceived as cold (cold detection thresh-
old, CDT), warm (warm detection threshold, WDT), or 
painfully hot (HPT). Each paradigm of cold, warmth, and 

HPT was performed in triplicate at sites within both the 
capsaicin and placebo patch areas.

2.7.2  |  Prolonged warming

The temperature of the thermode was set to deliver a con-
stant temperature of 42°C for 1 min and placed on the 
patch-treated skin surface. During this minute, the subject 
was asked if any sensations were felt, including warmth, 
tingling, pricking, or itch. If there was burning pain, they 
were requested to estimate the magnitude of pain on the 
NRS (0–10). Tests were performed randomized for the 
patch areas treated with capsaicin and placebo.

2.7.3  |  Tonic supra-threshold heat 
stimulation

A temperature of 48°C was applied for 5 s and randomized 
to the patch area treated with capsaicin and placebo. 
Volunteers were requested to estimate the maximum 
pain sensation perceived during the 5 s stimulation period 
(NRS, 0–10).

2.8  |  Time interval between sensory tests

The time kept between threshold tests to electrical stimula-
tion, magnitude of pain assessment to electrical sinusoidal 
stimulation, and pain accommodation to 0.2 mA and 0.4 mA 
to 60 s 4 Hz sinusoidal stimulation was at least 1 min (‘pause’ 
in Figure 1c). An interval of 5 min was kept between skin 
blood flow assessment (LDI) and the start of thermal tests.

2.9  |  Time course of changes in sensory 
function

To assess the time course of impairment and recovery of the 
sensory function over the 49 days, we calculated the differ-
ences between the capsaicin and placebo-treated sites (∆ 
values) in each individual subject and day of assessment 
for pain NRS values to 1 Hz and 4 Hz sinusoidal electrical 
stimulation, HPTs and tonic heat pain. Thereby, ∆ NRS val-
ues in response to the two highest amplitudes (0.8 + 1 mA 
for 1 Hz and 0.2 + 0.4 mA for 4 Hz stimuli) were used as 
an index of supra-threshold electrically induced pain. We 
compared electrically induced pain, HPTs, and tonic heat 
pain for each day of assessment to identify similarities or 
differences in the time course of the different sensory tests 
(Figure 6a,b). Notably, if HPTs were beyond the thermode 
cut-off temperature of 50°C, we used a value of 51°C as 



6 of 15  |      GUTTI et al.

HPT for the statistical analysis. In addition, we calculated 
the time course of somato-sensory changes utilizing the 
percentage recovery of the axon reflex flare compared to 
placebo to 60 s 4 Hz sinusoidal stimulation (Figure 6c). This 
was used as an additional objective marker for the activation 
of ‘silent’ (peptidergic) C-nociceptors.

2.10  |  Statistical analyses

Statistical tests were performed in STATISTICA 7.1 (StatSoft 
Inc, Tulsa, OK, USA). Sphericity and normal distribution of 
the data were confirmed by Mauchly's and Shapiro–Wilk-
test. A sample size of n = 13 was calculated by the G*Power 
software package for differences between two dependent 
means (2 groups of ‘treatment’, matched pairs), with an ef-
fect size of 0.8, a significance level alpha of 0.05, and a power 
of 0.85. Generalized linear mixed models (GLM) were used 
for the statistical analysis with ‘day’ as a covariate to the 
main outcome. Bonferroni corrections were made for mul-
tiple comparisons to minimize the risk of type I errors out-
weighing potential type II errors. All data of each individual 
are presented and the corresponding mean ± SD. p-values 
<0.05 were considered to indicate statistically significant 
differences between the groups and their interactions.

3   |   RESULTS

3.1  |  Capsaicin patch-induced pain

Capsaicin patch-induced maximum pain was NRS 
3.6 ± 1.2 on day1 and diminished significantly over time 
to NRS 0.7 ± 1 by day4 (F(3,52) = 19.6, p < 0.00001, GLM, 
Table S1). No pain (NRS 0) was reported from the placebo 
patch-treated skin site.

3.2  |  Electrical stimulation—Sensory 
thresholds

3.2.1  |  Rectangular pulses

Sensory thresholds to A-fibre optimized electrical stimuli 
(20 Hz, rectangular, 0.1 ms duration) were not significantly 
different between the capsaicin and placebo patch-treated 
skin sites (treatment × day interaction F(10,274) = 0.2, 
p > 0.9, GLM), but increased in comparison to day0 (base-
line) at the placebo site by about 0.5 mA to 1.7 ± 0.3 mA 
at day49 (F(11,150) = 3.2, p < 0.001, GLM, Figure  2a and 
Table S1).

Current amplitudes for pain thresholds to rectangu-
lar pulses were significantly affected by capsaicin when 

compared to placebo (F(1,294) = 20.4, p < 0.0001, GLM), 
but without treatment × day interaction (F(10,274) = 0.99, 
p > 0.4, GLM).

Similarly, rectangular currents required to evoke pain 
NRS3 were significantly increased after capsaicin treatment 
(7.2 ± 4.9 mA, average day1-49) when compared to placebo 
(4.5 ± 2.2 mA, average day1-49, F(1,292) = 45.5, p < 0.0001, 
GLM), but again without significant treatment × day inter-
action (F(10,272) = 0.9, p > 0.5, GLM, Figure 2a; Table S1).

3.2.2  |  4 Hz sinusoidal pulses

Sensory thresholds to 4 Hz sinusoidal stimuli were 
0.05 ± 0.03 mA prior to patch application (baseline con-
dition, day0) and increased significantly throughout 
the 49 days of assessment at the placebo (F(11,150) = 4, 
p < 0.0001, GLM) and capsaicin patch site (F(11,150) = 2.9, 
p < 0.002, GLM) with strong treatment × day interaction 
(F(10,274) = 3.2, p < 0.001, GLM, Figure 2b and Table S1).

Sinusoidal current intensities required for pain in-
duction (NRS = 1) were 0.1 ± 0.05 mA at baseline, 
which increased at the placebo site to 0.22 ± 0.09 mA 
(F(11,150) = 4.2, p < 0.0001, GLM) and at the capsaicin site 
to 0.2 ± 0.1 mA (F(11,150) = 2.2, p < 0.02, GLM) by day49. 
There was no treatment × day interaction (F(10,274) = 1.8, 
p > 0.06, GLM), not even when assessing day1-4 of treat-
ment only (F(3, 104) = 0.4, p > 0.7, GLM).

Sinusoidal currents required to induce suprathreshold 
pain of NRS3 were 0.26 ± 0.1 mA under baseline condi-
tion (n = 13 subjects, 1 subject >0.4 mA) and increased 
significantly after placebo treatment to 0.37 ± 0.07 mA by 
day49 (n = 11 subjects, 3 subjects >0.4 mA, F(11,150) = 2.4, 
p < 0.01, GLM, Table  S1). Current amplitude needed 
to elicit pain NRS3 at the capsaicin-treated skin could 
not be determined in n = 7 subjects at day4 (>0.4 mA, 
Table S1) and was recorded in the remaining volunteers 
at 0.37 ± 0.05 mA during day1-4 on average (Figure  2b). 
No treatment × day interaction was found neither day1–4 
(F(3,104) = 0.1, p > 0.9,GLM) nor across all days of assess-
ment (F(10,274) = 1.6, p > 0.1, GLM).

3.3  |  Electrical stimulation—Pain 
intensity

3.3.1  |  1 Hz sinusoidal pulses (500 ms 
half-period sine wave cycle)

We investigated the current intensity (mA) – response 
(NRS) relation to 500 ms half-sine wave stimulation (1 Hz 
sinusoidal cycle) at amplitudes of 0.2–1 mA (Figure  3a). 
Each intensity was delivered in duplicate and randomized 
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order. All stimuli induced a ‘burning’ and ‘stinging’ sen-
sation. We did not find a significant effect of the order, 
independent of current intensity and treatment (placebo 
(F(1,20) = 0.03, p > 0.8, GLM); capsaicin (F(1,20) = 0.002, 
p > 0.9, GLM)). Therefore, NRS values of the two repeti-
tions were averaged for statistical analysis.

Pain ratings increased dependent on current inten-
sity for 1 Hz half-sine pulses at baseline condition (day0, 
F(4,52) = 44.1, p < 0.0001, GLM), but gradually decreased 
at the placebo site during the 49 days of assessment 
(F(11,149) = 2.1, p < 0.03, GLM, Figure 3a). No interaction 
for stimulus intensity × day was recorded upon placebo 
patch application (F(44,596) = 1, p > 0.4). Following cap-
saicin treatment, a significant stimulus intensity × day in-
teraction was recorded (F(44,596) = 3.35, p < 0.0001) with 
significantly lowered NRS scores for 1 mA amplitudes 
at day 3–14 in comparison to day0 (p < 0.05, Bonferroni 
correction). Compared to the placebo site, pain ratings 
to half-sine pulses were significantly reduced in the 
area of capsaicin treatment (Figure  3a) and in a cur-
rent intensity-dependent fashion (interaction stimulus 

intensity × treatment, F(4,1168) = 21.4, p < 0.0001, GLM). 
Capsaicin application reduced NRS levels to 2.2 ± 0.9 
(1 mA stimuli) at day1 and NRS 1.2 ± 0.8 (1 mA) at day4 
(Figure  3a). Maximal inhibition after capsaicin was re-
corded on day7 (NRS score 0.8 ± 0.5 at 1 mA), and there-
after NRS levels gradually increased again to 1.6 ± 1.2 by 
day49 (placebo site NRS 2.1 ± 1.6 at 1 mA, Figure 3a). Pain 
NRS to low-intensity 1 Hz stimulation (e.g. 0.2 mA ampli-
tude) was reduced at the capsaicin sites when compared 
to placebo across all days of assessment (F(1,292) = 25.3, 
p < 0.0001, GLM).

3.3.2  |  Intensity-response 2.5 s 4 Hz 
sinusoidal stimulation

Pain in response to 4 Hz sinusoidal currents (Figure 3b) 
delivered for 2.5 s at intensities from 0.05 to 0.4 mA (each 
intensity tested in duplicate and randomized order) 
was described by the subjects as ‘continuous burning’. 
Again, we did not find an effect of the test order on pain 

F I G U R E  2   Current intensities required for electrical (a) rectangular stimuli of 20 Hz and 0.1 ms pulse width and (b) for electrical 4 Hz 
sinusoidal stimuli to evoked a sensation (sensory threshold, left panels), to induce pain (pain threshold, middle panels) or to cause pain of 
NRS 3 on a NRS (right panels). Note that maximum current intensities for sinusoidal pulses were set 0.4 mA. Numbers inside the columns 
(bottom right panel) are the number of subjects with ratings NRS <3 to the maximum 4 Hz sinusoidal amplitude. Values are given as 
mean ± SD. Hashes indicate significant interaction for treatment × day of assessment (p < 0.05, GLM) and asterisks significant differences 
between capsaicin and placebo sites (p < 0.05, GLM).
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magnitudes (placebo site (F(1,20) = 0.01, p > 0.9, GLM) 
and capsaicin site (F(1,26) = 0.01, p > 0.9, GLM)) and used 
the average NRS values for statistical analysis.

4 Hz sinusoidal stimuli evoked a current intensity-
dependent pain at day0 (F(3,39) = 69.7, p < 0.0001, GLM) 
that was gradually declining during the 49 day period at the 
placebo site (F(11,149) = 3.6, p < 0.001, GLM, Figure  3b). 
There was no significant interaction between stimulus in-
tensity × day after placebo (F(30,408) = 1.4, p > 0.06, GLM) 
or capsaicin treatment (F(30,408) = 0.63, p > 0.9, GLM). Pain 
to sinusoidal current stimuli was significantly different be-
tween the treatment sites (interaction treatment × stimu-
lus intensity F(3,868) = 20.2, p < 0.0001, GLM, Figure  3b). 
Significantly lower pain ratings were recorded after capsa-
icin compared to placebo skin sites already at intensities of 
0.05 mA (F(1,292) = 5.3, p < 0.03, GLM). Similarly, pain NRS 

upon high stimulation intensity (0.2 mA) was significantly 
different between capsaicin and placebo (interaction treat-
ment × day F(10,272) = 2.1, p < 0.03, GLM) and in particular 
until day7 (F(1,26) = 5.9, p < 0.03, GLM). During capsaicin 
application, 4 Hz stimuli of 0.4 mA were perceived as less 
painful with NRS 2.1 ± 1 on day1 and NRS 1.6 ± 1.1 at day 
4, but without treatment × day interaction (F(10,272) = 1.6, 
p > 0.1, GLM) across 49 days (Figure 3b).

3.3.3  |  Continuous 60 s 4 Hz sinusoidal 
stimulation

We delivered 4 Hz sinusoidal pulses continuously for 60 s at 
amplitudes of 0.2 (Figure 4a) and 0.4 mA (Figure 4b) in as-
cending order. Pain ratings were attained every 5 s for 20 s and 

F I G U R E  3   Pain NRS (0–10) in response to 1 Hz half-period sinusoidal pulses (500 ms) of 0.2–1 mA amplitudes (a) and 4 Hz 
sinusoidal pulses of 0.05–0.4 mA amplitudes (b) delivered for 2.5 s. Stimuli were applied prior to patch application (baseline day0, open 
circles), to placebo patch-treated skin (grey lines) and to the 8% capsaicin patch treatment site (red lines) of 14 volunteers. Average values 
are depicted as mean ± SD for placebo (black solid circles) and capsaicin-treated skin (red solid squares). Both patches were renewed each 
day and applied for 4 days (indicated by grey horizontal bar). Hashes indicate significant treatment × day interaction (p < 0.05, GLM) and 
asterisks significance between capsaicin and placebo (p < 0.05, Bonferroni posthoc).
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thereafter at 10 s intervals. Maximum pain at baseline (day0) 
was higher when compared to the ratings recorded from the 
placebo site upon 0.4 mA during the 7 weeks observation 
period (F(11,149) = 2.9, p < 0.01, GLM). Pain was reported 
to be strongest within 15–20 s of stimulation and ratings 
fell to about 50% by the end of the 60 s period of stimulation 
(Figure  4a,b). This particular C-nociceptor accommoda-
tion pattern was recorded at both placebo- and capsaicin-
treated skin sites with significant treatment × stimulation 
time interaction for 0.2 mA across all days of assessment 
(F(7,2044) = 5.1, p < 0.0001, GLM, Figure 4a). NRS ratings re-
corded throughout the 60 s of 0.2 mA sinusoidal stimulation 
at 4 Hz were significantly reduced after capsaicin treatment 
when compared to placebo (interaction treatment × assess-
ment day F(10,272) = 2.65, p < 0.005, GLM), but the capsaicin 
test site was not completely analgesic to the applied stimuli 
as volunteers reported pain NRS ~1 throughout this period 
(Figure 4a). Similarly, pain to 60 s 4 Hz stimulation at 0.4 mA 
revealed a significant treatment × stimulation time interac-
tion across all assessment days (F(7,2044) = 8.2, p < 0.0001, 
GLM, Figure  4b). Pain NRS was significantly lower upon 
capsaicin treatment (interaction treatment × assessment day 
F(10,272) = 2, p < 0.05, GLM), but sinusoidal stimulation still 
induced an average pain NRS of 1–2 (Figure 4b).

3.4  |  Axon reflex flare

At the placebo-treated skin sites, 4 Hz sinusoidal 
electrically-induced axon reflex flare area was on average 
(day1-49) 7.1 ± 3.2 cm2 for 2.5 s, 0.05–0.4 mA, 7.5 ± 2.9 cm2 
(60 s, 0.2 mA) and 8.9 ± 3 cm2 (60 s, 0.4 mA, Table S2) with-
out stimulus × day interaction (F(20,274) = 0.85, p > 0.6, 
GLM). Capsaicin treatment abolished the flare response 
(<1 cm2) evoked by electrical sinusoidal stimuli from day1 
to day7 (Table S2 and Figure S1). Thereafter, electrically 
induced flare increased gradually in size from day14-49 
(Figure S1), but responses recovered only to about 50% at 
the final assessment day when compared to the placebo 
patch site (interaction treatment × stimulus F(2,44) = 4.1, 
p < 0.03, GLM).

3.5  |  Thermal stimulation

The skin surface temperature at the site of the capsai-
cin patch was 34 ± 0.8°C (day1-4), similar to the skin 
temperature before (34.5 ± 1.4°C) or after placebo patch 
application (34.1 ± 0.9°C, F(3,96) = 0.2, p > 0.9, GLM, 
Table S3).

F I G U R E  4   Pain NRS (0–10) in response to 4 Hz sinusoidal amplitudes of (a) 0.2 mA and (b) 0.4 mA delivered continuously for 60 s 
prior to patch application (baseline day0, open circles) and in placebo patch (black solid circles) and 8% capsaicin patch-treated skin (red 
solid squares) of 14 volunteers recorded for 7 weeks (12 volunteers day 35–49). Both patches were renewed each day and applied for 4 days 
(indicated by grey horizontal bar). Individual values are depicted in grey (placebo) and red (capsaicin) lines, average values are given 
as mean ± SD for placebo (black solid circles) and capsaicin-treated skin (red solid squares). Hashes indicate significant treatment × day 
interaction (p < 0.05, GLM) and asterisks significance between capsaicin and placebo (p < 0.05, Bonferroni posthoc).
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3.5.1  |  Cold, warmth and HPTs

Temperature for cold detection threshold (CDT) was sig-
nificantly elevated at the placebo patch site compared to 
capsaicin (F(1,292) = 16.2, p < 0.0001, GLM) but without 
treatment × day interaction (F(10,272) = 1.67, p > 0.08, 
Figure 5a).

Warm detection threshold (WDT) was 39.6 ± 2.8°C 
prior to patch administration (baseline, day0 of as-
sessment) and increased significantly in response to 
capsaicin (F(11,123) = 3.89, p < 0.0001, GLM). During 
capsaicin application, WDT was above the cut-off tem-
perature of the thermode (>50°C) in n = 6 subjects on 
day2 (Figure  5b). Amongst the remaining 8 subjects 
(Table  S3), WDT was significantly higher compared to 
placebo (interaction treatment × day F(10,246) = 2.5, 
p < 0.01, GLM).

HPTs were 47.7 ± 2.4°C at baseline and 47.8 ± 1.8°C 
at day1-49 on average (Figure  5c). HPTs were slightly 
lower during the placebo patch application resulting in 
a significant time effect (F(10,132) = 3, p < 0.01, GLM). 
Following capsaicin patch treatment, HPTs were above 
the thermode cut-off temperature in all 14 subjects on 
day2 and day7 (HPT >50°C, Table  S3), but returned to 
values of 48.6 ± 1.8°C during day14-49 in n = 9 sub-
jects (Figure  5c), not significantly different to placebo 
(F(5,112) = 0.42, p > 0.8, GLM). Notably, in n = 5 subjects 
HPT could not be assessed even at day49 after capsaicin 
treatment (Table S3).

3.5.2  |  Sensitivity to continuous warmth and 
supra-threshold tonic heat stimulation

A constant temperature of 42°C delivered for 1 min (con-
tinuous warmth) was perceived as warm for an average 
duration of 26 ± 8 s across all days of assessment in n = 11 
subjects and not significantly different to the placebo 
patch site (duration 31 ± 7 s, n = 11, F(1,20) = 2.2, p > 0.1, 
data not shown). A heat pain sensation during continuous 
warmth was reported by 1 of 14 subjects at baseline, by 3 
of 14 subjects after placebo, and by 2 of 14 subjects after 
capsaicin patch administration.

Maximum pain recorded during 5 s of tonic heat (48°C) 
was NRS 3.5 ± 2 at baseline and NRS 2.5 ± 1.5 at the pla-
cebo sites (average across day1-49, Table  S3). Tonic heat 
pain reported at the capsaicin-treated site was rated by 5 
subjects with an NRS of 0.5 ± 0.9 on day1 and all 14 sub-
jects perceived tonic heat as not painful (NRS 0) between 
day2-7 (Table S3). Thereafter, the number of subjects who 
felt tonic heat as painful steadily increased from n = 10 on 
day14 to n = 13 on day49 reporting an NRS of 1.5 ± 1.4 (av-
erage day14-49).

3.6  |  Comparison of the time course for 
sensory impairments

Electrical 1 Hz and 4 Hz sinusoidal pain (Figure  6a), 
HPTs, and continuous heat pain (Figure  6b), as well as 
electrically induced axon reflex flare size (Figure  6c), 
were maximally reduced during application of the cap-
saicin patch (day1 to day4). The time course of delta (∆) 

FIGURE 5  Thermal thresholds for cold sensation (CDT, a), 
perception of warmth (WDT, b) and for heat pain (HPT, c) prior to 
patch administration (day0, open columns), at the placebo patch site 
(grey columns) and at capsaicin-treated skin (blue and red columns). 
Numbers inside the columns in panel b (WDT) and c (HPT) 
indicate the number of subjects with thresholds >50°C (thermode 
temperature cut off). Values are given as mean ± SD, hashes indicate 
significant treatment × day interaction and asterisks significant 
differences between capsaicin and placebo (p < 0.05, GLM).
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pain NRS-values differed significantly between supra-
threshold 1 Hz (0.8 and 1 mA) and 4 Hz (0.2 and 0.4 mA) 
sinusoidal pain (Figure 6a, interaction sinusoidal stimula-
tion × day F(10,137) = 2.2, p < 0.02, GLM). Pain NRS recov-
ery to placebo levels (horizontal dotted lines in Figure 6) 
was significantly slower for 1 Hz compared to 4 Hz sinu-
soidal stimulation between day21 (F(1,13) = 7.3, p < 0.02, 
GLM) and day35 (F(1,11) = 7.1, p < 0.03, GLM, Figure 6a). 
Thresholds for heat pain (∆ HPT) and pain NRS to con-
tinuous heat (Figure 6b) recovered to placebo values after 
day14 (∆ HPT, p > 0.9, GLM) and day21 (continuous heat, 
p > 0.9, GLM), respectively, and showed a similar profile 
to the ∆ pain NRS scores for 1 Hz and 4 Hz sinusoidal 
stimulation from day14 to day49 (∆ HPT interaction 1 Hz 
stimulus × day F(5,72) = 0.4, p > 0.8, GLM and 4 Hz stimu-
lus × day F(5,72) = 0.6, p > 0.6, GLM). Notably, all sensory 
indices after capsaicin had normalized to placebo values 
by day49, which is in contrast to the electrically induced 
axon reflex flare in capsaicin-treated skin that had recov-
ered only to ~50% on that day (Figure 6c and Figure S1).

4  |  DISCUSSION

Prolonged topical 8% capsaicin abolished heat pain after 
24 h, whereas superficial skin nociceptors could still be ac-
tivated by electrical sinusoidal stimuli, albeit causing less 
pain. Sinusoidal 4 Hz electrical pain recovered faster as 
compared to pain upon 1 Hz sinusoidal stimulation, which 
suggests a differential regeneration of axonal branches be-
tween ‘polymodal’ nociceptors (activated by both) and ‘si-
lent’ C-fibres (activated only by 4 Hz stimulation).

4.1  |  Assessment of 
de-sensitized nociceptors

As reported before (Henrich et al., 2015), we found that 
sensory transduction of supra-threshold heat (48°C, 5 s) 
was abolished by topical 8% capsaicin. Superficial nocic-
eptors could still be excited with electrical transcutaneous 
stimuli (Tables S1 and S3). Absence of heat pain after cap-
saicin only reflects impaired transduction, whereas spike 
generation in nociceptors is still possible. Hence, this 
would allow detection of such heat-unresponsive nocicep-
tive endings also in neuropathy patients.

4.2  |  Sensory profile during 8% capsaicin 
patch application

Most nociceptors in humans express TRPV1 (Schmelz, 
Schmidt, et  al.,  2000; Tavares-Ferreira et  al.,  2022) and 

their ‘de-functionalization’ by capsaicin would explain the 
loss of heat sensitivity. The residual electrical pain might 
be encoded by a set of TRPV1-negative neurons (Henrich 
et al., 2015). Intradermal injection of capsaicin also causes 
an ‘analgesic bleb’ (Baumann et  al.,  1991). Thus, nocic-
eptive responses are completely abolished if local capsai-
cin concentrations are sufficiently high. In contrast, by 
using transdermal capsaicin application, the intradermal 
concentration is sufficient to abolish heat transduction 
but leaves axons responsive to electrical depolarization 
(Henrich et al., 2015). An alternative explanation would 
suggest that TRPV1-positive neurons remain electrically 
excitable, perhaps at deeper or more proximal regions re-
quiring higher currents for excitation (Table  S1), while 
nociceptive transduction at superficial terminals is com-
pletely abolished.

4.3  |  Time course of sensation recovery 
after 8% capsaicin patch application

We applied slowly depolarizing electrical 1 Hz and 4 Hz 
sinusoidal stimuli to differentially assess the temporal 
recovery of ‘polymodal’ and ‘silent’ C-nociceptors after 
capsaicin. It was hypothesized that sensory endings of 
polymodal mechano-heat nociceptors are located more 
superficially (Tillman et  al.,  1995). There are no neu-
ronal markers that could differentiate silent from pol-
ymodal nociceptors in human skin, so we only have 
indirect evidence suggesting a deeper location of sen-
sory endings of silent nociceptors: ‘silent’ nociceptors 
have higher electrical activation thresholds for rectan-
gular pulses when stimulated transcutaneously (Obreja 
et  al.,  2018; Weidner et  al.,  1999). Even though some 
of these fibres are insensitive to superficial heat stim-
ulation, they still respond to intracutaneous capsaicin 
injections (Schmelz et  al.,  2000b). Obviously, topical 
capsaicin would be expected to impair superficially lo-
cated nociceptors first and indeed, heat pain was almost 
gone on day1 of capsaicin application. However, elec-
trically induced pain via polymodal nociceptors (1 Hz 
sinusoidal pulses) was only moderately reduced (~30% 
NRS reduction), whereas pain reduction to the 4 Hz si-
nusoidal stimulus (~50% NRS reduction) was more pro-
nounced. The recovery of pain ratings to 1 Hz stimuli 
over 7 weeks was considerably more protracted than the 
recovery to 4 Hz sinusoidal pain. It might be suggested 
that the electrical stimulation profile could reveal the 
different time course of nociceptor de-functionalization 
and recovery, perhaps based on the biophysical property 
of the recruited nociceptor. The 4 Hz sinusoidal stimula-
tion is likely to depolarize axons such that a single AP is 
evoked per 250 ms cycle (Jonas et al., 2018). This stimulus 
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preferentially activates small diameter axons that have 
a membrane time constant close to 100 ms (Bostock 
et al., 2003). It might be expected that, based on their high 
surface-to-volume ratio, small-diameter axons would be 
those to be most sensitive to functional degeneration as-
sociated with capsaicin-induced calcium increase. Thus, 
the smallest diameter axons would be particularly sen-
sitive to early de-functionalization by capsaicin, which 
could explain the early reduction of pain ratings to 4 Hz 
sinusoidal stimulation. In contrast, the 500 ms depolari-
zation elicits volleys of APs in polymodal nociceptors 
(Rukwied et al., 2020). The number of evoked APs upon 
depolarization increases with more complex branching 
of sensory terminals (Barkai et al., 2020). This has been 
considered to facilitate supra-threshold spontaneous 
depolarizing fluctuations in human nociceptors linked 
to the generation of spontaneous activity and ongoing 
clinical pain (Tian et  al.,  2024). Also, inhibition of ax-
onal transport upon capsaicin (Kawakami et  al.,  1993; 
Szallasi & Blumberg, 1999) could explain a longer time 
course of inhibitory effects and a protracted regenera-
tion of pain to the 1 Hz electrical sinusoidal stimulation.

The degeneration of TRPV1-positive epidermal nerve 
fibres by capsaicin is followed by a slow regrowth over 
months (Anand et al., 2019; Anand & Bley, 2011). We ex-
pect the first axonal sprouts reinnervating the epidermis 
to have very small diameters rendering them more sen-
sitive to 4 Hz sinusoidal stimulation. Regeneration of the 
complete axonal branching will presumably take more 

time. The arborization of the nociceptive terminal tree 
has a considerable impact on the orthograde AP firing fre-
quency (Barkai et al., 2020) and also likely affects bouts 
of 1 Hz sinusoidal depolarization. Thus, the protracted 
recovery of 1 Hz compared to 4 Hz sinusoidal pain thus 
might reflect the additional time required for a more com-
plete regeneration of the terminal branches.

4.4  |  Axon reflex flare recovery after 
capsaicin 8% patch application

Already 1 day after capsaicin application, electrically evoked 
vasodilation did not exceed 1 cm2 and only recovered to 
about 50% of the pre-capsaicin values even after 7 weeks. 
Of note, APs induce only short-lasting calcium transients 
that will release only small portions of locally stored CGRP. 
Tonic inflow of calcium via TRPV1 channels at the site of 
continuous capsaicin application, in contrast, results in 
extreme calcium concentrations and thereby completely 
depletes the axons from neuropeptide vesicles. The time re-
quired for their replenishment may explain the slow axon 
reflex flare recovery over months.

4.5  |  Limitations

We did not investigate neuropathic pain patients or pro-
vide morphological/neuropathological data supporting our 

F I G U R E  6   Delta (∆) pain NRS values calculated between the capsaicin- and placebo-treated skin (n = 14) upon (a) supra-threshold 
stimulation with 1 Hz half-period sinusoidal amplitudes (0.8 and 1 mA, grey circles) and 2.5 s of 4 Hz sinusoidal amplitudes (0.2 and 0.4 mA, 
black circles). Delta (∆) pain NRS to continuous heat (5 s 48°C, red squares) and (∆)HPTs (°C, pink squares) were calculated between the 
capsaicin- and placebo-treated skin (b). Note that for HPT values >50°C (see Table S3) a fixed HPT value of 51°C was set to allow for ∆ 
HPT calculation. The axon reflex flare (c) recorded from the capsaicin treatment site upon 4 Hz sinusoidal stimulation (0.2 and 0.4 mA, 60 s 
stimulation) was calculated in % of the flare area from the placebo patch site. For absolute flare area values see Figure S1 and Table S2. Note 
that flare responses recovered to only 50% of the placebo value by day49, even though sensory indices (see a and b) already had normalized. 
The dotted line indicates no difference between placebo- and capsaicin-treated skin site, the grey horizontal bar indicates the duration of 
patch application (day1-day4). Hashes (a) indicate significant stimulation × day interaction (p < 0.05, GLM) and asterisks (a) a significant 
difference between 1 Hz and 4 Hz ∆ pain NRS (p < 0.05, GLM). Single crosses (1 Hz, HPT) and double crosses (4 Hz, continuous heat pain) 
indicate no significant difference from a theoretical value of zero (p > 0.9, GLM).
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notion that a protracted regeneration of terminal branches 
might be linked to lasting analgesic effects upon 8% cap-
saicin. Morphological data based on immunofluorescence 
staining, however, cannot differentiate regeneration and 
functional return of specific C-nociceptor sub-classes. 
We aimed to address this issue by the functional selec-
tivity of our electrical 1 Hz and 4 Hz sinusoidal stimula-
tion protocols. Both electrical profiles can activate also 
non-nociceptive ‘C-touch’ fibres (Rukwied et  al.,  2020). 
Although there is no overt sensation upon their activation 
(Olausson et al., 2002), we cannot exclude modulating pain 
processing (Habig et  al.,  2017). The short-term effect ob-
served at the placebo site at day one is probably linked to 
skin swelling under patch occlusion. The reduction of pain 
at the placebo site over 7 weeks is most likely due to habitu-
ation, as reported before upon repetitive thermal painful 
stimuli (LeBlanc & Potvin, 1966; Rennefeld et al., 2010).

4.6  |  Capsaicin 8% patch and clinical 
perspective

A single 1-h treatment with topical 8% capsaicin can 
provide pain relief for periods of 12 weeks and beyond 
in neuropathic patients (Anand & Bley,  2011; Backonja 
et al., 2008). The regeneration of intra- and sub-epidermal 
nerve fibres and their functional regeneration after 8% 
capsaicin-induced degeneration of innervation (‘pruning’ 
(Anand et  al.,  2019; Anand et  al.,  2022)) has been asso-
ciated with pain amelioration. Thus, lasting pain ame-
lioration might depend on the temporal rate of axonal 
regenerative sprouting in patients. Temporal regeneration 
of the terminal branches of nociceptors, which are par-
ticularly linked to the generation of spontaneous activ-
ity (Barkai et al., 2020), could be protracted and thereby 
contribute to prolonged analgesia in neuropathic pain 
patients induced by topical capsaicin. However, such 
hypothetic differences could not be detected by classic 
sensory testing as patients with and without neuropathic 
pain do not differ in their sensory thresholds or ‘sen-
sory phenotypes’ (Forstenpointner et al., 2021; Raputova 
et al., 2017). In contrast, pain to ongoing 4 Hz sinusoidal 
stimulation does not accommodate in about 50% of pa-
tients with neuropathic pain when tested in their symp-
tomatic skin but habituates in healthy volunteers (Jonas 
et al.,  2018; Landmann et al.,  2022). Here, the ability of 
axons to respond to 4 Hz sinusoidal stimuli after capsai-
cin showed a pain habituation profile similar to normal 
skin, thus it does not mirror the feature of pain accom-
modation in neuropathic pain states. Moreover, the dis-
tinct temporal recovery pattern of nociceptors observed 
here cannot explain the lasting pain reduction in patients 
after a single 1-h 8% capsaicin application. Yet, the high 

frequent nociceptor discharge to a single 1 Hz sinusoidal 
pulse required more time to recover after 8% capsaicin 
than the regular firing to 4 Hz stimulation. We can only 
speculate whether this is a structural effect based on the 
spatial branching of the capsaicin-targeted nociceptors. 
However, functionally, it reflects the ability of nociceptors 
to generate bursts upon depolarization, a key feature iden-
tified for primary nociceptors in chronic neuropathic pain 
(North et  al.,  2022; Tian et  al.,  2024). Thus, irrespective 
of the structural basis, testing the ability of skin nocicep-
tors to generate bursts upon slow depolarizing electrical 
stimulation may provide information on clinically rel-
evant aspects of nociceptor excitability and may therefore 
be considered as a functional screening test in neuropathy 
patients including those treated with 8% capsaicin.
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