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Abstract

This study tested a modified experimental model of heat-induced hyperalgesia, which improves the efficacy to induce
primary and secondary hyperalgesia and the efficacy-to-safety ratio reducing the risk of tissue damage seen in other heat
pain models. Quantitative sensory testing was done in eighteen healthy volunteers before and after repetitive heat pain
stimuli (60 stimuli of 48°C for 6 s) to assess the impact of repetitive heat on somatosensory function in conditioned skin
(primary hyperalgesia area) and in adjacent skin (secondary hyperalgesia area) as compared to an unconditioned mirror
image control site. Additionally, areas of flare and secondary hyperalgesia were mapped, and time course of hyperalgesia
determined. After repetitive heat pain conditioning we found significant primary hyperalgesia to heat, and primary and
secondary hyperalgesia to pinprick and to light touch (dynamic mechanical allodynia). Acetaminophen (800 mg) reduced
pain to heat or pinpricks only marginally by 11% and 8%, respectively (n.s.), and had no effect on heat hyperalgesia. In
contrast, the areas of flare (—31%) and in particular of secondary hyperalgesia (—59%) as well as the magnitude of
hyperalgesia (—59%) were significantly reduced (all p<<0.001). Thus, repetitive heat pain induces significant peripheral
sensitization (primary hyperalgesia to heat) and central sensitization (punctate hyperalgesia and dynamic mechanical
allodynia). These findings are relevant to further studies using this model of experimental heat pain as it combines
pronounced peripheral and central sensitization, which makes a convenient model for combined pharmacological testing of
analgesia and anti-hyperalgesia mechanisms related to thermal and mechanical input.
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Introduction

In previous studies, our group developed a repetitive nociceptive
heat stimulation paradigm, which resulted in acute and pro-
nounced intra-session sensitization and simultaneously an sus-
tained inter-session habituation lasting for weeks related to
activation of endogenous pain control [1-3]. The stimulus
protocol involved the administration of repetitive noxious heat
stimuli using a thermode, which were delivered in 10 blocks of 6
brief stimuli with a temperature of 48°C each. This standardized
protocol of repetitive heat pain (RHP) was administered daily for 8
consecutive days. So far, the peripheral and central mechanisms of
homotopic intra-session sensitization to repetitive noxious thermal
stimuli have not been characterized in detail. Primary heat
hyperalgesia induced by a strong thermal stimulation in the
stimulated skin area is predominantly caused by sensitization of
primary afferent nociceptors as a mainly peripheral phenomenon
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[4]. Tonic administration of heat leading to mild skin burns (first
degree burn) is known to induce hyperalgesia to punctate
mechanical stimuli surrounding the site of primary hyperalgesia
[5] similar to changes observed after intra- or epidermal
application of capsaicin [6], or repetitive intra- or epidermal
electrical stimulation [7]. The common molecular denominator in
these models is a strong input in capsaicin-sensitive nociceptors
bearing the TRPVI receptor. Strong input in these mostly
peptidergic nociceptive primary afferents causes central sensitiza-
tion of spinal neurons to input from capsaicin-insensitive
nociceptive A-delta fibres [8-11]. The dynamic range of inputs
causing central sensitization is remarkably wide. Even sustained
nociceptor activation by heat stimuli at levels sufficient to produce
a flare, which implies the activation of these afferents but does not
necessarily cause a conscious perception of pain, and even
completely painless UVB irradiation, have been found to trigger
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secondary hyperalgesia [12,13]. Since established burn injury
models are not completely safe and sometimes induce manifest
tissue injuries (second degree burn) [14], which makes mechanistic
interpretations difficult, we strived to improve this method by a
train repeated brief heat stimuli rather than sustained high level
heat as has been used previously.

Specifically, we aimed to address the following objectives in our
study:

1. Previously established models of primary and secondary
hyperalgesia can be difficult to dose and some of these models may
induce tissue damage such as UV-induced sunburn with longer
lasting hyperpigmentation or thermally induced second degree
burns with blistering which limits their use in sensitive skin areas
such as the face. Thus, our main objective was to characterize the
magnitude of primary and secondary hyperalgesia, the area of
hyperalgesia and its time course induced by our model, and to
assess its efficacy-to-safety ratio.

2. An additional objective (proof-of-concept trial) was to
determine whether modulation by infusion of acetaminophen
was comparable to previously established models of central
sensitization.

Methods

Ethics statement

The study was approved by the local Ethics Committee
(protocol number PV3504) of the Medical Chamber of Hamburg
and conformed to the Declaration of Helsinki. All participants
gave written informed consent.

Study design

We conducted a prospective controlled single-centre study to
investigate the effects of repetitive phasic heat pain in thermal and
mechanical hyperalgesia using quantitative sensory testing (QST)
[15] in healthy humans. All subjects provided written informed
consent prior to inclusion into the study.

Subjects

Participants were recruited among medical students of Ham-
burg University. Eighteen subjects (9 male and 9 female, mean age
27.6%3.4 years, range 22-36 years) were included into the study.
Only right-handed subjects between 18 and 65 years of age were
eligible. Exclusion criteria were: chronic pain, acute pain within
the last four weeks, any long-term medication apart from an oral
contraceptive, intake of analgesics or hepatotoxic drugs within the
last 72 hours, pregnancy and lactation, alcohol or drug addiction,
liver disease and relevant psychiatric, neurologic or other disease.

Experimental design

All participants underwent QST including warm detection
thresholds, heat pain thresholds, ratings to suprathreshold heat
stimuli and mechanical pain sensitivity to pinprick stimuli and
brushing. Beforehand, the extent of secondary hyperalgesia and
flare was mapped on both arms with the right being the test side
and the left volar forearm the control side (see Figure 1 for details
of central and peripheral test zones P1-3), as no relevant side
differences have been found for QST variables in the same body
region [16]. Then a previously established standardized heat pain
paradigm [17,18] with repetitive blocks of suprathreshold heat
pain stimuli was applied to the test site. Thereafter, the areas of
flare and secondary mechanical hyperalgesia were mapped first to
ensure a constant time between thermal stimulation and flare
assessment and to avoid further nociceptor activation by test
stimuli. Then, all QST modalities were tested again. All
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assessments were done by the same investigator (AS) apart from
the additional experiment on the time course of secondary
hyperalgesia and flare (IFH and WM).

Heat pain paradigm

To assess subjective rating to heat pain we applied a repetitive
heat pain paradigm which is published elsewhere. Heat stimuli
were generated by a thermode with a Peltier element (contact area
30x30 mm, TSA-II NeuroSensoryAnalyser, Medoc Ltd. Ad-
vanced Medical Systems, Ramat Yishai, Israel). In short, the
paradigm consists of 10 blocks with 6 noxious heat stimuli each
(baseline temperature 32.0°C, target temperature 48.0°C, dura-
tion 6 s; temperature rise 10 °C/s). The thermode was strapped on
the right volar forearm. Heat stimuli were triggered by an external
computer with a custom-written application (Presentation 11,
Neurobehavioral Systems Inc., Albany, CA, USA). After each
block (inter-stimulus interval between blocks 30 s) subjects were
asked to rate mean perceived pain on a visual analog rating scale
(VAS) ranging from O (no pain) to 100 (most severe pain
imaginable) using a computed device and stored for offline
analysis.

Quantitative sensory testing (Somatosensory test stimuli)

Testing of somatosensory perception was based on elements of a
standardized test battery for quantitative sensory testing (QST)
[15] which was developed as part of the German Research
Network on Neuropathic Pain (DFNS). Before and after applica-
tion of the heat pain paradigm skin and room temperature were
measured in each zone on both the test and the control side.
During the tests all subjects wore an opaque eye mask.

Pain ratings. Subjects rated the magnitude of pain to
suprathreshold mechanical and thermal test stimuli on a numerical
rating scale (NRS) ranging from 0 (non-painful) to 100 (most
intense pain imaginable).

Thermal detection and pain thresholds. Thermal thresh-
olds were determined by using a computerized thermode with
Peltier elements (T'SA-II NeuroSensory Analyzer, MEDOC,
Isracl) with a contact arca of 16x16 mm (32°C baseline
temperature, ramped stimuli with 1 °C/s for detection, 10 °C/s
for pain thresholds). First, the thresholds of warm detection (WD)
were measured using the method of limits which requires the
participants to indicate the first perception of warm and cold by
pressing a button. This was followed by determination of heat pain
threshold (HPT) using the same method of limits. Subjects were
asked to abort the increasing thermal stimulus by pressing a button
as soon as they perceived an additional burning, stabbing or
piercing component in addition to the perception of warmth or
heat. To avoid temporal summation of heat stimuli, HPT were
separated by an interstimulus interval of 10 s. The mean threshold
temperature of three consecutive measurements was calculated.

Suprathreshold heat stimuli. Suprathreshold heat pain
stimuli (SHP) were applied on each zone (central and peripheral
zone P1-3) by using the above thermal sensory testing device with
a 16x16 mm contact area of the thermode head. Maintaining a
constant temperature of 48 °C, the probe was attached manually
to the test sites for 2 s each using a stopwatch to ensure exact
timing. Then the probe was removed from the test site. The mean
pain rating of three consecutive measurements was calculated. The
number of heat stimuli was kept at an absolute minimum and the
interstimulus interval was set to 10s to prevent additional
sensitization induced by temporal summation of thermal test
stimuli. A small thermode head was chosen for SHP testing to
reduce repeated testing of the same area within the larger central
and peripheral testing sites and thus unwanted spatial summation.
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Figure 1. Experimental design. A: Schematic illustration of the tested areas in the main experiment (Experiment 1): Test zones and 16 vectors
(dashed lines) were marked on the right and left volar forearm. At the central zone (C) on the right (i.e. test-) arm repetitive heat pain was applied
inducing visible flare as well as primary and secondary hyperalgesia. Mechanical testing was done in the central zone and distal to it (dots), thermal
testing in the central and peripheral zones (P1, P2 and P3). Areas of secondary hyperalgesia were mapped using a 256 mN von Frey hair. B: Test
sequence: In the main experiment (Experiment 1), quantitative sensory testing (QST) started in the central zone and was repeated in the peripheral
zones. Repetitive heat pain (RHP) was applied to the test arm only. In an additional experiment (Experiment 2) 800 mg acetaminophen (paracetamol)
i.v. was administered to eight subjects 40 minutes before RHP. In this additional experiment, thermal testing was performed in the peripheral zone P1
only. DMA dynamic mechanical allodynia (pain to light touch), FL axon reflex erythema (flare), HPT heat pain threshold, MAP mapping of the areas of
flare and secondary hyperalgesia, MH mechanical hyperalgesia, MPS rating of pain to punctate stimuli (calibrated pinpricks), PCM acetaminophen,
SHP rating of suprathreshold heat pain, WDT warm detection threshold.

doi:10.1371/journal.pone.0099507.g001

Mechanical pain sensitivity for pinprick stimuli and
dynamic mechanical allodynia for stroking light
touch. Mechanical pain sensitivity (MPS) was assessed using
custom-made weighted pinprick stimuli with fixed stimulus
mtensities (The Pinprick, MRC Systems, Heidelberg, Germany;
8, 16, 32, 64, 128, 256, 512 mN; flat contact area of 0.25 mm
diameter) in order to define a stimulus-response function. These
punctate stimuli were adequate to excite cutaneous nociceptors
[19,20]. Pain to light touch (dynamic mechanical allodynia, DMA)
was tested by light stroking with a cotton wisp (3 mN), a cotton
wool tip fixed to an elastic strip (100 mN) or a soft brush (Somedic
SENSE Lab Brush, Sweden; 200400 mN). Each of the seven
intensities of pinpricks and of the three intensities of light stroking
was applied five times in a randomized sequence, according to the
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DFNS protocol, in the central and peripheral zone P1 only due to
temporal constraints.

Mechanical pain sensitivity was calculated as the geometric
mean of all pain ratings for pinprick stimuli and allodynia was
calculated as the geometric mean of all pain ratings after light
touch stimuli.

Mapping and quantification of secondary hyperalgesia
and flare. Mechanical detection of the area of secondary
hyperalgesia developing in skin adjacent to the repetitive heat
stimulation was assessed using a calibrated von Frey hair
(Optihairy, Marstock Nervtest, Germany) that delivers a force of
256 mN (punctuate stimulus). The contact area of the von Frey
hair with the skin was of uniform size and blunt shape (0.5 mm in
diameter). Testing started outside the hyperalgesic area moving
towards the centre (primary hyperalgesia) in 5-mm-steps on
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previously marked lines yielding 12 marks (see Figure la). The
subjects were asked to indicate the point when the sensation of
pressure/touch changed to a sensation of pain. The location was
marked on the skin using a soft felt-tip pen as were those of the
flare that developed around the stimulation site. The tagged points
on the skin indicating hyperalgesia and the visible flare were
transferred on an acetate sheet before (tp) and immediately after
(t;) the pain paradigm. The sheets were then scanned (1:1) and the
areas of flare and hyperalgesia quantified using a computer-based
system (Adobe Acrobat 9 Pro, San Jose, CA, USA).

Additionally, in a separate group of 8 subjects (S1-S8, 6 male
and 2 female subjects; mean age 30%7 years, range 19-57 years)
we characterized the time course of the heat-induced primary and
secondary hyperalgesia immediately after, and at 1, 2, 4, 8, 12,
and 24 h after RHP. To this end, we mapped the areas of
secondary hyperalgesia and compared the pain ratings to a single
force of pinprick of 256 mN in the primary and secondary
hyperalgesia areas.

Multidimensional pain questionnaire

The Hamburg Pain Adjective List (HSAL) is a validated 37 item
list in German language [21]. Subjects are asked to rate different
aspects of the perceived pain on a 7 point Likert scale. The
questionnaire comprises 4 primary scales: pain suffering (PS), pain
anxiety (PA), pain sharpness (PS) and pain rhythm (PR). Two
secondary scales can be formed: AFFECTIVE (27 items) and
SENSORY (16 items), which can be added to a TOTAL scale. It
has been used in previous studies on pain [11] and has been
designed specifically for detecting changes over time. The HSAL
was completed by all 18 subjects. It was done thrice in each
session: after the first, the fifth and the tenth (i.e. last) block of 6
noxious thermal stimuli.

Pharmacological proof-of-concept trial: acetaminophen

(paracetamol) administration

Eight of the 18 subjects underwent an additional single-session
experiment (5 male, 3 female, mean age 26.5*2.4 years, range
22-30 years) in which the effects of acetaminophen on the
formation of secondary hyperalgesia were tested. As the test
session took place on different days and tests was separated from
the main experiment by at least 6 weeks, the test sites remained
identical for both sessions. All subjects received uniform instruc-
tions about the study design (double-blind, placebo-controlled),
pharmacologic properties of acetaminophen and that they had a
50% chance of receiving saline to control for potential placebo
effects. However, over a period of 10 minutes all participants of the
second experiment received 800 mg acetaminophen (80 ml
solution containing 10 mg/ml; Bristol-Myers-Squibb, Munich,
Germany) was administered via an intravenous line into the
cubital vein of the left arm. The dose was based on findings by
Koppert et al., who showed that the effect of acetaminophen on
secondary hyperalgesia by far outweighs its analgesic effects after
electrically induced hyperalgesia [22],[23]. After the end of the
infusion, 30 minutes (i.e. 40 minutes after starting the infusion)
elapsed before the repetitive heat pain was applied again as
maximum antihyperalgesic efficacy was found to occur 40 min
after starting the infusion [22]. Ratings to repetitive heat pain and
the area of secondary pinprick hyperalgesia and allodynia were
assessed before administration of acetaminophen and after the
repetitive heat pain. To keep this experiment as brief as possible,
pain testing was only performed in central area and in one of the
peripheral test areas (P1).
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Data evaluation and statistics

Heat pain thresholds, suprathreshold heat pain ratings, areas of
flare and secondary hyperalgesia, and HSAL scores were analysed
as raw data. Warm detection thresholds, which are usually not
normally distributed were transformed into decadic logarithms in
order to achieve secondary normal distribution [24]. Pain ratings
to pinprick and to light touch returned a substantial number of
zero pain ratings. Thus, a small constant (0.1) was added to all
pain ratings (mechanical pain sensitivity and dynamic mechanical
allodynia) to avoid loss of zero-values, and then the ratings were
log-transformed (for theoretical background, see [25]).

Group differences were examined by means of an analysis of
variance (ANOVA) for repeated measures. Mauchly’s Test was
used to detect violations of sphericity. In such cases, Greenhouse-
Geisser correction was applied. For post hoc tests and pairwise
comparisons, t-tests were used. Results with p<<0.05 were regarded
as significant. Statistical analysis was performed using SPSS 17
(SPSS Inc., Chicago, IL, USA).

Results

Repetitive heat pain (RHP)

In 18 healthy volunteers, ratings to repetitive heat pain stimuli
and heat-induced flare and secondary hyperalgesia were assessed
(Figure 2). Mean pain intensity on the VAS was 57.4%4.5 in the
first block, and heat pain ratings increased gradually from the first
to the 10™ block (one-way RM-ANOVA: Fs3 55;=7.01, p<
0.001. Pain ratings were significantly higher in any later test block
compared to the first one (all at least p<<0.05) amounting to a
mean pain rating of 72.2%5.4 in the 10" block, a 26% higher pain
rating than in the first block (p<<0.002) indicating significant
sensitization in the heat-conditioned area (Figure 2A).

Mapping of secondary hyperalgesia and flare

A visible flare developed during application of repetitive heat
pain and continuously increased, extending beyond the contact
area of the thermode head. Extension from the thermode was
more pronounced in the proximal than distal direction of the
forearm in all subjects. Secondary hyperalgesia and flare were
absent at baseline testing. However, after the conditioning heat
pain paradigm we identified significant areas of flare (mean area:

A 80 - B.s 100 -
a g” r***—l
- T
S 60 5§ 507
£ stimulus repeats 2~
£ ANOVA p<0.001 2°E g0 4
o
o =
c 40 4 S o
- T ®© _
s S 2 40
£ g<
g 2] 2 20
0 “ 0

123 45678910
Block of stimuli

Flare Secondary
hyperalgesia

Figure 2. Pain ratings to repetitive 48°C heat stimuli, and heat-
induced flare and secondary hyperalgesia. A: Pain ratings in 18
healthy volunteers upon repetitive heat pain stimulation (60 heat
stimuli of 48°C with 6 s plateau repeated every 15 s). Rating on a visual
analogue scale (VAS) ranging from 0 (no pain) to 100 mm (worst
imaginable pain). The Figure depicts average pain ratings of blocks of
six consecutive heat pain stimuli, each. B: Areas of heat-induced
spreading erythema (flare) and of secondary hyperalgesia tested by
stimulation with a 256 mN von Frey hair. *** p<<0.001.
doi:10.1371/journal.pone.0099507.9g002
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41.0=1.5 cm? ANOVA: p<<0.001) and of secondary hyperal-
gesia (mean: 83.2%3.5 cm®; ANOVA: p<<<0.001), which were
characterized by their remarkable small inter-individual variation
of magnitude (coeflicients of wvariation of 0.19 and 0.17,
respectively). The area of secondary hyperalgesia was significantly
larger than the flare area (more than twice the size of the flare
area; p<<0.001; Figure 2B).

The flare disappeared within one day and subjects reported no
persistent effects beyond that day, such as erythema. Higher
degrees of tissue damage (i.e. second degree burn injuries such as
blistering) were never observed throughout the experiment.

Quantitative sensory testing (QST) in the zones of
primary and secondary hyperalgesia

Sensory changes were more comprehensively assessed quanti-
tatively by thermal testing (warm detection threshold WD'T, heat
pain threshold HPT, and suprathreshold heat pain rating SHP)
and mechanical testing (pain rating to pinprick stimuli MPS, and
pain rating to tactile stimuli, i.e. dynamic mechanical allodynia
DMA) in the heat pain-conditioned (“central”) and adjacent skin
areas (“peripheral” P1-P3, see Figure 1). All QST parameters
exhibited substantial reliability and a stable side-to-symmetry at
baseline as evaluated by correlations (r = 0.64-0.86, all at least p<
0.005) and absence of left-to-right difference (all p>0.30). A
comprehensive overview of quantitative sensory testing results is
given in Table 1.

Thermal testing. After heat pain conditioning, there was
almost a doubling of warm detection thresholds in the conditioned
primary zone (“central”) from 3.7 °C to 6.3 °C (p<<0.001). A much
smaller increase was encountered in the adjacent test site (“P17;
3.5 to 4.3 °C, p<<0.05), both no other ipsilateral or contralateral
test area with an average pre-to-post change of +0.06°C (range:
—0.33 to +0.39°C; all n.s.).

In contrast, the threshold for heat pain in the central area
dropped from 45.4%+0,6 °C to 44.4%0.7 °C), although this failed
to reach significance (p = 0.16). There was no significant change of
heat pain thresholds in any other ipsilateral or contralateral test
area (on average +0.2 °C, range of changes —0.7 to +1.3°C).
However, pain rating to brief suprathreshold heat pain increased
from an average 31 to 51 mm on the 100 mm VAS (+65%, p<
0.001), while changes in any other test area were marginal
(increases on average +4 mm; range 3-6 mm, all n.s.).

Mechanical testing. Pinprick-evoked pain (MPS) was sub-
stantially increased by repetitive heat, approximately 4fold in the
conditioned primary area (“central”) and 3.2fold in adjacent skin
(“P1”’; both p<<<<0.001), but not in the contralateral control area
(increases 1.17 and 1.06fold, both n.s.). Additionally, the central
and adjacent (“P1”) areas on the heat-conditioned side exhibited
significant dynamic mechanical allodynia (DMA; both p<<0.01),
while this was not observed at the contralateral side. Detailed
results of pain ratings (Figure 3) to pinprick stimuli (8 to 512 mN;
right panels) and to light touch (left panels) before and after
repetitive heat in the central and peripheral zone are given as
stimulus-response (S/R) functions for the central area (Figure 3A)
and adjacent area Pl (Figure 3B). They show that sensitization
encompassed the whole range of stimulus forces (defined as a
leftward shift of the S/R curve) after application of repetitive heat
pain. Notably, the magnitude of hyperalgesia to pinprick stimuli
was not significantly correlated to the area of secondary
hyperalgesia to pinprick (r=0.18, n.s.). Likewise, primary hyper-
algesia to heat estimated either as pain rating increase during or
after repetitive heating was not correlated to either area or
magnitude of pinprick hyperalgesia (overall correlation r = —0.07;
range: —0.27 to +0.17; all n.s.).
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Modulation of qualitative pain characteristics

Analysis of pain characteristics as assessed by the HSAL list of
pain descriptors yielded a substantial overall increase very similar
to the increase of VAS pain ratings (+23.2%, p<<0.001).
Hierarchical analysis of subscales revealed that the increase in
the affective pain component was more pronounced (+30%, p<<
0.001) than that in the sensory pain component (+15%, p<<0.02)
although the difference did not reach statistical significance
(increase of affective vs. sensory p=0.17). This also applied to
both affective pain components, namely pain-related suffering and
pain-related anxiety as well. Notably, the most purely defined
sensory subscale (“pain sharpness”) only exhibited a non-
significant trend (+9%, p=0.14). All changes were already fully
present at the fifth block of heat stimuli. An overview of mean
values at the first, fifth and tenth block is given in Figure 4.

Time course of primary and secondary hyperalgesia

The time course of hyperalgesia parameters exhibited a
maximal expression at one hour after repetitive heat pain
stimulation (Fig. 5). The maximal spread of secondary hyperalge-
sia (Figure 5A) at that time point was 51.0 £ 3.7 mm from the
thermode center (corresponding to a mean area of 81.6 cm?),
which matched exactly the mean area in the group of 18 different
subjects (compare Figure 2B). Notably, significant spread of
hyperalgesia beyond the thermode area was met at any time after
RHP (all at least p<<0.001), and significant reduction of the
secondary hyperalgesia area was only met at 8 h after RHP.

Likewise, hyperalgesia to pinprick stimulation in the primary
and secondary areas peaked at one hour after RHP with a >5fold
and >3fold pain increase compared to the contralateral mirror
image control side (Figure 5B). Thereafter, hyperalgesia in both
hyperalgesia areas slowly declined in parallel. However, significant
hyperalgesia was present at any time point for primary hyperal-
gesia (at least p<<0.001 up to 13 h after RHP, and p<<0.005 at
24 h), and secondary hyperalgesia as well (at least p<<0.005 up to
13 h after RHP, and p<<0.05 at 24 h). Thus, hyperalgesia lasted
for more than 24 h after RHP. Notably, the magnitude of pinprick
hyperalgesia in the primary and secondary areas was strongly
correlated up to 8 h after RHP (mean correlation: r=0.86, p<
0.001; range: 0.70-0.93) suggesting that they share a similar

mechanism.

Modulation of heat pain and heat-induced flare and
secondary hyperalgesia by NSAID (acetaminophen proof-
of-concept trial)

Ratings of repetitive heat pain in the subgroup of subjects of the
acetaminophen trial (n = 8; Figure 6A) were representative of the
full cohort (n=18; for comparison see Figure 2). They increased
significantly both with and without application of acetaminophen
over time from the first to the tenth block (ANOVA: F=4.733,
p=0.011). Mean pain ratings to the repetitive noxious thermal
stimuli decreased slightly at any time of the conditioning heat pain
protocol, and pain reduction varied from 6-26% for the ten
blocks. However, in none of the blocks nor in overall pain after
application of acetaminophen did the pain reduction reach
statistical significance (overall pain reduction —11%, paired t-test,
p=0.41). Likewise, the intra-session development of heat hyper-
algesia as calculated from the increase in heat pain ratings from
the first to the tenth block of heat stimuli remained unaltered
(p = 0.50). Moreover, there was no indication for a reversal of heat
hyperalgesia after repetitive heat conditioning, since neither heat
pain thresholds nor pain ratings to suprathreshold heat pain in the
hyperalgesic area were significantly reduced (both p>0.20).
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Figure 3. Stimulus response function for calibrated pinprick
stimuli and dynamic tactile stimuli (stroking light touch) at
baseline and after heat pain in A: the conditioned skin area
(“central zone”) and in B: adjacent skin (“peripheral zone”).
Ratings to increasing intensities of pinprick stimuli (testing for
hyperalgesia) and ratings to different modalities of light touch (testing
for dynamic mechanical allodynia by stroking tactile stimuli, namely by
CW =3 mN cotton wisp, QT=100 mN cotton wool tip, BR=200-
400 mN wide soft brush) in the central and peripheral zone. Ratings
before (white) and after (black) repetitive heat pain are given on a
numerical rating scale ranging from 0 (no pain) to 100 (worst
imaginable pain). ** p<0.05, ** p<0.01, *** p<0.001 (t-test for
repetitive heat-conditioning vs. unconditioned control).
doi:10.1371/journal.pone.0099507.g003

Also, flare and secondary hyperalgesia areas were representative
of the full cohort. In contrast to heat pain or heat hyperalgesia,
however, infusion of acetaminophen decreased the area of flare
significantly by 31% from 40.4%2.7 to 27.6+3.2 cm”? (ANOVA;
F=15.63; p=0.006), and the mean area of secondary hyperal-
gesia by 59% from 83.4%5.1 to 33.7%2.6 cm®> (ANOVA;
F=1318.20; p<<0.001; Figure 6B). Accordingly, the reduction
of the secondary hyperalgesia area was significantly more
pronounced than the reduction of the flare area (p<<0.02).

Potential analgesia by acetaminophen was also tested by
reduction of pinprick pain. Since this was small we pooled pain
ratings to pinprick in all control areas, i.e. pain rating at baseline
on the test arm and pain at baseline and after heat pain
conditioning in the contralateral control arm for a more stable
estimate. This revealed an average reduction of pinprick pain by
8% (p>0.30 in any of the test areas). Testing hyperalgesia to
pinprick and dynamic mechanical allodynia revealed that the
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Figure 4. Changes of stimulus qualities by repetition of heat
pain. Pain scores rated on the HSAL quality descriptor scale in the first,
fifth and tenth block of heat pain conditioning. Scores generally
increased upon repetition of stimulation for affective dimensions (grey
circles) stronger than for sensory dimensions (open circles). HSAL
compound score (total HSAL; black circles). Scores are log-scaled to
allow immediate evaluation of the proportion of change across all HSAL
subscores. HSAL: Hamburg Pain Adjective List. * p<<0.05, ** p<0.01,
*** p<<0.001 (repeated measures ANOVA for factor stimulus repetition)
doi:10.1371/journal.pone.0099507.g004

magnitude of hyperalgesia and allodynia were similar to that of the
n=18 cohort. The magnitude did not differ in magnitude the
central and in the peripheral test areas (p =0.73 for hyperalgesia,
and p =0.75 for allodynia). Thus, both areas were thus pooled for
analysis. There was a 3.23fold increase in hyperalgesia to pinprick
(p<<<0.001), and significant allodynia (p<<0.02) after heat pain
conditioning (Figure 7A).

After intravenous acetaminophen, heat pain conditioning still
induced significant pinprick hyperalgesia to 1.92fold of control
(p<<0.001; Figure 7B). However, this represents a significant
reduction of pain in the hyperalgesic area compared to the control
condition (—41%, p<<0.001). Since this represents a combined
analgesic and antithyperalgesic effect, we also calculated the
reduction of hyperalgesia from the average shift of stimulus
response functions relative to the respective contralateral control
areas to subtract a potential analgesic effect, which revealed an
even more prominent reduction of the hyperalgesia component
(—59%, p<<0.001). Notably, the reduction in pinprick hyperalgesia
(magnitude) was not significantly correlated to the reduction of
secondary hyperalgesia area (r=0.18, p=0.66). Likewise, there
was significant dynamic mechanical allodynia after heat condi-
tioning in the control arm (p=0.012) and in the acetaminophen
arm (p = 0.028; Figure 7A). Acetaminophen also reduced dynamic
mechanical allodynia by approximately one third (Figure 7B),
however, this failed to reach significance (p = 0.13), since allodynia
was only present in approximately 40% of all tested areas (13/32).

Discussion

The excitation of TRPV1-bearing primary afferents is essential
for the induction of states of central sensitization in humans [6,9—
11,26]. These afferents can be selectively excited by specific
agonists like capsaicin or by noxious heat. Likewise, various
models of painful heat have been used in the past to elicit central
sensitization with variable success [5,14,27,28]. In this investiga-
tion we modified the method of heat delivery to improve the
reliability of peripheral and central sensitization and the efficacy-
to-safety ratio.
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Figure 5. Time course of primary and secondary hyperalgesia. A: Time course of the area of secondary hyperalgesia over 24 h after repetitive
heat revealed significant secondary hyperalgesia for at least 24 h after heat stimulation. B: Time course of pain ratings increase vs. the contralateral
mirror image control site in the primary hyperalgesia area (open circles) and in the secondary hyperalgesia area (filled circles) showed significantly

higher pain sensitivity lasting for at least 24 h after heat stimulation.
doi:10.1371/journal.pone.0099507.9005

After application of repetitive heat pain stimulation a strong
thermal hyperalgesia was observed in the central zone below the
thermode head, which is in line with previous studies showing
primary heat hyperalgesia after burn injuries [4,5]. A significant
gradual increase of heat pain to repeated conditioning heat stimuli
was found, which was already present in the second block of heat
stimuli. However, there may be confounding factors, namely a
slow increase of stimulus efficacy upon fast stimulus repetition
[29,30], but also pronounced primary afferent fatigue to repeated
heat stimuli [29,31-33] and some degree of centrally mediated
habituation [29,34]. In line with the assumption of primary
afferent fatigue, a prominent loss of warm sensitivity was observed
in the conditioned skin area. Heat hyperalgesia developed very
early during and slowly mounted towards the end of the repetitive
heat stimulation. However, it was seen in full bloom only later at
one hour after by testing heat pain to brief heat stimuli. Since heat-
sensitive nociceptors do not only sensitize, but also exhibit
prominent fatigue of action potential discharge during sustained
or repeated heat stimulation, which needs at least ten minutes for
full recovery [29,35,36] we conclude that the full expression of
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heat sensitization only becomes apparent, when nociceptor fatigue
has fully subsided and thus the sensitization prevails. A gradual
development of primary afferent sensitization [37-39], which is
limited to the stimulated site is the most likely factor contributing
to the observed homotopic sensitization [40,41],[42]. In agree-
ment with most previous studies [4,6,43-45] no appreciable
changes of heat pain thresholds or heat-induced pain ratings to
suprathreshold stimuli could be observed in areas adjacent to the
conditioned site and strongly argue against the induction of
secondary heat hyperalgesia by our model. It is noteworthy, that
ratings to suprathreshold pain ratings were more sensitive than
heat pain thresholds to detect sensitization. This is consistent with
findings in the quantitative sensory testing data base of the
German research network on neuropathic pain that suprathresh-
old pain ratings exhibited less variability and higher reliability than
pain thresholds in the same stimulus dimension (pinprick) [15].
There were similar findings in patients with pinprick hyperalgesia
[46]. This may suggest that psychophysics of pain using the
method of limits impose undue methodological constraints, like
lack of sensitivity. Human psychophysical studies should thus not
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Figure 6. Impact of acetaminophen on heat pain upon repeated heat stimulation and areas of heat-induced flare and secondary
hyperalgesia. A: Comparison of pain ratings in 8 healthy volunteers to repetitive heat pain stimuli after infusion of 800 mg acetaminophen (grey
circles) or in the control condition (open circles; all results are given as means = SEM). B: Areas of flare (left panel) and secondary hyperalgesia to
punctate stimuli (mapped by 256 mN von Frey-hair; right panel) after repetitive heat in the control condition (white bars) and after i.v.
acetaminophen (grey bars). ** p<<0.01, *** p<<0.001 (t-test for control condition vs. acetaminophen).

doi:10.1371/journal.pone.0099507.g006
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Figure 7. Impact of acetaminophen on pain to pinprick
stimulation and magnitude of heat-induced secondary hyper-
algesia and dynamic mechanical allodynia. A: Ratings to
increasing intensities of pinprick stimuli (testing for hyperalgesia; left
panel) and ratings to different modalities of light touch (testing for
dynamic mechanical allodynia by stroking tactile stimuli; right panel)
before (open circles) and after heat pain conditioning (black circles) in
the control arm. B: Pain and hyperalgesia to pinprick and light touch
under intravenous acetaminophen before (open circles) and after heat
pain conditioning (grey circles) in the acetaminophen arm. Reduction of
pinprick hyperalgesia was especially pronounced at low to moderate
force pinprick stimuli. For both A and B data from the central heat-
conditioned and the adjacent skin area (P1) were pooled, since both
areas displayed the same magnitude of change for heat-induced
hyperalgesia and allodynia as well as in acetaminophen-related
reduction of hyperalgesia or allodynia. * p<<0.05, ** p<<0.01, *** p<
0.001 (t-test for repetitive heat-conditioning vs. unconditioned control).
doi:10.1371/journal.pone.0099507.g007

just rely on simple threshold assessment, but aim at understanding
the processing of suprathreshold stimuli.

A significant increase in mechanical pain sensitivity and pain to
light touch (dynamic mechanical allodynia) was observed in both
the central and adjacent skin with similar magnitude probably
resulting from a temporal and spatial summation of input from
heat-sensitive nociceptors. Mapping mechanical pain sensitivity
revealed large areas of secondary hyperalgesia to pinprick stimuli
similar to the findings of other studies using different methods of
hyperalgesia induction [4,5,8,43,47]. Both, mechanical pain
sensitivity as measured by pain ratings to various pinprick
intensities and the area of secondary hyperalgesia were signifi-
cantly increased in our sample. Notably, they were not correlated

PLOS ONE | www.plosone.org
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as described previously [48] suggesting that they may represent
independent aspects albeit related to the same underlying process
of central sensitization (for detailed discussion see [49]) which
suggests that the administration of repetitive heat pain using this
paradigm is comparable to other potent inducers of experimental
primary and secondary hyperalgesia, such as burn pain or
capsaicin. Likewise, allodynia mediated by heterosynaptic sensiti-
zation to the central input of A-beta fibres [9] was observed in
both the central and the peripheral zone following repetitive heat
pain. Recently, different methods of heat-induced central sensiti-
zation were meta-analysed with two main conclusions: first,
various models of noxious heat reliably induce central sensitiza-
tion, and second, the most reliable results were observed with
strong sustained stimulation (47°C for 7 min) [28] resulting in first
degree burns, sometimes even skin blistering (second degree burn).
Our model provides similar thermal stimulation (48°C for
60x6 s=6 min plateau time) but likely more vigorous input from
heat-sensitive nociceptors resulting from the phasic discharge to
pulsating stimulation [50]. At the same time, intermittent cooling
avoids cumulation of thermal energy to damaging levels in the
tissue and ensuing burn injury [51-53] thus increasing the safety
margin for this stimulus type. Notably, this model of repetitive heat
pain stimulation induced a significantly more long-lasting type of
hyperalgesia than other varieties of heat conditioning that have
been published previously e.g. [51-53]. Rather they share the
sustained time course of hyperalgesia models like high-dose
Intracutaneous capsaicin injection, high-frequency electrical stim-
ulation, or experimental skin incision [51-53] [54,55], suggesting
that it may induce the long-term potentiation type of central
sensitization. An additional advantage is the induction of a
prominent and long-lasting primary heat hyperalgesia, thus
allowing the parallel study of primary and secondary hyperalgesia
mechanisms in the same model.

Repetitive application of noxious heat stimuli elicited a
profound significant increase in all primary and secondary
modalities except for pain sharpness. “Pain sharpness” reflected
by ratings of adjectives like cutting, tearing, shooting, sharp, and
stabbing, is the perceptual correlate of A-delta fibre activation,
which is related to reflex withdrawal, while “pain rhythmicity”
comprising characteristics such as nagging, hot, radiating and
pulsating relates to C-fibre activation [56,57]. The latter may
directly be related to higher affective load, however, more complex
central mechanisms cannot be ruled out.

As predicted from previous human studies [7,23], the preemp-
tive administration of acetaminophen in a proof-of-concept trial
conducted in a small cohort of subjects (n=8) changed pain
ratings to repetitive heat stimuli and to painful pinpricks only
marginally indicating poor analgesic efficacy. In contrast, the area
of secondary pinprick hyperalgesia decreased significantly in the
acetaminophen group. These findings support the notion that
acetaminophen is a rather weak NSAID analgesic with some, but
limited peripheral action on primary afferents. In contrast, it may
be a quite powerful inhibitor of hyperalgesia of the secondary
hyperalgesia type, which is related to a heterosynaptic mechanism
of spinal central sensitization. This corroborates previous findings
in an intracutaneous electrical hyperalgesia model [22,23] and
reports on the efficacy of acetaminophen on laser-evoked pain in
panretinal photocoagulation [58] and mechanical experimental
pain involving hyperalgesia to blunt pressure '*°

In line with previous findings the visible flare was significantly
smaller than the area of secondary pinprick hyperalgesia [6,60].
The axon reflex is of peripheral origin mediated by release of
vasoactive peptides from peripheral nociceptive C fiber afferents
resulting in neurogenic inflammation (capillary vasodilation
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visually identified as flare) [61,62]. Consistent with previous studies
acetaminophen reduced neurogenic inflaimmation moderately
[23,59]. This points to a minor role of the anti-inflammatory
action of acetaminophen, but emphasizes its possible role as a
centrally acting analgesic, more precisely as an antihyperalgesic
targeting the input-driven facilitation, which is limited to gating of
a specific set of primary afferents (mechanosensitive A-delta
nociceptors) [6,9-11,44,45]. This selectivity of the facilitated input
is underlined by the fact, that in this study no aspect of heat pain
sensitivity or heat hyperalgesia was altered. Moreover, acetamin-
ophen exhibited no appreciable effect on any aspect of acute pain
sensitivity, explaining why it has only marginal or no efficacy for
ongoing nociceptive pain [63-63].

In contrast, there is evidence for fostering of supraspinal
serotonergic pain-inhibitory pathways by acetaminophen [23,66—
70]. Additionally, conversion of acetaminophen to AM404, a
FAAH inhibitor, prevents the breakdown of cannabinoid lipids
thus enhancing cannabinoid tone and exerting an antihyperalgesic
action at CB1 cannabinoid receptors at peripheral and central
targets [67,71-74]. This involves dampening of TRPV1 and
TRPALI action located on the central terminals of primary afferent
neurons [72,74]. This mechanisms also offer a consistent
explanation for the selectivity of the acetaminophen effect, since
it has been shown that descending control mechanisms may limit
the expression of spinal plasticity [75-77]. This readily explains
the rank order of efficacy that we observed: there was little or no
inhibition of acute nociceptive pain (both heat and mechanical),
some inhibition of the flare response, but primarily a pronounced
inhibition of hyperalgesia related to central sensitization.

As shown in a previous study [40], our improved model of
thermal hyperalgesia repeatedly induced a relevant intra-session
peripheral and central sensitization when applied daily for more
than one week. Interestingly, a relevant inter-session habituation
to ratings of repetitive heat pain (RHP) was also observed. This is -
at least partly — mediated centrally through the rostral part of the
anterior cingulate cortex [3,17,78]. It is tempting to speculate that
intra-session  sensitization modulates inter-session habituation.
Further studies using functional imaging on the spinal and cortical
level, possibly using connectivity analyses, may disentangle this
dual process interaction.
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Conclusion

In conclusion, our model of repetitive heat pain provides a
useful method to induce pronounced peripheral sensitization (to
heat) as well as centrally mediated sensitization (secondary
hyperalgesia to mechanical stimuli) with a sustained time course
not previously met in other heat sensitization models. Sensory and
affective modalities of pain were altered significantly towards more
intense ratings. This model does not only improve the efficacy/
safety ratio of previous heat sensitization models. It is also relevant
to further studies as it represents a convenient model for combined
pharmacological testing of analgesia and anti-hyperalgesia mech-
anisms related to thermal and mechanical input.

Supporting Information

Data S1 Raw data of experiment 1 and 2. BR 200-
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cotton wisp, DMA dynamic mechanical allodynia (pain to light
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pinpricks), P1-3: skin areas adjacent to the area of RHP
application, PCM acetaminophen, Q' 100 mN cotton wool tip,
RHP repetitive heat pain, SHP rating of suprathreshold heat pain,
WDT warm detection threshold.

(XLSX)

Acknowledgments

The authors thank Dr. Thomas Klein from the Department of
Neurophysiology, Centre for Biomedicine and Medical Technology
Mannheim (CBTM), University of Heidelberg, Mannheim, Germany for
helpful discussion of the study design.

Author Contributions

Conceived and designed the experiments: TP] AS AM. Performed the
experiments: AS FH. Analyzed the data: TP] AS WM. Contributed to the
writing of the manuscript: TP] AS FH WM AM.

9. Magerl W, Fuchs PN, Meyer RA, Treede RD (2001) Roles of capsaicin-
insensitive nociceptors in cutaneous pain and secondary hyperalgesia. Brain 124:
1754-1764.

. Magerl W, Klein T (2006) Chapter 33 Experimental human models of
neuropathic pain. Handb Clin Neurol 81: 503-516. doi:S0072-9752(06)80037-0
[pii] 10.1016/50072-9752(06)80037-0 [doi].

. Ziegler EA, Magerl W, Meyer RA, Treede RD (1999) Secondary hyperalgesia to
punctate mechanical stimuli. Central sensitization to A-fibre nociceptor input.
Brain 122 (Pt 12): 2245-2257.

. Cervero F, Gilbert R, Hammond RG, Tanner J (1993) Development of
secondary hyperalgesia following non-painful thermal stimulation of the skin: a
psychophysical study in man. Pain 54: 181-189.

. Gustorfl' B, Sycha T, Lieba-Samal D, Rolke R, Treede RD, et al. (2013) The
pattern and time course of somatosensory changes in the human UVB sunburn
model reveal the presence of peripheral and central sensitization. Pain 154: 586
597. doi:10.1016/j.pain.2012.12.020.

. Pedersen JL (2000) Inflammatory pain in experimental burns in man. Dan Med
Bull 47: 168-195.

. Rolke R, Baron R, Maier C, Tolle TR, Treede RD, et al. (2006) Quantitative
sensory testing in the German Research Network on Neuropathic Pain (DFNS):
standardized protocol and reference values. Pain 123: 231-243. doi:S0304-
3959(06)00152-7 [pii] 10.1016/j.pain.2006.01.041 [doi].

. Defrin R, Shachal-Shiffer M, Hadgadg M, Peretz C (2006) Quantitative
somatosensory testing of warm and heat-pain thresholds: the effect of body
region and testing method. Clin J Pain 22: 130-136. doi:00002508-200602000-
00003 [pii].

June 2014 | Volume 9 | Issue 6 | €99507



20.

21.
22.

23.

24.

28.

29.

30.

31

32.

33.

34.

38.

39.

40.

41.

42,

43.

44.

46.

. Bingel U, Schoell E, Herken W, Biichel C, May A (2007) Habituation to painful

stimulation involves the antinociceptive system. Pain 131: 21-30. doi:S0304-
3959(06)00670-1 [pii] 10.1016/j.pain.2006.12.005 [doi].

. Teutsch S, Herken W, Bingel U, Schoell E, May A (2008) Changes in brain gray

matter due to repetitive painful stimulation. Neuroimage 42: 845-849.
doi:S1053-8119(08)00646-0 [pii] 10.1016/j.neuroimage.2008.05.044 [doi].

. Greenspan JD, McGillis SLB (1991) Stimulus features relevant to the perception

of sharpness and mechanically evoked cutancous pain. Somatosens Motor Res 8:
137-147.

Slugg RM, Meyer RA, Campbell JN (2000) Response of cutancous A- and C-
fiber nociceptors in the monkey to controlled-force stimuli. J Neurophysiol 83:
2179-2191.

Hoppe F (1991) Hamburger Schmerz-Adjektiv-Liste (HSAL). Weinheim.

Filitz J, Thmsen H, Gunther W, Troster A, Schwilden H, et al. (2008) Supra-
additive effects of tramadol and acetaminophen in a human pain model. Pain
136: 262-270. doi:S0304-3959(07)00372-7 [pii] 10.1016/j.pain.2007.06.036.
Koppert W, Wehrfritz A, Kérber N, Sittl R, Albrecht S, et al. (2004) The
cyclooxygenase isozyme inhibitors parecoxib and paracetamol reduce central
hyperalgesia in humans. Pain 108: 148-153. doi:10.1016/j.pain.2003.12.017.
Rolke R, Magerl W, Campbell KA, Schalber C, Caspari S, et al. (2006)
Quantitative sensory testing: a comprehensive protocol for clinical trials.
European Journal of Pain 10: 77-88.

. Magerl W, Wilk SH, Treede RD (1998) Secondary hyperalgesia and perceptual

wind-up following intradermal injection of capsaicin in humans. Pain 74: 257

268.

. Treede RD, Meyer RA, Raja SN, Campbell JN (1992) Peripheral and central

mechanisms of cutaneous hyperalgesia. Progress in Neurobiology 38: 397-421.

. Dirks J, Petersen KL (2003) The Heat/Capsaicin Sensitization Model: A

Methodologic Study. Journal of Neurophysiology 4: 122-128.

Werner MU, Petersen KL, Rowbotham MC, Dahl JB (2013) Healthy volunteers
can be phenotyped using cutaneous sensitization pain models. PLoS ONE 8:
€62733. doi:10.1371/journal.pone.0062733.

sreffrath. W, Baumgartner U, Treede R (2007) Peripheral and central
components of habituation of heat pain perception and evoked potentials in
humans. Pain 132: 301-311.

Magerl W, Treede RD (1996) Heat-evoked vasodilatation in human hairy skin:
axon reflexes due to low-level activity of nociceptive afferents. J Physiol (Lond)

497 (Pt 3): 837-848.

Bessou P, Burgess PR, Perl ER, Taylor CB (1971) Dynamic properties of

mechanoreceptors with unmyelinated (C) fibers. J Neurophysiol 34: 116-131.
Bessou P, Perl ER (1969) Response of cutaneous sensory units with
unmyelinated fibers to noxious stimuli. J Neurophysiol 32: 1025-1043.
Kuhtz-Buschbeck JP, Andresen W, Gobel S, Gilster R, Stick C (2010)
Thermoreception and nociception of the skin: a classic paper of Bessou and
Perl and analyses of thermal sensitivity during a student laboratory exercise. Adv
Physiol Educ 34: 25-34. doi:10.1152/advan.00002.2010.

Hashmi JA, Davis KD (2010) Effects of temperature on heat pain adaptation
and habituation in men and women. Pain 151: 737-743. doi:10.1016/
j-pain.2010.08.046.

Schepers RJ, Ringkamp M (2010) Thermoreceptors and thermosensitive
afferents. Neurosci Biobehav Rev 34: 177-184. doi:10.1016/j.neubiorev.
2009.10.003.

. Treede RD (1995) Peripheral acute pain mechanisms. Ann Med 27: 213-216.
. Campbell JN, Meyer RA, LaMotte RH (1979) Sensitization of myelinated

nociceptive afferents that innervate monkey hand. J Neurophysiol 42: 1669
1679.

Perl ER (2007) Ideas about pain, a historical view. Nat Rev Neurosci 8: 71-80.
doi:10.1038/nrn2042.

Thalhammer JG, LaMotte RH (1982) Spatial properties of nociceptor
sensitization following heat injury of the skin. Brain Res 231: 257-265.

May A, Rodriguez-Raecke R, Schulte A, IThle K, Breimhorst M, et al. (2011)
Within session sensitization and between session habituation: A robust
physiological response to repetitive painful heat stimulation. Eur J Pain in press.
Jurgens TP, Schulte A, Klein T, May A (2012) Transcranial direct current
stimulation does neither modulate results of a quantitative sensory testing
protocol nor ratings of suprathreshold heat stimuli in healthy volunteers.
Eur J Pain 16: 1251-1263. doi:10.1002/j.1532-2149.2012.00135.x.

Doganci B, Breimhorst M, Hondrich M, Rodriguez-Raecke R, May A, et al.
(2011) Expectations modulate long-term heat pain habituation. Eur J Pain 15:
384-388. doi:10.1016/j.ejpain.2010.09.003.

Ali Z, Meyer RA, Campbell JN (1996) Secondary hyperalgesia to mechanical
but not heat stimuli following a capsaicin injection in hairy skin. Pain 68: 401—
411.

Klein T, Stahn S, Magerl W, Treede RD (2008) The role of heterosynaptic
facilitation in long-term potentiation (LTP) of human pain sensation. Pain.
doi:30304-3959(08)00294-7 [pii] 10.1016/j.pain.2008.06.001 [doi].

. Lang S, Klein T, Magerl W, Treede RD (2007) Modality-specific sensory

changes in humans after the induction of long-term potentiation (LTP) in
cutaneous nociceptive pathways. Pain 128: 254-263. doi:S0304-3959(06)00499-
4 [pii] 10.1016/j.pain.2006.09.026 [doi].

Stiasny-Kolster K, Pfau DB, Oertel WH, Treede R-D, Magerl W (2013)
Hyperalgesia and functional sensory loss in restless legs syndrome. Pain 154:
1457-1463. doi:10.1016/j.pain.2013.05.007.

PLOS ONE | www.plosone.org

48.

49.

50.

51.

52.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

66.

67.

68.

69.

70.

71.

73.

Secondary Hyperalgesia by Repetitive Heat Pain

. Klede M, Handwerker HO, Schmelz M (2009) Central Origin of Secondary

Mechanical Hyperalgesia. ] Neurophysiol 90: 353-359.

Fimer I, Klein T, Magerl W, Treede R-D, Zahn PK, et al. (2011) Modality-
specific somatosensory changes in a human surrogate model of postoperative
pain. Anesthesiology 115: 387-397. doi:10.1097/ALN.0b013e318219509¢.
Sandkiihler J (2009) Models and Mechanisms of Hyperalgesia and Allodynia.
Physiol Rev 89: 707-758.

Lautenbacher S, Roscher S, Strian F (1995) Tonic pain evoked by pulsating
heat: temporal summation mechanisms and perceptual qualities. Somatosens
Mot Res 12: 59-70.

Baldwin A, Xu J, Attinger D (2012) How to cool a burn: a heat transfer point of
view. J Burn Care Res 33: 176-187. doi:10.1097/BCR.0b013¢3182331cfe.
Henriques FC, Moritz AR (1947) Studies of Thermal Injury: I. The Conduction
of Heat to and through Skin and the Temperatures Attained Therein. A
Theoretical and an Experimental Investigation. Am J Pathol 23: 530-549.

. Moritz AR, Henriques FC (1947) Studies of Thermal Injury: II. The Relative

Importance of Time and Surface Temperature in the Causation of Cutaneous
Burns. Am J Pathol 23: 695-720.

Klein T, Magerl W, Treede RD (2006) Perceptual correlate of nociceptive long-
term potentiation (LTP) in humans shares the time course of early-LTP.

[doi].

. Pfau DB, Klein T, Putzer D, Pogatzki-Zahn EM, Treede R-D, et al. (2011)

Analysis of hyperalgesia time courses in humans after painful electrical high-
frequency stimulation identifies a possible transition from early to late LTP-like
pain plasticity. Pain 152: 1532-1539. doi:10.1016/j.pain.2011.02.037.

Hansen N, Klein T, Magerl W, Treede RD (2007) Psychophysical evidence for
long-term potentiation of C-fiber and Adelta-fiber pathways in humans by
analysis of pain descriptors. ] Neurophysiol 97: 2559-2563. doi:01125.2006 [pii]
10.1152/jn.01125.2006 [doi].

Sinclair D (1967) Cutaneous sensation Sinclair DC. Cutaneous Sensation.
London: Oxford, 1967. London: Oxford University Press.

Vaideanu D, Taylor P, McAndrew P, Hildreth A, Deady JP, et al. (2006) Double
masked randomised controlled trial to assess the effectiveness of paracetamol in
reducing pain in panretinal photocoagulation. Br J Ophthalmol 90: 713-717.
doi:bjo.2005.076091 [pii] 10.1136/bjo.2005.076091.

Forster C, Magerl W, Beck A, Geisslinger G, Gall T, et al. (1992) Differential
effects of dipyrone, ibuprofen, and paracetamol on experimentally induced pain
in man. Agents Actions 35: 112-121.

Magerl W, Treede RD (2004) Secondary tactile hypoesthesia: a novel type of
pain-induced somatosensory plasticity in human subjects. Neurosci Lett 361:
136-139. doi:10.1016/j.neulet.2003.12.001 [doi] S0304394003013818 [pii].
Magerl W, Szolcsanyi J, Westerman RA, Handwerker HO (1987) Laser Doppler
measurements of skin vasodilation elicited by percutaneous electrical stimulation
of nociceptors in humans. Neurosci Lett 82: 349-354.

Schmelz M, Michael K, Weidner C, Schmidt R, Torebjork HE, et al. (2000)
Which nerve fibers mediate the axon reflex flare in human skin? Neuroreport 11:
645-648.

Bjorkman R (1995) Central antinociceptive effects of non-steroidal anti-
inflammatory drugs and paracetamol. Experimental studies in the rat. Acta
Anaesthesiol Scand Suppl 103: 1-44.

Elia N, Lysakowski C, Tramer MR (2005) Does multimodal analgesia with
acetaminophen, nonsteroidal antiinflammatory drugs, or selective cyclooxygen-
ase-2 inhibitors and patient-controlled analgesia morphine offer advantages over
morphine alone? Meta-analyses of randomized trials. Anesthesiology 103: 1296
1304.

Ong CKS, Seymour RA, Lirk P, Merry AF (2010) Combining paracetamol
(acetaminophen) with nonsteroidal antiinflammatory drugs: a qualitative
systematic review of analgesic efficacy for acute postoperative pain. Anesth
Analg 110: 1170-1179. doi:10.1213/ANE.0b013e3181cf9281.

Bandschapp O, Filitz J, Ihmsen H, Berset A, Urwyler A, et al. (2010) Analgesic
and antihyperalgesic properties of propofol in a human pain model.
Anesthesiology 113: 421-428. doi:10.1097/ALN.0b013e3181e33ac8.

Mallet C, Daulhac L, Bonnefont J, Ledent C, Etienne M, et al. (2008)
Endocannabinoid and serotonergic systems are needed for acetaminophen-
induced analgesia. Pain 139: 190-200. doi:10.1016/j.pain.2008.03.030.
Pickering G, Estéeve V, Loriot M-A, Eschalier A, Dubray C (2008)
Acetaminophen reinforces descending inhibitory pain pathways. Clin Pharma-
col Ther 84: 47-51. doi:10.1038/sj.clpt.6100403.

Pini LA, Sandrini M, Vitale G (1996) The antinociceptive action of paracetamol
is associated with changes in the serotonergic system in the rat brain.
Eur J Pharmacol 308: 31-40.

Tjelsen A, Lund A, Hole K (1991) Antinociceptive effect of paracetamol in rats
is partly dependent on spinal serotonergic systems. Eur J Pharmacol 193: 193—
201.

Agarwal N, Pacher P, Tegeder I, Amaya F, Constantin CE, et al. (2007)
Cannabinoids mediate analgesia largely via peripheral type 1 cannabinoid
receptors in nociceptors. Nat Neurosci 10: 870-879. doi:10.1038/nn1916.

. Barriére DA, Mallet C, Blomgren A, Simonsen C, Daulhac L, et al. (2013) Fatty

acid amide hydrolase-dependent generation of antinociceptive drug metabolites
acting on TRPVT1 in the brain. PLoS ONE 8: ¢70690. doi:10.1371/journal.
pone.0070690.

Bertolini A, Ferrari A, Ottani A, Guerzoni S, Tacchi R, et al. (2006)
Paracetamol: New Vistas of an Old Drug. Cns Drug Reviews 12: 250-275.

June 2014 | Volume 9 | Issue 6 | €99507



76.

. Mallet C, Barriere DA, Ermund A, Jonsson BAG, Eschalier A, et al. (2010)

TRPV1 in brain is involved in acetaminophen-induced antinociception. PLoS
ONE 5.

. Liu XG, Sandkiihler J (1998) Activation of spinal N-methyl-D-aspartate or

neurokinin receptors induces long-term potentiation of spinal C-fibre-evoked
potentials. Neuroscience 86: 1209-1216.
Vo L, Drummond PD (2013) Coexistence of ipsilateral pain-inhibitory and
facilitatory processes after high-frequency electrical stimulation. Eur J Pain.
doi:10.1002/7.1532-2149.2013.00370.x.

PLOS ONE | www.plosone.org

12

Secondary Hyperalgesia by Repetitive Heat Pain

. Vo L, Drummond PD (2013) High frequency electrical stimulation concurrently

induces central sensitization and ipsilateral inhibitory pain modulation. Eur J Pain

17: 357-368. doi:10.1002/5.1532-2149.2012.00208.x.

. Rennefeld C, Wiech K, Schoell ED, Lorenz J, Bingel U (2010) Habituation to

pain: further support for a central component. Pain 148: 503-508. doi:10.1016/
j-pain.2009.12.014.

June 2014 | Volume 9 | Issue 6 | €99507



