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Endothelin-1 (ET-1) is an endogenously expressed potent peptide vasoconstrictor. There is growing evidence that ET-1 plays a role
in the pain signaling system and triggers overt nociception in humans. The underlying neuronal pathways are still a matter of great
debate. In the present study, we applied an intradermal ET-1 sensitization model to induce mechanical hyperalgesia in healthy
subjects. Functional magnetic resonance imaging (fMRI) was used to tease out the cortical regions associated with the processing
of ET-I-induced punctate hyperalgesia, as compared to a nonnoxious mechanical stimulation of the contralateral arm. Von Frey
hair testing revealed the presence of increased responsiveness to punctate stimulation in all subjects. Activational patterns between
nonpainful control stimulation and hyperalgesic stimulation were compared. Two major observations were made: (1) all cortical
areas that showed activation during the control stimulation were also present during hyperalgesic stimulation, but in addition, some
areas showed bilateral activation only during hyperalgesic stimulation, and (2) some brain areas showed significantly higher signal
changes during hyperalgesic stimulation. Our findings suggest that injection of ET-1leads to a state of punctate hyperalgesia, which
in turn causes the activation of multiple brain regions. This indicates that ET-1 activates an extended neuronal pathway.

1. Introduction

Pain is a complex and often difficult to treat condition,
with different etiologies, locations, and symptoms. The cause
of pain is frequently unknown but may involve mediator-
dependent signaling from peripheral organs (such as skin
or bone) to spinal nerves. Endothelin-1 (ET-1), a 21 amino
acid residue peptide, is one such possible pain mediator.
Originally recognized as a potent vasoconstrictor [1], ET-1 has
been shown to possess nociceptive properties in animals and
pain-inducing properties in humans. It has been postulated
that ET-1 is involved in driving acute and chronic pain
conditions from different etiologies [2].

ET-1 is expressed in neurons of the brain and spinal
cord [3-5], as well as in dorsal root ganglia [3, 6]. Likewise,
receptors for ET-1 are found in neurons throughout the CNS
[5]. Such presence of ET-1and its receptors in nervous tissues

suggests its possible role as a neurotransmitter and/or neuro-
modulator. Studies have shown that exogenous application of
ET-1 produced pain-like behavior in animals [7-11] and pain
in humans [2, 12-15]. ET-1 involved in pathological states is
released from nonneuronal cells, for example, keratinocytes,
cardiomyocytes, and cancer cells [16, 17]. Moreover, endoge-
nous endothelins contribute significantly to the pain and/or
hyperalgesia of inflammatory, immune, neuropathic, and
neoplastic origins [17-20].

Despite the abundance of scientific evidence document-
ing the role of ET-1 in pain transmission, little is known
about the specific characteristics of this involvement. Animal
studies have shown that the injection of ET-1, in addi-
tion to causing overt nociception, also induces hyperal-
gesia to mechanical stimuli [21, 22]. We have performed
the first neurosensory evaluation of intradermal injection
of ET-1 in humans [23]. In addition to spontaneous pain
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symptoms, study results indicated the development of long-
lasting punctate hyperalgesia. There is emerging evidence
that ongoing C-fiber discharge from the peripheral nervous
system (PNS) may induce CNS-derived A-fiber-mediated
mechanical hyperalgesia. Development and maintenance of
this hyperalgesic state require heterosynaptic changes within
the CNS, for example, functional changes within the spinal
cord or brain [24, 25].

Taking into account our previous experience, in the
present study our purpose was to evaluate the cortical activa-
tions that occur during an ET-1-induced hyperalgesic state. In
order to obtain an insight into the neuronal matrix involved
in the central processing of ET-1-induced hyperalgesia, fMRI
was applied to identify the cortical regions associated with
the processing of this ET-1-induced mechanical hyperalgesia.
ET-1-induced brain activation patterns were compared to
nonpainful mechanical von Frey probe stimulation.

2. Methods

2.1. Participants. The study design included nine healthy
right-handed volunteers (7 females and 2 males, mean
age 29.27 + 8.62 years). Subject volunteers who responded
to advertisements regarding this project were working at the
University Hospital. No participant was taking medication or
drugs that could interfere with itch or pain sensations and
flare response (i.e., analgesics, antihistamines, and calcium
or sodium channel blockers). Subjects refrained from alcohol
and nicotine use during the 24 hours before the study. Written
informed consent was obtained from all participants before
the experiments. The study protocol was submitted to and
approved by the Ethics Committee of the Antwerp University
Hospital and adhered to the tenets of the Declaration of
Helsinki.

2.2. Experimental Pain Model and Psychophysics. Forty-five
minutes prior to the scanning session, a single intradermal
injection of 40 L of a 10°° M ET-1 solution was performed
in the volar surface of the a forearm of all participating
subjects. Participants were randomized to receive the ET-1
injection in either the right or the left forearm. The injection
site was marked with a pen, as was the homologous anatomic
region in the contralateral (noninjected) arm. Development
of punctate hyperalgesia was tested 10 and 30min after
injection and compared to mechanical stimulation of the
contralateral (left) arm. Punctate stimulation was applied
using a rigid von Frey monofilament applied at 90 degrees to
the skin surface (bending force of 254.9 mN). This von Frey
probe, which causes only a sensation of slight discomfort in
normal skin, was applied along a line that marked the edge of
the visual flare (Figure 1). Subject volunteers were instructed
to report the occurrence of a definite change in sensation
during this stimulation, often to a more intense stinging with
a prolonged aftersensation. The hyperalgesic area was defined
as the skin region in which punctate stimulation produced
a definite change in the quality of the sensation described
by the subjects as “painful,” “burning,” “tenderness,” “more
intense pricking,” and “more unpleasant” (from high to low
intensity). Subjects were asked to describe the qualitative
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FIGURE 1: A picture that displays the central pallor zone (adjacent to
the injection site), surrounded by a larger area of flare after injection
of ET-1. Von Frey filament stimulation sites are indicated by the
arrows (<).

perception of von Frey hair stimulation in the presence or
absence of ET-1 to confirm that the descriptors mentioned
above were reported after ET-1 injection only. These response
codes have been used previously to monitor development of
hyperalgesia in humans [26, 27].

Ten and twenty minutes after intradermal injection of
ET-1, subjects were asked to report any sensation of pain.
Volunteers rated the intensity of spontaneous pain induced
by endothelin-1 using a visual analogue scale (VAS) 10 cm
in length and anchored by word descriptors at each end
(left-hand end: “no pain” and on the right-hand end: “the
worst imaginable pain”). Subjects marked on the line at the
point that they felt represented with their current state of
nociception.

A detailed overview of the experimental design used for
our fMRI experiments is provided in Figure 2. The paradigm
used was of the boxcar type consisting of 12 blocks of tactile
stimulation of the injection site alternated by as many blocks
of contralateral left arm stimulation. Both conditions were
separated by a resting condition, which consisted of no stim-
ulation whatsoever. Each of the blocks lasted for 30 seconds,
amounting in 24 minutes of functional scanning ([rest -
right - rest - left] x 12). During the fMRI scans, hyperalgesia
was rekindled by continuous tactile stimulation (every two
seconds one stimulation was performed, controlled by the
use of a stopwatch) performed by one of the authors (GH),
using the same rigid monofilament as mentioned before.
Mechanical stimulation was always first performed on the
control, noninjected side followed by mechanical stimulation
of the injected (hyperalgesic) side.

2.3. fMRI and Acquisition

2.3.1. Image Acquisition. Functional MR images were col-
lected on a 1.5-Tesla superconducting magnet (Magne-
tom Sonata, Siemens, Erlangen, Germany) equipped with
40mT/m gradients and a standard circularly polarized
head coil, using a BOLD sensitive T2-weighted single shot
gradient-recalled echo (GRE) echo planar imaging (EPI)
sequence (TE/TR 50/3000 ms) resulting in voxel dimensions
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FIGURE 2: Schematic illustration of the experimental protocol. Following intradermal injection of ET-1 on the forearm, responses to
mechanical stimulation were tested after 10 and 30 min. Following acquisition of the anatomical scout, a block design was employed with
two conditions (stimulus and baseline). Each stimulus block consisted of 12 blocks of tactile stimulation of the injection site alternated by
as many blocks of contralateral (noninjected) arm stimulation. Both conditions were separated by a resting condition that consisted of no
stimulation whatsoever. Each of the stimulation blocks lasted for 30 seconds.

of 3 x 3 x 3mm’. In this way, we acquired 240 volumes
consisting of 30 slices each, both during baseline and under
the conditions of interest. In the same scanning session, we
also recorded a Tl-weighted magnetization prepared rapid
acquisition gradient recalled echo series (MP-RAGE; 1 x 1
x 1mm?®; TE/TR 3.76/1700 ms) and a T1-weighted spin echo
series (SE; 1 x 1 x 1.5mm?*; TE/TR 15/700).

2.4. fMRI Data Analysis. For all data processing and analysis,
we used a commercially available and dedicated software
package (Brain Voyager QX software package, version 1.3.8;
Brain Innovation, Maastricht, The Netherlands). Based on
DICOM header information, EPI images were linked to
the SE Tl-weighted anatomical images and the resulting
volume was then fitted into the three-dimensional MP-RAGE
anatomical dataset. Preprocessing included 4 mm Gaussian
spatial smoothing (FWHM), high pass filtering and linear
trend removal, three-dimensional motion correction, and
slice scan time correction. Afterwards, the individual data
were transformed into the standard stereotactic space as
described by Rey et al. [28]. For both the individual and
the group analysis, the condition of interest was convoluted
with a hemodynamic response function, as introduced by
Boynton, and served as an independent predictor in the
general linear model (GLM) [29]. Voxels were considered
to be activated when their time courses followed the model
used in the GLM, and voxel activity was considered to be
significant above the t-value that coincided with a false
discovery rate of 5 percent. To further minimize false positive
voxels, the minimal threshold for contiguous clusters to be
depicted in the statistical map was set to 100.

2.5. Statistical Analysis. The mean maximum signal changes
of all brain areas encountered during hyperalgesic stimula-
tion were compared to those of corresponding areas on the
contralateral noninjected side. BrainVoyager QX was used
for all statistical analyses. To assess statistically significant
differences between the areas of hyperalgesia, a student’s ¢-
test for matched pairs was employed. P < 0.05 was con-
sidered statistically significant. Response scores to punctate
stimulation were evaluated using nonparametric analysis
(Friedman test), with significance levels of P < 0.05. To
compare the data of spontaneous pain measurement, two-
way repeated measurement ANOVA (two-way RM ANOVA)
was performed, and a post-hoc Student-Newman-Keul’s for
pairwise multiple comparison was made if the ANOVA
was significant. Nonparametric and ANOVA analyses were
performed using Prism’s statistical software (version 6.0b for
Mac).

3. Results

3.1. Psychophysical Test Session. None of our test subjects
reported any significant spontaneous pain sensations on
the ET-1 injected arm (Figure 3). In contrast, ten minutes
after the ET-1 injection, subjects started to report a hyper-
algesic state to von Frey filament stimulation (Figure 4).
Compared to mechanical stimulation of the noninjected
arm, subjects displayed a significant increase in responsive-
ness to punctate stimulation at the lateral border of the
flare area (P < 0.05). The intensity of punctate hyper-
algesia increased even more 30 min after the injection of
ET-L
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FIGURE 3: Graph showing the time course of visual analogue
scores (VAS) after intradermal injection of endothelin-1 (ET-1). No
significant alterations were observed over time (P > 0.05).
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FIGURE 4: Time course of changes in response code to punctate
stimulation. The following response codes were applied: normal
sensation (as indicated by 0 in the Y-axis of the graph); more
unpleasant (1), more intense pricking (2), tenderness (3), burning
(4), and painful (5). Data are expressed as median values +
interquartile range. Injection of 10°°M ET-1 induced a significant
increase in response code compared to no injection, as indicated by
the asterisks (Friedman test, P < 0.05). Response codes after ET-1
injection were significantly increased after both 10 and 30 min.

3.2. Cortical Activation during Mechanical Stimulation on the
Unaffected Side. Mechanical stimulation of the contralateral,
noninjected arm resulted in significant activations of different
brain regions (Table 1). Ipsilateral activation was observed
in Brodmann areas (BA) 2, 4, 5, and 6 as well as in
supplementary motor area (SMA) 8, 9, 22, 30, 47, and the
amygdala. Bilateral activation occurred in BA 6 (premotor
cortex, M2), 13,18, 19, 37, 44, and 46.

3.3. Cortical Activation in Response to the Provocation of
Mechanical Hyperalgesia. Several cortical and subcortical
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brain areas exhibited significant activation in response to
the provocation of punctate hyperalgesic pain (Table 2). All
areas observed during control stimulation were also activated
during hyperalgesic stimulation. However, some areas that
showed unilateral activation during control stimulation dis-
played bilateral activation during hyperalgesic stimulation
(Table 3(a)). Brain areas with bilateral activation after ET-1
injection included the postcentral gyrus (BA 2, component of
the primary somatosensory cortex), SMA/premotor cortex,
inferior temporal gyrus (BA 22), and the associational corti-
cal area located in the angular gyrus (BA 39). In addition, sev-
eral brain areas showed significantly higher mean maximum
signal changes only during hyperalgesic stimulation and
not during nonpainful stimulation (Table 3(b)). The brain
areas exhibiting significant larger signal changes during ET-1
stimulation consist of the prefrontal cortex, anterior insular
cortex, occipital lobe (medial and lateral aspects), posterior
temporal lobe, and dorsolateral prefrontal cortex. Finally,
significant increases in signal changes were also observed in
the inferior frontal gyrus (IFC), the anterior cingulate cortex
(ACC), and the amygdala (Figure 5).

4. Discussion

The purpose of this study was to examine the neuronal matrix
that is activated during cerebral processing of endothelin-
1-(ET-1) induced hyperalgesic states. Lately, there has been
a renewed interest in the pronociceptive effects of ET-
1, since the peptide is being increasingly implicated as a
mediator in cancer pain [2, 30-33] as well as neuropathic
pain [34]. It is now a well-established fact that ET-1 has
both pain-producing as well as pain-potentiating properties
[7, 18, 20, 21, 35, 36], thereby, both stimulate nociceptors
as well as sensitizing them to painful stimuli. In addition
to spontaneous nociceptive symptoms, studies in animals
have shown that, following cutaneous application of ET-1,
secondary punctate hyperalgesia may develop in the affected
region of the skin [22, 37]. Recently, we were able to show
the development of a long-lasting secondary hyperalgesia
to punctate stimuli in human volunteers after intradermal
injection of ET-1 [23]. Secondary hyperalgesia likely results
from the sensitization of nociceptive neurons in the central
nervous system [38-41]. Based on these assumptions, the
challenge is therefore to identify the brain areas involved
in the processing of this somatosensory state using fMRI.
Afterwards, these ET-1-elicited activation patterns should be
compared to non-endothelin-induced nociceptive states.
Nociceptive information is transmitted from the spinal
cord to the brain via several different pathways. Conse-
quently, multiple regions of the brain are activated during
painful experiences. Although there are many differences in
activation patterns across studies, brain imaging in humans
has demonstrated a consistent cortical pain network the
consisting of the primary (SI) and secondary somatosensory
cortices (S2), insular cortex (IC), prefrontal cortex (PFC), and
the anterior cingulate (ACC) cortices [42]. Although there
have now been dozens of human brain imaging studies, most
previous fMRI studies were undertaken during experimental
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FIGURE 5: Cerebral activation in response to ET-1-induced provocation of punctate hyperalgesia at the level of the Anterior Cingulate Cortex
(), at the level of the Insula (b), and the Somatosensory Cortex (c). The results of von Frey filament stimulation of the hyperalgesic right arm
contrasted with the results from identical stimulations of the left (noninjected) arm.
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TABLE 1: Regions of cerebral activations during nonpainful stimulation of the noninjected arm.
Lobus Gyrus Side Talairach BA tnax Lowest P value
X y z
Innocuous mechanical stimulation
Frontal lobe Pre-central Ipsilateral -42 -10 55 4 34 0.0051
Frontal lobe Contralateral 21 -42 56 5 6.4 0.0000000228
Frontal lobe Contralateral 1 -6 60 6 4.4 0.0001
Frontal lobe Contralateral 51 1 30 6 4.2 0.00034
Frontal lobe Ipsilateral —-54 1 24 6 7.4 2.78e — 09
Frontal lobe Ipsilateral -13 52 31 9 6.4 9.78¢ — 09
Frontal lobe Contralateral 40 42 8 46 4.8 0.000002
Frontal lobe Middle frontal Ipsilateral —-41 44 5 46 6 0.000001
Frontal lobe Middle frontal Ipsilateral —43 38 1 47 5.2 0.000002
Frontal lobe Contralateral 52 5 14 44 5.6 0.00000021
Frontal lobe Inferior frontal Ipsilateral -53 5 14 44 6.9 0.000000022
Parietal lobe Contralateral 42 -59 40 40 4 0.0014
Parietal lobe Ipsilateral -55 -26 37 2 4.8 0.00032
Parietal lobe Ipsilateral -36 -62 35 39 5 0.000011
Parietal lobe Ipsilateral -57 -20 20 40 6.8 0.0000000021
Temporal lobe Ipsilateral -15 36 42 8 5.5 0.000004
Temporal lobe Contralateral 41 -6l 4 37 5.8 0.000002
Temporal lobe Contralateral 53 0 5 22 5.6 0.00024
Occipital lobe Contralateral 29 -83 12 19 4.9 0.000011
Occipital lobe Contralateral 24 -90 -5 18 5.7 0.00000021
Occipital lobe Ipsilateral —41 —-67 -1 37 4 0.0027
Occipital lobe Middle occipital Ipsilateral -26 -85 14 19 5.4 0.000002
Occipital lobe Middle occipital Ipsilateral -28 -87 2 18 6.6 0.000000022
Limbic lobe Contralateral 14 -39 -6 30 5 0.000011
Insula Contralateral 43 -34 22 13 6.9 1.2e - 11
Insula Sublobar Ipsilateral -49 -38 20 13 3.6 0.001
Amygdala Ipsilateral =22 -7 -10 3.6 0.0023
Limbic lobe Contralateral 6 -6 45 24 4.9 1.1e - 05
Limbic lobe Ipsilateral -10 -7 42 24 3.2 1.2e-03

nociceptive pain [43-46], whereas ET-1-induced pain should
be considered as neuropathic in origin. Only more recently,
fMRI studies have begun investigating the neural correlates
of neuropathic pain, hereby, mostly focusing on the cortical
activations associated with allodynia and hyperalgesia [47,
48]. A previous imaging study of experimental allodynia
demonstrated activation in a cortical network comprising S1,
S2, PA, IFC, and insular cortices [47]. Other studies showed
lesser extent of brain activation patterns in conditions of
experimental allodynia [49, 50].

4.1. Coding of ET-1-Evoked Nociception. Our results show that
ET-1-induced punctate hyperalgesia recruits a complex brain
network, that involves all areas also found during nonpainful
tactile stimulation. During hyperalgesic stimulation, the acti-
vated brain areas are not only more active (higher fMRI
signal), but the network also becomes more complex with
more areas involved in the activation process. The most active
cortical areas identified within this network were the primary
(S1) and secondary somatosensory cortices (S2), the insula,
inferior parietal lobe (IPL), superior frontal cortex (SFC),

inferior frontal cortex (IFC), and anterior cingulate cortex
(ACCQ).

The activation of the primary somatosensory cortex
observed in the present study is in line with several reports
investigating experimental or clinical forms of allodynia [47,
48, 51-54]. Nociceptive-specific neurons in S1 are sparse and
intermingled with neurons of other sensory modalities. The
S1 cortex appears to be involved in the sensory-discriminative
aspect of pain through a solid link with the ventrobasal region
of the thalamus. The observed SI activations during control
stimulation are also in agreement with previous functional
imaging studies [47].

The insula has also been reliably activated in human pain
imaging [47]. The insular cortex is known as a central station
of pain processing, and it plays a role in various aspects of
pain perception (e.g., affective components of acute pain)
[55]. In our study, we observed a significant activation of
the anterior insular cortex (rostral part), which matches the
portion of the insula where encoding of perceived intensity of
experimental pain in healthy volunteers has been consistently
described in some previous studies [56]. The insula showed
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TABLE 2: Regions of cerebral activations during painful stimulation of the ET-1 injected arm.

Talairach

Lobus Gyrus Side BA f e lowest P value
X y z

Noxious mechanical stimulation
Frontal lobe Ipsilateral 60 3 24 6 5.9 1.5le - 08
Frontal lobe Contralateral -2 -4 60 6 4.2 0.00005
Frontal lobe Contralateral -50 -3 41 6 8.9 7.07e — 13
Frontal lobe Contralateral -16 46 36 8 5.8 2.69¢ - 07
Frontal lobe Contralateral -11 56 30 9 6.8 0.000000209
Frontal lobe Ipsilateral 50 41 8 46 5.6 0.000002
Frontal lobe Contralateral -41 34 16 46 6.2 0.0000000228
Frontal lobe Contralateral —-44 22 2 47 7 2.14e - 09
Frontal lobe Ipsilateral 58 9 13 44 6.4 0.0000000228
Frontal lobe Contralateral —51 19 44 1.7 2.73e - 023
Frontal lobe Ipsilateral 9 52 30 9 3.9 0.00068
Frontal lobe Ipsilateral 5 16 52 8 2.9 0.0039
Parietal lobe Contralateral -54 =25 38 2 9.6 5.45e — 020
Parietal lobe Ipsilateral 50 —43 43 40 43 0.000064
Parietal lobe Contralateral -45 -26 20 40 13.5 1.17e - 32
Parietal lobe Ipsilateral 49 -6l 32 39 5.4 0.000001
Parietal lobe Ipsilateral 55 -21 30 2 6.1 0.00000015
Temporal lobe Contralateral —65 =27 5 22 7.3 1.72e — 10
Temporal lobe Ipsilateral 45 -6l 4 37 6.8 2.09¢ — 07
Temporal lobe Contralateral —-46 —65 3 37 7.8 1.19¢ - 11
Temporal lobe Contralateral —49 —62 24 39 7.9 2.14e - 09
Temporal lobe Ipsilateral 67 -32 6 22 7.1 1.72e — 010
Occipital lobe Ipsilateral 34 -89 9 19 2.9 0.0094
Occipital lobe Contralateral -35 -89 7 19 3.5 0.003
Occipital lobe Contralateral =27 -85 -7 18 3.9 0.00034
Occipital lobe Ipsilateral 33 -89 1 18 3.6 0.00035
Amygdala Contralateral 27 -2 -10 5.1 0.000005
Limbic lobe Ipsilateral 16 -39 -8 30 3.4 0.0093
Limbic lobe Ipsilateral 5 -6 45 24 41 0.000082
Limbic lobe Contralateral -12 -3 47 24 3.1 0.0011
Insula Ipsilateral 44 -35 21 13 8 599 -7
Insula Contralateral -46 -26 20 13 13.3 3.4e - 31

no activation in response to nonpainful von Frey filament
stimulation, which is also in accordance with previous find-
ings [57].

In addition to the insula, the ACC has also often been
implicated in the perception of pain. The mid-ACC has been
suggested to be important for the integration of basic noci-
ceptive information with pain perception [58]. The slightly
lower intensity (lower t,,,,) of ACC activation observed in
our study could be linked to the low intensity of ongoing
(spontaneous) pain sensed by our volunteers. A previous
study investigating neural correlates of ongoing pain intensity
showed indeed that ACC activation encodes perceived ongo-
ing pain intensity [59]. The observed activation of ACC in this
study, together with activation of SMA, could represent the
selection of motor responses to the hyperalgesic, stimulations
[60], to facilitate quick flight responses [58].

During the presence of mechanical hyperalgesia we
noticed strong activation in the dorsolateral prefrontal cor-
tex (PFC). There is an emerging evidence that BA 9 and
46 are involved in the mapping of extra personal space
and surrounding, maintenance of short-term memory, and
planning of adequate responses to external stimuli [61].
Furthermore, these brain regions have also been implied
previously in pain-related attention processing [62, 63]. The
observed prefrontal activity under our experimental pain
condition could therefore be interpreted as a consequence
of attention, a cognitive evaluation, and a planning of motor
behavior in response to ET-1-induced nociception. Finally
we observed significant activation patterns in the inferior
frontal cortex (IFC). This finding seems to be in agreement
with previous functional magnetic resonance imaging studies
during experimental allodynia [47]. This brain region seems



TABLE 3: Regions of significantly different activation patterns after
ET-1 injection.

(a) Bilateral activation after ET-1versus unilateral activation after innocuous
stimulation

Lobus BA Lowest P value
Parietal lobe 0.005
Frontal lobe 0.007
Frontal lobe 0.0013
Temporal lobe 22 0.002
Temporal lobe 39 0.023

(b) Unilateral activation after ET-1 versus no activation after innocuous
stimulation

Lobus BA Lowest P value
Parietal lobe 2 0.0004
Frontal lobe (PMC) 6 0.02
Frontal lobe 9 0.008
Insula 13 0.004
Occipital lobe 18 0.01
Temporal lobe 37 0.01
Frontal lobe 44 0.04
Frontal lobe 46 0.0005
Frontal lobe 47 0.0004
Amygdala 0.03

to be part of the brain processes underlying stimulus-evoked
pain.

An interesting finding lies in the strong activation of
the amygdala in the contralateral hemisphere which was
observed during von Frey filament stimulation of the ET-1
injected arm. The amygdala belong to the emotional circuitry
of the brain, which is only rarely activated in acute pain
conditions. Therefore, little is known regarding the role of the
amygdala in nociceptive conditions. Activation of these brain
areas in our experimental setting is therefore challenging
and could be linked to the emotional meaning of the ET-1-
induced hyperalgesic condition. Previously, it was discovered
that the amygdala receives direct nociceptive projections
from nonpeptidergic IB4 neurons [64]. In contrast, the
spinothalamic pathways are mainly composed of CGRP
peptidergic afferents and are thought to mediate nociceptive
inputs to SI, S2, and parts of insula. It therefore seems
that intradermal injection of ET-1 leads to a pronounced
hyperalgesic state, inducing activation of multiple neuronal
pain-related circuitries. The evoked nociception seems to
recruit both sensory-representational cortical areas as well as
hedonic subcortical areas.

Another challenging finding of our study was the absence
of any specific activation of the PA cortex during ET-1-
induced hyperalgesia. This is possibly due to the fact that
only a very low dose of ET-1 was injected, resulting in a
rather limited area of moderate hyperalgesia with low levels
of spontaneous pain. In fact, results from previous studies
have indicated that activation of the PA cortex could be highly
dependent on the intensity of the painful stimulus [47].
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The findings of this study open a couple of interesting
perspectives. First of all, the brain activation pattern induced
by von Frey filament stimulation of ET-1 injected skin seems
to largely correspond with the activation patterns observed
after mechanical stimulation of capsaicin treated skin [47,
65]. The observed activation pattern is distinct from the one
during thermal hyperalgesia [65]. This can be considered a
further proof that mechanical (secondary) hyperalgesia not
only has its distinct coding in the human brain, but also
that the same neurological symptom is coupled with to the
same gross neuronal network regardless of the underlying
etiology (capsaicin or ET-1) that causes the development of
a secondary hyperalgesic syndrome. Moreover, the finding
seems to indicate that ET-1 activates a rather “classical”
sensory pathway to induce nociception. However, some
differences still exist with other experimental pain conditions.
ET-1 seems to activate brain regions that had not been
identified in earlier functional imaging studies, whereas other
brain regions show no activation during ET-1-induced hyper-
algesia. These differences are probably linked to different
psychophysical properties and warrant further investigations.

Finally, it should be stressed that the currently described
fMRI findings relate to an acute (single) intradermal injection
of ET-1 in healthy volunteers. It is quite conceivable that
these fMRI findings would be somewhat different obtained
from patients showing long-term sensitization induced by
continuous (daily) elevation of endogenous ET-1 levels, such
as in cancer conditions or other disease states. One should
be aware of this restriction when interpreting the results of
this study. Therefore, in a subsequent study, we are planning
to apply the same fMRI protocol in patients suffering from
malignant pain induced by cancer types which are known to
induce significantly elevated levels of ET-1 (such as prostate
cancer or melanoma).

5. Conclusion

We have demonstrated that our ET-1-induced hyperalgesic
model induces activation of a complex neuronal network.
Considering the growing interest of ET-1 in cancer pain as
well as other neuropathic pain conditions, this new human
experimental mode of tonic application of ET-1 could prove
to be essential to the further unraveling of endothelin-
induced nociception. Additional studies are therefore war-
ranted to further explore the specific features of the ET-1
activated neuronal matrix. The fact that the subject volun-
teers displayed minimal spontaneous pain sensations after
intradermal injection of ET-1 could prove to be of great
practical value for future functional imaging studies. Indeed,
most experimental models of allodynia and hyperalgesia
suffer from methodological limitations due to the continuous
presence of intense (burning) pain, which compromises the
dissociation between evoked and spontaneous nociceptive
symptoms.

Conflict of Interests

The authors declare that there is no conflict of interests in this
paper with any trademark or software mentioned.



BioMed Research International

Acknowledgments

This study was supported by an educational grant from the
“Fondation Benoit” (G.H.). The authors are also very grateful
to all volunteers who were willing to participate in this
study and for their compliance to the study protocol without
receiving any financial incentive.

References

[1] P. G. Withrington, G. de Nucci, and J. R. Vane, “Endothelin-1
causes vasoconstriction and vasodilation in the blood perfused
liver of the dog,” Journal of Cardiovascular Pharmacology, vol.
13, supplement 5, no. 5, pp. S209-S210, 1989.

[2] G. Davar, “Endothelin-1 and metastatic cancer pain,” Pain
Medicine, vol. 2, no. 1, pp. 24-27, 2001.

[3] A.Giaid, T. Masaki, T. Ouimet et al., “Expression of endothelin-
like peptide in the nervous system of the marine mollusk
aplysia,” Journal of Cardiovascular Pharmacology, vol. 17, sup-
plement 7, pp. S449-S451, 1991.

[4] M. E. Lee, S. M. de la Monte, M. E. Ng, K. D. Bloch, and
T. Quertermous, “Expression of the potent vasoconstrictor
endothelin in the human central nervous system,” Journal of
Clinical Investigation, vol. 86, no. 1, pp. 141-147, 1990.

[5] H. Yamada and K. Kurokawa, “Histochemical Studies on
endothelin and the endothelin-A receptor in the hypothala-
mus,” Journal of Cardiovascular Pharmacology, vol. 31, supple-
ment 1, pp. S215-S218, 1998.

[6] S. Kar, J.-G. Chabot, and R. Quirion, “Quantitative autoradio-
graphic localisation of [125I]endothelin-1 binding sites in spinal
cord and dorsal root ganglia of the rat,” Neuroscience Letters, vol.
133, no. 1, pp. 117-120, 1991.

[7] G. Davar, G. Hans, M. U. Fareed, C. Sinnott, and G. Strichartz,
“Behavioral signs of acute pain produced by application of
endothelin-1 to rat sciatic nerve;” Neuro Report, vol. 9, no. 10,
pp. 2279-2283,1998.

[8] A.P. Gokin, M. U. Fareed, H.-L. Pan, G. Hans, G. R. Strichartz,
and G. Davar, “Local injection of endothelin-1 produces pain-
like behavior and excitation of nociceptors in rats,” Journal of
Neuroscience, vol. 21, no. 14, pp- 5358-5366, 2001.

[9] L. O. Gomes, D. B. Hara, and G. A. Rae, “Endothelin-1 induces
itch and pain in the mouse cheek model,” Life Sciences, vol. 91,
pp. 628-633, 2012.

[10] M. E P. Werner, M. Trevisani, B. Campi, E. André, P. Geppetti,
and G. A. Rae, “Contribution of peripheral endothelin ETA
and ETB receptors in neuropathic pain induced by spinal nerve
ligation in rats,” European Journal of Pain, vol. 14, no. 9, pp. 911-
917, 2010.

[11] A.C.Zarpelon, T. M. Cunha, J. C. Alves-Filho et al., “IL-33/ST2
signalling contributes to carrageenin-induced innate inflamma-
tion and inflammatory pain: role of cytokines, endothelin-1and
prostaglandin E2,” British Journal of Clinical Pharmacology, vol.
169, pp. 90-101, 2013.

[12] L. D. Cox, O. Salomone, S. J. Brown, C. Hann, and J.-C. Kaski,
“Serum endothelin levels and pain perception in patients with
cardiac syndrome X and in healthy controls,” American Journal
of Cardiology, vol. 80, no. 5, pp. 637-640, 1997.

[13] E. Eisenberg, T. Erlich, O. Zinder et al., “Plasma endothelin-
1 levels in patients with complex regional pain syndrome,”
European Journal of Pain, vol. 8, no. 6, pp. 533-538, 2004.

[14] S. Usuki, T. Saitoh, T. Sawamura et al., “Increased maternal
plasma concentration of endothelin-1 during labor pain or on
delivery and the existence of a large amount of endothelin-1 in
amniotic fluid,” Gynecological Endocrinology, vol. 4, no. 2, pp.
85-97,1990.

[15] T. P. Barr, S. Kam, A. Khodorova, J.-P. Montmayeur, and G. R.
Strichartz, “New perspectives on the endothelin axis in pain,’
Pharmacological Research, vol. 63, no. 6, pp. 532-540, 2011

[16] J. Pernow and Q.-D. Wang, “Endothelin in myocardial
ischaemia and reperfusion,” Cardiovascular Research, vol. 33,
no. 3, pp. 518-526, 1997.

(17] P. W. Wacnik, L. J. Eikmeier, T. R. Ruggles et al., “Functional
interactions between tumor and peripheral nerve: morphology,
algogen identification, and behavioral characterization of a new
murine model of cancer pain,” Journal of Neuroscience, vol. 21,
no. 23, pp. 9355-9366, 2001.

[18] J. D. De-Melo, C. R. Tonussi, P. D’Orléans-Juste, and G. A. Rae,
“Articular nociception induced by endothelin-1, carrageenan
and LPS in naive and previously inflamed knee-joints in the rat:
inhibition by endothelin receptor antagonists,” Pain, vol. 77, no.
3, pp. 261-269, 1998.

[19] D.E. Griswold, S. A. Douglas, L. D. Martin et al., “Endothelin B
receptor modulates inflammatory pain and cutaneous inflam-
mation,” Molecular Pharmacology, vol. 56, no. 4, pp. 807-812,
1999.

[20] A.P. Piovezan, P. D’Orléans-Juste, M. Frighetto, G. E. P. Souza,
M. G. M. O. Henriques, and G. A. Rae, “Endothelins con-
tribute towards nociception induced by antigen in ovalbumin-
sensitised mice,” British Journal of Pharmacology, vol. 141, no. 4,
pp. 755-763, 2004.

[21] A.P.Piovezan, P. D’Orléans-Juste, G. E. P. Souza, and G. A. Rae,
“Endothelin-1-induced ET(A) receptor-mediated nociception,
hyperalgesia and oedema in the mouse hind-paw: modulation
by simultaneous ET(B) receptor activation,” British Journal of
Pharmacology, vol. 129, no. 5, pp. 961-968, 2000.

[22] E. M. Motta, J. B. Calixto, and G. A. Rae, “Mechanical hyper-
algesia induced by endothelin-1 in rats is mediated via phos-
pholipase C, protein kinase C, and MAP kinases,” Experimental
Biology and Medicine, vol. 231, no. 6, pp. 1141-1145, 2006.

[23] B. P. Vos, G. Hans, and H. Adriaensen, “Behavioral assessment
of facial pain in rats: face grooming patterns after painful and
non-painful sensory disturbances in the territory of the rats
infraorbital nerve,” Pain, vol. 76, no. 1-2, pp. 173-178, 1998.

[24] M. Klede, H. O. Handwerker, and M. Schmelz, “Central origin
of secondary mechanical hyperalgesia,” Journal of Neurophysi-
ology, vol. 90, no. 1, pp. 353-359, 2003.

[25] E. A. Ziegler, W. Mager], R. A. Meyer, and R.-D. Treede, “Sec-
ondary hyperalgesia to punctate mechanical stimuli. Central
sensitization to A-fibre nociceptor input,” Brain, vol. 122, part
12, pp. 2245-2257, 1999,

[26] J. Brennum, E. Kaiser, and J. B. Dahl, “Effect of naloxone on
primary and secondary hyperalgesia induced by the human
bum injury model,” Acta Anaesthesiologica Scandinavica, vol.
45, no. 8, pp. 954-960, 2001.

[27] L. Zambreanu, R. G. Wise, J. C. W. Brooks, G. D. Ilannetti,
and L. Tracey, “A role for the brainstem in central sensitisation
in humans. Evidence from functional magnetic resonance
imaging,” Pain, vol. 114, no. 3, pp. 397-407, 2005.

[28] M. Rey, G. Dellatolas, J. Bancaud, and J. Talairach, “Hemispheric
laterlization of motor and speech functions after early brain
lesion: Study of 73 epileptic patients with intracarotid amytal
test,” Neuropsychologia, vol. 26, no. 1, pp. 167-172, 1988.



10

(29]

[30]

(31]

[36]

(37]

(38]

(39]

[40]

[41]

(42]

G. M. Boynton, S. A. Engel, G. H. Glover, and D. J. Heeger,
“Linear systems analysis of functional magnetic resonance
imaging in human V1, Journal of Neuroscience, vol. 16, no. 13,
pp- 4207-4221, 1996.

J. B. Nelson, S. P. Hedican, D. J. George et al., “Identification of
endothelin-1 in the pathophysiology of metastatic adenocarci-
noma of the prostate,” Nature Medicine, vol. 1, no. 9, pp. 944-
949, 1995.

H. Yuyama, A. Koakutsu, N. Fujiyasu et al., “Effects of selective
endothelin ETA receptor antagonists on endothelin-1-induced
potentiation of cancer pain,” European Journal of Pharmacology,
vol. 492, no. 2-3, pp. 177-182, 2004.

C. M. Peters, T. H. Lindsay, J. D. Pomonis et al., “Endothelin and
the tumorigenic component of bone cancer pain,” Neuroscience,
vol. 126, no. 4, pp. 1043-1052, 2004.

B. L. Schmidt, V. Pickering, S. Liu et al., “Peripheral endothelin
a receptor antagonism attenuates carcinoma-induced pain,’
European Journal of Pain, vol. 11, no. 4, pp. 406-414, 2007.

D. M. Murphy, D. S. OCallaghan, and S. P. Gaine, “Relief
of chronic neuropathic pain through endothelin antagonism,”
American Journal of Medicine, vol. 123, no. 3, p. €7, 2010.

S. H. Ferreira, M. Romitelli, and G. de Nucci, “Endothelin-
1 participation in overt and inflammatory pain,” Journal of
Cardiovascular Pharmacology, vol. 13, supplement 5, pp. $220-
$222,1989.

S. I. Hammerman, S. Kourembanas, T. J. Conca, M. Tucci, M.
Brauer, and H. W. Farber, “Endothelin-1 production during the
acute chest syndrome in sickle cell disease,” American Journal of
Respiratory and Critical Care Medicine, vol. 156, no. 1, pp. 280-
285, 1997.

A. Baamonde, A. Lastra, M. Villazdn, J. Bordallo, A. Hidalgo,
and L. Menéndez, “Involvement of endogenous endothelins in
thermal and mechanical inflammatory hyperalgesia in mice;”
Naunyn-Schmiedeberg’s Archives of Pharmacology, vol. 369, no.
2, pp. 245-251, 2004.

J. N. Campbell and R. A. Meyer, “Mechanisms of Neuropathic
Pain,” Neuron, vol. 52, no. 1, pp. 77-92, 2006.

J. Dirks, S. Moiniche, K.-L. Hilsted, and J. B. Dahl, “Mechanisms
of postoperative pain: clinical indications for a contribution of
central neuronal sensitization,” Anesthesiology, vol. 97, no. 6, pp.
1591-1596, 2002.

A. Hess, M. Sergejeva, L. Budinsky, H. U. Zeilhofer, and K.
Brune, “Imaging of hyperalgesia in rats by functional MRI;
European Journal of Pain, vol. 11, no. 1, pp. 109-119, 2007.

N. Vadivelu and R. Sinatra, “Recent advances in elucidating pain
mechanisms,” Current Opinion in Anaesthesiology, vol. 18, no. 5,
pp. 540-547, 2005.

K. L. Casey, S. Minoshima, T. J. Morrow, and R. A. Koeppe,
“Comparison of human cerebral activation patterns during
cutaneous warmth, heat pain, and deep cold pain,” Journal of
Neurophysiology, vol. 76, no. 1, pp. 571-581, 1996.

S. W. G. Derbyshire, A. K. P. Jones, E Creed et al., “Cerebral
responses to noxious thermal stimulation in chronic low back
pain patients and normal controls,” NeuroImage, vol. 16, no. 1,
pp. 158-168, 2002.

S. W. G. Derbyshire, M. G. Whalley, V. A. Stenger, and D. A.
Oakley, “Cerebral activation during hypnotically induced and
imagined pain,” NeuroImage, vol. 23, no. 1, pp. 392-401, 2004.
P. Dunckley, R. G. Wise, M. Fairhurst et al., “A comparison of
visceral and somatic pain processing in the human brainstem
using functional magnetic resonance imaging,” Journal of Neu-
roscience, vol. 25, no. 32, pp- 7333-7341, 2005.

[46]

[48]

(58]

(59

BioMed Research International

R. Ringler, M. Greiner, L. Kohlloeffel, H. O. Handwerker, and C.
Forster, “BOLD effects in different areas of the cerebral cortex
during painful mechanical stimulation,” Pain, vol. 105, no. 3, pp.
445-453,2003.

C. Maihéfner, M. Schmelz, C. Forster, B. Neundorfer, and H. O.
Handwerker, “Neural activation during experimental allodynia:
a functional magnetic resonance imaging Study,” European
Journal of Neuroscience, vol. 19, no. 12, pp. 3211-3218, 2004.

R. Peyron, F. Schneider, I. Faillenot et al., “An fMRI Study of
cortical representation of mechanical allodynia in patients with
neuropathic pain,” Neurology, vol. 63, no. 10, pp. 1838-1846,
2004.

M. J. Tadarola, K. F. Berman, T. A. Zeffiro et al., “Neural
activation during acute capsaicin-evoked pain and allodynia
assessed with PET,” Brain, vol. 121, part 5, pp. 931-947, 1998.

N. Witting, R. C. Kupers, P. Svensson, O. L. Arendt-Nielsen, A.
Gjedde, and T. S. Jensen, “Experimental brush-evoked allodynia

activates posterior parietal cortex,” Neurology, vol. 57, no. 10, pp.
1817-1824, 2001.

R. K. Hofbauer, H. W. Olausson, and M. C. Bushnell, “Thermal
and tactile sensory deficits and allodynia in a nerve-injured
patient: a multimodal psychophysical and functional magnetic
resonance imaging Study;” Clinical Journal of Pain, vol. 22, no. 1,
pp. 104-108, 2006.

C. Maihofner, H. O. Handwerker, and F. Birklein, “Functional
imaging of allodynia in complex regional pain syndrome,”
Neurology, vol. 66, no. 5, pp. 711-717, 2006.

C. Mainero, W.-T. Zhang, A. Kumar, B. R. Rosen, and A. G.
Sorensen, “Mapping the spinal and supraspinal pathways of
dynamic mechanical allodynia in the human trigeminal system
using cardiac-gated fMRI,” Neurolmage, vol. 35, no. 3, pp. 1201-
1210, 2007.

P. Schweinhardt, C. Glynn, J. Brooks et al., “An fMRI Study of
cerebral processing of brush-evoked allodynia in neuropathic
pain patients,” NeuroImage, vol. 32, no. 1, pp. 256-265, 2006.

L. H. Hua, I. A. Strigo, L. C. Baxter, S. C. Johnson, and A.
D. Craig, “Anteroposterior somatotopy of innocuous cooling
activation focus in human dorsal posterior insular cortex;’
American Journal of Physiology—Regulatory Integrative and
Comparative Physiology, vol. 289, no. 2, pp. R319-R325, 2005.

J. C. W. Brooks, L. Zambreanu, A. Godinez, A. D. Craig, and
I. Tracey, “Somatotopic organisation of the human insula to
painful heat studied with high resolution functional imaging,’
NeuroImage, vol. 27, no. 1, pp. 201-209, 2005.

A. V. Apkarian, M. C. Bushnell, R.-D. Treede, and J.-K. Zubieta,
“Human brain mechanisms of pain perception and regulation
in health and disease,” European Journal of Pain, vol. 9, no. 4,
pp. 463-484, 2005.

C. Bichel, K. Bornhovd, M. Quante, V. Glauche, B. Bromm,
and C. Weiller, “Dissociable neural responses related to pain
intensity, stimulus intensity, and stimulus awareness within
the anterior cingulate cortex: a parametric single-trial laser
functional magnetic resonance imaging Study,” Journal of Neu-
roscience, vol. 22, no. 3, pp. 970-976, 2002.

E Willoch, U. Gamringer, R. Medele, U. Steude, and T. R. T6lle,
“Analgesia by electrostimulation of the trigeminal ganglion in
patients with trigeminopathic pain: a PET activation Study,”
Pain, vol. 103, no. 1-2, pp. 119-130, 2003.

O. Devinsky, M. J. Morrell, and B. A. Vogt, “Contributions of
anterior cingulate cortex to behaviour;” Brain, vol. 118, part 1,
pp. 279-306, 1995.



BioMed Research International

[61] K. Sakai, J. B. Rowe, and R. E. Passingham, “Active maintenance
in prefrontal area 46 creates distractor-resistant memory;
Nature Neuroscience, vol. 5, no. 5, pp. 479-484, 2002.

[62] R. Baron, Y. Baron, E. Disbrow, and T. P. L. Roberts, “Brain
processing of capsaicin-induced secondary hyperalgesia: a
functional MRI Study;” Neurology, vol. 53, no. 3, pp. 548-557,
1999.

[63] K. Wiech, B. Seymour, R. Kalisch et al., “Modulation of pain
processing in hyperalgesia by cognitive demand,” Neurolmage,
vol. 27, no. 1, pp. 59-69, 2005.

[64] J.M. Braz, M. A. Nassar, J. N. Wood, and A. I. Basbaum, “Parallel
“pain” pathways arise from subpopulations of primary afferent
nociceptor,” Neuron, vol. 47, no. 6, pp. 787-793, 2005.

[65] C. Maihofner and H. O. Handwerker, “Differential coding of
hyperalgesia in the human brain: a functional MRI Study,
NeuroImage, vol. 28, no. 4, pp. 996-1006, 2005.

1



