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Abstract

Serotonin (5HT) in the central nervous system has been associated with pain processing and
modulation. The insular cortex (IC) plays an important role in the development and perception of
the inflammatory and chronic pain. The role of the serotoninergic system in IC has not been com-
pletely studied. We used micro-dialysis in freely moving rats to determine the extracellular re-
lease of 5HT and its main metabolite (5HIAA) in the IC during an inflammatory process. Results
showed an increase of extracellular levels of 5HT and 5HIAA in the IC during carrageenan-induced
inflammation and this augmentation correlates with a decrease of behavioral mechanonociceptive
response. Furthermore, the exogenous administration of SHT and 5HIAA in the IC increases the
nociceptive response. Our current data imply that the serotoninergic system in the IC participates
in the long-term pain process.
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1. Introduction

The role of monoamines in the inflammatory and neuropathic pain has been widely described [1] [2]. In this way,
serotonin (5-hydroxtryptamine [5HT]), has a differential role according to its localization and the receptors sub-
type in which exerts its effects. In the periphery, 5HT is a component of the so called “inflammatory soup”, in
which, along with other mediators such as histamine, prostaglandins, bradykinin, etc., contributes to inflamma-
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tory pain [2] [3].

In the central nervous system (CNS) the 5HT participation is more complex. It has been reported that the in-
trathecal administration of a low dose of 5HT induces antinociceptive effects in the formalin test, while a high
dose induces the pronociceptive effects. This effect seems to be related to the 5-HT1A activation [4]. At this
level, a low frequency of stimulation (4Hz) is capable of increasing the release of 5HT in rats with a joint in-
flammatory model, causing an antinociceptive effect [5].

Very little is known about the pathophysiological relevance of the monoaminergic system in supraspinal
structures related to the pain matrix. At supraspinal level, the 5SHT and its main metabolite 5-HIAA levels are
increased, both in the periaqueductal grey matter and in the trigeminal nucleus after a peripheral nerve axotomy,
on the contrary the basal levels of 5HT decrease in the ventromedial thalamus in a neuropathic pain model in-
duced by the ligature of the L5 and L6 spinal roots [6] [7]. In the medial prefrontal cortex, the extracellular le-
vels of 5-hydroxyindoleacetic acid (SHIAA) and DOPAC (metabolite of dopamine) are decreased in the forma-
lin test when there’s a novel stimuli [8].

In this context, one of the cortical nuclei mainly related with the development and perception of the inflam-
matory and neuropathic pain is the insular cortex (IC) [9]-[13]. This nucleus acts as a pronociceptive site, since
if it is selective injured the expression of pain associated behaviors decreased in animals [14]. Even more the
stimulation of inhibitory dopaminergic receptors decreased the nociceptive behavior too, while the stimulation
of excitatory systems, such as the glutamatergic, increases it [15]. The induction of an inflammatory process in-
duced by an injection of carrageenan, decreases the basal levels of dopamine and increased the expression of the
D2 inhibitory receptor [16].

Nevertheless, the role of serotoninergic system related to pain in this region has not been fully studied. Thus,
we decide to determine if the extracellular release of 5HT and its main metabolite (5HIAA) in the IC can be mo-
dified during an inflammatory process induced by carrageenan and determine the effect of the exogenous ad-
ministration of 5SHT and 5HIAA directly in the rat’s insular cortex after the carrageenan induced inflammation.

2. Material and Methods

The experiments were conducted in agreement with the ethics committee regulations of the International Asso-
ciation for the Study of Pain [17] and with our institution project and bioethics commission’s approval.

Male Wistar rats (250 - 300 g) were raised, housed and maintained in our institution’s animal house. The an-
imals were kept in transparent acrylic individual cages, with light-dark cycles of 12:12 h at 23°C and 52% hu-
midity, and with ad libitum feeding and hydration.

2.1. Inflammatory Induction and Mechanical Stimulation

An inflammatory process was induced by the infiltration in the right hind paw of carrageenan lambda (Sigma
Chemical Co. St. Louis MO, USA, CAR 1% in saline solution, 100 pl).

Nociceptive tests were performed using an aesthesiometer (Von Frey mechanonociception; UgoBasile). In
this test, the threshold of the flexor reflex produced by a metallic filament was determined (in grams [g];
10-second ramp from 0 to 50 g). Four measurements from the contralateral hind paw were averaged to obtain
the value for each time point (preceding 1 h and 3 h after intraplantar injection).

2.2. 5HT and 5HIAA Release in the Insular Cortex

Extracellular concentration of SHT and its main metabolite SHIAA were measured in the IC through micro-di-
alysis in freely moving rats and high performance liquid chromatography (HPLC) during the development of an
inflammatory pain model.

2.2.1. In Vivo Microdialysis

Rats were anaesthetized with isofluorane 2% mixed with 98% O, and mounted in a stereotaxic frame. A guide
cannula (CMA-11-Microdialysis, Acton, MA) was stereotaxically implanted into the IC. Forty eight hours after
cannulation, a micro-dialysis probe (SciPro Inc. 12, 2 mm tip length) was inserted into the guide cannula so that
its tip ended in the IC (A = 1 mm from bregma, L = 4.8 mm, H = 5.8 mm from meninges) using coordinates ac-
cording to the atlas by Paxinos and Watson (1998) [18]. Each probe was continuously perfused at 2 ul/min with
sterile artificial cerebrospinal fluid (aCSF) (145 mMNacCl, 2.8 mMKCI, 3.0 mM CaCl2, 5.4 mM D-glucose, pH
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7.2) using a micro-infusion pump (KD Scientific, Holliston, MA, USA). Animals were individually housed for
the duration of the experiment in a freely-moving system and micro-dialysate samples were collected at 20 min
intervals into micro-vials containing 4 ul of L-Glutathione 0.08% (Sigma-Aldrich) to reduce oxidation of mo-
noamines.

2.2.2. Biochemical Conditions (HPLC)
An isacratic, high-performance liquid chromatography electrochemical detection (HPLC-ECD) assay was used
to quantify 5HT, in 20-ul samples of micro-dialysate. A mobile phase containing 95% of 12.5 mM citric acid,
0.07 mM 1-octanesulfonic acid sodium salt, 0.05 mM EDTA and 25 nMortho phosphoric acid, and 5% of me-
thanol HPLC (adjusted to pH 3.2 with KOH 10 M), was pumped at 0.1 ml/min through an X Terra C 18 (2.1 A~
50 mm, 3.5 um ODS) column. Online data capture was performed using Waters Empower software for HPLC.
The animals were divided in the following groups: Control (n = 8): basal extracellular concentration of 5SHT
and 5HIAA during three hours. Mechanonociception group (n = 6): extracellular concentrations of 5SHT and
5HIAA were measured during three hours and von frey was carried out at the beginning of the micro-dialysis,
and also one and three h later. Inflammation group (n = 6): extracellular concentrations of SHT and 5HIAA were
measured prior to the induction of inflammation and until three hours after its induction. Mechanonociception
was carried out prior to inflammation and one and three h afterwards.

2.3. Microinjection of 5HT and 5HIAA in the Insular Cortex

Cannula implantation by stereotaxic surgery A guide cannula of 17 mm long (inner diameter: 21 G) was inserted
unilaterally in the left IC (AP = +1.0 mm; L = +4.8 mm; DV; —4.8 from Bregma [18]. The animals had a recov-
ery period of 48 h.

The day of the experiment the animals were injected through the cannula attached to a 100 ml Hamilton sy-
ringe with either sterile saline solution, 5HT (5 pg/ul) or SHIAA (2.5 pg/ul). The syringe was placed using a
microsyringe pump (WPI, Sarasota, FL, USA). Either the drug or the vehicle was microinjected at a rate of 0.5
wl/min during 2 min. The syringe was left in place for additional 60 s to reduce the chance of reflux. These mi-
croinjection parameters have been reported not to induce tissular damage [19]. The dosages used in this work
were chosen from previous reports demonstrating pharmacological efficacy in this range [20] [21].

2.4. Histological Verification

At the end of the experiment the correct micro-dialysis probe placement was verified. Briefly, the animals were
intracardially perfused with physiological saline solution, followed by 10% formaldehyde. The brains were al-
lowed to postfix for 2 days and cut in 40 um coronal slices that were immediately placed in a glass slide and di-
gitalized in a scanner (HP Scanjet 5550C). The images were analyzed by comparing them to an anatomical atlas
[18] (Figure 1).

2.5. Statistical Analysis

Statistically, significant differences (p < 0.05) between groups on extracellular concentrations of 5HT and
5HIAA in the IC, were established by repeated measures ANOVA, with a post hoc Tukey test. In order to estab-
lish differences in PWT between the control and each experimental group a Student’s t-test was performed. Sig-
nificance was considered with a value of p < 0.05. A Pearson’s correlation was performed in order to test if there
was a relationship between 5SHT and 5HIAA release and PWT.

3. Results

We measured extracellular 5SHT and 5HIAA release in the IC during an inflammatory process induced by the in-
traplantar injection of carrageenan. Simultaneously, the behavioral mechanonociceptive response (paw with-
drawal threshold, PWT, to mechanonociceptive stimulation) was measured prior to inflammation, as well as one
and three hours afterwards.

The concentration of 5HT and 5HTIAA in the inflammation group was increased when compared to control
and mechanonociception groups. This increase was of 23.6% 1 h after the induction of inflammation with car-
rageenan (p < 0.05) and 52% after 3 h for 5SHT (p < 0.05) from basal values (Figure 2(a)). 5HIAA increased
progressively until 70% at 3 h (p < 0.001) (p < 0.05; Figure 2(b)).
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Figure 1. Histological verification of the microdialysis cannula, The figures show the guide cannula (red arrow) and mem-
brane trace (black arrow). The membrane location (black arrow) involves the three regions of the insular cortex (granular, Gl;
dysgranular, DI; and agranular, Al). The animals, where off-site lesions were found, were dropped out from the “n” in the
corresponding group.
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Figure 2. The graphs show extracellular levels of 5HT (a) and its main metabolite SHIAA (b) in the insular cortex. The data
is expressed as the percentage of their respective basal levels. Notice that the group with inflammation (which received an
intraplantar injection of carrageenan) shows an increased percentage in the levels of 5SHT and SHIAA when compared with
the control and mechanonociception groups. Repeated measures ANOVA, 5HT (F = 3.794; p = 0.001, n = 6) and 5HIAA (F

=11.520; p = 0.001, n = 8).
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In regard of behavioral test, there was a 45% decrease of PWT at 1 h (t = 7.027, P = 0.001) and 69.6% at 3 h
(t = 8.570, P < 0.001) after inflammation in the inflammation group compared with control and mechanonoci-
ception groups (Figure 3).

Moreover, there was a negative correlation between the increase in 5SHIAA release in the IC with the decrease
in PWT in the inflammation group (Pearson correlation, r = 0.599, p < 0.05, Figure 4).

The intra-insular administration of the dose of 5 pg/pl induce a significantly decrease of PWT one hour after
the administration of carrageenan, the administration of the metabolite 5SHIAA not induce changes in PWT at
this time. Three hours after the induction of the inflammatory process both groups, those injected with 5HT and
5HIAA, showed a decrease of the PWT, compared with those treated with vehicle (Figure 5).

4. Discussion

This study remarks the role of serotoninergic system in the insular cortex during a peripheral inflammatory
process. The results show that both the extracellular level of serotonin (5HT) and its major metabolite the 5-hy-
droxyindoleacetic acid (5-HIAA) significantly increased compared to their physiological parameters. This cor-
relates with a decrease of the paw withdrawal threshold. Interestingly, the repeated acute mechanical stimulation
doesn’t modify the release of 5HT or its metabolite. This suggests that the serotoninergic system in the insular
cortex has an important role in the long-term pain process (modulated by supraspinal structures) and not in the
acute process (modulated mainly by the spinal cord).
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Figure 3. Antialgesic nociceptive response in the inflammation and mechanonociception groups measured as paw withdraw-
al threshold (PWT) in g after a mechanonociceptive stimulus. The figure shows PWT before the induction of inflammation
with carrageenan 1% (100 pl) in the inflammation group in the first set of bars. The second and third sets of bars show PWT
1 h and 3 h after inflammation, respectively. The mechanonociception groups did not have inflammation induced and were
tested in parallel with the inflammation group. Notice that the inflammation group has no difference in PWT before inflam-
mation compared to the mechanonaciception group and shows a progressively decreased PWT 1 h ('t = 9.698, p = 0.001)

and 3 h ™"t = 7.852, p < 0.001) thereafter.
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Figure 4. The figure represents a negative correlation between paw withdrawal threshold (PWT) and extracelular levels of
5HIAA. The dots in orange depict the measurements three hours after the carrageenan injection, the green ones 1 h after-
wards and the black ones show the status prior to inflammation. Notice that as the release of SHIAA increases, the PWT de-
creases and vice versa (Pearson correlation, r = 0.599, p < 0.05).
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Figure 5. The figure shows the paw withdrawal threshold (PWT) in g after a mechanonociceptive stimulus in response of the
intra-insular administration of 5SHT, 5HIAA or vehicle after 1 and 3 hours after the inflammation with carrageenan. The dark
bar represent the basal pre-inflammation levels of PWT. The white bars represent the PWT of the vehicle treated group. The
dark gray is the group treated with SHT and the light grey the SHIAA group (U the Mann Whitney “p < 0.05, experimental
vs. vehicle comparisons and **p < 0.01, vehicle vs. pre-inflammatory group).
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These results are in agreement to those reported by Zhang et al., they observed that extracellular concentra-
tions of 5HT and 5-HIAA in spinal dorsal horn and periaqueductal gray (PAG) significantly increased following
carrageenan inflammation [22]. Moreover as seen above, the 5HT and 5HIAA levels increase after a peripheral
nerve axotomy in the periaqueductal grey matter and in the trigeminal nucleus. However, 5SHT and 5HIAA le-
vels, decrease in ventromedial thalamus and medial prefrontal cortex in a neuropathic and in formalin test re-
spectively [6]-[8]. This discrepancy on these results may be due to the brain region studied, the pain model used
or even the technique employed for the measurement of the release of the neurotransmitter. We used micro-di-
alysis in freely moving rats, this technique allows punctual and physiological measurement of the neurotrans-
mitter, while the animal is behavioral free. Moreover we can record in parallel the nociceptive response, while in
previous articles brain homogenates were used, in which the brain activity is indirectly measured.

Furthermore, the administration of 5HT and 5HIAA directly in the insular cortex increases the nociceptive
response one and three hour after the induction of an inflammatory process, which means that the augmentation
of this neurotransmitter in the IC promotes nociceptive responses in the rat. As far as we know there aren’t
another study with this experimental approach, so these primary results, together with the increase of the extra-
cellular level of serotonin 5SHT and 5-HIAA in the CI allow us to relate the serotoninergic system with long-term
inflammatory pain.

One of the most remarkable results of this study is the important increase of the extracellular levels of the
metabolite SHIAA (up to 70% respect the basal values, Figure 2) during the inflammatory process. Even more,
there is a correlation between this augmentation and the increase of the behavioral responses associated with the
pain process. It has been recently reported that this metabolite is responsible of phenomenon like the thermal
hyperalgesia in the spinal cord or sciatic nerve [23]. Since the levels of SHIAA increase with the carrageenan-
induced inflammation in the 1C, this work corroborates that the IC acts as a pronociceptive site in medium and
long-term processes, in this case through the serotoninergic system.

The IC receives serotonergic innervation [24] and the major serotonin receptor subtypes expressed in this re-
gion are 5-HT1A and 5-HT2A [25] and also the ion channel receptor 5-HT3 [26]. On this basis it may be
thought that pharmacological manipulations with agonist and antagonist may exert a differential role in pain
modulation in the IC, acting both in pyramidal and gabaergic interneuron in this brain region.

The complex role of the actions of 5SHT could be related to the existence of multiple 5HT receptors expressed
both at the periphery and in the central nervous system. Nevertheless, the effect of SHT not only depends on the
receptor subtype mediating its action but also on the physiological/pathophysiological status of the animal. For
example, in healthy animals, spinal SHT apparently exerts mainly an inhibitory influence of pain signaling me-
chanisms whereas in animals sensitized by lesion of the peripheral and/or the central nervous system, the bul-
bo-spinal 5HT system may exacerbate pain [27]. In this regard, the extracellular levels of 5SHT and S5HIAA in
the IC do not vary in the acute pain process, but increase during an inflammatory process.

5. Conclusion

Despite being a preliminary study, our data point out that the serotoninergic system plays a pronociceptive role
in the IC, which is one of the most important structures for the development and maintenance of inflammatory
and chronic pain at central level. Further studies must attempt to elucidate which 5HT receptor is implicated in
the nociceptive process in the insular cortex mediated by 5HT and 5HIAA.
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