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RESUMO

A modulagdo da dor pelo sistema nervoso central (SNC) consiste na inibigdo ou
facilitacdo da excitabilidade do corno dorsal da coluna espinhal. O nucleo
Accumbens (Nacc) e a Substancia Cinzenta Periaquedutal (PAG) sao duas
importantes estruturas envolvidas na modulagcdo da dor pelo SNC. A proposta
deste estudo foi investigar o papel destas estruturas na modulagao da hiperalgesia
inflamatdria aguda e persistente, induzida pela administragdo de Prostaglandina E,
(PGE2) na pata de ratos. A administragdo local subcutanea de PGE; induz um
quadro de hiperalgesia que cede completamente em 24 horas. Entretanto, duas
semanas de inje¢des intraplantares de PGE; induzem uma hiperalgesia que
persiste por 30 dias apods cessar o tratamento. Os resultados deste estudo
demonstraram que a microinjegdo no NAcc de lidocaina ou de cloreto de cobalto
(CoCly ), um bloqueador de canal de Calcio, reduziu significativamente a
hiperalgesia persistente, mas ndo modificou a hiperalgesia mecanica aguda
induzida pela PGE, , medida tanto pelo teste de Randall-Selitto quanto pelo teste
de Von Frey. Em contraste, a lidocaina ou o CoCl, injetados na PAG nao
modificaram a hiperalgesia persistente, mas aumentaram a hiperalgesia aguda
induzida pela PGE; . Também demonstramos que a administracao de L-Glutamato
no NAcc restaurou a hiperalgesia persistente inibida pela administragdo local de
Dipirona na pata. Estes resultados sugerem que o NAcc, mas ndao a PAG, esta
envolvido na manutencao da hiperalgesia persistente induzida pela PGE, e pode
também participar na recorréncia da dor crénica de origem inflamatéria.

Palavras-chave: facilitacdo descendente, nucleo Accumbens, dor cronica,

Substancia Cinzenta Periaquedutal.
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ABSTRACT

The pain modulation by Central Nervous System (CNS) consists in inhibition or
facilitation of the spinal dorsal horn excitability. The nucleus accumbens (NAcc)
and periaqueductal gray matter (PAG) are two important structures involved in the
pain modulation by CNS. The purpose of the present study was to investigate the
role of NAcc and PAG on the modulation of the acute and persistent inflammatory
hyperalgesia induced by prostaglandin E, (PGE;) in rat. The local subcutaneous
administration of PGE; induces hiperalgesia that is completely resolved in 24 h.
However, 2 weeks of daily intraplantar treatment with PGE, induces hyperalgesia
that persists for more than 30 days after the treatment cessation. The findings of
this study demonstrated that the local injection of lidocaine or CoCl,, a calcium
channel blocker in the NAcc significantly reduced the persistent, but did not modify
acute PGE,.induced mechanical hyperalgesia, measured by either Randall-Sellito
or Von Frey tests. In contrast, lidocaine or CoCly, injected in the PAG did not
modify the persistent hyperalgesia, but increased the acute hyperalgesia induced
by PGE,. We also demonstrated that the administration of L-glutamate in NAcc
restored the persistent hyperalgesia inhibited by the local administration of
dipyrone in the hind paw. These results suggest that NAcc, but not PAG is
involved in the maintenance of the PGE»-induced persistent hyperalgesia and may
also be implicated in the recurrence of chronic pain of inflammatory origin.

Keywords: descending facilitation, nucleus accumbens, chronic pain, PAG.
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INTRODUCAO

A hiperalgesia € um sinal classico da inflamacao e, pelo menos em parte, resulta
da sensibilizacdo de nociceptores aferentes primarios. Com base na agao
analgésica das drogas anti-inflamatodrias nao esteroidais, os inibidores da COX,
hoje se aceita que as prostaglandinas estdo entre os principais fatores que
contribuem para a hiperalgesia inflamatéria (Ferreira, 1972; Ferreira et al., 1978).
Apesar da maioria dos mecanismos envolvidos na hiperalgesia aguda inflamatéria
ter sido elucidada nas ultimas décadas, os estados de dor crénica continuam mal
compreendidos e consequentemente com sucesso terapéutico limitado, o que
pode ser devido, pelo menos parcialmente, ao escasso leque de drogas
apropriadas para estes casos.

A falta de modelos experimentais que reproduzam fielmente o que ocorre com
humanos acometidos por dores crénicas € uma preocupagao constante. Modelos
apropriados sdo fundamentais para estudar os mecanismos da dor crénica,
especialmente para estudar os mecanismos envolvidos nesta cronicidade, que
deve ocorrer em adi¢do aqueles envolvidos na hiperalgesia inflamatéria aguda.
Ha muitas causas para a dor crbnica, mas certamente muitas delas estdo
usualmente associadas com episodios de inflamagdes agudas. (Aley et al., 2000).
Embora estimulos nociceptivos desencadeados pela formalina, carragenina ou
pela incisdo da superficie plantar sejam considerados persistentes, o seu pico de
hiperalgesia nao ultrapassa 3h apds sua aplicagdo, e logo apds desaparece.
Ferreira et al. (1990) desenvolveram um modelo de hipernocicep¢do que, uma
vez instalada, persiste por varios dias. Neste modelo, sdo aplicadas 14 injegdes
de Prostaglandina E; (PGE) na regido intraplantar de ratos, uma por dia, e desta
forma ha a indugdo de um quadro hiperalgésico que perdura por mais de 30 dias
apos a cessagao do tratamento. A fibra aferente primaria parece adquirir
“‘memoria”, pois a atenuagao do quadro hipernociceptivo por uma injegcéo local de
dipirona é rapidamente revertida por doses muito baixas de prostaglandina. Esta
memoria periférica pode explicar a facil inducado de periodos recorrentes de dor

cronica (Ferreira et al., 1990).



Esta hiperalgesia persistente poderia mimetizar a dor inflamatdria crénica em
humanos, visto que uma vez administradas as citocinas pré-inflamatérias TNF-a
ou IL-1B, que acabam por provocar a liberacdo de PGE,, também ha indugado de
hiperalgesia persistente da mesma magnitude e duragdo daquela induzida pela
PGE, (Sachs et al., 2002).

Foi demonstrado que além da medula espinhal, outras estruturas do Sistema
Nervoso Central estdo envolvidas na modulagdo da dor aguda. Regides
supraespinhais, incluindo mesencéfalo, areas talamicas e corticais agem como
estacdes de transmissao nociceptiva ascendente, mas também sao consideradas
como origem de vias modulatorias descendentes (Basbaum & Fields, 1984;
Stamford, 1995; Willis & Westlund, 1997).

No estudo de Reynolds (1969), a estimulagdo elétrica da Substancia Cinzenta
Periaquedutal (PAG) possibilitou uma laparotomia em ratos sem a utilizagdo de
agente anestésico quimico. A partir deste estudo classico, caracterizou-se a
existéncia de uma via descendente de controle inibitorio da dor. A Substéncia
Cinzenta Periaquedutal (PAG) € considerada a estagao de retransmissado chave
no processo da informagdo nociceptiva e antinociceptiva (Behbehani, 1995;
Millan, 1999; Mitsui et al., 2003). A subdivisdo ventrolateral da PAG produz
exclusivamente antinocicepgdo em ratos (Fardin et al., 1984), e deprime a
resposta de neurbnios da medula espinhal frente a estimulos periféricos
nociceptivos (Sandkuhler, 1996; Pelegrini-da-Silva et al., 2005). Adicionando-se
aos classicos centros antinociceptivos intrinsecos tais como PAG e Nucleo da
Rafe, outras estruturas tém ganhado importancia na modulagao da dor. O Nucleo
Pretectal, a Formagao Reticular, o Nucleo do Trato Solitario e a Amigdala
parecem também modular a informagdo nociceptiva (Prado & Roberts, 1985;
Randich & Aicher, 1988, Hammond et al., 1992; Oliveira & Prado, 2001;
Magdalena et al., 2004; Villarreal et al., 2004a; Knyihar & Csillik, 2006).

Mais recentemente, o Nucleo Accumbens (Nacc), nucleo mesolimbico relacionado
ao processamento de informacdes motivacionais, especialmente a recompensa,

também tem sido demonstrado como participante da modulagdo nociceptiva (Ma



et al., 1992; Neto et al., 1999; Magnusson & Martin, 2002; Taylor et al., 2003;
Knyihar & Csillik, 2006). O Nacc parece ser um nucleo importante na inibigdo de
uma atividade tdénica de neurénios de projecao espino-supraespinhais, induzindo
uma antinocicepcao heterosegmentar (Gear & Levine, 1995; Gear et al., 1999;
Tambeli et al., 2002; Tambeli et al., 2003). Apesar da modulagdo da dor aguda
por estas estruturas estar bem documentada, sua influéncia na hiperalgesia
inflamatadria crénica ainda n&o esta clara.

Considerando a importancia da PAG, um componente chave no controle
nociceptivo descendente (Behbehani, 1995; Millan, 2002), e o Nacc, uma estagao
de retransmissao da informagao nociceptiva espinhal para o sistema mesolimbico
(Gear & Levine, 1995), o objetivo deste estudo foi investigar como estas
estruturas modulam a hiperalgesia inflamatoria aguda e crénica. Para tal, foi
medido o limiar mecanico da pata traseira de ratos onde foi induzida uma
hiperalgesia inflamatéria aguda ou crénica pela(s) injecao(ées) de PGE, e
observou-se o efeito da inibigdo quimica da atividade da PAG ou do Nacc nesta
hiperalgesia na pata. Posteriormente, em outro grupo experimental, instalou-se
um quadro hiperalgésico croénico na pata e atenuou-se esta hiperalgesia com uma
injecao local de Dipirona, provocando o que se denomina uma fase quiescente.
Através da estimulagdo quimica do Nacc foi possivel observar como esta
estrutura do SNC parece modular este processo hiperalgésico persistente

periférico que se encontrava em uma fase quiescente.



CAPITULO
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Abstract

Pain modulation by Central Nervous System (CNS) consists in inhibition or
facilitation of the spinal nociceptive activity. Periaqueductal Gray Matter (PAG) and
Nucleus Accumbens (NAcc) are two important structures involved in the pain
modulation by CNS. The purpose of the present study was to investigate the role
of PAG and NAcc in the modulation of acute and persistent hyperalgesia induced
by prostaglandin E2 (PGEy) in rat. The hind paw subcutaneous administration of
PGE; induces hyperalgesia that is completely resolved in 24 h. However, two
weeks of daily intraplantar treatment with PGE; induce hyperalgesia that persists
for more than 30 days after the treatment cessation. The microinjection of
lidocaine or the calcium channel blocker CoCl, in the PAG did not modify
significantly the magnitude of persistent hyperalgesia and allodynia measured
respectively by Randall-Sellito and Von Frey test. In contrast, the blockade of PAG
activity by lidocaine increased the acute hyperalgesia and acute mechanical
allodynia. In the NAcc, the microinjection of lidocaine or CoCl, significantly
reduced the persistent hyperalgesia and allodynia, while increased the acute
mechanical hyperalgesia and had no significant effect on acute allodynia.
Furthermore, the NAcc neuronal activation by local microinjection of L-glutamate
restored the magnitude of the persistent hyperalgesia, which had been previously
reduced by the hind paw administration of dipyrone. These results suggest that
PAG and NAcc modulate differently acute and persistent hyperalgesia and

allodynia. In addition, the NAcc, but not PAG seems to be involved in the



maintenance of the PGE,-induced persistent hyperalgesia and allodynia and may
also play a role in recurrent episodes of pain in chronic painful states.
Keywords: descending facilitation, nucleus accumbens, chronic pain, PAG, PGE,,

hyperalgesia.



1. Introduction

Hyperalgesia is a classical sign of inflammation and results, at least in part,
from the sensitization of primary afferent nociceptors. Based on the analgesic
action of non-steroidal anti-inflammatory drugs, i.e., cyclooxygenase inhibitors, it is
well accepted that prostaglandins are some of the main contributors to

inflammatory hyperalgesia [13, 15].

Although many of the mechanisms underlying acute inflammatory
hyperalgesia have been elucidated in the last decades, chronic pain
physiopathology remains poorly understood with limited therapeutic success,
possibly due to the small range of available drugs. The lack of experimental
models with a good degree of human therapeutic predictability may be one
important concern in chronic pain studies. In the rat model of persistent
mechanical hyperalgesia [14] the sensitization of the rat hind paw lasts for more
than 30 days following the cessation of 14 successive daily intraplantar injections
of prostaglandin E, (PGE-z). This model may be useful to study the mechanisms of
chronic hyperalgesia, which may occur in addition to those involved in acute

hyperalgesia.

Supraspinal regions, i.e. periaqueductal gray matter (PAG) and raphe
nucleus are involved in the modulation of acute pain [5, 61, 76]. The PAG is a key
relay station in the processing of nociceptive and antinociceptive information [6,

41, 44]. The ventrolateral PAG subdivision produces exclusively antinociception in



rats [12], and depresses the response of spinal cord neurons to peripheral noxious
stimulations [52, 59].

The nucleus accumbens (NAcc), which is known to be an important
component of the mesolimbic reward system and implicated in substance abuse,
also plays a role in pain modulation, as evidenced by the antinociception induced
by direct microinjection of opioid into the NAcc core [33, 66, 77]. NAcc also
participates in a novel ascending nociceptive control circuit [19], where an intense
chemical or thermal noxious stimulation induces pain modulation by an ascending
nociceptive control dependent on opioid and dopamine links in the nucleus
accumbens[18, 19, 63, 64].

Although it is well known that structures of the CNS modulate acute pain,
whether they also modulate chronic hyperalgesia remains to be investigated.
Therefore, the aim of this study was to investigate whether PAG and NAcc
modulate acute and persistent hyperalgesia. To address this issue, the effect of
the inhibition of the activity of PAG or NAcc was tested on the acute and persistent

mechanical hyperalgesia and allodynia induced by PGE-.



2. Materials and Methods

2.1 Subjects and surgery

We used male albino Wistar rats weighing 200-300 g. The experiments
were conducted in accordance to the International Association for the Study of
Pain guidelines on using laboratory animals [83] and all experimental procedures
and protocols were previously approved by the Committee on Animal Research of
the University of Campinas. The animal discomfort and the number of animals per
group were kept to a minimum. Rats were housed in plastic cages with soft
bedding (five per cage) on a 12-h light/dark cycle (lights on at 06:00 AM) with food
and water available ad libitum. They were maintained in a temperature-controlled

room (23 °C) and handled for at least one week before the experiments.

Rats were anesthetized with Xylazine Chloride (10 mg/kg) and Ketamine
Hydrochloride (90 mg/kg) and a 15 mm length of a 23 gauge stainless-steel guide
cannula was stereotaxically implanted into the skull until its tip reach 3 mm above
the NAcc core or ventrolateral PAG. According to the atlas of Paxinos & Watson
(1986), the coordinates (in mm) for ventrolateral PAG were AP +0.5 (relative to the
lambda), L -2 (relative to the sagittal suture), H -6.5 (relative to the skull surface);
and for NAcc core were AP +1.3 (relative to Bregma), L +1.8 (relative to the
sagittal suture), H — 7.2 (relative to the skull surface). The guide cannula was fixed

on the skull with one steel screws and dental cement. After the surgical procedure,

10



rats received penicillin (50 mg/kg, i.m.) and recovered for at least 1 week before

the experiments.

2.2 Behavioral Nociceptive tests

The nociceptive mechanical threshold was measured by Randall-Sellito
analgesimeter and Von Frey filaments (Stoelting, Wood Dale, IL, USA) to
determine hyperalgesia and allodynia respectively. The Randall-Sellito nociceptive
paw-withdrawal flexion reflex test [57] was performed using an Ugo-Basile
analgesymeter (Stoelting, Chicago, IL, USA), which applies a linearly increasing
mechanical force (in grams) to the plantar surface of the rat's hind paw [2]. The
basal paw-withdrawal threshold was defined as the mean of three measures
performed at 5-min intervals before the first intraplantar injection of PGE,. The
variation (A) of mechanical hyperalgesia expressed on the graphs were calculated
by subtracting the mean of three consecutive measurements after the treatment
evaluated (test) from the basal threshold (A of mechanical hyperalgesia = basal —
test).

For the Von Frey test, the paw was touched with one of a series of
filaments with logarithmically incremental stiffness (0.008 — 15 g, lower and upper
limit of the test, respectively). Each filament was applied vertically to the plantar
surface of the rat paw with sufficient force to bend slightly the filament. A single

trial consisted of six applications of a particular filament, applied once every 3—4 s.

11



Testing was initiated with the 2.04 g filament in the middle of the series. A
response was defined as a sharp withdrawal of the stimulated paw. The up—down
method was used to record the threshold [8]. The upper limit value (15 g) was

recorded if there was no withdrawal response to this force.

2.3 Microinjection procedures

Drugs or saline were microinjected in the NAcc or the PAG using a 30
gauge stainless-steel needle. The needle was inserted into the guide cannula
immediately before microinjection and advanced to protrude 3 mm beyond the
guide cannula tip. The volume of each injection was 0.25 pul delivered at a constant
rate over a period of 1 min. The needle was removed 30 s after the completion of

the drug administration.

2.4 PGEs-induced acute and persistent hyperalgesia.

PGE: or saline was administrated in the subcutaneous tissue of the plantar
surface of rat’s right hind paw by a 30-gauge needle connected to a catheter of
polyethylene coupled to a Hamilton syringe (50 pl). Rats were briefly restrained

and the volume of injection was 50 pl.

The dose of PGE; used in this study (400 ng) was the lowest dose obtained

from a dose-response curve, previously determined, that evoked the maximum

12



acute decrease in mechanical threshold tested by Randall-Sellito or Von Frey test
3 h after its administration.

As previously described [14], two weeks of daily local subcutaneous
administration of PGE; induce persistent mechanical hyperalgesia that remains for
more than 30 days after the discontinuation of the PGE; treatment. All animals
were treated with i.p. administration of indomethacin (2 mg/kg) 30 min before
PGE: injections to avoid endogenous release of prostaglandins related to the

injections trauma.

2.5 Histology

At the end of the experiment, pontamine blue dye (0.25 pul) was
microinjected to label the sites of intracerebral injection. Rats were sacrificed with
an overdose of urethane and perfused through the heart with saline followed by
buffered formalin—saline solution. Dye spots were localized on 40 um serial brain
coronal sections, and identified on diagrams from the atlas of Paxinos & Watson
(1986). Only rats showing dye spots in the target structure were considered for

further analysis.

13



2.6 Drugs

The following drugs were used: 2% lidocaine [62]; prostaglandin Ez
400ng/paw [73]; L-glutamic acid hydrochloride 6.9 ng/ 0.25pl [72]; Indomethacin,
2.0 mg/Kg [26]; dipyrone 240 pg/ paw [14], cobalt chloride 1.3 ng/ 0.25 pl [31]. All
drugs were obtained from Sigma Chemicals, St. Louis, MO, USA and dissolved in
phosphate-buffered saline [PBS; 20mM sodium phosphate buffer, pH 7.4,

containing 0.9% (weight/volume) sodium chloride].

2.7 Experimental Design

A guide-cannula was bilaterally stereotaxilcally implanted in the
ventrolateral PAG or Nacc core one week before the day of acute and chronic

experiments.

On the day of the acute experiment, we measured the mechanical threshold
before and 3 hours after acute i.pl. PGE; or saline injection. For the chronic
hyperalgesia, the mechanical threshold was measured before the first injection of
PGE, or saline and 6 days after the disruption of the successive injections to
confirm the installation of persistent hyperalgesia. After that, rats received intra-
PAG or intra-NAcc microinjections of 2 % lidocaine, saline or 1.3 ng/ 0.25 ul CoCl..

Fifteen minutes later the mechanical threshold was measured again. CoCl; is an

14



inorganic blocker of the calcium channel conductance and therefore utilized here
to impair synaptic transmission [31].

In another series of experiments, L-glutamate (6.9 ng/ 0.25ul) was
administrated in the NAcc three days after locally i.pl. administration of dipyrone
(240 ng/ paw in 50 ul) in rats with persistent hyperalgesia. The dose of dipyrone
was previously established by a dose-response curve and did not elicit a systemic
effect, as evidenced by the absence of analgesic effect when injected on the paw

contralateral to the PGE; injected paw (data not shown).

2.8 Statistical analysis

The Von Frey results were analyzed as medians with their corresponding
confidence limits (95%). The experimental groups were compared by the non-
parametric Kruskal-Wallis or Mann-Whitney test. Multiple comparisons after the
Kruskal-Wallis test were performed using the two-tailed Mann—-Whitney test. For
repeated measures, we used the Wilcoxon matched paired test. For the Randall-
Sellito test, one-way ANOVA or unpaired t test was performed. For repeated
measures, we used Repeated Measures ANOVA. If there was a significant
between treatments, post-hoc contrasts, using the Tukey test, were performed to
determine the basis of the significant difference. Data of all groups are expressed

as means + S.E.M and the level of significance was set at P< 0.05.
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3. Results

3.1 PGE; -induced acute and persistent hyperalgesia

A single i.pl. injection of PGE; (400 ng) induced acute mechanical
hyperalgesia and allodynia 3h after its injection when compared with the saline
control group, measured by Randall-Sellito (Fig. 1A, Mann-Whitney test, p= 0.02)
and Von Frey test (Fig. 1B, T test, p<0.0001) respectively. The acute hyperalgesia
and allodynia were completely resolved 24 h after PGE, administration (data not
shown). Rats treated with PGE; during 14 days presented, six days after the
disruption of the PGE, treatment (in the 20™ day), a persistent hyperalgesia and
allodynia when compared with the control group, measured by Randall-Sellito (Fig.
1C, p=0.0019, Mann-Whitney test) and Von Frey test (Fig. 1D, p<0.0001, T test).
The inset in figure 1D shows the progression of mechanical threshold reduction,

measured by Von Frey test before and 3 h after each diary i.pl. injection of PGE;,
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Figure 1: Induction of acute and persistent hyperalgesia and allodynia by i.pl. PGE2 injection.
Mechanical hyperalgesia (A) and allodynia (B) induced by a single i.pl. injection of PGE2 (400 ng/
50 pl) or saline, measured by Randall-Sellito (t test) and Von Fey test (Mann-Whitney test)
respectively. Persistent hyperalgesia (C) and allodynia (D) induced by fourteen days of daily
injection of PGE2 (400 ng/ 50 ul). The data represent the behavioral mechanical response at the
6th day after the last PGE2 or saline injection. The symbol (*) indicates a significant increase in the
mechanical hyperalgesia or allodynia in relation to the controls. The daily mechanical threshold
measured by Von Frey hair filaments before and 3h after each injection of PGE2 is represented in
the inset in figure D.

For this and subsequent figures each bar represents the mean £ SEM. Animal number per group is

expressed in parenthesis. P<0.05.
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3.2 Periaqueductal gray matter modulated acute but not persistent hyperalgesia

Only rats with microinjections into the ventrolateral PAG or NAcc core were
included in data analysis (Fig. 2). Injection sites outside the boundaries of the

ventrolateral PAG and NAcc core were not included in data analysis.

Interaural
1.0mm

P Interaural
e 10.2mm

Figure 2: Location of microinjection sites in the ventrolateral PAG and Nacc core for all
experiments. Only Lidocaine, CoCl2, L-Glutamate and saline injections within the shaded regions
were included in data analysis. Coronal planes were taken from the Atlas of Paxinos and Watson
(1986) and the number in the right refers to the distance from the interaural line. All injections fell
within coronal planes distant 1.0 to 1.36 mm for PAG and 9.48 to 10.7 mm for Nacc from the

interaural line.

The microinjection of 2% lidocaine into the PAG 3h after a single i.pl. injection of
400 ng PGE; induced a significant increase in the mechanical hyperalgesia and
allodynia compared to the PAG-saline microinjection, as measured by Randall-
Sellito (Fig. 3A, T test) and Von Frey test (Fig. 3C, Mann-Whitney test)

respectively. In contrast, the injection of lidocaine or CoCl; (1.3 ng/ 0.25 pl) into
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the PAG had no significant effect on the magnitude of persistent hyperalgesia (Fig.

3B, Tukey test) and allodynia (Fig. 3D, Kruskall-Wallis test).
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Figure 3: Modulatory effect of the blockade of the PAG neuronal activity on acute and persistent
hyperalgesia and allodynia. Mechanical hyperalgesia (A) and allodynia (C) observed after a
microinjection of 2 % lidocaine (0.25 pl) or saline in the PAG of rats receiving a single i.pl. injection
of PGE2 (400 ng/ 50 pl), measured by Randall-Sellito (t test) and Von Frey test (Mann-Whitney
test), respectively. Persistent hyperalgesia (B) and allodynia (D) observed after a microinjection of
2% lidocaine, saline or CoCI2 (1.3 ng/ 0.25 yl) into the PAG of rats, 6 days after the two weeks of
i.pl. injections of PGE2, measured by Randall-Sellito (Tukey test) and Von Frey test (Kruskall-
Wallis test), respectively.

The symbol (*) indicates hyperalgesia significantly higher than that observed in the control.
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3.3 Nucleus Accumbens inhibited acute and facilitated persistent hyperalgesia

The bilateral microinjection of 2% lidocaine (0.25pl) but not saline into the
NAcc core increased significantly the acute hyperalgesia, measured 3h after a
single i.pl. injection of PGE2 (400 ng) (Fig. 4A, T test) and decreased significantly
the persistent hyperalgesia (Fig. 4B, Tukey test), measured by Randall-Sellito test.
In the Von Frey test, the acute allodynia measured 3h after the i.pl injection of
PGE; (400 ng) was not significantly modified by microinjection of 2% lidocaine in
the bilateral NAcc (Fig. 4C, Mann-Whitney test). However, the magnitude of
persistent allodynia was significantly decreased by the lidocaine microinjection in
the NAcc (Fig. 4D, Kruskall-Wallis test). The NAcc microinjections of CoCl; (1.3 ng
/ 0.25 pl) also decreased the magnitude of the persistent hyperalgesia (Fig. 4B,
p=0.02, Tukey test) and allodynia (Fig. 4D, Kruskall-Wallis test) in relation to the
groups receiving NAcc microinjections of saline. However, the reduction in the
mechanical threshold induced by the microinjection of CoCl, was significantly
lower than that induced by the microinjection of lidocaine in both tests (p<0.05). In
rats treated with daily i.pl. injection of saline, the bilateral microinjection of
lidocaine into the NAcc did not induce analgesic effect compared to the rats
receiving NAcc microinjection of saline as evidenced by Randall-Sellito (inset Fig.

4 B) and Von Frey test (inset Fig. 4D).
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Figure 4: Modulatory effect of the blockade of neuronal Accumbens activity on the acute and
persistent hyperalgesia and allodynia. (A) Acute mechanical hyperalgesia after the bilateral
microinjection of 2% lidocaine (0.25 pl) or saline into the NAcc of rats receiving a single i.pl.
injection of PGE2 (400 ng/50pl, i.pl.), measured by Randall-Sellito test (t test). (B) Persistent
hyperalgesia measured after the bilateral microinjection of 2% lidocaine, saline or CoCl2 (1.3 ng/
0.25 pl) on the NAcc of rats at the 6" day after the two weeks of i.pl. injection of PGE2 (Tukey test).
(C) Acute mechanical allodynia after the bilateral microinjection of 2% lidocaine (0.25 pl) or saline
into the NAcc of rats receiving a single i.pl. injection of PGE2 (400 ng/50ul, i.pl.), measured by Von
Frey test (Mann-Whitney test). (D) Persistent allodynia measured after the bilateral microinjection

of 2% lidocaine, saline or CoCl2 (1.3 ng/ 0.25 pl) on the NAcc of rats at the 6" day after the two
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weeks of i.pl. injection of PGE2 (Kruskall-Wallis test). The graphs shown in the insets represent the
mechanical hyperalgesia (B) and allodynia (D) of rats treated with two weeks of i.pl. injection of
saline receiving at the 6" after the last injection, a bilateral microinjection of lidocaine or saline into
the NAcc, measured respectively by Randall-Sellito and Von Frey test.

The symbol (*) indicates hyperalgesia or allodynia significantly different from that observed in rats
receiving NAcc microinjection of saline for all groups. The symbol (#) indicates hyperalgesia or

allodynia significantly different from that observed in rats receiving NAcc microinjection of lidocaine.

3.4 Chemical activation of the NAcc reversed the dipyrone-dependent reduction on

the persistent hyperalgesia

A single i.pl. injection of dipyrone (240 ug/ 50 ul/ paw) in the paw ipsilateral
to that receiving two weeks of PGE; injections induced a significant reduction in
the magnitude of the persistent mechanical hyperalgesia and allodynia, measured
by Randall-Sellito (Fig. 5A, p<0.0001, Tukey test) and Von Frey test (Fig. 5C,
p=0.03, Wilcoxon test). The microinjection of L-glutamate (Glu, 6.9 ng/ 0.25ul) into
the bilateral NAcc restored the hyperalgesic state to the pre-dipyrone values in the
Randall-Sellito and Von Frey test (Fig. 5A and C, respectively). One and two days
after the injection of glutamate in the NAcc, the magnitude of the mechanical
hyperalgesia was still elevated (Fig. 5A, p<0.001, Tukey test; Fig. 5C, p=0.03,
Wilcoxon test). The NAcc microinjection of saline had no significant effect on the
analgesic response elicited by i.pl. injection of dipyrone (240 pg/ 50ul), measured
by Randall-Sellito (Fig. 5B, p>0.05, Tukey test) and Von Frey test (Fig. 5D,

p>0.05, Wilcoxon test). The reduction in the intensity of persistent hyperalgesia
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induced by dipyrone injection persisted at least for 4 days as can be observed in

the Figs 5B and D.

For the Randall-Sellito test, the basal measurements were made before the
1% PGE; injection for all groups and the test values were taken 6 days after the

end of the daily PGE, injections, after the dipyrone, L-glutamate or saline

injections.
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Figure 5: Modulatory effect of the activation of NAcc by the L-glutamate on the magnitude of the
persistent hyperalgesia reduced by i.pl. injection of dipyrone. Mechanical hyperalgesia observed
with bilateral NAcc microinjection of L-glutamate (6.9 ng/ 0.25ul) (A) or saline (B) performed 3 days
after the i.pl. injection of dipyrone (240 ug/ 50 pl) in rats with persistent hyperalgesia induced by
two weeks of daily i.pl. injection of PGE2 (400 ng/ 50 ul), measured by Randall-Sellito test (Tukey
test). Mechanical allodynia observed with bilateral NAcc microinjection of L-glutamate (6.9 ng/
0.25pl) (C) or saline (D) performed 3 days after the i.pl. injection of dipyrone (240 pg/ 50 ul) in rats
with persistent hyperalgesia induced by two weeks of daily i.pl. injection of PGE2 (400 ng/ 50 ul),
measured by Von Frey test (Wilcoxon test) (#) indicates significant reduction of the persistent
hyperalgesia in relation to mechanical response measured at the 6" day after the last PGE2
injection and before de dipyrone injection. (*) indicates hyperalgesia significantly higher than the

hyperalgesia measured 3 days after the i.pl. injection of dipyrone.

Abbreviations: Glu = L-glutamate; Dip = dipyrone.

4. Discussion

The current study demonstrated that PAG and NAcc modulate differently
acute and chronic pain. We observed here an inhibitory activity of the PAG on the
intensity of acute hyperalgesia and allodynia, while PAG has no significant effect
on the modulation of persistent pain. NAcc also exerts an inhibitory influence on
the acute hyperalgesia, contributing to the reduction of the hyperalgesia intensity.
In contrast, a facilitatory influence from NAcc seems to contribute to the
maintenance of the persistent hyperalgesia and allodynia. In addition, we
observed that the neuronal activation of the NAcc is able to restore the magnitude
of the hyperalgesia and allodynia previously reduced by a peripheral analgesic as

dipyrone. Based on these observations, we suggested a new conception on the
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role of the endogenous descending nociceptive control in the physiopathological
mechanism of persistent pain that is the active participation of NAcc on the
maintenance of the persistent hyperalgesia. Furthermore, NAcc and PAG seem to
exert inhibitory, facilitatory or a non-significant influence on the hyperalgesia

intensity depending on the duration of the pathology.

It is well-known that the antinociceptive descending control from the PAG
and other brainstem structures are important to counteract the nociceptive activity
in animal models of tonic noxious stimulation as the inflammatory [67], neuropathic
[45, 54] and incisional pain [52, 72]. We observed here that in the acute
hyperalgesia, induced by a single i.pl. injection of PGE,, the injection of lidocaine
in the PAG induced an increase in the mechanical hyperalgesia and allodynia,
confirming that this nucleus exerts an inhibitory influence on the acute

hyperalgesic states.

Usual animal models of tonic hyperalgesia are dependent on a single
injection of inflammatory agents. Recently it has been developed a model of
hyperalgesia that persists beyond the cessation of repetitive injections of PGE,
[14], indicating the establishment of a neuronal memory for the nociceptive activity.
Because the descending modulatory system undergoes time-dependent changes
following persistent inflammation [9, 46, 82], an inhibitory or facilitatory activity of
this system can predominate according to the progression of the hyperalgesia. In
fact, in contrast to the antinociceptive activity on the acute hyperalgesia, we

observed here that the blockade of neuronal activity of the PAG by the injection of
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lidocaine or CoCl, had no significant effect on the magnitude of the persistent
mechanical hyperalgesia and allodynia induced by the two weeks of i.pl. injections
of PGE. It has been reported that the suppression or facilitation of nocifensive
behavior and spinal dorsal horn hyperexcitability [9, 10, 60, 69, 81, 82] are
modulated by encephalic structures. Thus, the intensity of perceived pain and
hyperalgesia is fine-tuned by descending pathways. The imbalance of these
modulating systems may be one mechanism underlying variability in acute and
chronic pain conditions [25, 75]. Therefore, the absence of PAG inhibitory activity
on the magnitude of the persistent mechanical hyperalgesia could contribute to the
intensity and/or maintenance of the hyperalgesic states.

The activation of the descending control from the PAG differently modulates
the wide-dynamic range responses to the myelinated vs. unmyelinated nociceptors
activation [38, 39]. This characteristic explain, for example, the more intense
control from the PAG to heat than to mechanical evoked responses [20, 54, 80].
Since the sensitizing action of the PGE; has been related to multiple classes of
cutaneous nociceptors including C-polymodal, C-mechano-heat, C-mechano-cold
nociceptors and A-delta high-threshold mechanoceptors [37], a daily schedule of
PGE, injection could convey different modalities of pain. Therefore, the absence of
PAG modulation of the persistent mechanical hyperalgesia does not exclude a
possible involvement of this nucleus in the control of other modalities of stimuli, as

heat-evoke withdraw reflexes.
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Pain processing is a multidimensional experience that integrates several
limbic and cortical structures to coordinate the behavioral response to nociceptive
stimulation. The NAcc has been considered of particular interest in relation to pain
[1, 18, 19, 24]. We showed here that the injection of lidocaine into the bilateral
NAcc increased the hyperalgesia induced by a single injection of PGE,, as
measured by the Randall-Sellito test, but had no effect on the allodynia measured
by Von Frey filaments, indicating that NAcc exerts an inhibitory influence on the
acute hyperalgesia. Mechanical allodynia and hyperalgesia are likely to be
mediated by different neuronal pathways [27, 40, 48, 74], what could explain the
detection of the inhibitory influence from the NAcc to the acute hyperalgesia by the

Randall-Sellito, but not by Von Frey test.

It has been well documented that NAcc exerts an inhibitory nociceptive
activity. The dopamine [1, 65], N-methyl-D-aspartate [42], opioid peptides [1, 77]
and neurokinin [3] are mediators involved in this antinociceptive action of the
NAcc. Moreover, the NAcc plays an important role in the “mesolimbic loop” [24,
78] and heterosegmental analgesia [18, 19, 64]. Besides the antinociceptive
activity of the NAcc on the acute hyperalgesia also observed here, the injection of
lidocaine or CoCl, into the bilateral NAcc reduced the hyperalgesia and allodynia
induced by the multiples injections of PGE,, measured by Randall-Sellito and Von
Frey test respectively. Since CoCl, blocks the calcium channel conductance [31],
we conclude that reduction on the persistent hyperalgesia by CoCl, depends on

the blockade of activity of neuronal cells in the NAcc, indicating that the
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endogenous activity of the NAcc is facilitating the intensity of persistent pain. The
greater reduction of mechanical hyperalgesia induced by NAcc microinjection of
lidocaine compared to the CoCl, could represent an inhibition of the locomotor
activity by the local anesthetic. However, the injection of lidocaine into the bilateral
NAcc in rats treated with two weeks of i.pl. injections of saline did not reduce the
basal mechanical threshold in the Randall-Sellito or Von Frey test, excluding the
impairment of locomotor behavior by the injection of lidocaine in the NAcc.
Therefore, the greater analgesic effect observed with the injection of lidocaine into
the NAcc might be related to the additional blockade of fibers en passant
originated in other nuclei with facilitatory nociceptive activity. In our knowledge,
this is the first time that the NAcc is associated with the facilitatory control of the

hyperalgesia.

In the model of PGE,-induced persistent hyperalgesia used here, a single
dose of dipyrone administrated in the site of PGE, treatment can induce a
maintained reduction on the intensity of hyperalgesia. Once the hyperalgesia is
reduced, a small dose of PGE;, dopamine or Interleukin-1 beta, which in normal
animals causes a mild and short lived effect, restored the previous magnitude of
the hyperalgesia, characterizing an ease induction of recurrent periods of
nociception [14]. In addition to our results indicating that NAcc is involved in the
maintenance of persistent hyperalgesia, we also tested if NAcc could be involved
in the recurrence of the hyperalgesic episodes in chronic pain. We observed here

that the injection of L-glutamate into the bilateral NAcc reversed the dipyrone-
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dependent reduction of the intensity of the persistent hyperalgesia and allodynia.
Glutamate, which exerts excitatory effects on neuronal cell bodies and dendrites
[16, 32], has been used earlier to evoke antinociception from several brain
structures including the ventral portion of the PAG [6, 28, 68]. Since glutamate
excites neuronal cell bodies but not fibers [16, 32], we conclude that the increase
in the mechanical hyperalgesia and allodynia induced by L-glutamate injection on
the NAcc depends on the activity of local neuronal cells, indicating that NAcc
activation, in persistent hyperalgesic condition, can play a key role on the

recurrence of the chronic pain.

The contribution of NAcc on the reestablishment of persistent hyperalgesia
observed here could be dependent on the activity of pronociceptive pathways from
the central nervous system in response to neuroplastic adaptations to persistent
pain input [55, 67 69]. In addition, it is known that chemical activation of the spinal
cord seems to induce a retrograde sensitization of the nociceptor [50], which
would contribute to the peripheral hyperalgesia. Although this retrograde
sensitization has been attributed to the release of nociceptive mediators in the
spinal cord during the activation of primary afferent fibers [50], we can not exclude
a pronociceptive action of descending fibers on the excitability of primary afferent
fibers at the spinal cord level. Taken together, these observations point out for a
possible participation of the NAcc on the maintenance and recurrence of the
hyperalgesic state in chronic painful conditions. Although the NAcc contributes to

the inhibitory control of nociception in models of acute and inflammatory pain [3,
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21, 65], the predominance of a facilitatory activity of NAcc on the persistent
hyperalgesia agrees with various pathological conditions where marked plastic
changes in the descending control of spinal neurons are related to the duration of
the processes [29, 53, 54, 69]. For example, a peripheral inflammatory process
may reverse the rostral ventromedial medulla (RVM) induced inhibition of spinal
dorsal horn neurons activity to a descending facilitation [9, 22]. In addition, some
spinal neuroplastic changes associated with peripheral nerve injury, such as up-
regulation of dynorphin, also depend upon descending facilitatory influences from

the RVM [7, 17, 70].

Besides the recognized descending modulatory nociceptive pathway, it has
been also described the existence of an antinociceptive path mediated by opioids
ascending from the spinal cord to the NAcc [18, 19, 63, 64]. However, as the
mechanical hyperalgesic response was determined here by flexion withdraw
reflex, any variation in this response must be dependent on a final influence on the
spinal cord neurons. Therefore, the descending facilitatory activity initiated in the
NAcc during persistent hyperalgesia might also use a relay station before reaching
spinal cord. However, since the blockade of PAG activity had no significant effect
on the persistent hyperalgesia intensity, NAcc must use a different relay nucleus to

the described PAG station [11, 34, 79] in the chronic hyperalgesic conditions.

In summary, this study demonstrated that descending endogenous
nociceptive modulation seems to exert inhibitory or facilitatory influence on the

hyperalgesia and allodynia depending on the acute or chronic condition of the pain
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state. We also demonstrated for the first time the facilitatory activity of NAcc,
contributing to the maintenance of the persistent hyperalgesia and the capability of
the NAcc activation to restore the intensity of the chronic hyperalgesia. The
relationship between our findings and the clinical chronic pain is not clear yet.
However, it reinforces a previously suggestion that once initiated, maintenance of
the spinal dorsal horn sensitization requires descending pain facilitatory
mechanisms [7, 30, 49, 70, 75] and adds a new conception by suggesting that the

NAcc can have an active participation on the recurrence of pain episodes.
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CONCLUSAO

Este estudo demonstrou que o Nucleo Accumbens (Nacc) e a Substancia
Cinzenta Periaquedutal (PAG) modulam de modo distinto a dor inflamatéria aguda
e cronica.

A PAG teve sua influéncia inibitéria mais uma vez confirmada na hiperalgesia
aguda, porém nao mostrou efeito algum na modulagdo da hiperalgesia
persistente.

O Nacc exerce uma influéncia inibitéria na hiperalgesia aguda, contribuindo para a
reducdo de sua intensidade. Em contraste, uma influéncia facilitatéria do Nacc
contribui para a manutencao da hiperalgesia persistente.

Foi também observado que, pela estimulacéo da atividade do Nacc, foi possivel
restaurar a magnitude da hiperalgesia que havia sido reduzida por um analgésico
periférico (Dipirona).

Estes resultados trazem um conceito inovador na modulagdo nociceptiva
descendente enddgena, indicando um possivel mecanismo fisiopatolégico que
poderia contribuir para a manutengdo da hiperalgesia persistente e também no
processo de reinstalacdo da mesma apds um periodo quiescente, o que poderia
estar relacionado a recorréncia de episodios de dor em processos crénicos. A
modulagdo nociceptiva descendente enddgena parece, portanto, exercer uma
influéncia inibitéria ou facilitatéria dependendo da duracido do processo

patoldgico.
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