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“Science has not yet taught us if madness is or is not the sublimity of the intelligence.” 

Edgar Allan Poe 
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Remodeling of medial prefrontal cortex (mPFC) glutamatergic pathways in 

experimental monoarthritis: role of the ventral mPFC in descending nociceptive 

modulation 

 

Abstract 

The understanding of pain mechanisms and the development of novel therapies relies mostly on 

our knowledge of neurotransmitter pharmacology in nociceptive processing. These 

neurotransmitter pathways have been extensively characterized at the peripheral nervous system, 

spinal cord and brainstem levels; however, our knowledge is less comprehensive regarding frontal 

brain regions. The beginning of the XXI century brought the conventionalization of brain imaging 

technologies and the uncovering of the major involvement of cortico-limbic structures in pain 

phenomena. Imaging studies showed that continuous noxious peripheral inputs elicit profound 

morphological and functional changes in areas such as the prefrontal cortex (PFC), contributing to 

the emotional and cognitive imbalances occurring in chronic pain. However, contrary to well-studied 

brainstem pain modulatory areas, such as the rostral ventromedial medulla (RVM) or the dorsal 

reticular nucleus (DRt), the molecular mechanisms in frontal regions of the brain remain 

understudied. Hence, we propose to clarify the role of two medial PFC (mPFC) areas, the prelimbic 

and infralimbic cortices (PL and IL, respectively) towards nociceptive modulation in normal 

conditions, as well as in prolonged inflammatory pain.  

The long-term effects of intra-articular injection of kaolin and carrageenan (K/C; four weeks after 

induction) upon nociceptive behavior and knee joint structure consisted of the development of 

severe lesions in the articular joint concomitantly to sustained primary hyperalgesia and altered 

gait. Using a behavioral approach, the tonic and phasic actions of the PL and IL were evaluated in 

healthy (SHAM, saline intra-articular injection) animals by locally microinjecting lidocaine and 

glutamate, respectively. This approach uncovered the opposing effects of glutamate in the PL and 

IL: fast antinociception resulted from PL activation, while slow pronociception resulted from IL 

activation. The use of metabotropic glutamate receptor (mGluR) agonists and antagonists allowed 

to dissect the slow effect of glutamate in the IL and to conclude that it acts preferentially upon 

mGluR5 to facilitate nociception in both SHAM and K/C animals. Interestingly, mGluR5 has no 

tonic nociceptive input in healthy animals, as observed by the lack of effect of an mGluR5 

antagonist. After four weeks of K/C, however, mGluR5 antagonist exerted antinociception, an effect 
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dependent on intact astrocyte function, as shown by the loss of mGluR5 antagonist effect after 

astrocyte ablation with a specific gliotoxin, L-α-aminoadipate. 

The contribution of mGluR5 to IL-mediated pronociception was also evaluated by performing 

electrophysiological recordings of the nociceptive modulatory cells of the RVM and the DRt, as well 

as in the nociceptive neurons of the spinal dorsal horn. Pronociception from the IL was relayed 

through the DRt in healthy animals; however, the relay shifted to the RVM after prolonged 

inflammatory pain. In the dorsal horn, the heat-evoked responses of both wide-dynamic range 

(WDR) and nociceptive specific (NS) neurons were exacerbated by IL application of mGluR5 agonist 

in SHAM and K/C animals. Finally, there is also evidence that spinal TRPV1 are possible mediators 

of IL-induced pronociception. 

In conclusion, mGluR5 in the IL exacerbates nociceptive behavior, as well as the 

electrophysiological responses of DRt and spinal nociceptive neurons to peripheral noxious 

stimulation in rodents. Long-term exposure to inflammatory pain leads to plastic changes in the IL, 

which promote astrocytic dependent nociceptive modulation and the remodeling of IL-mediated 

pronociceptive descending pathways from a DRt to a RVM-dependent pathway. Further studies 

should focus on modulation of the motivational/affective aspects of pain modulation by the IL, for 

a better understanding of the mechanisms that underlie the development of chronic pain and its 

associated comorbidities. 
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Reorganização das vias glutamatérgicas do córtex pré-frontal medial (mPFC) em 

monoartrite experimental: o papel do mPFC ventral na modulação descendente da 

nocicepção 

 

Resumo 

A compreensão dos mecanismos de dor e o desenvolvimento de novas terapias para o seu 

tratamento depende principalmente do nosso conhecimento da farmacologia dos 

neurotransmissores implicados no processamento nociceptivo. Estas vias de neurotransmissores 

estão extensamente caracterizadas ao nível do sistema nervoso periférico, da medula espinhal e 

do tronco cerebral; em relação às áreas frontais do cérebro, no entanto, o nosso conhecimento é 

menos abrangente. No início do século XXI o uso de tecnologias de imagiologia cerebral tornou-se 

mais corrente e levou à descoberta do enorme envolvimento de estruturas cortico-límbicas em 

fenómenos de dor. Estudos de imagiologia mostraram que estímulos periféricos nóxicos contínuos 

provocam alterações morfológicas e funcionais profundas em áreas como o córtex pré-frontal (PFC) 

e contribuem para o desenvolvimento de distúrbios emocionais e cognitivos em dor crónica. No 

entanto, ao contrário de áreas moduladoras da dor bem caracterizadas como o bolbo rostral 

ventromedial (RVM) ou o núcleo reticular dorsal (DRt), os mecanismos moleculares das áreas 

frontais do cérebro permanecem pouco estudados. Consequentemente, propusemo-nos a 

clarificar o papel de duas áreas do PFC medial (mPFC), os córtices pré-límbico e infralímbico (PL 

e IL, respetivamente), na modulação da nocicepção em condições normais, bem como em dor 

inflamatória prolongada. 

Os efeitos a longo prazo da injeção intra-articular de caulino e carragenina (K/C; quatro semanas 

depois da indução) no comportamento nociceptivo e na estrutura articular do joelho consistiram 

no desenvolvimento de lesões severas na articulação concomitantemente com hiperalgesia 

primária persistente e alterações na marcha. Através do uso de uma abordagem comportamental 

e da microinjeção local de lidocaína e de glutamato, avaliaram-se os efeitos nociceptivos tónicos e 

fásicos, respetivamente, do PL e do IL em animais normais (SHAM, injeção intra-articular de 

solução salina). Esta abordagem revelou os efeitos opostos exercidos pelo glutamato no PL e no 

IL: a ativação do PL promoveu um efeito antinociceptivo rápido, enquanto a ativação do IL resultou 

num efeito pronociceptivo lento. Para examinar o efeito comportamental lento do glutamato no IL 

usaram-se agonistas e antagonistas de recetores metabotrópicos de glutamato (mGluR), 
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concluindo-se que o glutamato atua preferencialmente nos recetores mGluR5 do IL para facilitar a 

nocicepção em animais SHAM e K/C. Curiosamente, os mGluR5 não exercem uma ação tónica 

em animais normais, tal como pôde ser observado pela falta de alterações comportamentais após 

a injeção de um antagonista de mGluR5. Pelo contrário, após quatro semanas de dor inflamatória 

o antagonista do mGluR5 promoveu um efeito antinociceptivo. Este efeito é dependente do 

funcionamento normal dos astrócitos, já que o antagonista de mGluR5 perdeu o efeito após a 

ablação dos astrócitos com uma gliotoxina específica, o L-α-aminoadipato, injetada no IL. 

A contribuição dos mGluR5 para o efeito pronociceptivo mediado pelo IL foi também estudado 

através da avaliação eletrofisiológica de alterações na atividade das células moduladoras da 

nocicepção do RVM e do DRt, bem como dos neurónios nociceptivos do corno dorsal da medula 

espinhal. Em animais normais, a pronocicepção desencadeada pelo IL foi mediada através do DRt, 

mas em animais com dor inflamatória esta mediação descendente passou a ser feita através do 

RVM. No corno dorsal, as respostas evocadas por estímulos quentes nóxicos em neurónios wide-

dynamic range (WDR) ou nociceptive specific (NS) foram exacerbadas pela aplicação de um 

agonista do mGluR5 no IL quer em animais SHAM, quer em animais K/C. Finalmente, existem 

também indícios de que os recetores TRPV1 da medula espinhal podem ser mediadores do efeito 

pronociceptivo do IL. 

Em conclusão, os mGluR5 no IL promovem a facilitação do comportamento nociceptivo, assim 

como das respostas eletrofisiológicas do DRt e de neurónios nociceptivos da medula espinhal a 

estímulos periféricos nóxicos em roedores. A exposição prolongada a dor inflamatória causou 

alterações plásticas no IL, promovendo a modulação da nocicepção por parte dos astrócitos, e 

levando à reorganização das vias descendentes do IL de uma via mediada pelo DRt para uma via 

mediada pelo RVM. Em trabalhos futuros, deverá ser explorada a modulação por parte do IL dos 

aspetos motivacionais e afetivos da dor, de modo a promover um melhor entendimento dos 

mecanismos subjacentes ao desenvolvimento de dor crónica e das comorbidades a ela 

associadas. 
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1. Introduction 

1.1 The definition of pain 

The International Association for the Study of Pain (IASP) has defined pain as “an unpleasant 

sensory and emotional experience associated with actual or potential damage, or described in 

terms of such damage”1. Traditionally, the pain experience was segregated in two main dimensions 

reflected in IASP’s definition – sensation and emotion – associated to anatomically distinct 

pathways, the medial and the lateral spinothalamic tracts (STT), respectively2. Consequently, the 

role of cortical structures in pain modulation remained controversial until the advent of non-invasive 

brain imaging. It then became clear that circuits involved in cognitive processes, such as memory, 

learning and reward, are important contributors to the processing of nociceptive information3,4 and 

explaining why pain and stimulus intensities are not proportional. The pain neuromatrix model was 

therefore proposed: pain is a conscious experience that results from an individualized perception 

of a damaging stimulus, influenced by our memories and emotions, as well as by genetic, cognitive 

and pathological factors3,5. 

 

1.2 Nociceptive transmission 

1.2.1 Nociceptors and spinal cord 

Nociception refers to the information triggered by a noxious (damaging) stimulus to the organism 

and is integrated in the pain experience after being processed with the emotional and cognitive 

components of pain. Peripheral stimulation initiates the sensory experience by activating three 

main types of primary afferent fibers: Aβ, Aδ and C-fibers. Each type of fiber is able to discriminate 

different stimuli based on their characteristics. Aβ-fibers (4-8µm in diameter) transmit action 

potentials fast due to their high axonal myelination and have low activation thresholds6–8. In normal 

conditions, they respond solely to innocuous tactile stimulation, but can be recruited in chronic 

pain conditions9. Usually, only Aδ and C-fibers respond to nociceptive stimulation and are therefore 

termed nociceptors. Aδ-fibers are medium sized (2-6µm in diameter) myelinated afferents, with 

higher activation thresholds than Aβ-fibers. They mediate the acute and well-localized “first” pain 

and can be further sub-divided into two classes: type I, with low activation threshold for mechanical 

and chemical stimuli but high for heat stimuli; and type II, with low threshold for heat stimuli, but 
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high for mechanical stimuli6–8,10. Unmyelinated C-fibers are the smallest type of afferents (0.4-1.2µm 

in diameter) and consequently display slow conduction velocity. They have high activation 

thresholds and convey a roughly localized “second” pain6–8,10. Like Aδ, there are also different 

populations of C-fibers. Polymodal C-fibers are responsive to both mechanical and thermal 

stimulation11, and a subset denominated “silent” nociceptors responds only to heat and chemical 

stimuli and is mechanically insensitive12. These last are thought to be involved in altered pain 

perception in inflammatory pain conditions6. 

The cell bodies of nociceptors are located in the dorsal root ganglia, from which a small central 

branch and a long peripheral branch emerge, allowing them to function as a bidirectional signaling 

mechanism6. In the spinal cord, primary afferents synapse in second-order neurons of the dorsal 

horn. The dorsal horn consists of anatomically organized laminae, to where each type of peripheral 

fiber projects: Aδ-fibers project to laminae I and V, C-fibers project to superficial laminae I and II 

and indirectly to lamina V, and Aβ-fibers project to deep laminae III-VI6,7. Due to this distribution, 

dorsal horn neurons can be classified into three subtypes: superficial laminae neurons that respond 

to noxious stimuli and are classified as nociceptive-specific (NS); deep-laminae III and IV neurons 

that respond to innocuous stimuli and are denominated proprioceptive or non-nociceptive; and 

deep-lamina V neurons that respond to innocuous and noxious inputs and are classified as wide 

dynamic range (WDR) neurons6,13. Neurons belonging to this last category display a response 

magnitude proportional to the stimulus intensity and are therefore considered to encode and relay 

information on stimulus intensity13. 

Neurons in the spinal cord can also be classified according to their output target as projecting 

neurons and local interneurons13. Projection neurons relay information to supraspinal regions. Local 

interneurons play an integrative role in communicating between spinal cord segments and within 

dorsal horn laminae. Additionally, spinal interneurons can also be involved in descending 

mechanisms of pain modulation originating in the dorsal horn13. 

 

1.2.1.1 Transient receptor potential cation channel subfamily V member 1 (TRPV1) 

TRPV1 is a non-selective, ligand-gated ion channel expressed in the soma, peripheral and central 

axonal branches of primary afferent fibers, that processes nociceptive stimuli14,15. It has been 

recognized as a polymodal transducer that can respond to a wide variety of stimuli, including 
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noxious heat (>43ºC), low pH and, more notably, chemical compounds such as capsaicin16. 

Interestingly, capsaicin, but not noxious heat, desensitizes TRPV1 channels and topical application 

of this compound has been used to alleviate inflammatory pain17. Expression of this receptor is 

found in C-fiber polymodal afferents and in type II Aδ-fibres, where it induces the release of 

calcitonin gene-related peptide (CGRP) and substance P in laminae I and II of the dorsal horn18,19. 

This receptor can also be activated by numerous endogenous ligands, such as the 

endocannabinoid anandamide, arachidonic acid metabolites and other lipids20. 

Although for some time TRPV1 was thought to be the main transducer of acute heat sensation, 

deletion of the VR1 gene in mice dorsal root ganglia did not abolish heat-evoked responses21, 

although there was some degree of impairment and considerable disruption of primary afferent 

responses both in the periphery and in the spinal cord15, indicating the existence of other acute 

heat pain transducers. Since these knockout mice still desensitized with capsaicin application, it is 

thought that TRPV2, 3 and/or 4 are also transducers of heat sensation6,18. The main role of TRPV1 

seems to be in the development of pain hypersensitivity due to peripheral sensitization by 

inflammation, a phenomenon known as primary hyperalgesia7,15. In fact, TRPV1 knockout animals 

display no alterations in heat-evoked behaviors after induction of peripheral inflammation15. 

Interestingly, intrathecal delivery of TRVP1 antagonists effectively reduces mechanical allodynia in 

neuropathic pain models22, despite the inability of TRPV1-expressing primary afferents to convey 

mechanical pain23. This phenomenon was linked to the expression of TRPV1 in dendrites and soma 

of dorsal horn lamina II interneurons24–26, which seem to be exclusively GABAergic25. When activated, 

TRPV1 can lead to long-term depression (LTD) of GABAergic transmission in the spinal cord and 

consequently to increased dorsal horn excitability26.  

Finally, TRPV1 is also widely expressed in supraspinal brain regions, although at lower 

concentrations than in primary afferents. It is found in several structures, including key regulators 

of descending nociceptive modulation like periaqueductal gray matter (PAG) and the rostral 

ventromedial medulla (RVM). These receptors are also associated to pain, anxiety, depression and 

schizophrenia, among others27.  
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1.2.2 Ascending pathways 

Nociceptive information is conveyed to the brain through spinal projection neurons organized in 

ascending tracts. The STT is classically the most important for transmission of pain related 

information. It originates mainly in layers I and V of the dorsal horn and is organized in two main 

tracts, the lateral and anterior STTs. The lateral STT mainly projects to the posterior part of the 

ventral medial nucleus of the thalamus, which relays sensory-discriminative information of pain. 

The medial STT projects to the medial thalamus and relays information concerning the 

motivational-affective aspects of pain10,28,29. Other ascending pathways have been described as 

transmitting relevant nociceptive inputs, such as the spinoreticular tract, which projects to the 

medial thalamus, as well as to descending modulatory regions such as the medullary dorsal 

reticular nucleus (DRt)28,30,31; the spinomesencephalic tract, which terminates mainly in midbrain 

regions such as the PAG, in the parabrachial nucleus and to a lesser extent in the lateral thalamus28; 

and the spino-limbic tract, which relays mono and polysynaptic inputs to the medial thalamus, 

hypothalamus, and limbic structures such as the amygdala (AMY) and prefrontal cortex (PFC)28. 

Altogether, directly or indirectly, these ascending pathways distribute pain related information to a 

matrix of regions ranging from brainstem nuclei, involved in autonomic responses of pain, to high 

level circuits which process the emotional and cognitive dimensions of pain32. 

 

1.2.3 Supraspinal processing 

An integral part of the behavioral response to pain consists of the motivational-affective and 

autonomic responses, exemplified by increases in heart rate and blood pressure, endocrine 

changes, increased attention, anxiety and suffering. The supraspinal pathways mediating these 

changes comprise areas relaying information about somatic pain, as well as additional structures 

of the limbic system. Most evidence of the involvement of these additional structures comes from 

studying brain responses to acute stimulation or in clinical pain conditions through non-invasive 

brain imaging techniques in human subjects33,34. Brain imaging studies in normal subjects 

consistently show activation of multiple cortical and sub-cortical regions during short-duration 

painful stimulation33. The regions most commonly reported as activated by acute noxious 

stimulation are the primary and secondary somatosensory cortices (S1 and S2), the anterior 

cingulate cortex (ACC), the insular cortex (IC), the PFC, thalamus and cerebellum33,34. 
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Evidence suggests that the S1 and S2 are important for the perception of the sensory 

characteristics of pain, such as the location and duration of the stimulus35,36. Patients with lesions 

in the S1 and/or S2 are incapable of localizing or describing the nature of the painful stimulation, 

reporting only an unpleasant feeling37. However, S1 and S2 seem to be differently activated by 

acute noxious stimulation. Electroencephalogram/magnetoencephalography (EEG/MEG) studies 

of temporal activation patterns can distinguish two sequential brain activations in S1 and S2, 

reflecting the “first” and “second” pain elicited by Aδ and C-fiber activation38. Other studies, 

however, point the S2, along with the IC, as primary nociceptive input receiving areas, but not the 

S1, a hypothesis supported by observation that activation of these two regions occurs prior to that 

of S137. Activation of the IC was also implicated in the affective processing of pain33,39,40. The dual 

role of the IC in pain processing is due to its heterogeneity: its posterior section is thought to be 

more related to the sensory aspects of pain, while the anterior section may be more important in 

the emotional, cognitive and memory related aspects of pain perception33,41. Patients with lesions 

in the IC can show pain asymbolia (pain sensation is normal but noxious stimulation responses are 

exaggerated)42 or higher pain ratings when thermal acute stimuli were applied43, and electrical 

stimulation of the posterior IC can elicit painful sensations44. 

The ACC seems to be the most consistently activated cortical region in response to acute peripheral 

stimulation33,34. ACC activity is linked to the cognitive-evaluative processing of pain. In fact, the 

intensity of signals measured in the ACC of normal subjects correlates with ratings of perceived 

pain but not with its actual intensity45. Several studies report that altering the perception of pain by 

suggesting to subjects that pain unpleasantness was changed40, by using distraction, negative 

emotional states or altering pain expectation33,34 can selectively modulate ACC activity. Using animal 

models, the opposite could also be observed, as activating or blocking the ACC affects aversive 

learning in rats46. 

PFC activation after acute noxious stimulation is also described by brain imaging studies, however, 

it is reported less systematically than the previously discussed areas and does not correlate with 

stimulus intensity. Instead, peak activity seems to correlate with the identification of a stimulus as 

painful36. Increased activity of the PFC was also reported in subjects distracted from pain33, or 

anticipating or expecting pain47. Additionally, when analyzing different subregions of the PFC, it was 

observed that they can display opposing responses to the same stimulus; for example, the activity 

of the dorsal frontal cortex decreases while the orbitofrontal increases48. The authors proposed that 
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the orbitofrontal cortex is involved in the affective dimension of pain perception, while the dorsal 

lateral PFC (DLPFC) is more involved in top-down modulation of pain and in limiting the extent of 

suffering, indicating that this area should not be studied as a whole.  

 

1.2.4 Descending modulation 

The processing of pain characteristics, as well as their integration with other cognitive and affective 

processes such as attention, context, emotions and mood, ultimately results in the modulation of 

spinal transmission of nociceptive inputs by descending pathways commonly known as descending 

modulation of pain. As a result, nociceptive transmission can be exacerbated (pronociception) or 

attenuated (antinociception)9. Pain control results from a balance between inhibitory and facilitatory 

descending inputs upon spinal nociceptive transmission. 

Most of the knowledge regarding the mechanisms of pain modulation comes from preclinical 

studies. Several interconnected circuits are described to modulate pain at different levels, such as 

the PAG-RVM circuit9,49,50, the spino-bulbo-spino loops through the medullary DRt51 and the caudal 

lateral ventrolateral medulla52, spinal interneurons, and the frontal-cortical-brainstem circuit53,54.  

The most comprehensively studied is the PAG-RVM circuit. The PAG is a crucial player in a circuit 

that controls nociceptive transmission at the dorsal horn level via a relay in the RVM55. Activation of 

either of these areas is sufficient to block noxious stimuli-evoked reflexes in rodents56 and in human 

subjects57. The PAG is extensively interconnected with upstream pain processing regions, such as 

the PFC, the ACC, the IC, the AMY and several thalamic and hypothalamic subregions58–60; as well 

as with brainstem regions involved in the descending modulation of pain, such as the 

pontomedullary reticular formation, the locus coeruleus, the RVM and the DRt55,61,62. Through this 

extensive network, the PAG can integrate inputs from all the dimensions of pain and modulate 

dorsal horn activity50. However, since the PAG has only minimal projections to the dorsal horn, it 

relays the information through the RVM49,50, which is considered to be the effector nucleus of 

supraspinal descending pain modulation. The RVM can exert bidirectional control over dorsal horn 

nociceptive neuronal activity; in other words, it can exert both inhibitory and facilitatory actions. 

This is achieved through the activity of two functionally distinct cell types: OFF-cells and ON-cells. 

OFF-cells are considered to inhibit pain perception, as they have a stable firing activity that is 

abolished immediately before the behavioral evasive response to a peripheral noxious stimulus; 
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moreover, their activity is increased by opioids. ON-cells are thought to facilitate pain perception, 

as they show increased firing activity immediately before a behavioral evasive response to 

peripheral noxious stimulation. Additionally, since they have µ-opioid receptors, their activity is 

directly inhibited by opioids49,50,55. A third type of cells can be identified in the RVM which are non-

responsive to peripheral noxious stimulation and therefore known as NEUTRAL-cells. Despite the 

lack of response to acute noxious stimulation, based on their distinct neurochemical profile (for 

example, a subset of NEUTRAL-cells is serotonergic63), it is thought that NEUTRAL-cells participate 

in descending pain modulation, particularly in chronic pain conditions49,50. 

The medullary DRt51 is reciprocally connected to neurons in superficial and deep layers of the dorsal 

horn30,31,64,65, constituting a reverberating dorsal horn-DRt-dorsal horn loop. Similarly to the PAG, the 

DRt receives projections from several supraspinal pain modulatory areas, including the PFC, 

somatosensory cortices, hypothalamus, thalamus, the PAG and the RVM66. This circuit is involved 

in the facilitation of nociception, as activation of the DRt leads to hyperalgesic behavior30,67,68 and 

facilitatory inputs from upstream brain regions are relayed through this brain region69,70. 

Interestingly, the DRt is the effector nucleus of the diffuse noxious inhibitory control (DNIC)71. 

Commonly known as “pain inhibits pain”, DNIC occurs when a response to a noxious stimulus, 

and the corresponding WDR neuronal response, are inhibited by another spatially distant noxious 

stimulus72,73.  This effect is proposed to promote nociceptive facilitation by augmenting the contrast 

between noxious-evoked neuronal activation and spinal background activity74. 

 

1.3 Chronic pain 

Acute pain, or nociceptive pain, serves a biological purpose as a defense and alert aimed at 

perceiving and avoiding a potentially perilous situation. It is subject to a fine-tuned balance of 

inhibitory and facilitatory systems that allow us to adapt to environmental and physiological 

situations. Therefore, in a life threatening situation, an increased antinociceptive input allows to 

prioritize the most immediate danger and engage in the “fight-or-flight” response. Later, when the 

threat disappears, pronociceptive inputs promote protective behaviors towards the damaged area. 

However, in some instances pain can persist beyond its physiological value and healing time, loose 

its warning function and become chronic75. Pain is considered to become chronic when it lasts or 

recurs for more than 3 to 6 months76. The fine-tuned regulation of inhibitory and facilitatory systems 
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becomes deregulated, either by decreasing inhibitory inputs and/or increasing facilitatory ones, 

leading to an exaggerated perception of a noxious stimulus (hyperalgesia), perception of a 

previously innocuous stimulus as painful (allodynia) or even the emergence of spontaneous pain1.  

Recent reports estimate chronic pain affects approximately 20% of the worldwide population77. While 

acute pain mechanisms are well defined and treatment is easily achieved with classic analgesics78, 

many chronic pain cases are of unclear etiology limiting the ability to treat it. Often the development 

of mood and cognitive comorbidities further complicates clinical prognosis79–81. In such cases, the 

treatment of painful symptoms alone can be insufficient, and a multidisciplinary approach, with 

recourse to antidepressants and anticonvulsants is required79,80,82.  

Overall, chronic pain can originate from increased stimulation of primary nerve afferent due to 

tissue injury or inflammation – pathophysiological nociceptive pain – or from neuronal damage in 

peripheral or central nervous system (CNS) – neuropathic pain83. Moreover, some pathologies can 

present both components, such as fibromyalgia84. In addition to the source of pain, the perceived 

location and etiology of pain are also taken into account. Based on these categories, a total of 

seven groups can be defined: chronic primary pain, chronic cancer pain, chronic posttraumatic 

and postsurgical pain, chronic neuropathic pain, chronic headache and orofacial pain, chronic 

visceral pain and chronic musculoskeletal pain84. 

The chronic musculoskeletal pain category includes pain that arises from persistent inflammation, 

such as rheumatoid arthritis, and pain arising from structural changes affecting bones, joints, 

tendons or muscles, such as osteoarthritis (OA)84. 

 

1.3.1 Osteoarthritis 

OA is one of the oldest known diseases on the planet. The oldest evidence of its presence is found 

in 70 million years old dinosaur skeletons85, and it is traceable throughout nearly every period and 

civilization. Nowadays, OA is one of the most prevalent forms of arthritis, ranking 11 th in the list of 

contributors to global disability. Predictions point out to an increase in the number of people 

suffering from OA due to increasing aging and obesity86,87. 

Interestingly, OA pathology has remained mostly unchanged for the last 100 million years85. This 

degenerative disease usually affects weight bearing joints, such as knees and hips, and is 
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characterized by degradation of the articular cartilage, thickened subchondral bone, excess of 

marginal bone (osteophyte formation), synovitis and capsular thickening88,89. Therapeutic 

approaches focus mainly on treatment of symptoms, especially for pain management. Despite 

being one of the main complaints, OA-associated pain is still sub-optimally treated. Recent studies 

highlighted the existence of heterogeneous phenotypes based on different disease pathogenesis, 

despite patients presenting the same symptoms. Therefore, gene related OA and OA originating 

from trauma, obesity or ageing present different phenotypes that should be taken into account 

when prescribing treatment90. Furthermore, many failed clinical trials point phenotype heterogeneity 

in their cohorts as a possible cause for lack of significant results91. The lack of in-depth knowledge 

of pathogenesis mechanisms hinders the establishment of reliable biomarkers. For instance, until 

the 1990’s the pathophysiology of OA was thought to be cartilage-driven; however, the role of 

synovial inflammation is now receiving more attention, and an integrated role for bone and synovial 

tissue is proposed to lead to the perpetuation of the disease90,91. In the first stages of the disease, 

OA pain is mostly elicited by movement or loading of the joint. However, as the disease progresses 

an inflammatory profile develops, with increased cytokine production and infiltration of 

inflammatory cells into the joints92, and at this late stage, pain can also occur at rest. Additionally, 

the prevalence of comorbidities such as anxiety, depression and sleep disorders in OA patients is 

very high. Research on the mechanisms underlying pain and mood interactions is scarce and so 

their contribution to OA-associated pain remains mostly unknown. Consequently, recognition of 

comorbidity symptoms in primary care settings is usually low and they frequently go untreated90,93,94. 

 

1.3.1.1 Animal models of inflammatory pain 

Animal models are important tools to study the pathogenesis and the development of therapeutic 

interventions for disease. They provide information on the mechanisms that lead to the 

development of pathological conditions and are a basis for drug discovery with clinically translatable 

potential13,95–97. A good model of OA should allow to define the type and severity of the injury, the 

time of onset and the progression of the disease, and to relate these events to biomarkers of 

disease activity98. Preclinical research in this disease is based in animal models of joint injury and 

repair but, to date, there is no ideal animal model for the study of OA. Naturally occurring OA 

models are the most similar to human OA from a pathophysiological perspective, as they occur 

without any intervention and present different manifestations of the disease. They include 
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spontaneous models, such as the Dunkin-Hartley guinea pigs99, and genetic models, like mice with 

mutation of collagen type II gene100. However, these models present slow disease progression, 

which makes them very time consuming and, consequently, associated to higher costs98,95. 

Induced models of OA are the most commonly used to study this disease. OA can be induced 

surgical or chemically. Surgically induced models alter the stability and load bearing of the joint, 

leading to the rapid development of OA; therefore, they are good tools to study late stages of OA 

degeneration, as they develop quickly and are highly reproducible and consistent. However, they 

are unsuitable to study the protective role of drug treatments, the earlier stages of OA or the 

pathogenic mechanisms that lead to the development of spontaneous OA98,95,101.  

Chemically induced OA models are the more widely used models to assess drug therapeutic 

efficacy in OA-evoked pain. Chemical models consist of an intra-articular injection of substances 

that have deleterious effects on joint physiology – inhibition of chondrocyte metabolism (sodium 

monoiodoacetate (MIA)102,103 or papain102) or damage of ligaments and tendons (collagenase104). 

Chemically induced OA models are highly reproducible, easy to implement and allow to study 

different stages of the disease. The MIA model is a particularly effective model to study pain and 

analgesic drug effects, as it produces chondrocyte death that leads to histological and 

morphological changes similar to those observed in human pathology, as well as osteophyte 

formation95. Rats that were submitted to this model present primary afferent nerve sensitization, 

spontaneous pain, mechanical and thermal hyperalgesia and allodynia and altered gait105. The most 

important limitation of chemically induced models of OA is the absence of correlation with the 

pathogenesis of human OA95. 

Within the chemically induced models of OA, there is a subset of models of acute monoarthitis, 

which mimic the recurrent acute inflammatory episodes common in human OA88. Monoarthritis 

models rely on the induction of an immune response through the administration of a suspension 

of heat-killed Mycobacterium butyricum or tuberculosum (complete Freund’s adjuvant – CFA106) or 

on the induction of an inflammatory response through the administration of an irritant substance 

(carrageenan, kaolin/carrageenan106,107 (K/C) or zymosan88). The CFA model is characterized by joint 

inflammation and cartilage and bone damage, associated to nociceptive behavior and comorbid 

anxiety and depressive-like behavior that can last for several weeks in rats88,108. A similar pattern is 

observed after K/C administration, where animals develop use-dependent monoarthritis with 

cartilage damage, synovitis and synovial fluid exudate88. Rats present altered mechanical 
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hyperalgesia thresholds within hours of injection, which can persist for weeks107,109, and develop 

depressive and anxiety-like behaviors four weeks after induction80. Single administration of 

carrageenan produces shorter lasting symptoms, lasting only a few days and with less pronounced 

damage to cartilage than if given in combination with kaolin88. Additionally, CFA and carrageenan 

can be administered subcutaneously (usually in the paw) to produce inflammation and 

hypersensitivity110.  

Similarly to these variations of monoarthritis models, the formalin test is commonly used as a fast 

inflammatory pain model. Subcutaneous injection of formalin produces a clear biphasic nociceptive 

response: an early phase, lasting up to 10 minutes, and a second phase, lasting from 20 to 60 

minutes. In the two phases, rodents present licking and flinching behavior, as well favoring the 

affected paw. An interesting feature of this model is that while both phases are driven by primary 

afferent stimulation, the second phase is significantly modulated by central structures110, making it 

a suitable model to explore mechanisms of central sensitization. 

 

1.3.2 Mechanisms of chronic inflammatory pain: peripheral and central sensitization 

The classic symptoms of inflammatory joint pathology are hyperalgesia (noxious stimuli cause 

stronger pain than in normal conditions), allodynia (mechanical threshold for mechanical noxious 

stimulation is decreased) and persistent pain at rest111. Several events were identified that 

contribute to the development and maintenance of these symptoms both in peripheral and central 

nervous system structures, corresponding to the well described chronic pain phenomena of 

peripheral and central sensitization1. 

Inflammation elicits the production of classical inflammatory mediators such as bradykinin, 

prostaglandins and serotonin, and of pro-inflammatory cytokines, including tumor necrosis factor-

α (TNF-α), interleukin-1β (IL-1β) and IL-6, which contribute to the sensitization of peripheral 

afferent nerves within a few minutes of their release83,112,113. If the situation persists, the expression 

of ion channels, receptors and mediators (TRP receptors, voltage-gated ion channels, acid-sensing 

ion channels, receptors for inflammatory mediators and neuropeptides) changes, further 

contributing to the maintenance of pain83,112. Joint inflammation causes primary afferent nerves to 

become sensitized to mechanical stimulation, leading to increased responses to innocuous stimuli 

(observed in Aβ-fibers and in low-threshold C and Aδ-fibers), lowering of the excitation threshold 
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(high threshold C and Aδ-fibers respond to innocuous stimuli and silent nociceptors become 

responsive to mechanical stimulation), or even the development of spontaneous discharges during 

resting position114–116. Cutaneous nociceptors are particularly sensitized to thermal stimuli83,117. This 

increased responsiveness of primary afferent nerves to stimulation applied directly to the injured 

site is known as primary hypersensitivity118. 

Another consequence of prolonged inflammation is that spinal cord neurons receiving joint input 

become hyperexcitable, a phenomenon known as central sensitization119. In parallel with alterations 

observed in primary afferent neurons, spinal WDR and NS neurons present increased responses 

to noxious stimulation, and the excitation threshold of NS neurons lowers. Additionally, there is also 

expansion of neuronal receptive fields, and consequently spinal neurons also display increased 

responses to stimuli applied to non-inflamed tissues120,121. Receptive field expansion is also observed 

behaviorally: rodents can present enhanced responses to noxious stimulation of the paw following 

inflammation of the knee joint122. This phenomenon is known as secondary hyperalgesia118. 

Spinal cord sensitization arises from complex interactions between metabolite release and receptor 

expression at pre- and post-synaptic levels83,113,119. Stimulated by inflammatory metabolites on the 

peripheral axons, primary afferent nerves enhance their release of glutamate, substance P, 

neurokinin A and CGRP in the spinal cord123–126. In turn, these mediators activate their spinal 

receptors, including NMDA, metabotropic glutamate receptors (mGluR), neurokinin 1 and CGRP 

receptors127, triggering a cascade of events119,127 that leads to the up-regulation of the expression 

(AMPA and NMDA) and phosphorylation of glutamate receptor (NMDA) subunits, resulting in 

increased excitatory glutamatergic transmission128. Release of other mediators such as 

prostaglandins and cytokines also occurs and contributes to further increase neuronal excitability 

by eliciting transmitter release, decreasing inhibitory input and promoting direct neuronal 

depolarization129. 

Central sensitization was described not only at spinal cord level, but also supraspinally in the 

thalamus, the AMY, the ACC, the PFC and in several descending modulatory brain regions such as 

the PAG, the RVM and the DRt33,61,113. Interestingly, the pattern of activated brain regions in patients 

with chronic pain overlaps with those activated by acute stimulation, but there are some significant 

alterations in their involvement33,113. For instance, the activation of the sensory discriminative S1 and 

S2 cortices is less consistently registered in patients with chronic pain, pointing to a devaluation of 

the discrimination of the stimuli in patients with ongoing pain33,130, and, in the thalamus, baseline 
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and stimulus-evoked activity was found to be decreased in patients with chronic pain131. Additionally, 

the correlation between ACC activity with perceived pain intensity observed in normal subjects is 

abolished in patients suffering from chronic pain48. On the other hand, the PFC was found to be 

more consistently involved in chronic pain conditions33, and the AMY also exhibited increased 

activation132, implying that chronic pain alters cognitive and emotional perception of everyday 

experiences. This is consistent with clinical data indicating chronic pain patients usually suffer from 

comorbid anxiety, depression and overall decreased quality of life133. 

 

1.3.2.1 The prefrontal cortex during chronic pain 

Most of the data available concerning the involvement of PFC structures in pain processing comes 

from brain imaging studies in human subjects. A cortico-limbic brain circuit including the PFC and 

the AMY was shown to be significantly engaged during chronic pain134,135. The activity from the medial 

PFC (mPFC), an area associated with the intensity of emotional suffering136, shows the best 

correlation with high intensity spontaneous pain137. Interestingly, in chronic pain patients, the mPFC 

presents high connectivity with the nucleus accumbens, as opposed to an IC-accumbens 

connection observed in healthy subjects. This change in connectivity underlies impairments in 

reward prediction for acute pain analgesia observed in chronic pain patients138. The persistent 

mPFC activity can occur due to enhanced spinal-prefrontal projections (indirect or directly139,140) 

and/or be driven by gray matter atrophy in the DLPFC137,141.  

The DLPFC is involved in working memory142. Acute pain can activate the DLPFC, but its activity 

does not correlate with stimulus intensity36. Instead, it is hypothesized that it exerts “top-down” 

inhibition upon orbitofrontal activity, limiting the perceived pain level143. In chronic pain patients, 

there is a disruption of orbitofrontal cortex activity, resulting in increased perception of negative 

affect144. The disruption seems to be driven by decreased gray matter density in the DLPFC141, as 

well as from decreased N-acetyl-aspartate and glucose content145. The cause of atrophy of the 

DLPFC is not known; however, it was suggested that it can be due to neurodegeneration, since 

decreased levels of N-methyl-aspartate are present in most neurodegenerative conditions141. Low 

glucose content can also be linked to decreased neuronal activity, as glucose is the main substrate 

of glutamatergic neurons145.  
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Interestingly, DLPFC activity correlates negatively with perceived intensity and unpleasantness of 

pain143. In addition to the connection with orbitofrontal cortex, the DLPFC and mPFC activity are 

inversely correlated48. Therefore, increased mPFC activity in chronic pain patients, and thus 

increased intensity of emotional suffering, is proposed to be driven by DLPFC atrophy. Interestingly, 

a role for the mPFC in endogenous descending hyperalgesia modulation was proposed by Seifert 

and colleagues, as they observed a direct correlation between mPFC activity and the capacity for 

endogenous modulation146. An interesting observation is that the above described pathways heavily 

overlap with circuits involved in cognitive performance. In particular, the orbitofrontal cortex is 

important for risk-assessment during decision making147. Thus, it is not surprising that chronic pain 

patients also present impairments in emotional-decision making tasks when compared with healthy 

subjects148. 

Behavioral, anatomical and electrophysiological studies support the premise that PFC regions play 

an important role in nociceptive modulation and in the affective component of pain and a specific 

pathway involving the rodent midbrain, medial thalamus and PFC was suggested149. Importantly, 

homologies between rodent and primate PFC remain controversial. Anatomically, the part of the 

primate PFC known as granular cortex (due to the existence of a well-defined layer 4) does not 

have homologous regions in other species and rodents’ PFC presents only similarities to the 

agranular primate PFC150. Due to this evidence, some researchers defend that regions such as the 

DLPFC and the mPFC are only present in primates150,151 while others defend the opposite and that 

such regions do have similar representatives in the rodent brain152,153. Functionally, it was shown 

that lesions of proposed homologous rodent PFC areas produce similar deficits as those observed 

in primates152. Of note, lesions in the ACC of primates produce reduced pain responses154, while 

activation of the homologous area in rats promotes facilitation of withdrawal reflexes155. The same 

can be observed for other areas: mPFC inactivation in rodents produces deficits in working 

memory156 and attention tasks157, similarly to the deficits observed in primates with lesions in the 

DLPFC158, indicating functional similarities between regions in the two different species152,159. 

Vertes160,161 went even further and analyzed the function and anatomical distribution of the rat ventral 

mPFC subregions, the prelimbic and infralimbic cortices (PL and IL, respectively). He proposed 

that the PL, due to its role in cognition, decision-making and planning and in the affective dimension 

of those behaviors, is functionally homologous to the primate DLPFC; and that the IL, due to its 

role in visceromotor control and emotional behavior, is functionally homologous to the primate 
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mPFC. Together, these regions are proposed to integrate visceral and cognitive aspects to form 

complex goal-directed behaviors161.  

The study of the PFC role in pain is more advanced in human subjects than in preclinical research 

models. However, the need to study in detail the molecular mechanisms underlying the activity 

states reported by imaging studies has recently led to an increase in PFC studies in animal models 

of pain. Most studies focused on the ACC, due to its salience in human brain imaging studies. It is 

now known that the ACC encodes mechanical stimulus intensity through neuronal response 

durations during peripheral noxious stimulation. This information is translated into temporal 

patterns and forwarded to pain modulatory regions162. Additionally, the ACC also responds to 

colorectal distension163. ACC activation has a facilitatory effect upon rat nociceptive behavior70,155, an 

effect relayed by the RVM155 and the DRt70, and elicited by glutamate receptor activation70,155. Synaptic 

potentiation is increased in the ACC of neuropathic mice, maintaining pain-induced persistent 

changes, which can be reversed by blocking LTP in the ACC of these animals164. The ACC has also 

been implicated in the establishment of pain-related fear behavior165,166. In parallel with observations 

in human patients141, rats with neuropathic pain present decreased volumes in bilateral ACC 

associated with increased hyperalgesia167. 

The pain modulatory role of the ventral mPFC subregions PL and IL161 has also been addressed, 

although to a lesser extent. These areas are mainly associated to the attentional and cognitive 

processing of pain135. In this context, rats with persistent inflammatory and neuropathic pain 

presented impaired decision-making when compared to controls168. Such an effect was also 

observed in rats with impaired mPFC-AMY functioning169. Like the ACC, both PL and IL have neurons 

responsive to mechanical and heat noxious stimulation162 and electrical stimulation of the ventral 

mPFC results in analgesia in rats170,171. In neuropathic pain conditions, pyramidal neuron 

morphology is altered and there is increased NMDA/AMPA receptors ratio172. These alterations 

result in an imbalance in GABAergic transmission that contributes to neuronal inhibition173. 

Decreased neuronal activity has also been described in rats with inflammatory pain, although it is 

driven by a feedback loop generated by AMY hyperactivity and mediated by metabotropic glutamate 

receptors (mGluR)174–176. By modulating mPFC activity either optogenetic or pharmacologically, 

behavioral hyperalgesia associated with both neuropathic and inflammatory pain can be reversed 

or enhanced173,176,177. Additionally, reversing ventral mPFC pain-driven neuronal inhibition also 

reverses pain-associated aversive behavior and decision-making impairments173,176. In line with 
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Vertes proposal for differential roles of the PL and IL161, studies that discriminate each subregion 

found they have specific functions in pain-related behaviors: blocking the PL, but not the IL, impairs 

acquisition and expression of formalin-induced place avoidance178; in addition, antinociception was 

elicited in neuropathic rats when NMDA receptors were activated in the PL but not in the ACC or 

the IL179. 

 

1.3.2.2 Descending modulation during chronic pain 

As previously discussed, the balance between supraspinal descending inhibition and facilitation of 

spinal nociceptive transmission greatly influences the final behavioral outcome, allowing a rapid 

adaptation to the environmental circumstances. Long-term noxious stimulation leads to recruitment 

and reinforcement of an inhibitory tone in descending pain pathways, which counterbalances the 

excessive nociceptive input. The goal of this increased inhibition is to mitigate pain and allow the 

organism to seek protection180 or to return to its normal activities9. During chronic pain, however, 

these adaptive systems can be overrun; instead, there is a marked enhancement in excitability that 

can result from dysregulation of descending inhibition, increased facilitation, or a combination of 

both9,181. A good example of these dual mechanisms comes from patients with pancreatic cancer, 

which only display pain behavior when the tumor is in an advanced stage and has metastasized to 

vital organs. Using a mouse model, it was shown that in the early stages of the disease supraspinal 

descending inhibition of pain is responsible for the lack of painful symptoms, as opioid antagonists 

with good CNS penetration, but not a non-CNS penetrant antagonist, could expose the existence of 

visceral spontaneous pain in the early non-symptomatic stages of pancreatic cancer182. Thus, there 

is increased supraspinal inhibition in an attempt to adapt to the tumor in its early stages, but that 

at a certain point becomes impaired or is no longer sufficient to mask the enhanced facilitation 

(either from increased peripheral inputs or descending facilitation) when the disease progresses. 

This phenotype can be paralleled in other degenerative diseases such as OA, in which the early 

stages of the disease are not frequently symptomatic, but which can at some point become 

painful90. 

A great contribution for the descending inhibitory/facilitatory balance comes from the PAG-RVM 

circuit9,49,50. Studies both in human patients183,184 and animal models185,186, have clearly demonstrated 

that altered activity in the PAG and the RVM play a key role in the generation and maintenance of 
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central sensitization and hyperalgesia. The RVM, particularly, has been shown to exert a dual 

inhibitory/facilitatory modulation upon spinal cord nociceptive neuronal activity and nociceptive 

behavior. In chronic inflammatory pain the RVM exerts both actions differentially in primary and 

secondary hypersensitivity behaviors118. Several studies using animal models of inflammatory pain 

reported enhanced descending inhibition of spinal cord neurons receiving inputs from the inflamed 

site187,188 (primary hyperalgesia), which could be traced to the RVM. By pharmacologically inhibiting 

or lesioning this brain region, spinal cord neuronal activity and c-fos staining increased in animals 

with peripheral inflammation187,189. Interestingly, the pathway originating from the serotonin-rich 

nucleus raphe magnus (NRM – a subregion of the RVM) can suppress the responses of deep dorsal 

horn spinal neurons190. Similarly, the locus coeruleus also provides increased descending inhibition 

in inflammatory pain, since its lesion enhances thermal hyperalgesia191. The locus coeruleus is the 

main supraspinal source of noradrenergic inputs to the spinal cord, which modulates nociceptive 

responses of superficial dorsal horn neurons190; thus both serotonergic and noradrenergic pathways 

are major sources of descending inhibition during inflammation, although acting through 

independent pathways190. 

Conversely, there is evidence that RVM-mediated descending facilitation is a major contributor to 

central sensitization and the development of secondary hyperalgesia behavior. In fact, inhibition or 

lesion of the RVM blocked secondary hyperalgesia elicited by deep tissue and cutaneous 

inflammation192–194, and reversed increased c-fos expression in the spinal cord after inflammation189. 

RVM-mediated facilitation arises, at least partially, from NMDA receptor activation during 

inflammation195. Some studies show that changes in the expression of glutamatergic NMDA and 

AMPA receptors follow a time dependent course: expression of both receptors is low three hours 

after induction of inflammatory pain, but 24 hours later it is greatly increased196,197. 

Similarly, the activity pattern of RVM ON- and OFF-cells varies with time after inflammation onset. 

Electrophysiological studies show that in the first stages of inflammation, there is prolonged 

activation of ON- and suppression of OFF-cell firing198. However, in animals with chronic 

experimental arthritis both OFF- and ON-cell spontaneous and noxious-evoked activity are 

increased199. Despite being initially suggested to not participate in nociceptive modulation, a study 

reported that the activity of NEUTRAL-cells is altered over the course of hours during prolonged 

inflammation196. Additionally, and as previously discussed, the fact that a subset of these cells is 

serotonergic further supports their involvement in pain modulation63,200. 
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Parallel modulation primarily dedicated to pain facilitation can also come from circuits such as the 

spinal-DRt-spinal nociceptive loop. Enhanced DRt activity drives, at least partially, the establishment 

and development of chronic pain behaviors. Prolonged inflammatory pain leads to increased 

metabolic activity201 and c-fos expression in the DRt202. Additionally, DRt stimulation with glutamate 

increases the responses of WDR neurons to sciatic nerve noxious stimulation203, implicating DRt 

activity dysregulation in neuropathic pain as well. By inhibiting DRt activity through electrolytic 

lesion or chemical blockade, pain behavior in the formalin test68 is decreased and a reduction of c-

fos expression in both superficial and deep dorsal horn laminae is observed68. Additionally, 

increased WDR activity in the spinal cord of rats with neuropathic pain is also reversed after DRt 

blockade204. 

Underlying such alterations in DRt activity in chronic pain conditions are changes in 

glutamatergic205, noradrenergic206,207, opioidergic208,209 and GABAergic transmission208,210. By selectively 

blocking NMDA, AMPA/kainate or mGluR receptors in the DRt, formalin-elicited nociceptive 

behavior and increased c-fos expression can be prevented or reduced205. Additionally, the 

development of secondary mechanical allodynia and secondary thermal hyperalgesia can be 

prevented by the same treatment205. These results point to increased DRt glutamatergic signaling 

to nociceptive dorsal horn neurons. Similarly, noradrenergic transmission also appears to be 

increased in the DRt in both chronic inflammatory206 and neuropathic pain207, as the local 

pharmacological blockade of noradrenergic receptors leads to a reduction in nociceptive behavior 

in both pain types. 

Finally, GABAergic transmission in the DRt, particularly by metabotropic GABA receptors, is 

increased in an animal model of chronic inflammatory pain and its pharmacological modulation 

can reduce inflammation related nociceptive behavior210. GABAergic transmission in the DRt has 

been linked to decreased δ and µ-opioid receptor expression during chronic inflammatory pain208,209, 

which leads to enhanced descending facilitation and/or reduced opioid-mediated analgesia, 

ultimately contributing to the development and maintenance of hyperalgesia and allodynia in 

monoarthritic animals209. 
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1.3.3 Pain modulation by metabotropic glutamate receptors 

Glutamate, the major excitatory neurotransmitter in the CNS, mediates not only fast synaptic events 

by activating voltage-gated ionotropic receptors (NMDA, AMPA and kainate receptors), but also 

long-lasting intracellular processes and metabolic changes that mediate synaptic plasticity through 

activation of mGluRs211. The long-term synaptic plasticity associated with central sensitization during 

prolonged pain is considered to be primarily associated to altered phosphorylation of ionotropic 

glutamate receptors, and thus altered excitability212. The NMDA receptor, especially, plays a key 

role in activity-dependent central sensitization, as pharmacological inhibition and conditional 

knockout of a NMDA receptor subunit results in eradication of NMDA-sensitive synaptic currents 

and injury-induced pain213. Using antagonists to pharmacologically block this receptor, however, 

causes a number of mild to severe side effects, such as sedation, confusion, and motor 

incoordination, which render them unsuitable for clinical use214. The focus is now on blocking 

specific NMDA function by targeting modulatory sites for known NMDA modulators such as 

glycine215. Although the efficacy of this strategy has not been clinically confirmed in pain yet214, a 

phase II clinical trial for treatment-resistant depression reported modulating the glycine binding site 

of NMDA receptors improved antidepressant effects216. 

Another strategy is to modulate mGluR activity. mGluRs are a family of eight G-protein coupled 

receptors that can be divided into three groups based on similarities between coupling 

mechanisms, molecular structure and receptor pharmacology217,218. Activation of group I mGluRs, 

which include receptors 1 and 5 (mGluR1 and 5), results in increased phosphoinositide turnover, 

increasing intracellular Ca2+ release and therefore potentiating cell excitability219. Group I mGluRs 

are abundantly expressed throughout the CNS. Interestingly, in general mGluR1 and mGluR5 do 

not overlap in their expression patterns: mGluR1 is highly expressed in the cerebellum, has some 

expression in the hippocampus and very little in the PFC; mGluR5, on the other hand, is highly 

expressed in the PFC and in the hippocampus, but has very little expression in the cerebellum220,221. 

These receptors are predominantly localized in postsynaptic membranes, appearing to be 

concentrated in perisynaptic and extrasynaptic areas. Thus, mGluR receptors require high 

concentrations of glutamate that escape clearance mechanisms and spread beyond the synaptic 

cleft to become activated222,223. Importantly, mGluR5 can also be found on presynaptic 

membranes224, in nuclear membranes225 and is the main subtype of mGluR (along with mGluR3226) 

in glial cells227,228, pointing to distinct functions between mGluR1 and mGluR5. 
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Group I mGluRs interact with a vast number of intracellular mechanisms, allowing them to 

modulate acute and long term synaptic transmission processes such as long-term potentiation 

(LTP) and LTD. Some of these mechanisms include second messenger pathways, the mitogen-

activated protein kinase/extracellular signal–regulated kinase (MAPK/ERK) pathway, cyclic 

adenosine monophosphate (cAMP) and other receptors, including voltage- and ligand-gated 

channels, such as NMDA and AMPA receptors, Ca2+ channels and K+ channels219. The interaction 

with NMDA receptors is particularly important, as it is known that through NMDA activity 

potentiation, mGluRs up-regulate neuronal excitability and regulate neuronal currents223. 

Activation of groups II (mGlur2 and 3) and III (mGluR4, 6, 7 and 8), on the other hand, results in 

inhibition of cAMP formation217,218, leading to inhibition of voltage-gated Ca2+ channels and decreased 

synaptic transmission229.  

Group II mGluRs are predominantly located in presynaptic membranes and inhibit neurotransmitter 

release229. These receptors are usually located at some distance from the synaptic cleft and their 

function, especially for mGluR2, is proposed to be the monitoring of glutamate that has diffused 

from the synaptic space following high frequency stimulation. Additionally, it has also been 

proposed group II mGluRs can modulate glutamate uptake by glial or neuronal transporters. Thus, 

group II mGluRs constitute a negative feedback mechanism that prevents excessive glutamate 

release which might lead to pathological conditions otherwise229. Still, the role of group II mGluRs 

is not as well explored as that of group I, and future work might unveil other important functions 

for these receptors. 

Group III mGluRs are a more heterogeneous group of receptors regarding their location both in the 

nervous system and in the synapse. Regarding their distribution in the CNS, mGluR6 has the most 

restrict expression pattern, being detected exclusively in the postsynaptic membrane of retina 

cells223,230. Of the remaining three group III mGluRs, all have expression throughout several brain 

regions, but mGluR8 has a more restricted expression, mGluR4 is intermediately expressed and 

mGluR7 is the most widely expressed231. mGluR4, 7 and 8 are presynaptic receptors but receptors 

4 and 8 are detected perysinaptically, while receptor 7 is detected in the active zone232. There is 

some evidence also that both mGluR4 and 7 can be detected in post-synaptic membranes in some 

neurons233,234. 
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Although group III mGluRs inhibit cAMP formation, this is not their exclusive signaling mechanism. 

Instead, they can also couple to MAPK or phosphatidylinositol-3-kinase (PI3) pathways235. Through 

these mechanisms they can block Ca2+ or activate K+ channels, and suppress neuronal activity. 

Group III mGluRs are found in glutamatergic and GABAergic neurons218, meaning they can suppress 

excitatory or inhibitory transmission and that therefore, the main effect of activating group III 

mGluRs is a balance between transmission facilitation and inhibition231. 

All mGluR subtypes, except mGluR6, are distributed throughout the pain neuroaxis and can be 

found from peripheral afferent nerves to supraspinal regions such as the thalamus, the PFC, the 

AMY and the PAG, where they can modulate the induction and/or maintenance of peripheral and 

central sensitization212. Their activity has been implicated in the induction, expression, and 

maintenance of chronic pain223,236, with the majority of studies emphasizing group I mGluR effects. 

In peripheral afferent neurons, group I mGluR expression is found mainly in unmyelinated C-fibers, 

suggesting an important role in nociception. When agonists and antagonists for these receptors 

were tested, it was found that activation of peripheral group I mGluRs increased thermal 

hyperalgesia237. Inhibition of group I mGluR prevents the development of inflammatory pain237 and 

attenuates established inflammatory and neuropathic pain237,238. Interestingly, pain facilitation in 

these conditions seems to arise through an mGluR-mediated enhancement of TRPV1 function239,240. 

At the spinal cord level, activation of group I mGluRs in the dorsal horn facilitates nociception236 and 

in persistent inflammatory pain, the expression of mGluR1 and mGluR5 in neurons and glial cells 

is increased. mGluR5 activates ERK signaling, leading to decreased K+ currents and results in 

increased neuronal excitability in the dorsal horn241,242. Interestingly, systemic application of mGluR5 

antagonists or negative allosteric modulators is effective in reversing not only chronic pain, but also 

in inducing analgesic conditioned place preference, indicating that mGluR5 activation in the spinal 

cord is responsible, at least partially, for spontaneous pain in neuropathic mice243. 

mGluR1 and 5 can modulate nociceptive processing at the level of the AMY, the PAG and the 

thalamus. The nociceptive circuitry in the thalamus is mainly mediated by NMDA and group I 

mGluR244,245 and mGluR1 is the main subtype modulating the function of nociceptive-responsive 

neurons246. In the AMY, activation of group I mGluRs is pronociceptive247,248, and there is an 

upregulation of functional mGluR1 in a model of persistent inflammatory pain249. Group I mGluRs 

are also important in the signaling between the AMY and the PFC, which has high expression of 
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group I mGluRs, particularly of mGluR5220, suggesting an important modulatory role of these 

receptors in the affective and cognitive dimensions of pain175,176,250. In the PAG, activation of all mGluR 

subtypes results in descending antinociception, independent of the general opposing effects of 

group I and groups II and III. It is proposed that group I mGluRs inhibit presynaptic GABA release 

through modulation of retrograde endocannabinoid signaling251–253, resulting in the disinhibition of 

the PAG descending antinociceptive pathway. 

There is evidence that both groups II and III also modulate nociception at several levels of the pain 

neuroaxis. Contrary to group I, group II mGluR activation in peripheral tissues has an 

antinociceptive effect254, exerted through regulation of TRPV1 activity and tetrodotoxin-resistant Na+ 

channels255,256. One important role of group II receptors is that they inhibit pain transmission at the 

synapses between primary afferent and second-order neurons in the spinal dorsal horn257. From 

group III, only mGluR4 and mGluR7 have been detected at the spinal cord level258. They seem to 

have specific roles in specific types of pain, as mGluR4 activation relieves neuropathic pain 

symptoms, but not inflammatory pain259, and mGluR7 activation relieves inflammatory pain but not 

neuropathic pain behavior260. 

In the PAG, group II and III mGluRs have opposite actions: while group II receptors positively 

modulate the descending antinociceptive pathways, group III receptors modulate it negatively252. 

Kiritoshi and Neugebauer (2015) showed group II mGluR agonists can decrease glutamatergic 

activity in the mPFC under normal and chronic inflammatory pain conditions, and that their activity 

is not altered by chronic pain261. In the AMY, on the other hand, a group II antagonist had 

pronociceptive effects but only in chronic pain conditions262. mGluR7 and mGluR8 are often reported 

to have opposite actions. In the AMY, PAG and RVM, mGluR7 activation results in pronociception263–

265 while mGluR8 activation reduced pain associated to chronic inflammation or neuropathy264–266. 

 

1.4 Pain modulation by non-neuronal cells 

For many years, pain, as well as many other pathologies, was considered to depend solely on 

neuronal networks and mechanisms triggered by a noxious stimulus, inflammation or damage. 

While this is true for acute pain, the involvement of non-neuronal cell types, like glial and immune 

cells, in driving the establishment and maintenance of chronic pain states has been repeatedly 
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confirmed267,268. In the CNS there are two main types of glia – microglia and macroglia, which 

includes oligodendrocytes and astrocytes. 

 

1.4.1 Microglia 

Microglia are the resident immunocompetent phagocytic cells in the CNS. They constitute about 5-

12% of the total glial cell population269 and are present in three forms in the adult CNS, (i) the 

ameboid, (ii) the ramified and (iii) the reactive form270. Ameboid microglia are more common in the 

developing stages of the brain, when there are large amounts of extracellular debris and apoptotic 

cells to remove270. The ramified form constitutes the quiescent permanent population in the CNS, 

which when activated by outside stimuli and pathological conditions becomes reactive271. In vitro 

studies show that microglia are extremely sensitive to physiological conditions and can switch from 

one form to the other very rapidly272. This switch implies functional and morphological changes that 

allow the cells to rapidly respond to CNS injury or threats, making them the first responders to 

damaging situations.  

Reactive microglia are able to express various cytokines and growth factors273,274 and capable of 

releasing several cytotoxic factors275. Depending on the profile of factors being secreted, microglia 

in their reactive state can be classified in two heterogeneous states, M1 and M2. The M1 profile is 

cytotoxic and leads to a pro-inflammatory response with release of TNF-α, IL-1β, superoxide, nitric 

oxide (NO) and proteases, which promote cell loss and dysfunction276–278. The secretion of cytotoxic 

factors is aimed at destroying infected or damaged neural cells, virus and bacteria. However, it can 

also lead to collateral neuronal damage279. The M2 profile is neuroprotective and promotes neuronal 

regeneration, extracellular matrix reconstruction and anti-inflammation. Some of the factors 

produced in this profile include IL-4, IL-10, IL-13 and transforming growth factor-β (TGF-β)276,280. In 

normal conditions the activation of each profile is under tight control and the alternate activation 

of M1 and M2 prevents the accumulation of damage. In pathological conditions, as immune 

responses become less controlled, the activation of M1 microglia can become persistent, in a 

process known as neuroinflammation281,282.  

In response to peripheral injury, glial activation occurs in multiple pain processing pathways, but 

special emphasis has been given to glia in the spinal cord. Increased expression of the microglial 

markers ionized calcium-binding adapter molecule (Iba1) and/or CD11b was found in several 
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models of inflammatory pain such as the formalin283,284, zymosan284,285 and carrageenan models286, 

and in models of neuropathic pain287–290 and chronic opioid exposure291. Interestingly, only deep-

tissue damage seems to induce microglial activation; for instance, intra-articular, but not 

intraplantar, injection of CFA leads to increased spinal cord expression of microglial markers292, and 

acute tissue injury elicited by cutaneous application of mustard oil also fails to increase microglial 

activation293. These observations suggest that deep tissue injury has a more severe impact upon 

spinal microglial activation, possibly depending on the existence of axonal injury or not293,294. In line 

with this hypothesis, several studies show glial activation in the spinal cord depends on peripheral 

input; for example, electrical stimulation of the rat sciatic nerve or dorsal root at a noxious intensity 

increases Iba1 immunoreactivity in the spinal dorsal horn and pain sensitivity295. 

The pathways involved in microglia activation after peripheral injury are extensively characterized. 

Upon peripheral injury, primary afferents release a number of metabolites in the spinal cord296, 

including neurotransmitters (glutamate, substance P, CGRP, ATP, brain-derived neurotrophic factor 

(BDNF)), cytokines, and growth factors, such as neuroregulin-1 (NRG-1)297. The release of this 

plethora of metabolites can simultaneously activate several receptors in both neurons and 

microglia, including the purinergic receptors P2X4298 and P2X7299, neuronal neuregulin 1 (NRG-1), 

and CX3CL1 (also known as fractalkine)300, which culminate in the phosphorylation of p38 

MAPK301,302 in microglia and the release of IL-1β299,303. Microglia can also release BDNF298, which can 

shift the neuronal membrane potential by binding to tyrosine receptor kinase B (TrkB) receptors, 

resulting in GABAA receptor-mediated depolarization of dorsal horn neurons and contributing to the 

establishment of nociceptive neuronal hyperexcitation in the spinal cord304,305. 

Microglial proliferation is very marked in the onset stages of chronic pain306 and intrathecal 

administration of minocycline, a nonselective inhibitor of M1 reactive microglia, at early stages of 

chronic pain reduces neuropathic307 and inflammatory pain behaviors286. However, blocking 

microglia in late-phase stages of neuropathic pain does not significantly reduce nociceptive 

behavior307,308. This is in line with the function of microglia as the early responders to injury in the 

CNS. Chemical signals from damaged/activated neurons stimulate microglial release of pro-

inflammatory cytokines and pronociceptive transmitters that aggravate the initial injury. Astrocytes 

in turn act as second wave respondants. They are activated in later stages by the release of 

microglial gliotransmitters, when glutamatergic transmission becomes impaired, and maintain the 

long-term pathological states294,307,308. Supporting this hypothesis of interaction between microglia and 
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astrocytes, in nerve injury there is increased expression of IL-18, TNFα and CCL2 by microglia and 

of the respective receptors in astrocytes309–311. Additionally, in a knockout model of matrix 

metalloproteinase 9, which is expressed only in microglia, neuropathic pain was attenuated in early 

stages but was fully established in later stages312. The opposite has also been described, and mice 

deficient in GFAP develop short lasting mechanical allodynia313. Therefore, the microglial and 

astrocytic distinct temporal patterns of activation mirror the early-onset and long term duration of 

chronic pain responses. 

 

1.4.2 Astrocytes 

Astrocytes, or astroglia, are the most abundant cells in the CNS, with variable proportion depending 

on the brain region and ranging from 20 to 40% of all CNS cells272. Astrocytes are star-shaped cells 

with processes that envelop synapses. They can be classified in three main subtypes, based on 

their distribution: the fibrous, radial and protoplasmic astrocytes. Fibrous cells are found in white 

matter and have long cellular processes that are connected to the exterior wall of capillary vessels. 

These unbranched processes have also been found to envelop nodes of Ranvier. Radial glia exist 

in planes perpendicular to ventricular axes. These cells are present in developmental stages, where 

they assist in neuronal migration. In the adult brain they exist in the retina (Müller cells) and in the 

cerebellar cortex (Bergmann glia)272,314,315. Protoplasmic astrocytes are the most common form of 

astroglia and exist in grey matter. They have highly branched processes that envelop synapses316. 

One important feature of astrocytes is that they have well-defined territories and their edges have 

minimal overlap with each other317. It is estimated that, in the rodent cortex, one astrocyte contacts 

4–8 neurons, surrounds about 300–600 neuronal dendrites and regulates up to 20,000–120,000 

synapses317,318. Astrocytes are physically connected to other astrocytes by gap junctions formed by 

connexin 43 (Cx43) and/or Cx30272, forming networks through which intercellular transmission 

occurs319. In pathological conditions, astrocytes radically change their morphology, the number of 

synapses contained in individual astrocyte territories and the proximity of astrocyte processes to 

synapses320. 

Astrocytes express the same variety of receptors as neurons, which allows them to sense the 

neurotransmitters released during synaptic transmission. Interestingly, astrocytes usually express 

the same type of receptors as their neighboring neurons321,322. Some relevant receptor types 
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expressed by astrocytes include glutamatergic, purinergic and GABAergic receptors, among others, 

as well as cytokine and chemokine receptors and several types of membrane transporters272. 

Contrary to neurons, astrocytes are non-electrically excitable cells. Instead, they use Ca2+ signaling 

as a substrate for their excitability272. Several mechanisms have been described in the generation 

of Ca2+ signaling. Release of intracellular Ca2+ from the endoplasmic reticulum involves the activation 

of receptors in the membrane of astrocytes, particularly metabotropic glutamate (mGluR1, mGluR3 

and mGluR5) and GABA (GABAB) receptors, or ionotropic glutamate (NMDA or AMPA) and 

purinergic (P2X7) receptors323,324, which in turn will lead to the activation of inositol triphosphate (IP3) 

receptors. The type 2 IP3 receptors (IP3R2) are enriched in astrocytes and mediate spontaneous 

and G-protein-coupled receptor-mediated Ca2+ signals325,326. However, an IP3R2-independent signaling 

also occurs, as a knockout of this receptor in mice does not impair Ca2+ signaling at the level of 

astrocytic processes325. There is a high proportion of Ca2+ channels such as TRPA1 or Ca2+-

permeable ion channels in astrocytic processes327,328. In fact, the development of novel and more 

specific tools for imaging of Ca2+ currents has highlighted that, contrary to what was hypothesized 

until a decade ago, astrocytes, like neurons, should be viewed as having different compartments 

within the cell323,324 and that intracellular Ca2+ transients in the soma can differ from those occurring 

at the more distal and finer branches of astrocytes329,330. In this manner, Ca2+ signaling can occur in 

two different ways: intercellular Ca2+ waves that propagate between astrocytic gap junctions and 

that provide astrocytes with the means for long-distance communication; and intracellular Ca2+ 

waves, that can occur within the whole cell or be compartmentalized in specific areas called 

microdomains272,323,324. Although the functional role of these two distinct ways of Ca2+ propagation is 

not known, it is possible that increased Ca2+ in microdomains can modulate local neuronal 

signaling, while intercellular Ca2+ waves regulate neuronal network synchronization320,323. 

One of the end products of Ca2+ signaling in astrocytes is the release of gliotransmitters. Astrocytes 

release several classical neurotransmitters and neuromodulators, such as glutamate, ATP, GABA 

and D-serine. Three main mechanisms have been described for the release of gliotransmitters: 

exocytotic release, diffusional release through plasmalemmal pores, or transporter mediated 

release272. The physiological role of gliotransmitter release is still under debate. This arises from the 

multiple functions that have been attributed to astrocytes. Unlike microglia and oligodendrocytes, 

astrocytes do not have one defined physiological function: they are connected to every 

housekeeping and homeostatic function in the CNS, including structural support, CNS 

development, homeostatic functions, regulation of blood flow through the control of blood vessels’ 
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diameter, metabolic support, higher brain functions such as memory and sleeping and also brain 

defense and formation of the glial scar after nerve injury272. Additionally, in the last decade, it was 

shown astrocytes actively participate in the regulation of synaptic transmission alongside neurons. 

Due to the morphological proximity of astrocytic processes and synapses, astrocytes can sense 

neurotransmitter release and in turn contribute themselves with local Ca2+-induced gliotransmitter 

release, leading to post- and pre-synaptic modulation, a concept known as tripartite synapse272,318. 

Additionally, Ca2+ waves that propagate through the astrocyte network can ultimately affect other 

neurons connected to the astrocyte or even distant structures.  

It is not surprising that given the multitude of functions attributed to astrocytes, dysfunction of these 

cells was connected to multiple pathologies, including development and maintenance of chronic 

pain. Garrison and colleagues were among the first to describe that the increased reactive 

astrogliosis (measured by GFAP expression) in the spinal cord of rats with neuropathic pain could 

be blocked by inhibiting spinal NMDA receptors331,332. The administration of pharmacological 

astrocyte inhibitors fluorocitrate, fluoroacetate and L-α-aminoadipate (LαAA) blocked nociceptive 

behaviors in models of acute and chronic inflammatory333,334 and neuropathic pain335,336. On the other 

hand, direct delivery of reactive astrocytes in the spinal cord decreased the paw withdrawal 

threshold of rats337. In mice with augmented astrocyte activity, CFA-induced edema and thermal 

hyperalgesia were significantly enhanced338. Together, these findings suggest a role for astroglial 

activation in exacerbated pain states. One important finding is that the inhibition of astrocytes (and 

microglia) does not affect normal pain processing, which highlights the role of glial cells in 

pathological pain states267. 

 

1.4.2.1 Pain modulation by astrocytic glutamatergic signaling 

Glutamatergic input plays a considerable role in sensory and motor-driven astrocyte responses320. 

Accordingly, one of the more noticeable pathways through which astrocytes can contribute to 

maintenance of chronic pain involves the dysregulation of glutamate transporter-1 (GLT-1) and 

glutamate and aspartic acid transporter (GLAST). In physiological conditions, these transporters 

regulate the clearance of glutamate from the synaptic cleft, maintaining glutamate at non-

excitotoxic concentrations339. In late stages of neuropathic and chronic opioid exposure pain models, 

both GLT-1 and GLAST protein levels are decreased in the spinal cord340–342, with a concomitant 
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increase in spinal extracellular glutamate and spontaneous pain343. In chronic inflammatory pain, 

the phosphorylation of c-Jun N-terminal kinases (JNK) in spinal astrocytes seems to be important 

for the maintenance of mechanical allodynia310,344, proportionally to the release of TNFα in the spinal 

cord344. Incidentally, TNFα also evokes astrocytic glutamate release296, which further contributes to 

an overall increase in excitatory synaptic transmission342,345,346. Another glutamate receptor that 

seems to contribute to chronic pain maintenance is mGluR5. In astrocytes, mGluR5 is important 

for the detection of glutamate release during synaptic glutamate228. In a model of bone cancer pain, 

spinal expression of mGluR5 was increased. mGluR5 inhibition attenuated GFAP expression, 

spontaneous pain, mechanical allodynia and thermal hyperalgesia347. Overall, these glutamatergic 

mechanisms contribute to neurotransmitter imbalance and increased synaptic transmission, one 

of the hallmarks of chronic pain127.  

Most studies focus on the role of glial cells in pain modulation at the spinal level. However, rats 

with neuropathic pain present prolonged activation of astrocytes in the RVM348, indicating that glial-

neuronal interactions can also contribute to the descending modulation of pain at the supraspinal 

level. Additionally, a recent study found increased expression of astrocytic mGluR5 in the SI of rats 

with neuropathic pain, which, when blocked, suppressed mechanical allodynia349. Finally, in the 

CFA model of inflammatory pain there is increased GFAP expression in the ACC. Ablation of 

astrocytes in this area did not reverse mechanical hyperalgesia, but inhibited the increased 

escape/avoidance behavior in animals with inflammatory pain, indicating that astrocytes in the 

ACC can contribute for the modulation of the affective components of pain350. 
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1.5 Aims 

The advent of brain imaging techniques has unequivocally highlighted the contribution of the 

cortico-limbic systems in pain modulation. However, brain imaging only reports overall changes in 

activity, without addressing the specific accompanying mechanisms. Preclinical investigation of 

those mechanisms has already asserted the involvement of some areas such as the ACC and the 

importance they hold in our perception of pain, as well as in the development of affective and 

cognitive impairments driven by chronic pain. Other areas and their roles remain unexplored. 

Therefore, in this thesis we focused on studying the mPFC as a potential pain modulatory area, the 

contribution of its different neural populations towards nociception and the pain modulatory circuits 

it integrates, as well as the effect of chronic inflammatory pain upon mPFC functions. More 

specifically, we aimed at: 

(i) Evaluating the long-term impact of the K/C model of experimental monoarthritis upon 

the nociceptive behavior of rodents, as well as the histopathological and radiological 

changes observed in the affected knee joint during that period (Chapter 2.1); 

(ii) Assessing the main contributions of the PL and the IL to nociceptive behavior 

(Chapter 2.2); 

(iii) Studying the role of IL astrocytes towards mGluR5-mediated nociceptive modulation in 

healthy and monoarthritic animals (Chapter 2.3); 

(iv) Studying the role of the DRt and the RVM as mediators of the IL mGluR5 descending 

pronociceptive effect in healthy and monoarthritic animals (Chapters 2.4 and 2.5); 

(v) Analyzing the effect of mGluR5 activation in the IL upon the activity of spinal dorsal 

horn nociceptive neurons of healthy and monoarthritic animals (Chapter 2.4); 

(vi) Evaluating the role of spinal TRPV1 as a spinal target of IL mGluR5-mediated 

pronociception in healthy and monoarthritic animals (Chapter 2.4). 
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Abstract 

Osteoarthritis (OA), the most common joint disorder worldwide, is characterized by progressive 

degeneration of articular and periarticular structures, leading to physical and emotional 

impairments that greatly impact the patients’ quality of life. In young individuals, prevalence of OA 

is higher in men, but in the elderly it is higher in women. Unfortunately, no therapy has been able 

to alt the progression of the disease.  

Due to the complexity of OA, most animal models are able only to mimic a specific stage or feature 

of the human disorder. In this work we demonstrate the intra-articular injection of 

kaolin/carrageenan leads to the progressive degeneration of the rat’s knee joint that is 

accompanied by mechanical hyperalgesia and allodynia, gait impairments (reduced contact area 

of the affected limb), and radiographical and histopathological findings concomitant with advanced 

stages of OA in human patients. Additionally, animals also display emotional impairments, such as 

anxiety- and depressive-like behaviors, important and common comorbidities of human OA 

patients.  

Overall, our model offers the possibility of inducing a progressive experimental model of OA that 

mimics several important features of the human disorder of interest to all those involved in OA 

research. 
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Introduction 

Osteoarthritis (OA) is the most common joint disorder, affecting 10-15% of the world population 

(Anderson and Loeser, 2009; Neogi and Zhang, 2013). It is the main cause of work disability in 

pre-retirement individuals (>50 years of age) and of disability in the elderly, with an incidence of 

60% and 70% in men and women over 65 years of age, respectively (Plotnikoff et al., 2015). OA is 

considered the fastest growing (Tadano et al., 2016) and the most pressing public health problem 

(Hunter et al., 2008). Ageing, obesity, genetic predisposition, inflammatory diseases, trauma, 

overuse and sedentarism are main risk factors for the development of OA. In primary (idiopathic) 

OA, more common in middle-aged women, the aging process of joints is accelerated and 

aggravated by overuse, but its etiology is not well defined. Secondary OA, more common in men, 

results from joint abnormalities secondary to inflammatory, metabolic or endocrine diseases, 

misalignment or instability of the joints and traumatic injuries and deformities. OA is frequently 

asymmetric and the knees, hips, hands, neck, and lumbar spine joints are the most affected 

structures. Unfortunately, up-to-now no therapeutic interventions have been able to stop the 

progression of the disease. 

OA is characterized by chronic progressive degeneration of weight bearing joints resulting from an 

imbalance between articular breakdown and repair mechanisms and hypertrophic changes in the 

bone (Bijlsma et al., 2011). Clinical diagnosis is primarily based on the patient’s medical history, 

physical examination and radiography, and classified according to the Kellgren and Lawrence 

grading score (1963). The major cause for patients to seek medical care, however, is pain, and 

while its diagnosis is not difficult, it is often made at a time when OA is already well established. 

Initially pain is sporadic, resulting from recurrent episodes of articular inflammation that are a 

common feature of OA. Consequently, there is increased intra-articular pressure due to synovial 

inflammation and reduced blood flow. Besides the mechanical effect of increased pressure, the 

release of pro-inflammatory mediators, such as bradykinin, cytokines and substance P, causes 

pain by activating nociceptors in menisci, adipose tissue, synovium, and periosteum. Additional 

sensitization also occurs as a consequence of leakage of these mediators to periarticular structures 

(articular margins, the capsule insertion points and tendons). These events lead to the development 

of spontaneous pain, primary hyperalgesia and pain during otherwise innocuous movement 

(Bijlsma et al., 2011, Hunter et al., 2008).   
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Later in the process, pain aggravates due to remodeling of the bone, subchondral microfractures, 

periostitis, meniscal abnormalities, nerve compression and increased joint volume due to 

osteophyte formation. At this stage, pain might become intense enough to interfere with sleep and 

to enhance sensitivity to mechanical stimuli outside the area of injury (secondary hyperalgesia). 

Changes in central pain modulation pathways lead to the development of radiating pain and 

decrease pain thresholds in unaffected joints. Commonly, OA pain worsens with activity, especially 

after rest (gelling phenomenon), and limitation of motion range due to pain is present in all forms 

of OA (Bijlsma et al., 2011, Hunter et al., 2008). 

A mismatch between the level of reported pain, disability and disease severity is frequent (Hunter 

et al., 2008), as only 12% of patients over 55 present symptomatic OA and concomitant 

radiographic features (Peat et al., 2001). Of the remaining, 50% of patients with radiographic knee 

OA do not complain of pain and the other 50% have pain but do not present a definite radiographic 

profile. The use of radiography is fundamental for the exclusion of other joint-associated pathologies 

(Cibere, 2006; Hunter et al., 2008), although it is non-essential for the diagnosis and management 

of OA in primary care (Bedson and Croft, 2008; Hunter et al., 2008). Radiography allows to identify 

joint space narrowing, subchondral bone sclerosis, subchondral cysts and osteophyte formation, 

as well as their severity and location (the two tibiofemoral joint compartments and the 

patellofemoral joint) (Kellgren and Lawrence, 1957; Peat et al., 2001; Kuyinu et al., 2016). 

However, changes to joint soft tissues cannot be visualized on plain film X-rays (Lane et al., 2011), 

which may account for the inefficiency of this method to diagnose OA at earlier stages. More 

recently, magnetic resonance imaging (MRI) yielded a better correspondence between reported 

pain severity and structural changes in the joint at earlier time points (Hunter et al., 2008), as it 

allows the visualization of bone marrow lesions, sub-articular bone attrition, synovitis and effusion 

(Tadano et al., 2016). 

Although its clinical applicability is not very high in OA patients, histopathological scoring is 

commonly used in preclinical studies to establish the progression of OA and to classify the severity 

of lesions. According to the histopathology grading scale proposed by Pritzker et al. (2006), OA 

progressively affects cartilage from superficial to deeper structures. In healthy cartilage, the surface 

is smooth and the extracellular matrix and chondron columns are organized. Superficial fibrillation 

(microscopic cracks), focal or generalized cartilage matrix edema, cartilage and chondrocyte 

hypertrophy, proliferation/death of chondrocytes and disorganization of chondron columns are 

considered first stage OA changes (Grade 1), that progressively worsen to denudation and 
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fibrocartilaginous repair of bone surface, thickening of the articular bone plate with the formation 

of new ridges and grooves and to the formation of osteophytes in later stages of OA (Grades 5 and 

6) (Pritzker et a., 2006; Pritzker and Aigner, 2010). 

Although hand OA is the most common, knee and hip OA are the most debilitating for the patient 

(Loeser, 2010). Patients with lower limb OA display several postural alterations, including 

decreased muscle flexibility, walking speed, walking endurance, cadence, longer support time, 

reduced range of motion, joint instability, and shorter stride length (Messier et al., 1992; Barrois 

et al., 2016). Tanado et al. (2016) also showed during stance, ankle joints abduct less to avoid 

adduction at the knee level, an effect that increases with OA severity.  

Besides the physical limitations, anxiety and depression, although extensively overlooked by 

primary care physicians (Turner, 2000; Margaretten et al., 2013; Paskins et al., 2014), are highly 

prevalent among OA patients, and aggravate the burden of OA significantly (Rosemann et al. 2008;  

Sharma et al., 2016). OA patients experiencing emotional comorbidities report more pain, display 

increased physical limitations, visit their primary care physicians more frequently, and take more 

medication; furthermore, pharmacological and surgical therapies have lower efficacy on treatment 

of these patients (Sharma et al., 2016). Interestingly, perceived pain, along with other factors, is 

positively correlated to the degree of depression and is a predictor of depression severity 

(Rosemann et al., 2007). 

OA is therefore a multidimensional disease and the improvement of therapeutic strategies requires 

that clinical and preclinical research take them all into account. No single animal model is able to 

perfectly match the progression of human OA (Lampropoulou-Adamidou et al., 2014); instead, 

most models are used to study specific stages and features of the disease. The injection of a 

mixture of kaolin/carrageenan in the synovial cap of rodent knees has been used as a model of 

early inflammatory stages in arthritis (Amorim et al., 2014; König et al., 2014; Salinas-Sánchez et 

al., 2015; Cragg et al., 2016). In this work we demonstrate that prolonging this model in time leads 

to the development of several OA-like features in a progressive way in the rat including altered 

nociception, gait and emotional impairments and radiographic and histopathological findings. 
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Material and Methods 

Animals and ethical considerations 

The experiments were performed in Wistar han rats (n=32), weighing between 200–250g at the 

beginning of the experiments; Charles Rivers, Barcelona, Spain). Animals were housed under 

standard laboratory conditions in a thermostatically controlled room at 22.0 ± 0.5°C with a normal 

12h light/dark cycle (light cycle from 8.00a.m. to 8.00p.m.). The animals received commercial 

pelleted rat feed (CRM-P pellets, Special Diets Services, Witham, Essex, England) and water ad 

libitum. All experimental protocols followed the European Community Council Directive 

86/609/EEC and 2010/63/EU concerning the use of animals for scientific purposes and were 

approved by the Institutional Ethical Commission. 

 

Induction of the K/C model 

For the K/C model induction, animals were anaesthetized with a mixture of ketamine (0.75mg/Kg, 

i.p.; Imalgene, Merial, Oeiras, Portugal) and medetomidine (0.5mg/Kg, i.p.; Dorbene, Esteve, 

Carnaxide, Portugal). Then, 3% kaolin and 3% carrageenan (Sigma-Aldrich, Sintra, Portugal) were 

freshly dissolved in sterile saline solution (0.9%) and injected into the synovial cavity of the right 

knee joint (K/C) at a volume of 0.1mL using a 26 gauge needle, as described elsewhere (Amorim 

et al. 2014). Control animals (SHAM) were injected with 0.1mL saline in the synovial cavity of the 

right knee joint. After this procedure, ten flexions and extensions of the right leg were performed in 

SHAM and K/C animals. The anesthesia was reversed by administering atipamezole hydrochloride 

(1mg/Kg, i.p.; Antisedan, Pfizer, Oeiras, Portugal). Animals were monitored until fully awake 

(grooming and eating). The body weight of the animals was recorded weekly in order to monitor 

the general health status of the animals. 

At the end of the experimental period, animals were euthanized with an overdose of pentobarbital 

(80mg/Kg, i.p.; CEVA, Portugal), transcardially perfused with a fresh 4% paraformaldehyde 

(PanReac AppliChem, Darmstadt, Germany) solution. Both knees were excised and post fixed in 

the same fixative for posterior analysis. 
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Assessment of mechanical allodynia - the flexion-extension test 

Animals were securely held by the experimenter and submitted to five consecutive flexion-extension 

movements of the injected knee. The number of audible vocalizations during the five movements 

was recorded and considered as an indicator of the development of mechanical allodynia. 

 

Assessment of mechanical hyperalgesia - the pressure application measurement test 

The application of noxious pressure to the primary site of injury is a classical approach to measure 

mechanical hyperalgesia, both in humans and animals. The pressure application measurement 

(PAM) method was used to evaluate mechanical hyperalgesia four weeks after the intra-articular 

injection by the application of a force range between 0–1500g. Before the beginning of the test the 

experimenter practiced the correct application of the desired force by following a linear graph 

provided by the PAM software. To perform the test and with the animal securely held, the force 

transducer unit (fitted to the experimenter’s thumb) was placed on one side of the animal's knee 

joint and the forefinger on the other. Then, an increasing force is applied across the joint at a rate 

of approximately 300g.s-1, as defined in the software, until a behavioral response is observed (limb-

withdrawal, freezing of whisker movement, wriggling or vocalization) with a cut-off of 5s. The peak 

force applied immediately prior to the behavioral response was recorded, by the real-time 

measurement system of the PAM software, as the limb withdrawal threshold (LWT). Two 

measurements of the ipsilateral and contralateral limbs were performed at 1min intervals. The 

mean LWTs were calculated per animal.  

 

Gait analysis 

To evaluate gait pattern, the footprint test was used. To obtain footprints, the hind and forepaws of 

the animals were coated with blue and pink non‐toxic paints, respectively. A strip of white paper 

was placed on the floor of a runway for each run. The animals were allowed to walk along a 100cm 

length × 4.2cm width × 10cm height corridor towards the home cage grid. To evaluate the gait 

pattern of each animal, the stride length and contact area were determined by measuring these 

parameters in three consecutive steps. The mean stride length and contact area were calculated 

per animal. 
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Evaluation of anxiety-like and locomotor behaviors – the open field test 

The open field (OF) test was used to evaluate locomotor ability and anxiety-like behavior of animals 

following a protocol previously described (Amorim et al., 2014). The OF test was performed in a 

square arena (50cm wide) in a brightly illuminated room. The test started when the animal was 

placed at the center of the arena and its exploratory activity was videotaped for 5min. The arena 

was cleaned with 10% alcohol solution between each trial.  

The total distance travelled by the animal inside the arena was used as an assessment of locomotor 

ability, by counting the number of squares crossed (5x5cm) by each animal during the behavioral 

session. The time spent in the center of the arena (corresponding to a square 30cm wide and 

equidistant from the borders) vs. the time spent in the periphery was used as a measure of anxiety-

like behavior.  

 

Assessment of depressive-like behavior – the forced-swimming test 

Learned helplessness was evaluated using the forced-swimming test (FST) and followed a protocol 

previously implemented in our lab. Animals were submitted to a pre-test session (5min) in which 

they were individually placed in cylinders filled with water (25°C; depth 30cm). Twenty-four hours 

later animals were again placed in the cylinders for a 5min period and the testing session was 

recorded with a video camera. The quantification of (i) latency to immobility, (ii) time spent 

immobile, and (iii) time spent swimming and climbing was performed using the Kinoscope 

software. Learned helplessness behavior was defined as decreased latency to immobility and 

increased immobility times. 

 

Assessment of depressive-like behavior – the sucrose preference test 

Reduction in sucrose preference (SPT) was used as a measure of anhedonia, an important 

component of depression (Castagné et al., 2009). At the beginning of the experiment animals were 

presented with a bottle of water containing a 1% sucrose solution. Four weeks after the induction 

of experimental OA, during the night period, animals were again presented with two pre-weighted 

bottles, one containing water and the other a 1% sucrose solution. Sucrose preference was 

calculated according to the formula: 
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Sucrose preference (%) = [Sucrose solution consumption (g)/Total liquid consumption (g)]x100 

 

Radiographical analysis of preserved knee joints 

Severity of knee OA was determined using the Kellgren and Lawrence score (1957), where grade 

0 corresponds to no radiographic features of OA present; grade 1: doubtful joint space narrowing 

(JSN) and possible osteophytic lipping; grade 2: definite osteophytes and possible JSN on 

anteroposterior weight-bearing radiograph; grade 3: multiple osteophytes, definite JSN, sclerosis, 

possible bony deformity; and grade 4: large osteophytes, marked JSN, severe sclerosis and definite 

bony deformity. 

 

Histopathological analysis 

The preserved knee joints were decalcified in EDTA solution for 1 week. Knee samples were then 

cut in the transverse plane and paraffin-embedded. Serial sections 4µm thick were obtained. 

Hematoxylin and eosin (H&E) staining was used to evaluate changes in general knee morphology. 

Masson’s Trichrome staining was used to assess changes in collagen content, and Safranin-O Fast 

Green stain was used to analyze general knee morphology and proteoglycan loss in cartilage ground 

substance. 

Knee degeneration was evaluated using the scores proposed by Pritzker et al. (2006) and Pearson 

et al. (2011) for human OA and Gerwin et al. (2010) for rats as shown in Table 1. 

 

Statistical analysis 

The statistical analysis was performed using the GraphPad Prism 6 software (GraphPad Software 

Inc, La Jolla, CA, USA). All data sets were tested for normality. When results displayed a normal 

distribution, comparisons between groups were performed using unpaired t-tests. Two-way analysis 

of variance (ANOVA) followed by a t-test with a Bonferroni correction for multiple comparisons was 

used to analyze differences in body weight, gait and mechanical hyperalgesia between SHAM and 

K/C animals throughout experimental time. Statistical significance was accepted for p<0.05. Data 

are expressed as mean±standard error of the mean (SEM).  
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Results 

Animal wellbeing  

At the end of the experiment, K/C animals gained less weight than SHAM animals (main effect of 

experimental group: F1,130=12.73, p=0.0005), an effect that did not vary with time (main effect of 

interaction: F4,130=1.22; p=0.31). Post-hoc tests show K/C animals weighted significantly less than 

SHAM animals four weeks after K/C induction (Fig. 1). 

 

Mechanical hyperalgesia and allodynia 

All K/C animals vocalized during the flexion-extension test throughout the experimental period 

indicating the development of mechanical allodynia (data not shown).  

The evaluation of mechanical hyperalgesia in rats using the PAM test showed the LWT was 

significantly altered between K/C and SHAM animals (main effect of experimental group: F1,50=5.67; 

p=0.02) and between the ipsi- and contralateral sides (main effect of side: F1,50=12.09, p=0.001). 

Post-hoc tests showed the ipsilateral LWT of K/C animals was significantly lower than the K/C 

contralateral LWT and the ipsilateral LWT of SHAM animals (Fig. 2). 

 

Gait analysis 

K/C induction had no effect on stride length on the contralateral side (main effect of experimental 

group:  F5,61=0.15, p=0.70) and throughout the experimental period (main effect of time: F1,40=1.62, 

p=0.21, Fig. 3A). Conversely, stride length on the ipsilateral side was significantly altered (main 

effect of experimental group: F1,40=8.93, p=0.005). Stride length varied throughout the experimental 

period (main effect of time: F3,40=5.18, p=0.004) with post-hoc test showing a significant decrease 

in stride length in K/C animals four weeks post-induction (Fig. 3B).  

SHAM animals showed no difference in stride length between the ipsi- and contralateral side (main 

effect of side: F1,40=0.89, p=0.35) and throughout the experimental period (main effect of time: 

F3,40=1.80, p=0.16). In K/C animals, stride length was significantly different between the ipsi- and 

contralateral hind paws (main effect of side: F1,40=12.02, p=0.001) and throughout the experimental 

period (main effect of time: F3,40=5.52, p=0.003). 
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K/C induction significantly altered paw contact area (main effect of experimental group: F1,56=17.39, 

p=0.0001). Paw contact area was also altered throughout the experimental period (main effect of 

time: F3,56=3.62, p=0.02). Post-hoc tests showed a significant decrease in the ipsi/contralateral 

side ratio in K/C animals between one and two weeks post-induction when compared to controls 

(Fig. 3C). 

 

Locomotor activity 

In the OF test, the analysis of the total distance travelled by animals of each experimental group 

showed no differences in the locomotor activity between SHAM and K/C animals four weeks after 

induction (t25=0.44, p=0.66; Fig. 4A).  

 

Anxiety-like behavior 

Data from the OF test supports the development of an anxious-like behavior phenotype in K/C 

animals four weeks after induction, as these animals spent significantly less time in the center of 

the arena (t25=2.21, p=0.04; Fig. 4C) and avoided entering the center of the arena (t25=2.31, 

p=0.03; Fig. 4D) when compared to SHAM.  

 

Depressive-like behavior  

Our results show K/C animals displayed a depressive-like phenotype. Four weeks after the 

induction of the model, K/C animals displayed a lower latency to immobility (t25=2.22, p=0.04; 

Fig. 5A) when compared to SHAM animals. Concomitantly, the time spent immobile was 

decreased in K/C animals (t25=2.34, p=0.03; Fig. 5B). While the time spent swimming was 

decreased in K/C animals (t25=2.61, p=0.02; Fig. 5C), no differences were found concerning the 

time spent climbing (t25=2.04, p=0.052; Fig. 5D).  

In the SPT, the induction of the experimental model significantly altered sucrose preference (main 

effect of experimental group: F1,28=8.03, p=0.008). Sucrose consumption also varied with time 

(main effect of time: F1,28=5.62, p=0.02). Post-hoc tests show K/C animals decreased their 

consumption of a sucrose solution when compared their sucrose consumption at the beginning of 
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the experiment and in comparison with SHAM animals, indicating the development of anhedonic-

like behavior (Fig. 5E).  

 

Radiographical analysis 

Radiographical examples from SHAM and K/C animals are presented in Fig. 6. The distal end of 

the femur is characterized by two condyles, the medial condyle and the lateral condyles that 

articulate with the proximal tibia and interposed menisci to form the stifle joint. SHAM animals 

display no radiographic alterations of joints (Fig. 6A). Similarly, no differences in joint structures 

were observed during the first two weeks post induction (Fig. 6B). Three weeks after K/C injection 

to the stifle, animals display moderate narrowing of joint space (an indirect measure of cartilage 

loss; Fig. 6C) that is aggravated at four weeks when K/C animals also display subchondral bone 

sclerosis, flattening of the femoral and tibial plates and osteophyte formation (Fig. 6D). 

 

Histopathology analysis 

The histopathological analysis of SHAM joints showed articular structures remained intact, the 

cartilage was healthy without loss of chondrocytes or proteoglycans and no changes in the 

subchondral bone (Fig. 7A,G,M). By contrast, in the K/C groups we observed significant 

pathological alterations that were aggravated with time. Up to one week after induction of the 

model, K/C animals display infiltration of polinucleated cells in articular and periarticular tissues 

(Fig. 7N,O), edema areas (Fig. 7B,H), fibrillation of cartilage (Fig. 7I) and chondrocyte 

disorganization (Fig. 7C). On week three, K/C animals display disorganization of chondron 

columns (Fig. 7D), cartilage hypocellularity (Fig. 7P) and narrowing of joint space (Fig. 7J). 

From week four onwards, bone sclerosis (Fig. 7F,K), depletion of cartilage (Fig. 7L), thickening 

of subchondral bone and cartilage lamination (Fig. 7E), the presence of synovial cists (Fig. 7Q) 

and inflammation (Fig. 7R) are evident in K/C animals. 

 

 

 



77 
 

Discussion 

In the work herein we demonstrate that K/C intra-articular injection in rats mimics several features 

of human OA. Adult male rats displayed mechanical hyperalgesia and allodynia from post-induction 

day three onwards. The increase in nociceptive sensitivity was accompanied by changes in gait, 

reflected by a decrease in the paw contact area of the affected limb. Radiography analysis revealed 

an OA-like phenotype (narrowing of joint space, bone sclerosis and presence of osteophytes) four 

weeks post-induction. Histopathological analysis of knee sections showed a progressive 

degeneration of articular and periarticular structures concomitant with Grade 4 OA according to 

the Pritzker and Pearson’s grading scales in the same time point. Importantly, four weeks after the 

induction of the experimental model, in addition to physical impairments, animals displayed an 

anxiety- and depressive-like phenotype. Taken as a whole, we propose the K/C model presents 

several advantages over other experimental models of OA, as the severity of the physical 

impairments is progressive and animals display comorbid emotional sequelae, all of which are 

common in the human disorder. This model bridges the gap between structural and symptomatic 

aspects of OA, a common disadvantage of other experimental models.  

Pain is a cardinal sign of OA and is associated with peripheral sensitization (Suokas et al., 2012; 

Fingleton et al., 2015). In a clinical context, the application of pressure stimuli to the affected joint 

is one of the most common and reliable methods for assessing somatosensory response 

abnormalities, or primary mechanical hyperalgesia, in OA patients (Arendt-Nielsen et al., 2010; 

Wylde et al., 2012). The application of a similar protocol to our experimental groups, the PAM test, 

clearly demonstrated the K/C model decreases nociceptive mechanical thresholds in the affected 

joint soon after the induction of the model. At early stages it is probable the observed increase in 

mechanical hyperalgesia is due to an inflammatory reaction to the injection of carrageenan in the 

tibio-femoral joint rather than the consequence of trauma. In fact, the histopathological analysis of 

joint sections sampled at time points up to one-week post-induction show the superficial articular 

cartilage remains intact and radiographical analysis also shows no joint structural abnormalities. 

These results mirror what happens in the clinics, where the occurrence of pain and pain severity 

are often not accompanied by significant radiographical findings (Bedson and Croft, 2008). On the 

other hand, at later stages of human OA, the severity of reported pain correlates with the level of 

radiographical knee joint damage. Again our experimental model replicates this event, as K/C 

animals also display mechanical hyperalgesia four weeks post-induction, long after the initial 
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inflammatory phase is resolved. As in human subjects, at later stages of the disease, knee joint 

damage in our animals was evident both in radiographical and histopathological evaluations.  

Courtney et al. (2010) suggest persistent nociceptive pain leads to central sensitization and 

subsequently to the development of a neuropathic component of chronic musculoskeletal pain and 

thus to mechanical allodynia in OA patients, a feature indirectly confirmed in our K/C animals by 

the vocalization in the flexion-extension test. In this context, once again our model exhibits 

important features of human OA. It should be noted, however, that this concept is based on 

extrapolations of data for skin receptors and not in deep tissues, such as joints (Courtney et al., 

2010). As such, it is possible that what we consider allodynia, or the application of non-nociceptive 

stimuli, which in this case would be painful during otherwise innocuous movement, is in fact the 

evaluation of primary hyperalgesia as we are stressing motion range by stretching the injured joint. 

Patients with OA typically display gait compensations due to ‘fear of movement’ in attempt to avoid 

pain (Jacobs et al., 2014). Additionally, at later stages of OA, structural changes in joints also 

contribute to changes in the internal mechanics of an articulating joint (Jacobs et al., 2014). Of the 

several parameters evaluated in this work, the induction of our model resulted in decreased paw 

print area in the ipsilateral side. Decreased paw print areas classically reflect unilateral dynamic 

weight-bearing imbalances where weight loading is shifted to the contralateral limb (Vrinten and 

Hamers, 2003; Jacobs et al., 2014). Our results are in line with previous works using models of 

carrageenan-induced monoarthritis (Angeby-Möller et al., 2008), the MIA and collagenase models 

of OA, among others (Marker and Pomonis 2012, Adães et al., 2014), and nerve injury (Bozkurt 

et al., 2008). Changes in joint loading are also common in trauma-induced human OA and are 

considered a significant risk factor for its progression (Buckwalter, 1995). Although our evaluation 

was restricted to the analysis of spatial parameters, it is evident the K/C model reproduces an 

important compensatory mechanism in weight-bearing joints as observed in OA patients. Further 

studies using automatic gait evaluation would allow to further investigate temporal-dependent 

changes in gait, such as timing and synchronicity of foot-strike and toe-off events, enabling a better 

correlation with gait impairments in OA patients. 

As mentioned previously, although new techniques are being applied to the study of OA, 

radiography remains the most accessible tool for the evaluation and scoring of the OA-affected joint 

(Braun and Gold, 2012). Importantly, soft tissues are not captured by radiography, thus decreased 

joint space is used as an indirect measure of cartilage integrity in the clinics. In our work, four 
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weeks post induction, K/C animals displayed narrowing of the joint space, subchondral bone 

sclerosis, subchondral cyst formation and formation of osteophytes, perfectly matching all 

structural hallmarks of OA progression in patients. In fact, these features, according to the Kellgren 

and Lawrence scale, are concomitant with Grade 4 OA. Unlike the extensively used MIA model, in 

which events precipitate within a week post-induction, the K/C model displays a slower temporal 

summation of radiographical markers that are more closely related to the slow development of 

human OA.  

The temporal analysis of histopathological data further confirmed the radiographic findings, 

showing a progressive and severe degeneration of articular structures. A strong initial inflammatory 

component is accompanied by patellar distension, synovial effusion and edema. Interestingly, 

although patellar distension is an early feature of OA, it was easily visualized in the x-rays of OA 

animals in early time points. As in the human disorder, eburnation and joint space narrowing 

precede the flattening of joint plates and the occurrence of osteolytic foci. Ultimately, total loss of 

cartilage and the formation of osteophytes is evident in later stages of the disease. 

OA is frequently accompanied by emotional disorders, such as anxiety and depression. These 

comorbid affective disorders can interfere with daily activities, thus exerting a major negative effect 

on the quality of life of patients (Argoff, 2007; Asmundson and Katz, 2009; Campbell et al., 2003). 

In this work, K/C rats displayed comorbid emotional impairments, namely anxiety- and depressive-

like behavior. The complexity of OA does not allow associating the development of emotional-like 

impairments to a specific OA feature. Chronic pain and emotional disorders are common comorbid 

findings in patients, however disability and decreased quality of life are also closely related to the 

development of psychiatric disorders. OA patients diagnosed with depression report more pain, 

higher disability scores, and lower therapy outcomes than non-depressed OA patients (Sharma et 

al., 2016). 

In conclusion, the work here presented indicates the intra-articular K/C injection in rats leads to 

the development of several OA behavioral and structural symptoms in a slow and progressive 

fashion that closely mirror the human pathology. Instead of reflecting only a specific stage of OA, 

like many of the currently used OA preclinical models, several stages are represented in a relatively 

small time window, which allows to establish a progression timeline and to correlate it with 

particular markers of the disease. It also presents a good opportunity to study the mechanisms 
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underlying the development of comorbid behavioral impairments such as anxiety and depression, 

and to provide patients with better therapies that target the multiple symptoms of OA. 
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Table 1 – Parameters used for the histopathological grading of the K/C model. 
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Figure 1 – Weight gain in SHAM and K/C animals throughout the experimental period. Graphs 

show means + SEM. *p<0.05. nSHAM=16; nARTH=16. 
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Figure 2 – Mechanical hyperalgesia values measured with the PAM test 4 weeks after K/C intra-

articular injection. Graphs show means + SEM. *p<0.05; **p<0.01. nSHAM=16; nARTH=16. 
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Figure 3 – Gait evaluation before and after K/C intra-articular injection. A – Contralateral hind paw 

stride length in SHAM and K/C animals. B – Ipsilateral hind paw stride length in SHAM and K/C 

animals. C – Ratio of ipsi/contralateral contact area in SHAM and K/C animals. Graphs show means 

+ SEM. *p<0.05; ***p<0.001. nSHAM=6; nARTH=6. 
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Figure 4 – Locomotor and anxiety-like behaviors measured in the OF test 4 weeks after K/C intra-

articular injection. A – Total distance travelled. B – Ratio of distance travelled in the center divided 

by the total distance travelled. C – Ratio of total time spent in the center by the total time of the 
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test. D – Number of total entries in the center of the arena. Graphs show means + SEM. *p<0.05. 

nSHAM=16; nARTH=16. 
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Figure 5 – Depression-like behavior measured in the FST and SPT tests 4 weeks after K/C intra-

articular injection. A – Latency to immobility in the FST test. B – Total time spent immobile in the 

FST test. C – Total time spent swimming in the FST test. D – Total time spent climbing in the FST 

test. E – Percentage of sucrose preference before and 6 weeks after K/C induction. Graphs show 

means + SEM. *p<0.05; **p<0.01. nSHAM=16; nARTH=16. 
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Figure 6 – Progression of the radiographical findings in knee antero-posterior plane radiography 

of K/C animals. A – SHAM animals display normal articular structures. B – Up to week 2 post-

induction, ARTH animals display no significant radiographical abnormalities. C – 3 weeks post-

induction, ARTH animals show moderate (blue arrows) decrease of joint space. D – At 4 weeks, 

severe narrowing of joint space is evident (yellow arrows) as well as the development of osteophytes 

(white arrow) and sclerosis of subchondral bone (green arrows) corresponding to grade 4 of 

Kellgren and Lawrence’s grading scale. 
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Figure 7 – Histopathological evaluation of knee joint sections. SHAM animals display no changes 

in articular structures (A,G,M). K/C animals from 6 hours after induction display inflammatory 

reactions (B,H,N) and edema (N). From 72 hours up to 2 weeks, K/C animals display 

inflammatory reaction (O), chondrocyte disorganization (C,I) and cartilage fibrillation (I) while in 

week 3 the disorganization of chondron columns (D,P), narrowing of joint space (J) and 

hipocellularity of cartilage (P) is evident. At 4 weeks post induction K/C animals display thickening 

of subchondral bone trabeculae (E – black arrow), cartilage lamination (E – orange arrow), bone 

sclerosis (K – white arrows) and synovial cists (Q). Finally, from 4 weeks onwards, K/C animals 

display bone sclerosis (F,L – white arrows), cartilage depletion (L – black arrow) and inflammation 

(R). (A-F; N-R) Hematoxilin-eosin stain; (G-M) Masson’s thrichrome stain; (M-R) detail views of 

specific pathological aspects; *edema; thick black arrow - inflammatory reaction; thin black arrow 

- focal disorganization of chondrocyte column; white arrows - bone sclerosis. 
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Abstract—The involvement of the prefrontal cortex in pain

processing has been recently addressed. We studied the

role of the infralimbic cortex (IL) and group I metabotropic

glutamate receptors (mGluRs) in descending modulation

of nociception in control and monoarthritic (ARTH) condi-

tions. Nociception was assessed using heat-induced paw

withdrawal while drugs were microinjected in the IL of rats.

Local anesthesia of the IL or the adjacent prelimbic cortex

(PL) facilitated nociception, indicating that IL and PL are

tonically promoting spinal antinociception. Phasic activa-

tion with glutamate (GLU) revealed opposing roles of the

PL and IL; GLU in the PL had a fast antinociceptive action,

while in the IL it had a slow onset pronociceptive action.

IL administration of a local anesthetic or GLU produced

identical results in ARTH and control animals. An mGluR5

agonist in the IL induced a pronociceptive effect in both

groups, while mGluR5 antagonists had no effect in controls

but induced antinociception in ARTH rats. Activation of the

IL mGluR1 (through co-administration of mGluR1/5 agonist

and mGluR5 antagonist) did not alter nociception in

controls but induced antinociception in ARTH animals. IL

administration of an mGluR1 antagonist failed to alter noci-

ception in either experimental group. Finally, mGluR5 but

not mGluR1 antagonists blocked the pronociceptive action

of GLU in both groups. The results indicate that IL con-

tributes to descending modulation of nociception. mGluR5

in the IL enhance nociception in healthy control and mono-

arthritic animals, an effect that is tonic in ARTH. Moreover,

activation of IL mGluR1s attenuates nociception following

the development of monoarthritis. � 2015 IBRO. Published

by Elsevier Ltd. All rights reserved.

Key words: infralimbic cortex, metabotropic glutamate

receptor 5, experimental monoarthritis, pronociception.

INTRODUCTION

In the last decade, there has been increasing evidence of

the involvement of the prefrontal cortex (PFC) in the

processing of the affective component of pain. It

has been shown in both humans and animal models

that, in chronic pain conditions, the PFC undergoes

morphological and functional changes. These changes

include decreased gray matter density in patients with

chronic back pain (Apkarian et al., 2004). Increased med-

ial PFC (mPFC) activation is correlated with the intensity

and duration of spontaneous pain in patients with chronic

pain (Baliki et al., 2006). Increases in the length, number

of branches and spine density of basal dendrites of mPFC

neurons as well as an increase in the NMDA/AMPA

receptors ratio have been described in a rat model of neu-

ropathic pain (Metz et al., 2009). Additionally, high-

frequency electrical stimulation of the dorsal component

of the mPFC, the anterior cingulate cortex (ACC), has

been shown to be pronociceptive, decreasing heat-

evoked paw withdrawal latencies (Zhang et al., 2005).

Less is known, however, of the pain modulatory role of

the anatomically and functionally distinct ventral mPFC

(Heidbreder and Groenewegen, 2003; Vertes, 2006) that

consists of the prelimbic (PL) and infralimbic (IL) cortices

in the rodent brain. Zhang et al. (2004) have evaluated the

electrophysiological responses of mPFC neurons (ACC,

PL and IL) to mechanical noxious stimulation of the rat’s

tail, and were able to distinguish two subsets of respond-

ing neurons (nociceptive specific and wide-dynamic

range-like neurons) that seem to encode nociceptive

stimulus intensity.

In the present work, we studied the contribution of the

IL to the modulation of nociception in the rat. We used

local cerebral microinjections to generally activate and

http://dx.doi.org/10.1016/j.neuroscience.2015.10.060
0306-4522/� 2015 IBRO. Published by Elsevier Ltd. All rights reserved.
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inhibit the IL, in order to evaluate its role upon the

descending modulation of nociceptive behavior of rats.

Furthermore, we used specific receptor agonists and

antagonists for group I glutamate metabotropic

receptors (mGluRs; includes receptors 1 and 5 –

mGluR1 and mGluR5), in order to assess their

involvement in IL-mediated descending modulation of

nociception. The role of these receptors upon

nociceptive modulation has been studied in several

supraspinal brain areas (Palazzo et al., 2001;

Neugebauer, 2002; Li and Neugebauer, 2004; Ren and

Dubner, 2010), including the PL in the mPFC, where the

blockade of mGluR1 can reverse the inhibition of neuronal

spontaneous firing observed in sustained inflammatory

pain (Ji and Neugebauer, 2011). Lastly, we investigated

the impact of experimental monoarthritis upon IL-driven

descending modulation of nociception.

EXPERIMENTAL PROCEDURES

Animals, anesthetics and ethical issues

The experiments were performed in adult Wistar Han

male rats weighting 250–300 g (Charles River, France).

The experimental protocol was approved by the

Institutional Ethics Commission and followed the

European Community Council Directive 2010/63/EU

concerning the use of animals for scientific purposes. All

efforts were made to minimize animal suffering and to

use only the number of animals necessary to produce

reliable scientific data.

During intracerebral cannula implantation, anesthesia

was induced through the intraperitoneal (i.p.)

administration of a mixture of ketamine (0.75 mg/kg, i.p.;

Imalgene, Merial Lyon, France) and medetomidine

(0.5 mg/kg, i.p.; Dorbene, Esteve Veterinaria, Léon,

Spain). After the surgical procedures, anesthesia was

reverted with atipamezole hydrochloride (1 mg/kg, i.p.;

Antisedan, Orion Pharma, Orion Corporation, Espoo,

Finland) and the animals were monitored until they were

fully recovered. After the completion of the behavioral

tasks, animals received a lethal dose of pentobarbitone

and the brains were removed for histological

confirmation of cannula placement (Fig. 1).

Procedures for intracerebral injections

For intracerebral drug administration, cannulae were

implanted as described by Pinto-Ribeiro et al. (2011).

Briefly, rats were placed in a stereotaxic frame, a longitu-

dinal incision was made in the scalp, which was retracted

as well as the subcutaneous fascia, and a sterilized

stainless-steel guide cannula (26 gauge; Plastics One,

Roanoke, VA, USA) was implanted in the brain through

a hole drilled in the skull. The tip of the guide cannula

was positioned 1 mm above the right IL or PL (as a place-

ment control) using the following stereotaxic coordinates:

IL: 2.76 mm frontal to bregma; 0.6 mm lateral to midline;

depth 4.2 mm; and PL: 2.76 mm frontal to the bregma;

0.6 mm lateral to midline; depth 3.5 mm (Paxinos and

Watson, 2005). The guide cannula was fixed to the skull

with screws and dental acrylic cement and the skin

sutured around it. A dummy cannula (Plastics One) was

inserted into the guide cannula to prevent contamination

and the animals were allowed to recover from the surgery

for at least one week.

Test drugs were administered through a 33-gauge

injection cannula (Plastics One) protruding 1 mm beyond

the tip of the guide cannula. The microinjection was

performed using a 5.0 lL Hamilton syringe connected to

the injection cannula by a polyethylene catheter (PE-10;

Plastics One). The injection volume was 0.5 lL and

therefore, the spread of the injected drugs within the

brain was expected to have a diameter of 1 mm (Myers,

1966). The efficacy of the injection was monitored by

observing the movement of a small air bubble through the

tubing. The injection lasted at least 20 s and the injection

cannula was left in place for additional 30 s to minimize

the return of drug solution back to the injection cannula.

Induction of monoarthritis

The induction of a model of monoarthritis (ARTH) was

performed 21 days before the beginning of the

experiments, as described in detail elsewhere (Pinto-

Ribeiro et al., 2013). Briefly, 3% kaolin and 3%

carrageenan (Sigma–Aldrich, St. Louis, MO, USA) were

dissolved in distilled water and injected into the synovial

cavity of the right knee joint at a volume of 0.1 mL. This

model produces mechanical hyperalgesia, which begins

just in a few hours after surgery and extends up to 8 weeks

(Radhakrishnan et al., 2003). In each animal, ARTH devel-

opment was verified 1–2 h prior to each experiment. Only

those rats that audibly vocalized every time after five flex-

ion–extension movements of the knee joint were consid-

ered to have monoarthritis, and they were included in the

ARTH group (Pinto-Ribeiro et al., 2011, 2013; Amorim

et al., 2014). Control animals (SHAM) were injected with

0.1 mL saline in the synovial cavity of the right knee joint.

SHAM animals did not vocalize to any of the five consecu-

tive flexion–extension movements of the knee joint.

Additionally, we used the pressure application

measurement (PAM) to verify the development of primary

mechanical hyperalgesia in ARTH animals (Barton et al.,

2007). To perform the test, the animal is held securelywhile

the force transducer unit (fitted to the experimenter’s

thumb) is placed on one side of the knee joint and the fore-

finger on the other. Increasing force (0–1500 g) is gradually

applied across the joint until a behavioral response is

observed (paw-withdrawal, vocalization, wriggling or

vocalization), with a cut-off of 5 s. The peak force (in grams

of force (gf)) applied immediately prior to the behavioral

response is registered as the limb withdrawal threshold

(LWT). LWT was measured twice in both the ipsilateral

and contralateral limbs at 1-min intervals. Themean LWTs

were calculated per animal. At the end of the session ani-

mals were returned to their home cage.

Behavioral assessment of nociception – Hargreaves
model

Prior to performing the behavioral tests, rats were

habituated to the experimental conditions (i) by allowing

them to spend 1–2 h daily in the testing room during the

week preceding any testing, and (ii) by performing daily

A. David-Pereira et al. / Neuroscience 312 (2016) 108–119 109
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handling sessions. For assessing nociception in

unanesthetized animals, the latency of hindpaw

withdrawal following radiant heat stimulation (Hargreaves

test; Plantar Test Device Model 37370, Ugo Basile,

Comerio, Italy) was determined. In each behavioral

session, the withdrawal latency was assessed prior to

drug administration and at various intervals following the

intracerebral injections (Fig. 2). At each time point, the

measurements were repeated twice at an interval of

1 min (except for glutamate (GLU) due to its fast effect)

and the mean of these values was used in further

calculations. The cut-off time for radiant-heat exposure

was set at 15 s in order to avoid any damage to the skin.

Drugs

GLU (Merck, Darmstadt, Germany), (RS)-2-chloro-5-

hydroxyglycine (CHPG; mGluR5 agonist), (S)-3,5-

dihydroxyphenylglycine (DHPG; mGluR1/5 agonist; Tocris,

Bristol, United Kingdom), and 3-((2-Methyl-1,3-thiazol-4-yl)

ethynyl)pyridine hydrochloride (MTEP; mGluR5 antagonist,

Tocris, Bristol, United Kingdom) solutions for intracerebral

drug injection were prepared with sterilized saline solution

0.9% (Unither, Amiens, France; pH 7,2). 6-Methyl-2-

(phenylethynyl)pyridine (MPEP; mGluR5 antagonist;

Tocris, Bristol, United Kingdom) was dissolved in 10%

dimethyl sulfoxide (DMSO). (S)-(+)-a-Amino-4-carboxy-2-

methylbenzeneacetic acid (LY367385; mGluR1 antagonist)

was dissolved in 2% sodium hydroxide solution (NaOH).

Lidocaine (2%; LIDO) was acquired as a solution

(B. Braun Medical, Barcarena, Portugal).

Previous studies showed that the 50 nmol dose of

GLU (Pinto-Ribeiro et al., 2011), DHPG, CHPG (Ansah

et al., 2009) and MPEP (Movsesyan et al., 2001) and

the 40 nmol dose of LY367385 (de Novellis et al., 2005)

are effective in activating/blocking mGluRs after intracere-

bral microinjection in the rat. Since there are studies

suggesting that MPEP has significant non-specific

actions, including inhibition of NMDA receptors (Lea and

Faden, 2006) and positive allosteric modulation of

mGluR4 (Mathiesen et al., 2003), MTEP was also used

and their effects compared. The MTEP dose (50 nmol)

used was the same as for MPEP to allow the comparison

of the two antagonists’ efficacy. An observation window of

50 min was determined by evaluating alterations in noci-

ceptive behavior at fixed time points (Fig. 2) until the drug

effect was no longer observed. Control injections with the

respective vehicle (VEH) solutions were performed as

control values, in order to avoid any bias that might result

from injecting the solution itself.

Rotarod test

To exclude motor effects of drug injection in the IL, motor

performance was evaluated on a Rotarod equipment

(3376-4R; TSE Systems, USA) using an accelerating

protocol. In this protocol, SHAM and ARTH animals

were placed on a rod that accelerated smoothly from 4

to 40 rotations per minute (rpm) over a period of 5 min.

The first 3 days of protocol served as training. In each

day, rats underwent the accelerating protocol for a total

of 4 trials per day, with a rest of at least 20 min between

each trial. On the following days, the effect of each drug

upon motor performance was tested on the same

accelerating protocol and the latency to fall was

recorded (Monville et al., 2006). Due to the small window

of drug action observed in the Hargreaves model, during

drug testing animals underwent only two trials of the

accelerating protocol, 10 and 30 min after drug adminis-

tration (Fig. 2).

Fig. 1. Anatomical confirmation of drug injection sites in the prelimbic (PL) and infralimbic (IL) cortices. (A) Photomicrograph of an example of the

drug injection site in the IL of the rat brain (AP: +3.72 mm from bregma) superimposed with the appropriate legend of Paxinos and Watson (2005)

stereotaxic atlas. (B–F) Schematic representation of other injection sites in the PL and IL (B: +3.72 mm, C: +3.24 mm, D: +3.00 mm, E:

+2.76 mm; F: +2.52 mm). DP – dorsal peduncular cortex; IL – infralimbic cortex; PL – prelimbic cortex.
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Course of the behavioral study

Three weeks after ARTH induction and at least one week

after guide cannula implantation, animals were trained in

the Hargreaves test. Four weeks after ARTH induction,

the tonic and phasic action of the IL and PL and the effect

of the activation/inactivation of mGluR1 and/or mGluR5 in

the IL upon nociceptive behavior were determined in

unanesthetized animals through the assessment of

changes in paw withdrawal latency (PWL) after drug

injection. Withdrawal latencies were assessed 1, 10, 20,

30, 40 and 50 min following intracerebral injections

(Fig. 2). The interval between behavioral assessments of

different drugs was of at least three days. The order for

testing each different drug was randomized among

animals. Animals were injected with a maximum of five

different drugs, in random order.

Statistics

Using the GraphPad Prism 5 software (GraphPad Software

Inc., La Jolla, CA, USA), a two-way analysis of variance

(ANOVA) followed by t-test with a Bonferroni correction for

multiple comparisons was used to compare behavioral

results among experimental groups. P< .05 was

considered to represent a significant difference. Data are

presented as mean± standard error of the mean (SEM).

RESULTS

Healthy animals

GLU-induced activation of PL and IL has opposite
phasic effects on nociceptive behavior in healthy rats. In

order to study a possible phasic role of the PL and the IL

upon nociceptive behavior in healthy rats, we

microinjected GLU into these areas and evaluated

changes in the heat-evoked PWL of SHAM animals.

Overall, GLU administration in the PL had an

antinociceptive effect in SHAM animals, as revealed by

an increase in the PWL (main effect of GLU:

F1,120 = 4.99; P= 0.0273), and this effect varied with

time (interaction drug effect � time: F5,120 = 2.36,

P= 0.0415). Post hoc tests showed that GLU treatment

of the PL induced a short-lasting antinociceptive effect

that was maximal 1 min after GLU injection and that

disappeared within 10 min (Fig. 3A). In contrast, GLU

administration in the IL resulted in a pronociceptive effect

as revealed by the decrease of the PWL in SHAM

animals (main effect of GLU: F1,40 = 15.73; P= 0.0003),

and this pronociceptive effect varied with time (interaction

drug � time: F5,40 = 3.88, P= 0.0059). While the

antinociceptive effect induced by GLU in the PL was of

rapid onset and short duration, post hoc tests indicated

that GLU in the IL induced a pronociceptive effect that

was significant from 10 to 30 min after GLU injection

(Fig. 3C).
Local anesthesia of both PL and IL reveals tonic

antinociceptive effects in healthy rats. To evaluate a

possible tonic role of the PL and the IL in the

descending control of nociceptive behavior in healthy

rats, we microinjected LIDO, a local anesthetic, and

evaluated changes in heat-evoked PWL of SHAM

animals. Overall, the inhibition of PL and IL with LIDO

significantly decreased PWL of SHAM animals (main

effect of LIDO in PL: F1,103 = 11.63, P= 0.0009; main

effect of LIDO in IL: F1,44 = 7.80; P= 0.0077), showing

Fig. 2. Schematic representation of the experimental design timeline. Rats were habituated to the laboratory and the experimenter for 5 days. After

habituation, animals belonging to the arthritic (ARTH) group received an intra-synovial injection of 3% kaolin/carrageenan while control (SHAM)

animals received an intra-synovial injection of saline solution. Two weeks after monoarthritis induction, animals were implanted with a guide cannula

in the infralimbic (IL) or in the prelimbic (PL) cortices. After recovery (one week), rats performed the pressure application measurement (PAM) and

were trained in the paw-withdrawal apparatus. Pharmacological tests were performed at the same time points for all the drugs. min – minutes; W1–5

– weeks 1 to 5.
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that both these areas tonically inhibit nociception in

healthy rats. Post-hoc tests showed that these LIDO-

induced alterations in PWL lasted for 10–30 min

(Fig. 3B, D).

The following experiments focused on the prolonged

pronociceptive action of GLU in the IL.

Effect of IL pharmacological manipulation upon
nociceptive behavior

The IL modulates heat-evoked nociceptive behavior of
SHAM and ARTH animals. To assess if the long-lasting

pronociceptive effect of GLU microinjection in the IL was

due to activation of metabotropic rather than ionotropic

receptors, we selectively activated mGluR1 and mGluR5

in the IL and assessed its impact upon nociceptive

behavior of SHAM and ARTH animals. Additionally, we

also determined the time window during which drugs

microinjected into the IL affected nociceptive behavior by

testing noxious heat-evoked PWL in SHAM and ARTH

rats at various time points after cortical drug

administrations (Figs. 4–6). IL injection of the VEH failed

to alter PWL (main effect of time after VEH treatment:

F5,66 = 0.142; Fig. 4A), independent of the experimental

group (interaction experimental group � time after vehicle

treatment: F5,66 = 0.05). GLU or LIDO in the IL

significantly decreased PWL of SHAM and ARTH

animals (main effect of time after GLU treatment:

F5,59 = 14.80, P< 0.0001; main effect of time after LIDO

treatment: F5,61 = 8.70, P< 0.0001) for 10–30 min after

drug injection (Figs. 4B, C). The pronociceptive effects of

GLU or LIDO in the IL did not vary between the SHAM

and ARTH groups (interaction experimental group � time

after GLU microinjection: F5,59 = 0.48; interaction

experimental group � time after LIDO microinjection:

F5,61 = 0.70).

DHPG (an mGluR1/5 agonist) in IL significantly

decreased PWL (main effect of time after DHPG

treatment: F5,66 = 5.02, P= 0.006; Fig. 4D), an effect

that varied with the experimental group (interaction

experimental group � time after cortical drug treatment:

F5,66 = 3.76, P= 0.0047). Post hoc tests indicated that

the pronociceptive effect of DHPG in IL was significantly

stronger in SHAM than ARTH animals 30 min after drug

treatment (Fig. 4C).

Prolonged pronociceptive behavior elicited by GLU in
the IL is not mediated by mGluR1 activation. To assess if

the mGluR1 was responsible for the long-lasting

pronociceptive effect of GLU microinjection in the IL, we

selectively activated and/or inhibited mGluR1 in the IL

and assessed its impact on nociceptive behavior in

SHAM and ARTH animals.

The IL co-administration of DHPGwith MPEP (with the

purpose of activating mGluR1) had a significant effect on

PWL (main effect of time after DHPG+MPEP

treatment: F5,74 = 4.07, P= 0.0026), that varied with the

experimental group (interaction experimental group �
time after drug treatment: F5,75 = 7.96, P< 0.0001).

Post hoc tests indicated that the combination of DHPG

Fig. 3. Radiant heat-evoked paw withdrawal latencies (PWL) of healthy control animals after intracerebral drug administrations in the prelimbic (PL;

A, B) or infralimbic (IL; C, D) cortex (GLU, glutamate, 50 nmol; LIDO, lidocaine, 2%; VEH, vehicle). (A) GLU in the PL increased the PWL 1 min after

its administration; (B) LIDO in the PL decreased the PWL 10 and 20 min after its administration; (C) GLU in the IL decreased the PWL 10–30 min

after its administration; (D) LIDO in the IL decreased the PWL 30 min after its administration. Graphs show the mean + SEM (VEH: nPL = 10;

nIL = 6; GLU: nPL = 10; nIL = 6; LIDO: nPL = 10; nIL = 7). Drug injections were performed at time point 0. */+P < 0.05; **/++P< 0.01;
***P< 0.001 (t-test with a Bonferroni correction for multiple comparisons; */**/***represent the comparison of injection results with pre-injection

(�5 min) value; +/++represent the comparison of time point values of SHAM vs. ARTH).
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andMPEP prolonged the PWL only in the ARTH group and

this antinociceptive effect was significantly stronger in the

SHAM than the ARTH group from 10 to 30 min after the

drug treatment (Fig. 5B). LY367385 alone (an mGluR1

antagonist) did not alter PWL (main effect of time after

LY367385 treatment: F5,60 = 0.4909, P= 0.7818;

Fig. 5C), independent of the experimental group

(interaction experimental group � time after drug

treatment: F5,60 = 0.16). Co-administration of DHPG,

MPEP and LY367385 in the IL failed to alter PWL (main

effect of time after DHPG +MPEP+ LY367358

treatment: F5,60 = 0.26, P= 0.9321), independent of the

experimental group (interaction experimental group �
time after drug treatment: F5,60 = 0.70; Fig. 5D).

IL co-administration of LY367385 and GLU

significantly decreased PWL of SHAM and ARTH

animals (main effect of time after LY367358 + GLU

treatment: F5,128 = 25.60, P< 0.0001) for 20–30 min

after drug injection (Fig. 5E). The pronociceptive effects

of the combination of LY367385 and GLU in the IL did

not vary between SHAM and ARTH groups (interaction

experimental group � time after microinjection:

F5,128 = 0.94).

No changes were observed in PWL after vehicle

microinjection to the IL (main effect of time after VEH

treatment: F5,66 = 0.14), independent of the

experimental group (interaction experimental

group � time after drug treatment: F5,66 = 0.05; Fig. 5A).

mGluR5 mediates the prolonged pronociceptive
behavior elicited by GLU in the IL. To assess if the

long-lasting pronociceptive effect of GLU microinjection

was mediated through mGluR5 in the IL, we selectively

activated and/or inhibited mGluR5 in the IL and

assessed its impact on nociceptive behavior in SHAM

and ARTH animals.

CHPG (an mGluR5 agonist) in the IL significantly

decreased PWL of SHAM and ARTH animals (main

effect of time after CHPG treatment: F5,120 = 16,38,

P< 0.0001) for 10–40 min after drug injection (Fig. 6B).

The pronociceptive effects of CHPG in the IL did not vary

between the SHAM and ARTH groups (interaction

experimental group � time after microinjection:

F5,120 = 0.30). IL administration of MPEP or MTEP alone

(mGluR5 antagonists) had a significant effect on PWL

(main effect of time after MPEP treatment: F5,82 = 4.56;

P< 0.0001; main effect of time after MTEP treatment:

F5,77 = 5.02; P= 0.0005). The effect of MPEP or MTEP

alone in IL varied with the experimental group (interaction

experimental group � time after MPEP administration:

F5,82 = 4.56, P< 0.0001; interaction experimental

Fig. 4. Radiant heat-evoked paw withdrawal latencies (PWL) after intracerebral administration in the infralimbic cortex (IL). Effects of IL

administration of vehicle (VEH; A), glutamate (GLU, 50 nmol; B), LIDO (2%; C) and DHPG (an mGluR1/5 agonist, 50 nmol; D) in control (SHAM,

black full lines) and monoarthritic (ARTH, gray dashed lines) animals. Drug injections were performed at time point 0. Data are presented as mean

+ SEM. VEH: nSHAM = 6, nARTH = 8; GLU: nSHAM = 6, nARTH = 6; LIDO: nSHAM = 7, nARTH = 6; DHPG: nSHAM = 7, nARTH = 6. */+P< 0.05;
**P< 0.01; ***P< 0.001 (t-test with a Bonferroni correction for multiple comparisons; */**/***represent the comparison of injection results with pre-

injection (�5 min) value; +represents the comparison of time point values of SHAM vs. ARTH).
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group � time after MTEP administration: F5,77 = 4.56,

P= 0.0010). Post hoc tests indicated that PWL was

prolonged after MPEP or MTEP in the ARTH but not in

the SHAM group and that the PWL was significantly

longer in the ARTH than the SHAM group 30–40 min

after MPEP or MTEP administration (Figs. 6C, D).

Co-administration of MPEP/MTEP and GLU in

the IL failed to alter PWL (main effect of time after

MPEP+ GLU treatment: F5,95 = 0.21; P= 0.9568;

main effect of time after MTEP + GLU treatment: F5,66 =

0.25; P= 0.9396), independent of the experimental

group (interaction experimental group � time after

Fig. 5. Radiant heat-evoked paw withdrawal latencies (PWL) after intracerebral mGluR1 agonists/antagonists administration in the infralimbic

cortex (IL). Effects of IL administration of vehicle (VEH; A), a combination of DHPG and MPEP (an mGluR1/5 agonist and an mGluR5 antagonist,

respectively; 50 nmol each; B), LY367385 (an mGluR1 antagonist, 40 nmol; C), a combination of DHPG, MPEP and LY367385 (50 nmol DHPG and

MPEP, 40 nmol LY367385; D) and a combination of LY367385 and GLU (40 nmol LY367385, 50 nmol GLU; E) in control (SHAM, black full lines)

and monoarthritic (ARTH, gray dashed lines) animals. Drug injections were performed at time point 0. Data are presented as mean + SEM. VEH:

nSHAM = 6, nARTH = 8; DHPG+MPEP: nSHAM = 9, nARTH = 6; LY367385: nSHAM = 6, nARTH = 6; DHPG+MPEP+ LY367385: nSHAM = 6,

nARTH = 6; LY367385 + GLU: nSHAM = 11, nARTH = 11. *P< 0.05; **P< 0.01; ***/+++P< 0.001 (t-test with a Bonferroni correction for multiple

comparisons; */**/***represent the comparison of injection results with pre-injection (�5 min) value; +++represent the comparison of time point

values of SHAM vs. ARTH).
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MPEP+GLU treatment: F5,95 = 0.11; interaction experi-

mental group � time after MTEP+ GLU treatment:

F5,66 = 0.26; Figs. 6E, F).

No changes were observed in PWL after vehicle

microinjection to the IL (main effect of time after

VEH treatment: F5,66 = 0.14), independent of the

experimental group (interaction experimental group �
time after drug treatment: F5,66 = 0.05; Fig. 6A).

ARTH animals present mechanical hyperalgesia in the
affected knee joint. Four weeks after ARTH induction,

mechanically evoked LWT of the knee joint of ARTH

animals was significantly decreased when compared to

SHAM (main effect of experimental group: F1,26 = 6.50;

P= 0.0171), an effect dependent of the tested limb

(interaction: experimental group � limb: F1,26 = 12.53;

P= 0.0015). Post hoc tests indicate that LWT in the

Fig. 6. Radiant heat-evoked paw withdrawal latencies (PWL) after intracerebral mGluR5 agonists/antagonists administration in the infralimbic

cortex (IL). Effects of IL administration of vehicle (VEH; A), CHPG (an mGluR5 agonist, 50 nmol; B), MPEP (an mGluR5 antagonist, 50 nmol; C),

MTEP (an mGluR5 receptor antagonist, 50 nmol; D), MPEP+ GLU (50 nmol each; E) and MTEP +GLU (50 nmol each; F) in control (SHAM, black

full lines) and monoarthritic (ARTH, gray dashed lines) animals. Drug injections were performed at time point 0. Data are presented as mean

+ SEM. VEH: nSHAM = 6, nARTH = 8; CHPG: nSHAM = 11, nARTH = 11; MPEP: nSHAM = 7, nARTH = 9; MTEP: nSHAM = 6, nARTH = 9; MPEP

+GLU: nSHAM = 11, nARTH = 7; MTEP +GLU: nSHAM = 6, nARTH = 7. */+P< 0.05; **/++P< 0.01; ***/+++P< 0.001 (t-test with a Bonferroni

correction for multiple comparisons; */**/***represent the comparison of injection results with pre-injection (�5 min) value; +/++/+++represent the

comparison of time point values of SHAM vs. ARTH).
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ipsilateral joint of ARTH animals is significantly decreased

when compared to the contralateral knee joint of the

ARTH group and to the ipsilateral knee joint of SHAM

group (Fig. 7A).

Motor performance was not altered after drug microin-

jection in the IL. Locomotor performance was assessed

in the Rotarod test to evaluate potential motor effects

elicited by drug administration. The results obtained

show that although ARTH animals have a significantly

decreased latency to fall when compared to the SHAM

group (main effect of experimental group: F1,64 = 6.39,

P= 0.0140), none of the microinjected drugs had an

effect on motor performance of SHAM and ARTH rats at

the time points tested in the nociceptive assessment

(main effect of drug treatment: F7,64 = 0.10, P=

0.9980). This effect was independent of the

experimental group (interaction experimental

group � drug treatment: F7,64 = 0.12; Fig. 7B).

DISCUSSION

In the present work, we demonstrate for the first time that

administration of GLU to the IL induces prolonged

behavioral hyperalgesia. This effect is mediated by the

mGluR5, since IL administration of a selective mGluR5

agonist mimicked the behavioral pronociceptive effect

evoked by GLU in both SHAM and ARTH animals.

Moreover, previous administration of an antagonist of

mGluR5, but not mGluR1, in the IL was effective in

blocking the pronociceptive effect of GLU in both

experimental groups. The increase in withdrawal latency

(antinociception) observed after blocking IL mGluR5 in

ARTH animals only, suggests an increased tonic

activation of these receptors in chronic inflammation of

the joint.

The effect induced by activation of mGluR1 in the IL

was studied indirectly by IL co-administration of an

mGluR1/5 agonist and an mGluR5 antagonist. The

antinociceptive effect induced by this combination of

drugs in ARTH but not in SHAM animals suggests that

following the development of monoarthritis, the net

effect of the descending pathways recruited by mGluR1

is antinociceptive. It might be argued that the

antinociception induced by IL co-administration of the

mGluR1/5 agonist and mGluR5 antagonist in the ARTH

group was due to blocking of the mGluR5-driven

pronociceptive drive rather than activation of the

mGluR1; however, previous administration of an

mGluR1 antagonist blocked this antinociceptive effect,

indicating an activation of mGluR1 instead of the

inactivation of mGluR5. Additionally, the findings that IL

administration of an mGluR5 agonist alone had a

pronociceptive action whereas the mGluR1/5 agonist

alone failed to alter nociception, support the proposal

that mGluR1 in the IL of ARTH animals has indeed an

antinociceptive effect.

Technical considerations

In this work, we have chosen to evaluate heat-evoked

PWL, a test in which the baseline values of SHAM and

ARTH animals are similar (Fig. 4A), instead of

mechanical LWT, where ARTH animals have

significantly decreased values when compared to SHAM

(Fig. 7A). Our choice was based on the technical

differences between the PAM and the Hargreaves tests.

The PAM test requires not only that the animals are

heavily handled by the researcher during each

experimental session, but also that the knee joint is

noxiously stimulated twice at each time point before and

after drug administration. Thus, one test would imply the

affected joint to undergo 12 noxious stimulations in a

short period of time (60 min) which by itself might bias

the evaluation, as the mechanical hyperalgesia in K/C

model is use-dependent. By contrast, in the Hargreaves

test animals are placed in a compartment for the

duration of the experimental session (no handling is

involved) and the thermal stimulus is applied from

underneath the plantar surface of the hindpaw, thus

sparing the joint, but still activating ascending and

descending pain modulatory pathways. Therefore, we

are not showing a reversion of mechanical hyperalgesia

when treating ARTH animals, but that the IL promotes

descending facilitation both in health and in disease,

and that this effect is mediated by mGluR, mainly

mGluR5.

The opposing roles of the PL and IL in descending
modulation of nociception are associated to the
activation of different types of GLU receptors

The dorsal portion of the mPFC, that includes the ACC, is

among the most studied cortical areas in pain processing

(Apkarian et al., 2005; Tracey and Mantyh, 2007), but

only a few studies have been centered in the PL and IL

cortices in the rodent brain. So far, these areas have been

mostly implicated in the attentional and cognitive process-

ing of pain (Apkarian et al., 2005), but there is some evi-

dence that they actively modulate nociception. In fact,

reports show that sustained pain conditions lead to a

decrease of basal neuronal activity in the mPFC (Ji and

Neugebauer, 2011; Luongo et al., 2013). The behavioral

data of the present study shows that the PL and the IL

modulate nociception and that the blockade of these

regions with LIDO decreased PWL, suggesting a tonic

antinociceptive role in pain control.

Since the PL and the IL are adjacent to one another, it

could be argued that there is widespread diffusion of

drugs, resulting in a simultaneous activation/inactivation

of these areas due to drug spillage outside of the

targeted area of administration. However, GLU

administration to the PL and IL had opposite effects on

heat-evoked PWL, increasing and decreasing

withdrawal latencies, respectively. Interestingly, GLU in

the PL increased withdrawal latencies within 30–60 s, a

short onset of action typical of the activation of

ionotropic GLU receptors. Indeed, Millecamps et al.

(2007) reported that activation of NMDA receptors in PL

induced analgesia. By contrast, GLU in the IL decreased

PWL, but only 10–30 min after drug administration, a

response typically associated with the activation of

mGluRs. This hypothesis is supported firstly, by the

decrease in PWL observed after the IL microinjection of
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CHPG, an mGluR5 selective agonist, which mimicked the

effect of GLU in the IL; and secondly, by the lack of

changes in nociceptive behavior when GLU microinjection

was preceded by administration of MPEP or MTEP, two

different mGluR5 antagonists.

Interestingly, GLU and CHPG microinjection

decreased PWL similar to what observed after LIDO

microinjection. A potential explanation for this finding is

that the effect of mGluR5 activation triggers an inhibitory

mechanism, leading to suppression of neuronal

discharge in the IL. In line with this hypothesis, a recent

study by Pollard et al. (2014) has shown that mGluR5

activation leads to inhibition of neuronal activity in the ven-

tral mPFC by promoting feed-forward inhibition. However,

there are also contrasting reports that show mGluR5 acti-

vation in the ventral mPFC increases neuronal excitability

by reducing the release of presynaptic GABA (Kiritoshi

et al., 2013; Ji and Neugebauer, 2014). As a modulator

of neuronal excitability (Schoepp, 2001), mGluR5 activa-

tion/inactivation can affect several mechanisms, thus, fur-

ther studies are still needed to fully understand the

pathways underlying descending modulation of nocicep-

tion modulated by mGluR5 in the IL.

mGluRs mediate GLU-driven descending facilitation
from the IL

In the present work, IL administration of the selective

mGluR5 agonist CHPG as well as of exogenous GLU

induced delayed and long-lasting pronociceptive effects

that were identical in both SHAM and ARTH animals.

Although the mechanism driving this effect is not fully

understood, a study by Ji and Neugebauer (2014) showed

the administration of an mGluR5-positive allosteric modu-

lator (which increases receptor availability without activat-

ing it) increases background and evoked activity of IL

pyramidal cells in healthy animals. However, in animals

with sustained inflammatory pain, this facilitatory effect

was only observed following co-application of a CB1

receptor agonist with the mGluR5 allosteric modulator

(Ji and Neugebauer, 2014). This finding indicates that

sustained inflammatory pain promotes remodeling of sig-

naling pathways involving the IL and mGluRs. In line with

this evidence, we observed that MPEP or MTEP, both

mGluR5 antagonists, in the IL produced antinociception

only in ARTH animals, further suggesting that mGluR5

in the IL plays a role in tonic facilitation of nociception in

chronic inflammatory disorders. Other studies using ani-

mal models of inflammatory pain have reported antinoci-

ception (Hudson et al., 2002; Zhu et al., 2004) and

inhibition of spontaneous burst activity in the mPFC

(Houmayoun and Moghaddam, 2006) after systemic

administration of an mGluR5 antagonist. Together, the

effects observed after blocking mGluR5 suggest this

receptor plays an important role in the modulation of noci-

ceptive transmission in chronic inflammatory pain states.

Although we cannot directly compare the effect of system-

ically administrated drugs to the effect of local microinjec-

tions in a specific brain area, the present and earlier

results (Ji and Neugebauer, 2014) are in line with the pro-

posal that the mGluR5-mediated mechanisms in the IL

contribute to the descending control of nociception and

its modulation in inflammatory conditions.

Activation of mGluR1 with a combination of DHPG

and MPEP in the IL of SHAM animals had no effect

upon nociceptive behavior, while it increased heat-

evoked PWL (antinociception) in the ARTH group.

These results suggest that in experimental monoarthritis

a descending antinociceptive pathway can be activated

if mGluR1 in the IL are recruited. Yet, inactivation of

mGluR1 in the IL with antagonist LY367385 had no

effect on PWL of SHAM or ARTH animals, indicating

that mGluR1 are not tonically activated in the IL.

Interestingly, an earlier electrophysiological study

showed PL mGluR1 are important players in the

decrease of the spontaneous activity of PL neurons

caused by pain-induced hyperactivity of the amygdala in

sustained inflammatory conditions (Ji and Neugebauer,

2014). Overall, although we were able to evoke an

antinociceptive effect after the activation of mGluR1 in

the IL, the impact of this pathway toward nociception

remains unclear, since the blockade of mGluR1 had no

Fig. 7. (A) Evaluation of limb withdrawal threshold (LWT) in the pressure application measurement (PAM) 4 weeks after arthritis induction. The

LWT of ARTH (n= 7) animals was significantly decreased when compared to results of control SHAM (n= 8) animals (mechanical hyperalgesia).

(B) Drug effects on locomotion. Evaluation of performance in the rotarod test after drug injection in the infralimbic cortex (IL) of SHAM and ARTH

rats showed that none of the drugs had an effect on the latency to fall 10–30 min after administration in the IL. Data are presented as mean + SEM.
**P< 0.01; ***P < 0.001.
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effect upon nociceptive behavior and the pronociceptive

effect of mGluR5 prevailed in controls and animals with

experimental monoarthritis.

CONCLUSIONS

Drugs acting at mGluRs have more subtle effects on

glutamatergic transmission than agonists and

antagonists of ionotropic GLU receptors, as well as

fewer side effects on normal functions (Conn and Pin,

1997; Schoepp, 2001; Neugebauer, 2002). Hence, the

modulation of mGluRs allows a fine-tuning of cellular

responses to glutamatergic inputs. The results of this

study provide strong evidence the IL is involved in the

descending modulation of nociception and mGluRs, par-

ticularly mGluR5, might contribute to inflammatory

hyperalgesia.
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Abstract 

Metabotropic glutamate receptor 5 (mGluR5) partly mediates medial prefrontal cortex (mPFC) 

output and regulates its activity in pain. mGluR5 are present not only in neurons but also in 

astrocytes, whose relevance in chronic pain is becoming increasingly evident. Here the role of 

infralimbic cortex (IL) mGluR5 in the descending modulation of pain in healthy and monoarthritic 

rats was assessed, with special emphasis on the contribution of astrocytic mGluR5 towards this 

effect.  

Firstly, nociceptive behavior was assessed before and after intracerebral injection of drugs in the 

IL of healthy and monoarthritic rats. mGluR5 activation in healthy animals facilitated mechanical 

and thermal nociceptive behavior, but mGluR5 antagonist had no effect. In ARTH animals, mGluR5 

agonist produced thermal hyperalgesia and did not worsen the pre-existent primary mechanical 

hyperalgesia while mGluR5 antagonist induced thermal and mechanical antinociception. 

Secondly, the gliotoxin L-α aminoadipate (LαAA) was administered to both experimental groups in 

order to ablate astrocytic function in the IL. LαAA had no effect on the basal nociceptive behavior 

of animals. Identically, astrocytic ablation did not alter the behavioral effect of mGluR5 agonist. 

However, the antinociceptive effect of mGluR5 antagonist in ARTH animals’ mechanical and 

thermal nociceptive behavior was lost after astrocyte ablation.  

The results indicate mGluR5 in the IL facilitate nociception in healthy and monoarthritic animals. 

Moreover, tonic alterations in mGluR5 activity after experimental monoarthritis are partly dependent 

on astrocytic mGluR5. 

 

Keywords 

Infralimbic cortex; Metabotropic glutamate receptor 5; Experimental monoarthritis; Astrocytes; L-α 

aminoadipate. 
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 Introduction 

With the increasing need to understand the mechanisms leading to the development and 

establishment of chronic pain, the role of non-neuronal cell types, such as astrocytes, and their 

interactions between themselves and with neurons is beginning to be addressed. Being the most 

abundant cells in the central nervous system (CNS), astrocytes hold multiple roles as house-

keeping cells, regulating blood flow; maintaining fluid, ion, pH and transmitter homeostasis; and 

intervening in CNS metabolism1. Astrocytes are in a privileged position to contribute to the central 

mechanisms of pain modulation, as they form physically coupled networks with surrounding 

astrocytes through which intercellular transmission of Ca2+ signaling and exchange of cytosolic 

contents occurs2. Astrocytes are also an integral part of the “tripartite synapse”, playing a key role 

in the regulation of synaptic transmission and neuronal excitability3. 

In response to peripheral and CNS damage, spinal neurons release glutamate, activating local 

astrocytes and increasing the intercellular transmission of Ca2+ currents4. Activation of astrocytes 

leads to the release of several gliotransmitters, including several known pronociceptive mediators 

such as ATP, D-serine, cytokines, chemokines and glutamate, which in turn regulate neuronal 

activity5. Astrocyte activation in animal models of chronic pain occurs at late and prolonged stages 

of the disease, reflecting long duration pain responses6. Chronic astrocyte activation affects the 

function of glutamate regulatory transporters7, leading to an imbalance in glutamate uptake and an 

overall increase in excitatory synaptic transmission8–10, one of the hallmarks of chronic pain11. 

Intrathecal administration of pharmacological glial inhibitors, such as fluoroacetate or L-α-

aminoadipate (L-α-AA), blocks or attenuates hyperalgesia and/or allodynia in models of 

inflammatory12,13 and neuropathic pain14,15, further highlighting the importance of glial cells in 

development and maintenance of chronic pain. 

Metabotropic glutamate receptors type 5 (mGluR5) are one of the best studied glial receptors that 

play a regulatory role in synaptic transmission. Astrocytic mGluR5 detects and regulates 

glutamatergic transmission, leading to increased Ca2+ transmission in the astrocyte. This Ca2+ wave 

can affect local synaptic transmission or propagate through astrocytic junctions proportionally to 

the number of mGluR5 activated16. Interestingly, spinal mGluR5 and glial fibrillary acidic protein 

(GFAP, a marker of astrocytes) expression are upregulated in a model of bone cancer pain and 

intrathecal administration of an mGluR5 antagonist attenuates spontaneous pain, mechanical 

allodynia and thermal hyperalgesia, as well as reducing the pain-related spinal GFAP expression17. 
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Although spinal astrocytic activation in animals models of chronic pain is already under scrutiny, 

less in known about supraspinal mechanisms. Wei and colleagues found prolonged activation of 

astrocytes in the rostral ventromedial medulla (RVM) after chronic constriction injury (CCI) of the 

infraorbital nerve in rats18, indicating that glial-neuronal interactions contribute to the descending 

modulation of pain at the supraspinal level. Additionally, a recent study found increased expression 

of astrocytic mGluR5 in the somatosensory cortex I of rats with chronic neuropathic pain, which, 

when blocked, suppressed mechanical allodynia19. In previous works, we showed that prolonged 

monoarthritis leads to a tonic activation of mGluR5 in the infralimbic cortex (IL) of rats20. Here we 

tested if monoarthritis-induced tonic activation of mGluR5 in the IL is dependent on a neuronal or 

an astrocytic pathway. For this purpose, the effect of IL astrocyte ablation upon IL mGluR5-

mediated nociceptive behavior was evaluated in healthy and monoarthritic rats. 

 

Methods 

Animals, ethical issues and anesthetics 

The experiments were performed in adult Wistar Han male rats weighting 250-300g at the 

beginning of the experiment (Charles River, France). The experimental protocol was approved by 

the Institutional Ethical Commission and followed the European Community Council Directive 

2010/63/EU concerning the use of animals for scientific purposes. All efforts were made to 

minimize animal suffering and to use only the number of animals necessary to produce reliable 

scientific data. 

For all surgical procedures, anesthesia was induced through the intraperitoneal (i.p.) administration 

of a mixture of ketamine (0.75 mg/kg, i.p.; Imalgene, Merial Lyon, France) and medetomidine (0.5 

mg/kg, i.p.; Dorbene, Esteve Veterinaria, Léon, Spain). Anesthesia was reverted with atipamezole 

hydrochloride (1mg/kg, i.p.; Antisedan, Orion Pharma, Orion Corporation, Espoo, Finland) and the 

animals were monitored until fully recovered. After the completion of the behavioral tasks, animals 

received a lethal dose of pentobarbital and the brains were removed for histological confirmation 

of cannula placement and injection efficacy. 
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Induction of monoarthritis 

Induction of monoarthritis (ARTH) was performed 28 days before the beginning of the experiments, 

as described in detail elsewhere21. Briefly, 0.1mL of a solution of 3% kaolin and 3% carrageenan 

(Sigma-Aldrich, St. Louis, MO, USA) dissolved in sterile saline solution was injected intrasynoviallly 

in the right knee joint of ARTH rats. The same volume of sterile saline solution was injected in the 

right knee joints of SHAM animals. Mechanical hyperalgesia development is observable a few hours 

after surgery and can be observed up to 8 weeks22,23. ARTH development was verified 1–2h prior to 

each behavioral session in each animal. To be considered monoarthritic, rats had to vocalized 

audibly during each one of five consecutive flexion–extension movements of the knee joint 22. SHAM 

animals did not vocalize during any of the flexion–extension movements of the knee joint. 

 

Intracerebral cannula implantation 

For intracerebral drug administration, cannulas were implanted as described elsewhere24. Briefly, 

anesthetized rats were placed in a standard stereotaxic frame, where the skull was exposed and a 

craniotomy performed. A sterilized stainless-steel guide cannula (26 gauge; Plastics One, Roanoke, 

VA, USA) was implanted in the brain with the tip positioned 1mm above the right IL, [2.76mm 

frontal to bregma; 0.6mm lateral to midline; depth 4.2mm25 (Fig. 1A,C-G)], fixed to the skull with 

screws and dental acrylic cement and the skin sutured around it. To prevent contamination, a 

dummy cannula (Plastics One) was inserted into the guide cannula. 

 

Drugs 

As described in previous studies, (RS)-2-Chloro-5-hydroxyglycine (CHPG, 100nmol/µL; mGluR5 

agonist; Tocris, Bristol, United Kingdom) and 3-((2-Methyl-1,3-thiazol-4-yl)ethynyl)pyridine 

hydrochloride (MTEP, 50nmol/µL; mGluR5 antagonist, Tocris, Bristol, United Kingdom) solutions 

for intracerebral drug injection were prepared with sterilized saline solution 0.9% (B. Braun Oy, 

Espoo, Finland; pH 7,2)20. L-α-aminoadipate (LαAA, 25µg/µL; Sigma Aldrich) was prepared in 

phosphate buffer saline (PBS)14,26. 

A 33-gauge injection cannula (Plastics One) protruding 1mm beyond the tip of the guide cannula 

and connected to a 5.0μL Hamilton syringe by a polyethylene catheter (PE-10; Plastics One) was 
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used to inject drugs. The injection volume of LαAA was 2µL, delivered using an automated injector 

(0.5µL/min). The expected drug injection spread was of 2.4mm in diameter27. The injection volume 

of drugs for behavioral tests was 0.5µL, with an expected drug injection spread within the brain of 

1mm in diameter27. The efficacy of injection was monitored by noting the movement of a small air 

bubble through the tubing. The minimum duration for drug microinjection was of at least 20s and 

the injection cannula was left in place for an additional 30s to minimize drug solution return through 

the injection cannula. 

Alterations in nociceptive behavior were evaluated at fixed time points (Fig. 2) until the drug effect 

was no longer observed. The behavioral results presented are for the peak effect of drugs, which 

was determined to be 30min after drug injection. Control injections were performed with the vehicle 

solution.  

 

Behavioral assessment of nociception 

Hargreaves model 

Secondary heat hyperalgesia in unanesthetized animals was determined by measuring hind paw 

withdrawal latency (PWL) following radiant heat stimulation (Hargreaves test; Plantar Test Device 

Model 37370, Ugo Basile, Varese, Italy). In each behavioral session, PWL was assessed before 

and at fixed intervals following intracerebral drug administration (Fig. 2). At each time point, the 

measurements were repeated twice at an interval of 1min. The mean of these values was used in 

further calculations. To avoid any damage to the skin, the cut-off time for radiant-heat exposure 

was set at 15s. 

Pressure application measurement 

Primary mechanical nociception was evaluated using the pressure application measurement 

(PAM), which allows to accurately measure primary mechanical hyperalgesia by the application of 

a force range of 0-1500g on the knee joint28. To perform the test, the animal is held securely while 

the force transducer unit (fitted to the experimenter’s thumb) is placed on one side of the knee 

joint and the forefinger on the other. Increasing force is gradually applied across the joint until a 

behavioral response is observed (paw-withdrawal, vocalization, wriggling or vocalization), with a cut-

off of 5s. The peak force (in grams of force (gf)) applied immediately prior to the behavioral 

response is registered as the limb withdrawal threshold (LWT). To avoid excessive testing and 
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damage of the knee joint, in each behavioral session, LWT was measured before and at the time 

point of maximum drug effect determined during the Hargreaves test. At each time point, 

measurements were performed twice in both the ipsilateral and contralateral limbs at 1min 

intervals. The mean LWTs were calculated per animal. At the end of the session animals were 

returned to their home cage. 

 

Course of the behavioral study 

Rats were habituated to the experimental conditions by performing daily handling sessions with the 

experimenter and by allowing them to spend 1h daily in the testing room and apparatus during the 

week preceding any testing. Animals were sub-divided in 2 experimental groups: (i) animals tested 

in the Hargreaves test (nSHAM=12; nARTH=12) and (ii) animals tested with the PAM apparatus (nSHAM=8; 

nARTH=8). 3 weeks after ARTH induction, intracerebral cannulas were implanted in SHAM and ARTH 

animals. 1 week after guide cannula implantation, animals were habituated to the Hargreaves/PAM 

apparatus. 4 weeks after ARTH induction, astrocytic ablation was performed by administering LαAA 

or PBS through the guide cannula of all rats. The following day, changes in nociceptive behavior of 

animals after drug administration in the IL were determined by assessing PWL before and at the 

peak of drug action previously determined (30min) following the first drug administration for the 

Hargreaves and PAM tests. Nociceptive behavior was assessed after ablating astrocytes until a 

maximum of 7 days post-LαAA injection, after which animals received a lethal dose of 

pentobabitone, were intracardially perfused with 4% paraformaldehyde solution and the brains 

excised for posterior confirmation of cannula placement and LαAA efficacy (Fig. 1). Drug testing 

was randomized among animals. All animals were treated with all drug combinations. 

 

 Histology 

Coronal sections 50 µm thick were obtained from frozen brains in a cryostat (Leica CM1900). 

Sections were washed thrice in TBS and incubated in TBS-T with 10% goat serum (Thermofisher, 

USA) during 30min to block unspecific reactivity, after which they were incubated overnight with 

primary anti-glial fibrillary acidic protein (GFAP) antibody (mouse, 1:800; Sigma-Aldrich, St. Louis, 

MO, USA) in TBS-T with 4% goat serum. The following day sections were incubated with secondary 

anti-mouse antibody (1:1000; Sigma-Aldrich, St. Louis, MO, USA) in TBS-T for 2h at room 
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temperature, followed by DAPI (4′,6-Diamidine-2′-phenylindole dihydrochloride, 1:1000; Sigma-

Aldrich) for 10min. Slides were coverslip using Permafluor mounting media (Thermo Scientific 

Shandon; Fig. 1). 

 

Statistics 

Statistical analysis was performed using two-way analysis of variance (ANOVA) with repeated 

measures, followed by t-test with a Bonferroni correction for multiple comparison. Analysis was 

performed with SPSS software and graphs were built with GraphPad Prism 6 software (GraphPad 

Software Inc., La Jolla, CA, USA). p<0.05 was considered to represent a significant difference. Data 

are presented as mean ± standard error of the mean (SEM). 

 

Results 

Effect of astrocyte ablation on heat-evoked paw withdrawal latency in SHAM 

and ARTH animals 

To assess if IL mGluR5-mediated pronociception depends on astrocytic mGluR5, we studied the 

effects of mGluR5 activation/inactivation upon heat-evoked PWL before and after ablating 

astrocytes in the IL. LαAA administration does not alter baseline PWL (main effect of ablation: 

F1,174=0.023; p=0.881) independently of the experimental group (interaction of ablation vs. 

experimental group: F1,174=0.004; p=0.951). Vehicle administration in the IL does not alter PWL 

(main effect of drug: F1,61=2.636; p=0.110), independently of the experimental group tested 

(interaction of drug vs. experimental group: F1,61=0.340; p=0.562), astrocyte ablation (interaction 

of drug vs. ablation: F1,61=1.227; p=0.272) or the combination of both factors (interaction of drug 

vs. experimental group vs. ablation: F1,61=0.220; p=0.641; Fig. 2A). 

CHPG microinjection significantly decreases PWL (main effect of drug: F1,60=184,742; p<0.0001), 

independently of experimental group (interaction of drug vs. experimental group: F1,60=0.187; 

p=0.667), ablation (interaction drug vs. ablation: F1,60=0.095; p=0.759) or combination of both 

factors (interaction of drug vs. experimental group vs. ablation: F1,60=1,729; p=0.193). Post hoc 

tests show that 30min after CHPG administration PWL is significantly decreased in SHAM and 

ARTH animals and that astrocyte ablation does not alter mGluR5 pronociception (Fig. 2B). 
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Overall, MTEP administration does not significantly alter PWL (main effect of drug: F1,45=0,412; 

p=0.412). The effect of the experimental group alone is not significantly different (interaction of 

drug vs. experimental group: F1,45=3.135; p=0.083); however, astrocyte ablation significantly alters 

the effect of MTEP (interaction of drug vs. ablation: F1,45=7.393; p=0.009) in a way that is dependent 

of the experimental group (interaction of drug vs. experimental group vs. ablation: F1,45=9.084; 

p=0.004). Post hoc tests show that MTEP does not alter PWL in SHAM animals and is 

antinociceptive in ARTH animals. Moreover, astrocyte ablation results in the loss of MTEP 

antinociceptive effect in the ARTH group (Fig. 2C). 

 

Effect of astrocyte ablation on mechanical-evoked limb withdrawal threshold in SHAM 

and ARTH animals 

To assess if mGluR5 activation in the IL also elicits mechanical pronociception, and if the effect is 

dependent on astrocytic mGluR5, we studied the effects of mGluR5 activation/inactivation in LWT 

as measured by the PAM test before and after ablating astrocytes in the IL. 

The LWT of ARTH animals is significantly lower when compared to SHAM (main effect of group: 

F1,59=163.247; p<0.001), a behavioral correlate of monoarthritis. The administration of LαAA does 

not alter baseline values of neither experimental group (main effect of ablation: F1,59=0.115; 

p=0.736). 

Overall, CHPG significantly alters LWT (main effect of drug: F1,30=53.498; p<0.001). This effects 

depends on the experimental group tested (interation drug vs. experimental group: F1,30=20.980; 

p<0.001) but not on astrocyte ablation (interaction drug vs. ablation: F1,30=0.0003; p=0.986; 

interaction drug vs. experimental group vs. ablation: F1,30=0.881; p=0.355). Post hoc tests indicate 

that CHPG administration decreases the LWT of SHAM, but not of ARTH, animals, a result that is 

not altered by astrocyte ablation (Fig. 3A). 

MTEP administration significantly alters LWT (main effect of drug: F1,25=4.298; p=0.049), 

independently of the experimental group and astrocyte ablation (interaction of drug vs. 

experimental group: F1,25=2,189; p=0.152; interaction of drug vs. ablation: F1,25=1.722; p=0.201; 

interaction of drug vs. experimental group vs. ablation: F1,25=2.858; p=0.103). Post hoc tests 

indicate that MTEP has no effect upon LWT of SHAM animals; however, it increases LWT of ARTH 

animals to levels similar to those of animals without monoarthritis. Additionally, similarly to the 
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results in PWL measurements, astrocyte ablation impairs the effect of MTEP in ARTH animals (Fig. 

3B) 

 

Discussion 

In the present work, we demonstrate mGluR5 activation in the IL facilitates nociceptive responses 

in two modalities of peripheral noxious stimulation, thermal and mechanical, in healthy rats. 

mGluR5-mediated thermal pronociception is also present in animals with monoarthritis, although 

primary hyperalgesic behavior is not exacerbated by mGluR5 agonist. IL-mediated pronociception 

does not depend on astrocytic mGluR5, as pharmacological astrocyte ablation does not impair IL 

mGluR5-induced hyperalgesia. Previous results indicate tonic activation of IL mGluR5 occurs after 

4 weeks of monoarthritis20, a result we replicate in the present study. Additionally, we confirm that 

blocking IL mGluR5 in ARTH, but not SHAM, animals elicits behavioral antinociception not only in 

thermal, but also in mechanically evoked nociceptive behavior. Importantly, we demonstrate for 

the first time that astrocyte ablation results in loss of behavioral antinociception after IL mGluR5 

inhibition. This result suggests prolonged monoarthritis leads to tonic activation of astrocytic 

mGluR5, and IL astrocytes contribute to nociceptive changes in monoarthritis.  

In previous publications, we showed glutamate microinjected into the IL acts preferentially upon 

mGluRs instead of ionotropic receptors to facilitate nociceptive behavior in both SHAM and ARTH 

animals20. We also proposed monoarthritis leads to a tonic activation of mGluR5, which when 

blocked promotes analgesia. In the aforementioned work we studied only alterations in noxious 

heat-evoked behavior applied to non-inflamed skin, showing the IL descending contribution to pain 

modulation is altered by monoarthritis induction. In the present work, we have extended these 

results by evaluating IL mGluR5 impact upon mechanical noxious behavior in an area with 

heightened noxious inputs (primary hyperalgesia). IL mGluR5 contribution to pronociception is 

similar in the two different modalities of peripheral stimulation in healthy animals; however, 

mGluR5 activation does not worsen monoarthritis-induced mechanical hyperalgesia. In contrast to 

our results, Kiritoshi and colleagues described that enhancing IL mGluR5 signaling 5-6h after K/C 

monoarthritis induction reverses mechanical hyperalgesia in rats29. The different testing time points 

could account for the opposing results obtained. In fact, persistent inflammatory pain is 

characterized by time-dependent plastic changes at several levels of the ascending and descending 

nociceptive pathways. Behaviorally, induction of monoarthritis with the K/C model induces both 
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primary and secondary hyperalgesia in acute stage of inflammation, while only primary 

hyperalgesia remains in chronic stages22,30,31. These phenotypic alterations are related to molecular, 

morphological and functional changes in neuronal circuitries such as those occurring, for example, 

in the RVM (reviewed by Vanegas and Schaible, 200432), but also to time-dependent changes in the 

activation state of glial cells4,9.  

To study the role of astrocytes upon IL descending nociceptive modulatory effect we compare 

mGluR5 agonist/antagonist actions before and after astrocyte ablation. CHPG administration 

induces pronociception in both SHAM and ARTH animals, independently of whether astrocyte 

function is intact or not. These findings suggest that CHPG-induced pronociception is dependent 

on neuronal mGluR5. It is important to consider that LαAA at the concentration used in our study 

selectively ablates astrocytes, without affecting neurons, oligodendrocytes or microglia33,34. 

Therefore, it is possible that CHPG is also acting on microglial mGluR5. In vitro studies show 

microglia express mGluR5, and their activation reduces microglia-related neuroinflammation and 

toxicity35, but to the best of our knowledge there are no studies on microglial mGluR5 role in pain 

modulation. The pattern of microglial reactivity after chronic pain onset argue against the 

involvement of these cells in CHPG effect, as, overall, microglial proliferation is very marked in the 

first stages of chronic pain, but usually is not found for more than 3 days after inflammation 

onset9,36. Without further studies, however, it is impossible to rule out microglia involvement in 

mGluR5-mediated pronociception. 

On the other hand, ablation of IL astrocytes abolishes antinociception after mGluR5 inhibition in 

ARTH animals, suggesting chronic monoarthritis tonically activates mGluR5 specifically in 

astrocytes. Interestingly, astrogliosis is observed only a few days after inflammation onset, 

remaining for long periods, therefore being proposed to maintain long-term pathological states4,37,38. 

Increased astrogliosis is reported in the spinal cord, brainstem and forebrain of rats with chronic 

inflammatory pain39; particularly, increased GFAP expression occurs in the ACC 3 and 14 days after 

CFA, but not before33. One caveat for our hypothesis that astrocytic mGluR5 contributes to IL-

mediated antinociception is that despite being described as an important regulator of synaptic 

transmission, mGluR5 expression in astrocytes peaks during developmental stages and is 

drastically reduced in adulthood16. Nonetheless, a recent study describes that following peripheral 

neuropathic pain induction, GFAP expression increases in the rat somatosensory cortex; more 

importantly, it is accompanied by a reemergence of astrocytic mGluR5 spines, which when blocked 
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reverses mechanical allodynia19. The mechanism described in this study constitutes an interesting 

proposal to explain the involvement of astrocytic mGluR5 in the behavioral changes observed in 

our monoarthritic rats. Future studies will test this hypothesis. 

Finally, one interesting observation is that astrocyte ablation by itself does not alter nociceptive 

baselines in SHAM or ARTH animals. It is well established that inhibition of glial cells, either 

astrocytes or microglia, does not alter normal pain processing40. However, when administered in 

the spinal cord, pharmacological astrocyte inhibitors abolish nociceptive behaviors in animals with 

inflammatory12,13 and neuropathic pain14,15 and the same occurs when astrocytes are inhibited in the 

nociceptive modulatory RVM41. Considering this evidence, it seems that, in our study, IL astrocytes 

do not directly contribute to mechanical hyperalgesia in monoarthritis. On the other hand, the IL is 

proposed, in the majority of studies on its role in nociception, to modulate the cognitive and 

affective dimensions of pain. In fact, the IL is implicated in inflammatory pain-driven impairments 

in decision-making tasks42 and in the modulation of anxiety behaviors43, which are comorbidities 

associated with chronic pain22. It is possible that the IL is modulating cognitive/affective dimensions 

of pain as well as contributing to sensory-discriminative nociceptive modulation through mGluR5 

signaling. In line with this proposal, ablating astrocytes in the ACC, an area important for aversive-

like negative affect of pain44, does not affect CFA-related mechanical allodynia, but reverses pain 

avoidance behavior33. 

In conclusion, mGluR5 activation in the IL facilitates nociception in healthy and monoarthritic 

animals, highlighting the role of the IL in pain modulation. Additionally, tonic alterations in mGluR5 

activity after experimental monoarthritis are partly dependent on astrocytic mGluR5. Therefore, the 

present work adds to the growing evidence that glial cells, and more specifically astrocytes, give 

an important contribution towards chronic pain conditions. 
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Figures 

 

Figure 1 – Anatomical confirmation of L-α-aminoadipate (LαAA) efficacy. Representative 

micrographs of GFAP stained brain sections obtained 7 days post injection of LαAA (A) or PBS (B). 

* - glial scar from cannula placement; # - non-fluorescent halo representative of LαAA-induced 

astrocyte ablation. 
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Figure 2 – Effect of vehicle (VEH; A), mGlur5 activation with CHPG (B) and mGluR5 inhibition 

with MTEP (C) in the infralimbic cortex (IL) upon the heat-evoked paw withdrawal latencies (PWL) 

in control (SHAM) and arthritic (ARTH) rats before and after astrocyte ablation with L-α-

aminoadipate (LαAA). Graphs show means + SEM. **p<0.01; ***p<0.001. VEH/PBS: nSHAM=12; 

nARTH=15; VEH/ LαAA: nSHAM=20; nARTH=18; CHPG/PBS: nSHAM=9; nARTH=15; CHPG/ LαAA: nSHAM=18; 

nARTH=22; MTEP/PBS: nSHAM=11; nARTH=14; MTEP/ LαAA: nSHAM=12; nARTH=12. 
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Figure 3 – Effect of mGlur5 activation with CHPG (A) and mGluR5 inhibition with MTEP (B) in the 

infralimbic cortex (IL) upon the mechanical-evoked limb withdrawal threshold (LWT) in control 

(SHAM) and arthritic (ARTH) rats before and after astrocyte ablation with L-α-aminoadipate (LαAA). 

Graphs show means + SEM. **p<0.01; ***p<0.001. CHPG/PBS: nSHAM=8; nARTH=8; CHPG/ LαAA: 

nSHAM=8; nARTH=10; MTEP/PBS: nSHAM=4; nARTH=8; MTEP/ LαAA: nSHAM=8; nARTH=9. 
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15 Abstract—Metabotropic glutamate receptor 5 (mGluR5) acti-

vation in the infralimbic cortex (IL) induces pronociceptive

behavior in healthy and monoarthritic rats. Here we studied

whether the medullary dorsal reticular nucleus (DRt) and the

spinal TRPV1 are mediating the IL/mGluR5-induced spinal

pronociception and whether the facilitation of pain behavior

is correlated with changes in spinal dorsal horn neuron

activity. For drug administrations, all animals had a cannula

in the IL as well as a cannula in the DRt or an intrathecal

catheter. Heat-evoked paw withdrawal was used to assess

pain behavior in awake animals. Spontaneous and

heat-evoked discharge rates of single DRt neurons or spinal

dorsal horn wide-dynamic range (WDR) and nociceptive-

specific (NS) neurons were evaluated in lightly anesthetized

animals. Activation of the IL/mGluR5 facilitated nocicep-

tive behavior in both healthy and monoarthritic animals,

and this effect was blocked by lidocaine or GABA receptor

agonists in the DRt. IL/mGluR5 activation increased sponta-

neous and heat–evoked DRt discharge rates in healthy but

not monoarthritic rats. In the spinal dorsal horn, IL/mGluR5

activation increased spontaneous activity of WDR neurons

in healthy animals only, whereas heat-evoked responses

of WDR and NS neurons were increased in both experimen-

tal groups. Intrathecally administered TRPV1 antagonist

prevented the IL/mGluR5-induced pronociception in both

healthy and monoarthritic rats. The results suggest that

the DRt is involved in relaying the IL/mGluR5-induced spinal

pronociception in healthy control but not monoarthritic ani-

mals. Spinally, the IL/mGluR5-induced behavioral heat

hyperalgesia is mediated by TRPV1 and associated with

facilitated heat-evoked responses of WDR and NS neurons.

� 2017 IBRO. Published by Elsevier Ltd. All rights reserved.

Key words: infralimbic cortex, metabotropic glutamate recep-

tor 5, experimental monoarthritis, pronociception, dorsal ret-

icular nucleus, spinal TRPV1.
16

17INTRODUCTION

18Increased nociceptive sensitivity in chronic pain results

19from sensitization of peripheral and central pathways

20(Schaible et al., 2002). Central sensitization translates

21as hyperalgesia and allodynia resulting in hypersensitivity

22of nociceptive neurons to suprathreshold and previously

23subthreshold stimuli, respectively. Consequently, a pain

24facilitatory state arises due to changes in brain activity

25that can be detected through electrophysiological and

26imaging techniques (Apkarian, 2004; Metz et al., 2009;

27Woolf, 2011). These secondary neuroplastic changes,

28fundamental for the establishment and maintenance of

29chronic pain, occur throughout the pain matrix and range

30from frontal areas, such as the medial prefrontal cortex

31(mPFC), to caudal modulatory regions, such as the rostral

32ventromedial medulla (RVM) and the dorsal reticular

33nucleus (DRt) (Pertovaara et al., 1996; Ossipov et al.,

342000; Lima and Almeida, 2002; Heinricher et al., 2009;

35Baron et al., 2013).

36The DRt is a pain modulatory brain region better

37known for its facilitatory action (Almeida et al., 1996,

381999; Lima and Almeida, 2002; Martins et al., 2013).

39Electrolytic lesion or chemical block of the DRt increases

40tail-flick latency in healthy animals (Almeida et al., 1996)

41and decreases pain behavior in the formalin test

42(Almeida et al., 1999). DRt neurons receive afferent pro-

43jections from spinal neurons (Almeida et al., 1993,

442000) activated by noxious stimulation (Almeida and

45Lima, 1997; Dugast et al., 2003). Its receptive fields

46encompass the entire body surface and are activated

47exclusively or preferentially by noxious stimuli

http://dx.doi.org/10.1016/j.neuroscience.2017.02.046
0306-4522/� 2017 IBRO. Published by Elsevier Ltd. All rights reserved.
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agonist); CNS, central nervous system; DRt, dorsal reticular nucleus;
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48 (Villanueva et al., 1988, 1996). The DRt projects to sev-

49 eral brain areas implicated in pain processing and modu-

50 lation (Leite-Almeida et al., 2006) and also targets spinal

51 dorsal horn neurons located in laminae I and IV-VI

52 (Almeida et al., 1993, 2000; Tavares and Lima, 1994;

53 Villanueva et al., 1995). This descending pathway seems

54 to be directly involved in nociceptive facilitation in healthy

55 (Almeida et al., 1999; Zhang et al., 2005; Amorim et al.,

56 2015) and neuropathic animals (Sotgiu et al., 2008).

57 The DRt receives axonal projections from many brain

58 regions implicated in pain processing and modulation

59 (Almeida et al., 2002), including the infralimbic cortex

60 (IL), a region shown to induce heat hyperalgesia in

61 rodents after local activation of metabotropic glutamate

62 receptor 5 (mGluR5) (David-Pereira et al., 2016). Con-

63 versely, mGluR5 block in the IL leads to heat analgesia,

64 an effect observed only in rats with prolonged inflamma-

65 tory pain, suggesting that experimental monoarthritis

66 may lead to neuroplastic changes in the IL (David-

67 Pereira et al., 2016). However, not much is known about

68 the functional role of descending pathways between the IL

69 and various spinally-projecting pain modulatory regions/

70 relays, such as the DRt. In this work, electrophysiological

71 and behavioral techniques were used to study whether

72 the DRt is involved in relaying the descending pronocicep-

73 tive effect induced by activation of the mGluR5 in IL in

74 monoarthritic as well as healthy control animals.

75 We also attempted to assess which receptor mediates

76 the IL/mGluR5-induced descending pronociceptive effect

77 at the spinal cord level. In particular, we tested the

78 potential involvement of the pronociceptive transient

79 receptor potential cation channel subfamily V member 1

80 (TRPV1), best known for its important role in

81 transduction of noxious signals in the peripheral

82 terminals of primary afferent nociceptors (Caterina et al.,

83 2000). In the spinal dorsal horn, TRPV1 is expressed on

84 central terminals of nociceptive nerve fibers where it

85 amplifies transmission on excitatory interneurons, and

86 postsynaptically where it facilitates responses of pre-

87 sumed pain-relay neurons (Valtschanoff et al., 2001;

88 Zhou et al., 2009). Earlier, it has been shown that phar-

89 macological blocking of the spinal TRPV1 attenuates

90 pain-related behavior in various arthritis models (Cui

91 et al., 2006), but the role of spinal TRPV1 in descending

92 facilitation of nociception is not yet known. Here we

93 administered intrathecally a selective TRPV1 antagonist

94 to assess whether spinal TRPV1 is involved in mediating

95 the IL/mGluR5-induced descending pronociceptive effect

96 in monoarthritic and/or healthy control animals.

97 EXPERIMENTAL PROCEDURES

98 Animals, anesthetics and ethical issues

99 The experiments were performed in adult Wistar Han

100 male rats with 200–300 g (Envigo, Blackthorn, UK). The

101 experimental protocol was approved by the

102 Experimental Animal Ethics Committee of the Provincial

103 Government of Southern Finland (Hämeenlinna,

104 Finland; permission # ESAVI/7863/04.10.07/2013) and

105 followed the European Community Council Directive

106 2010/63/EU concerning the use of animals for scientific

107purposes. All efforts were made to minimize animal

108suffering and to use only the number of animals

109necessary to produce reliable scientific data.

110For all surgical and electrophysiological procedures,

111anesthesia was induced through the intraperitoneal (i.

112p.) administration of sodium pentobarbitone (60 mg/kg;

113Mebunat, OrionPharma, Espoo, Finland). Anesthesia

114level was assessed by observation of pupil size,

115general muscle tone and by assessing withdrawal

116responses to noxious pinching; anesthesia was

117maintained by administering additional doses of

118sodium pentobarbitone (15–20 mg/kg) as required.

119During the electrophysiological experiments, anesthesia

120was kept at a level at which no spontaneous

121movement of extremities was observed.

122When performing the surgical procedures for insertion

123of chronic guide cannulas and/or an intrathecal catheter,

124anesthesia was induced and maintained as described

125above. After completion of the surgical procedure,

126animals were monitored until they were fully recovered.

127To prevent post-operative pain, animals were treated

128subcutaneously with 0.01 mg/kg of buprenorphine

129(Temgesic, Reckitt Benckiser, Berkshire, UK) twice a

130day for 3 days, and were allowed to recover for at least

131a week before the beginning of the behavioral

132experiments.

133After the completion of the experiments, animals

134received a lethal dose of sodium pentobarbitone and the

135brains were removed for histological confirmation of

136cannula and/or electrode placement.

137Induction of monoarthritis

138Induction of monoarthritis (ARTH) was performed 28 days

139before the beginning of the experiments, as described in

140detail elsewhere (Pinto-Ribeiro et al., 2013). Briefly, 3%

141kaolin and 3% carrageenan (Sigma–Aldrich, St. Louis,

142MO, USA) were dissolved in distilled water and injected

143intrasynoviallly in the right knee joint at a volume of

1440.1 mL. Mechanical hyperalgesia begins development a

145few hours after surgery and can be observed up to

1468 weeks (Radhakrishnan et al., 2003; Amorim et al.,

1472014). ARTH development was verified 1–2 h prior to

148each behavioral/electrophysiological session in each ani-

149mal. Only rats that audibly vocalized during each one of

150the five flexion–extension movements of the knee joint

151were considered to be monoarthritic and included in the

152ARTH group (Amorim et al., 2014). Saline solution

153(0.1 mL) was injected intrasynovially in the right knee joint

154of control animals (SHAM). SHAM animals did not vocal-

155ize during any of the five consecutive flexion–extension

156movements of the knee joint.

157Procedures for intracerebral microinjections

158For intracerebral drug administration, cannulas were

159implanted as described elsewhere (Pinto-Ribeiro et al.,

1602011). Rats were placed in a standard stereotaxic frame,

161the skull was exposed, one or two holes drilled and ster-

162ilized stainless-steel guide cannulas (26 gauge; Plastics

163One, Roanoke, VA, USA) were implanted in the brain.

164The coordinates in this and other sections refer to the
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165 atlas of Paxinos and Watson (1986). The tip of the guide

166 cannula was positioned 1 mm above the right IL [2.76 mm

167 frontal to bregma; 0.6 mm lateral to midline; depth 4.2 mm

168 (Fig. 1A, C–G)] and the right DRt [�14.04 mm frontal to

169 bregma; 1.4 mm lateral to midline; depth 8.6 mm (Fig. 1B,

170 H–L)], fixed to the skull with screws and dental acrylic

171 cement, and the skin sutured around it. A dummy cannula

172 (Plastics One) was inserted into the guide cannula to pre-

173 vent contamination.

174 Test drugs were administered through a 33-gauge

175 injection cannula (Plastics One) protruding 1 mm

176 beyond the tip of the guide cannula and connected to a

177 5.0-lL Hamilton syringe by a polyethylene catheter (PE-

178 10; Plastics One). The injection volume was 0.5 lL, with
179 an expected drug injection spread within the brain of

180 1 mm in diameter (Myers, 1966). The efficacy of injection

181 was monitored by noting the movement of a small air bub-

182 ble through the tubing. The minimum duration for drug

183 microinjection was of at least 20 s and the injection can-

184 nula was left in place for an additional 30 s to minimize

185 drug solution return through the injection cannula.

186 Procedures for intrathecal injections

187 For spinal cord drug delivery at the lumbar level,

188 intrathecal (i.t.) catheters (Intramedic PE-10, Becton

189 Dickinson and Company, Sparks, MD, USA) were

190 implanted as originally described by Størkson and

191 colleagues (1996). The following day, the correct physio-

192 logical placement of the catheter was confirmed by

193 administering lidocaine (LIDO; 10 mL, 4%; OrionPharma,

194 Espoo, Finland) with a 50-mL Hamilton syringe (Hamilton

195 Company, Bonaduz, Switzerland). Only those rats that

196 presented no motor impairment before LIDO injection

197 but had bilateral paralysis of their hind limbs after i.t.

198 administration of LIDO were used in further studies. After

199 the test, animals where monitored until they regained

200 motor control of their hind limbs. When administering

201 the studied drugs i.t., the volume of drug injections was

202 10 mL.

203 Drugs

204 (RS)-2-chloro-5-hydroxyglycine (CHPG; mGluR5 agonist;

205 Tocris, Bristol, UK), 6-Methyl-2-(phenylethynyl)pyridine

206 (MPEP; mGluR5 antagonist; Tocris, Bristol, UK), 5-

207 aminomethyl-3-hydroxyisoxazole (Muscimol – MUSC;

208 GABAA receptor agonist; Tocris, Bristol, UK) and c-
209 aminobutyric acid (GABA, Tocris; Bristol, UK) solutions

210 for intracerebral drug injection were prepared with

211 sterilized saline solution 0.9% (B. Braun Oy, Espoo,

212 Finland; pH 7.2). (2E)-N-(2,3-Dihydro-1,4-benzodioxin-6-

213 yl)-3-[4-(1,1-dimethylethyl)phenyl]-2-propenamide (AMG

214 9810; TRPV1 antagonist; Tocris, Bristol, UK) was

215 dissolved in a solution of 5% ethanol + 5% Tween-80.

216 LIDO (4%) was acquired as a solution (Orion).

217 Previous studies showed that an intracerebral dose of

218 50 nmol of CHPG (Ansah et al., 2009; David-Pereira

219 et al., 2016) and 50 nmol of MPEP (David-Pereira et al.,

220 2016) are effective in activating/inhibiting mGluR5 in the

221 rat and that intracerebral doses of 30 ng of MUSC and

222 50 nmol of GABA were effective in activating GABA

223receptors (Frye et al., 1983; Lacerda et al., 2003). An

224intrathecal dose of at least 15 mg of AMG 9810 (AMG)

225was shown to reverse mechanical and thermal hyperalge-

226sia in a rat model of inflammatory pain (Yu et al., 2008).

227Alterations in nociceptive behavior were evaluated at

228fixed time points (Fig. 2) until the drug effect was no

229longer observed. The behavioral and electrophysiological

230results presented are for the peak effect of drugs, which

231was determined to be 30 min after drug injection. Control

232injections were performed with the respective vehicle

233(VEH) solutions.

234BEHAVIORAL ASSESSMENT OF NOCICEPTION

235Hargreaves model

236Rats were habituated to the experimental conditions by

237performing daily handling sessions with the

238experimenter and by allowing them to spend 1 h daily in

239the testing room and apparatus during the week

240preceding any testing. Nociception in unanesthetized

241animals was determined by measuring hind paw

242withdrawal latency (PWL) following radiant heat

243stimulation (Hargreaves test; Plantar Test Device Model

24437370, Ugo Basile, Varese, Italy). In each behavioral

245session, PWL was assessed before and at fixed

246intervals following intracerebral and/or i.t. drug

247administration (Fig. 2). At each time point, the

248measurements were repeated twice at an interval of

2491 min. The mean of these values was used in further

250calculations. To avoid any damage to the skin, the cut-

251off time for radiant-heat exposure was set at 15 s.

252Skin temperature

253The temperature of the hind paws was measured before

254each PWL measurement by placing a contact thermode

255on the plantar skin of each hind paw (Physitemp, Model

256BAT-12, Physitemp Instruments Inc., Clifton, NJ, USA).

257This measurement was performed to exclude a drug-

258induced change in the skin temperature as a

259confounding factor when assessing radiant heat-induced

260response latencies (Luukko et al., 1994).

261ELECTROPHYSIOLOGICAL RECORDINGS

262DRt recordings

263Single-unit recordings of DRt neurons were performed

264under sodium pentobarbitone anesthesia. Animals were

265breathing spontaneously and the body temperature was

266maintained within physiological range using a warming

267blanket.

268Animals were placed in a standard stereotaxic

269apparatus, the skull was exposed and holes were drilled

270to allow the placement of a guide cannula in the IL

271(2.76 mm frontal to bregma; 0.6 mm lateral to midline;

272depth 4.2 mm; Fig. 1A, C–G) and a recording electrode

273in the DRt (14.04 mm frontal to bregma; 1.4 mm lateral

274to midline; depth 8.6 mm; Fig. 1B, H–L). Single neuron

275activity was recorded with lacquer-coated tungsten

276electrodes (impedance 3–10 MX at 1KHz; FCH Inc.,

277Bowdoin, ME, USA).
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278 To search for DRt neurons, the response to a noxious

279 heat stimulus applied to the plantar skin of the right hind

280 paw was used (54 �C for 10 s; LTS-3 Stimulator,

281 Thermal Devices Inc., Golden Valley, MN, USA). A

282 piezoceramic movement detector (Siemens Elema Ab,

283 Solna, Sweden) was taped to the skin of a flexor muscle

284 in the hind limb to allow correlating the changes in the

285 activity of DRt cells with withdrawal responses.

286 The evaluation of the response of DRt cells to

287 peripheral noxious stimulation consisted of the following

288 assessments: (i) spontaneous activity (first 20 s of

289 recording without any stimulation); (ii) response to

290 noxious heating of the hind paw (10 s); and (iii) latency

291 of the heat-induced limb-reflex (time from the start of

292 the heat stimulus to the first movement of the hind limb).

293 The signals from the recordings were amplified and

294 filtered by using standard techniques. Data sampling

295 and spike sorting were performed with a computer

296 connected to a CED Micro 1401 interface and using

297Spike 2 software (Cambridge

298Electronic Design, Cambridge, UK).

299Multiple spikes were isolated based

300on spike shape parameters from the

301neuronal signals using the spike

302shape template functions in Spike2.

303To ensure the same neurons were

304evaluated before and after drug

305injection, the template generated in

306the first recording was used for

307spike sorting in all consecutive

308recordings.

309Latency of DRt neuronal response
310to electric stimulation in the IL

311To have an estimate of the time that it

312takes from activation of the IL to the

313activation of the DRt, the latency of

314DRt neuron response to electric

315stimulation of the IL was determined

316in two healthy control animals. For

317this purpose, recording and

318characterization of DRt neurons was

319performed as described in the

320above section. Additionally, a

321concentric bipolar stimulation

322electrode (SS80SNE-100,

323MicroProbes, Gaithesburg, MD,

324USA) was positioned in the right IL

325(2.76 mm frontal to bregma; 0.6 mm

326lateral to midline; depth 5.0 mm).

327After finding a neuron in the DRt

328that gave an excitatory response to

329noxious heat stimulation, single

330electrical stimuli (square pulses of

3310.3-ms duration) were delivered in

332the IL using a constant-current

333stimulator (PSIU6 and Grass S88,

334Grass Instruments, Quincy, MA,

335USA). For assessment of latency

336and latency variation, a series of 10

337stimuli at the intensity of 10.0 mA

338(real stimulus) or 0.0 mA (fake

339stimulus) were delivered consecutively at 2-s intervals.

340Peristimulus time histograms (PSTHs) were constructed

341from successive stimulation trials with 2-ms bins

342separately in the real and fake stimulus condition.

343PSTHs were normalized to give firing probability

344(spikes/bin). Based on earlier studies on corticofugal

345neurons, response of the DRt neurons was classified as

346a short latency response if the first impulse evoked by a

347real stimulus occurred in �20% of cases within 20 ms

348(Doig et al., 2014). In the present study, however, time

349window 0 ms – 9.5 ms could not be analyzed due to stim-

350ulus artifact produced by the currently used high stimulus

351intensity. Therefore, the response occurring between

3529.5 ms and 20 ms was considered a short latency

353response in this study. Another criterion for possibly

354monosynaptic short latency response was that within

35520 ms there was a histogram peak that had >3 standard

Fig. 1. Anatomical confirmation of drug injection and neuronal recordings. (A) Photomicrograph of

an example of the cannula placement in the infralimbic cortex (IL) of the rat brain (AP: +3.72 mm

from bregma) superimposed with the appropriate legend from Paxinos and Watson (2007)

stereotaxic atlas. (B) Photomicrograph of an example of the recording site in the medullary dorsal

reticular (DRt) of the rat brain (AP: �13.92 mm from bregma) superimposed with the appropriate

legend from Paxinos and Watson (2007) stereotaxic atlas. (C-G) Schematic representation of

other injection sites in the IL (C: +3.72 mm, D: +3.24 mm, E: +3.00 mm, F: +2.76 mm; G:

+2.52 mm) in SHAM (black) and ARTH animals (gray). (H-L) Schematic representation of other

injection (circles) or recording (triangles) sites in the DRt (H: �13.92 mm, I: �14.04 mm, J:

�14.16 mm, K: �14.28 mm; L: �14.40 mm) in SHAM (black) and ARTH animals (gray). DRt –

medullary dorsal reticular nucleus; IL – infralimbic cortex; IRt – intermediate reticular nucleus; MdV

– medullary ventral reticular nucleus; PL – prelimbic cortex; Sol – nucleus of the solitary tract.
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356 deviations higher firing probability in the real than the cor-

357 responding fake stimulus condition (Doig et al., 2014).

358 Spinal dorsal horn neuron recordings

359 Single-unit recordings of spinal dorsal horn neurons were

360 performed under sodium pentobarbitone anesthesia.

361 Animals were breathing spontaneously and the body

362 temperature was maintained within physiological range

363 using a warming blanket.

364 With the animal deeply anesthetized, a laminectomy

365 was performed at the level of the T12–L2 vertebrae to

366 expose the L4-L6 segments of the spinal cord. The dura

367 was cut and a pool of skin formed and filled with warm

368 mineral oil (Mineral Oil, Sigma–Aldrich Finland, Helsinki,

369 Finland) to prevent dehydration. The animal was placed

370 in a standard stereotaxic frame and two spinal clamps,

371 one rostral and one distal to the laminectomy, were

372 used to stabilize the preparation. Single neuron activity

373 was recorded as previously described using lacquer-

374 coated tungsten electrodes (Viisanen et al., 2012).

375 To search for spinal dorsal horn neurons, a

376 mechanical innocuous stimulus was applied with a

377 brush on the plantar skin of the ipsilateral hind paw

378 (brushing), followed by noxious heat stimulation of the

379 plantar skin of the right hind paw (54 �C for 10 s; LTS-3

380 Stimulator, Thermal Devices Inc., Golden Valley, MN,

381 USA). If the neurons responded to both innocuous

382 brush and noxious heat stimulation, the cell was

383 classified as wide-dynamic range (WDR) neuron; if the

384 neuron responded to the noxious thermal stimulation but

385 failed to respond to the innocuous brushing, it was

386 classified as a nociceptive-specific (NS) neuron (Willis

387 and Coggeshall, 2004). Neurons that responded exclu-

388 sively to innocuous stimuli were not further considered

389 in this study. Only neurons that were considered to be

390in the spinal dorsal horn according to the recording depth

391from the cord surface (<1000 lm) were further analyzed.

392The evaluation of the response of spinal dorsal horn

393cells to peripheral noxious stimulation consisted of the

394following assessments: (i) spontaneous activity (first

39520 s of recording without any stimulation) and (ii)

396response to noxious heating of the hind paw (10 s).

397The signals from the recordings were amplified and

398processed as described in the previous section, using a

399computer connected to a CED Micro 1401 interface and

400using Spike 2 software (Cambridge Electronic Design,

401Cambridge, UK).

402Course of the behavioral study

403Animals used in the behavioral studies were sub-divided

404in two experimental groups: (i) animals with intracerebral

405cannulas in the IL and in the DRt (nSHAM = 14;

406nARTH = 15), and (ii) animals with an intracerebral

407cannula in the IL and an i.t. catheter (nSHAM = 8;

408nARTH = 7). Three weeks after ARTH induction and at

409least one week after guide cannula/i.t. catheter

410implantation, animals were habituated to the Hargreaves

411test apparatus as described previously. Four weeks

412after ARTH induction, changes in nociceptive behavior

413of unanesthetized animals after drug administration in

414the IL and DRt/spinal cord (5 min between each

415administration) were determined (Fig. 2A) by assessing

416PWL before and 10, 20, 30, 40 and 50 min following the

417first drug administration. Additionally, at these time

418points the temperature of the hind paw plantar skin was

419also assessed (Fig. 2B). Drug testing was randomized

420among animals. The interval between behavioral

421assessments in each rat was of at least three days. All

422animals were treated with all drug combinations.

Fig. 2. Schematic representation of the experimental design timeline. (A) Rats were habituated to the laboratory and the experimenter for 5 days.

After habituation, animals belonging to the monoarthritic (ARTH) group received an intra-synovial injection of 3% kaolin/carrageenan while control

(SHAM) animals received an intra-synovial injection of saline solution. Two weeks after experimental monoarthritis induction, animals were

implanted with a guide cannula in the infralimbic cortex (IL). After recovery (one week), rats were trained in the paw-withdrawal apparatus. (B)

Behavioral testing was performed at the same time points for all the drug combinations. DRt/i.t. drug administration was performed 5 min before IL

microinjection. (C) Electrophysiological recordings were performed at the same time points for all the drugs. DRt – dorsal reticular nucleus; IL –

infralimbic cortex; i.t. – intrathecal; min – minutes; W0-4 – weeks 0 to 4.
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423 COURSE OF THE ELECTROPHYSIOLOGICAL
424 STUDY

425 DRt neuron recordings

426 Electrophysiological recordings of DRt cells were

427 performed 4 weeks after ARTH induction (nSHAM = 7;

428 nARTH = 7). Pharmacological manipulations started after

429 the spontaneous and noxious heat-evoked activity of

430 responding cells had been recorded. In a single session,

431 one to five neurons could be recorded simultaneously.

432 The same cells were recorded throughout the whole

433 session unless the neuron stopped responding for more

434 than one hour, in which case another recording site was

435 searched (Fig. 2C). In each session, a microinjection of

436 SAL, CHPG or MPEP were administered at an interval

437 of 1.5 h between injections. In general, one or two

438 recording sessions were performed in each animal. At

439 the end of the electrophysiological session, an

440 electrolytic lesion was made in the last recording site to

441 allow posterior confirmation of the recording site(s).

442 Latency of the DRt response to electric IL stimulation

443 The latency to response of DRt neurons to electric IL

444 stimulation was measured in a separate experiment

445 using two healthy control rats. Only one DRt neuron

446 giving an excitatory response to noxious heat was

447 tested in each animal. After completing the recording

448 session, the animal was euthanized and the recording/

449 stimulation sites were determined as described above.

450 Spinal dorsal horn neuron recordings

451 Electrophysiological recordings of spinal dorsal horn

452 neurons were performed four weeks after ARTH

453 induction (nSHAM = 7; nARTH = 8). Pharmacological

454 manipulations started after the neuron was classified as

455 a WDR or NS cell and its spontaneous and noxious

456 heat-evoked activity had been recorded in a baseline

457 condition (i.e., before drug injection; Fig. 2C). In a single

458 session, one to three neurons could be recorded

459 simultaneously. The same cells were recorded

460 throughout the whole session unless the neuron

461 stopped responding for more than one hour, in which

462 case another recording site was searched. In each

463 session, the interval between IL microinjections of SAL

464 and CHPG was 1.5 h. In general, one or two recording

465 sessions were performed in each animal. Recording

466 sites within the spinal dorsal horn were estimated based

467 on the depth from the cord surface.

468 Statistics

469 Statistical analyses were performed using a two-way

470 analysis of variance (ANOVA) followed by t-test with a

471 Bonferroni correction for multiple comparison, except for

472 comparisons between two groups, which were made

473 using Student t-test. Analyses were performed with

474 GraphPad Prism 6 software (GraphPad Software Inc.,

475 La Jolla, CA, USA), and p < 0.05 was considered to

476 represent a significant difference. Data are presented as

477 mean ± standard error of the mean (SEM). Both

478behavioral and electrophysiological data are presented

479as the difference (D) between values measured 30 min

480after drug administration and values measured before

481injection.
482

D ¼ 30 min� ðbaselineÞ 484484

485RESULTS

486Blocking the DRt prevents heat hyperalgesia after IL/
487mGluR5 activation in both SHAM and ARTH animals

488The effect of CHPG, an mGluR5 agonist, in the IL, was

489assessed in both SHAM and ARTH animals, while the

490DRt and the descending pathway relaying through it

491were blocked through the local microinjection of LIDO,

492MUSC or GABA. Baseline PWLs before drug injections

493were not significantly different between ARTH and

494SHAM groups (t173 = 1.111, p= 0.268; Fig. 3D).

495Overall, LIDO microinjection altered PWL (effect of drug

496microinjection: F3,89 = 42.34, p< 0.0001), independent

497of the experimental group (interaction of drug

498administration vs experimental group: F3,89 = 0.171,

499p= 0.915). Post hoc tests indicate that administration

500of CHPG alone in the IL decreased PWL, LIDO alone in

501the DRt increased PWL, whereas the combination of

502CHPG in the IL and LIDO in the DRt did not alter PWL

503of SHAM or ARTH animals (Fig. 3A). Selectively

504blocking DRt neuronal activity with MUSC and GABA

505administration held results similar to the general

506inhibition with LIDO: drug microinjection altered PWL

507(effect of MUSC microinjection: F3,104 = 39.89,

508p< 0.0001; effect of GABA microinjection:

509F3,101 = 40.09, p< 0.0001), independent of the

510experimental group tested (effect of MUSC

511microinjection: F3,104 = 0.311, p= 0.817; effect of

512GABA microinjection: F3,101 = 0.165, p= 0.920). Post
513hoc tests indicate that the combination of CHPG in the

514IL and MUSC (Fig. 3B) or GABA (Fig. 3C) in the DRt did

515not alter the PWL of SHAM or ARTH animals.

516The temperature of the plantar skin was not affected

517by drug administrations (effect of drug microinjection:

518F7,99 = 1.213, p= 0.303), independent of the

519experimental group (interaction of drug administration vs
520experimental group: F7,99 = 0.334, p= 0.937; Fig. 3E).

521mGluR5 activation in the IL increases spontaneous
522and evoked activity of DRt neurons in SHAM, but not
523in ARTH animals

524In general, DRt neurons were spontaneously active and

525their receptive fields covered large areas of the body

526including the right sided hind limb and the tail.

527Receptive field stimulation with a noxious thermal

528stimulus but not innocuous brushing of the skin

529produced an excitatory response in DRt neurons

530(Fig. 4A).

531The activity of nociceptive DRt cells was recorded

532before and after the administration of CHPG in the IL. In

533ARTH animals, the baseline spontaneous activity of DRt

534neurons before drug administrations was significantly

535higher than in SHAM animals (t77 = 2.156, p= 0.034;
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536 Fig. 4B), whereas there were no differences in the heat-

537 evoked baseline responses between SHAM and ARTH

538 animals (t89 = 0.1085, p= 0.914; Fig. 4C).

539 Administration of CHPG in the IL significantly changed

540 the spontaneous activity of DRt neurons (effect of drug

541 administration: F1,69 = 11.08, p= 0.001); this effect

542 varied with the experimental group (interaction between

543 drug administration and experimental group:

544 F1,69 = 4.258, p= 0.043). Post hoc tests show CHPG

545 increased the spontaneous activity of DRt neurons in

546 SHAM but not ARTH animals, while VEH administration

547 did not alter spontaneous activity of DRt neurons in any

548 of the experimental groups (Fig. 4D).

549 CHPG administration significantly altered heat-

550 evoked DRt responses (effect of drug administration:

551 F1,71 = 10.48, p= 0.002) and this effect varied with the

552 experimental group (interaction between drug

553 administration and experimental group: F1,71 = 6.293,

554 p= 0.014). Similarly to what was observed for the

555 spontaneous activity, post hoc tests showed that the

556 heat-evoked DRt neuronal discharge increased in

557SHAM but not ARTH animals after IL administration of

558CHPG (Fig. 4E).

559Administration of MPEP in the IL had no effect upon

560the spontaneous and evoked activity of DRt neurons

561(effect of drug administration upon spontaneous activity:

562F1,49 = 1.541, p= 0.22; effect of drug administration

563upon evoked activity: F1,47 = 0.352; p= 0.56),

564independent of the experimental group (interaction

565between drug administration and experimental group for

566spontaneous activity: F1,49 = 0.992, p= 0.32;

567interaction between drug administration and

568experimental group for evoked activity: F1,47 = 0.599,

569p= 0.44; Fig. 4F, G).

570The time spent between the beginning of the noxious

571heat stimulus and observing a change in neuronal activity

572was not significantly altered by CHPG administration

573(effect of drug administration: F2,36 = 2.604, p= 0.088),

574and was independent of the experimental group

575(interaction between drug administration and

576experimental group: F2,36 = 0.011, p= 0.989).

577However, DRt neurons in ARTH animals had a

Fig. 3. (A-C) Paw withdrawal latency (PWL) variation 30 min after drug microinjection into the infralimbic cortex (IL) and dorsal reticular nucleus

(DRt) of SHAM and ARTH animals. Effects of vehicle (VEH) in the IL and in the DRt; CHPG (mGluR5 agonist) in the IL and VEH in the DRt; VEH in

the IL and lidocaine (LIDO)/muscimol (MUSC)/GABA in the DRt; and CHPG in the IL and LIDO/MUSC/GABA in the DRt. (D) PWL before drug

microinjection in the IL and DRt in control (SHAM) and arthritic (ARTH) groups. (E) Skin temperature (�C) variation 30 min after drug injection into

the IL and DRt of SHAM and ARTH animals. D – (PWL30 min)-(PWL-5 min). Graphs A, B, C and E show D mean + SEM; graph D shows mean

+ SEM. *p< 0.05; **p< 0.01; ***p< 0.001. (VEH/VEH: nSHAM = 20; nARTH = 19; CHPG/VEH: nSHAM = 18; nARTH = 15; VEH/LIDO: nSHAM = 6;

nARTH = 6; CHPG/LIDO: nSHAM = 6; nARTH = 7; VEH/MUSC: nSHAM = 10; nARTH = 10; CHPG/MUSC: nSHAM = 10; nARTH = 10; VEH/GABA:

nSHAM = 9; nARTH = 9; CHPG/GABA: nSHAM = 7; nARTH = 12).
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578 significantly shorter latency to the onset of the heat-

579 evoked response than DRt neurons in SHAM animals

580 (effect of experimental group: F1,36 = 4.966, p= 0.032;

581 Fig. 4H).

582 Response latency of DRt neurons to electrical
583 activation of the IL

584 Recordings of two nociceptive DRt neurons in two healthy

585 control animals indicated that the median latencies of the

586 first impulse followed by electric stimulation of IL were

587 14 ms (interquartile range: 12–65 ms) and 15 ms

588 (14–34 ms), whereas the corresponding median

589 latencies followed by fake stimulation of IL were 663 ms

590 (160–1387 ms) and 650 ms (165–864 ms). Within 20 ms

591 from the real IL stimulus, the firing probability was >3

592 SDs higher than within the same time window after the

593 fake IL stimulus (Fig. 5).

594 MGLUR5 ACTIVATION IN THE IL INCREASES
595 DISCHARGE RATES OF SPINAL DORSAL
596 HORN NEURONS IN BOTH SHAM AND ARTH
597 ANIMALS

598 Wide-dynamic range (WDR) neurons

599 Recordings of the studied WDR neurons were performed

600 in the deep spinal dorsal horn as indicated by the

601 recording depth that varied from 500 to 1000 mm from

602 the cord surface. The receptive fields of the studied

603 neurons covered the plantar skin of the hind paw and

604some surrounding areas (e.g. partial/complete toes or

605heel; Fig. 6A).

606The baseline spontaneous activity of spinal WDR

607neurons before drug administration was higher in the

608ARTH than SHAM group (t39 = 2.505, p= 0.017;

609Fig. 6B). Drug administration in the IL had no significant

610overall effect on the spontaneous activity of WDR

611neurons (effect of drug administration: F1,47 = 1.280,

612p= 0.264). However, the drug effect varied with the

613experimental group (interaction between drug

614administration and experimental group: F1,47 = 4.271,

615p= 0.044). Post hoc tests showed the spontaneous

616activity of WDR neurons in SHAM animals was

617increased after CHPG administration, while in ARTH

618animals no drug-induced changes of spontaneous

619activity were observed (Fig. 6C).

620Drug administration in the IL altered the heat-evoked

621response of spinal WDR neurons (effect of drug

622administration: F1,43 = 16.61, p= 0.0002), independent

623of the experimental group (interaction between drug

624administration and experimental group: F1,43 = 0.1525,

625p= 0.698). Post hoc tests show that the heat-evoked

626responses of spinal WDR neurons both in SHAM and

627ARTH groups were significantly increased after IL

628administration of CHPG and that in the SHAM group the

629increase of the heat-evoked response was significantly

630higher than in the ARTH group (Fig. 6D).

631Nociceptive specific (NS) neurons

632Recordings of the studied NS neurons were performed in

633the superficial spinal dorsal horn as indicated by the
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Fig. 4. Effect of mGluR5 activation/inactivation in the infralimbic cortex (IL) upon the spontaneous and heat-evoked activity of dorsal reticular

nucleus (DRt) cells. (A) Example of an original recording of a DRt neuron in response to noxious heating of the right hind paw. a – raw data of

neuronal responses; b – peristimulus time histogram showing the discharge of a DRt neuron; c – heat stimulus that starts from the baseline

temperature of 37 �C and peaks at 54 �C; d – movement detection of a flexor muscle in the hind limb during hind paw heat stimulation. (B)

Spontaneous activity of DRt neurons in healthy (SHAM) and arthritic (ARTH) animals. (C) Evoked activity of DRt neurons in healthy and arthritic

animals. (D) Effect of IL CHPG administration upon the spontaneous activity of DRt neurons in SHAM and ARTH animals. (E) Effect of IL CHPG

administration upon the noxious heat-evoked activity of DRt neurons in SHAM and ARTH animals. (F) Effect of IL MPEP administration upon the

spontaneous activity of DRt neurons in SHAM and ARTH animals. (G) Effect of IL MPEP administration upon the noxious heat-evoked activity of

DRt neurons in SHAM and ARTH animals. (H) Latency from the beginning of stimulation to cell/muscle response to stimulation. VEH – vehicle;

CHPG – mGluR5 agonist; MPEP – mGuR5 antagonist; D – (activity 30 min) � (activity-5 min). Graphs B, C and F show mean + SEM; graphs D-G

show D mean + SEM. *p< 0.05; **p< 0.01; ***p< 0.001. (VEH: nSHAM = 15, nARTH = 20; CHPG: nSHAM = 19, nARTH = 22; MPEP: nSHAM = 8,

nARTH = 10).
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634 recording depth that varied from 50 to 250 mm from the

635 cord surface. The receptive fields of the studied neurons

636covered the plantar skin of the hind paw and some

637surrounding areas (e.g. partial/complete toes or heel;

638Fig. 6E).

639Baseline spontaneous activity of spinal NS neurons

640was higher in the ARTH than the SHAM group

641(t31 = 3.881, p= 0.0005; Fig. 6F). Drug administration

642in the IL had no significant effect on the spontaneous

643activity of spinal NS neurons (effect of drug

644administration: F1,20 = 0.602, p= 0.467), independent

645of the experimental group (interaction between drug

646administration and experimental group: F1,20 = 0.009,

647p= 0.928; Fig. 6G).

648In contrast to spontaneous activity, heat-evoked

649responses of spinal NS neurons were significantly

650altered after CHPG microinjection in the IL (effect of

651drug administration: F1,23 = 9.496, p= 0.005). This

652effect did not vary with the experimental group

653(interaction between drug administration and

654experimental group: F1,23 = 0.531, p= 0.474; Fig. 6H).

655Behavioral hyperalgesia after IL/mGluR5 activation is
656mediated by spinal TRPV1

657Baseline PWLs were not significantly different between

658SHAM and ARTH animals before i.t. administration of

659AMG, a TRPV1 antagonist (t52 = 1.320, p= 0.193;

660Fig. 7A).

661When studying the role of spinal TRPV1 in IL-

662mediated pronociception, there was an overall change in

663PWL after drug administration (effect of drug

664microinjection: F3,46 = 16.33, p< 0.0001), independent

665of the experimental group (interaction between drug

666administration and experimental group: F3,46 = 0.039,

667p= 0.990). Post hoc analysis showed CHPG in the IL

668significantly decreased PWL both in SHAM and ARTH

669animals. I.t. AMG alone had no significant influence on

670PWL in either the SHAM or ARTH group, while AMG

671blocked pronociception induced by IL administration of

672CHPG (Fig. 7B). Paw skin temperature was not altered

673by drug administrations (effect of drug microinjection:

674F3,36 = 0.154, p= 0.926) in any of the experimental

675groups (interaction between drug administration and

676experimental group: F3,36 = 0.425, p= 0.737; Fig. 7C).

677DISCUSSION

678In this work, we confirmed that mGluR5 activation in the IL

679by intracortical microinjection of CHPG enhances

680behavioral hyperalgesia and spinal neuronal activity in

681healthy (SHAM) and monoarthritic (ARTH) rats.

682Moreover, we showed for the first time that the

683medullary DRt is a relay nucleus for the IL/mGluR5-

684induced descending pronociceptive effect in healthy

685animals, but not in monoarthritic rats. The IL/mGluR5-

686induced behavioral hyperalgesia to heat was

687accompanied by facilitation of heat-evoked responses of

688spinal dorsal horn WDR and NS neurons in both

689experimental groups. Interestingly, pharmacological

690inhibition of spinal TRPV1 prevented the IL/mGluR5-

691induced hyperalgesia in both SHAM and ARTH groups

692suggesting that spinal TRPV1 is mediating the

693descending pronociceptive effect.
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Fig. 5. Recording responses of a nociceptive dorsal reticular nucleus

(DRt) neuron to electric stimulation of the infralimbic cortex (IL). (A, I)

Ten consecutive superimposed responses to single pulse IL stimuli

(0.3 ms, 10 mA, 0.5 Hz). The arrow indicates the electric stimulus that

is followed by a stimulus-evoked noise signal lasting 9.5 ms. The

horizontal calibration bars represents 17 ms. (A, II) The shape of the

single action potential recorded in the DRt, and its template (dotted

lines). (B) Raster plot of DRt neuron spiking following 10 consecutive

real (10 mA) or fake (0 mA) IL stimulations. Responses following real

IL stimulations are shown to the right from the midline, and responses

to the fake IL stimulations are shown to the left from the midline. (C)

Poststimulus time histograms of 10 repeated real (to the right from

the midline) vs fake (to the left from the midline) IL stimulations. Bin

width: 2 ms.
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Fig. 6. Effect of mGluR5 activation in the infralimbic cortex (IL) upon the spontaneous and heat-evoked activity of L4-L6 spinal dorsal horn

nociceptive neurons. (A) Example of an original recording of a wide-dynamic range (WDR) neuron in response to noxious heating of the right hind

paw. a – raw data of neuronal responses; b – peristimulus time histogram showing the discharge of a spinal dorsal horn neuron; c – heat stimulus

that starts from the baseline temperature of 37 �C and peaks at 54 �C. (B) Spontaneous activity of WDR neurons in control (SHAM) and arthritic

(ARTH) animals. (C) Effect of IL drug administration upon the spontaneous activity of spinal WDR neurons in SHAM and ARTH animals. (D) Effect

of IL drug administration upon the noxious heat-evoked activity of spinal WDR neurons in SHAM and ARTH animals. (E) Example of an original

recording of a nociceptive specific (NS) neuron in response to noxious heating of the right hind paw. a – raw data of neuronal responses; b –

peristimulus time histogram showing the discharge of a spinal dorsal horn neuron; c – heat stimulus that starts from the baseline temperature of

37 �C and peaks at 54 �C. (F) Spontaneous activity of NS neurons in SHAM and ARTH animals. (G) Effect of IL drug administration upon the

spontaneous activity of spinal NS neurons in SHAM and ARTH animals. (H) Effect of IL drug administration upon the noxious heat-evoked activity of

spinal NS neurons in SHAM and ARTH animals. VEH – vehicle; CHPG – mGluR5 agonist; D – (activity 30 min)-(activity-5 min). Graphs B and F

show mean + SEM; graphs C, D, G and H show D mean + SEM. *p< 0.05; **p< 0.01; ***p< 0.001. (WDR: VEH: nSHAM = 8, nARTH = 12;

CHPG: nSHAM = 12, nARTH = 21. NS: VEH: nSHAM = 6, nARTH = 8; CHPG: nSHAM = 6, nARTH = 9).
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694 As previously reported (David-Pereira et al., 2016),

695 CHPG injection in the IL facilitated nociceptive spinally-

696 organized behavior in both SHAM and ARTH animals.

697 Interestingly, a recent study showed the opposite effect

698 when an mGluR5-positive allosteric modulator was

699 administered in the IL of rats with K/C induced-

700 monoarthritis, restoring mechanical hind limb withdrawal

701threshold of monoarthritic rats to pre-arthritis values

702(Kiritoshi et al., 2016). The disparity between the two

703studies could result from the site, type or, particularly,

704time of stimulation; Kiritoshi and colleagues tested IL

705mGluR5 function on nociception by stimulating the knee

706joint of rats with mechanical pressure – primary hypersen-

707sitivity – 6 h after K/C injection. Contrastingly, we stimu-

708lated the distal hind paw with noxious heat 4 weeks

709after ARTH induction. Although at earlier time points the

710K/C model of monoarthritis is associated with both pri-

711mary and secondary hyperalgesia (Urban et al. 1999),

712at later stages monoarthritic rats only exhibit primary

713mechanical hyperalgesia (Sluka and Westlund, 1993;

714Ren and Dubner, 1999; Amorim et al., 2014). Interest-

715ingly, these alterations in behavior are mirrored by

716changes of neurotransmitter levels in the spinal cord.

717For example, glutamate expression correlates with sec-

718ondary hyperalgesia, and substance P and calcitonin

719gene-related peptide expressions correlate with primary

720hyperalgesia, reflecting a transition from acute to chronic

721inflammatory pain (Sluka and Westlund, 1993). Time-

722dependent behavioral alterations also benefit from

723descending inputs from supraspinal regions such as the

724RVM, which both inhibits and facilitates nociception. The

725balance between these opposing descending inputs var-

726ies according to the time elapsed since inflammatory pain

727onset (Vanegas and Schaible, 2004). Therefore, IL

728mGluR5 activation might yield opposing descending mod-

729ulatory effects at different stages of inflammatory pain;

730further observations, however, would require a longitudi-

731nal study of molecular, functional and behavioral impact

732of inflammatory pain in the IL.

733To the best of our knowledge, direct projections from

734the IL to the spinal cord have not been described. We

735hypothesized that a downstream pain facilitatory area,

736such as the DRt, mediated at least partially the

737observed behavioral hyperalgesia. The assessment of

738DRt neuron response to electric IL stimulation suggests

739that although responses with a latency shorter than

7409.5 ms could not be appropriately assessed in the

741present conditions, according to recently described

742criteria for corticofugal projections some of the studied

743projections from the IL to the DRt might be oligo- or

744even monosynaptic (Doig et al., 2014). Furthermore, tran-

745sient block of the DRt with LIDO or inhibition of synaptic

746signaling with GABA agonists was able to prevent the

747IL/mGluR5-induced behavioral hyperalgesia in both

748SHAM and ARTH animals. The interpretation of this find-

749ing however is complicated by the antinociceptive action

750induced by LIDO, MUSC or GABA alone in the DRt of

751both SHAM and ARTH animals. In contrast, single-cell

752electrophysiological recordings in the DRt indicate that

753IL administration of CHPG increased spontaneous and

754heat-evoked activity of DRt neurons in SHAM but not in

755ARTH animals. Since activation of mGluR5 in the IL

756induces pronociceptive behavior in both experimental

757groups, we hypothesize the existence of another suprasp-

758inal area besides the DRt that relays the pronociceptive

759effect originating in the IL of ARTH animals. Moreover, it

760is possible that the DRt promotes nociception in parallel

761with this second relay also in healthy controls.
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Fig. 7. (A) Paw withdrawal latency (PWL) before drug microinjection

into the infralimbic cortex (IL) and the spinal cord (L4-L6) of control

(SHAM) and arthritic (ARTH) animals. (B) PWL variation 30 min after

drug microinjection in the IL and L4-L6 in SHAM and ARTH animals.

Effects of vehicle (VEH) in the IL and in the L4-L6; CHPG (mGluR5

agonist) in the IL and SAL in the L4-L6; SAL in the IL and AMG-9810

(AMG; TRPV1 antagonist) in the L4-L6; and CHPG in the IL and AMG

in the L4-L6. (C) Skin temperature (�C) variation 30 min after drug

injection into the IL and L4-L6 of SHAM and ARTH animals. D –

(PWL30 min)-(PWL-5 min). Graph A shows mean + SEM; graphs B

and C show D mean + SEM; *p< 0.05; **p< 0.01; ***p< 0.001.

(VEH/VEH: nSHAM = 5, nARTH = 7; CHPG/VEH: nSHAM = 7,

nARTH = 6; VEH/AMG: nSHAM = 8, nARTH = 7; CHPG/AMG:

nSHAM = 7, nARTH = 7).
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762 Our earlier behavioral results indicate that IL MPEP

763 administration induced antinociception in ARTH animals

764 and had no effect in SHAM animals (David-Pereira

765 et al., 2016). This behavioral finding contrasts with the

766 present electrophysiological result showing that IL MPEP

767 failed to influence the discharge of DRt neurons in ARTH

768 as well as SHAM animals. The discrepancy in the effect of

769 IL MPEP on spinally organized behavior versus the dis-

770 charge of DRt neurons in the ARTH group supports the

771 hypothesis that unlike in SHAM animals, the DRt of ARTH

772 animals may not be the only or the critical relay for the

773 descending pronociceptive effect induced by the IL

774 mGluR5, but another parallel pathway exerts a key role

775 in the descending pronociceptive effect in the ARTH

776 group.

777 Anatomical evidence on descending projections from

778 the DRt to spinal cord laminae I and IV–V (Lima and

779 Coimbra, 1988; Tavares and Lima, 1994; Almeida et al.,

780 1995; Villanueva et al., 1995) and electrophysiological

781 evidence showing that stimulating the DRt with glutamate

782 increases WDR responses to noxious sciatic nerve stim-

783 ulation (Dugast et al., 2003), indicate that the modulation

784 of nociception by the DRt relies, at least in part, in the

785 modulation of spinal WDR cell activity. Therefore, it is

786 not surprising that our data indicate that IL/mGluR5 acti-

787 vation increases spontaneous activity of spinal WDR cells

788 in SHAM but not ARTH animals. Additionally, the CHPG-

789 induced facilitation of heat-evoked responses was signifi-

790 cantly weaker in WDR neurons of the ARTH than SHAM

791 group. However, as observed earlier with RVM ON-cell

792 discharge in animals with peripheral nerve injury

793 (Carlson et al., 2007), there is also the possibility that

794 the noxious stimulation-induced responses of spinal

795 WDR cells of ARTH animals were influenced by the ceil-

796 ing effect. In line with this proposal, spontaneous activity

797 of WDR neurons was significantly higher in the ARTH

798 than SHAM group.

799 An interesting observation is that CHPG

800 administration in the IL of SHAM animals increased both

801 spontaneous and heat-evoked activity in WDR neurons,

802 whereas only heat-evoked activity was increased in NS

803 neurons. WDR neurons are considered important for

804 perception of prolonged pain (Coghill et al., 1993; Fallis,

805 2006); functionally, there is evidence that WDR cells

806 can be important for sensory/discriminative aspects of

807 pain as, for instance, intensity-encoding deep-laminae

808 WDR neurons heavily project through the spinothalamic

809 tract (STT) to brain regions more commonly associated

810 with the sensory-discriminative aspects of pain, such as

811 the SI (Millan, 2002). On the other hand, NS neurons

812 are considered to be involved in the phasic aspects of

813 pain, such as the signaling of a new noxious stimulus

814 and the activation of autonomic responses to a new chal-

815 lenge (Coghill et al., 1993; Fallis, 2006). In parallel with

816 WDR cells, NS neurons from superficial dorsal horn lam-

817 inae project through the STT to supraspinal regions asso-

818 ciated with the emotional/cognitive dimensions of pain,

819 such as the PFC (Millan, 2002). Although this distribution

820 is not an absolute distinction between WDR and NS neu-

821 ronal function, it is likely to have implications for pain

822 development and its treatment.

823Earlier studies have demonstrated IL neurons that

824encode nociception (Zhang et al., 2004). Moreover, the

825mPFC, including the IL, has been implicated in multiple

826other roles ranging from anxiety modulation (Bi et al.,

8272013) to decision-making (Ji et al., 2010). Together these

828earlier and the present findings raise a hypothesis that the

829activation of mGluR5 in the IL is among mechanisms con-

830tributing to the interaction of the emotional/cognitive state

831and pain through descending control of spinal pain-relay

832neurons.

833It should be noted that when interpreting the IL/

834mGluR5-induced changes in the ongoing discharge

835rates of spinal dorsal horn as well as DRt neurons in

836terms of behavior, a limitation for the interpretations is

837that the analysis of pain behavior was based on heat-

838evoked behavioral responses and not on ongoing pain

839behavior assessed e.g. by drug-induced conditioned

840place-avoidance. Additionally, while the anesthesia level

841was kept as stable as possible, it cannot be excluded

842that anesthesia or a change in its level may have had

843an influence on neuronal responses. Importantly,

844however, since the anesthesia procedure was identical

845in all experimental conditions, the possible effects of

846anesthesia or a change in its level cannot explain the

847differences between the effects induced by IL

848administration of VEH vs mGluR5 agonist, differences

849between SHAM vs ARTH rats, or differences among

850different neuronal populations (DRt vs spinal dorsal horn

851WDR and NS neurons).

852TRPV1 is tonically active and its ablation has been

853shown to prevent the development of nociceptive

854behaviors such as that evoked by thermal or chemical

855stimulation (Caterina et al., 1997, 2000). In the present

856study, when TRPV1 antagonist AMG 9810 was adminis-

857tered alone, it had no effect upon the PWL of SHAM or

858ARTH animals. The dose of AMG 9810 was chosen

859based on earlier results showing that when it was used

860intrathecally, it reversed mechanical and thermal hyperal-

861gesia in a rat model of inflammatory pain (Yu et al., 2008).

862The currently used dose of AMG 9810 was not sufficient

863to alter baseline latencies in SHAM controls, or in the

864ARTH group four weeks after the induction of K/C

865monoarthritis when the arthritis was no longer accompa-

866nied by secondary hyperalgesia. Interestingly, expression

867of TRPV1 in different dorsal root ganglia cell types is vari-

868able depending on the time after chronic inflammatory

869pain induction (Yu et al., 2008), and, for instance, in the

870CFA model, TRPV1 expression peaks 14 days after

871induction, while at 28 days it returns to control levels

872(Luo et al., 2004). Concomitantly, hot plate latency

873responses decrease in those animals, with the lowest val-

874ues registered 14 days after induction (Luo et al., 2004).

875Based on these earlier findings it is possible that the late

876time point of testing in the present ARTH group may attest

877for the lack of effect by a TRPV1 antagonist alone on heat

878nociception along with the lack of heat hyperalgesia.

879While the spinally administered TRPV1 antagonist

880failed to influence the baseline PWL, it did prevent the

881IL mGluR5-mediated pronociception in both SHAM and

882ARTH groups. This finding indicates that spinal TRPV1

883is mediating the IL mGluR5-induced pronociception at
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884 the spinal cord level in ARTH as well as SHAM condition.

885 Although until recently spinal TRPV1 was thought to be

886 expressed only on central terminals of primary afferent

887 nerve fibers, some studies showed the expression of

888 TRPV1 on GABAergic interneurons in the superficial

889 laminae of the spinal dorsal horn (Valtschanoff et al.,

890 2001; Ferrini et al., 2010; Kim et al., 2012). Activation of

891 spinal TRPV1 has been linked to increased excitability

892 of spinal dorsal horn neurons, leading to mechanical allo-

893 dynia in neuropathic pain models (Cui et al., 2006). Tak-

894 ing this evidence into account, one interesting possibility

895 is that the IL mGluR5-induced pronociception involves

896 activation of TRPV1 on spinal interneurons. However,

897 intrathecal drug administration affects indiscriminately

898 the target receptor, and therefore further studies are

899 needed to distinguish between the functional roles of

900 TRPV1 expressed on central endings of peripheral nerve

901 terminals and spinal interneurons.

902 In healthy and monoarthritic animals, mGluR5

903 activation in the IL facilitated spinally organized pain

904 behavior as revealed by a decrease in the heat-evoked

905 paw withdrawal latency. In healthy controls, this

906 descending pronociceptive effect was accompanied by

907 an increase in the heat-evoked discharge rate of

908 medullary DRt neurons and spinal dorsal horn WDR and

909 NS neurons. In experimental monoarthritis, the IL/

910 mGluR5-induced descending facilitation of the heat-

911 evoked responses was absent in medullary DRt neurons

912 but still present in spinal dorsal horn WDR and NS

913 neurons. Together these findings suggest the DRt is a

914 relay in the descending pronociceptive pathway

915 activated by IL/mGluR5 in healthy controls, but an

916 additional descending pronociceptive pathway, which

917 does not relay in the DRt, is likely to be recruited in

918 experimental monoarthritis (in parallel, it may be

919 involved also in healthy controls). Interestingly, one or

920 both of these descending pronociceptive pathways

921 target, at least partly, spinal TRPV1 as indicated by the

922 loss of the IL/mGluR5-induced pronociceptive effect

923 following pharmacological block of spinal TRPV1 in both

924 healthy and arthritic animals.
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939 and the Sigrid Jusélius Foundation, Helsinki, Finland. ADP was
940 supported by FCT grant SFRH/BD/90374/2012.

941REFERENCES

942Almeida A, Cobos A, Tavares I, Lima D (2002) Brain afferents to the

943medullary dorsal reticular nucleus: A retrograde and anterograde

944tracing study in the rat. Eur J Neurosci 16:81–95.

945Almeida A, Lima D (1997) Activation by cutaneous or visceral noxious

946stimulation of spinal neurons projecting to the medullary dorsal

947reticular nucleus in the rat: a c-fos study. Eur J Neurosci

9489:686–695.

949Almeida A, Størkson R, Lima D, Hole K, Tjølsen A (1999) The

950medullary dorsal reticular nucleus facilitates pain behaviour

951induced by formalin in the rat. Eur J Neurosci 11:110–122.

952Almeida A, Tavares I, Lima D (1995) Projection sites of deep dorsal

953horn in the dorsal reticular nucleus. Neuro Rep 6:1245–1248.

954Almeida A, Tavares I, Lima D (2000) Reciprocal connections between

955the medullary dorsal reticular nucleus and the spinal dorsal horn

956in the rat. Eur J Pain 4:373–387.

957Almeida A, Tavares I, Lima D, Coimbra A (1993) Descending

958projections from the medullary dorsal reticular nucleus make

959synaptic contacts with spinal cord lamina I cells projecting to that

960nucleus: An electron microscopic tracer study in the rat.

961Neuroscience 55:1093–1106.

962Almeida A, Tjølsen A, Lima D, Coimbra A, Hole K (1996) The

963medullary dorsal reticular nucleus facilitates acute nociception in

964the rat. Brain Res Bull 39:7–15.

965Amorim D, David-Pereira A, Pertovaara A, Almeida A, Pinto-Ribeiro F

966(2014) Amitriptyline reverses hyperalgesia and improves

967associated mood-like disorders in a model of experimental

968monoarthritis. Behav Brain Res 265:12–21.

969Amorim D, Viisanen H, Wei H, Almeida A, Pertovaara A, Pinto-

970Ribeiro F (2015) Galanin-mediated behavioural hyperalgesia from

971the dorsomedial nucleus of the hypothalamus involves two

972independent descending pronociceptive pathways. PLoS One

97310 e0142919.
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The rostral ventromedial medulla relays descending pronociception induced by 

infralimbic cortex mGluR5 in monoarthritic, but not healthy, rats 

Ana David-Pereira1,2, Sara Gonçalves1,2, Armando Almeida1,2, Filipa Pinto-Ribeiro1,2 

1Life and Health Sciences Research Institute (ICVS), School of Medicine (EM), Campus of Gualtar, 

University of Minho, 4710-057 Braga, Portugal 

2ICVS/3B’s - PT Government Associate Laboratory, Braga/Guimarães, Portugal 

 

We previously demonstrated metabotropic glutamate receptor 5 (mGluR5) activation in the 

infralimbic cortex (IL) induces pronociceptive behavior in healthy (SHAM) and monoarthritic (ARTH) 

rats (David-Pereira et al., 2016). In healthy animals, the dorsal reticular nucleus (DRt) relays the 

pronociceptive IL effect to the spinal cord, but in monoarthritic animals this pathway is disrupted 

(David-Pereira et al., 2017). 

The periaqueductal gray matter-rostral ventromedial medulla (PAG-RVM) circuit is one of the best 

characterized pain modulatory pathways, of which the RVM is considered the output region 

(Heinricher et al., 2009). Nociceptive transmission can be exacerbated (pronociception) or 

inhibited (antinociception) by the activity of two types of RVM cells, ON- and OFF-cells, respectively. 

Electrophysiologically, ON-cells increase and OFF-cell decrease their activity in response to a 

noxious stimulus. A third cell type that does not respond to peripheral stimulation, known as 

NEUTRAL-cells, can also be found in the RVM.  

The goal of the present work is to determine whether the RVM relays the pronociceptive effect of 

IL mGluR5 activation in ARTH animals. The effect of IL administration of CHPG (mGluR5 agonist) 

upon RVM neuronal activity of SHAM (intrasynovial injection of saline solution) and ARTH animals 

(intrasynovial injection of 3% kaolin/carrageenan solution) was evaluated. In lightly anesthetized 

animals, recordings of (i) spontaneous activity (first 20s of recording without any stimulation), (ii) 

the response to innocuous brushing of the back (5s) and (ii) the response to noxious heating of the 

tail (10s) of the RVM’s three cell types were performed. RVM cells were characterized as ON, OFF 

or NEUTRAL-cells if their activity increased or decreased more than 10% or did not alter from 

baseline values, respectively. Additionally, ON and OFF cells were further divided into wide-dynamic 

range (WDR), if they responded to innocuous and noxious stimulation, or nociceptive specific (NS), 

if they responded only to noxious stimulation.   
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Overall, vehicle administration had no effect upon the spontaneous or heat evoked activity of RVM 

cells in any experimental group (Table 1). The spontaneous and heat–evoked discharge rates of 

NEUTRAL and ON-cells (WDR and NS) in SHAM and ARTH rats were not altered by CHPG 

administration. The same was observed for the spontaneous and heat–evoked activity of NS OFF-

cells and the spontaneous activity of WDR OFF-cells in both experimental groups (Table 1; Fig. 

1). However, WDR OFF-cells of SHAM and ARTH animals responded differently to noxious heat 

after CHPG administration (main effect of experimental group: F1,34=9.53, p=0.004). Post-hoc tests 

showed that CHPG administration caused noxious heat-evoked response to be significantly smaller 

in WDR OFF-cells of ARTH, but not in SHAM animals (Fig. 1I). 

The results herein suggest that in experimental monoarthritis, pronociception after IL mGluR5 

activation is relayed through the RVM. Interestingly, the behavioral effect seems to result from a 

loss of antinociceptive OFF-cell response, particularly in cells that respond to polymodal inputs, 

rather than an increase in pronociceptive ON-cell activity. Additionally, CHPG-induced alterations 

in RVM neuronal activity are ARTH specific. Together with previous observations (David-Pereira et 

al., 2017), the present results suggest that prolonged monoarthritis causes the relay for IL 

pronociception to shift from a DRt-mediated pathway to a RVM-mediated one. Further studies are 

needed to ascertain the validity of our results; namely, the effect of mGluR5 antagonists, which are 

antinociceptive when administered only in the IL of ARTH animals (David-Pereira et al., 2016), 

upon RVM activity. 
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Figure 1 - Effect of mGluR5 activation in the infralimbic cortex (IL) upon the spontaneous and 

heat-evoked activity of rostral ventromedial medulla (RVM) cells. (A-E) Spontaneous activity of RVM 

NS ON (A), WDR ON (B), NS OFF (C), WDR OFF (D) and NEUTRAL (E) cells in healthy (SHAM) and 

monoarthritic (ARTH) animals. (F-J) Noxious heat-evoked activity of RVM NS ON (F), WDR ON (G), 

NS OFF (H), WDR OFF (I) and NEUTRAL (J) cells in SHAM and ARTH animals. Graphs show means 

+ SEM. p<0.05. 
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Table 1 – Summary of the two-way analyses of variance (ANOVA) results of the 

electrophysiological recordings of RVM neurons. Results show the main effect for the between 

factors (SHAMxARTH), within factors (-5minx30min) and interaction analysis.  
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3. Discussion 

 

In the present thesis, the use of functional interventions associated to behavioral and 

electrophysiological approaches allowed to uncover some mechanisms underlying chronic 

inflammatory pain related changes. In Chapter 2.1 we show the K/C model elicits behavioral 

hyperalgesia associated to profound morphological changes in the knee joint. In Chapter 2.2 we 

describe the opposing antinociceptive and pronociceptive roles of the PL and the IL, respectively, 

in descending modulation, and demonstrate that glutamate administration in the IL acts 

preferentially through mGluR5 to facilitate nociception. Additionally, we show mGluR5 becomes 

tonically active 4 weeks after chronic inflammatory pain onset, an effect dependent on intact 

astrocyte function (Chapter 2.3). Chronic pain changes in nociceptive modulation by the IL also 

extend to its relay areas. In healthy animals, IL mGluR5 pronociception is associated to increased 

responses of DRt nociceptive neurons to noxious heating of the hind paw (Chapter 2.4), while in 

K/C animals the facilitatory effect is associated to the depression of RVM OFF-cells response to 

peripheral noxious heat (Chapter 2.5; Fig. 1). In Chapter 2.4 we also show that mGluR5 

activation in the IL promotes behavioral hyperalgesia by increasing the responses of spinal WDR 

and NS cells to noxious stimuli. Finally, we show blocking TRPV1 in the spinal cord inhibits IL 

mGluR5-mediated pronociception (Chapter 2.4). In summary, during the development of the 

present dissertation we uncovered new evidence indicating that sustained chronic inflammatory 

pain prompts plastic alterations in the brain and spinal cord, and that the IL plays a role in the 

descending modulation of nociception. 
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Figure 1 - Schematic representation of possible pathways relaying IL pronociceptive drive in 

healthy and K/C rats. Blue dotted lines – hypothesized projection to the PAG; blue full lines – 

possible descending pathways in healthy animals; red dotted lines – possible descending pathways 

in K/C animals; red full lines – possible descending pathways in K/C animals; DRt – dorsal reticular 

nucleus; IL – infralimbic cortex; K/C – kaolin/carrageenan of inflammatory pain; PAG – 

periaqueductal gray matter; RVM – rostral ventromedial medulla; L4-L6 – spinal cord 4-6 lumbar 

segments) (Adapted from Paxinos and Watson, 2007). 

 

3.1 Technical considerations 

3.1.1 Behavioral assessment of nociception 

In animal models, nociceptive assessments consist mostly on the measurement of noxious evoked 

responses, which have proved useful in assessing alterations driven by pathological states or 

pharmacological treatments1. However, the most common complaint from chronic pain patients, 
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ongoing pain2, is frequently overlooked in preclinical studies. Quantification of ongoing pain in 

animal models is complicated by lack of self-report, as well as by the absence of displays of 

spontaneous pain behaviors or even by the researcher’s inability to recognize them as such. For 

example, rodents only emit audible vocalizations in response to severe acute stimuli and in models 

of mild to moderate pain there are no postural alterations that can be easily discriminated and 

quantified3. In addition, in models of OA and monoarthritis, such as the one described in Chapter 

2.1, the spontaneous behavior does not correspond to the level of degradation observed post-

mortem in the knee joint4,5. Some simple behaviors, such as locomotion, weight bearing and gait, 

can be used to indirectly measure inflammatory pain. However, on their own they provide 

insufficient data and the use of evoked pain behaviors is still necessary for a better characterization 

of the models6. The main consequence of ignoring spontaneous pain symptoms is the low 

translational value of preclinically effective pharmacological therapies into clinical settings3. The 

improvement and development of pain assessments, progressing from evoked nociception to a 

more multidimensional evaluation of pain are therefore necessary to achieve higher translational 

values. 

 

3.1.1.1 Thermal hyperalgesia 

One of the preferred methods to test heat hyperalgesia is the Hargreaves model7. This test 

measures radiant heat-evoked paw withdrawal latencies, with the advantage of testing animals in 

a less stressful situation than the tail-flick test, for example, as they are unrestrained by the 

experimenter. Nevertheless, several factors can influence radiant heat-evoked results, such as the 

initial temperature of the testing surface and of the skin, the animals’ state of alertness, the 

presence of inflammation or potential pharmacological effects8–10. To overcome these limitations 

several precautions were taken in our experimental protocols. Firstly, the testing surface was 

heated before the beginning of the experiments. Animals were also allowed to become familiar with 

the apparatus by performing training sessions previous to the testing days and by allowing them to 

explore at least 10 minutes at the beginning of each experimental session. In addition, the 

temperature of the plantar skin was measured at each tested time point, allowing to exclude 

potential side effects arising from the various pharmacological interventions on the autonomic 

nervous system, or due to the prolonged inflammation elicited by the experimental model used. 
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3.1.1.2 Mechanical hyperalgesia 

Increased sensitivity to noxious mechanical stimulation of joints is commonly described in OA 

patients11,12. The devices used to measure mechanical hyperalgesia include the Randall-Selitto, 

which applies increasing pressure to the paw13, and the pressure application measurement (PAM), 

where a mobile force transducer attached to the experimenters thumb is used to apply pressure 

to the area of interest14. Both tests present advantages and disadvantages when compared with 

each other: in the Randal-Selitto test, pressure is applied through an automated weight system, 

while in the PAM test the experimenter controls the rate of pressure increase, which requires a 

highly trained experimenter and even then presents more variability in the results. On the other 

hand, the Randall-Selitto only allows to test mechanical thresholds in the paws, while the PAM 

transducer can be applied to any joint. Both tests require animal restraining, and hence habituation 

to the procedure. Additionally, the experimenter needs to be able to detect one of several behaviors 

(paw-withdrawal, wriggling, vocalization or freezing of whisker movement) as a sign of pain from 

the animals14. Since our model presents knee pathology, the PAM test was a more appropriate 

choice for our experimental protocols. Due to the aggressiveness of the test and to avoid over-

sensitization of injured knee joints, the effect of drug administration on mechanical hyperalgesia 

(Chapter 2.3) was evaluated only before drug microinjection and at the peak of drug effect, 

previously determined in the Hargreaves test (Chapter 2.2). 

 

3.1.1.3 Indirect measures: gait analysis 

In models of OA, in addition to measurements of primary (and when present, secondary) 

hyperalgesia, evaluation of postural deficits can provide an indirect measure of OA-related 

nociception5,15. Load bearing is the parameter more commonly affected by OA and, interestingly, its 

values are directly correlated with mechanical allodynia scores5,16. Gait alterations can be assessed 

by the weight-bearing test17 or the CatWalk test5,16. The weight bearing test measures load bearing 

on each hind limb in a static position. The CatWalk evaluates the same type of parameter, with the 

advantage of doing so during walking17. Hence, parameters not only related to single paws (intensity 

of paw print, relative paw placement, duration of limb placement), but also related to interlimb 

coordination can be assessed5,16,18.  
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Since we do not have access to an automated CatWalk apparatus, we used a manual system to 

perform gait analysis. Inherently, this method is associated to a higher error since all the scoring 

is done manually. It also involves covering the fore and hind paws of rats with paint, which adds a 

stressful factor to the test. Additionally, it does not allow a direct measurement of the values of 

load bearing; instead, they must be inferred from the area of paw print. Nonetheless, it proved to 

be sensible enough to observe gait alterations in K/C rats (Chapter 2.1). 

 

3.1.2 Behavioral assessment of anxiety and depressive-like behaviors 

Several paradigms can be used to assess mood-like disorders. In Chapter 2.1 we used the open 

field test (OF) to evaluate anxiety-like deficits in K/C animals, and the forced swimming test (FST) 

and sucrose preference test (SPT) to evaluate depressive-like phenotype. 

The OF is used primarily to analyze motor function by examining the exploratory drive of the animal. 

However, it is also possible to determine an anxious state in rodents as, when exposed to a strange 

environment, mammals tend to freeze, reducing the chances of being spotted by a predator, and 

walk close to the walls, a behavior known as thigmotaxis. Decreased exploration and time spent in 

the center of the field are indicators of anxiety-like behavior19,20. This test needs to be performed in 

a highly controlled environment to ensure the accuracy of the results, as several factors can affect 

the outcome, including housing conditions, light intensity, circadian cycle variations, prior handling 

or stress exposure, and familiarity with the arena21. For example, prior exposure to stressful 

situations, such as other types of experimental testing, can significantly increase the anxiety levels 

of rodents. On the other hand, re-exposure to the paradigm can reduce anxiety-like behavior to 

levels comparable to that of treatment with anxiolytic drugs such as benzodiazepines21. In addition, 

the presence of the experimenter in the room can also influence the results. To overcome these 

difficulties, several precautions were taken during the experimental testing. Each animal was 

exposed to the OF only once and only to one test per day. Additionally, the test was performed in 

enclosed, dimly lit spaces where rats could not see the experimenters.  

Alternatively, anxiety-like behaviors can be measured through other tests, such as the elevated plus 

maze, the light-dark box or the social interaction tests. The elevated plus maze and the light-dark 

box evaluate similar parameters, testing the conflict generated between the rodents’ exploratory 

drive and their avoidance of the open arms or lit compartment21. In the social interaction test, the 
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time that two rats spend interacting is measured. When compared to the other tests described, the 

social interaction test presents one main advantage, as it does not rely on the exposure of the 

animals to an aversive situation22.  

The FST was developed by Porsolt and colleagues and is used to evaluate depressive-like behavior 

and antidepressant activity23. When placed in an inescapable cylinder with water, rodents initially 

try to escape but tend to stop after a while. This immobility reflects a failure in persisting in escape-

directed behavior, known as behavioral despair, or the development of passive behavior that 

disengages the animal from active forms of coping with stressful stimuli. The pretest session 

induces learned helplessness, which induces deficits in affect, cognition, sleep and motor 

performance, resembling many depressive symptoms24,25. Depression is a multifaceted condition, 

of which the primary symptoms (difficulty in concentration, low self-esteem, guilt, suicidal ideation, 

thoughts of death) are difficult to model in animals26. Depressed mood in human patients is 

proposed to be analogous to learned helplessness in rodents26, which can be measured not only 

through the FST, but also through the tail suspension test26. However, since the measured variable 

in this tests, immobility, is evoked by the test itself and is not measurable outside of the 

experimental setting, the FST and tail suspension procedures are more appropriate to evaluate 

antidepressant effects than depressive-like behavior per se. Furthermore, since the FST relies on 

differences in motor activity, it is also important to ensure that the results obtained are not caused 

by a locomotion deficit. In Chapter 2.2, we used the rotarod test in healthy and K/C animals to 

evaluate if drug microinjection in the IL has secondary locomotor effects, which retrospectively also 

allowed to confirm K/C animals do not show locomotor deficits. 

Measures of decreased pleasure, or anhedonia, are also proposed to be analogous in patients and 

rodents. The most used test to measure anhedonia in rodents is the sucrose preference test26. 

However, in the specific case of chronic pain models, the overlap between pain and pleasure 

mechanisms and pathways can difficult the task of separating the symptoms of pain and 

depressive-like behaviors as measured by anhedonia27. Therefore, the combination of several 

approaches is necessary to increase the validity of the results. By combining measures of learned 

helplessness and anhedonia, we validate the results of each test. 
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3.1.3 Functional interventions 

3.1.3.1 Pharmacological and electrical modulation 

The modulation of CNS activity and its translation into a specific behavior plays a fundamental part 

in neuroscience research. In the pain field, one of the most famous interventions was carried out 

by Reynolds (1969), who described that electrical stimulation delivered into the PAG induced deep 

analgesia that allowed to perform surgery in awake rats28. Since then, other approaches were used 

and developed that allow the permanent lesion or transient modulation of a specific area.  

Electrical or pharmacological lesions can be used to determine the nociceptive role of a specific 

brain region. However, by causing permanent, indiscriminate damage in the neural populations, 

these approaches can have side effects that do not correspond to the actual function of the area 

of interest29,30. Alternatively, transient pharmacological blockade with local anesthetics such as 

lidocaine, which blocks Na+ channels and prevents neuron depolarization31, or increasing the 

inhibitory tone in a region with GABA administration provides a more physiological result with a 

lower chance of secondary effects.  

Gain of function strategies such as electrical stimulation or local injection of glutamate can also be 

used to determine the nociceptive potential of a region32. Pharmacological interventions are 

preferable to electrical ones, as they mimic physiological processes more closely than electrical 

stimulation. However, some care should be taken regarding the used concentrations, since 

glutamate, for example, is a highly excitotoxic neurotransmitter33,34. In addition to using glutamate 

to generally activate an area of interest, neural circuits can be studied by using specific receptor 

agonists and antagonists. In the work described in this dissertation, particularly in Chapter 2.2, 

the use of several group I mGluRs agonists and antagonists allowed us to dissect the receptors 

specific contribution to glutamate-driven IL pronociception. One of the main drawbacks of driving 

system function with a receptor agonist is the potential activation of a pathway that is otherwise 

inactive. In this sense, the use of receptor antagonists provides better information regarding the 

physiological function of the studied receptor/pathway. In addition, pharmacological interventions 

do not allow to distinguish among the cell types they act on, as we demonstrated in Chapter 2.3. 

Alternatively, the use of optogenetics allows the specific manipulation of the preferred cell type and 

receptor. This technique is however associated to higher costs and expertise, as it requires the 

expression of a light-sensitive channel, achieved by local injection of a virus targeted to the desired 
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cell type or through the breeding of a genetic mouse models that express the light-sensitive 

channels35. 

 

 3.1.3.2 L-α-aminoadipate (LαAA) 

To study the astrocyte contribution for mGluR5-mediated hyperalgesia, we evaluated how inhibition 

of astrocyte function in the IL affected nociceptive behavior in SHAM and K/C animals (Chapter 

2.3). LαAA is a natural product of lysine metabolism in the CNS that, as a structural homolog of 

glutamate, inhibits glutamate transport in astrocytes. Briefly, glutamate in the synaptic cleft is 

internalized by astrocytes and transformed by glutamine synthase into an inert form, glutamine. 

The inactive glutamine is transported back into the presynaptic neuronal terminal and reconverted 

into glutamate by the enzyme glutaminase, in a process known as the glutamine cycle. LαAA blocks 

glutamine synthase in astrocytes, leading to the accumulation of cytotoxic levels of glutamate inside 

the astrocyte36. LαAA-induced astrocyte pathology is progressively characterized by nuclear 

swelling, followed by astrocyte body swelling and membrane blebbing, and finally by cell 

vacuolation and breakage into spherical bodies36,37. Moreover, since astrocytes are physically 

connected with each other, the damage can extend to the surrounding cells36,38.  

The selectivity of LαAA toxicity is subject to some controversy. For example, while Olney and 

colleagues reported the occurrence of neuronal necrosis after LαAA injection in the brain39, most 

studies indicate that LαAA selectively targets astrocytes, without affecting neurons or microglia for 

at least 7 days after administration36,37,40. The neurotoxicity observed by Olney and colleagues was 

instead proposed to result from the high concentration of LαAA used. In Chapter 2.3, we chose 

a concentration based on these observations to avoid altering neuronal or microglial activities. 

Nonetheless, even though LαAA can be considered a selective gliotoxin, it is important to consider 

the impact that astrocyte ablation entails for extracellular space homeostasis, excitatory 

neurotransmitter uptake and metabolic support functions. In line with these observations, Lima 

and colleagues observed that the expression of neuronal markers in the mPFC of adult rats is not 

altered by LαAA, but they found dendritic atrophy of pyramidal neurons in the area affected by 

LαAA, which aggravated with time41. Therefore, some degree of neuronal dysfunction should be 

expected after astrocyte ablation. To try and minimize this effect, we performed all the behavioral 

tests in the first 7 days after ablation, a time point after which the animals were sacrificed. Their 
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impact upon the observed behavioral results however, remains unknown and should be further 

investigated. 

Other methods could be used to complement our results; for example, a reversible gliotoxin, such 

as fluoroacetate or fluorocitrate, could be used to avoid the secondary effects occurring at the 

neuronal level. However, neither of the substances is selective for astrocytes, and could affect 

microglia or oligodendrocytes activity as well42. The use of a genetically modified model, such as 

the inducible dominant negative SNARE mouse model (dnSNARE; blocks vesicle exocytosis from 

astrocytes, and concomitantly gliotransmitter release43) or the IP3R2 knockout model (blocks the 

release of intracellular Ca2+ from the endoplasmic reticulum stores44) could provide a useful tool to 

study astrocyte function in nociception. However, these models are not completely well 

characterized, and in recent years some studies have been published that question the validity of 

their results45–47. 

 

3.1.4 Anesthesia and electrophysiological recordings 

3.1.4.1 Ketamine and medetomidine 

The recourse to anesthetics was necessary at one or more occasions during the course of our 

experimental procedures. Surgical implantation of intracerebral cannulas and intrathecal catheters, 

as well as the induction of the K/C model mostly relied on the use of a mixture of ketamine and 

medetomidine, with atipamezole, that reverses medetomidine effects, to induce rapid anesthesia 

recovery. Ketamine is a NMDA receptor antagonist that blocks the excitatory effects of 

glutamatergic transmission, preventing central sensitization48. It also stimulates cardiovascular 

activity by acting upon the sympathetic nervous system49. Anesthetic concentrations of ketamine 

peak at 5 minutes post administration and can last for about 25 minutes, making ketamine a short-

duration anesthetic. Medetomidine, an α2-adrenoceptor agonist, causes sedation and analgesia, 

along with cardiovascular depression. In combination, the effect of the two drugs is potentiated to 

provide a more stable anesthesia. Additionally, the net balance of the cardiovascular effects when 

both drugs are administered is null50. In comparison with other injectable drugs, such as 

barbiturates, ketamine and medetomidine provide a more stable anesthesia, with a faster recovery 

due to the use of atipamezole, and therefore with fewer complications. However, these drugs have 

additional applications that might interfere with the subsequent results. For instance, in addition to 
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blocking NMDA receptor function, ketamine also potentiates glutamate transmission through AMPA 

receptors and has inhibitory effects on muscarinic acetylcholine receptors51. In fact, ketamine has 

been recently in the spotlight for its fast antidepressant effect: a single sub-anesthetic dose of 

ketamine can reverse symptoms in patients with treatment-resistant depression, and the effect 

lasts from a few days to a few weeks52. The antidepressant mechanism of ketamine involves the 

rapid enhancement of synaptic function in cortical regions53, resulting in increased activity of 

pyramidal neurons54. Due to our experimental timeline, where cannula implantation in K/C animals 

was performed 3 weeks after induction and 1 week before the beginning of experimental testing, 

and considering that the antidepressant results of ketamine can last for a few weeks, it is possible 

that ketamine administration influenced our results. Generally, however, we excluded this 

hypothesis because all of Chapter 2.4’s surgical procedures were performed with sodium 

pentobarbital, and the results obtained match those in the remaining Chapters. 

 

3.1.4.2 Sodium pentobarbital 

Electrophysiological recordings were performed in animals under pentobarbital anesthesia 

(Chapters 2.4 and 2.5). This protocol is one of the most widely used when recording nociceptive 

modulatory brainstem areas such as the RVM55,56; however, it presents several drawbacks. First, 

since pentobarbital is injected intraperitoneally, a stable anesthesia depth can be difficult to 

maintain. To minimize its impact on the results, the anesthesia level was frequently monitored by 

observing muscle tone and pupil dilation. Second, one of the major goals of anesthesia is the 

suppression of sensory pathways, and in particular pain, which represents a major drawback in 

pain studies. Different drugs can disrupt ascending and descending pain pathways at different 

levels. Overall, anesthetics have little or no effect upon peripheral nerve sensitivity, but have a high 

impact on spinal cord neurons57. As pentobarbital binds to GABAA receptors and acts by potentiating 

inhibitory GABAergic tone58, activity in different supraspinal CNS regions is more or less affected by 

the anesthetic depending on the GABAA composition59. As a consequence, differences between 

awake and anesthetized animals can be quite significant. For example, one study reported that 

RVM OFF-cells are not found during single unit electrophysiological recordings in awake rats; under 

barbiturate anesthesia, however, they become detectable60,61. Therefore, care should be taken when 

extrapolating conclusions from recordings in anesthetized animals and, whenever possible, they 

should be confirmed with or replaced by recordings in awake animals.  
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3.1.4.3 Type of electrophysiological recordings 

Some consideration must also be given to the advantages and disadvantages of the type of 

electrophysiological recording used. In the work here presented we used single unit 

electrophysiological recordings, which allow to differentiate functionally heterogeneous neuronal 

populations such as the RVM’s ON-, OFF- and NEUTRAL-cells62 and dorsal horn nociceptive WDR 

and NS cells63. This approach also allows to compare between the baseline and evoked activities 

of different experimental groups and pharmacological treatments. However, the conclusions based 

on this data must be considered with some reservation, especially when evaluating the activity of 

large heterogeneous brain regions, since the number of neurons analyzed in each recording is 

small and might not be representative of the entire area of interest64. To overcome this limitation, 

recordings using multielectrode arrays could be used; this technique allows the simultaneous 

recording of a brain region through evenly distributed electrodes and therefore provides data on 

the ensemble neural activity64. The usefulness of multielectrode recordings was shown for example 

by the discovery of large multiwhisker receptive fields in cortical neurons that respond dynamically 

in time after stimulation65. In addition, since multielectrode arrays can be chronically implanted in 

animals66, this method is not affected by neuronal alterations induced by anesthesia. 

 

3.2 Suitability of the K/C model to study OA 

The K/C model is usually described as a monoarthritis model that mimics the recurrent 

inflammatory episodes that occur in human patients67,68. It produces inflammation, mechanical and 

thermal hyperalgesia, and neuroplastic changes in the CNS that peak at 5-6h after induction and 

can last for 1 week67–69. Despite being previously described that mechanical hyperalgesia can last 

for at least 8 weeks70, most studies that use the K/C model do not present data over 1 week after 

induction. However, we previously reported that 4 weeks after induction of the K/C model there 

were alterations in RVM and spinal dorsal horn activity concomitant with nociceptive facilitation55,71, 

and that rats developed anxiety and depressive-like behaviors at that time point72. Therefore, in 

Chapter 2.1, we studied the progressive effects of intra-synovial injection of a mixture containing 

kaolin and carrageenan in rats to evaluate the potential of the model in mimicking OA pathology. 

K/C injection caused animals to display mechanical hyperalgesia and allodynia, accompanied by 

a reduction of the contact area of the hind paw. The histopathological and radiological analysis of 

the affected joint showed severe alterations corresponding to a Grade 4 level in the Kellgren and 
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Lawrence scale of OA73,74. In later stages of the pathology, animals developed comorbid anxiety and 

depressive-like behaviors.  

The most common complaint in OA patients is pain11. Its treatment, however, is not always effective 

and relies mostly on the topical or oral application of non-steroid anti-inflammatory drugs (NSAID) 

in less severe cases, progressing to local administration of steroids to suppress inflammatory 

reactions and, at very advanced stages, joint replacement11. The development of a preclinical model 

that reproduces closely the main features of human OA would be of great importance to the 

development of new therapies with higher translational value. Since the gold standard method used 

for the detection and classification of clinical OA is radiography75, we analyzed the radiographic 

profile of the affected knee joints throughout the progression of the K/C model and correlated them 

with histopathological findings. Although all groups present mechanical hypersensitivity, 

radiographic changes were first detected only 2 weeks after K/C injection, and correlated to mild 

histological changes including chondrocyte disorganization and inflammation. At the 4 week time 

point, radiography showed the development of subchondral bone sclerosis and formation of 

osteophytes, as well as narrowing of the joint space. Histological changes also increased in severity 

and, in line with radiographic findings, included bone sclerosis. Interestingly, radiographic reports 

in human patients are also limited to later stages of the disease when articular degeneration is 

present76 and only about half of the patients with joint pain complaints display radiographic 

changes77. These results add significance to our proposal of the K/C model as a suitable model to 

study OA. 

Patients with OA usually present altered gait patterns, adopting instinctive protective behaviors to 

avoid inflicting further damage in the damaged joint. In fact, OA is the most important cause of 

impaired mobility, constituting about 50% of all the musculoskeletal diseases in the work78. After 

K/C administration, our animals display subtle changes in the gait parameters assessed. The most 

prominent change is the smaller contact area of the affected hind paw, which can represent an 

indirect measure of load bearing changes, commonly reported in other preclinical OA models4,15,67. 

Long-term exposure to the K/C model is also associated with the development of anxiety and 

depressive-like behaviors. Pain-related mood disorders such as anxiety, depression and sleep 

disorders are an important source of disability in chronic pain patients, which is often overlooked 

by clinicians and preclinical researchers alike79. Although over one third of OA patients suffer from 

one or more disorders79, the underlying mechanisms of pain and mood interactions are mostly 
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unknown. Therefore, the K/C model presents a good opportunity to study not only the more well-

known symptoms of OA, but also to better understand the common mechanisms of comorbid pain 

and mood regulation. 

Overall, the progression of joint degeneration and behavioral dysfunction described in Chapter 

2.1 closely mirror the progression of human OA, indicating the K/C model is a suitable model to 

study OA. As listed in the Introduction of this thesis, many models are described as suitable for the 

study of OA, including the well described MIA model. The main advantage of the K/C intra-articular 

administration in comparison with other chemically inducible models is the progressive 

development of physical impairments and articular degeneration, which allow to study OA at a 

particular time point of the disease, independently of whether the goal is to study disease 

progression mechanisms and markers, or therapeutic efficacy of interventions. In addition, this 

model is easy, inexpensive to implement and, at least until 1 week after induction67–69, the results 

reported in several studies show little variability between investigators and laboratories. These three 

characteristics further support the validity of the K/C model to study OA. In future studies, the 

progression of behavioral and morphological symptoms should be correlated to immune response 

markers of the disease, to further ascertain the validity of the K/C model to study OA. In addition, 

since gender and age are main risk factors to the development of OA78,80, the effect of K/C intra-

articular administration in females, both healthy and ovariectomized to mimic a menopausal state, 

should be characterized. 

 

3.3 Pain modulation by the mPFC 

3.3.1 Dissociation of PL and IL functions 

The PL and the IL are commonly treated as a single region known as the ventral mPFC. It is usual 

to find publications that do not distinguish between the two subregions and that implicate them 

equally in behavioral flexibility81, spatial working memory82,83, anxiety behavior84, fear-extinction85, 

decision-making86 and pain87. However, both the anatomical projections and the functional roles of 

the PL and IL diverge significantly when analyzed separately88–93. For example, Millecamps and 

colleagues described local infusion of NMDA produces antinociception in the PL, but has no effect 

when microinjected into the IL94. Similarly, our results in Chapter 2.2 show a contrasting 

nociceptive behavioral effect elicited by glutamate microinjection in the PL and in the IL, adding to 
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the current evidence pointing to dissociated subregional contributions toward pain modulation from 

the mPFC. In addition, this functional dissociation also seems to extend to receptor involvement: 

while glutamate in the PL has a fast antinociceptive effect, indicative of ionotropic glutamate 

receptor-mediated effects, in the IL the pronociceptive effect is dependent on slow acting mGluRs, 

a result that is in line with Millecamps’ observations94.  

Although we did not further explore the dichotomy of PL and IL functions, the opposite functions of 

the PL and IL are also evident when considering their roles in the regulation of behaviors other 

than pain. For example, the regulation of conditioned fear memories stored in the AMY is dependent 

on mPFC activity95, as early studies show that lesions in the ventral mPFC impair the ability of rats 

to recall fear extinction96. When the particular involvement of each ventral mPFC subregion was 

explored, the IL alone was found to be responsible for consolidation of extinction of fear memories89. 

Moreover, Vidal-Gonzalvez and colleagues described that independent stimulation of the PL and 

the IL had opposing effects: microstimulation of the IL reduced expression of fear responses to a 

conditionate stimulus and promoted extinction behavior, while PL microstimulation enhanced fear 

responses and prevented the formation of extinction behavior92. Although both the PL and the IL 

share bidirectional projections with the AMY, they project to different amygdalar subregions: 

glutamatergic PL projections target the basolateral AMY (BLA), while GABAergic IL projections 

target the central AMY (CeA)92.  

What is more interesting is that these particular AMY-mPFC circuits are also extensively 

characterized in the context of inflammatory pain and share many similarities with fear-conditioning 

mechanisms97. Pain implies the formation of fear memories and fear conditioning towards an 

aversive, painful stimulus. A noxious stimulus causes a withdrawal reflex and the formation of a 

memory of the pain caused, that leads to its avoidance in future situations. In chronic pain, pain 

related fear can be more disabling than pain itself98,99. Therefore, it is not surprising that increased 

neurotransmission in fear related structures such as the AMY is found in chronic pain settings100,101, 

as well as in closely related areas such as the mPFC. Indeed, studies show that the AMY-mPFC 

circuitry contributes to the development and establishment of pain-related affective and cognitive 

disorders102–104, as well as enhancing monoarthritis-induced hyperalgesia105, though the specificity of 

each region is still incompletely determined.  
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3.3.2 Modulation of nociception by the IL 

The slow action of glutamate in the IL compared to the usually fast effect observed in the PL and 

reported by other studies55,71, led to the proposal that mGluRs are preferentially activated by 

glutamate to modulate nociception. By using a combination of agonists and antagonist for these 

receptors, we were able to prove that mGluR5 are activated by glutamate application in the IL 

(Chapter 2.2). Interestingly, mGluR5 activation was able to decrease the thresholds for thermal 

and mechanical stimulation in healthy animals; in K/C animals, IL mGluR5 activation lowered 

noxious-heat evoked nociceptive behavior in the distal paw, but not mechanically evoked behavior 

in the affected knee joint. This effect is most likely mediated by neuronal mGluR5, as astrocyte 

ablation did not modify the observed results. The induction of the inflammatory pain model also 

led to altered IL signaling, as antagonism of mGluR5 only affected K/C, but not healthy, animals, 

through a mechanism dependent on intact astrocytic function (Chapter 2.3). 

The contribution of the IL to pain modulation and to its chronification is still considerably 

understudied. Morphological and functional alterations106 as well as increased expression of 

neuronal activation markers were reported in the IL of rats with neuropathic pain107,108. In 

inflammatory pain, several studies indicate there is increased inhibitory transmission in the IL102–

104,109, and by counteracting this inhibitory tone, inflammation-mediated hypersensitivity is 

abolished105,109. Interestingly, increased inhibition in the IL, along with inflammation-induced 

hyperalgesia, can be reversed by co-activation of mGluR5 and CB1 receptors104,105. These studies 

seem to contradict the results presented in this dissertation, where mGluR5 activation in the IL 

facilitated nociception in healthy and K/C rats, and mGluR5 inactivation had antinociceptive 

properties in K/C animals. We propose that different signaling pathways are favored by the 

disparate approaches used by us and by other authors. mGluR5 receptors are known to interact 

with and regulate a multitude of receptors to promote facilitation or inhibition of synaptic 

transmission in the PFC. For example, group I mGluR agonist DHPG can increase both inhibitory 

and excitatory transmission onto PFC pyramidal cells110,111. mGluR5 activation contributes to 

increased mPFC inhibitory tone by modulating cholinergic signaling112, but it also increases synaptic 

transmission in the mPFC through several other mechanisms, such as rate-dependent excitatory 

influence on spontaneous burst activity and intrinsic excitability113–115, potentiation of NMDA receptor 

mediated effects on firing rate and burst activity113, or long-term depression of GABAergic activity 

through retrograde endocannabinoid signaling104,105. Therefore, future studies should address the 
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underlying mechanism modulated by mGluR5 in our studies, as well as the effect that 4 weeks of 

inflammatory pain have upon the overall activity of mPFC subregions. 

We also observed mGluR5 in the IL had no tonic effect upon nociceptive thresholds under 

physiological conditions. On the other hand, in chronic inflammatory pain conditions, IL mGluR5 

antagonism was antinociceptive (Chapter 2.2). This could indicate that while driving mGluR5 

signaling with an agonist can alter nociceptive behavior, in physiological conditions these receptors 

are not directly involved in the modulation of noxious evoked behaviors. In chronic pain conditions, 

which are frequently connected to the development of comorbid mood and cognitive impairments, 

i.e. alterations in the affective and cognitive dimensions of pain72,116,117, IL mGluR5 signaling is altered. 

Remarkably, chronic pain alterations are dependent on astrocytic function, as the tonic effect of 

mGluR5 antagonist on K/C animals is abolished by astrocyte ablation with LαAA (Chapter 2.3). 

Due to the homeostatic role of astrocytes38, the results hint at considerable remodeling occurring 

at the synaptic level due to prolonged experimental peripheral inflammation, altering not only 

neuron-neuron communication, but also neuron-glial interactions. In this context, our results point 

to a tonic activation of mGluR5 specifically in astrocytes due to the exposure to prolonged 

inflammatory pain. This tonic activation state could be due to increased astrocyte reactivity, 

increased expression of mGluR5 by astrocytes, or a combination of both. As described in the 

Introduction of this dissertation, in recent years there has been an increased focus on the 

contribution of glial cells towards the development and maintenance of pathological states. 

Increased astrocyte reactivity has been found in the forebrain, brainstem and spinal cord of rats 

for prolonged periods (28 days) after CFA administration118. Moreover, in the ACC, augmented 

astrocyte reactivity is associated to alterations in the affective dimension of pain, as astrocyte 

ablation inhibits escape/avoidance behavior in rats with prolonged inflammatory pain119. Although 

we do not have a full picture of the mechanisms underlying astrocytic function in pain perception, 

several lines of evidence have emerged that indicate astrocytes can influence synaptic and brain 

activity through many different processes. A recent study showed astrocytes in the spinal cord drive 

an alternative form of LTP that could explain secondary hypersensitivity. This form of gliogenic LTP 

is dependent on the binding of diffusible extracellular messenger such as D-serine and TNFα, 

meaning that it can spread in the cerebrospinal fluid and affect remote sites120.  

On a different note, the parallel astrocyte-astrocyte communication propagated through Ca2+ waves 

is also involved in pain, as expression of gap junction protein Cx43 (the main type of protein in 
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astrocyte-astrocyte gap juncions38), is increased after CFA-induced inflammation121; concurrently, 

gap junction inhibition produces analgesia in several pain models122. Interestingly, the generation 

of Ca2+ waves can be induced by astrocytic mGluR5. These receptors are proposed to detect 

glutamatergic transmission in astrocytes and regulate synaptic transmission accordingly123. The 

number of astrocytic mGluR5 receptors activated is proportional to the magnitude of the Ca2+ wave 

observed, indicating that larger synaptic events elicit higher responses in astrocytes that can 

propagate further from the origin of the signal123. Although mGluR5 expression in adulthood in quite 

low, astrocytic mGluR5 are more efficient and have higher affinity to glutamate when compared to 

their neuronal equivalents123. In addition, expression of mGluR5 in astrocytes was found to be 

increased in the S1 of rats with neuropathic pain124. Overall, the evidence here presented points to 

a gain of astrocytic function during chronic pain, which is in line with results from Chapter 2.3; 

the extent of the contribution of astrocytes to synaptic transmission, in chronic pain and otherwise, 

however, is not fully comprehended. 

The role of the IL in the affective dimensions of pain should also be taken into account when 

considering the implications of the present results. One of the best described roles attributed to 

the IL is the regulation of aversive behavior extinction89,92,95,125. Increased activity of the mPFC, and in 

particular the IL, is highly correlated to the successful extinction of negative emotions126; 

concomitantly, decreased activity correlates with deficits in extinction behavior127. This mechanism 

is of particular interest since the ability to regulate fear extinction also underlies the development 

of mood-related disorders such as anxiety and depression128, which are also common comorbidities 

of chronic pain72,116,117. If we consider that chronic pain consists of a continuous formation of aversive 

emotional associations, rather than their extinguishing129, then the importance of the IL and the 

circuits it integrates for the processing of pain inputs becomes clearer. To some degree, the 

manipulation of these affective processes might be the main effect of IL pharmacological 

modulation and the behavioral alterations we describe an indirect consequence of it. In support of 

this proposal, overlap between the mechanisms described for pain and other emotional 

impairments can be found in the existing literature. Of particular interest for our work is the 

importance of mGluR5 signaling for IL-mediated extinction behaviors: genetic deletion of mGluR5 

in mice or pharmacological blockade of mGluR5 in the IL abolishes115,130, while enhancing mGluR5 

activity in the IL facilitates, fear extinction131. However, just as described above regarding pain 

mechanisms, there are also contrasting reports that indicate increased hyperexcitability in the IL 

leads to increased anxiety-like behaviors132. 
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3.3.3 Descending relays for IL-mediated pronociception 

3.3.3.1 Supraspinal pathways 

The integration of IL inputs into nociceptive pathways is hinted at by anatomical works showing a 

multitude of connections between the IL and traditional pain modulatory areas88,133,134, and by 

functional imaging studies highlighting the co-occurrence of pain-induced activation of the PFC and 

brainstem pain modulatory regions, as well as by changes in their functional connectivity135–137. 

In an attempt to determine the supraspinal outputs of IL mGluR5-induced nociceptive facilitation, 

the DRt emerged as a potential relay due to its facilitatory influence in dorsal horn neuronal activity 

as well as upon nociceptive behavior138,139. Indeed, in Chapter 2.4 transient blockade of the DRt 

prevented behavioral pronociception from the IL in both healthy and K/C animals. However, the 

inhibition of DRt activity alone, either through general inactivation with lidocaine or through GABA-

induced neuronal tone inhibition, was accompanied by antinociception. In accordance with this 

result, Almeida and colleagues previously reported that lesioning the DRt reduces nociceptive 

responses evoked by noxious heat in the tail-flick and hot-plate tests139. Additionally, hypoalgesia 

after lidocaine administration in the DRt was also previously observed in monoarthritic rats140.  

Since we could not determine if the DRt was indeed a relay for IL-mediated pronociception or if the 

behavioral results were merely the net result of the effects of IL-mGluR5 activation and DRt 

inactivation, the behavioral results were inconclusive regarding our initial hypothesis. 

Electrophysiological results, on the other hand, undeniably showed that mGluR5 activation in the 

IL increased the spontaneous and heat-evoked discharges of nociceptive responding neurons in 

the DRt; however, the effect was only present in healthy animals, indicating that prolonged 

inflammatory pain changed the IL-mediated pathway. In addition, the administration of a mGluR5 

antagonist in the IL, which is antinociceptive in K/C animals, had no effect upon DRt neuronal 

discharges. Inversely, the results from RVM recordings from Chapter 2.5 show mGluR5 activation 

in the IL affects neuronal activity only in K/C animals. Interestingly, facilitation from the IL relayed 

through the RVM results from a disengagement from antinociceptive OFF-cells, instead of increased 

pronociceptive responses from ON-cells. 

In Chapters 2.2 and 2.3 we presented evidence that the IL undergoes plastic changes after 

prolonged exposure to the K/C model. The results from Chapter 2.4 and 2.5, depicting a shift 

from a DRt to a RVM-dependent behavioral pronociception add to that evidence, pointing to 
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alterations not only in the expression of mGluR5, but also to major reorganization of descending 

inputs from the IL. Interestingly, this is not the first study reporting both the RVM and the DRt as 

relays in the same pathway. Descending nociceptive facilitation from the ACC can be blocked by 

inhibiting the RVM141 and the DRt142, and the authors propose that the DRt constitutes the final relay 

for the pathway. However, we observed no alterations in any RVM cell type, including NEUTRAL-

cells, in healthy animals, excluding this hypothesis as the explanation for our results. Instead, we 

propose the PAG, a central region receiving a significant number of projections from cortical and 

subcortical regions, including the IL88,143, and projecting to both the RVM62,144 and the DRt133,134, could 

be the common relay for IL pronociception in healthy and K/C rats. In fact, the PAG is a complex 

region that produces and modulates a variety of behavioral and physiological responses in addition 

to pain, such as vocalization, autonomic responses, reproductive and sexual behaviors and fear 

reactions143. Hence, in addition to evaluating the modulation of motivational/affective responses by 

the IL, the possible integration of that information by the PAG merits further investigation in future 

studies. 

 

3.3.3.2 Influence of IL mGluR5-mediated pronociception on dorsal horn activity 

In Chapter 2.4 we investigated the extent of IL mGluR5 pronociceptive inputs upon the activity of 

nociceptive neurons of the spinal dorsal horn. Electrophysiological recordings show mGluR5 

agonist administration in the IL increased the noxious heat-evoked responses of the two neuronal 

populations recorded, WDR and NS neurons, a result that mirrors the effect of intra-IL CHPG 

nociceptive facilitation reported in Chapter 2.2.  Additionally, CHPG also leads to enhanced WDR 

spontaneous activity in healthy, but not in K/C rats. Both the DRt and the RVM have previously 

been described to project directly to the spinal cord, resulting in direct modulation of dorsal horn 

neuronal activity62,145. Interestingly, when comparing the effect of IL mGluR5 activation in the 

spontaneous activity of the DRt and RVM with those in spinal WDR cells, the same pattern of 

activation is observed in the spinal cord and in the supraspinal regions. Indeed, in healthy animals 

CHPG in the IL increases the spontaneous and evoked discharges in the pronociceptive DRt139,146 

and in WDR cells. In K/C rats, on the other hand, CHPG in the IL abolishes the evoked but not the 

spontaneous responses of RVM’s antinociceptive OFF-cells, promoting overall facilitation of 

nociceptive behavior62,147; in parallel, in the spinal cord only the evoked responses of WDR neurons 

are increased, but not the spontaneous ones. Although these results are in accordance with the 
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reorganization of IL descending pathways proposed in the previous section of this Discussion, 

further studies, for instance evaluating simultaneously the discharges of DRt/RVM and dorsal horn 

neurons after IL mGluR5 activation, are required to validate our hypothesis. Such an experiment 

would allow to discard other possible explanations, such as the existence of a ceiling effect in the 

activity of WDR neuronal discharges driven by prolonged exposure to the K/C model.  

 

 3.3.3.3 TRPV1 

Intrathecal administration of TRPV1 antagonist was able to block IL mGluR5 induced facilitation of 

responses to noxious heat applied to the hind paw in both experimental groups. Remarkably, 

baseline withdrawal latencies were not affected (Chapter 2.4). Contrary to our results, several 

works have reported the sensitization of peripheral TRPV1 plays an important role in exaggerating 

pain in inflammatory states and that TRPV1 antagonists are able to block inflammatory 

hyperalgesia148,149. In addition, as a transducer for heat, it seems paradoxical that intrathecal 

administration of a TRPV1 antagonist had no effect on heat-evoked latencies150,151. However, those 

studies consider TRPV1 is exclusively expressed in primary afferent nerves. Contrarily to that early 

assumption, however, TRPV1 expression can also be found in postsynaptic interneurons in the 

spinal cord152–154 and in various brain regions155. Therefore, we propose that our results reflect the 

activation of TRPV1 in postsynaptic interneurons over presynaptic central terminals of primary 

afferent nerve fibers. In support of our proposal and in addition to the lack of effect upon basal 

heat-evoked latencies in K/C rats, we observed no hyperthermia in our animals, a side effect of 

peripheral TRPV1 activation156 that is absent when the central receptor is activated157. 

Because the contribution of TRPV1 to the transmission of pain in spinal circuits is still in the early 

stages of investigation, there are still many gaps in our understanding of TRPV1 mechanisms156. 

Additionally, our own results are very general and do not allow to further hypothesize on their 

significance. Hence, more studies are necessary to understand the full potential of TRPV1 in IL 

mediated pronociception and in pain modulation in general. 
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4. Conclusions and Future Perspectives 

 

The work here presented shows the K/C model is suitable to study the development of chronic 

inflammatory pain such as observed in patients with OA. Although the onset of the disease lacks 

translational value when comparing rodents and human patients, the subsequent pathological 

development presents a better correlation of the disease severity with the time elapsed when 

compared to other chemically induced models, without requiring such prolonged time periods as 

spontaneous and genetic models. Future works should focus on further characterizing the K/C 

model in terms of the immune response. 

The characterization of the prolonged pathological progression of the K/C model adds more 

relevance to the remaining results. Our studies strongly suggest that in addition to the peripheral 

alterations we observed in K/C rats, the persistence of knee joint pain also drives CNS plastic 

changes. Specifically, we observe alterations in the mGluR5 function in the IL, a gain of function 

from IL astrocytes regarding descending modulation of nociception, and broader changes in the 

pathways relaying IL-mediated pronociception. Future studies should evaluate the motivational, 

affective and cognitive aspects of IL descending modulation, as we believe it would greatly 

contribute to our knowledge of pain as a multidimensional experience. In addition, the significance 

of the switch in IL nociceptive descending pathways should also be addressed. The specific 

contribution of astrocytes, microglia and oligodendrocytes towards chronic pain should also be 

addressed; since the study of glial cells is still in its infancy, though, the development of new 

approaches is necessary to accurately pinpoint their involvement. Particularly for this work, the use 

of optogenetic tools would allow to study each cellular type while ensuring their functional integrity. 
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