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ABSTRACT 

 

Osteoarthritis (OA), the degenerative and most common form of arthritis, is a complex 

disease of the whole joint and affects over 4 million Canadian adults. To this day, there is no 

satisfactory method of relieving osteoarthritic pain and, although chronic pain is the most reported 

complaint of the disease, our understanding of its driving mechanisms remains limited. Studies in 

this thesis were devised with the objective of contributing to understanding of the mechanism of 

pain in OA. 

Studies investigating changes of innervation of bone have been few and sparse in the 

literature, mostly due to the complexity and poor success of performing histological labellings on 

decalcified bone tissue. As a result, there has been a lack of understanding of mechanisms 

contributing to pain in diseases such as arthritis, osteoporosis, and low back pain. In this thesis, 

we developed a robust methodology for labelling nerve fibers in bone in various animal models of 

OA, osteoporosis, and bone fracture. 

In this thesis, we provide a multi-facetted time-course study of relevant changes in a mono-

iodoacetate (MIA) model of OA in the rat ankle joint. We showed a correlation between pain-

related behavior and pathological changes, including cartilage and bone degeneration, sprouting 

of sensory and sympathetic nerves in the bone and synovium, and increased density and activation 

of glial cells in the dorsal horn. There are many clinical and pre-clinical lines of evidence 

suggesting a neuropathic component to OA pain, including the occurrence of microgliosis in the 

spinal cord and modulation of nociceptors by sympathetic afferents. However, putative for a 

neuropathic pain-like component to OA is the possible contribution of primary afferent damage 

following joint degeneration. We have shown expression of Activating Transcription Factor 3 



19 
 

(ATF3), a marker of neuronal stress, principally in large-diameter cell bodies that also colocalize 

with parvalbumin (PV), a marker of proprioceptors. This suggests that myelinated afferents 

innervating the articular joint in OA pain are mostly affected following joint degeneration, which 

drives interest in understanding the contribution of lamina III-V that receives input from these 

fibers, in the persistence of OA pain.  

The internalization of the receptor for substance P, the neurokinin-1 receptor (NK1-r) on 

lamina I projection neurons of the spinal dorsal horn has been used as a marker of nociceptive 

responses. Lamina I is an important centre for the modulation and forwarding to the brain of pain-

related information. Therefore, changes in the properties of lamina I projection neurons may be 

important for pain. Previous work from our lab has shown increased expression of NK1-r on 

lamina I pyramidal neurons in both neuropathic pain and inflammatory arthritis models. In this 

thesis, we showed similar morphological changes and internalization of the receptor on NK1-r 

positive neurons, in a rat ankle joint model of osteoarthritis (OA) following movement of the 

affected joint in lamina I.  

This work combines many studies of important changes occurring in OA in the peripheral 

and central nervous systems, identifying various contributing mechanisms to chronic and 

irreversible pain in the disease, including a neuropathic pain-like component. Such studies have 

important implications in the development of more suitable therapeutic strategies by identifying 

potential targets.   
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RÉSUMÉ 

 

L'arthrose, la forme d'arthrite dégénérative la plus courante, est une maladie complexe de 

l'ensemble de l'articulation et touche plus de 3 millions d'adultes canadiens. À ce jour, il n'existe 

pas de méthode satisfaisante pour soulager la douleur arthrosique et, bien que la douleur chronique 

soit la plainte la plus rapportée de la maladie, notre compréhension de ses mécanismes reste 

limitée.  

Les études portant sur les changements d'innervation de l'os sont peu nombreuses et plutôt 

rares dans la littérature, principalement en raison de la complexité et du faible succès de la 

réalisation de marquages histologiques sur du tissu osseux décalcifié. En conséquence, le domaine 

de la douleur a souffert d'un manque de compréhension des mécanismes contribuant à la douleur 

dans des maladies telles que l'arthrite, l'ostéoporose et les lombalgies. Dans ce travail de thèse, 

nous avons développé une méthodologie robuste pour marquer les fibres nerveuses dans l'os dans 

divers modèles animaux d'arthrose, d'ostéoporose et de fracture osseuse. 

Nous avons fourni une évolution temporelle à multiples facettes des changements 

pertinents dans un modèle mono-iodoacetate (MIA) de l'arthrose dans l'articulation de la cheville 

du rat et avons montré une corrélation entre le comportement lié à la douleur et les changements 

pathologiques, y compris la dégénération du cartilage et des os, l’hyper-innervation par des fibres 

sensorielles et sympathiques dans l'os et la membrane synoviale, et une augmentation de la densité 

et de l'activation des cellules gliales dans la corne dorsale. Il existe de nombreuses lignes de 

preuves cliniques et précliniques suggérant une composante neuropathique à la douleur 

arthrosique, y compris la survenue d'une microgliose dans la moelle épinière et la modulation des 

nocicepteurs par les nerfs sympathiques. Cependant, la contribution possible d'une lésion afférente 
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primaire à la suite d'une dégénération articulaire peut être considérée comme une composante de 

type douleur neuropathique dans l'arthrose. Nous avons montré l'expression de ATF3, un marqueur 

du stress neuronal, principalement dans les corps cellulaires de grand diamètre qui colocalisent 

également avec la parvalbumine (PV), un marqueur des propriocepteurs. Cela suggère que les 

mécanorécepteurs myélinisés innervant la jointure, qui sont majoritairement des propriocepteurs, 

sont principalement affectés à la suite d'une dégénération articulaire, ce qui suscite l'intérêt de 

comprendre la contribution de la couche III-V de la corne dorsale qui reçoit l'apport de ces fibres, 

dans la persistance de la douleur arthrosique. 

L'internalisation du récepteur de la substance P, le récepteur de la neurokinine-1 (NK1-r) 

sur les neurones de projection de la couche I de la corne dorsale spinale a été utilisée comme 

marqueur des réponses nociceptives. La couche I est un centre important pour la modulation et la 

transmission au cerveau des informations liées à la douleur. Par conséquent, les changements dans 

les propriétés des neurones de projection de la couche I peuvent être importants pour la douleur. 

Des travaux antérieurs de notre laboratoire ont montré une expression accrue de NK1-r sur les 

neurones pyramidaux de la couche I dans les modèles de douleur neuropathique et d'arthrite 

inflammatoire. Dans cette thèse, nous avons montré des changements morphologiques similaires, 

ainsi que l'internalisation du récepteur NK1 dans la couche I de la corne dorsale suite au 

mouvement de la jointure.  

Ce travail rassemble de nombreuses études sur les changements importants se produisant 

dans l'arthrose dans les systèmes nerveux périphérique et central, identifiant divers mécanismes 

contribuant à la douleur chronique et irréversible dans la maladie, y compris une composante de 

type douleur neuropathique. De telles études ont des implications importantes dans le 
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développement de stratégies thérapeutiques plus efficaces avec l’identification de cibles 

pharmacologiques potentielles.  
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1.1 The burden of arthritis 

Whether it is the person who can no longer tuck the sheets under their mattress when they 

make their bed, or the athlete who was so close to go “pro” before a life-changing injury, or the 

grandmother who struggles to finish her knitted sweater, most people know of someone who 

suffers from severe joint pain. Make no mistake, although some of the examples mentioned above 

may appear as endearing quirks or have been accepted has an inevitable path of life, joint pain can 

be debilitating and have many physical, psychological, and social impacts on a person’s life. An 

estimated 6 million Canadians are affected by arthritis, which represents 1 in 5 adults, 2 out of 3 

patients being women [16]. Our current health care system spends $33 billion annually in the sole 

effort of managing and alleviating symptoms of arthritis. Due to our rapidly aging population, 

these numbers are expected to rise to 9 million arthritis patients and at least $67 billion of health 

care costs by 2040, causing an increasingly alarming financial and clinical burden on our society 

[16].  

Despite the important societal implications of arthritis, our understanding of the underlying 

mechanisms, including mechanisms related to pain associated with the disease, remains limited. 

Clues to the etiology of various forms of arthritis as well as insight into research advances can be 

informed by historical perspectives on the disease [54]. Unfortunately, by this process, robustly 

acquired misconceptions in the medical community relating to causes and mechanisms of arthritis 

can also hinder progress in treatment advances. This is particularly true for osteoarthritis (OA), the 

most common form of arthritis, which will be the focus of this thesis. 
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1.2 Arthritis through the arts and ages 

The word arthritis comes from the Greek “arthro” meaning joint and “itis” meaning 

inflammation. Amongst the first disease to ever be recognized as a medical entity is gout arthritis, 

first described by the Egyptians in 2560 B.C.E [188]. Hippocrates also described the condition as 

the “unwalkable disease” that he associated with joint disability [6]. Interestingly at that time, gout 

was thought to be a “disease of lifestyle”, and its various forms were classified based on the socio-

economic status of the person affected [154]. The term “rheumatism” followed in 1591 when the 

French physician Guillaume de Baillou coined the term referring to the condition associated with 

joint soreness, stiffness, pain and inflammation [95]. Unlike rheumatism, gout was associated with 

rich foods and excessive consumption of alcohol; in fact an issue of the London Times dating to 

the year 1900 reads “The common cold is well named – but the gout seems instantly to raise the 

patient's social status” [37]). It was only in the 1800’s that this notion was challenged with evidence 

of hereditary traits [67]. Today, the condition known as gout refers solely to the disease associated 

with the accumulation of small crystals of a chemical called uric acid that form in the joints [185]. 

It is surprising to see how late came the descriptions of arthritis in the medical literature 

when depictions in other media can be found centuries, if not millennia, earlier. In fact, many 

diseases were first depicted in art form before they were even defined clinically, or symptoms were 

identified. Trisomy 21, for example, was first described in the medical literature by J. Langdon 

Down in 1866 in very gross terms [51], and was attributed to the chromosome 21 in 1959 [109]. 

However, realism paintings dating back to the Renaissance show children with clear features 

associated with Trisomy 21 (ex: Virgin with Child by Andrea Mantegna (1490)) [208] with the 

earliest representation linked to a clay figurine dated 5000 B.C.E [47]. Similarly, representations 

of arthritic features can be found in many paintings of the Renaissance, including The Donators 
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by Jan Gossaert (1525-30), and Portrait of Albrecht Durer by Albrecht Durer Jnr (1490) [43; 234]. 

This is mainly caused by a surging interest in realisms and humanism which created a desire for 

artists of that time to study the anatomy of the human body in order to produce life-like art [108]. 

Of course, stylistic signatures may have pushed artists to deviate from the true anatomy, which 

highlights the importance of corroborating evaluations of portraits on which arthritis is depicted, 

as well as analyses of primary documents recording symptoms of arthritis; this process is called 

medico-artistic diagnosis [107]. 

Michelangelo Buonarroti is best known for being one of the most documented artists of the 

Renaissance, with famous works including David and the ceiling of the Sistine Chapel. However, 

what is less known about Michelangelo is that he faced health issues later in life that challenged 

his abilities in practicing humanism and realisms in his art. He wrote in his letters that “no one has 

mastery before he is at the end of his art and his life” as he complained to his nephew of “cruel 

pain” in his hands and symptoms they then associated with the general condition called “gout” 

[82]. Although no investigation was performed on Michelangelo’s remains after his death to 

confirm pathologies, scholars turned to portraits of Michelangelo to analyze his afflictions. Of note 

were Portrait of Michelangelo Buonarroti by Jacopino del Conte (Figure 1A), and Portrait of 

Michelangelo Buonarroti by Pompeo di Giulio Caccini (Figure 1B). Both these portraits showed 

deformations on Michelangelo’s hands, but with no-to-little signs of inflammation (Figure1C-D). 

More precisely, the trapezius-metacarpal joints and the metacarpo-phalangeal and interphalangeal 

joints of the thumb and index finger show advanced degeneration. Combined, these findings are 

believed to be associated with osteoarthritis [107].  
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 A) by Jacopino del Conte (c.1535), oil on panel from the Casa Buonarroti Museum, Florence, 

Italy; B) by Pompeo di Giulio Caccini (c.1595), oil on wood from the Casa Buonarroti Museum, 

Florence, Italy. C-D) Magnifications of hands from A) and B). 

 

The medical and art literature paint a rich history of the origin of diseases that we now 

categorize as arthritis. In the last few centuries, many advances in research and medicine have 

allowed for the differentiation between arthritis types. Not only do these advances affect how we 

treat and manage the disease in patients, but it also informs how we conceptualize the disease 

mechanism, which in turn drives research interests. In the next section, we will discuss recent 

advances and provide an overview of the modern understanding of some of the most common 

forms of arthritis. 

 

1.3 Types of arthritis 

A B C 

D 

Chapter 1 Figure 1: Arthritis in Portraits of Michelangelo Buonarroti. 
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Many rheumatoid disorders are categorized as arthritis due to their common musculoskeletal 

pain; in fact, over 100 conditions fall into the category of arthritis, including rheumatoid arthritis 

(RA), fibromyalgia, and OA [16]. For the purpose of the work presented here, we will further 

expand on RA and OA, which are represented in Figure 1.2. 

The RA joint is associated with important inflammation, as well as erosion of cartilage. The OA 

joint is associated with joint space narrowing caused by cartilage and bone degeneration, with a 

less prominent inflammatory component. Original image created with BioRender.  

 

Chapter 1 Figure 2: Schematic representation of the healthy and arthritic synovial joints. 



35 
 

1.3.1 Rheumatoid arthritis 

 RA is the most common form of inflammatory arthritis, and the second most common form 

of arthritis. It is estimated that 1 in 100 Canadians adults suffer from RA, which represents 300 

000 Canadians [16].  

The first description of RA in modern medicine came from Augustin Jacob Landré-

Beauvais in the year 1800, who described distinct symptoms from gout and rheumatism, that we 

now recognise as RA (cited by [9]). RA is a chronic relapsing autoimmune disease, that usually 

affects multiple diarthrodial, or synovial, joints. Like other autoimmune disorders, women are 

more likely to develop RA, by a three to one ratio [14; 36]. Central to the pathophysiology of RA 

is an inflamed synovium. However, the direction of subsequent damage is disputed: invasion of 

synovial tissue within the joint cavity, a structure called the pannus, can result in degradation of 

the cartilage, subchondral bone, and surrounding tissues, but evidence also shows inflammatory 

infiltrates from the bone marrow that can result in the aforementioned damage [212]. Nonetheless, 

the progression of the disease can be insidious in many patients, but 70% of patients will have 

radiographic evidence of degeneration of articular cartilage and bone within 2 years [131; 133]. 

The etiology of the disease is still murky, but appears to be multifactorial, with genetic, epigenetic 

and environmental factors. Analysis of RA studies involving monozygotic and dizygotic twins 

conclude that approximatively 60% of a population’s predisposition for RA can be accounted by 

genetics [8; 123; 201]. 

1.3.2 Osteoarthritis  

More than 4 million Canadian adults suffer from OA, the most common form of arthritis. This 

represents 1 in 7 Canadian adults [16]. The main risk factors include age, obesity, and traumatic 

injury. Patients most often complain of stiffness, joint instability, and chronic pain [58].  
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The first description of osteoarthritis in the medical literature came from William Heberden 

during the 18th century where he described cases of joint disease which he defined as being distinct 

from rheumatism and gout [97]. This “nodosity” of the joints, or joints resembling the bulky shape 

of knots likely due to the formation of osteophytes, was coined as the Heberden nodes. It is 

believed that the term “osteoarthritis” was first used in the mid-1850’s by Richard von Volkmann 

who is regarded as the father of orthopaedic surgery, and who maintained that OA lesions were 

very distinct from the ones observed in RA [238]. Unfortunately, a competing school of thought 

completely eclipsed Volkmann’s arguments, and the medical community continued to interpret 

OA as a certain grade of the RA disease [116; 158]. It is only in 1955 that R.M. Stecher connected 

Heberden nodes to osteoarthritis, and postulated that OA was a purely mechanical disease caused 

by injury or “wear-and-tear” on the joints [210]. What Heberden, Volkmann and Stecher all agreed 

on is that, contrary to RA, OA lacked the predominant inflammation component in the joints.  

The term “osteoarthritis”, which is still used to describe the condition even in modern day, is 

a misnomer as “osteo” which means bone and “arthro” which means joint are still defined with 

“itis” which means inflammation. Nonetheless, current literature now suggests that the real story 

behind OA pathological onset is far more complex. In fact, the Osteoarthritis Research Society 

International (OARSI) now describes this degenerative disease as follows: 

“Osteoarthritis is a disorder involving movable joints characterized by cell stress and 

extracellular matrix degradation initiated by micro- and macro-injury that activates 

maladaptive repair responses including pro-inflammatory pathways of innate immunity. 

The disease manifests first as a molecular derangement (abnormal joint tissue metabolism) 

followed by anatomic, and/or physiologic derangements (characterized by cartilage 
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degradation, bone remodeling, osteophyte formation, joint inflammation and loss of 

normal joint function), that can culminate in illness:” [102]. 

It is only recently that we started conceptualizing OA as a disease that goes beyond the articular 

cartilage. In addition to degeneration of the cartilage and joint space narrowing, we now 

acknowledge the importance of the whole joint, including changes occurring in the subchondral 

bone, the synovium, synovial fluid, and supporting ligaments [127]. In fact, OA is characterized 

by bone remodelling, the formation of osteophytes, lesions in the bone marrow, and in some case, 

ligament and meniscal tears [44; 49; 75; 165]. Changes occurring in each of those structures in the 

diseased state will be discussed in section 1.7. 

Similar to RA, the pathogenesis of OA is still poorly understood. However, the transforming 

growth factor-ȕ��7*)-ȕ���:QW�D��,QGLDQ�KHGJHKRJ��VLJQDOOLQJ�PROHFXOHV�VXFK�DV�6PDG���ȕ-catenin 

and HIF-�Į��DQG�WKH�WUDQVFULSWLRQ�IDFWRU�5XQ[��DOO�have been implicated in OA development and 

progression in genetic mouse models [32; 86; 96; 113; 179; 244; 245; 254]. As such, the genetic 

predisposition of OA is widely accepted in the literature [59; 118; 207], and lately research has 

been targeting the genes and signalling pathways of these molecules [138; 183; 190; 195; 231]. 

 

1.4 Pain  

For 40 % of patients living with arthritis, which represents over 2.4 million Canadians, the pain 

associated with the condition is so severe that it limits their daily activities, mobility and ability to 

work [16]. It is of no contest now that chronic pain associated with OA is not solely a symptom, 

but a disease of its own. In the next few sections, we will review the past and present views on 
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pain-related transduction and transmission, which led to our current understanding of the pain 

state. 

1.4.1 Pain through the ages  

Descartes' Principles of Philosophy, published in 1644, had a section on pain in phantom 

limbs. He deduced that pain was felt in the brain rather than the phantom limb [46]. He was the 

first to claim that activation of the phantom limb's nerves created sensations as if the phantom limb 

was still intact. Then, in “L’Homme”, Descartes presented a model of pain in the shape of a child 

sticking his foot in a fire [45]. Descartes felt that as the fire approached the boy's foot, the pain 

caused a fine thread to be pulled up the boy's leg and to the brain through the shortest route. This 

model is perhaps the most known early conceptualization of pain and has inspired many more 

complex subsequent insights of the pain circuitry. The term “nociception” came much later in 1910 

when Charles Sherrington, the renowned English neurophysiologist, used the Latin roots nocere 

(meaning “to harm”) to describe pain as the “physical adjunct of protective reflexes”. What 

Descartes and Sherrington had in common were their insightful deduction on the evolutionary 

purpose of pain; to teach the body to avoid future and probable injuries. This is commonly known 

as acute pain: pain that is relatively short-lasting and directly associated with an injury. However, 

we now know that pain can manifest itself if a much more complex long-lasting form and of 

mysterious origin.  

1.4.2 Classification of pain 

The International Association for the Study of Pain (IASP) defines chronic primary pain 

as pain that: “1) persists or recurs for longer than 3 months, 2) is associated with significant 

emotional distress (e.g., anxiety, anger, frustration, or depressed mood) and/or significant 
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functional disability (interference in activities of daily life and participation in social roles), and 3)  

the symptoms are not better accounted for by another diagnosis” [148]. Physiologically, it is 

believed that various events can lead to the onset and maintenance of chronic pain, and distinct 

terminology is used to differentiate between underlying initiating mechanisms. However, as we 

will explore in more detail in the following chapters of this thesis, chronic pain mechanisms are 

very complex with countless contributing mediators.  

Nociceptive pain is a medical term that describes pain caused by physical or potential 

damage to the body. For example, many people will relate to having suffered a sports injury, or 

having undergone a dental surgery to remove wisdom teeth. Nociceptive pain occurs when 

nociceptive nerve fibres are activated by inflammation, chemicals, or physical events, such as a 

superficial paper cut on the finger, or stubbing your small toe over a piece of furniture. Thankfully, 

nociceptive pain tends to resolve quickly. 

Nociplastic pain refers to “pain that arises from altered nociception despite no clear 

evidence of actual or threatened tissue damage causing the activation of peripheral nociceptors or 

evidence for disease or lesion of the somatosensory system causing the pain” (cited by [151]). This 

is a relatively new definition and aims to replace the well known concept of central sensitization 

as diagnostic term in the clinical context [152; 240]. 

IASP defines neuropathic pain as pain caused by a lesion or disease of the somatosensory 

nervous system [186]. Neuropathic pain in the context of OA is strongly suspected in patients, 

although the mechanisms in OA are poorly described to this day [48], and will be a major focus of 

this body of work. Interestingly, the notion of a neurogenic lesion originating outside of the joint 

was linked to OA by Garrod Jnr and John Spender in the late 19th century [50]. 
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1.5 Somatosensory nervous system 

The somatosensory nervous system is responsible for the perception of modalities such as 

touch, temperature, movement, and pain [91; 145]. These different types of perception experiences 

are first detected and transmitted by primary afferents through specialized sensory receptors. These 

receptors can be located in their peripheral terminals, or in some cases on the target organ itself. 

When primary afferents are activated by a sensory stimulus of adequate intensity, an action 

potential is generated and relayed to the neurons of the dorsal horn of the spinal cord. In the spinal 

cord, the sensory inputs are then processed and integrated to be relayed in their turn to higher 

centers of the brain. The perception of sensory stimulus as we know it is attributed to the 

somatosensory cortex [229]. We now know that centers of the central nervous system are also 

responsible for modulating sensory inputs, including the modulation of nociceptive stimuli that 

contribute to the pain experience [27; 56; 99; 136]. In this section, we will review the organization 

of the peripheral and central nervous systems, with emphasis on structures and circuitry known to 

contribute to chronic pain in OA. 

1.5.1 Peripheral nervous system 

There is a lot of power in classifying concepts; classification allows to share and 

conceptualize our understanding, and to model new ideas [80]. It is no surprise then that much 

effort has been put towards classifying different types of fibers responsible for sensory 

transduction and transmission. For example, Lawson & Waddell believed in two morphological 

types of neurons (large light and small dark neurons) [106]. Primary afferents have also been 

distinguished by target organ, conduction velocity, receptive fields, localization of neuropeptides, 
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sensory modality and more [4; 222]. Yet, there seems to be more to learn to fully account for the 

reported functional heterogeneity of primary afferents. In fact, gene expression profiles of DRGs 

point to 18 molecularly and functionally distinct classes of neurons that include modality-specific 

and polymodal primary afferents [224; 250]. Here, we will refer to primary afferents based on the 

type of stimulus that each transduce: nociceptive, thermoreceptor, mechanoreceptive and 

proprioceptive afferents. These neurons are pseudo-unipolar and possess two axonal branches: one 

that innervates the target organ in the periphery, and one that projects to the spinal dorsal horn. 

Their cell body is located in the dorsal root ganglia (DRG), where primary afferents receive support 

from glia (Schwann cells and satellite cells). Myelinating Schwann cells wrap around large caliber 

axons to provide electrical insulation that leads to rapid signal transmission. Non-myelinated 

Schwann cells also exist and are generally associated with slow-transmitting small caliber axons 

[3].  

1.5.1.1 Nociceptors 

Charles Sherrington was the first to describe a specialized set of neurons that transmit painful 

stimuli [196; 198]. Different fiber populations of nociceptors are distinguished according to certain 

parameters: the presence or absence of myelination, axonal diameter, and responsiveness to several 

types of noxious stimuli. Nociceptor populations have previously been described and categorized 

LQ�$į�DQG�&�ILEHUV [162]��$į�nociceptors are thinly myelinated and are responsible for transmitting 

WKHUPDO�DQG�PHFKDQLFDO�IDVW�SDLQ��WKHUH�DUH��KRZHYHU��D�VXEVHW�RI�$į�ILEHUV�WKDW�DUH�QRQ-nociceptive 

and respond to low-WKUHVKROG�PHFKDQLFDO�VWLPXOL��$į�ILEHUV�WHUPLQDWH�LQ�ODPLQD�I (LI) of the spinal 

cord, although they may also be found in lamina V [111]. On the other hand, C fibers are 

unmyelinated and slow conducting. They have been found to be activated by noxious mechanical, 

thermal, and chemical stimuli. Nociceptive C fibers can be of two natures: peptidergic and non-
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peptidergic. Peptidergic nociceptors carry neuropeptides in dense core vesicles within the neuron. 

Such peptides include substance P (SP), and calcitonin gene-related peptide (CGRP). They project 

to LI and LII, although projections into LV exist [171]. Peptidergic C fibers are particularly 

important for understanding underlying mechanisms of OA pain since they are found, along with 

autonomic fibers, in all sections of normal joint tissue (ligaments, tendons, periosteum, and 

synovium)  [125]. 

1.5.1.2 Thermoreceptors 

Thermoreceptors detect change in temperatures on the skin. They have been categorized 

DV�&�RU�$į�ILEHUV�ZLWK�free nerve endings embedded in the skin. In the dorsal horn, thermoreceptors 

project to LI, the most superficial layer. Interestingly, different ranges of temperature changes are 

detected by different thermoreceptors: low-threshold thermoreceptors detect innocuous changes in 

temperature, while high threshold thermoreceptors detect nociceptive changes in temperature. In 

addition, cold-sensing and warmth-sensing thermoreceptors can be distinguished.  

Low-threshold cold-sensing thermoreceptor �DURXQG� ��Û&� DUH� JHQHUDOO\� $į� ILEHUV�

(although cold-specific C fibers exist), and express the putative cold-sensor transient receptor 

potential cation channel subfamily M (melastatin) member 8 (TRPM8) [18; 40; 132]. On the other 

hand, the description of cold-sensing high-threshold thermoreceptor has been challenging due to 

the activation of non-cold-sensing nociceptors likely due to tissue damage [202]. 

C fibers have been linked to low-threshold (30 - ��Û&�� DQG� KLJK-WKUHVKROG� �ޓ� ��Û&��

warmth-sensing thermoreceptors [184]. Non-peptidergic C fibers are marked by expression of  

Mrgpra3 or somatostatin (and are named, NP2, and NP3 types of neurons, respectively) and are 

responsible for non-noxious warmth sensation [224]. NP3 neurons are also specifically marked by 

the transient receptor potential cation channel subfamily M member 2 (TRPM2) [217], although 
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NP3 neurons may also be implicated in noxious heat sensation [142]. Furthermore, the transient 

receptor potential cation channel subfamily V member 1 (TRPV1) is known for its role in 

transducing heat hypersensitivity, and can be found in all peptidergic nociceptors [94].  

1.5.1.3 Mechanoreceptors 

Mechanoreceptors are responsible for transducing touch. Mechanoreceptors can be thickly-

P\HOLQDWHG�$ȕ�� WKLQO\-P\HOLQDWHG�$į�ILEHUV��DQG�&�ILEHUV� WKDW� WHUPLQDWH�LQ�/,,-III of the spinal 

dorsal horn [222]. In the events that all these mechanoreceptors would be activated simultaneously, 

axons with thickest myelination, and therefore the fastest conduction velocity, would relay stimuli 

from the periphery first. There exists low-thresholds mechanoreceptors (LTMRs) and high-

WKUHVKROGV�PHFKDQRUHFHSWRUV� �+705V��� ,Q� WKH�VNLQ��$ȕ��$į�DQG C LTMRs are responsible for 

transducing innocuous mechanical stimuli [4]. HTMRs, however, are nociceptors that respond to 

painful mechanical force. They are marked by mechanosensitive ion channels such as Piezo 2 

[239].  

1.5.1.4 Proprioceptors 

In our everyday lives, we depend on feedback from our moving bodies to properly respond 

to the environment around us. Proprioceptors are responsible for sensing body position in space, 

as well as balance. Charles Sherrington was also responsible for coining the word “proprioception” 

to describe the conscious sensation of the position of limbs and joints in space [197]. Today, we 

also know of similar sensory neurons that detect stretch of internal organs, such as distension of 

arteries, lungs and the gut [167]. Proprioceptors are myelinated fibers that have been further 

classified into 3 types: types Ia and Ib proprioceptive afferents that innervate muscle spindles of 

muscles and Golgi tendons organs of muscles respectively, and type II that is responsible for 

sensing static positioning. Proprioceptors are marked by the presence of TrkC, the preferential 
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receptor of the neurotrophin NT-3, and parvalbumin (PV) in the DRG and terminate in deeper 

layers of the spinal cord [124; 224]. 

 

 

Chapter 1 Figure 3: Schematic representation of the central termination patterns of different 

classes of primary afferents. 

 The spinal gray matter is divided into 10 sections, called laminae, where different types of primary 

DIIHUHQWV� WHUPLQDWH�� 7KHVH� SULPDU\� DIIHUHQWV� DUH� FDWHJRUL]HG� DV�$ȕ��$į� DQG�&� ILEHUV��2ULJLQDO�

image created with BioRender.  
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1.5.2 Central nervous system 

Primary afferents relay signals to the spinal cord dorsal horn, and each primary afferent type 

has a characteristic distribution in one or more laminae of the dorsal horn. Bror Rexed first 

classified the cat spinal cord in 6 distinctive cytoarchitecture laminae in 1952 [170], which has 

since been updated and adapted to other species [25; 140; 168]. The central organization of 

different classes of primary afferents are represented in Figure 1.3. 

1.5.2.1 The dorsal horn 

The two most superficial layers of the dorsal horn, lamina I and the outer part of lamina II, 

along with deeper laminae III-V, represent the centers of the spinal cord predominantly involved 

in the pain circuitry. There, primary afferents form synapses with second order neurons, which 

represent mostly interneurons, but also projection neurons that relay nociceptive inputs to higher 

centers in the CNS including the lateral thalamus, the periaqueductal gray matter (PAG), 

cuneiform nucleus, caudal medullary ventrolateral reticular formation (VLM), the dorsal reticular 

nucleus (DRt), the nucleus tractus solitarius, and the parabrachial nucleus (PBN) [13].  

What is most important, is that evidence shows a strong association between the morphological 

type of a lamina I projection neuron and its functional properties in primates [81]. Lamina I 

projection neurons have been categorized into three distinct populations based on their 

morphological characteristics (Figure 4): fusiform, multipolar, and pyramidal [247; 248; 251; 

252]. Intracellular physiological investigations have facilitated the correlation between 

morphological and physiological attributes. Fusiform neurons were identified as nociceptive-

specific (NS) and exhibited responses to noxious heat and pinch stimuli; multipolar neurons were 

either NS or responded to noxious heat, pinch, and both noxious and innocuous cold (HPC). In 

contrast, pyramidal neurons were non-nociceptive and responded solely to innocuous cooling 
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(COOL) [81]. Consistent with their responsiveness to noxious stimuli, the majority of fusiform 

and pyramidal neurons were found to be immunoreactive for the primary substance P (SP) 

receptor, the neurokinin-1 receptor (NK1-r). Conversely, in alignment with their lack of response 

to noxious stimuli, most pyramidal neurons were not immunoreactive to NK-1r [12; 247; 248]. 

 

Chapter 1 Figure 4: Morphological classification of projection neurons in lamina I. 

A) Projections neurons can be best identified using horizontal slices, as compared to other planes 

of view. B) Fusiform projection neuron. C) Multipolar projection neuron. D) Pyramidal projection 

neuron. Original image created with BioRender. 

 

For a short time, the NK1-r was one of the most promising analgesic targets to reach clinical 

trials; however, antagonists failed to show pain alleviation, as evidenced by the clinical use of the 

Nk1-r antagonist, Aprepitant, as an anti-emetic [1]. 
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1.5.2.2 Glial cells 

Microglia are the resident immune cells of the central nervous system, including the spinal 

cord, playing a crucial role in surveillance, inflammation regulation, and immune response. 

These small, highly dynamic cells constantly survey their environment, responding rapidly to 

injuries or infections by becoming activated, changing shape, and migrating to the site of injury 

to mediate immune and inflammatory processes.  

Microglia express Toll-like receptors (TLRs) that recognize molecular patterns associated 

with pathogens or tissue damage. Activation of TLRs triggers the release of pro-inflammatory 

cytokines like interleukin-�ȕ��,/-�ȕ��DQG�WXPRU�QHFURVLV�IDFWRU-alpha (TNF-Į���ZKLFK�FDQ�

sensitize pain pathways and contribute to hyperalgesia [84; 129]. Microglia also express 

purinergic receptors, including P2X and P2Y receptors, which respond to ATP released during 

tissue damage. Activation of these receptors leads to the release of inflammatory mediators such 

as IL-�ȕ��,/-6, and IL-18, which can contribute to the sensitization of pain pathways [128]. 

Astrocytes, on the other hand, are star-shaped glial cells that perform diverse functions 

within the spinal cord. They provide structural support, maintain the blood-brain barrier, regulate 

ion and neurotransmitter levels, and participate in the formation and elimination of synapses and 

neural circuits. Astrocytes are integral to maintaining the homeostasis of the spinal cord's 

microenvironment and contribute to neuroprotection and synaptic plasticity [120]. 

1.5.3 Pain in the brain 

The spinothalamic tract is one of the main pathways responsible for transmitting pain 

signals from the spinal cord to higher brain centers. As the signals ascend through the spinal 

cord, they pass through multiple levels of processing and integration. Key structures and 

pathways are briefly described here: 
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1.5.3.1 The thalamus 

The thalamus, a key first relay station in the brain, plays a pivotal role in directing pain 

signals to different regions of the cerebral cortex. The thalamus directly receives inputs from the 

projection neurons of the dorsal horn [2]. From the thalamus, pain signals are transmitted to the 

somatosensory cortex, where they are further analyzed and interpreted. The somatosensory 

cortex processes the sensory aspects of pain, such as its location, intensity, and quality. 

1.5.3.2 The anterior cingulate cortex 

Pain perception involves more than just sensory processing. Emotional and cognitive 

aspects of pain, including its unpleasantness and the emotional response it evokes, are encoded in 

areas of the brain associated with emotions, memory, and attention [213]. The anterior cingulate 

cortex and the insular cortex are among the brain regions involved in these processes, 

contributing to the multidimensional experience of pain. 

1.5.3.3 The periaqueductal gray matter (PAG) 

The PAG, located in the midbrain, is a key center for pain modulation. Activation of this 

center has resulted in analgesic effects in both rat and humans [24; 137]. It plays a crucial role in 

the descending pain modulation pathway, where its activation can trigger the release of 

endogenous pain-relieving substances, such as endorphins, to alleviate pain [89; 119]. 

1.5.3.4 Cuneiform Nucleus 

Also situated in the midbrain, the cuneiform nucleus is involved in the descending pain 

modulation pathway. It is particularly associated with the inhibition of pain transmission and can 

influence pain perception by interacting with other brain regions [88; 237]. 
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1.5.3.5 Caudal Medullary Ventrolateral Reticular Formation (VLM) 

The caudal medullary ventrolateral reticular formation (VLM) is located in the medulla of 

the brainstem. It has been identified as an important inhibitory descending pain modulation 

pathway [218].  

1.5.3.6 Dorsal Reticular Nucleus (DRt) 

Also situated in the medulla, the DRt participates in shaping the brain's response to pain 

signals. Damaging the DRt results in a reduction of nociceptive reactions to both acute and 

inflammatory pain, while stimulation of this region produces the opposite outcome [112]. 

1.5.3.7 Nucleus Tractus Solitarius (NTS) 

This nucleus, located in the medulla, is a key player in processing visceral pain information 

and integrating it with autonomic functions. It receives signals from the spinal cord and higher 

brain centers, contributing to the overall pain experience and autonomic responses related to pain 

[26]. 

1.5.3.8 Parabrachial Nucleus (PBN) 

Found in the pons region of the brainstem, the PBN is involved in the emotional and 

affective aspects of pain perception. The PBN forms a cluster of neurons encircling the superior 

cerebellar peduncles in the dorsolateral pons. In rodents, the PBN can be classified into 

numerous subnuclei based on their cytoarchitecture [66].The medial PBN (mPBN) comprises a 

diverse array of neurons in terms of size and morphology, while the lateral PBN (lPBN) 

encompasses distinct homogeneous groups. The delineations established by cytoarchitecture 

within both the mPBN and lPBN are also distinguished by their distinct connectivity patterns and 

neurochemical characteristics. Nociceptive, pruritic, and thermal signals are channeled to the 

lateral parabrachial nucleus (lPBN) through the spinoparabrachial tract originating from the 
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trigeminal and spinal dorsal horns. The lPBN also engages in bidirectional connections with 

various brain structures, aligning with its function of integrating sensory input with behavioral 

and autonomic responses [31; 38; 90; 141]. 

 

1.6 Autonomous nervous system 

The autonomic nervous system is a peripheral nervous system component that controls 

involuntary physiologic processes such as heart rate, blood pressure, respiration, digestion, and 

sexual arousal. It is divided into three anatomical divisions: sympathetic nervous system (SNS), 

parasympathetic nervous system, and enteric system. 

1.6.1 Sympathetic neurotransmitters 
 

Sympathetic neurotransmitters are chemical messengers that play a crucial role in 

transmitting signals within the sympathetic nervous system. The sympathetic nervous system is 

typically thought as the system responsible for the "fight or flight" response, which involves 

response to stressors by increasing heart rate, dilating airways, and redirecting blood flow to the 

muscles. 

One of the primary sympathetic neurotransmitters is norepinephrine, also known as 

noradrenaline (NA). It is released from sympathetic nerve endings through vesicles, which can 

also contain $73�DQG�GRSDPLQH�ȕ-hydroxylase and binds to adrenergic receptors on target cells. 

Norepinephrine's effects are diverse and can include increasing heart rate, constricting blood 

vessels, and mobilizing energy stores for immediate use. Another important sympathetic 

neurotransmitter is epinephrine, also known as adrenaline. While it is mainly produced and 

released by the adrenal medulla (part of the adrenal glands), epinephrine acts as a potent 
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sympathomimetic agent. It rapidly increases heart rate, dilates airways, and triggers the release of 

glucose from the liver to provide energy. 

The effects of sympathetic neurotransmitters are mediated by specific receptors known as 

adrenergic receptors, which are categorized into two main types: alpha-adrenergic receptors and 

beta-adrenergic receptors. Each type has further subtypes (e.g., alpha-1, alpha-2, beta-1, beta-2, 

etc.), and their activation leads to distinct physiological responses [175]. For instance, activation 

of alpha-adrenergic receptors can lead to vasoconstriction (narrowing of blood vessels), 

increased blood pressure, and pupil dilation. Activation of beta-adrenergic receptors, on the other 

hand, can cause increased heart rate, bronchodilation, and mobilization of energy stores. Primary 

afferents have been identified as expressing alpha-adrenergic receptors, with highest expression 

of alpha-1A in naïve animals [242]. 

VMAT (Vesicular Monoamine Transporter) is a crucial protein responsible for packaging 

and transporting neurotransmitters, particularly monoamines, into vesicles within nerve 

terminals. These vesicles are then released into the synaptic cleft to transmit signals between 

neurons. VMAT exists in two isoforms, VMAT1 and VMAT2, and is particularly important in 

sympathetic neurons for the packaging and release of neurotransmitters like norepinephrine [55]. 

In sympathetic neurons, VMAT2 is the primary isoform responsible for packaging 

norepinephrine into vesicles.  

A widely used medication for to lower high blood pressure is guanethidine, which uses 

this protein transporter system as mechanism of action. It belongs to a class of drugs known as 

sympathetic nervous system inhibitors or sympatholytics. Guanethidine is structurally similar to 

norepinephrine, allowing it to be taken up by VMAT2 into the vesicles. Once inside the vesicles, 

guanethidine displaces norepinephrine from the vesicles and takes its place, and in turn 
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effectively depletes the vesicles of norepinephrine. This can help lower blood pressure by 

decreasing the effects of norepinephrine on blood vessels and the heart [17]. 

1.6.2 Sensory-sympathetic coupling 
 

Sensory sympathetic coupling refers to a phenomenon in which sensory nerve fibers 

interact with sympathetic nerve fibers within a tissue or organ. This interaction allows sensory 

signals, which are typically associated with transmitting sensory information such as touch, 

temperature, and pain, to also influence the activity of the sympathetic nervous system, and vice 

versa.  

Sympathetic neurotransmitter release from sympathetic neurons onto sensory neurons has 

been shown to modulate pain-related withdrawal responses [194]. For example, intra-dermal 

administration of NA in neuropathic human subjects worsened pain and hyperalgesia [34; 52]. 

)XUWKHU�LQYHVWLJDWLRQ�VKRZHG�WKDW�$į�ILEHUV�DQG�PRVWO\�&�ILEHUV�DUH�VHQVLWL]HG�LQ�WKLV�SURFHVV�

[173]. Interestingly, in chronic inflammation and neuropathic pain conditions, sympathetic fibers 

have been found to closely associate with sensory fibers in areas of the skin where they are 

usually absent [11; 76; 169; 176; 246]. These sprouting anomalies drive interest in understanding 

changes in sensory and sympathetic innervations in arthritis, which has recently been 

demonstrated by our lab in inflammatory arthritis, but are yet to be investigated in osteoarthritis 

[117]. 

These changes described above highlight the complex and interconnected nature of the 

nervous system, where different types of nerve fibers can communicate and influence each 

other's activities to achieve specific physiological outcomes. 
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1.7 Anatomy of the synovial joint 
 

The synovial joint is comprised of hyaline cartilage (more specifically articular cartilage) 

subchondral bone, the synovial fluids that fill the joint cavity, the synovium (or synovial 

membrane), and the articular capsule that surrounds all these structures. The capsule connects to 

the two bones that comprise the joint via ligaments. Figure 1.5 shows a representation of those 

structures in the healthy joint. 

 

A) Anatomical representation of joint components B) A magnified schematic of the articular 

cartilage organization. C) A magnified schematic of the extracellular matrix of the 

articular cartilage transitional zone. Original image created with BioRender.  

 

Chapter 1 Figure 5: Schematic representation of the anatomy of the healthy synovial joint. 
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1.7.1 Articular cartilage 
 

The articular cartilage protects the subchondral bone by facilitating the impact of loads to 

the joint with a low friction coefficient (between 0.002 and 0.01 in healthy cartilage) [30; 64; 130]. 

It is composed of chondrocytes, which are the single cell type of the cartilage, and rich extracellular 

matrix (ECM) made up mostly of water, type II collagen, and proteoglycans such as aggrecan 

(Figure 1.5C) [75]. Chondrocytes are sparsely distributed in the cartilage and are responsible for 

the synthesis and breakdown of the molecules that make up the ECM, where collagen turnover is 

relatively slow compared to proteoglycans [144]. Unfortunately, cartilage has a limited capacity 

for repair: if chondrocytes are unable to maintain homeostasis, the integrity of the structure can be 

compromised and lead to irreversible degeneration [83]. In fact, articular cartilage is avascular and 

aneural, therefore, it relies on diffusion of nutrients from the synovial fluid for its maintenance. 

This is facilitated by the increase and decrease in interstitial fluid pressure that occur when forces 

are applied to the joint, allowing nutrients to reach chondrocytes in all zones of the articular 

cartilage [62; 65; 126]. Figure 1.5B shows the structure of the cartilage zones. The superficial zone 

represents 10-20% or cartilage thickness and contains flattened chondrocytes and collagen parallel 

to the surface of the joint. The transitional zone represents 40-60% of cartilage thickness and 

contains round chondrocytes and oblique collagen fibrils. The deep zone represents 30% of 

articular cartilage thickness and is characterized by columnar bundles of chondrocytes as well as 

perpendicular large caliber collagen fibrils that defend the bone from compressive forces. Finally, 

the calcified zone contains infrequent chondrocytes and allows the articular cartilage to securely 

attach to the subchondral bone [206].  

It is unclear what cellular event might lead to the initiation of this degenerative cascade. 

,QILOWUDWLRQ�RI�V\QRYLDO�PDFURSKDJHV�OHDGV�WR�WKH�UHOHDVH�RI�SURLQIODPPDWRU\�F\WRNLQHV��OLNH�71)Į��
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IL-1 and IL-6 [209]. These cytokines can bind to their receptors on chondrocyte to activate the 

release of metalloproteinases which directly leads to inhibition of type II collagen production and 

therefore perpetrating the dissolution of the articular cartilage [29]. 

1.7.2 Subchondral bone 
 

The subchondral bone is composed of cortical bone bordering the cartilage on one side, 

and the growth plate on the other. The subchondral bone contains numerous canals containing their 

supply of vasculature and innervation (Figure 1.6). Although calcified cartilage seals the surface 

between the subchondral bone and the cartilage, “microcracks” start to appear and propagate in 

OA [182], which is believed to allow for the invasion of vascularization and innervation into the 

cartilage in the disease state [214]. Normal bone mass is achieved by the equilibrium between bone 

resorption by osteoclasts and bone formation by osteoblasts [61]. Bone degeneration in OA is 

associated with abnormal increased density, or sclerosis, of the subchondral bone and thickening 

of the cortical plate. This is normally accompanied by significant bone remodelling and formation 

of osteophytes at the joint margin [28; 220]. Compared to subchondral osteoblasts in healthy joints, 

osteoblasts located in osteophytes produce higher levels of IL-6, IL-8, and MMP-13 in OA-

affected joints [181]. Interestingly, the nociceptive peptide SP has been associated with bone 

metabolism: macrophages and stromal cells originating from the bone marrow, which are 

precursors to osteoclasts and osteoblasts respectively, both express the NK1-r [230]. It is possible 

that neurogenic SP could potentiate the imbalance in bone resorption and formation, therefore 

contributing to abnormal bone and cartilage degeneration [110; 149]. 

1.7.3 Synovial membrane and synovial fluid 

The inner surface of the articular capsule is lined with the synovial membrane which is rich 

is vascularization. The synovium is responsible for producing the synovial fluids, as well as the 
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nutrients required by the chondrocytes [144]. Contrary to historical beliefs, in the OA disease state, 

the synovium becomes inflamed, and likely contributes to the pathogenesis [57; 63; 160; 204]. 

Characteristic of this inflammation, or synovitis, is the infiltration of neutrophils, T lymphocytes, 

monocytes and increased vascularisation and hyperplasia of the synovium [41; 187]. Patients with 

advanced OA also show increased levels of SP in the synovial fluid [166] and SP-immunoreactive 

(ir) nerve endings in the synovial membrane [180]. Evidence suggests that synovitis may be a 

initiating factor of OA, as synovial tissue from early-stage OA patients show an over expression 

of inflammatory mediators [20].  

1.7.4 Innervation of the joint 

The synovial joint receives the majority of its nerve supply from unmyelinated afferents, 

with some myelinated afferents [104]. Peptidergic C fibers are located in all structures of the joint, 

with the exception of the cartilage which is aneural [125; 205].  Sympathetic efferent fibers closely 

adjoined to vasculature are also present in those structures [7]. In the subchondral bone, circular 

concentric clusters of osteocytes form a canal, called the Harversian canal, where thin myelinated 

fibers run alongside blood vessels and sympathetic efferents (Figure 1.6). Non-peptidergic 

nociceptors are absent from those structures, as they are almost exclusively located in skin tissue 

[219].  

In the synovial joint, there exist several classes of proprioceptors that innervate various 

structures : 1) free nerve endings, which are the most numerous type of joint receptor, in the 

connective tissue; 2) Golgi endings which  are found in the joint ligaments; and Ruffini endings 

that are found in the joint capsule [174]. 
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Chapter 1 Figure 6: Schematic representation of the Harversian canal. 

Original image created with BioRender. 

 

1.8 Animal models of OA 

Comparative medicine is the process by which we use other species to study physiological 

processes in humans. Rats and mice are ideal species to research disease as 95% of their 30 000 

genes are shared with humans [72; 103; 227; 233]. We owe a lot to animals for their contributions 

to advances in research and medicine, including advances in our understanding of OA. Since the 

creation of the first knock out mouse in 1987 and subsequent rapid evolution of genetic techniques, 

mouse models have taken over the biological research literature and offer great opportunities to 

perform functional studies [68; 221]. While the generation of genetically engineered rat models 

has evolved in the past two decades [249], with their larger size, rats offer the possibility to perform 
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complex procedures. There exist multiple approaches to induce OA in experimental animals, but 

none have received the consensus of scholars as being the gold standard. In this section, we will 

discuss the benefits and limitations of using various types of animal models of OA, including 

surgical, spontaneous, genetic, and chemical models. 

1.8.1 Surgical models 

Surgical procedures are used to destabilize joints in both mouse and rat by creating a 

structure lesion, such as a medial meniscal tear (MMT), partial medial meniscectomy (PMM), 

destabilization of the medial meniscus (DMM), and anterior cruciate ligament transection (ACLT). 

These procedures are invasive but generate relatively rapid signs of OA. In mice, starting at 4 

weeks post-surgery, initial signs of cartilage fraying can be observed, and 8 weeks post-surgery, 

advanced cartilage destruction and subchondral bone sclerosis develop, while osteophyte develop 

at 12-weeks post-surgery [73; 74; 122; 235]. 

1.8.2 Spontaneous models 

A spontaneous model refers to a disease that occurs naturally in the animal being studied. 

Aging genetic models such as transgenic guinea pigs (Dunkin-Hartley strain) and C57/BL6 black 

mice have been shown to develop signs of OA spontaneously at about 3 and 17 months of age 

respectively [93; 236; 253]. A spontaneous obesity mouse model also exists, which develops 

spontaneous OA with by administering high-fat diet over a period of 12 weeks [77]. Although very 

simple, spontaneous models tend to have very long end-points due to a slow progression of the 

disease, as be limited due to the variability between animals of a same cohort. 

1.8.3 Genetic models 

As of 2013, up to 135 strains of genetically modified mice had been developed to study 

OA [114]. Del1+/- mice, which carry a mutation in the type II collagen gene, also develop 
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spontaneous OA, and have been used in combination with surgical procedures to accelerate the 

development of the disease in the animal [177; 232]. Col2a1-CreERT2, Agc1-CreERT2 and Prg4-

CreERT2 are all transgenic mouse models of OA that are chondrocyte-specific. Col2a1-CreERT2 and 

Agc1-CreERT2  target chondrocytes in the growth plate cartilage, articular cartilage and 

temporomandibular joint [33; 85], while Prg4-CreERT2 targets chondrocytes residing in the 

superficial zone of the cartilage [101]. Studies utilizing OA genetic models are very valuable in 

studying disease initiation and progression and are less often used to study pain as it usually 

appears late in the disease process.  

1.8.4 Chemical models 

Chemical models of OA can be performed in mice or rats and have the advantage to be 

minimally invasive. Collagenase injected intra-articularly in the knee  generates OA by digesting 

the type II collagen present in the extra-cellular matrix therefore disrupting cartilage integrity [98]. 

This is followed by bone lesions similar to what is described in the clinic [225; 226]. This model 

was also used to study OA-associated pain, where pain-related behavior was observed 6 weeks 

after injection [5]. Interestingly, there have been concerns regarding the external validity of the 

collagenase injection as a model for OA due to its strong inflammatory component resembling RA 

[115], but others are adamant that it does not qualify as RA due to a lack of autoimmune 

degeneration in non-injected joints [159]. 

Mono-iodoacetate (MIA) is a glycolytic inhibitor which chemically induces OA by 

disrupting glycolysis of chondrocyte, resulting in cell death. MIA induced-pain and 

histopathological features make this model superior to other chemically induced models [10]. The 

MIA model is typically induced in the knee joint of rat or mice. The knee-joint model has been 

extensively studied in terms of disease progression and inflammatory infiltration. It has previously 
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been shown that chondrocyte degeneration and necrosis appear at days 1–7 post-MIA, increased 

osteoclasts and osteoblasts in subchondral bone occur by day 7, focal fragmentation and collapse 

of bony trabeculae with fibrosis by day 28, and large areas of bone remodeling by day 56 [79; 

100]. Additionally, there is increase tumor necrosis factor-Į��71)-Į��DQG�LQWHUOHXNLQ-6 (IL-6) in 

the knee synovium and capsule between days 1 and 28 post-MIA injection, with highest levels 

measured on day 4 post-MIA injection [156]. 

1.8.5 Studying pain with animal models of OA 

It is important to realize that most, if not all, of the animal models described in this section 

were developed and characterized with the objective of studying disease-modifying agents or 

preventative measures for the degeneration of the joint. While these efforts are commendable and 

have provided valuable insight on the disease, they have not yet yielded satisfying therapeutic 

options. Chronic pain is the main symptom associated with OA, yet our knowledge of the 

underlying mechanism contributing to chronic pain in OA is still limited. To study the mechanisms 

that are involved in the maintenance of pain in OA, an experimenter must produce a cohort of 

animals with consistent pain behavior, which is best achieved by an advanced stage of OA. 

Surgical procedures should be minimally invasive in order to avoid pain originating from 

confounding tissue and nerve damage. From this perspective, chemical models of OA, particularly 

the one generated with MIA, are promising for the study of pain in OA. 

 Although a neuropathic pain-like component is suspected in OA, changes associated with 

peripheral nerve injury are infrequently investigated in the animal models of OA listed above. 

Many animal models of peripheral nerve injury of the sciatic nerve of rodents have been developed 

to replicate neuropathic pain conditions observed in humans. These include the complete 

transection of the sciatic nerve [228], the chronic constriction injury (CCI) [22], the partial sciatic 
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nerve ligation (PSNL) [189], the spared nerve injury model (SNI) [42], the spinal nerve ligation 

model (SNL) [87], and the polyethylene cuff model [19; 143; 164]. Schematic representations of 

these peripheral nerve injury models can be found in Figure 1.7. In the Sprague Dawley rat, the 

sciatic nerve projects mostly to the L4 and L5 segments of the spinal cord, with some contributions 

to L6 [15; 42; 172; 215]. While most, if not all, of the surgical and chemical animal models of OA 

are induced in the knee joint, the knee joint is supplied by branches from the femoral, tibial, 

common peroneal, and obturator nerves, which distribute to the L2-L4 segments of the spinal cord 

[69]. The ankle joint, however is mostly supplied by branches from the sciatic nerve (tibial, sural, 

deep peroneal) and saphenous nerves, with innervation from the spinal cord at the level of lower 

lumbar regions (L3-L6) [70]. In theory, an animal model targeting the ankle joint could allow for 

a more relevant comparison of changes occurring in OA to those occurring in sciatic nerve injury 

models used to study neuropathic pain.  



62 
 

 

Chapter 1 Figure 7: Illustration of surgical models of peripheral nerve injury used to study 

neuropathic pain. 

This includes sciatic nerve transection (A), chronic constriction injury (B), partial sciatic nerve 

ligation (C), spared nerve injury (D), spinal nerve ligation (E), and the polyethylene cuff around 

the main branch of the sciatic nerve (F). Original image created with BioRender. 

 

1.8.6 Conservation between species 

There are a few differences relevant to pain between rats and mice that have been reported 

in the literature and that should be taken into contemplation when choosing an animal model. 

TRPV1 expression in nociceptors is observed on peptidergic fibers only in mice, but in rats and 
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humans they are also observed on non-peptidergic IB4+ fibers [153]. Conversely, the member of 

the EF-hand calcium-binding protein (CaBP) superfamily secretagogin (Scgn) has been found to 

colocalize with CGRP in the DRG of mice and humans and to distribute similarly in LIIi of the 

dorsal horn (and LI, LIII-V in lower number) and in ventral horn neurons [199]. This pattern was 

similar to human Scgn expression, but not to rat. The general lack of translational studies in the 

literature that directly compare the biology of rats and mice makes it difficult to evaluate and 

compare cross-species (and even cross-strain) reported findings. It is unclear whether such 

investigations would reveal the ideal organisms represent human biology, as this remains a 

contested area of pain science [139].  

 

1.9 Therapeutic approaches for the treatment of OA 

As the molecular mechanisms involved in OA initiation and progression are still poorly 

understood, there are currently no interventions to restore degraded cartilage or to even decelerate 

the progression of the disease. Instead, current standards of care focus on the management and 

alleviation of OA in those affected. Despite the administration of conventional analgesic drugs, 

the quality of life of patients deteriorates as osteoarthritic pain persists. The first line of 

pharmacological treatment consists of oral/topical nonsteroidal anti-inflammatory drugs 

(NSAIDs) or acetaminophen. Additionally, patients are encouraged to seek non-pharmacological 

approaches to their treatment plan, such as aerobic exercise, swimming, and a weight loss diet, as 

well as psychological support. This approach to pain treatment is called the bio-psycho-social 

model. 

Patients with knee or hip osteoarthritis may also receive intra-articular corticosteroid 

injections. However, if no improvement is observed after 12 weeks of treatment, a patient may be 
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eligible for total arthroplasty, a rather drastic but unavoidable alternative in many cases [203]. 

Additionally, a subset of osteoarthritis patients who have undergone successful total arthroplasty 

report sustained levels of pain after healing from surgery [121]. Indeed, the persistence of pain in 

some osteoarthritis patients, after removal of the diseased joint, suggests that this disease can lead 

to neuropathy and central sensitization. 

 

1.10 Thesis rationale and general objectives 

As described in this chapter, pain associated with OA remains a major clinical burden to 

our society. Despite the extensive pre-clinical and clinical innovations in OA research, we are still 

unable to provide patients with a curative treatment. Instead, we rely on multidisciplinary 

biopsychosocial pain management to provide relief, as analgesic options by themselves are 

unsatisfactory.  

Investigations of in various animal models of chronic pain, including models of 

neuropathic pain and inflammatory arthritis, have uncovered growing evidence of neuroplastic 

changes occurring in the peripheral and central nervous systems that contribute to the maintenance 

of pain. Whether these structural and morphological changes are also occurring in OA is 

speculative, but clinical evidence certainly points to OA being more than a mechanical disease. To 

be able to describe these changes in a preclinical model of OA would build a foundation for future 

studies using mechanism-based interventions. 

The goal of this body of work is two-fold. The first is to provide the field of pain science 

with strong and valid methodologies for studying pain associated with the disease of osteoarthritis. 
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The second is to shine a light on the complexity of OA pain by investigating peripheral and central 

contributors to pain transmission. 

This thesis includes the following 3 manuscripts and 1 supplementary data chapter, which aim to: 

1 Describe a robust methodology for detecting changes occurring in bone, including 

the detection of nerve fibers in models of OA, osteoporosis and fracture models. 

 

2 Use a combination of behavioral, histopathological and pharmacological 

approaches to investigate peripheral and central mechanisms contributing to the 

maintenance of pain in OA, including the presence of a neuropathic-like 

component in OA using a novel MIA model in the rat ankle-joint. 

 

3 Investigate the contribution of proprioceptors to pain-related behavior in OA by 

using histopathological and imaging techniques to study changes occurring in the 

PNS. 

 

Supplementary Data: Describe changes in Nk1-r immuno-reactivity of projection 

neurons in OA and investigate activation of that circuitry using a treadmill model 

of exercise in male and female rats.  
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2.1 ABSTRACT 

This report provides a detailed description of the optimisation of a diaminobenzidine 

(DAB)-based immunohistochemistry (IHC) protocol for detection of nerve fibers in rat and mouse 

decalcified bone. Research exploring innervation in healthy and remodelling bone has been 

impaired by technical challenges associated with obtaining convincing images of innervation in 

compact bone. Here we focussed on optimization of the detection of pain-sensing primary 

nociceptors and sympathetic fibers using antibodies against calcitonin gene-related peptide 

(CGRP) and vesicular mono-amine transporter 2 (VMAT-2), respectively. The approach was 

tested in animal models of bone pathologies where changes in bone innervation have been 

implicated: an osteoarthritis model in the rat ankle joint, a mouse open osteotomy fracture model, 

and an ovariectomy mouse model of osteoporosis. The optimized protocol is a considerable 

improvement over available approaches for the IHC detection of nerve fibers in bone in normal 

conditions and in animal models of bone pathology. 

 

2.2 INTRODUCTION 

Clinical evidence shows that bone pathologies are highly prevalent [22; 31; 34] and are 

often associated with pain, including osteoarthritis, osteoporosis and bone fractures. While 

pharmacological efforts to manage pain associated with these diseases, such as administration of 

NSAIDS, opioids, and antibodies against nerve growth factor (NGF) have shown promise, life-

threatening and considerable side effects have been reported, such as gastro-intestinal track 

toxicity, respiratory depression and altered bone remodelling [5; 10; 11; 16; 17; 23-25].  These 

observations stress the importance of identifying alternative therapeutic targets such as neural 

mechanisms that contribute to the pain. Indeed, there is a growing appreciation for changes in 
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innervation in bone and interactions between the nervous system and bone tissue. However, our 

understanding of the intricacies of the nervous system’s role in bone pain have been impaired by 

a difficulty in the detection of the innervation of bone itself by immunohistochemistry (IHC).  

Although some studies have successfully characterized the organization of sensory 

innervation in the periosteum and bone marrow through IHC [3; 21], adequate penetration of 

antibodies in calcified structures such as compact bone, subchondral bone and remodelling bone 

remains challenging for many laboratories. In fact, very few research groups have demonstrated 

convincing images of innervation of compact bone [4]. 

Bone presents a unique challenge for IHC: it normally needs to be decalcified first and then 

embedded in plastic or paraffin prior to sectioning to maintain structural integrity. The loss of 

antigenicity associated with embedding leads to difficulties detecting nerve fibers. However, 

unsuitable decalcification and processing of bone tissue can also lead to problems, including loss 

of antigenicity and distorted morphology. All these challenges, if not properly addressed, can 

impact the quality of IHC.  

Another factor that affects the visualization of the innervation of hard tissues (bone and 

cartilage) and bone marrow, when using fluorescence microscopy, is the presence of 

autofluorescence. Bone marrow displays intense autofluorescence; sources in bone marrow 

include collagen [26; 27; 35; 36], flavoprotein-associated granules in macrophages [14; 18], and 

lipofuscin, which fluoresces in most channels [6; 13; 15]. The latter also contribute to the 

autofluorescence associated with vasculature in Haversian canals in bone where sensory and 

sympathetic fibers travel and innervate blood vessels. Thus, autofluorescence may be mistakenly 

interpreted as innervation in the absence of appropriate controls. Due to these limitations, a bright 
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field, diaminobenzidine (DAB)-based IHC approach can be advantageous in detecting targets in 

those structures, namely nerve fibers, for the study of pain mechanisms. 

Based on the above, we underwent an extensive series of experiments to improve protocols 

to study innervation in hard tissues in animal models of pathologies where changes in innervation 

have been reported or are likely to occur. These conditions include a mono-iodoacetate (MIA) 

model of osteoarthritis in the rat ankle joint, a mouse open osteotomy fracture model, and an 

ovariectomy mouse model of osteoporosis. We optimized the protocols for the detection in these 

models of markers for sensory nociceptive fibers and sympathetic fibers using antibodies detecting 

calcitonin gene-related peptide (CGRP) and vesicular mono-amine transporter 2 (VMAT-2), 

respectively. We expect that the improved methodology described here will facilitate research 

investigating changes in innervation associated with joint and bone pathologies. 

 

2.3  METHODS 

All experiments followed the guidelines contained in the Care and Use of Experimental 

Animals of the Canadian Council on Animal Care, and studies were approved by the Faculty of 

Medicine Animal Care Committee of McGill University. Moreover, the studies were conducted in 

accordance with the Guidelines for Animal Research by the International Association for the Study 

of Pain. 

2.3.1 Animal models: 

2.3.1.1 Osteoarthritis: 

Osteoarthritis (OA) was induced chemically using the glycolytic inhibitor MIA. Sprague 

Dawley male rats (Charles Rivers Laboratories) 7 weeks of age and weighing 175-200 g at the 
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beginning of the study were anesthetized with 5 % isoflurane in O2 and given a single 

administration of 2.4 mg of MIA (Sigma) in 40 µl saline through an intra-articular injection in the 

tibio-talar junction of the ankle joint as previously described by our group [2]. At 5 weeks post-

injection, a timepoint at which OA pain and degenerative bone changes are established, animals 

were sacrificed for tissue collection.  

2.3.1.2 Osteoporosis: 

A model of post-menopausal osteoporosis was generated by bilateral ovariectomy (OVX) 

in female C57Bl/6j mice, 6 weeks of age and weighing 18.2 ± 0.42g, under anesthesia with 5% 

isoflurane in O2 as we have previously described [29; 30]. Bone loss following OVX has been 

extensively described [19; 32; 33]. Experimental time point was 8-weeks post-surgery, when mice 

were sacrificed for tissue collection. 

2.3.1.3 Tibia fracture: 

We followed the open osteotomy model of tibia fracture [7; 9]. Female C57BL/6j mice, 18 

months of age were anesthetized using 5% isoflurane in O2. Intramedullary stabilization was 

performed through the insertion of the internal wire guide of a 25 gauge BDTM spinal needle into 

the medullary canal. Subsequently, a mid shaft transverse osteotomy was performed on the tibial 

bone [1]. At 5 weeks post-surgery, animals were sacrificed for tissue collection. 

2.3.2 Perfusion fixation: 

Animals were first deeply anesthetized with an intra-peritoneal injection of Equithesin (a 

mixture of 12.75 mg chloral hydrate, 3 mg sodium pentobarbital, and 6.4 mg magnesium sulfate 

in a volume of 0.3 mL per 100 g of body weight). Following a vascular rinse with 0.1% NaNO2 

and 0.05% NaHCO3 in 0.01M phosphate buffered saline (PBS), animals were perfused with 3% 

paraformaldehyde in 0.1 M phosphate buffer (PFA), pH 7.4, with 15% (v/v) saturated picric acid, 
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for 30 minutes. Rat ankle joints, mouse tibias, and mouse spines were extracted and post-fixed in 

the same fixative for 4 hours at 4Û&, and subsequently placed in 10 % sucrose in 0.1 M cacodylate 

buffer overnight, at 4Û&.  

2.3.3 Decalcification and sectioning: 

Extracted joints and bone tissue were decalcified in 10 % ethylenediaminetetraacetic acid 

(EDTA) pH 7.4 in PBS at 4Û& on a shaker for 4 weeks for rat ankle joints, while mouse tibias and 

spines were decalcified for 2 weeks. The EDTA solution was changed twice a week. Subsequently, 

tissue samples were cryo-protected in 30% sucrose solution in cacodylate buffer at 4Û& overnight. 

Tissues were embedded and frozen in O.C.T. compound (Tissue-Tek, Torrance, CA, USA) and 

sectioning was performed using a cryostat (Leica). Serial sections, 25 µm in thickness for ankle, 

20 µm tick for tibia and 16 µm thick for spine, were collected and thaw mounted onto gelatin-

coated slides.    

2.3.4 Preparation of gelatin-coated slides 

The preparation of gelatin-coated slides was performed using 15 grams of gelatin (Sigma G2625 

type A) and 1.5 g of chromium potassium sulfate dodecahydrate (MW 499.40; Sigma: 60152) in 

3 L of ddH2O were heated to 60Û& until dissolved. Fisher brand pre-cleaned SuperFrost slides (12-

550-143, 25x75 mm) were slowly dipped in the gelatin solution for 30 seconds, then placed in a 

37Û& incubator for at least 48 hours or until dry. 

2.3.5 DAB – based immunohistochemistry: 

A breakdown of the IHC parameters for each animal model is summarized in Table 1. Note 

that due to the tendency of bone tissue to detach from slides, shaking during incubations is not 

recommended. Instead, we used flexible plastic coverslips (EMD Millipore Corp.  CAT #S7117) 

to protect the tissue during incubations (Figure 1). When applied carefully over tissues that have 
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a tendency to detach, the liquid on the slide is evenly distributed under the coverslip; we found 

that this prevents patchy staining patterns and tissue detachment. Note that it is also important to 

avoid air bubbles between the slide and the plastic coverslip. Another beneficial effect of the 

coverslip incubations was a reduction in the volume of primary and secondary antibodies. 

Normally for fixed tissue on slides that is too delicate to be incubated on a shaker, we recommend 

using 1 ml of liquid for proper incubation and washes. With the plastic coverslip, the volume of 

antibodies – and avidin-biotin complex – can be reduced to 150 µl per slide. 

Decalcified ankle joints, spines, and tibias were pre-incubated on-slide with excess PBS 

with 0.2% Triton X-100 (PBS+T) for 24 hours at 4°C. Slides were then incubated for 30 minutes 

with 50% ethanol in water and for 30 or 60 minutes of 0.3% H2O2, with three 10 min washes with 

PBS between each incubation. Slides were left for 1 h at room temperature in 3-5% normal goat 

or donkey serum (Invitrogen) in PBS+T or PBS with 0.3% Triton X-100 to block unspecific 

labeling. To detect immunoreactivity of the peptidergic or sympathetic fiber populations, the 

sections were then incubated for 48 to 72 hours at room temperature or 4°C using a rabbit anti-

calcitonin gene-related peptide (CGRP) antibody (Sigma-Aldrich #C8198), or goat anti-vesicular 

monoamine transporter-2 (VMAT-2) antibody (abm #Y213391) at dilutions of 1:2500 and 1:250, 

respectively. Following 3 rinses in PBS+T, sections were incubated at 4°C or room temperature 

for 24 to 72 hours in goat anti-rabbit IgG biotinylated antibody (Vector #BA-1000; 1:400) or 

donkey anti-goat IgG biotinylated antibody (Jackson #705-066-147; 1:250). The avidin-biotin 

complex (ABC) solution was prepared (1:400) in PBS+T (Vector Elite PK-6100) and added to the 

slides for incubation at room temperature for 1 hour. Diaminobenzidine (DAB) was added to the 

sections on-slide for 15 minutes, and then a 1% H2O2 DAB in PBS solution was added for 10 to 

12 minutes. Slides were subsequently rinsed with PBS and PBS+T, dehydrated with ascending 
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concentrations of ethanol, cleared with xylene, and cover-slipped with Entellan mounting medium 

(Electron Microscopy Sciences). Bright field images were obtained using a Zeiss Axioplan 2 

imaging microscope with a 40x oil-immersion objective, a high-resolution color camera and the 

Zeiss Zen software version 2.3. 

 

2.4 RESULTS  

In this study, we optimized the conditions for the bright field IHC staining for three types 

of joint and bone tissue (rat ankle joints, mouse tibia and spine) compared to the conventional 

approaches using either bright field or fluorescence.  

Decalcification was monitored to ensure preservation of tissue morphology: rat ankle-

joints were decalcified for 4 weeks, while mouse tibias and spines were decalcified for 2 weeks 

only. In all circumstances, the EDTA solution was changed twice a week, where bone softness 

was assessed. Bone should be soft enough so that it can be cut through manually with a blade with 

considerable force. If the bone is too soft, morphology and antigenicity will be lost. 

We found that pre-incubating bone sections with PBS+T for 24 hours at room temperature 

prior to initiation of the IHC staining was crucial. This is likely because Triton X-100 results in 

permeabilization of the tissue that allows the penetration of the immunoreagents. Additionally, 

further improvement was obtained by extending incubation times from 24 hours to 48-72 hours 

for primary, and from 2 hours to 24 hours for secondary antibodies. It is interesting to note that the 

temperature at which the incubations were carried out had a different effect on each type of 

material. Some tissues, such as the subchondral bone of MIA-treated rats and the bone marrow of 

OVX mice, benefited from primary antibody incubations at room temperature. On the other hand, 
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the best quality staining of compact bone and bone marrow of the mouse fractured tibia was 

obtained when the secondary antibody incubation was at room temperature. These observations 

suggest that the temperature of the antibody incubations is a useful parameter to explore when 

optimizing staining of difficult tissues such as bone. Finally, we found that endogenous 

peroxidases were still active in the spine of OVX mice after a 30 minute incubation in H2O2 and 

required a second 30 minute incubation with fresh H2O2. We suspect hormonal changes in this 

model account for this observation. IHC parameters for each condition are summarised in Table 

1.   

We concluded that bright field, DAB-based IHC was clearly superior to 

immunofluorescence for bone tissue. Indeed, decalcified tissue is often associated with 

autofluorescence that can be mistaken for specific immunoreactivity as illustrated in Figure 2. 

Figure 2A, B shows representative images of rat tibial subchondral bone decalcified sections 

following traditional IHC protocols with anti-CGRP antibody processed for immunofluorescence 

(Figure 2A) and DAB-based IHC (Figure 2B). We detected autofluorescence on the edges of 

structures where there was an interface, such as periphery of harversian canals. As blood vessels 

in compact bone are located mostly in haversian canals, the non-specific   staining appearing as 

lines may either mask or simulate immunoreactive nerve fibres. This is shown in Figure 2A, in 

which the structures indicated with arrows likely represent background, and not the CGRP-positive 

fibres that we wanted to see. The difficulty of distinguishing bona fide from autofluorescence will 

obscure specific immunoreactivity. That is not an issue with DAB-based IHC. While DAB 

addresses the issue of autofluorescence, the use of the usual short incubations will often result in 

the absence of staining, as shown in Figure 1B. In contrast, the use of long incubations as described 

in Table 1 will provide easy detection of nerve fibers in bone, as shown in Figure 2C, in which a 
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clear bundle of CGRP-immunoreactive (-ir) fibers in the rat tibial subchondral bone can be 

observed. 

The application of the optimized protocol for each condition (see Table 1) resulted in clear 

immunostaining in the 3 animal models of bone pathology examined, as illustrated in Figure 3. In 

addition to the subchondral bone, the synovial membrane that encapsulates the joint has been 

implicated in OA-related pain [2]. Here, we show CGRP-ir (Figure 3A) and VMAT-2-ir (Figure 

3B) in the synovium of the MIA model of OA in the rat ankle joint. In the OVX post-menopausal 

model of osteoporosis, the periosteum (Figure 3C), and the bone marrow (Figure 3D) are areas 

of interest to study neural sensitization; in both cases, we detected increased density of CGRP-ir 

fibers compared to sham controls (data not shown). In the open osteotomy fracture model, we 

detected CGRP-ir fibers in marrow (Figure 3E) as well as innervation in remodelled bone post-

fracture (Figure 3F). The ability to identify innervation in subchondral bone and remodelled bone 

will enable increased understanding of bone-nerve interactions as convincing detection has 

previously been rare in the literature. 
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2.5 FIGURES AND TABLES 

 

A) A total of 150 µl of solution is applied to the slide. B, C) The plastic coverslip is applied from 

the bottom of the slide. Slowly press against the sections, making sure the liquid is spreading 

across the slide, and that no air bubbles are present on the sections. D – F) Once the incubation 

is complete, remove the plastic coverslip from the top of the slide. Slowly lift the plastic coverslip 

so that sections do not detach from the slide. 

Chapter 2 Figure 1: Applying plastic coverslips for avidin-biotin complex, primary, and 

secondary antibody incubation. 
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Images were obtained using an anti-CGRP antibody in rat tibial subchondral bone in the MIA 

model of OA in the rat ankle joint 5 weeks post MIA injection. A) Illustration of challenges 

associated with autofluorescence and antibody penetration in an immunofluorescence 

representative image labelled with anti-CGRP antibody and a secondary antibody conjugated to 

Alexa 488; autofluorescence and trapping of fluorochrome to the blood vessel walls is observed 

(arrows), simulating nerve fibers. B, C) Images of DAB-IHC of a rat tibial subchondral bone 

labelled with anti-CGRP antibody. The image in B was acquired following the traditional IHC 

protocol, while C was acquired after optimization (see Table 1.). 

  

Chapter 2 Figure 2: Comparison on traditional immunofluorescence and immunohistochemistry to the 

optimized protocol. 
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(A, B) show innervation of the synovium that encapsulates the tibio-talar compartment of the rat 

ankle joint at 5 weeks post MIA injection, labeled with anti-CGRP and anti-VMAT-2 antibodies, 

respectively. (C, D) show bone marrow (C)   and periosteum (D) from OVX mice 8 weeks post-

surgery, labelled with anti-CGRP antibody. (E, F) show bone marrow and remodelled bone at the 

fracture site of mice 5 weeks after an open osteotomy. 

  

Chapter 2 Figure 3: Representative images of DAB-IHC staining optimization. 
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IHC Parameter Traditional 
IHC 

Subchondral 
Bone and 
Synovium 

Cortical 
Bone 

Bone 
Marrow 

Bone 
Marrow and 
Periosteum 

Animal model All models MIA Fracture Fracture OVX 

PBS+T 

preincubation 
None 24 h 24 h 24 h 24 h 

H2O2 30 min 30 min 30 min 30 min 2 X 30 min 

Blocking serum 
3 to 5%  

0.2% to PBS+T 

3% 

0.3% PBS+T 

3% 

0.3% PBS+T 

3% 

0.3% PBS+T 

3% 

0.3% PBS+T 

�Û�LQFXEDWLRQ 

24h 

�Û& 

0.2% to PBS+T 

48 h 

RT 

0.2% PBS+T 

72 h 

�Û& 

0.2% PBS+T 

72 h 

�Û& 

0.2% PBS+T 

48 h 

RT 

0.2% PBS+T 

�Û�LQFXEDWLRQ 
2h 

RT 

24 h 

�Û& 

24 h 

RT 

24 h 

RT 

24 h 

�Û& 

DAB/H2O2 5 – 12 min 12 min 10 min 10 min 10 min 

 

Chapter 2 Table 1: Optimized protocols for diaminobenzidine (DAB)-based 

immunohistochemistry (IHC) staining in subchondral bone, synovium, bone marrow, periosteum 

and remodelled bone in 3 animal models of bone pathology. 

PBS+T, PBS with 0.2% Triton X-100; PBS+0.3%T, PBS with 0.3% Triton X-100 
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2.6 DISCUSSION  

The detection of nerve fibers in bone by IHC remains technically challenging and images 

of innervation of compact bone, in particular, are seldom published. The challenges of bone IHC 

directly impacts research efforts investigating innervation changes that accompany the onset and 

maintenance of pain in bone pathologies, as these rely on IHC for morphological assessments. 

Only a few groups have demonstrated consistent IHC detection of nerve fibers in their studies. In 

those cases, often images are shown from very young mice, where the bone is soft enough to be 

processed in the absence of decalcification, thus preserving antigenicity [4]. The exclusive use of 

young animals prevents incorporation of studies investigating pathologies that take time to 

develop, such as the OA and OVX models used here. In addition, joint and bone pathologies such 

as OA and osteoporosis are associated with aging and therefore should be studied in skeletally 

mature animals.  

We addressed here some major challenges of bone tissue processing, which include 

autofluorescence and the issues related to fibre detection after decalcification. We also fully 

described optimized IHC protocols for various bone tissue types in animal models of osteoarthritis, 

osteoporosis, and tibial fracture, as these are often associated with innervation changes that need 

proper assessment. 

Bone sectioning for IHC requires softening of the tissue which is achieved by sequestering 

the calcium content. The duration and degree of decalcification is affected by the chelating agent 

used, as well as by the size of the specimens to be decalcified. The most useful decalcifying method 

for IHC is treatment with ethylene diamine tetra-acetic acid (EDTA). This chelating agent has been 

shown to maintain tissue integrity better than alternatives, although it decalcifies hard tissues 

slowly [8; 12; 28]. However, it is important to monitor the decalcification degree, as failure to do 
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so can lead to over-decalcification, resulting to poor morphology and loss of IHC signal. Here, we 

optimized the decalcification time for each kind of specimen used.  

Adhesion of sections from decalcified bone tissue to gelatin-subbed microscope slides is 

poor, making the use of a shaker during IHC incubations inadvisable. Instead, we recommend the 

use of plastic coverslips   placed gently on top of each slide to ensure proper distribution and 

penetration of antibodies and other reagents such as avidin/biotin complexes in the tissue (see 

section 2.4). 

Our study also revealed that immunofluorescence of bone marrow and bone structures that 

contain large blood vessels may be inadequate for morphological assessments of nerve sprouting 

due to high levels of unspecific labeling. Some of it represented autofluorescence, but there was 

clearly also a trapping of fluorochromes in the tissue. We found that with long pre-treatment of 

bone sections with PBS+T, and much longer than usual incubation times for both primary and 

secondary antibodies, DAB-based IHC was superior to immunofluorescence in detecting fibers in 

the bone marrow and in the harversian canals of the subchondral bone. As evidence of this 

superiority of this improved protocol, we detected strong CGRP-immunoreactivity in the 

remodelled bone at the tibial fracture site, which is has been difficult to detect in the past.    

Studies from our group have used this improved methodology for nerve fiber detection in 

subchondral bone in animal models of inflammatory and osteoarthritis of the ankle joints to study 

quantitatively sensory and sympathetic nerve sprouting that contribute to pain-related behavior in 

these animal models [2; 20]. We hope the protocols and advice presented here will contribute to 

other advances in the understanding of neural mechanisms involved in bone pathologies. 
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2.7 CONCLUSION 

The DAB-IHC protocols presented here represent a major improvement over currently 

used methodologies to process hard tissues to study the innervation in animal models of bone 

pathologies. This improved methodology could be applied in future research to investigate 

contributions of neural mechanisms to pain onset and maintenance in bone pathologies. 
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CONNECTING CHAPTER 2 TO CHAPTER 3 

 

The investigation into the underlying mechanisms contributing to chronic pain in OA has 

revealed a complex interplay between pathological changes in the joint and nervous system 

dynamics. Chapter 2 presented a robust diaminobenzidine (DAB)-based immunohistochemistry 

(IHC) protocol optimized for the detection of nerve fibers in decalcified bone, thereby facilitating 

comprehensive exploration of bone innervation. Chapter 3 now seamlessly transitions to a study 

that builds on the insights gained from the optimized IHC protocol to unravel the intricate pain 

mechanisms underlying OA, shedding light on potential avenues for enhanced pain management 

and treatment. By merging the insights gained from advanced imaging techniques with the 

temporal characterization of pain-related behaviors and nerve sprouting, this collective body of 

research contributes to a more comprehensive grasp of OA pain etiology. 
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3.1 ABSTRACT  

3.1.1 Introduction: 

Osteoarthritis (OA)-associated pain is often poorly managed, as our understanding of the 

underlying pain mechanisms remains limited. The known variability from patient to patient in pain 

control could be a consequence of a neuropathic component in OA.   

3.1.2 Methods: 

We used a rat Monoiodoacetate (MIA) model of the ankle joint to study the time-course of 

the development of pain-related behavior and pathological changes in the joint, dorsal root ganglia 

(DRG), and spinal cord, and to investigate drug treatments effects.  

3.1.3 Results: 

Mechanical hypersensitivity and loss of mobility (as assessed by treadmill) were detected 

from 4 weeks post-MIA. Cold allodynia was detected from 5 weeks. Using histology and x-ray 

microtomography, we confirmed significant cartilage and bone degeneration at 5 and 10 weeks. 

We detected increased nociceptive peptidergic and sympathetic fiber innervation in the 

subchondral bone and synovium at 5 and 10 weeks. Sympathetic blockade at 5 weeks reduced 

pain-related behavior. At 5 weeks, we observed, ipsilaterally only, DRG neurons expressing anti-

activating transcription factor 3 (ATF3), a neuronal stress marker. In the spinal cord, there was 

microgliosis at 5 and 10 weeks, and astrocytosis at 10 weeks only. Inhibition of glia at 5 weeks 

with minocycline and fluorocitrate alleviated mechanical allodynia.   

3.1.4 Conclusion: 

Besides a detailed time-course of pathology in this OA model, we show evidence of 

contributions of the sympathetic nervous system and dorsal horn glia to pain mechanisms. 
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Additionally, late ATF3 expression in the DRG that coincides with these changes provides 

evidence in support of a neuropathic component in OA pain.  

  

3.2 INTRODUCTION   

Osteoarthritis (OA) is often classified as non-inflammatory or degenerative arthritis, in 

contrast to arthritis with a strong inflammatory component such as rheumatoid arthritis. However, 

the dichotomy between inflammatory and degenerative arthritis has become unclear as many 

inflammatory processes have been identified in OA [60]. Inflammation in OA affects a variety of 

tissues that are innervated by nociceptors; moreover cytokines and chemokines have been 

implicated in the signalling of these nociceptors (for review see [48]). Additionally, 

overexpression of NGF causes nociceptive fibers to sprout abnormally into inflamed joints [47], 

while anti-NGF neutralizing antibodies attenuate pain-related behavior [46]. Studies in 

inflammatory arthritis show that nerve fibres invade articular cartilage and sprout in the synovial 

membrane and adjacent bone [23; 39; 41] contributing to sensitization. In addition, different OA 

models have shown similar findings with innervation by Nav1.8-expressing and anti-calcitonin 

gene-related peptide (CGRP) positive fibers in the synovium [51; 53], as well as increased TRPV1 

expression in the DRG [1]. Although it is likely that innervation changes contribute to the pain in 

OA, studies in OA models remain limited. Here, in our OA model, we investigated sympathetic 

and sensory fibre sprouting in subchondral bone and synovium. 

In OA patients, there is poor correlation between radiographic changes and reported levels 

of pain [14]. Moreover, a subset of OA patients with successful total joint replacement surgeries 

report sustained levels of pain post-recovery [42].  Neuropathic pain (NP) is defined as pain 

following lesion or disease to the somatosensory nervous system (IASP). Indeed, the persistence 
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of pain in some OA patients, after removal of the diseased joint, suggests that this disease can 

result in neuropathy and central sensitization. In clinical cases of NP, gabapentin is commonly 

used as a treatment [68]. Interestingly, gabapentin is analgesic in some OA patients as well, 

supporting a possible NP-like component [17].  

In animal models, NP is studied by inducing peripheral nerve damage, often of the sciatic 

nerve [31]. This consistently results in hypersensitivity that is accompanied by central changes, 

such as microgliosis, and activating transcription factor 3 (ATF3) expression in the DRG. 

Microgliosis, for instance, has also been observed in OA models [37; 57]. 

In this study, we provide an integrated time-course of peripheral and central pathological 

changes and correlate them with pain-related behavior in an OA model. Those changes include 

degradation of cartilage, degeneration of bone, sensory and sympathetic fiber innervation changes 

in the joint, glial activation in the dorsal horn and, at late time point, ATF3 expression in the DRG. 

To do this, we used the MIA model in the rat ankle joint, which we characterize for the first time 

here. The ankle receives most of its nerve supply from the sciatic nerve, which is lesioned in the 

most commonly used NP models. This facilitates the evaluation of possible mechanisms of OA 

pain that are also associated with NP. Subsequently, we used pharmacology to suppress 

components we believe contribute to pain in OA, including sympathetic sprouting, and glial 

changes.  
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3.3 METHODS 

3.3.1 Induction of OA: 

The entire experimental design followed the Care and Use of Experimental Animals of the 

Canadian Council on Animal Care guidelines. All animals were housed in pairs with soft bedding, 

food and water ad libitum, on a 12- hour light/dark cycle. 

A total of 126 Sprague Dawley male rats (Charles Rivers Laboratories) weighing 175-200 

g at the beginning of the study, with 6 animals per group, were anesthetized with 5 % isoflurane 

in O2, and given by intraarticular injection in the tibio-talar joint a single dose of 0.8, 1.6, 2.4 mg 

of MIA (Sigma) or saline, in a volume of 40 µL. Doses were selected based on a literature search 

of MIA concentrations administered in the more commonly used knee-joint model of OA [52]. 

3.3.2 Behavioral Assessments: 

Pain-related behavior was assessed weekly by a blinded experimenter, while treadmill was 

assessed once each two weeks. Prior to each behavioral experiment, animals were accustomed to 

the testing environment by being placed in the corresponding cages for at least 30 minutes prior to 

testing. The baseline reaction values were measured in the morning of the MIA injections. 

3.3.2.1 Mechanical Hypersensitivity: 

Using a series of calibrated filaments (Stoelting, USA), the von Frey test was used to assess 

mechanical hypersensitivity. Animals were placed in individual cages on a mesh wire surface. 

Filaments were applied using the up/down method [5; 15] on the hind paw both ipsilaterally and 

contralaterally. The 50% withdrawal thresholds were calculated as previously described [55]. 
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3.3.2.2 Cold Allodynia: 

The acetone drop method was used to assess cold pain behavior on the plantar region of 

the hind paw [7]. Pain responses were graded as previously described [18].  

3.3.2.3 Heat Hyperalgesia: 

The Hargreaves’s apparatus (UGO Basile) was used to measure latency of paw withdrawal 

to a heat stimulus, with a cut-off of 20 seconds of heat application, as previously described [41]. 

3.3.2.4 Changes associated with movement: 

Six animals injected with a dose of 2.4 mg MIA and six saline-injected rats underwent a 

treadmill-test (Columbus Instrument Exer 3/6) each two weeks only (to avoid a training effect 

[35]). This was performed on a separate cohort of animals to avoid confounds with the other 

behavior assays. Each rat warmed-up at a speed of 15 m/min with no incline for 10 minutes. The 

speed was reduced to 10 m/min and increased by 5 m/min every 5 minutes until the rat was unable 

or unwilling to maintain pace with the treadmill belt. Prior to week 0, animals received a 5-day 

daily habituation run with the electric grid as a learning incentive. During experimental days 

manual encouragements were used instead (manually touching/flicking the tail).  

3.3.3 Histopathology: 

Rats were perfused intracardially with histological fixatives at 1, 2, 5, and 10 weeks post-

MIA for subsequent immunohistochemical processing. Before sectioning, ankle joints were 

decalcified (see supplementary data for details). 

3.3.3.1 Cartilage Degeneration Quantification:  

Cartilage degeneration was visualized in the tibial articular surface of the tibio-talar 

compartment using the Safranin O (Sigma) and Fast Green (Fisher Scientific) staining method. A 
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Hematoxylin and Eosin (Sigma) staining was also used to better visualize chondrocytes. The 

timeline of cartilage degeneration was quantified by measuring the thickness of cartilage matrix 

stained by Safranin O with lacunae containing chondrocytes. Using the ImageJ tracing tool, we 

traced a line over the thickest region of safranin-stained chondrocytes, perpendicular to the surface 

of the tibia (4 images per animal, n = 6). 

3.3.3.2 Bone Degeneration: 

Ankle joints from the 5- and 10-weeks post MIA injection time-points were sent to the 

McGill University Bone Center for microtomography (µCT; using a SkyScan 1072) and x-ray 

imaging (using a Kubtec Xpert 80 apparatus), as well as for bone mineral density (BMD; using 

GE Lunar PIXImus) measurements (n=4). Ankle joints were then qualitatively evaluated for signs 

of degeneration. 

3.3.3.3 Immunohistochemistry and Quantification: 

After decalcification, joints were stained with rabbit anti-CGRP antibody (Sigma #C8198) 

or goat anti-vesicular monoamine transporter-2 (VMAT-2) antibody (abm #Y213391). Joint 

sections were incubated in goat anti-rabbit IgG biotinylated antibody (Vector #BA-1000; 1:400) 

and donkey anti-goat IgG biotinylated antibody (Jackson #705-066-147; 1:250) for DAB 

immunohistochemistry then imaged. CGRP and VMAT-2 fiber innervation densities were 

measured by a blinded experimenter using the ImageJ software tracing tool. Fibers measuring less 

than 5 µm-long were excluded from analysis to ensure the inclusion of genuine fibers only. See 

supplementary data for more detailed protocol. 

L4 and L5 DRGs and lumbar spinal cord were sectioned and stained with rabbit 

monoclonal anti-ATF3 antibody (Abcam #ab207434; 1:500), or rabbit anti-ionized calcium 

binding adaptor molecule 1 (Iba1; Wako # 019-19741; 1:1000) and mouse anti-glial fibrillary 
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acidic protein (GFAP; Cell Signaling # 3670S; 1:1000). DRG and spinal cord sections were 

subsequently incubated with fluorochrome-labeled secondary antibodies (1:800, Invitrogen). DRG 

slides were incubated with red Nissl (Neurotrace 530/615 N-21482; 1:100). For the DRGs, total 

number of red Nissl-positive and ATF3-positive cells were counted and averaged for each animal 

(n = 4). For the spinal cords, extended depth of focus images were analyzed by a blinded 

experimenter and Iba1+ and GFAP+ cell counts were performed and dimensional ratios (Iba1+ 

only) were obtained using an ImageJ macro as previously described [27]. See supplementary data 

for a detailed protocol. 

3.3.4 Pharmacology: 

3.3.4.1 Sympathetic block: 

Vehicle (saline) or 30 mg/kg guanethidine sulfate (Santa Cruz Biotechnology) were 

administered intraperitoneally (i.p.) twice with a 24 h interval [71] at 5 weeks post MIA injection. 

The von Frey and acetone tests described above were administered weekly up to 5-weeks post 

MIA injection (pre-drug) and 4 hours after the second dose of guanethidine. Animals were divided 

into the following groups: sham + vehicle, sham + guanethidine, MIA + vehicle, and MIA + 

guanethidine. 

3.3.4.2 Glial inhibitors: 

Vehicle (10µl saline), minocycline (100µg in 10µl saline; Sigma-Aldrich #13614-98-7) or 

fluorocitrate (1.0 nmol in 10 µl 2M HCl in saline; Sigma-Aldrich #100929-81-5) were 

administered intrathecally (i.t.) in the lumbar region of the spinal cord twice with a 24 hour interval 

at 5 weeks post-MIA injection. Von Frey and acetone tests (describe above) were administered 

weekly up to 5 weeks post MIA injection (pre-drug) and 4 hours after the second dose. Animals 
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were divided in the following groups: MIA + fluoro, MIA + mino, MIA + veh. A second blinded 

experimenter performed the behavior assessments. 

3.3.5 Statistical analysis: 

All behavioral measurements were analyzed using repeated measures two-way ANOVA. 

Time-courses of changes in innervation, microgliosis, astrocytosis and microglia morphology were 

assessed using two-way ANOVA. Singular comparisons were analyzed with a one-tailed Student 

t-test. For multiple comparisons tests, we employed the Bonferroni correction.  

 

3.4 RESULTS 

3.4.1 Pain-related behavior changes and establishment of the effective MIA dose: 

Twenty four Sprague-Dawley rats that were saline-injected, or received either 0.8, 1.6 or 

2.4 mg of MIA were tested weekly for 10 weeks to establish dose of MIA for subsequent 

experiments. Compared to saline-injected controls, mechanical hypersensitivity became 

significant at 7-weeks, 5-weeks, or 4-weeks, when a dose of 0.8 mg, 1.6mg, and 2.4mg of MIA 

was used, respectively (Figure 1A). It should be noted that with doses of 1.6 and 2.4 mg MIA, 

from 6 weeks onwards, mechanical hypersensitivity was at the maximum (Figure 1A). Cold 

allodynia, assessed with acetone was consistently detected only with 1.6 and 2.4 mg MIA doses, 

appearing at 4 and 5 weeks, respectively (Figure 1C). No heat hyperalgesia was detected by the 

Hargreaves’ test in the ipsilateral paw at any time point with any dose (Figure 1E). Additionally, 

none of the behavior tests revealed contralateral effects (Figure 1B, D, F). The 2.4 mg dose of MIA 

resulted in consistent cartilage degeneration across animals (data not shown). Based on this 

observation and the behavioral outcomes, the 2.4 mg MIA was selected for all subsequent analyses.  
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3.4.2 Joint function deterioration: 

We observed that 2.4mg MIA-injected animals spent significantly less time on the 

treadmill starting at 4 weeks post-injection compared to controls (Figure 2).  

3.4.3 Histopathological changes: 

The time-course of histopathological changes was assessed using a Safranin (cartilage) and Fast 

Green (contrast) staining (Figure 3A-E). Joints from the control group maintained an intact 

articular surface, with perfect cartilage integrity, as shown by the intense red Safranin staining 

(Figure 3A). MIA-injected animals displayed progressive loss of cartilage matrix staining, as well 

as considerable cartilage thinning (Figure 3B, C, D). Complete loss of the articular cartilage was 

observed by week 10, leaving the subchondral bone exposed (Figure 3E). These observations were 

confirmed by quantifying healthy cartilage thickness over time. A decrease in intact cartilage 

thickness is observed between SHAM and the 1 week post-MIA timepoint. There was no statistical 

difference in cartilage thickness between weeks 1 and 2. However, at week 5, we observed a 

significant decrease in intact cartilage thickness, followed by total delamination at week 10 (Figure 

3K). Similar findings were observed using hematoxylin and eosin staining (Figure 3F-J), which 

confirmed the timeline of cartilage cell death. Damage to the bone in the subarticular cartilage 

location (subchondral bone), such as disrupted surface integrity, was prominent at week 10, when 

possible signs of remodelling were seen (Figures 3E, J).  

3.4.4 Radiological and bone mineral density changes: 

:H�SHUIRUPHG�PLFURWRPRJUDSK\��ȝ&7��[-ray scans with 3D visualization throughout the 

entire ankle joint at 5 and 10-weeks post injection. Significant signs of bone erosion and fibrillation 

(arrows) were observed on the talus (yellow) of MIA animals at 5- and 10-weeks post injection 

(Figure 4C, D, G, H). Signs of bony outgrowths, indicating osteophyte formation, on the calcaneus 



99 
 

bone adjacent to the ankle joint (red circle on Figure 4H) were visible in the MIA group at 10-

weeks post injection. Conventional x-ray images (Figure 4I, J) revealed joint space narrowing in 

MIA-injected animals as compared to sham animals at 5 (Figure 4I) and 10 weeks (Figure 4J).  

Bone mineral density (BMD) scans were obtained (Figure 4K, L). A small but significant 

reduction in BMD of the whole ankle joint was detected at 10-weeks post injection in MIA 

compared to control animals (Figure 4L).  

3.4.5 Changes in sensory and sympathetic innervation of joints: 

Peptidergic nociceptive fibre as well in sympathetic fibre innervation was assessed in the 

tibial subchondral bone of the tibio-talar junction (Figure 5A, B, E, F) and in synovial membrane 

connecting the tibia and talus (Figure 5C, D, G, H). We used DAB-based immunohistochemistry 

with antibodies against the peptidergic nociceptive fiber marker CGRP (Figure 5A, B, C, D) and 

sympathetic fiber marker VMAT-2 (Figure 5E, F, G, H). Figure 5A-F shows representative images 

of innervation patterns at 10 weeks post-MIA or sham injection. We observed that in the OA-

associated subchondral bone, VMAT-2 and CGRP nerve fibers sprouted outside the harversian 

canals (arrows; Figure 5B, F). Our quantification revealed major innervation increases in the 

subchondral bone and synovial membrane by both sensory and sympathetic fibers at 5 weeks and 

10 weeks (Figure 5G, H, I, J). The increase of innervation was particularly marked for the CGRP-

immunopositive fibres in the subchondral bone at 5- and 10-weeks post MIA (Figure 5I). No 

innervation changes were found at 1- and 2-weeks post-MIA injection.  

To further investigate the contribution of the sympathetic nervous system to pain-related 

behavior, we administered guanethidine (known to produce a long term sympathetic blockade [34; 

45]), at 5 weeks post MIA, a time point where we observed consistent and irreversible pain 
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behavior. We observed a significant alleviation of both mechanical hypersensitivity and cold 

allodynia following guanethidine administration (Figure 6A, C). 

3.4.6 ATF3 expression in the ipsilateral DRG: 

To assess neuronal stress associated with the nociception in this model of OA, ATF3 

expression in the DRG was investigated. At 5-weeks post MIA injection, the contralateral DRG 

had no expression of ATF3 (Figure 7A, C), as in sham animals (data not shown). Interestingly, in 

the ipsilateral DRG we observed ATF3 expression in a small, but consistent, number of DRG 

neurons (Figure 7B, C).  

3.4.7 Changes in microgliosis and astrogliosis in the spinal cord: 

Microgliosis has previously been detected in the MIA model of OA [37; 57; 61], and in a 

model of destabilization of the medial meniscus (DMM) [65]. The time-course of microgliosis and 

astrocytosis, in this ankle MIA model, was investigated using Iba1 and GFAP immunoreactivities 

(Figure 8). We observed increased microglia cell counts at 5 and 10-weeks post-MIA injection 

(Figure 8J), and an astroglia density increase at week 10 (Figure 8K). These increases were 

observed in laminae II-III of the two medial thirds of the spinal dorsal horn (see Figure 8A-I), 

where most primary afferents innervating the ankle-joint terminate. As we expected for this OA 

model, the localization of the gliosis in the dorsal horn matches observations in NP models of the 

sciatic nerve [32]. 

In addition, we also observed changes in microglia morphology similar to that previously 

observed by our group in an inflammatory model [40], indicative of a reactive microglial 

phenotype. Indeed, microglia in the ipsilateral dorsal horn had a larger cell body, with retracted 

processes, compared to mostly ramified cells in the contralateral dorsal horn (Figure 9A, B, C, D). 
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These changes, as assessed by an increased dimensional ratio, were significant at 5 and 10-weeks 

post-MIA (Figure 9E). 

To understand the contribution of microgliosis and astrocytosis to pain-related behavior, 

we administered the glial inhibitors minocycline and fluorocitrate at 5-weeks post MIA. 

Minocycline is widely accepted as a glial inhibitor, proposed to act by preventing the transition of 

microglia into the pro-inflammatory state [36]. However, the effect of minocycline on astrocyte 

function is unclear. Fluorocitrate is a metabolic toxin that is selectively taken up by astrocytes [16]. 

We observed a partial but significant alleviation of mechanical allodynia following both 

minocycline and fluorocitrate administration, with a larger effect observed with the minocycline 

treatment (Figure 10A). No drug effect was observed on the cold allodynia behavioral assessment 

(Figure 10C). 
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3.5 FIGURES 

 

 

Chapter 3 Figure 1: Pain-related behavior in sham rats and animals injected with three different 

doses of MIA analyzed by two-way ANOVA with Bonferroni corrections. 
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Mechanical hypersensitivity as tested by the Von Frey fibers was first detected at 4 weeks post 

injection using the 2.4 mg MIA dose (P < 0.001), while appearing later at 5 and 7 weeks in the 1.6 

(P < 0.05) and 0.8 mg MIA (P < 0.001) groups respectively (A). The acetone test yielded similar 

findings, with cold allodynia appearing at the earliest at 5 weeks post 2.4 mg MIA (P < 0.001), 

and at 6 weeks post-1.6 mg MIA (P < 0.05) (C). Pain thresholds of the 2.4 mg MIA dose were 

significantly lower than for the 1.6 mg dose at the 5-week time point (P < 0.05). No heat 

hyperalgesia, as tested by Hargreaves’ test, was detected in the ipsilateral paw (E). For all tests, 

no contralateral effects were observed (B, D, F). Data from A-F were analyzed with two-way 

repeated measures ANOVA with Bonferroni correction (N = 6).  
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Chapter 3 Figure 2: Biweekly running in a treadmill. 

Animals treated with 2.4 mg MIA had significantly reduced ability to stay on the treadmill as 

compared to controls starting at 4 weeks post injection (P<0.0001) and lasting until at least 10 

weeks (P = 0.0175). Two-way ANOVA with Bonferroni correction for multiple comparisons. N =6 
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A, F show an intact surface of healthy cartilage of SHAM animals. B – D and G – I show 

progressive loss of matrix staining of the outer 2/3 of the cartilage at 1, 2, and 5 weeks post 

injection (arrowheads). E, J show a complete loss of cartilage at 10 weeks post injection as only 

subchondral bone is visible (arrow). Note the disappearance of cartilage and disrupted integrity 

of subchondral bone (arrows) at 10 weeks post injection not detectable at earlier time points. K 

shows measurements of intact cartilage thickness over time using the Safranin O stain. As 

significant difference was observed between SHAM groups of each timepoint, they were grouped 

for this figure. There was a strong decrease in cartilage thickness at 1 week post MIA compared 

to SHAM controls. No significant difference was observed between week 1 and week 2. Another 

significant decrease in cartilage thickness was detected at 5 weeks post-MIA, followed by a 

Chapter 3 Figure 3: Histopathological changes at 1, 2, 5 and 10 weeks post 2.4 mg MIA 

injection, using Safranin O and H&E stains. 
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complete delamination of cartilage at 10 weeks post MIA. Bars represent means ± SEM; * P < 

0.05, ** P < 0.01, *** P < 0.001, **** P < 0.0001. Two-way ANOVA with Bonferroni correction 

for multiple comparisons N = 6. 
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Chapter 3 Figure 4: Radiographic changes of the MIA rat ankle joint model of OA. 

A-H: X-Ray imaging of the rat ankle joints at 5- and 10-weeks post MIA injection. A-H show 

PLFURWRPRJUDSK\��ȝ&7��RI�6+$0��$��%��(��)��DQG�0,$-treated joints (C, D, G, H) with the talus 

bone highlighted in yellow. A-D show the dorsal view, and E-H show the medial view of the ankle 

joints. G, H illustrate irregular new bony growths on the calcaneus bone (red circle), and 

fibrillations on the surface of the talus (arrowhead). C, D, Ventral view of the ankle also shows 

surface fibrillations in the talus (arrowhead). I, J, Conventional X-ray images of a SHAM and 

MIA-treated joint at 5- and 10-weeks post injection. The MIA joint at 10 weeks post injection shows 

significant irregularities surrounding the talus and calcaneus bones (arrows). Important loss of 

joint space is also visible at both time points (arrowheads). K, L, One-tailed Students t-test 

revealed a reduction in bone mineral density of the ankle joint at 10 weeks post injection in MIA 

as compared to control animals (P = 0.0374). No differences were detected at the 5-week time 

point. N=4 
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Chapter 3 Figure 5: Sensory and innervation as detected by CGRP antibody using bright field 

immunohistochemistry in the tibial subchondral bone (A, B) and tibio-talar synovial membrane 

(C, D) decalcified tissue at 1,2,5 and 10 weeks post injection of 2.4 mg MIA. 

E-H, Sympathetic innervation as detected by vesicular monoamine transporter 2 (VMAT2) using 

DAB immunohistochemistry of the tibial subchondral bone (E, F) and tibio-talar synovial 

membrane (G-H) decalcified at 10 weeks post injection of 2.4 mg MIA. Anomalous fibers sprouting 

outside of harversian canals are shows in B and F (arrows). Quantification of fiber densities 
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revealed significant increase in innervation of CGRP+ fibers of the subchondral bone (P<0.001) 

(I), synovial membrane (P<0.05) (K) at 5- and 10-weeks post MIA. Increased innervation of 

VMAT-2+ fibers in the subchondral bone (P<0.001) (J) and synovium (P<0.001 at 5 weeks, 

P<0.005 at 10 weeks) (L) at 5- and 10-weeks post MIA injection. No significant changes were 

observed at 1- and 2-weeks post MIA. Data were analyzed with two-way ANOVA with Bonferroni 

correction. N = 6. 
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Chapter 3 Figure 6: Behavioral assessments following sympathectomy using guanethidine. 

 Note partial alleviation of mechanical hypersensitivity (P<0.005) (von Frey hairs) (A) and cold 

allodynia (P<0.001) (C) in MIA animals at the 5-week time point, 24 hours following the second 

injection of guanethidine i.p. Contralateral behavior data are shown in B and C. Data were 

analyzed with two-way repeated measures ANOVA with Bonferroni correction. Bars represent 

means ± SEM. N = 6. 
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Chapter 3 Figure 7: Activating transcription factor 3 (ATF3) expression in lumbar DRG 5 weeks 

post MIA injection. 

Low magnification images show no expression of ATF3 in the contralateral DRG (A), and 

increased expression in the ipsilateral DRG (B), quantified in C. D represents a higher 

magnification image clearly showing localization of the ATF3 signal in the nucleus. Data were 

analyzed a one-tailed unpaired t-test. Bars represent means ± SEM; *** P < 0.001. N = 4. 
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Chapter 3 Figure 8: Microgliosis (Iba1) and astrocytosis (GFAP) in the laminae II-III of the spinal 

dorsal horn. 

A-I, Representative fluorescence micrographs showing increased immunoreactivity of Iba1 and 

GFAP in ipsilateral dorsal horn of MIA-treated animals 10 weeks post injection compared to 

contralateral. G, E, F, are low magnification micrographs of the dorsal horn showing where 

images in A-C and G-I were obtained (framed areas). J, K, show a time-course of microglia and 

astrocyte cell densities at 1, 2, 5 and 10 weeks post injection. Data were analyzed with two-way 

ANOVA with Bonferroni correction. Bars represent means ± SEM; * P < 0.05, ** P < 0.01, *** 
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P < 0.001. N = 6. Note also the difference in morphology in the Iba1 immunoreactivity in the 

ipsilateral dorsal horn compared to the contralateral. 
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Chapter 3 Figure 9: Microglia shape changes. 
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Microglia morphology was assessed by Iba1 immunoreactivity in contralateral (A) and ipsilateral 

(B) laminae II-III (shown images from lamina II at the 10-week timepoint). Binary images (C, D) 

were skeletonized and the dimensional ratio (length of cells/area of cells) calculated by the 

software. E, shows increased dimensional ratio in the ipsilateral dorsal horn of MIA-treated 

animals at 5- and 10-weeks post injection. Data were analyzed with two-way ANOVA with 

Bonferroni correction. Bars represent means ± SEM; * P < 0.05, ** P < 0.01, *** P < 0.001. N 

= 6. 
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Chapter 3 Figure 10: Behavioral assessments following glial inhibitors minocycline and 

fluorocitrate. 

Note partial alleviation of mechanical hypersensitivity (A) by minocycline (P < 0.01) and 

fluorocitrate (P < 0.05) at the 5-week time point, 24 hours following the second injection of the 

glial inhibitor. No significant alleviation of cold allodynia was observed (C). B, D show no 

contralateral effect. Data were analyzed with two-way repeated measures ANOVA with Bonferroni 

correction. Bars represent means ± SEM. N = 6 
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3.6 DISCUSSION  

We provide an integrated time-course of the development of pain-related behavior and 

pathological changes in the joint and spinal cord of this OA model of the rat ankle joint. We 

described the time-course of nociceptive sensory and sympathetic innervation changes and found 

significant innervation increases at time points in which there was marked mechanical and cold 

allodynia. Pain-related behavior was also associated with ATF3 expression in the DRG as well as 

microglia and astrocyte changes in the dorsal horn. Using pharmacology, we supressed the 

function of putative contributors to pain in OA, including sympathetic fibers, microglia, and 

astrocytes. The changes described above include the presence of primary afferent stress and central 

changes - known descriptors in NP.  

3.6.1 Characterization of the ankle joint MIA model 

In the literature, most rodent models of OA involve the knee-joint, given the high 

prevalence of knee OA in the clinic. With our ankle-joint model, direct comparisons to changes in 

the spinal cord in established NP models can be made, as similar nerves are affected. The ankle 

joint is mostly supplied by branches from the sciatic nerve (tibial, sural, deep peroneal) and 

saphenous nerves [21], with innervation from the spinal cord at the level of lower lumbar regions 

(L3-L6). The knee joint is supplied by branches from the femoral, tibial, common peroneal, and 

obturator nerves [20], which have different distributions at the spinal cord (L2-L4). Our laboratory 

has been using this OA model as well as an inflammatory arthritis model of the ankle joint to 

investigate NP-like features of arthritis in the spinal cord. In fact, the localization of the gliosis 

observed in this model matched observations in several NP models involving injury to the sciatic 

nerve [32]. Additionally, we were able to detect cold allodynia, which is seldom reported in knee-

joint models although it is clinically relevant [49; 70]. Moreover, loss of mobility was detected 
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which aligns with clinical investigations that show a strong correlation between pain and functional 

limitations of the joint in patients with OA [25; 50; 69].  

3.6.2 Morphological changes in the joint and presence of fiber sprouting 

We observed signs of bone remodelling, presence of osteophytes, and joint-space 

narrowing in this model, which are important changes associated with OA in humans [2]. Although 

progressive cartilage loss, bone deformation and remodelling often result in joint pain and 

increased functional disability, 50% of patients with these structural changes are asymptomatic 

[26]. Conversely, a minority of patients with minimal, and even radiographically undetectable 

damage suffer from OA-related incapacitating pain [14; 33]. One possible explanation for this 

discrepancy is the existence of a variable neuropathic component to osteoarthritic pain.  

We observed increased densities of sensory and sympathetic fibers in the synovium and 

subchondral bone correlating with pain-related behavior. Persistence of pain in patients with OA 

has been associated with increased peptidergic free nerve endings in synovial tissue, and high 

concentrations of the nociceptive peptide, substance P [58]. We suspect that neurogenic 

inflammation as well as increased NGF released by inflammatory cells [44] and chondrocytes [43], 

are major drivers of pain in this model.  

The sympathetic sprouting that we observed reproduce abnormal innervation patterns that 

are observed in neuropathic-pain models. In these, we have seen close appositions of sensory and 

sympathetic fibers in skin of the territory affected by the lesion [24; 73]. Functional studies of 

sensory-sympathetic coupling show that the sympathetic effect on sensory neurons is excitatory 

[4; 6; 13], and the abnormal coupling suggest modulation of C-fiber excitability through 

norepinephrine release [72]. In fact, sympathetic blockade remains a recommended treatment for 

some peripheral neuropathies [28]. In agreement with our previous data using a CFA model of the 
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ankle joint [41], we observed that sympathectomy partially attenuated pain-related behavior. This 

change, however, was relatively minor suggesting that modulation of sensory fibers excitability 

through the sympathetic system is not sufficient for pain maintenance in this model.  

3.6.3 ATF3 expression in the DRG 

ATF3 expression in DRG has been described as a marker for neurons axotomized by 

peripheral nerve injury. ATF3 is not detectable in intact primary sensory neurons [63; 66], but is 

consistently upregulated in the nucleus of injured peripheral neurons [38; 66]. In addition to 

models of peripheral nerve injury, ATF3 has been detected in an in vitro model of diabetic 

neuropathy [56], in a mice rheumatoid arthritis model [8], and in a MIA model of OA in the rat 

knee-joint [30; 64]. However, these OA studies only detected ATF3 at early time-points, and it is 

unclear whether this should be interpreted as toxicity from the MIA compound, or axon 

degeneration caused by the underlying disease. For this reason, we studied ATF3 expression in 

our MIA model only at 5 weeks post-injection, a time point where we observed consistent and 

irreversible mechanical and cold hypersensitivity, as well as sensory fiber sprouting in the 

periphery. We detected a small but consistent number of ATF3-expressing neurons in the 

ipsilateral DRG, but not contralaterally. We believe this is a consequence of ongoing OA, which 

results in hyperinnervation of bone with likely repeated nerve terminal injury in exposed bone. At 

5 weeks, it is unlikely that this is a consequence of MIA toxicity, although this could be a factor 

at earlier time points. Rather, we believe these results indicate the presence of primary afferent 

injury.  

3.6.4 Microgliosis and astrocytosis 

Recently, a surge of novel findings attribute an important role to microglia in the 

development and maintenance of chronic pain [59]. A common feature of the neuropathic 
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phenotype is disruption of excitatory and inhibitory transmission in the dorsal horn [11; 67]. 

Activated microglia drive this disinhibition by releasing BDNF, which through its trkB receptor 

causes the downregulation of the potassium-chloride co-transporter KCC2 in spinal neurons [10]. 

In this study, we observed an increased density and activation of microglia starting at 5 weeks. 

Microglia activity suppression by minocycline partially relieved mechanical allodynia. Together 

these findings suggest that pro-inflammatory changes caused by microglia activation contribute to 

pain in OA at late stages.  

Like microglia, astrocytes enter a reactive state after peripheral nerve injury [9; 22]. 

However, the participation of astrocytes in MIA models of OA is unclear; some groups report 

increased GFAP immunoreactivity [57], while others report lack of response [54]. In this study, 

we observed a minor but significant increase in astrocyte number at 10 weeks only, in contrast to 

5 weeks for microgliosis. This data aligns with the finding that activated microglia precede the 

activation of astrocytes, and may in fact play a role in astrocyte reactivity [62]. Dimensional ratio 

of astrocyte morphology was not calculated, as GFAP immunoreactivity is not a reliable marker 

of cell shape. Fluorocitrate, a suppressor of astrocyte activity, partially alleviated mechanical 

allodynia. A larger effect may have been observed if the drug had been administered at the 10 

week time-point. Therefore, our data suggests that astrocytes play a minor role in pain in OA. 

3.6.5 Limitations 

Ankle osteoarthritis is relatively uncommon compared to knee and hip osteoarthritis in 

patients [12], which is a limitation of this study. However, we believe the ankle model was the 

correct model to identify peripheral and central changes associated with the neuropathic-pain 

phenotype and correlate these changes with pain-related behavior. These findings remain relevant 

for the clinic: although not very frequent, some patients develop ankle arthritis, predominantly as 
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post-traumatic arthritis [12; 29]. Moreover, the ankle joint model of MIA presented here displays 

a much slower progression of changes which allows for a time-dependent analysis of the 

emergence of features associated with OA. This contrasts with the rat knee joint in which 

mechanical hypersensitivity has been detected as early as 5 days post-injection with significant 

cartilage damage at 20 days [17]. It is important to note that a high number of individuals suffering 

from OA report pain sensations comparable to those described in neuropathies [3; 19].  

3.6.6 Conclusions  

In this study, we investigated the time-course of changes in joint innervation, ATF3 

expression in DRG, and spinal dorsal horn glia and found that their onset correlated with pain-

related behaviour and extensive structural damage in the joint. We also observed that the 

pharmacological suppression of sympathetic fiber function, of microglia reactivity and astrocyte 

function led to mild ameliorations of pain-related behavior. Taken together, our data reinforced 

the concept that multiple factors are contributing to pain in OA, including features that are 

commonly described in models of NP. Our objective was to provide a multi-facetted time-course 

of relevant changes in OA using a robust animal model that can be directly compared to animal 

models of NP. We believe that further investigation of a neuropathic phenotype in OA pain has 

important implications for the development of therapeutic approaches. 
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3.8  SUPPLEMENTARY METHODS 
 

3.8.1 Histopathology 

Animals were perfused through the left cardiac ventricle with histological fixatives at 1, 

2, 5, and 10 weeks post-MIA injections. For this, animals were first deeply anesthetized with an 

intra-peritoneal injection of Equithesin (a mixture of 12.75 mg chloral hydrate, 3 mg sodium 

pentobarbital, and 6.4 mg magnesium sulfate in a volume of 0.3 mL per 100 g of body weight). 

Following a vascular rinse (0.1% NaNO2 and 0.05% NaHCO3 in PBS), rats were perfused with 4 

% paraformaldehyde in 0.1 M phosphate buffer (PFA), pH 7.4, with 15% (v/v) saturated picric 

acid, for 30 minutes. Spinal cords and L4-L6 DRGs were extracted and post-fixed for 2 hours at 

�Û&�LQ����3)$��WKHQ�SODFHG�LQ������VXFURVH�LQ�����0�SKRVSKDWH�EXIIHU��6SLQDO�FRUGV�ZHUH�

sectioned in 50 µm-thick transverse sections in a sledge freezing microtome (Leica) and placed 

in PBS with 0.2% Triton X-100 (PBS+T) in wells of a 24-well tissue culture plate. DRGs were 

sectioned in 50 µm-thick transverse sections in a sledge freezing microtome (Leica) and 

collected directly on gelatin-subbed slides. Ankle joints were extracted and post-fixed in the 

same fixative for 4 hours at 4oC, and subsequently placed in 10 % sucrose and 0.1 M cacodylate 

buffer solution overnight, at 4oC. Ankle joints were then decalcified in 10 % 

ethylenediaminetetraacetic acid (EDTA) in phosphate buffered saline for 4 weeks at 4oC on a 

shaker; the solution was changed twice a week. Subsequently, ankle joints were cryo-protected 

in 30% sucrose solution in cacodylate buffer at 4oC overnight. To standardize sectioning of one 

ankle to the next, ankles were placed flat with the medial side facing down on the cryostat 
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(Leica) specimen holder and covered with O.C.T. compound (Tissue-Tek, Torrance, CA, USA). 

After freezing, the ankles were trimmed by cutting 100 µm sections until a point was reached in 

which the talus appeared bean-shaped. Then, serial sections, 25 µm in thickness, were collected 

on gelatin-subbed slides, 3 sections per slide. Slides were numbered in order of collection. For 

each ankle-joint staining described below, 4 sections per animal were utilized, respecting the 

same slide numbering for each animal. This was done in order to normalize the region of interest 

of the tibial articular joint across all animals. 

3.8.2 Immunohistochemistry 

3.8.2.1 Ankle Joints 
 

Decalcified ankle joints were pre-incubated on-slide with excess PBS+T for 24 hours at 

4°C. Slides were then incubated with 30 minutes of 50% ethanol and 30 minutes of 0.3% H2O2, 

with three 10 min washes with PBS between each incubation. Slides were left for 1 h at room 

temperature in 10% normal goat or donkey serum (Invitrogen) in PBS to block unspecific 

labeling. To detect immunoreactivity of the peptidergic and sympathetic fiber populations, the 

sections were then incubated for 48 hours at room temperature using a rabbit anti-calcitonin 

gene-related peptide (CGRP) (Sigma #C8198) antibody or goat anti-vesicular monoamine 

transporter-2 (VMAT-2) antibody (abm #Y213391) at dilutions of 1:2500 and 1:250, 

respectively. Following 3 rinses in PBS+T, sections were incubated at 4°C for 24 hours in goat 

anti-rabbit IgG biotinylated antibody (Vector #BA-1000; 1:400) and donkey anti-goat IgG 

biotinylated antibody (Jackson #705-066-147; 1:250). The A+B solution was prepared (1:400) in 

PBS+T (Vector Elite PK-6100) and added to the slides for incubation at room temperature for 1 

hour. Diaminobenzidine (DAB) was added to the sections on-slide for 15 minutes, and then H2O2 

was added for 8 to 10 minutes. Slides were subsequently rinsed with PBS and PBS+T, 
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dehydrated with ascending concentrations of ethanol, cleared with xylene, and cover-slipped 

with Entellan mounting medium (Electron Microscopy Sciences). Bright field micrographs of the 

tibial articular surface of the tibio-talar joint were obtained using a Zeiss Axioimager M2 

microscope with a 40x oil-immersion objective, a high-resolution color camera and the Zeiss Zen 

software version 2.3.  

Quantification involved six animals per time point, four sections per animal, and five 

images per section (of subchondral bone of tiba in the tibio-talar junction and synovium 

connecting the tibia and talus bones) for each time point (1, 2, 5, and 10 weeks post MIA 

injection).  

3.8.2.2 DRGs and spinal cord  
 

On-slide DRG sections and free-floating spinal cord sections were washed with three 10-

minute incubations in PBS+T, and then blocked in 10% normal donkey serum (Invitrogen) for 1 

hour at room temperature on a shaker. DRG sections were incubated in 5% NDS in PBS+T and 

rabbit monoclonal anti-activating transcription factor 3 (ATF3; Abcam #ab207434; 1:500) 

SULPDU\�DQWLERG\�RYHUQLJKW�DW���Û&��6SLQDO�FRUG�VHFWLRQV�ZHUH�LQFXEDWHG�LQ����1'6�LQ�3%6�7�

and rabbit anti-ionized calcium binding adaptor molecule 1 (Iba1; Wako # 019-19741; 1:1000) 

and mouse anti-glial fibrillary acidic protein (GFAP; Cell Signaling # 3670S; 1:1000) primary 

DQWLERGLHV�RYHUQLJKW�DW���Û&��7KH�IROORZLQJ�GD\��VHFWLRQV�DQG�VOLGHV�ZHUH�ZDVKHG�ZLWK�WKUHH���-

minutes incubations in PBS+T and then incubated with fluorochrome-conjugated secondary 

antibodies in PBS+T for 2 hours at room temperature (donkey anti-rabbit Alexa 568 (Invitrogen 

Thermo Fisher Cat # A10042, 1:800) and donkey anti-mouse Alexa 488 (Invitrogen Thermo 

Fisher Cat # A21202, 1:800) for spinal cord sections, or donkey anti-rabbit Alexa 488 

(Invitrogen Thermo Fisher Cat # A21206, 1:800) for DRG slides). Finally, sections were washed 
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with three10-minute incubations of PBS+T. DRG slides were incubated with red Nissl 

(Neurotrace 530/615 N-21482; 1:100) in PBS-T for 30 minutes on a shaker at room temperature, 

washed for 10 minutes in PBS-T, followed by two 10-minute washes in PBS, and cover-slipped 

with mounting medium (Aqua Polymount). Spinal cord sections were mounted on gelatin 

subbed-slides and cover-slipped with mounting medium (Aqua Polymount). 

Immunofluorescence micrographs were obtained using a Zeiss Axioplan 2 imaging microscope 

(with 10x or 20x objectives), a high-resolution camera monochrome camera and the Zeiss Zen 

software version 2.3.  

3.8.2.3 Quantification of DRG neurons and ATF3 expression 
 

Low magnification images (10X) used for quantification were taken to cover the whole 

DRG, and higher magnification images (20X) were obtained in order to show localization of the 

ATF3 signal in the nuclei of DGR neurons. At the lower magnification, one image per DRG 

section and 3 sections per animal were taken. The total number of cells stained with red Nissl 

and the number of ATF3-positive cells were counted and averaged for each animal (n = 4). 

3.8.2.4 Quantification of glial cell density and dimensional ratio 
 

Each image was taken so that the upper limit of the photographic field was at the junction 

of laminae I and II and comprised part of laminae II-III. For each time point (1, 2, 5, and 10 

weeks post MIA injection), quantification involved 5-6 animals, 6 sections per animal, and 1 

image for each ipsilateral and contralateral dorsal horn. Extended depth of focus images were 

analyzed and Iba1+ and GFAP+ cell counts were performed and dimensional ratios (Iba1+ only) 

were obtained using an ImageJ macro as previously describe [74]. 
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3.8.2.5 Antibody Specificity 
 

We assessed the quality of all staining by omitting either primary or secondary antibodies 

in some sections. In absence of these antibodies, we observed no labelling.  Specificity of the 

primary antibodies used in the experiments has been well validated in the literature. Anti-ATF3 

was generated in rabbit and recognizes ATF3 in rat tissue; its specificity was tested via western 

blot of ATF3 knock outs in HeLa and HAP1 cell lysates (data supplied by abcam). The anti-Iba1 

antibody was generated in rabbit and recognizes rat tissue. Its specificity has been validated 

using Iba1 expression in COS-7 cells ligated with an Iba1 cDNA fragment, where untreated 

COS-7 and anti-sense COS-7 showed no Iba1 signal on a western blot [75]. Anti-GFAP was 

generated in mouse and its specificity has been tested in SNB19 cells that show strong anti-

GFAP labelling, while the HeLa cells used for negative control did not (data supplied by Cell 

Signalling). Anti-CGRP was generated in rabbit and its specificity was previously assessed via 

dot-blot against rat CGRP conjugated to BSA (data supplied by Sigma), and staining has been 

shown to be abolished when preincubated with rat CGRP [73]. Anti-VMAT2 was generated in 

goat against the SYPIGEDEESESD peptide sequence and the antibody was purified by affinity 

chromatography and shown to recognize VMAT2 in several species (Human, Mouse, Rat, 

Bovine) (data supplied by abm); we tested its specificity in lab by performing a co-localization 

study with another syPSDWKHWLF�ILEHU�PDUNHU��D�GRSDPLQHȕ-hydroxylase monoclonal antibody 

(Medimabs Canada) and co-localization was 100%.   
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CONNECTING CHAPTER 3 TO CHAPTER 4 

 

Chapter 3 provided an expansive characterization of the ankle joint OA model, untangling 

the dynamic interplay of pain-related behavior, sensory and sympathetic sprouting, gliosis, and 

ATF3 expression, highlighting the relevance of a neuropathic pain-like component in OA. 

Chapters 3 and 4 converge on ATF3 as a focal point in understanding the neuropathic dimensions 

of osteoarthritic pain. This focus broadens to encompass the discovery of ATF3 expression in 

proprioceptive neurons of the DRG, thus bringing the interest back to the joint to study changes in 

proprioceptive fiber density.  
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4.1 ABSTRACT  

Osteoarthritis (OA), the degenerative and most common form of arthritis, is a complex 

disease of the whole joint that affects 1 in 7 adults in Canada. To this day, there is no satisfactory 

method of relieving osteoarthritic pain. There are many clinical and pre-clinical lines of evidence 

suggesting a neuropathic component to OA pain. A putative mechanism for this neuropathic pain-

like component of OA is the contribution of primary afferent damage following joint degeneration. 

To study this issue, we have used a rat model of osteoarthritis based on the intraarticular injection 

of monoiodoacetate (MIA) in the ankle joint. We have observed expression of Activating 

Transcription Factor 3 (ATF3), a marker of neuronal stress, principally in large-diameter dorsal 

root ganglia cell bodies in which it colocalizes with parvalbumin, a marker of proprioceptors. Our 

results also show a significant decrease in proprioceptive fiber density in the joint correlating with 

pain-related behaviour, which adds to the body of evidence that proprioceptors are affected in 

advanced and irreversible OA. This suggests that myelinated mechanoreceptors innervating the 

joint are preferentially affected following joint degeneration, which drives interest in 

understanding the contribution of lamina III-V that receives input from these fibers, in the 

persistence of OA pain. 
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4.2 INTRODUCTION   

Osteoarthritis (OA) has traditionally been defined as a chronic disease caused by the 

breakdown of joint cartilage, exposing the underlying bone. However, in recent years, there has 

been strong support for a neuropathic component in OA pain, implying that OA is more complex 

than its mechanical manifestations. In the clinic, common symptoms include pain, stiffness, 

swelling, and inflexibility. OA is the most common type of arthritis, affecting one in every seven 

adults in Canada [1], and its prevalence is expected to rise in the future due to current ageing and 

obesity trends [17]. OA, on the other hand, is not limited to the elderly; according to the Arthritis 

Society of Canada, one in every three OA patients is diagnosed before the age of 45. This has 

major implications not only for the mental and physical wellbeing of these patients, but it also 

produces a significant burden on the Canadian economy as 42% of the working-age population 

(20-64 years old) with OA are unable to contribute to the labour force [1]. While OA has 

commonly been referred to as a non-inflammatory, degenerative joint disease that is distinct from 

inflammatory arthritis (IA), recent findings of inflammatory processes in OA blur this distinction 

[20]. OA is diagnosed with radiographical imaging analysis using X-Ray or MRI, however, there 

is relatively poor correlation between the severity of cartilage deterioration as indicated by the X-

Ray and the level of patient-reported pain [8].  

OA pain is poorly managed and therapeutic approaches are predominantly symptomatic, 

using pharmacological agents such as non-steroidal anti-inflammatory drugs (NSAIDs), which can 

have severe side effects such as cardiovascular, gastrointestinal, or renal toxicity [2]. In the absence 

of therapeutic strategies to halt the progression of the disease or provide effective long-term relief 

from OA pain, joint replacement surgery is currently the most effective treatment for OA-
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associated pain [25]. However, a significant subset of patients who have undergone successful 

total joint replacement still experience pain in the joint region post-recovery [11].   

The nature of osteoarthritis (OA)-associated pain is complex, and our understanding of its 

mechanisms is still limited. The classical description of OA pain as purely mechanical in origin 

has been challenged in recent years. Strong evidence of peripheral and central sensitization and 

contribution of immune cells to pain-related behaviour in animal models suggest a neuropathic 

component to OA pain. In addition, a recent publication from our lab revealed the expression of 

activating transcription factor 3 (ATF3) in the dorsal root ganglia (DRG) in an animal model of 

OA at 5 weeks post MIA injection [4]. ATF3 upregulation is indicative of neuronal stress and is a 

response to axonal damage. This upregulation has been associated with neuropathic pain (NP) 

models that involve crushed or ligated nerves.  Previous studies from our lab have identified that 

peptidergic (nociceptive) and sympathetic sprouting occurs in the OA-affected joint, but density 

of innervation by proprioceptors has not been investigated yet [4].   

In this study, we aimed to quantify changes in the proprioceptive innervation density in the 

ankle joint of an OA rat model through histological staining using an optimized diaminobenzidine 

(DAB) immunohistochemistry (IHC) protocol. Thick afferents represent almost exclusively 

proprioceptors in joints. The overall objective was to quantify the density of NF200-positive fibers 

in MIA-injected ankles in comparison to saline-injected ankle joints. Our results showed a 

statistically significant decrease in the innervation density of NF200-positive fibers in synovium 

of the MIA-injected OA rat model. These findings generate support for the presence of a 

neuropathic component in OA pain and provide a basis for further research into a neuropathic 

phenotype of OA pain.  
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4.3 METHODS 

4.3.1 Animals:  

Sprague Dawley male rats (175-200 g; Charles Rivers Laboratories) were used in this 

study. The rats were housed as pairs in cages with soft bedding on a 12-hour light/dark cycle where 

food and water were available ad libitum. All experimental protocols followed the guidelines on 

Care and Use of Experimental Animals of the Canadian Council on Animal Care and were 

approved by the McGill University Animal Care Committee.  

4.3.2 Induction of Osteoarthritis and nerve lesion:  

Under brief anesthesia using 5% isoflurane in O2, animals were injected intra-articularly 

in the right tibio-talar (ankle) joint with 2.4 mg of MIA (Sigma) in 40µl of saline, or vehicle. For 

comparison of the pattern of ATF3 expression in a neuropathic model and the MIA, we used 

C57BL/6 mice (8 weeks of age) with a spared nerve injury (SNI) from the cohort prepared for 

another publication [24]. Three mice were perfused at 3 days after lesion.  

4.3.3 Histopathology:  

At the 1, 2, 3, 4, 5, 6 and 10-week post-injection time-points, animals were sacrificed to 

collect tissue samples. Animals were first deeply anesthetized with Equithesin (0.3 mL per 100 g 

of body weight) via intra-peritoneal injection, then subject to vascular rinse using 0.1% NaNO2 

and 0.05% NaHCO3 in 0.01M phosphate buffered saline (PBS). Animals were then perfused using 

4% Paraformaldehyde (PFA) in 0.1M phosphate buffer solution (PBS) for 30 minutes. L4-L6 

DRGs were extracted and post-fixed for 2 hours aW��Û&�LQ����3)$��WKHQ�SODFHG�LQ������VXFURVH�

in 0.1 M phosphate buffer. Subsequently, they were sectioned in 50 µm-thick transverse sections 

in a sledge freezing microtome (Leica) and collected directly on gelatin-subbed slides. Mice were 

processed as described in [24] and DRG segment used was L4.  
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4.3.3.1 Processing and imaging of DRGs 

DRGs were stained with a combination of the following primary anti-bodies: rabbit 

monoclonal anti-ATF3 antibody (Abcam #ab207434; 1:500), mouse monoclonal anti-CGRP 

(Sigma C7113, 1:500), goat anti-PV (Swant PVG-213, 1:8000), and mouse anti-NF200 (Sigma 

N0142, 1:1000). DRG and spinal cord sections were subsequently incubated with fluorochrome-

labeled secondary antibodies (1:800, Invitrogen). DRG slides were also incubated with red Nissl 

(Neurotrace 530/615 N-21482; 1:100) or blue Nissl (Neurotrace 435/455 N-21479; 1:100) in 

PBS+T on shaker in foil for 30 min. Then, slides were washed for 10 minutes in PBS-T, followed 

by two 10-minute washes in PBS, and cover-slipped with mounting medium (Aqua Polymount). 

DRGs were imaged using a Zeiss Axioimager M2 microscope equipped with a high-resolution 

monochrome camera and the Zeiss Zen software version 2.3 (Zeiss Canada). In the DRGs, total 

number of Nissl-positive and ATF3-positive cells were counted and averaged for each animal (n 

= 4). 

4.3.3.2 Processing of ankle joints 

Following extraction, right ankle joints were placed in fixative for 4 hours, then 10% 

sucrose in 0.1 M cacodylate buffer overnight at 4°C. Ankles joints were decalcified in 10% 

ethylenediaminetetraacetic acid (EDTA) pH 7.4 in PBS at 4°C on a shaker for 3 weeks. The EDTA 

solution was changed biweekly for the first two weeks, then once in the final week. Joint samples 

were placed in 10% sucrose solution in sodium cacodylate buffer overnight at 4°C for cryo-

protection, then set in OCT (Tissue-Tek, Torrance, CA, USA). Joints were then cut using the 

cryostat (Leica) into 25 µm sections and thaw-mounted onto gelatin-coated slides. 
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4.3.3.3 DAB Immunohistochemistry:  

Decalcified ankle joints mounted on gelatin-subbed slides were pre-incubated with PBS 

with 0.2% Triton X-100 (PBS+T) at 4°C for 24 hours. Slides were then incubated in 50% ethanol 

in water then 0.3% H2O2 for 30 minutes each, with three 10-minute PBS washes between each 

incubation. To block unspecific labelling, slides were incubated in 3% normal goat serum (NGS) 

in 0.3% PBS+T for 1 hour. To detect proprioceptors, slides were incubated using mouse anti-

NF200 (Sigma N0142, Lot #109M4754V) in 0.1% NGS in 0.1% PBS+T on a serial dilution 

ranging from 1:50 to 1:800. After 48 hours, slides were triple washed using PBS+T, then incubated 

in goat anti-mouse biotin (Life Technologies D20691, Lot #1712142; 1:400) overnight at 4°C. 

Slides were incubated for 1 hour at room temperature in a solution (1:400) of avidin-biotin 

complex (ABC) in PBS+T (Vector Elite PK-6100). Diaminobenzidine (DAB) was added to the 

sections on-slide for 10 minutes or 12 minutes, and then 1% H2O2 was added for 10 or 12 minutes. 

Following rinses with PBS+T and PBS, slides were dehydrated in ascending concentrations of 

ethanol and cleared with xylene for 20 minutes. Slides were finally cover-slipped using Entellan 

mounting medium and Gold Seal coverslips (Electron Microscopy Sciences) and stored at room 

temperature until microscopy analysis.   

Bone tissue tends to easily detach from slides when subject to shaking during incubation; 

as such, we opted to use plastic coverslips (EMD Millipore Corp. CAT #S7117) for primary 

antibody, secondary antibody, and avidin-biotin complex (ABC) incubations as described in 

Chapter 2 of this thesis. Flexible coverslips, when carefully applied to prevent air bubbles, evenly 

distribute the volume of antibodies, allowing for a uniform staining pattern. Additionally, the 

plastic coverslips minimize the volume required to perform proper incubations in the absence of a 

shaker to evenly distribute antibody across the slide – see Chapter 2 for details.   
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4.3.3.4 Fiber Imaging and Quantification:  

For joints, images were captured using a Zeiss Axioimager M2microscope equipped with 

a high-resolution color camera and the Zeiss Zen software version 2.3 (Zeiss Canada). For each 

animal, 2 slides with 3 sections each were collected for imaging analysis. Intact fiber-positive 

microscopic fields in the synovium were selected and imaged, for a total of 4 images per animal. 

Bright field Z-stack images were obtained using the 40x oil-immersion objective and exported as 

TIFF files which were then imported into ImageJ for quantification. A scale bar of 100µm on the 

first image was traced with the straight-line tool to establish the measurement scale. This scale was 

applied globally in the ImageJ software such that all subsequent images would have accurate 

measurements in µm. Typically, the afferent fibers did not span the entire image frame, so a live 

frame area (LFA) was designed and implemented in all images for consistency. Using the freehand 

line tracer tool, fibers within the live frame area were traced and measured in µm. All 

measurements were exported to Excel, then GraphPad for subsequent analysis. 

4.4 RESULTS 

4.4.1 ATF3 expression and colocalization in the DRG: 

Figure 4.1 shows the pattern and time course of ATF3 in the DRG. We observed that in 

the mouse DRG of at 3 days after SNI there was extensive expression of ATF3 in neurons (Fig 

4.1A). In MIA rats, in contrast, ATF3 expression in DRG followed biphasic pattern (Figure 4.1B) 

with an initial strong expression of ATF3 following MIA injection at week 1 (Figure 4.1C), which 

subsided completely by week 3 (Figure 4.1E). Interestingly, significant ATF3 expression returned 

at week 5 (Figure 4.1G). Higher magnification images were used in Figure 4.2 to analyze the 

distribution of ATF3 expression in DRG profiles at 5-weeks post MIA injection. Figure 2B shows 

the normal distribution of large caliber afferents (40-80 µm), which typically make up 
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approximatively 25% of the rat DRG [9; 16]. Figures 4.2C and D show that over 50% of ATF3-ir 

cells are large-caliber afferents, which is a notable abundance of expression in this smaller cell 

population. Interestingly, further analysis of ATF3 expression by immunohistochemistry at the 5-

week time-point shows significant colocalization of ATF3 with parvalbumin (69.3%) and NF-200 

(73.7%), markers for proprioceptors and myelinated fibers respectively (Figure 3E-H). Fewer 

ATF3+ colocalization was observed in CGRP-ir neurons (25.7%), while no colocalization with 

IB4 labeling was observed (Figure 4.3A-D). 

4.4.2 Density of proprioceptive fibers in the ankle joint: 

Proprioceptive fibre innervation was assessed in the synovial membrane connecting the 

tibia and talus (Figure 4.4). We used DAB-based immunohistochemistry with antibodies against 

the myelinated-fibre marker NF-200. Figure 4.4 shows representative images of innervation 

patterns at 6 weeks post-injection in sham (Figure 4.4A) and MIA (Figure 4.4B) animals. Our 

quantification revealed a significant innervation decrease in the synovial membrane in MIA-

injected animals (P < 0.05) at a time-point that is associated with pain-related behavior (Figure 

4.4C).  
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4.5 FIGURES 

 

Chapter 4 Figure 1: Time-course of Activating transcription factor 3 (ATF3) expression in 

lumbar DRG at 1, 2, 3, 4, 5, and 10 weeks post MIA injection with red Nissl contrast stain. 

A) Positive control of ATF3 expression in mouse spared-nerve injury (SNI) model of neuropathic 

pain at 3-days after injury. B) Quantification of ATF3 immunoreactivity in rat MIA OA shows a 

biphasic expression of ATF3, with high levels of expression at 1-week I, which subsides by week 

3 (E), reappears at week 5 (G), and persists through week 10 (H). Bars represent mean ± SEM. 

N = 4. 
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Chapter 4 Figure 2: DRG cell profiles expressing the Activating transcription factor 3 (ATF3) 5 

weeks post MIA injection 

A) shows a high magnification image of large caliber neurons expressing ATF3 with red Nissl 

contrast stain. B) Average diameter (in µm) of cell profiles of ATF3+ (green) and ATF3- (red) 

DRG neurons. Shaded area represents large-caliber neurons (40-80 µm). C,D) Pie charts 

depicts the proportion of ATF3- (C) and ATF3+ (D) that are large caliber neurons (shaded). N 

= 4. 

 ATF3 / Nissl   
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Chapter 4 Figure 3: Immunofluorescence images of ATF3 colocalization in ipsilateral DRG at 5 

weeks post MIA injection. 

A-D) Triple immunostaining with anti-ATF3, anti-IB4, anti-CGRP with blue Nissl shows absence 

of colocalization of CGRP-ir and IB4-ir (empty arrow heads) with ATF3-ir (full arrowheads). E-
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H) Triple immunostaining with anti-ATF3, anti-PV, and anti-NF200 with blue Nissl stain shows 

colocalization of both PV-ir and NF-200-ir with ATF3-ir (full arrowheads) I-J) Quantification of 

percent colocalization with ATF3-ir.  Bars represent mean ± SEM. N = 4.  
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Chapter 4 Figure 4: Bright field images of DAB immunohistochemistry showing innervation 

detected by NF200 (1:800) antibody, a marker of myelinated afferents, in the tibiotalar synovial 

membrane at 12-minute DAB incubation periods in SHAM (A) versus MIA (B) animals. 

C) NF200-positive fiber density in the synovial membrane of the ankle joint in SHAM versus 

MIA rats. Data were analyzed using an unpaired two-tailed t-test. Bars represent mean ± SEM; 

*P < 0.05, **P < 0.01, ***P < 0.001. N = 8 (Sham), 7 (MIA). 
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4.6 DISCUSSION 

Clinical and pre-clinical evidence suggests a neuropathic component to OA pain. We 

studied the possible contribution of primary afferent damage following joint degeneration to this 

neuropathic component by investigating a time-course of the expression of ATF3, a marker of 

neuronal stress, in various cell populations of the rat DRG.   

 Surprisingly, we observed bi-phasic expression of ATF3 in the DRG: first a high 

expression at 1 and 2 weeks post MIA injection, and a second moderate expression at 5 weeks post 

injection, which coincides with pain-related behavior that we established in previous work [4]. 

ATF3 expression in the rat DRG of a knee osteoarthritis model as evidence of neuropathic pain in 

OA has previously been described; however, the investigators studied this expression at 1 and 2 

weeks post injection [21]. We suspect that these results, as well as our observation of high levels 

of ATF3 at 1 and 2 weeks were caused by the injection of the MIA toxin itself, rather than the 

presence of prolonged nerve damage that contribute to pain. MIA is a non-selective glycolytic 

inhibitor that causes rapid cells death. When injected in the joint cavity, it mostly affects 

chondrocytes, but we cannot exclude that more peripheral tissues can be affected, including 

peripheral nerves. We believe that the second phase of ATF3 expression that we observed 

represents more convincing evidence of the presence of neuropathy in this model of OA as it 

coincides with pain-related behavior and other pathological changes that we previously observed 

in our MIA model [4]. 

The majority of ATF3 positive DRG neurons were also immunoreactive for parvalbumin 

and NF-200. It is well known that in the periphery parvalbumin labels proprioceptors [6], which 

represent the main innervation of joint by thick afferents, and can be labeled with NF200. This 
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observation adds compelling evidence to the idea that damaged proprioceptors may play a role in 

OA pain. This suggest that thick afferents innervating the articular joint in OA pain are mostly 

affected following joint degeneration, which drives interest in understanding the changes in 

circuitry of lamina III-V of the spinal cord that receives input from these fibers, and which may 

contribute to the persistence of OA pain.  

In IHC studies of innervation of the ankle joint, we discovered that the MIA rats had 

significantly less NF200+ fibre innervation in the synovial membrane of the ankle joint than 

SHAM animals. These findings contrast with previous observations in our lab for sensory and 

sympathetic fiber innervation in an inflammatory arthritis model, where we observed increases in 

sensory and sympathetic fiber densities in various structures of the joint [13]. Both peptidergic 

sensory and sympathetic primary afferents rely on nerve growth factor (NGF) for maintenance or 

survival [22]. Following peripheral nerve injury, NGF is upregulated by mast cells that accumulate 

at the site of injury and by Schwann cells in the distal nerve stump, resulting in increased 

innervation of sympathetic and peptidergic fibres [7; 12]. In contrast, proprioceptors, which 

comprise the majority of the thick myelinated afferent fibres in the ankle joint, use neurotrophin-

3 (NT-3) and the corresponding TrkC receptor [5]. It should be noted that we previously observed 

in a neuropathic pain model a prolonged loss of skin innervation by thick afferents as detected by 

NF200 immunoreactivity [15], what gives support to findings of the current study.   

We suspect that the reduction in proprioceptive innervation density observed in our MIA 

rats is directly linked to axonal injury. In response to axonal injury, macrophage recruitment, the 

production of cytokines and neurotrophins, and the proliferation of Schwann cells occurs  [12]. 

Distal nerve injury cellular events create a microenvironment that promotes axonal regeneration 
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by stimulating regrowth of the proximal nerve stump towards the distal stump. Surprisingly, this 

sequence of events results in the accumulation of algesic factors and structural changes to the 

injured nerve, both of which contribute to the onset and maintenance of neuropathic pain (NP) [7; 

23]. Importantly, the immature Schwann cells of the distal stump, which produce neurotrophic and 

neurotropic factors to attract regrowing axons of the proximal stump, do not upregulate NT-3 

synthesis [7; 10]. In our OA model, the lack of guiding trophic factor NT-3 could explain the 

decreased proprioceptive density that occurs after peripheral nerve injury. Furthermore, sprouting 

proprioceptors that are unable to navigate to their target organ for functional re-innervation may 

play a role in long-term OA pain. Given this information, NT-3 manipulation could be a promising 

pharmacological avenue to pursue, as it has previously been shown to alleviate proprioceptive 

deficits and associated neuropathology in rats with large sensory-fiber peripheral neuropathy [12]. 

NT-3 has proprioceptor specificity and the ability to significantly reduce the effects of profound 

proprioceptive loss in clinical presentations of large fibre neuropathies [12]. Given the significant 

loss in proprioceptive density in our OA model, we believe that further research into NT-3 

manipulation in this animal model of OA is the logical next step. 

Large-fiber neuropathy refers to a type of peripheral neuropathy that primarily affects the 

larger nerve fibers responsible for transmitting sensory information related to touch, 

proprioception, and vibration. These nerve fibers, known as A-alpha and A-beta fibers, are 

essential for relaying signals related to position sense, coordination, and tactile sensations. Arthritis 

is typically not considered as a disease resulting from or maintained by large-fiber neuropathy, 

although OA patients do present with muscle weakness, protective movement avoidance and joint 

instability which can disrupt the normal proprioceptive signals that help the brain understand joint 

orientation. As a result, individuals with OA might experience difficulties in maintaining balance 



156 
 

and coordinated movements, underscoring the importance of rehabilitation strategies aimed at 

improving joint stability and proprioceptive function [14; 18; 19]. However, the relationship 

between pain and proprioception is generally understudied. In a study that examined the 

connection between knee joint proprioception, pain, and disability in a large group of knee OA 

patients, individuals with the worst and best proprioception didn't show significant differences in 

pain and disability [3]. Although this finding is puzzling, further investigation in the contribution 

of proprioceptors in in pain circuitry is warranted. Proprioceptors terminate predominantly in 

lamina III-V of the dorsal horn of the spinal cord. 

Our current findings contribute to the growing body of evidence supporting the idea that 

pain experienced in osteoarthritis (OA) has an underlying neuropathic component. Moreover, our 

research underscores the potential significance of proprioceptors in the persistence of chronic pain 

within the context of OA. Proprioceptors appear to play a crucial role in mediating and 

perpetuating the sensation of chronic pain in individuals with OA. By highlighting the involvement 

of proprioceptors, our study deepens the understanding of the complex interplay between neural 

mechanisms and pain perception in OA, which has implications for the development of more 

targeted interventions and treatments aiming to alleviate the neuropathic aspects of OA pain. 
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CONNECTING CHAPTER 4 TO CHAPTER 5 

 

Chapter 4 contributes to the strong body of evidence that a neuropathic pain-like 

component is present in OA with the time-course of ATF3 expression in the DRG. Chapter 4 

also adds to the complexity of osteoarthritic pain mechanisms by identifying proprioceptive 

afferents as potential contributors to chronic pain in OA. What this work does not elucidate yet is 

the role of proprioceptive afferents in shaping spinal cord circuitry changes and their 

contribution to pain in OA. The following chapter describes preliminary data on spinal cord 

dorsal horn circuitry changes in OA with morphological analyses of projection neurons known to 

relay pain-related information to the brain, and internalization of the neurokinin-1 receptor 

(NK1-r) after exercise. Further studies will need to be undertaken to study the changes associated 

with proprioceptive afferents in the dorsal horn. Understanding changes in established spinal 

cord pain circuitry, including the dynamics of Nk1-r-ir projection neurons, in the MIA ankle 

joint model of OA serves as a foundational step toward building an integrated understanding of 

the disease. 
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5.1  ABSTRACT 

The internalization of the receptor for substance P, the neurokinin-1 receptor (NK1-r) on 

lamina I projection neurons of the spinal dorsal horn has been used as a marker of nociceptive 

responses. Lamina I is an important centre for the modulation and forwarding to the brain of pain-

related information. Therefore, changes in the properties of lamina I projection neurons may be 

important for pain. Previous work from our lab has shown increased expression of NK1-r on 

lamina I pyramidal neurons in both neuropathic pain and inflammatory arthritis models. In addition 

to this, we have shown that forced movement of an inflamed joint or intradermal injection of 

capsaicin leads to NK1-r internalization. This project aims to investigate whether internalization 

of the receptor on NK1-r positive neurons will occur in a rat ankle joint model of osteoarthritis 

(OA) after a treadmill exercise. Using rats of both sexes, OA was induced using an injection of the 

glycolytic inhibitor mono-iodoacetate (MIA) into the right tibio-talar joint. At 8 weeks post MIA 

injection, a time where OA-related pain is consistent and irreversible, animals were forced to run 

for 10 minutes at a speed of 15 m/min on a treadmill and immediately perfused. NK1-r 

internalization was then analyzed using immunocytochemistry and confocal microscopy. Analysis 

of our results showed increased NK1-r immunoreactivity in MIA animals, and that running MIA 

animals underwent significant internalization of the NK1-r as compared to non-running MIA 

animals and vehicle-injected controls. This suggests that movement during a treadmill exercise 

results in pain, which is of significance as pain during movement is a major complaint of 

osteoarthritis patients.  
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5.2 INTRODUCTION 

The neurokinin 1 receptor (NK1-r) plays an important role in the pain processing 

pathway within the spinal cord. It belongs to the family of the class I (rhodopsin-like) cell 

surface G protein-coupled receptors (GPCRs) and, in the spinal cord, is primarily associated with 

dorsal horn neurons involved in the transmission of pain-related information to higher centres.  

The spinal cord serves as a vital relay station for sensory information, including 

nociceptive signals traveling from the periphery to the brain. Upon activation by its endogenous 

ligand, substance P, the NK1-r initiates a cascade of intracellular events that favor the 

amplification of nociceptive signaling within the spinal cord [8; 9; 14; 15; 17].  

Several studies have shown a correlation between NK1-r function and heightened pain 

sensitivity [3; 6; 7; 18-20; 22]. Namely, studies from our laboratory have shown an upregulation 

of NK1-r in chronic pain models of neuropathic pain and inflammatory arthritis [3; 18]. 

Additionally, in arthritis, forced movement of the affected joint resulted in internalization of the 

receptor in projection neurons [19].  

In should be clarified that, although the NK1-r has been considered as important in pain 

mechanisms in the spinal dorsal horn, and its antagonists considered at one time as potential 

novel analgesics, such promised was not confirmed in clinical trials. However, despite the lack 

of efficacy of NK1-r antagonists as analgesics in clinical trials, these receptors are still important 

as they are critical in the development of sensitization and, therefore, the etiology of chronic pain 

[5; 11; 12]. In agreement with this idea, in past studies we have found a novel expression of these 

receptors in a dorsal horn neuronal population which is thought to be normally non-nociceptive 

[10], in both neuropathic and inflammation with arthritis pain conditions [3; 18]. This de novo 

expression of NK1-r was accompanied by an abundant innervation by peptidergic nociceptive 



165 
 

fibres, indicative of strongly increased noxious input, and by receptor internalization following 

noxious stimulation in a neuropathic pain model [18]. Therefore, the expression level and 

internalization of the NK1-r is an important marker of pain mechanisms. 

In a previous study from our laboratory, we have described peripheral and central 

mechanisms that likely contribute the development and maintenance of chronic pain in the 

mono-iodoacetate (MIA) ankle-joint model of osteoarthritis (OA) [4] – see chapter 3. The 

objective of the current study was to study the changes in expression and internalization of the 

NK1-r in our model of MIA-induced OA in the ankle joint as evidence of the similarity of 

certain pain mechanisms to those of inflammatory arthritis and neuropathic pain models   

Given the common complaint of pain during movement in osteoarthritis patients [16], we 

chose to utilize a treadmill in our study to investigate NK1-r internalization following movement. 

5.3 METHODS 

5.3.1 Induction of OA: 

The entire experimental design followed the Care and Use of Experimental Animals of the 

Canadian Council on Animal Care guidelines. All animals were housed in pairs with soft bedding, 

food and water ad libitum, on a 12- hour light/dark cycle. 

A total of 36 Sprague Dawley female and male rats (Charles Rivers Laboratories) weighing 

175-200 g at the beginning of the study, with 3 animals per group, were anesthetized with 5 % 

isoflurane in O2, and given by intraarticular injection in the tibio-talar joint a single dose of 2.4 

mg of MIA (Sigma) or saline, in a volume of 40 µL [4]. A total of 9 groups were divided as follows 

for SHAM (Male Running, Male Non-Running, Female Running, Female Non-Running), MIA 
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(Male Running, Male Non-Running, Female Running, Female Non-Running) and naïve male non-

running. 

5.3.2 Treadmill habituation and forced movement before perfusion 

 Rats were habituated to treadmill exercise over an eight-week period with weekly 30 -

minute sessions on a motorized treadmill, during which manual encouragement was provided to 

ensure consistent participation. At the eight-week time point, animals were subjected to a final 

treadmill session immediately before perfusion and tissue extraction. During this session, rats 

were exercised at a speed of 15 meters per minute (m/min) for 10 minutes, representing a 

moderate-intensity exercise bout. 

5.3.4 Histopathology:  

At the 8-week post-injection time-point, animals were sacrificed to collect tissue samples. 

Animals were first deeply anesthetized with Equithesin (0.3 mL per 100 g of body weight) via 

intra-peritoneal injection, then subject to vascular rinse using 0.1% NaNO2 and 0.05% NaHCO3 

in 0.01M phosphate buffered saline (PBS). Animals were then perfused using 4% 

Paraformaldehyde (PFA) in 0.1M phosphate (PB) for 30 minutes.  

Lumbar spinal cords were sectioned on the horizontal plane and stained with a rabbit 

anti-NK1-r antibody (Sigma S8305; 1:10 000). L4-L5 segments were used. Sections were 

subsequently incubated with fluorochrome-labeled secondary antibodies (1:800, Life 

Technology). Slides were incubated with red Nissl (Neurotrace 530/615 N-21482; 1:100). Z-

stack images were captured with confocal microscopy (LSM 710 and Zeiss AxioObserver) and 

the classification of lamina I neurons into morphological types and presence/absence of NK1-r 

internalization were analyzed by an experimenter blinded to the experimental groups. 



167 
 

 

5.4 RESULTS 
 

5.4.1 Upregulation of NK1-r at the cellular membrane  

At the 8 week time point, consistently with previous studies from our laboratory, Figure 1 

shows distinct lamina I NK1-r neuronal populations that were distinguished based on their 

dendritic arborization and cell body shape when observed in the horizontal plane. Fusiform 

neurons exhibited a spindle-shaped soma, with a single dendrite emerging from each end of the 

cell body (Figure 1A). Multipolar neurons were identified by the presence of four or more 

primary dendrites originating from the cell body, irrespective of the soma shape (Figure 1B). 

Pyramidal neurons displayed a triangular soma, with a primary dendrite arising from each corner 

(Figure 1C). Note that Figure 1C shows a pyramidal neuron in the MIA group, with prominent 

immunoreactivity for the NK1-r, to better illustrate the morphology of this cell type. Some 

neurons exhibited features that were transitional between two of the described cell types and did 

not meet the criteria for the main categories due to their atypical appearance. Additionally, 

certain neurons had a portion of the cell body and/or proximal dendritic tree truncated by 

sectioning. Both cells were deemed unclassifiable and were categorized as "unclassified" for the 

purposes of our quantitative analyses.  

Overall, we detected an increase of NK1-r immunoreactivity in all cell types. In 

particular, we observed a significant increase in the number of cells with NK1-r 

immunoreactivity in MIA animals in the pyramidal projection neuron category. This suggests a 

recruitment of these cells to the pain circuitry in the OA-disease state, as pyramidal neurons do 

not normally express detectable levels of NK1-r immunoreactivity, but upregulate in to 
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detectable levels in a considerable number of cells [18]. There were no significant differences 

between male and female rats and thus data from both sexes was pooled 

5.4.2 Internalization of the NK1-r following forced treadmill  

A 10 minute treadmill running session at 30 meters per minute was used as a forced 

movement exercise immediately before perfusion to induce internalization. In the past, this had 

been achieved by the experimenter manually moving the affected joint in a CFA-arthritis model 

while the animal was sedated and awaiting perfusion [192]. The use of the treadmill aligns with 

this A 10 minute treadmill running session at 30 meters per minute was used as a forced 

movement exercise immediately before perfusion to induce internalization. In the past, this had 

been achieved by the experimenter manually moving the affected joint in a CFA-arthritis model 

while the animal was sedated and awaiting perfusion [19]. The use of the treadmill aligns with 

this laboratory’s objective to study movement-induced pain an exercise in OA. Confocal 

microscopy was employed to visualize the internalization of the NK1-r by after 

immunofluorescence labelling and Nissl staining. Figure 2 A-D depict projection neurons in 

male subjects from the SHAM (A, B) and MIA (C, D) groups, with B and D representing the 

running groups. Meanwhile, Figures E-H display projection neurons in female subjects from the 

SHAM (E, F) and MIA (G, H) groups, where F and H correspond to the running groups. 

Notably, only images D and H, representing the male MIA running and female MIA running 

groups respectively, show internalized NK1-r. These images revealed the presence of distinct 

NK1-r immunoreactive intracellular clusters (indicated by arrows), a characteristic hallmark of 

receptor internalization.  

There were no differences in the percentage of cells showing internalization between male and 

female MIA running groups. 
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5.5 FIGURES 

 

 

Chapter 5 Figure 1: Confocal microscopy images representing the 3 morphological cell types of 

projection neurons expressing NK1-r.  

Fusiform (A), multipolar (B) and pyramidal (C). Note that A & B are from naïve animals while C 

is from the MIA group to best illustrate the morphology of this cell type, which normally express 

very low levels of NK1-r. The distribution of each morphological type in naïve and MIA animals 

is shown in D and reflects the upregulation of NK1-r in multipolar neurons, as in the absence of 
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another marker few cells of the pyramidal type are detected in naïve animals. Bars represent 

mean ± SEM. *P < 0.05, **P < 0.01, ***P < 0.001. N = 6
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Chapter 5 Figure 2: Movement leads to internalization of the NK1-r. 

Images A-D show NK1-r expressing neurons in males in the SHAM (A, B) and MIA (C, D) 

groups, where B and D were the running groups. Images E-H show NK1-r positive neurons in 

females in the SHAM (E, F) and MIA (G, H) group, where F and H were the running groups. 

Only in D and H, which were the male MIA running and female MIA running groups 

respectively, the presence of internalized NK1-r can be detected, characterized by large 

immunoreactive intracellular dots (arrows) that represent internalized NK1-r.. 
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5.6 DISCUSSION 

In this study, we detected increased numbers of lamina I NK1-r positive pyramidal neurons 

in the OA group. In a previous study, we found that in naïve animals only 22% of pyramidal 

neurons express the NK1-r [18]. As in the present study we did not use a retrograde labelling of 

projection neurons like we did in previous studies previously [3; 18], the increased number of 

pyramidal neurons expressing the NK1-r indicates that more cells of this type had upregulated the 

NK1-r bringing it to detection levels, so more neurons were detected. The lack of retrograde 

labelling to identify projection neurons is not as serious as it seems, because if only a very low 

percentage of lamina I project, the great majority of those expressing the NK1-r are projection 

neurons [21]. Therefore, we can say that the NK1-r immunopositive neurons in the current study 

represent projection neurons, The detection of NK1-r upregulation had not been previously 

described in an OA model.    

We detected an internalization of NK1-r after treadmill exercise in all three types of lamina 

I projection neurons. This is important because it had never been detected in an OA model and 

such internalization a critical event in signaling cascades and has been associated with a marker of 

activation of pain-related pathways of the central nervous system [1; 2; 13]. We identified the 

presence of NK1-r internalization in both male and female MIA groups after running on the 

treadmill. This suggests that a movement of the OA-affected joint, in this case movement of the 

ankle joint via moderate running before the animals were perfused with fixatives, is sufficient to 

cause plasticity in pain circuitry.  

Although antagonizing the NK1-r in clinical trials did not show any convincing efficacy, 

it was never tested as an adjuvant to novel approaches to pain treatment. Therefore, it is possible 
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that preventing NK1-r internalization with receptor antagonists may represent a novel target for 

therapeutic intervention in the management of chronic pain. By selectively modulating NK1-r 

receptor trafficking, it may be possible to attenuate maladaptive changes in pain processing 

reducing nociceptive signaling. Thus, elucidating the mechanisms underlying NK1-r 

internalization in the context of pain holds promise for the development of novel analgesic 

strategies with improved efficacy and fewer side effects. 

The preliminary observations in this study have to be followed by a full study using 

retrograde labelling of spinal cord projection neurons, a larger number of animals, more time 

points and extensive behaviour testing. This should also include the effect of blocking receptor 

internalization on pain behaviour. However, our preliminary data looks promising.  
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6.1 Overview 

This body of work highlights the importance of robust methodology to adequately study 

onset and maintenance of arthritis. For example, studies of changes in bone innervation have been 

few and far between in the literature, owing primarily to the difficulty and poor success of 

performing histological labelling on decalcified bone tissue. As a result, the pain field has suffered 

from a lack of understanding of pain mechanisms in arthritis, but also in diseases such as 

osteoporosis, and low back pain. For this thesis work, we developed a robust methodology for 

labelling nerve fibres in bone in various animal models of OA, osteoporosis, and bone fracture 

(see Chapter 2). 

Additionally, we presented a fully integrated behavioral, histopathological and radiological 

characterization of a mono-iodoacetate (MIA) model of osteoarthritis (OA) of the rat ankle joint, 

which has advantages over commonly used models. We have shown that a dose of 2.4 mg of MIA 

in 40 µl of saline induced significant mechanical hypersensitivity and cold allodynia starting at 5 

weeks post injection. Significant reduction of functional mobility, as reflected by time on 

treadmill, was observed in MIA animals starting at 4 weeks post MIA injection. This was likely 

due to pain in the affected joint, as percent ipsilateral weight-bearing decreased significantly in 

MIA animals after the treadmill activity.  

Histological studies of decalcified joints showed significant cartilage loss correlating with 

the behaviour pattern and replicating known pathologic features of the human disease. X-ray 

microtomography (micro CT) scans of the ankle joint performed at 5 and 10 weeks post MIA 

injection confirmed that bone fragmentation and remodeling in our model are similar to those in 

human OA. Furthermore, a time course quantitative analysis performed at 1, 2, 5, and 10 weeks 

post MIA injection shows an increase in innervation by sympathetic and sensory nociceptive fibers 
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of the subchondral bone and synovial membrane, as detected by immunohistochemistry using 

antibodies against VMAT2 and CGRP. The suppression of sympathetic fibre activity following 

intra-peritoneal guanethidine also significantly, although modestly, reduced hyperalgesia in MIA 

animals at the 5-week time-point. These findings strongly suggest that anomalous fibre sprouting 

contributes to pain in OA.  

In the dorsal horn, microgliosis and astrocytosis have previously been demonstrated in 

models of chronic pain. In this study, we provide a time course of changes in density of glial cells 

using antibodies against Iba1 and GFAP, markers of microglia and astrocytes respectively. We 

observed an increased density of both astrocyte and microglia starting at 4 weeks, which correlate 

with pain-related behavior in this model. Area to length ratio analysis also revealed a switch from 

the ramified to the amoeboid form in microglia, indicative of activation. Interestingly, the 

suppression of microglia activity by minocycline, and inhibition of astrocytes by fluorocitrate 

reduced mechanical allodynia in MIA animals at the 5-week time-point. This alleviation was not 

observed in cold allodynia. These findings suggest that pro-inflammatory changes caused by glial 

activation also contribute to chronic pain in OA. 

Additionally, a time course characterization of cyclic AMP-dependent transcription factor 

(ATF3) expression, a marker for neuronal stress associated with axonal degeneration/regeneration, 

in dorsal root ganglia shows a biphasic pattern of ATF3 expression consistent with injection of 

MIA and occurrence of pain-related behavior. At late time-points, over 50% of large-diameter cell 

bodies are ATF3. Immunohistochemistry of DRGs using antibodies against CGRP, NF200, 

Parvalbumin (PV), and IB4 staining show that these large diameter neurons expressing ATF3 also 

H[SUHVV�39��7KHVH�ILQGLQJV�PD\�LPSOLFDWH�$ȕ�PHFKDQRUHFHSWRUV�LQQHUYDWLQJ�WKH�DUWLFXODU�MRLQW�LQ�
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OA pain and drives interest in understanding the contribution of lamina III-V that receives input 

from these fibers, in the persistence of OA pain.  

In agreement with a previous studies from our lab in neuropathic and inflammatory arthritis 

models [12; 178], we detected an increase of substance P receptor (NK1-r) expression in pyramidal 

projection neurons of lamina I, which normally only express the NK1-r in few cells. Importantly, 

we observed NK1 receptor internalization following treadmill exercise in lamina I projection 

neurons in the MIA ankle joint model of arthritis, in cohorts of male and female rats, but these 

whether these changes occur in lamina III-V is yet to be investigated. 

This comprehensive body of work accentuates the critical significance of methodological 

robustness in the study of disease onset and maintenance. Our research presents a novel 

methodology for nerve fiber labeling in various animal models of osteoarthritis (OA), 

osteoporosis, and bone fracture. Our studies also introduced a novel mono-iodoacetate (MIA) 

model of rat ankle joint OA. This was important as previous studies wee limited to the knee joint, 

which makes harder the comparison of data with neuropathic pain models. We provided a fully 

integrated characterization of our model, encompassing behavioral, histopathological, and 

radiological aspects. Furthermore, our thesis explores the temporal expression of ATF3, a marker 

IRU�QHXURQDO�VWUHVV��LPSOLFDWLQJ�$ȕ�PHFKDQRUHFHSWRUV�LQ�2$�SDLQ��7KHVH�ILQGLQJV�VKHG�OLJKW�RQ�WKH�

complex mechanisms underpinning OA pain and emphasize the potential for innovative 

interventions and enhanced understanding of chronic pain pathways. 
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6.2 An evolutionary and compassionate perspective on chronic pain 

As pain scientist, we spend years studying the best methods to assess pain in human 

patients, and to replicate pain behaviors in animal models. A lot of this time is spent commenting 

and providing criticism on our current methods which are simplistic and may be unreliable in 

regard to correlation with the clinic. Yet, we always circle back to those same old methods because 

they are established. Why does this happen? It is because physical pain, like psychological pain, 

are unique individual experiences that are hard to describe. The best written description of pain 

that I have ever read has come from the book Darkness Visible: A Memoir of Madness by William 

Styron [211]. The author describes the continuum between physical and psychological pain as he 

experiences, and even he, a prolific writer, is at loss for words when the pain is at its worst. This 

is a very moving account of the pain experience. 

One of the common themes throughout the chapters of this thesis as been the ever-growing 

list of contributors to underlying mechanisms of chronic pain, specifically in OA. A previous 

version of this thesis stated that “unlike acute pain, chronic pain has no useful purpose”. I have 

since reflected on this statement and contemplated the following: while acute pain serves as a vital 

alarm system, alerting us to potential harm and promoting protective behaviors, the concept of 

chronic pain's "usefulness" becomes more intricate upon deeper analysis.  

Advancements in comprehending pain mechanisms can be enriched through an 

evolutionary medicine lens, which considers how the ability to experience pain offers selective 

advantages, the trade-offs that have shaped these mechanisms, and the evolutionary rationale 

behind the system's susceptibility to prolonged and excessive pain. Instances of deficient pain 

syndromes tragically underscore pain's role in motivating escape from and avoidance of situations 

leading to tissue damage. An example of a deficient pain syndrome is congenital insensitivity to 



183 
 

pain (CIP), also known as congenital analgesia. This rare condition is characterized by the inability 

to perceive pain, leading affected individuals to not experience typical sensations of pain, even in 

response to injuries or harmful stimuli. This might seem like an advantage at first glance, but it 

can have serious consequences, as the absence of pain signals makes it difficult for individuals to 

recognize injuries, infections, or other health issues that usually prompt protective behaviors. As 

a result, individuals with CIP are at a higher risk of sustaining injuries and complications that could 

otherwise be avoided with normal pain perception [39]. 

What may appear as excessive pain often reflects a normal response, as the cost of 

heightened pain is frequently far lower than the consequences of diminished pain (just like the 

principle of having a carbon dioxide detector in your home, we would prefer to be woken up by 

an alarm than and be annoyed than not to). The tendency for acute pain to be adaptive by lowering 

pain thresholds as stimulation persists is fascinating and is contrasting to chronic pain which has 

been shown to involve many peripheral and central sensitization mechanisms [35; 92; 150; 223].  

There is a theory that emotional states such as anxiety, guilt, and low mood might have 

evolved from antecedent physical pain. The brain mechanisms overseeing physical pain exhibit 

strong overlaps with those responsible for psychological pain [53; 134; 135]. An extensive meta-

analysis of 18 studies unveiled notable diversity in the brain regions engaged in different forms of 

psychological pain. While no single brain region consistently activated across all studies, an 

intriguing pattern is that the regions that were activated are almost always those associated with 

pain mechanisms [135]. Genetic correlation between psychological and physical pain are yet to be 

described [146]. Yet, the psychological pain in the form of depression, anxiety, and insomnia is 

almost always associated with chronic physical pain [71].  
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Chronic pain, arising from conditions like osteoarthritis, can persist long after its initial 

trigger has subsided, leading to significant physical, emotional, and societal burdens. While 

chronic pain may not possess the same immediate survival-oriented purpose as acute pain, its 

persistence highlights the complexity of the nervous system and the intricate nature of pain 

processing. Moreover, chronic pain's multifaceted impacts on an individual's quality of life and 

overall well-being prompt a re-evaluation of its significance. 

I have grown to have a better appreciation an understanding for nuanced roles that pain 

plays in different contexts. While acute pain is undoubtedly adaptive and protective, chronic pain 

challenges our understanding of pain's purpose. It serves as a reminder that pain perception is not 

solely a biological phenomenon; rather, it is influenced by psychological, social, and 

environmental factors. Chronic pain's persistence raises questions about maladaptive changes 

within the nervous system, emphasizing the importance of deciphering the underlying mechanisms 

to develop targeted interventions. Recognizing that chronic pain is not isolated to a specific body 

part but rather engulfs the individual's entire being, we are compelled to explore comprehensive 

treatment approaches that address physical, mental, and emotional aspects. For this reason, 

midway trough my Ph.D. degree, I enrolled in the McGill’s Certificate in Chronic Pain 

Management offered by the Faculty of Physical and Occupational Therapy, which I completed co-

currently with this degree.  

My introduction to the bio-psycho-social model of chronic pain came through my 

participation in this certificate program. The bio-psycho-social model presents a holistic 

perspective on pain by recognizing the intricate interplay of biological, psychological, and social 

factors in shaping an individual's experience of chronic pain. Unlike the traditional biomedical 

approach that predominantly focuses on physiological aspects, the bio-psycho-social model 



185 
 

considers how biological, psychological, and social factors interact and influence each other to 

contribute to the development and perpetuation of chronic pain. It emphasizes that chronic pain is 

not solely the result of a specific injury or tissue damage but is influenced by a complex web of 

physical, emotional, cognitive, and social factors. Understanding this model has been 

transformative for the field as it underscores the need for a comprehensive and multidisciplinary 

approach to treating and managing chronic pain, taking into account not only the biological aspects 

but also the psychological and social dimensions that play a pivotal role in an individual's pain 

experience and overall well-being. 

The very act of acknowledging the distress that individuals with chronic pain experience 

fosters a collective determination to alleviate their suffering. This empathy spurs innovation, 

propelling us to delve deeper into the intricate mechanisms of pain perception, seeking novel 

interventions that mitigate pain's impact on every facet of a person's life. As we bridge the gap 

between science and compassion, we not only advance our understanding of pain but also affirm 

our commitment to enhancing the quality of life for those who bear its burden. Chronic pain may 

not serve a positive purpose, but the courage and resilience of those suffering with chronic pain 

certainly does. 

 

6.3 Osteoarthritis: a disease of the joint or the bone? 

Studying chronic pain associated with osteoarthritis (OA) and studying the prevention of 

OA represent two distinct but interconnected areas of research within the field of musculoskeletal 

health. Studying the prevention of OA involves identifying risk factors, early markers, and 

interventions that can potentially delay or mitigate the onset of OA in individuals at risk. This 

research often emphasizes understanding the biomechanical, genetic, environmental, and lifestyle 
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factors that contribute to the development of OA. Preventive measures might include promoting 

healthy habits, encouraging physical activity, addressing joint biomechanics, and understanding 

the role of inflammation and metabolic factors. By focusing on prevention, researchers aim to 

reduce the overall burden of OA by slowing down or even halting the disease process before it 

leads to symptomatic joint degeneration and chronic pain.  

On the other hand, studying chronic pain associated with OA focuses on understanding the 

mechanisms underlying pain perception, transmission, and modulation in individuals already 

experiencing the condition. This line of research delves into how changes in joint structure, neural 

pathways, and signaling molecules contribute to the development and persistence of pain in OA 

patients. This requires animal models that can quickly and consistently generate irreversible pain 

and established pathological markers. Although investigating onset of OA was never the focus of 

this work, investigating chronic pain in OA is crucial for developing effective pain management 

strategies and improving the quality of life for those living with this condition, and preventative 

measure for OA may be one of most minimally invasive and feasible measure to adopt to manage 

the arthritis pain epidemic. 

We discussed in this work that there exists a substantiated debate regarding the direction 

of damage, in both OA and RA. For long, the accepted theory was that mechanical stress on the 

joint caused a cascade of degeneration to the cartilage and subsequently the bone that led to 

advanced progression of arthritis. However, invasion of synovial tissue within the joint cavity and 

the presence of  inflammatory infiltrates from the bone marrow have been implicated in the 

aforementioned damage [212]. In RA, research exploring the immune modulation of osteoclasts 

has shaped of the creation of a research domain known as “osteoimmunology” [78]. This emerging 

field is dedicated to unraveling the intricate interactions between the skeletal and immune systems 
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at a molecular level. Mounting empirical data supports the hypothesis that the augmented 

osteoclast activity implicated in the bone deterioration observed in RA is a consequence of the 

heightened activity of osteoclasts, which is driven by the activation of a distinct subset of helper T 

cells, which produces IL-17 [155]. Osteoclasts are responsible for bone resorption, where bone 

tissue is broken down and its mineral and organic components are released into the bloodstream. 

Bone resorption is a natural part of bone remodeling, which helps maintain bone health and 

structure by replacing old bone with new bone. However, excessive or unregulated bone resorption 

can lead to bone loss and inflammation. More specifically, produced primarily by macrophages 

and dendritic cells in response to both exogenous and endogenous cues, IL-23 plays a pivotal role 

in driving the differentiation and activation of T helper 17 (Th17) cells. This process leads to the 

subsequent secretion of various cytokines, including IL-17A, IL-17F, IL-6, IL-22, and TNF-Į� 

Antibodies directed against IL-17 or IL-23 were anticipated to confer favorable outcomes in 

autoimmune conditions. However, despite the compelling findings from experimental models and 

human in vitro and in situ studies, the therapeutic effectiveness of IL-17A inhibition in RA appears 

to be somewhat moderate [216]. 

In OA, osteoclasts have also been implicated to play a role both in animal models and 

human patients. In equine OA, osteoclasts are observed migrating to the subchondral bone [23]. 

The inhibition of subchondral bone resorption has also been favorable in animal models of OA 

[161; 200]. 

Although the work presented in this thesis did not investigate changes in osteoclast 

mechanisms that may contribute to OA pathology or OA pain-related behavior, the methodology 

presented in Chapter 2 could offer to propel our understanding forward by visualizing markers of 

such mechanisms in the bone using immunostaining, which is very complex to achieve. Although 
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Chapter 2 focused on detection of nerve fibers in bone, the same IHC protocol can help identify 

markers associated with disrupted bone resorption by detecting specific proteins or cell types 

involved in the process. For example, IHC can be used to detect markers of osteoclast activity, 

such as tartrate-resistant acid phosphatase (TRAP) and cathepsin K, which are enzymes involved 

in bone matrix degradation. Additionally, markers of bone turnover, such as receptor activator of 

nuclear factor kappa-B ligand (RANKL) and osteoprotegerin (OPG), can be visualized using 

immunostaining to understand the balance between bone resorption and formation. We propose 

that these experiments could be carried out in a way that can also track migration of these markers 

through the subchondral bone, in the hope to identify direction of damage. This information can 

help in the development of targeted therapies and interventions to mitigate excessive bone loss and 

related diseases. 

In essence, although we cannot yet elucidate the origin of disease in OA, this body of work 

examines the dynamics of multiple pathological factors of the joint, and an investigation into bone 

resorption is the logical next step to explore whether osteoarthritis primarily stems from joint 

dysfunction or bone alterations. These methodologies have the potential to unravel the intricate 

relationship between nerve fibers and joint or bone pathology, ultimately advancing our 

comprehension of OA-related pain and contributing to more tailored pain management 

approaches. 

 

6.4 Correlative studies of proprioceptive afferent contributions to chronic pain 

 In this body of work, we provided several pieces of evidence that proprioceptors are 

affected in the OA disease state. However, the evidence that we provided does not confirm that 

proprioceptors are actively participating in pain circuitry in the spinal cord.  
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Large-fiber neuropathy refers to a specific type of peripheral neuropathy that 

predominantly affects the larger nerve fibers responsible for transmitting sensory information 

related to touch, proprioception, and vibration. These nerve fibers, known as A-alpha and A-beta 

fibers, are crucial for relaying signals connected to position sense, coordination, and tactile 

sensations. It's important to note that while arthritis is generally not considered a condition arising 

from or sustained by large-fiber neuropathy, osteoarthritis patients often exhibit symptoms such 

as muscle weakness, protective movement avoidance, and joint instability [60; 157; 167; 193]. 

These symptoms can disrupt the normal flow of proprioceptive signals that aid the brain in 

comprehending joint alignment and orientation. 

As OA progresses, the joint's cartilage, which plays a crucial role in transmitting sensory 

information, deteriorates. A proposed mechanisms is that the diminished cartilage can lead to 

irregular joint mechanics, altered joint positioning, and reduced proprioceptive feedback [191]. 

Consequently, individuals with OA might experience difficulties in accurately sensing joint 

position, movement, and alignment. This compromised proprioceptive function can negatively 

impact their ability to maintain balance, coordinate movements, and execute daily activities. 

In light of these considerations, the relationship between pain and proprioception in OA 

remains a significant research question. Numerous studies have demonstrated a phenomenon 

where thick afferents undergo disinhibition, consequently permitting the transmission of touch and 

proprioceptive information into the pain pathway by activating nociceptive cells in lamina I [147; 

241]. Initially, it was believed that following nerve lesions, these afferents would regenerate and 

innervate the superficial layer, but whether this contributes to the disinhibition is challenged [105]. 

Despite the limited current understanding, studies examining the connection between knee joint 

proprioception, pain, and disability in a substantial cohort of knee OA patients have yielded 
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intriguing results. Surprisingly, individuals with varying impairment exhibited minimal 

differences in pain and disability [21]. In more recent prospective and longitudinal assessments, 

notable although modest connections have been identified between initial proprioceptive acuity 

and the course of pain experienced over an extended period [60]. These contrasting findings 

underscore the complexity of the interplay between proprioceptive deficits and the pain 

experienced in osteoarthritis. To unravel this intricate relationship, further investigations are 

warranted to elucidate how proprioceptive impairment contributes to pain signaling pathways and 

overall functional limitations in OA individuals.  

Proprioceptors terminate predominantly in lamina III-V of the dorsal horn of the spinal 

cord, where they communicate with interneurons and projection neurons. If proprioceptors are 

indeed affected in established OA, they may convey abnormal signalling to the CNS. These 

aberrant proprioceptive signals can be interpreted by the central nervous system as pain, 

contributing to the perception of pain in OA patients, similar to what happens in neuropathic pain 

[163]. What could likely be happening is that the abnormal proprioceptive signals from the joint 

can interact with pain-signaling pathways, leading to a complex interplay between sensory 

information related to joint movement and the perception of pain. This interaction can potentially 

contribute to the chronic pain experienced by individuals with osteoarthritis.  

The investigation into proprioceptive and nociceptive mix-up has precedence. Chapter 5 of 

this thesis showed an increased population of pyramidal projection neurons expressing the Nk1-r, 

which normally does not transmit nociceptive signals [12]. The presence of Nk1-r in this cell type 

suggests the recruitment of innocuous circuitry into pain transmission in the pathological state. 

Another study that comes to mind is Yaksh et al. (1980) in the work titled “Behavioral and 

autonomic correlates of the tactile evoked allodynia produced by spinal glycine inhibition: effects 
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of modulatory receptor systems and excitatory amino acid antagonists”. In this publication, the 

authors investigated how well described primary afferents, in this case low threshold afferents, are 

in reality subject to ongoing modulation. When that modulation is lost, a miscoding of the afferent 

stimulus occurs, and now these low thresholds primary afferents are yielding a pain relevant 

message [243]. 

For instance, wide dynamic range (WDR) neurons are an essential part of the pain 

processing pathway, as they contribute to the perception of both acute and chronic pain. Their 

ability to respond to a wide range of stimuli allows them to transmit information about the intensity 

and location of pain signals. In the context of chronic pain conditions, such as osteoarthritis, WDR 

neurons may become sensitized and contribute to the amplification of pain signals, leading to 

persistent pain perception. Understanding the role of WDR neurons in pain processing is important 

for developing effective pain management strategies. 

Future studies could show incredible promise in answering the question whether 

proprioceptors are functionally equipped to transmit or modulate pain-related signaling. To return 

to Yaksh’s study mentioned above, primary afferents were modulated by the intrathecal 

administration of glycine (strychnine) or GABA (bicuculline) to successfully inhibit that 

aforementioned modulation. This implies that these afferents have the “capacity” to take on 

another role, and that role can be activated in a specific setting. No studies have yet investigated 

whether this is also true for other types of primary afferents. If proprioceptors are in fact capable 

of yielding pain-related inputs, supressing central modulation could reveal this behavior. This 

would highly support our claims that proprioceptors are affected in the chronic pain state of OA.  

Overall, the involvement of proprioceptors in the dorsal horn of the spinal cord suggests 

that altered proprioceptive signaling due to joint pathology can contribute to the pain experienced 
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by individuals with osteoarthritis. Understanding these mechanisms can provide insights into the 

complex nature of pain perception in OA and may guide the development of more targeted 

treatments aimed at addressing the neuropathic aspects of OA pain. 

 

6.5 Overall summary and conclusion  

 We discussed the challenges and complexities of understanding and managing pain, 

specifically chronic pain associated with conditions like osteoarthritis (OA). We reflected on the 

difficulties in assessing pain and replicating pain behaviors in animal models, emphasizing the 

uniqueness of individual pain experiences. We explored the purpose of chronic pain, suggesting 

that while acute pain serves as an alarm system, the usefulness of chronic pain is more intricate 

and requires deeper analysis. While we can continue to reflect on the role of the scientist in the 

wellbeing of individuals living with chronic pain, we can also map out the complexities of 

pathological changes that occur in OA to identify the best directions for therapeutic strategies. 

In this thesis, we presented a time-course comprehensive study in a rat ankle joint model 

of osteoarthritis (OA) induced by mono-iodoacetate (MIA). Our research establishes a link 

between pain-related behaviors and pathological transformations, encompassing cartilage and 

bone deterioration, nerve sprouting in the bone and synovium, as well as heightened glial cell 

density and activation in the dorsal horn. 

Numerous clinical and pre-clinical indications point toward a neuropathic element in OA 

pain, evidenced by occurrences like microgliosis in the spinal cord and the modulation of 

nociceptors by sympathetic afferents. Yet, a plausible neuropathic pain-like component in OA 

entails the potential influence of primary afferent damage subsequent to joint degeneration. Our 
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investigation reveals the presence of Activating Transcription Factor 3 (ATF3), a marker of 

neuronal stress, predominantly within larger cell bodies co-located with parvalbumin (PV), a 

PDUNHU�FKDUDFWHULVWLF�RI�SURSULRFHSWRUV��7KLV�VXJJHVWV�WKDW�$ȕ�PHFKDQRUeceptors innervating the 

articular joint are particularly influenced by joint degeneration in OA pain. This underscores the 

significance of understanding the role of laminae III-V, which receives input from these fibers, in 

the perpetuation of OA pain. 

I would like to stress again that the relationship between proprioception and chronic pain 

in OA should be investigated further, as I sense that my exploration of this topic only covered the 

surface. Nonetheless, I hope that after reading this work, you too can go to bed having a better 

appreciation of the intricate nature of pain perception, the challenges in comprehending chronic 

pain, and the potential implications of altered proprioception in the context of OA-related pain.  
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