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Popular science summary of the thesis 
Chronic pain is a condition that affects millions of people worldwide. It is often 

misunderstood and can be confusing to those who suffer from it. Unlike acute pain, 

which is a normal sensation triggered by injury, chronic pain persists long after the 

injury has healed. This type of pain is not just a prolonged version of acute pain 

but represents a distinct condition where the nervous system becomes altered 

and more responsive, even in the absence of a continuous injury or disease.  

Chronic pain is not just a physical sensation but an emotional and psychological 

experience as well. It can lead to a range of problems, including sleep disturbances, 

decreased mobility, anxiety, depression, and a reduction in the overall quality of 

life. This pain can disrupt work, relationships, and everyday activities, leading to a 

feeling of isolation and helplessness.  

The causes of chronic pain are multifaceted and can include factors like injuries, 

infections, and underlying medical conditions such as fibromyalgia or arthritis. In 

some cases, the exact cause remains unknown. The mechanisms underlying 

chronic pain are equally complex. However, advances in understanding the 

genetic and molecular basis of pain are opening up possibilities for targeted 

therapies. Therefore, this thesis aims to contribute to the understanding of chronic 

pain in four different studies. 

First, this thesis shows the impact of the R100E mutation on the nerve growth 

factor (NGF) protein, which is involved in both nervous system development and 

pain induction, over pain bone loss induced by inflammation. The most significant 

revelations were the apparent insensitivity to pain when inflamed deep structures 

such as the ankle or knee joints are used by the mice and the impact of this 

mutation on bone health, particularly in female mice. Unlike their male 

counterparts, female mice with the hR100E-NGF mutation showed resistance to 

bone erosion. This finding opens up new avenues in understanding gender-

specific responses in chronic pain and bone health, hinting at the potential of 

manipulating NGF signaling for treating chronic pain and preserving bone health, 

especially in women. 

Second, this thesis shows that injecting mice with IgG from FM patients led to 

symptoms mimicking those of FM, including increased pain sensitivity, reduced 

activity, and reduced skin innervation. This approach provides a valuable model 



for studying the peripheral aspects and could significantly advance treatment 

methods for FM. 

Third, the work presented in this thesis has also shown that FM patients had higher 

levels of antibodies targeting satellite glial cells (SGCs), which were associated 

with the severity of their symptoms. This finding suggests that these antibodies 

play a role in the intensity of the FM symptoms, pointing to potential new 

therapeutic targets focused on reducing or blocking these antibodies. 

Finally, the work presented in the fourth study shows the alteration of different cell 

populations and the increased nerve innervation in the FM skin. These changes 

highlight the intricate interplay between the nervous and immune systems in FM, 

offering new insights into possible contributors to FM pathology. 

Collectively, the insights gleaned from these studies not only enhance our 

knowledge of these conditions but also open up new possibilities for more 

effective and personalized treatments. As we continue to unravel the mysteries of 

FM and arthritic pain, these studies serve as crucial milestones in our journey 

toward better health outcomes for those affected by these challenging 

conditions. 

 

  



 

 

Abstract 
In Study I, we examined the impact of the hR100E-NGF mutation on inflammatory 

pain and bone erosion in both female and male mice. Our findings indicate that 

the hR100E-NGF mutation did not affect the development of the peripheral 

sensory nervous system at the lumbar DRG, sciatic nerve, ankle joint, or glabrous 

skin. Moreover, hR100E-NGF mice displayed sensory thresholds similar to those 

of the hWT-NGF mice in response to mechanical, heat, or cold stimulation under 

normal conditions. The hR100E-NGF and hWT-NGF mice developed comparable 

mechanical and heat sensitivity impairments after the intra-articular injection of 

complete Freund’s adjuvant. Notably, the hR100E-NGF mice were insensitive to 

nociceptive stimulation in the deeper tissues assessed by weight bearing and gait 

analysis. Furthermore, mRNA analysis from the inflamed joint showed a differential 

sex-dependent gene expression profile between hR100E-NGF female and male 

mice. Finally, the hR100E-NGF female but not the male mice were protected 

against the CFA-bone erosion. These data collectively demonstrate that the 

R100E NGF mutation effectively protects against joint pain-like behaviors in both 

male and female mice while providing bone protection exclusively to female mice 

in a monoarthritis model. We propose that manipulating the signaling of NGF and 

its receptors in a manner similar to the R100E mutation could be a promising 

approach to treating chronic pain and maintaining bone health, particularly in 

women. 

Study II investigated the effects of injecting purified IgG from fibromyalgia (FM) 

patients and healthy controls (HC) in mice. We found that the injection of FM IgG 

but not IgG from healthy controls (HC) induces pressure, mechanical, and cold 

hypersensitivity in mice that were coupled to enhanced nociceptor 

responsiveness to mechanical and cold stimulation. The FM IgG-injected mice 

also developed impaired muscular strength and decreased locomotor activity. 

Moreover, FM IgG bound and stimulated satellite glial cells (SGCs) in vivo and in 

vitro. No FM or HC IgG accumulation was found in the brain or spinal cord of the 

injected mice. Our study also demonstrated that FM IgG can bind to satellite glial 



cells and neurons in the human DRG. In addition, we observed a significant 

reduction in the intraepidermal nerve fiber density in the mice 14 days after the 

FM IgG injection. Our results suggest that transferring FM IgG into mice can 

replicate some peripheral FM symptoms. This study can provide a valuable animal 

model for studying the peripheral physiology of FM. Our discovery could 

significantly advance the understanding and treatment of fibromyalgia and other 

related conditions. However, more research is needed to understand the cellular 

and molecular mechanisms involved in FM-IgG-mediated changes in mice. 

Study III aimed to investigate the frequency of anti-satellite glial cell (SGC) 

antibodies and the antibody association with the disease severity in FM patients. 

We used serum (Karolinska Institutet, Sweden; n=30/group) and plasma (McGill 

University, Canada; n=35/group) samples collected from FM patients and HCs. Our 

results showed a higher binding intensity of the FM IgG to SGC in vitro. 

Furthermore, the frequency of SGC bound to FM IgG was significantly higher than 

HC IgG-treated cells. These findings correlated with pain intensity and 

fibromyalgia impact questionnaire scores (FIQ, questionnaire was only assessed 

in the Karolinska cohort). Further cluster analysis separated the FM group into 

severe and mild groups. Additionally, we found that serum from FM patients 

contains IgG that binds in greater proportion to SGC in the human DRG, measured 

by higher signal intensity. There were no differences in the binding intensity to 

neuronal cell bodies or axons between FM and HC serum samples. Finally, the 

previous results were confirmed using an FM serum sample with high levels of 

anti-SGC antibodies in 5 more human DRGs. To summarize, our report indicates 

that levels of anti-human SGC and anti-mouse SGC antibodies are elevated in 

patients with FM, which are linked to a more severe form of the disease. Patient 

stratification based on their profile of anti-SGC antibodies might benefit from 

therapies aiming to decrease circulating IgG or prevent IgG binding. Our results 

point to the possible involvement of anti-SGC antibodies and SGCs in the severity 

of FM; however, more in-depth studies are necessary to elucidate the antigen or 

antigens expressed in the SGC that bind to the circulating anti-SGC antibodies. 



 

 

In Study IV, we aimed to explore the neuroimmune signature of the FM skin. We 

processed 16 FM and 16 HC sex-matched skin biopsies by immunohistochemistry. 

Using a pan-neuronal marker, we found lower intraepidermal nerve fiber density 

(IENFD) in the FM compared with HC skin. Moreover, the length and volume of 

dermal NF200+ nerve profiles were significantly elevated, but we found no 

changes in the length of dermal or epidermal Gap43+ nerve profiles in the FM 

group. Similarly, we found no changes in the total volume of CD31+ blood vessels 

between FM and HC skin. Our results showed that the density of non-nerve 

associated S100b+, CD68+, and CD163+ cells was significantly lower in the FM skin. 

Furthermore, the dermal CD117+FcERI+ mast cells in the dermis of FM patients were 

significantly increased compared with the HCs. Additionally, we found similar 

densities of CD207+, CD3+, or Neutrophil elastase+ cells between FM and HC skin 

biopsies. mRNA analysis of FM skin showed no changes in Cd68, Cd163, Cx3cr1, or 

FceR1 mRNA levels between FM and HC skin. In summary, this study reveals crucial 

dermal and epidermal changes in FM skin, particularly regarding nerve fibers and 

certain immune cell populations. These findings are highly relevant as they provide 

deeper insights into the complex interactions between the nervous and immune 

systems in FM. Understanding these changes could be key to developing more 

effective treatments for FM, focusing on both the neuropathic and immune 

components of the disease. 
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1 INTRODUCTION 

Chronic pain is a complex and multifaceted condition impacting a significant 

portion of the global population. A comprehensive European survey revealed that 

approximately 20% of adults grapple with chronic pain (1). Notably, women 

experience a roughly 50% higher incidence of chronic pain, often linked to 

musculoskeletal disorders like rheumatoid arthritis (RA), fibromyalgia (FM), 

osteoarthritis (OA), and low-back pain (1-3).   

Chronic pain often has multiple and overlapping causes, including physical, 

neurological, and psychological factors (4). This complexity makes it challenging 

to identify the exact pain source and develop an effective treatment plan. Pain is 

a subjective experience and varies greatly from person to person (5). What works 

as a treatment for one individual might not be effective for another, necessitating 

a highly personalized approach to pain management. 

Neglecting the severity of chronic pain leads to inadequate management, 

prolonged sick leaves, substance misuse, and suboptimal drug development (6). 

A recent survey reported a substantial treatment gap in different countries 

around Europe, primarily due to delayed diagnosis and therapeutic intervention 

(3).  

The persistent nature of chronic pain means that treatment is ongoing and often 

requires long-term management strategies, as opposed to acute pain, which can 

be treated more quickly and effectively (7). Many medications used to treat 

chronic pain, such as opioids, have significant side effects and risks, including the 

potential for addiction and tolerance (8). 

The exploration of the cellular and molecular mechanisms underlying chronic pain 

is essential not only for advancing pain management techniques but also for 

broadening our comprehension of the response to pain. Gaining insights into 

these mechanisms is key to improving the lives of those afflicted with chronic pain 

conditions, as it opens doors to more effective treatments and potentially 



 

2 

groundbreaking discoveries in pain perception and response. This knowledge is 

critical in the ongoing quest to enhance the quality of life for chronic pain sufferers, 

providing hope for more targeted and effective therapeutic approaches. 

This thesis is dedicated to investigating the possible protective role of a specific 

mutation in the nerve growth factor (NGF) protein against inflammatory pain and 

alterations in bone microarchitecture. Additionally, it examines peripheral 

mechanisms of Fibromyalgia (FM) through two approaches: firstly, by transferring 

FM antibodies into mice, and secondly, by conducting a detailed cellular-level 

analysis of the skin in FM patients. This comprehensive study aims to provide 

deeper insights into how certain mutations may influence pain perception and 

bone health, as well as the underlying mechanisms of FM at a peripheral level. 
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2 LITERATURE REVIEW 

2.1 PAIN  

Pain is a physiological response to potentially harmful stimuli, activated when 

specialized sensory nerves, known as nociceptors, detect a harmful (noxious) 

stimulus (9). This sensation acts as a crucial warning system, prompting actions 

to prevent potential tissue damage. Under normal circumstances, pain persists as 

long as the damage is present and subsides upon tissue healing. However, there 

are numerous instances where a disconnect occurs between these processes. For 

instance, pain that continues even after apparently tissue healing or pain that 

develops in the absence of any evident tissue damage (10). 

The pain phenomena involve psychophysical, cognitive, and emotional 

components (11, 12). These components can be evaluated in conscious humans 

through diverse questionaries and sensory tests such as quantitative sensory 

testing and microneurography (13, 14). In contrast, emotional responses cannot be 

evaluated during preclinical research; instead, the nociceptive and cognitive 

components can be addressed (15).  

2.1.1 Nociception and Nociceptors  

Nociception is the process by which specific nerve fibers, called nociceptors, 

detect noxious stimuli, and transmit signals to the central nervous system (CNS). 

This process encodes and processes the stimulus, leading to the arrival of a signal 

in the CNS as a result of the stimulation. Nociceptors contain specialized nerve 

cell endings localized both externally (in the skin or cornea) or internally (in the 

joints, muscles, and organs) (9, 16). Electrophysiological recordings reveal that 

nociceptors respond to noxious stimuli, such as pressure, hot or cold temperature, 

or chemical irritants, but not to innocuous stimuli, such as light touch or warmth 

(17, 18). Thus, they are responsible for the perception of potentially dangerous and 

damaging stimuli. 
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The nociceptors arise from cell bodies located in the dorsal root or trigeminal 

ganglions (9). These cell bodies have two axonal processes, one extending to the 

spinal cord or brainstem and the other to the periphery. Such a distribution allows 

nociceptors to distribute the synthesized proteins and receive information from 

both central and peripheral ends. Due to this anatomical and functional 

characteristic, nociceptors are classified as pseudo-unipolar neurons (19). 

Noxious stimuli are transformed into action potentials in the nociceptors. This 

process relies on the activation of various specialized transducing ion channels. 

The transient receptor potential cation channel (TRP) family, e.g., TRPV1 and TRPA1, 

is the largest family of nociceptive ion channels. Activation of these ion channels 

results in the movement of Na+ and Ca2+ into the cell, which modifies the 

membrane resting potential, leading to membrane depolarization, and such 

polarization might initiate action potentials (20). The next step in the nociceptive 

process is the transmission of action potentials along the axon. The diameter of 

the axon and whether layers of myelin wrap them will directly affect their 

conduction velocity. These characteristics allow us to divide the nociceptors into 

two major groups: C-fibers and A-delta fibers. The C-fibers exhibit a small 

diameter (0.5 to 1.5 µm), lack myelinization, and support a conduction speed of 

around 0.4-1.4 m/s. The A-d fibers that have a larger diameter (2 to 5 µm) and are 

covered by a thin myelin layer can transmit in the range of 5-30 m/s (21).  

As mentioned, the nociceptors can respond to different types of noxious stimuli, 

such as heat (H), cold (C), and chemical and mechanical distortion (M) (9). It is the 

expression of different receptors that gives the nociceptors the ability to respond 

to only a specific category of stimulus or several different modalities of stimuli 

(polymodal nociceptors)(21). Based on this, the C-nociceptors can be subdivided 

into C-MH, C-MC, C-MHC, and the A-nociceptors as A-M and A-MH. Furthermore, 

the sensitivity to noxious cold has also been observed in some A-nociceptors (22, 

23). The presence of a different group of peculiar nociceptors has been described 

in different tissues such as skin, muscles, joints, and internal organs. Unlike typical 

nociceptors, silent nociceptors are unique because they remain inactive under 
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normal conditions. They do not respond to typical noxious stimuli that would 

activate regular nociceptors. However, these silent nociceptors can become 

activated in certain situations, particularly during inflammation or injury. Once 

activated, the silent nociceptors become sensitive to mechanical, thermal, and 

chemical stimuli that would normally not cause pain (24-26). 

The subpopulations of nociceptors have distinct neuroanatomy and molecular 

signatures. For instance, C-nociceptors can be grouped into two primary 

categories based on their peptidergic content. During embryonic development, 

some C nociceptors become peptidergic and express the tropomyosin receptor 

kinase A (TrkA), which gets activated by nerve growth factor (NGF) and releases 

neuropeptides such as the calcitonin gene-related peptide (CGRP) and 

substance P (SP) (27). The other C nociceptors are non-peptidergic and are 

characterized by the expression of the c-Ret receptor, which responds to glial-

derived neurotrophic factor (GDNF) (28). Most of the c-Ret-positive nociceptor 

populations also express purinergic receptor subtypes such as P2X3 and G 

protein-coupled receptors of the MAS-related gene family and bind to isolectin 

B4 (29). Finally, specific channels associated with the response to noxious stimuli, 

such as TRPV1 for the heat (30), TRPM8 for the cold (31), or the acid-sensing ion 

channels (ASICs) for the chemical stimuli (32), can also to identify and 

classification different subpopulations of nociceptors. 

The use of mRNA-based technologies significantly has advanced our ability to 

identify and characterize nociceptors based on their unique gene expression 

profiles. With the implementation of these technologies such as single-cell RNA 

sequencing (scRNA-seq) and spatial transcriptomics, different studies aimed to 

explore the heterogeneity of the DRG cell types (33-38). The classification of DRG 

neurons has varied among studies due to factors such as the number of cells 

analyzed, genes detected, and the method used. For instance, in mice, studies 

have reported the presence of 6-19 different neuronal clusters (35, 39-41), while 

in humans, a few studies suggest 11 to 15 clusters (34, 38, 42). As a result, it is 

difficult to obtain a clear and consistent understanding of the various neuronal 
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subpopulations. The identification of neuronal transcripts with near single-neuron 

resolution in human DRG by spatial transcriptomics has led to the generation of 

12 different clusters and the ability to visualize the location of respective genes in 

tissue sections (38). 

2.2 INNERVATION OF THE SKIN AND BONE 

The intricate nature of the nociceptive system has developed through evolution, 

allowing it to react to a variety of stimuli with the primary aim of protecting tissue 

integrity. Consequently, sensory innervation differs across various tissues. Given 

that this thesis concentrates on nociceptors in the skin, bone, and joints, a more 

detailed exploration of the innervation in these two specific tissues is provided 

below. 

2.2.1 Innervation of the skin 

Different sensory terminals densely innervate the skin: nociceptors, 

mechanoreceptors, chemo- and thermoreceptors. They allow us to sense pain, 

touch, chemical irritation, and temperature. 

When comparing nociceptor nerve endings, A-fiber branches cluster in small 

spots with a small receptive field, while C-fiber branches are more broadly 

distributed, preventing precise localization of the stimulus (9). A-d fibers give 

precise information about the location of the pain, and C-fiber activity gives rise 

to a more diffuse pain sensation. Taken together, the specialization of the sensory 

receptors in the skin is important for modality and location-specific 

communication to the CNS. In addition to sensory nerves, sympathetic nerve 

fibers are present in the skin, and together, these neurons regulate a variety of 

physiological and pathophysiological functions.  

Epidermis. The epidermis is primarily composed of keratinocytes, which undergo 

a gradual process of differentiation, moving from the deeper to the more 

superficial layers in the stratum corneum. Within the epidermis, most nociceptors 

are C-fibers. Notably, peptidergic C-nociceptors typically end in the basal regions 
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of the epidermis, while the non-peptidergic C-fibers extend to the outermost 

layers. The spatial arrangement of this network suggests a different function for 

each specific group. For example, it has been shown that the ablation of 

peptidergic C-fibers in mice produces deficits in heat nociception (18, 43), while 

the pharmacological ablation of the non-peptidergic C-fibers induces the 

selective loss of the sensitivity to noxious mechanical stimulation (18, 44).  

Nociceptor endings are situated in close proximity to keratinocytes and 

Langerhans cells within the epidermis (45, 46). This positioning suggests that 

peripheral sensory endings are equipped to monitor skin health by interaction 

with local cells. Furthermore, since the skin is a dynamic organ undergoing 

constant change and reorganization, nociceptors in the epidermis are influenced 

by signals from resident cells, guiding their normal innervation. For instance, 

Langerhans cells and keratinocytes produce ephrin B3 (47), which can inhibit 

axonal extension (48). In contrast, keratinocytes are also capable of synthesizing 

and releasing NGF (49, 50), which can induce the elongation of the epidermal 

nociceptors. Therefore, the networks of peptidergic and non-peptidergic C-

nociceptors are engaged in a bidirectional interaction with various epidermal cells. 

This interaction plays a critical role in maintaining skin homeostasis and directing 

axonal pathways during the remodeling of the epidermis. 

Dermis. The dermis consists of two distinct layers: the papillary dermis, which is 

highly vascular and composed of loose connective tissue, and the reticular layer, 

which is a thick, deep layer made up of dense connective tissue. It encompasses 

not only connective tissue and capillaries but also includes fibroblasts, immune 

cells, and lymphatic vessels. Innervation of the dermis is provided by both C and 

Aδ nerve endings, which are typically responsive to high-intensity mechanical 

stimuli. Furthermore, the dermis houses three types of specialized 

mechanosensory structures: Pacinian corpuscles, Ruffini endings, and Meissner 

corpuscles. Positioned in the deep dermis, Pacinian corpuscles are sensitive to 

vibrations, while Ruffini endings, also located in the deeper layers, detect skin 

stretch. In contrast, Meissner corpuscles, found in the upper dermis, are 
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specialized to perceive touch and vibration. This complex array of sensory end 

organs contributes to the diverse sensory capabilities of the skin. 

When tissue inflammation, injury, or infection occurs, immune cells like mast cells 

and macrophages become activated. They can release different substances such 

as histamine, cytokines (e.g., IL-1, IL-8), lipid mediators (e.g., PGE2, LTB4, PAF), 

growth factors (e.g., NGF, VEGF, PDGF), or proteases (e.g., tryptase, chymases, 

carboxypeptidases, and cathepsin G) (51-53). Following the activation of local 

cells, other immune cells, such as neutrophils and monocytes can extravasate and 

release inflammatory mediators in the dermis (54, 55). Nociceptors express 

membrane receptors for many of these molecules, and activation of these 

receptors contributes to sensitization of the nociceptors (56). This leads to 

increased responsiveness and a reduced threshold for activation of the 

nociceptive, referred to as the peripheral sensitization (57, 58). Such change in 

responsiveness can occur at any site in the body following tissue injury or 

inflammation, and thus, peripheral sensitization is an important aspect of the 

heightened pain sensitivity associated with inflammatory conditions, such as 

inflammatory arthritis. 

2.2.2 Innervation of the bone 

Multiple reports have demonstrated that nerve fibers of different diameters and 

myelination innervate the periosteum, bone marrow, and mineralized bone (59-

62). In contrast with the skin, the adult skeleton has little or no innervation with 

thick myelinated A-b fibers. Most of the nerve fibers are associated with blood 

vessels in bone, and the highest numbers of fibers per area are found in the 

periosteum. The majority of the nerve fibers in the bone are from peptide-rich C-

fibers (20% CGRP+, TrkA+, and < 5% CGRP+ and TrkA−) and thinly myelinated A-

delta fibers (60% NF200+, CGRP+, TrkA+, and 15% NF-200+, TrkA−) (60). In 

comparison to the skin, the bone has a much higher percentage of TrkA-positive 

fibers, thus making these fibers responsive to NGF and highly sensitive to 

inflammation (27). 
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Different pathological conditions such as bone cancer, bone metastasis, 

osteoporotic fractures, intraosseous engorgement syndrome, Paget's disease, OA, 

and RA are examples of diseases inducing bone pain. The pain may be caused by 

mechanical distortion, fractures, increased bone turnover, demineralized bone, a 

disturbed microenvironment, and/or increased intraosseous pressure (63). This 

can lead to the release of pro-nociceptive mediators, mechanical nerve 

compression, and nerve sprouting, all of which will activate nociceptive signaling 

(64-68). During chronic inflammatory and degenerative conditions, there is an 

increased number of osteoclasts and resorption activity (69, 70). This bone 

erosion can lead to local acidification, which can activate ASICs and TRPV1 in 

nociceptors, resulting in pain. The bone also received innervation from the 

autonomic nervous system. In general, sympathetic and parasympathetic nerves 

can be found in a spiral-like shape when wrapping blood vessels in the long bones. 

Both types of nerve fibers can be identified by the expression of the tyrosine 

hydroxylase enzyme, which has an important role in the synthesis of 

catecholamines (71).  

2.3 CELLS AND FACTORS INVOLVED IN NOCICEPTION 

The immune system plays a crucial role in the development and maintenance of 

many chronic pain conditions. Immune cells, such as macrophages, mast cells, and 

T cells, release pro-inflammatory mediators, including eicosanoids, cytokines, 

growth factors, glutamate, and protons that can sensitize sensory neurons. As a 

result, inflammation can cause the peripheral sensitization of neurons located in 

the periphery, which leads to increased and prolonged activation in response to 

both noxious and innocuous stimuli. This process is known as peripheral 

sensitization.  The next sub-sections provide a short review of the role of different 

immune cells in the pain process. While many inflammatory mediators are 

involved in pain sensitization, I will focus on NGF in this review as it's closely linked 

to the work presented in this thesis.  
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2.3.1 Macrophages/monocytes 

After tissue injury and during inflammation, resident macrophages are activated, 

and monocytes and macrophages are recruited to the site of tissue damage. It 

has been shown in animal models such as intraplantar or intra-articular injection 

of the complete Freund's Adjuvant (CFA), leading to an elevated number of 

macrophages/monocytes in the inflamed skin and joint, respectively (72). 

Additionally, the induction of experimental arthritis in rats leads to macrophage 

infiltration in the DRG, which correlates with pain-related behaviors (73). 

Macrophages have different functions, such as phagocytosis, antigen 

presentation, regulation of immune responses, iron recycling, tissue repair, and 

remodeling (74, 75). Resident macrophages, as well as infiltrating monocytes, play 

an active role in pain-enhancing pain transduction and conduction through the 

release of proinflammatory mediators such as tumor necrosis factor (TNF) and IL-

1β, as well as reactive oxygen species (76). Furthermore, studies have shown that 

cell-specific depletion of proliferating monocytes and macrophages can prevent 

or reduce the development of mechanical and thermal hypersensitivity in 

different models of inflammation-induced pain (77, 78). Conversely, monocytes 

and macrophages can also play a role in reversing the inflammation by releasing 

anti-inflammatory mediators such as IL-10 and specialized pro-resolution lipid 

mediators such as resolvins, lipoxins, and protectins, which promote the resolution 

of the hypersensitive state (76, 79). Thus, depending on the context, the depletion 

of monocytes and macrophages may also delay the resolution of inflammatory 

pain. The differential role of macrophages in the nociceptive process could be 

linked to the capabilities of these cells to adapt to their microenvironment and 

display different phenotypes related to their functional states. Macrophages have 

been classically described as proinflammatory M1-like and anti-inflammatory M2-

like phenotypes based on their cytokine release profile (80). These different 

states of macrophages are thought to play different, sometimes opposing, roles 

in the induction and resolution of pain.  
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2.3.2 Langerhans cells  

Langerhans cells (LC) are tissue-resident phagocytic and antigen-presenting cells 

found in the epidermis(81). LCs constantly move their dendrites around the 

keratinocytes to survey any potential threats. LCs form a cell network in the 

suprabasal layers of the skin, which makes them capable of responding to 

pathogens that enter the body. Under normal conditions, LCs are equipped to 

identify dead cells and remove their debris. They also play a role in influencing 

adaptive immunity by attracting T and T regulatory cells (82, 83). 

Epidermal nociceptors make morphological contact with LC neurites and cell 

bodies. Released SP from the nociceptor can influence the LC phenotype; in 

humans, CGRP can modulate the antigen-presenting activity of LC (84). LCs on 

the counterpart can secrete neuromodulators as cytokines and prostaglandins, 

interferons, and axonal guidance molecules (85, 86).   

2.3.3 Mast cells 

Mast cells are derived from either embryonic progenitors or from precursors in 

the bone marrow. Mast cells mature and reside in all the vascularized organs (87-

89) and can be found close to blood vessels and nerve endings (90, 91). Stem cell 

factor (SCF) via the surface tyrosine kinase KIT receptor influences the maturation, 

survival, and activation of the mast cells (92-94). Mast cells are critical players in 

inflammatory responses and can be activated by a variety of triggers. When 

activated, they discharge the contents of their granules, which are packed with 

preformed inflammatory and neuro mediators. These include histamine, serotonin, 

bradykinin, NGF, TNF, and others. Additionally, mast cells are capable of producing 

and releasing new cytokines and neurotoxic molecules (93). The released 

mediators have significant roles in pain, neuroinflammation, allergies, itch, and 

potentially neurodegenerative diseases (95, 96). The involvement of mast cells in 

allergies is particularly well-established (97, 98). They respond to IgE by the 

crosslink with their FcεRI surface receptor (99). This activation leads to the release 

of several substances, including histamine (100), a known pruritogenic mediator. 
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Histamine interacts with sensory nerve receptors, including H1-H4 histamine 

receptors and TPRV4, contributing to the sensation of itch (101, 102).  

In the skin, the close proximity of mast cells to nerve endings plays an important 

role in nociceptive signaling. Dermal mast cells can be activated by neuropeptides 

such as NGF, SP, and neurotensin (103-105), which are released from nociceptors 

via antidromic activity. Elevated numbers of mast cells have been reported in 

chronic pain conditions, specifically in RA and FM (106-108). Interestingly, some 

reports showed elevated levels of the chemokines monocyte chemoattractant 

protein-1 (MCP-1) and eotaxin in the plasma of FM patients (109). MCP1 is a potent 

mast cell chemoattractant that can induce the release of serotonin and histamine 

from the mast cells (110), as well as long-lasting muscle hyperalgesia in rats 

through the activation of the CC Chemokine receptor 2 (CCR2), expressed by 

nociceptors (111). 

2.3.4 T lymphocytes 

T-lymphocytes or T-cells are an important component of our adaptive immune 

system. They originate from hematopoietic stem cells present in the bone marrow 

and migrate to the thymus to mature (112, 113). In the thymus, immature T-cells 

develop into different types of T-cells that play unique roles in our immune 

response (114, 115). For instance, the infiltration of activated CD4+ T-cells in the 

rheumatoid synovium has been linked to the immune pathogenesis of the disease 

(116). The T-cells can recognize MHC-II antigen presented by antigen-presenting 

cells such as macrophages, dendritic, and Langerhans cells (117). Memory T-cells 

with diverse phenotypic and functional properties are present in the skin (118). 

T-cells express ionotropic and metabotropic glutamate receptors, CGRP, and SP 

receptors (119, 120). Meanwhile, T-cells can release factors that sensitize 

nociceptors, such as IL-2, IL-17, and NGF (115, 121-124). Thus, T-cells have the 

capacity to contribute to neuroimmune communication and have been 

implicated in pain (125). Following nerve injury, T-cells infiltrate the DRG and 

release leukocyte elastase, resulting in allodynia (126). Interestingly, it has been 
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suggested that different types of T-cells play different roles in chronic pain. For 

example, injection of cytotoxic T-cells into the spinal fluid enhances neuropathic 

pain, while injection of regulatory T-cells decreases neuropathic pain (127).  

2.3.5 B lymphocytes 

B-lymphocytes or B-cells are essential components of the adaptive immune 

system and play a crucial role in humoral immunity across mammalian species. 

The production of B cells is a continuous process throughout human life, 

commencing in the fetal liver and subsequently in the bone marrow after birth 

(128). These immature B cells undergo differentiation in germinal centers located 

within secondary lymphoid tissues, such as the spleen and lymph nodes (128, 129). 

B cells significantly influence autoimmune responses, which are often intricately 

connected with pain (130). Typically, pain in autoimmune diseases is attributed to 

either localized or systemic inflammation (130, 131). This inflammation may arise 

from antibody-mediated complement activation or through the stimulation of 

pro-inflammatory cytokines and peptides. B cells contribute to this process by 

producing cytokines, pivotal in modulating immune responses and, by extension, 

in regulating pain and inflammation (132). 

Autoantibodies, frequently observed in autoimmune diseases associated with 

chronic pain conditions like RA, are also generated by B cells (133). Experiments 

have demonstrated that injecting autoantibodies isolated from patients into mice 

can induce pain-like behaviors (134). For example, the administration of an anti-

modified protein autoantibody in mice has been shown to result in the 

manifestation of pain-like behaviors (135). The impact of B cells on chronic pain is 

further underscored by the effectiveness of B cell-depleting therapies (136). 

Medications such as rituximab, used in treating RA, have shown efficacy in 

alleviating pain in patients (137). Similarly, in a mouse model of Complex Regional 

Pain Syndrome (CRPS), treatment with antibodies targeting CD20, a molecule 

found on the surface of B cells, successfully reduced mechanical allodynia (138). 

These insights highlight the multifaceted role of B cells in both the immune 
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response and pain regulation, providing avenues for potential therapeutic 

interventions in chronic pain associated with autoimmune diseases. 

2.3.6 Natural killer cells 

Natural killer (NK) cells are a type of cytotoxic lymphocytes that play a crucial role 

in the immune system. NK cells eliminate tumor and virus-infected cells and 

maintain homeostasis by targeting and neutralizing over-activated immune cells 

(139, 140). Equipped with a diverse array of activating and inhibitory receptors, NK 

cells are adept at environmental surveillance, ensuring timely responses to various 

threats (141, 142). NK cells possess granzyme and perforin-packed granules in their 

arsenal, which are essential for their cytotoxic activity. Moreover, they can secrete 

a range of substances, including interferon-gamma, TNF, and cytokines such as IL-

5, IL-10, and IL-13 (143). These secretions are vital in modulating the immune 

response, especially during inflammatory processes, highlighting the multifaceted 

role of NK cells in immune regulation (144, 145). 

Recently, it was found that the number of one subset of circulating NK cells was 

lower in FM patients compared to healthy controls. The remaining circulating NK 

cells from FM patients displayed a phenotype associated with chronic activation 

and exhaustion with the production of more CCL4 (also known as macrophage 

inflammatory protein-1b, MIP-1b) and an increased degranulation in culture (146). 

Additionally, it was found that the UL16 binding protein 1 (ULBP1), an NK cell ligand, 

was significantly elevated in biopsies from FM patients compared with control 

subjects (146). Remarkably, the upregulation of NK cell activity has been linked to 

neurotoxicity in sympathetic neurons after treatment with guanethidine (147). 

Furthermore, in mice, it has been reported that after nerve damage, the NK cells 

can infiltrate and degenerate sensory axons (148). 

2.3.7 Satellite glial cells 

Historically, satellite glial cells (SGCs) have been recognized for their similarities 

with astrocytes (149, 150). This comparison led to the anticipation that SGCs 

would express certain proteins typically found in astrocytes. Among these 
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proteins are glial fibrillary acidic protein (GFAP), glutamine synthetase (GS), the 

glutamate aspartate transporter, and connexin 43, a component of gap junctions 

(150). However, the SGC has a unique structure and characteristics (151). The SGCs 

can be found wrapping the cell bodies of the neurons in the dorsal root ganglia 

and trigeminal ganglia with an intercellular space of 20 nm (149), making this small 

gap an important area for bi-directional communication between SGCs and 

neurons. SGCs express receptors for molecules released from neurons, such as 

ATP, glutamate, CGRP, and SP (152, 153). The participation of the SGCs in 

neuropathic pain has been demonstrated in different neuropathic pain models in 

rodents (154-156). For example, over-activation of the SGCs, defined by the 

increase in GFAP expression, has been reported after the spinal nerve ligation 

(156) or nerve injury (155). Furthermore, the treatment with fluorocitrate, a glial 

metabolism inhibitor, alleviates mechanical allodynia, suggesting the participation 

of the SGC in the establishment and maintenance of pain-like behaviors (156). 

2.3.8 Subepidermal Schwann cells 

Originally described as nociceptive Schwann cells, the subepidermal Schwann 

cells are cells with direct participation in the initiation of the nociceptive response 

(157). Up until recently, nociceptors, in contrast to other sensory fibers, were 

described as having "free nerve endings," meaning that they are not associated 

with a sensory end organ. However, this view is changing based on the recent 

description of the subepidermal Schwann cells in the mouse skin. These cells form 

a mesh-like network in the upper dermis and respond to mechanical and thermal 

stimuli (157). Furthermore, it has been shown that the depletion of subepidermal 

Schwann cells induces nerve retraction accompanied by mechanical, thermal, and 

cold hypersensitivity (158). In human skin, the presence of these cells and their 

association with intraepidermal nerve fiber density has been reported in a group 

of patients with small fiber neuropathy (159).  
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2.3.9 Nerve growth factor  

Nerve Growth Factor (NGF) is a crucial neurotrophic protein vital for the growth, 

differentiation, and maintenance of nociceptive primary neurons, as well as 

sympathetic and forebrain cholinergic neurons during embryonic developmental 

stages (160). Both animal and human studies have established a crucial role of 

NGF in regulating nociception in adults (161, 162). For instance, NGF levels rise 

during inflammation in adult rodents, and blocking NGF can significantly reduce 

pain behaviors in various models, including bone cancer pain, fractures, and 

murine arthritis (163-166). Similarly, increased NGF levels are observed in human 

chronic pain conditions like OA (167) and low back pain (168). However, this pattern 

is not universal across all chronic pain states. For example, lower levels of NGF 

have been found in FM patients (169).  

While sensory neurons can survive without NGF in adulthood, NGF can still 

stimulate neuronal growth (170). NGF is linked to abnormal nerve sprouting in 

chronic inflammatory conditions and bone cancer while blocking NGF or the TrkA 

receptor activity inhibits the nerve sprouting (163, 164). 

NGF is produced and used by a wide array of cells, including fibroblasts, 

lymphocytes, mast cells, astrocytes, and others (171-174). Its biological effects are 

mediated through two distinct receptors: the high-affinity TrkA receptor, which 

possesses tyrosine kinase activity, and the low-affinity p75NTR receptor. The 

interaction between NGF and TrkA primarily triggers neurotrophic signaling. While 

the NGF binding to the p75NTR leads to the initialization of both neurotrophic and 

apoptotic signaling (175, 176). The specific outcome of the NGF interaction with 

these receptors is determined by the ratio of TrkA/p75NTR expression and the 

cellular environment. The TrkA receptor, predominantly expressed in sensory 

neurons, facilitates the primary role as a pronociceptive factor of NGF. In mice, the 

expression of TrkA varies across different tissues. For instance, about 80% of 

sensory fibers in bones express TrkA, in contrast to nerve endings in the skin, 

where only around 30% exhibit this receptor expression (60). 
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Blockade of the NGF-TrkA axis produces analgesia in painful arthritic knee joints 

(177) and OA (178) in preclinical studies. In humans, anti-NGF therapy produces 

pain relief (179); however, clinical studies in OA patients have shown a rapid 

progression of osteoporosis and the need for anticipated joint replacement, which 

has stalled the development of drugs targeting NGF for the treatment of chronic 

pain conditions (180).  

Interestingly, rare hereditary conditions resulting in the mutation of NGF or TrkA 

lead to reduced pain sensitivity. The hereditary sensory and autonomic 

neuropathy type V was described originally in a Norrbottnian Swedish 

multigenerational family (181). This condition is characterized at the molecular level 

by the substitution of tryptophan (W) for arginine (R) at amino acid 221 in proNGF 

(R221W), which corresponds to amino acid 100 in mature NGF (R100W) (181). The 

mutation also induces a substantial loss of unmyelinated fibers and a moderate 

loss of thinly myelinated nerve fibers (182). Patients carrying this mutation present 

an impaired ability to sense pain originating in bone and joints (deep pain), and 

thresholds for heat and cold are increased (181). 

2.4 CHRONIC PAIN 

Chronic pain is usually defined as constant or reoccurring pain over a period of 

several months. Chronic pain is a major socio-economical problem affecting 

approximately 20% of the world population (183). It is often associated with 

depression and sleep disturbances, which together often lead to reduced quality 

of life for the individual and increased socio-economic burden for the society (4). 

The currently available pain medication is not sufficient enough to treat long-term 

pain conditions, either for not giving proper pain relief or for their troublesome side 

effects.  

Based on the underlying mechanisms, chronic pain can be classified as: 

- Nociceptive pain, which is caused by damage and/or inflammation in non-

neuronal tissues around the nociceptors and is the most common type of pain. 
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Inflammation contributes to the development and maintenance of chronic 

nociceptive pain in various diseases, including RA, cancer, and ulcerative colitis. 

Patients suffering from this type of pain typically respond well to NSAIDs, 

glucocorticoids, and opioids. 

- Neuropathic pain, caused by damage to the nerves of the somatosensory 

nervous system. This damage can occur in both the peripheral fibers and the 

central neurons. Some of the common causes of neuropathic pain include viral 

infections, cancer, vascular malformations, alcoholism, metabolic conditions such 

as diabetes, and neurological conditions such as multiple sclerosis. Antiepileptic 

drugs like gabapentin and pregabalin are commonly used to treat neuropathic 

pain in patients. 

- Nociplastic pain, develops without any apparent damage to the nervous system 

or non-neuronal tissues. Although the mechanisms behind this type of pain are 

not well understood, abnormal central pain processing and pain modulation can 

play important roles. The main symptoms of nociplastic pain include widespread 

pain, memory problems, fatigue, and sleep troubles. Patients with nociplastic pain 

symptoms rarely benefit from anti-inflammatory drugs and opioids. 

2.5 SEX DIFFERENCES IN CHRONIC PAIN 

Since the first epidemiological report showed a big disproportion in female 

patients suffering from chronic pain in comparison to male patients (184, 185), 

preclinical and clinical efforts have been made to understand the mechanisms 

behind this imbalance (186). For example, it has been reported that the microglia, 

through the toll-like receptor 4 (TLR4) signaling, mediates neuropathic and 

inflammatory pain in males but not in female mice (187). On the counterpart, some 

evidence suggests that T cells are involved in the development of neuropathic 

pain in females but not in male mice (188). These differences are traced to 

variations in cell populations, hormone-suppressed responses, and distinct 

cellular reactions between the sexes (189, 190). Such sex differences are also 

evident in human cellular responses and may explain the disproportionate chronic 
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pain experiences between genders. For instance, higher concentrations of the 

pro-inflammatory cytokines TNF-a and IL-6 are found in healthy women 

compared to healthy men in response to the injection of low-dose endotoxin (191). 

Additionally, reports from our lab have shown the spinal injection of HMGB1, a TLR4 

ligand, can activate microglia and induce pain-like behaviors in both male and 

female mice, but the microglia inhibition using minocycline only attenuates the 

pain-like behaviors in male mice (192). Furthermore, blocking the endogenous 

peripheral HMGB1 reverses the mechanical hypersensitivity in a collagen 

antibody-induced arthritis model only in male mice (193).  

In addition to these biological factors, pain is a highly personal experience 

influenced by a combination of sensory and emotional experiences. This 

realization has led to a shift in clinical approaches to pain assessment and 

treatment, moving from purely mechanistic methods to more humanistic ones 

that consider individual factors such as life narrative, context, sex, and prior 

experiences. The literature suggests that there are sex-based differences in 

various aspects of pain experience, including pain sensitivity, tolerance, threshold, 

and the effectiveness of endogenous pain modulation systems. These differences 

are important for developing more personalized treatment approaches that cater 

to the unique physiology and experiences of each individual (194). 

Furthermore, a variety of factors, including psychological and social elements, 

contribute to how pain is experienced and reported. These distinctions are crucial 

for understanding and treating pain in a more patient-centered and effective 

manner. 

2.6 CONDITIONS WITH PERSISTENT PAIN RELEVANT TO THIS THESIS 

2.6.1 Inflammatory joint pain 

Joint pain is frequently reported by patients with RA, being the main cause for 

seeking medical assistance. Joint pain in RA patients can occur during the 

inflammatory phase but can also be present before patients develop signs of 
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inflammation (195), as well as in RA mouse models (196). Early stages of joint 

inflammation in RA are associated with the infiltration of immune-competent cells, 

such as neutrophils, monocytes, and lymphocytes, into the joint cavity (197, 198). 

These cells are attracted to the site by chemokines such as IL-8 (199, 200). After 

entering the tissue, the infiltrating cells can contribute to the establishment of a 

more robust inflammatory response and severe pain through the release of 

proinflammatory mediators (e.g., IL-1b, TNF, IL-17, IL-6, and NGF). These pro-

inflammatory mediators can produce the hyperplasia of the synovial fibroblast 

and the activation of osteoclasts, promoting joint destruction (201, 202). Different 

mouse models of inflammatory joint pain have shown the reversal or partial 

inhibition of pain by blocking the action of certain cytokines such as TNF and IL6, 

growth factors such as NGF, or blocking the activity of certain cells such as 

osteoclast (203-206). 

Crucially, joint pain can manifest even in the absence of inflammation. In RA 

patients, the emergence of autoantibodies and bone loss can be early indicators 

preceding joint inflammation (207, 208). Recent findings have demonstrated that 

injecting purified monoclonal human antibodies from RA patients into mice can 

trigger pain-like behaviors without any accompanying signs of inflammation (134). 

Our lab has shown that this “pre-RA” pain can be driven by the IgG immune 

complex formation that activates nociceptors via neuronally expressed Fcg 

receptors (209) and via activation of osteoclasts leading to the release of the lipid 

mediator LPC that activates ASIC3 (210).  

2.6.2 Fibromyalgia 

FM is one of the most common rheumatic disorders with prevalence rates of 2–

4% (211, 212). This statistic is likely to increase in the coming years as FM has been 

identified as one of the post-covid infection conditions (213). The main somatic 

symptoms of FM are chronic widespread musculoskeletal pain and physical and 

cognitive fatigue, which lead to a negative impact on many elements of the 

individual's life, including difficulties performing daily and work-related activities 
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(211, 214, 215). FM frequently coexists with other rheumatic diseases and is then 

associated with a worsened health status and more severe symptoms (216). As 

the causes of the disease remain unknown, diagnostic serological tests are 

nonexistent for FM, and current therapeutics are rarely effective (217). Thus, the 

underlying causes of FM symptoms represent a major gap in our current 

knowledge. 

2.6.2.1 Central Alteration in Fibromyalgia 

The pathophysiology of pain and fatigue in FM is still not clear, but a self-sustained 

dysfunction of the CNS (both structurally and functionally) has been considered 

the major cause of FM. Neuroimaging studies have shown changes in grey matter 

volume in different brain regions; though the identified areas vary between 

studies, the most consistent areas are the insula, anterior cingulate cortex, and 

prefrontal cortex (218-220). Different chronic pain conditions, such as OA, result 

in changes in the grey matter volume, and these changes can be partially reversed 

with the pain remission (221, 222). Thus, changes in grey matter volume are not 

always associated with neuronal damage but can be more linked to prolonged 

nociceptive stimulation rather than structural damage, leading to a more prone 

state for developing chronic pain. 

Positron emission tomography (PET) and single photon emission computed 

tomography (SPECT) analysis in the brain of FM patients demonstrate a decrease 

in basal regional blood flow, mainly in the thalamus and caudate nucleus, which 

can suggest reduced neuronal activity (218). Interestingly, using PET, a recent 

multicentric study found that the translocator protein (TSPO), a glial marker, was 

elevated in the sensory and motor (S1/M1) cortex in FM patients. Additionally, the 

TSPO PET signal elevation in FM patients showed a correlation with fatigue, one of 

the predominant symptoms in FM (220). Glial activation in the brain has been 

linked to the neuroinflammatory process in an animal model of neuropathic pain 

(223) and both animal multiple sclerosis (MS) models and human MS lesions (224-

226). Neuroinflammation involves the production and release of cytokines and 

chemokines. Elevated levels of fractalkine and IL8, both associated with central 
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sensitization and pain, have been found in the cerebrospinal fluid of FM patients 

(227). 

2.6.2.2 Peripheral Alteration in Fibromyalgia 

Besides the changes in the CNS, reports in the last few years describing small fiber 

pathology in a considerable number of patients and its correlation with a more 

severe FM phenotype (228) have challenged this hypothesis. Abnormalities in 

peripheral sensory afferents have been shown by microneurography recordings 

from individual C-fiber primary afferents revealing spontaneous activity and 

sensitization to mechanical stimuli in individuals with FM (229, 230). Furthermore, 

accumulating evidence of blood cytokine dysregulation suggests the involvement 

of the peripheral immune cells in the development of FM through the release of 

cytokines. These could be inflammatory cytokines such as the IL1, IL-6, and TNF, 

which promote inflammation, and anti-inflammatory cytokines, IL-4, IL-10, and 

TGF-b, with an opposite effect. Multiple studies have been trying to investigate 

the possible cytokine signature in FM patients (231). The experimental settings and 

the limitations of these studies vary, and therefore, the results are inconclusive. 

Increased levels of the proinflammatory IL-6, IL-8, and the anti-inflammatory IL-

10 seem to be reported more consistently in the literature (232-234). An 

increased number of mast cells have been reported in skin biopsies from FM 

patients (106, 235). Mast cells can interact with sensory fibers and FM pathology 

through the release of different immunomodulators (236). However, the use of a 

mast cell stabilizer failed to prove pain relief in phase 1 clinical trial (237), 

suggesting that the increased number of dermal mast cells might be related to 

other FM symptoms but not pain. 

As described previously, nociceptors in the skin are surrounded by different cell 

types capable of producing and releasing neuromodulators. In the epidermis, it 

has been reported that cultured keratinocytes from FM skin biopsies have a higher 

gene expression of IL-10, EFNA4, and its receptor, EFHA4 (axon guidance). 

Cultured fibroblasts from the same biopsies also display an upregulation of genes 

related to axon guidance (EFNA4 and EPHA4), and the ion channel HCN2 (238). 
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Therefore, the imbalance in the release of axon guidance molecules or growth 

factors in the epidermis and dermis of FM patients could play a role in the 

decrease of IENF density.  

Another feature of FM is a non-length-dependent decrease in the intraepidermal 

nerve fiber density (IENFD), which is present in a large percentage of FM patients, 

independently of their age (239). This feature distinguishes FM patients from 

patients suffering from polyneuropathy, where the decrease in IENFD is 

predominantly distal and age-related (240). The seeming paradox of chronic pain 

being associated with reduced skin innervation is at least partially explained by 

the physiological evidence of hypersensitivity among the remaining nerve fibers. 

Innervation of the dermis has also been examined in FM patients. Interestingly, in 

the dermis of the palmar glabrous skin of FM patients, an excessive peptidergic 

C- and A-d fiber innervation of the arteriole-venule shunts was found compared 

to healthy controls (HC) (241), whereas no difference in innervation between FM 

and HC was reported in a study of hairy skin (238). Thus, the question of whether 

FM is associated with changes in A-fiber activity remains open and warrants 

further investigation. Nevertheless, the overall combination of changes in 

peripheral impulse input and increased central pain sensitivity may jointly be 

responsible for widespread chronic pain and related symptoms in FM.  
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3 Research aims 
The overall aim of this thesis is to conduct an exploration of the underlying 

mechanisms contributing to the onset and progression of chronic pain in the 

context of inflammatory arthritis and fibromyalgia. 

Thus, the specific aims of this thesis are: 

Study I: To examine the role of an NGF mutation on pain and bone erosion 

induced by adjuvant-induced joint inflammation. 

Study II: To test the effect of the fibromyalgia IgG in the development of 

fibromyalgia-like symptoms in mice. 

Study III: To examine the presence of autoreactive antibodies in the serum and 

plasma of fibromyalgia patients and evaluate if these are associated with the 

worst symptoms in the patients. 

Study IV: To explore possible alterations in the innervation and the presence of 

immune cells in the skin of fibromyalgia patients. 
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4 Materials and methods 

4.1 Study participants 

Fibromyalgia (FM) patients and healthy controls (HC) were recruited in the UK 

(Study 2), Sweden (Karolinska cohort, Study 2, Study 3, and Study 4), and Canada 

(McGill cohort, Study 3). All patients from the UK and Sweden met the diagnostic 

criteria for FM labeled as ACR-1990 and ACR-2011. Canadian patients, on the other 

hand, were diagnosed by a rheumatologist based on the ACR-2010 diagnostic 

criteria. In addition, knee OA patients from Sweden were recruited from the waiting 

list for knee replacement in Study 3. After obtaining a written consent, serum 

samples were collected from all the patients. 

In Study 2, purified immunoglobulins from FM and HC were used. In brief, the 

serum from single or pooled patients was passed through a protein G column, 

eluted with 100 mM glycine pH 2.3, and the final pH was adjusted using 1 M Tris pH 

8. Next, the samples were dialyzed overnight at 4 °C in PBS; the concentration was 

adjusted and stored at -20 °C. Prior to use, the IgG was thawed, pooled, or directly 

concentrated. The final concentration was measured in a Nanodrop 2000 

(Thermofisher Scientific). 

4.1.1 Skin biopsies 

The skin biopsies used in Study IV were collected from FM patients and HC 

individuals recruited in Sweden. After the application of local anesthetic, two 4 

mm skin punch biopsies were collected from the lateral side of the upper thigh. 

The biopsies were then immediately frozen in dry ice and stored at -80 °C until 

processing. For mRNA extraction, the biopsy was cut in OCT using a cryostat, 30 

µm sections were cut until 30 mg were collected, then the RNA extraction was 

performed using a RNeasy Fibrous Tissue Kit (Qiagen) following the manufacturer's 

instructions. After measuring the concentration using a Nanodrop, cDNA was 

prepared using a High-capacity cDNA Reverse Transcription kit (Invitrogen) and 

stored at 4 °C. 
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4.1.2 Human dorsal root ganglions 

The 6 human DRGs used in Study II and Study III were collected from 6 organ 

donors at McGill University Health Center. The organ donors did not have a history 

of chronic pain, and consent was given by the next of kin. Details of the organ 

donors can be found in the Table 2 of the Study III. After dissection, the DRGs were 

snap-frozen in dry ice, shipped to Sweden in Dry Ice, and stored at -80 °C.  

4.1.3 Animals 

All animal procedures were approved by the local ethical committees in Sweden 

(Norra Djurförsöksetiska Nämnd) and the UK (King’s College London Animal 

Welfare and Ethical Review Body under a UK Home Office Project License). Three 

to five mice were housed in individually Ventilated Cages (IVC) under a climate-

controlled environment with a 12-hour dark/light cycle room; water and food ad 

libitum were provided. 

In this thesis, two different strains of wild type (WT), as well as two lines of knock-

in mice, were used. In Study I, human WT-NGF and human NGF-R100E knock-in 

mice on C57BL/6 background were bred in the Comparative Medicine facility at 

KI. In this study, both female and male mice from both genotypes were included. 

Additionally, for Study I, C57BL/6JRj WT male mice (12-16 weeks old), were 

purchased from Janvier Labs (Le Genest-Saint-Isle, France), and C57BL/6J female 

mice (8-10 weeks old) were purchased from Envigo (UK, LTD) for Study II. BALB/c 

females (12-26 weeks old) were obtained from Janvier Labs (Le Genest-Saint-Isle, 

France) for Study II and Study III. 

4.2 Behavioral tests 

In Study I and Study II, different sensory tests evaluating pain-like behaviors were 

performed in mice and are described in the following sub-sections. Prior to the 

baseline testing, the mice were acclimated to the test environment two times on 

separate days. The experimental groups were randomized, and experimenters 

were blinded to the mouse condition. 
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4.2.1 Mechanical sensitivity 

For Study I, the paw withdrawal thresholds in response to von Frey filaments 

(OptiHair) were tested. This was done by observing the threshold at which the 

mice withdrew their paws in reaction to filaments varied in stiffness, increasing 

logarithmically at rates of 0.5, 1, 2, 4, 8, 16, and 32 mN, which translates to 0.051 g, 

0.102 g, 0.204 g, 0.408 g, 0.815 g, 1.63 g, and 3.26 g, respectively. The procedure 

involved applying these filaments perpendicularly to the bottom of the mice's hind 

paws in a specific sequence, beginning with the 4 mN filament. Each application 

lasted for 3 seconds, and a reaction was recorded if the mouse withdrew its paw. 

To calculate the 50% paw withdrawal threshold, the up-down method was used 

as outlined in Dixon's model. The mechanical sensitivity test in Study II was made 

by our collaborators, in which a set of von Frey filaments in the range of 0.008-

2.0 grams were used, and the response of 5 different stimuli was recorded.  

4.2.2 Heat sensitivity 

Using Hargreaves’ device, the sensitivity to a beam of light that produces heat was 

evaluated in mice. During the test, a focused beam of light was directed onto the 

bottom of the mouse's hind paw. The aim was to measure two key factors: the rise 

in temperature and the time taken for the mouse to withdraw its paw. To ensure 

the safety of the mice and avoid potential damage to their paws, the maximum 

duration of exposure was capped at 20 seconds, with the highest permissible 

temperature set at 50 °C. For each paw, this procedure was conducted thrice, and 

the average response time was calculated. 

4.2.3 Cold sensitivity 

The response to cold stimuli was assessed by three different models. In Study I, 

the dry ice pellet and acetone test were performed, and in Study II, the cold plate 

test was performed by our collaborators. The dry ice pellet method consists of 

stimulating the mice’s hind paws with a pellet of around 0.8 cm in diameter and a 

smooth and flat surface and recording the response time with a chronometer. The 

maximum time for stimulation was 15 seconds to prevent tissue damage. The test 
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was repeated 3 times for each paw, and all values were averaged. For the acetone 

method, we applied an acetone drop of approximately 10 µl on the plantar surface 

of one hind paw, and the time that mice reacted to the acetone by licking, biting, 

or shaking the paw was quantified over periods of 60 seconds. The procedure was 

repeated 3 times for each paw, and values were averaged. For cold plate testing, 

the hind paws of the mice were exposed to a device with a surface set at 10 °C, 

and the latency of withdrawal was recorded. The maximum time of stimulation 

was 30 seconds to prevent tissue damage. 

4.2.4 Paw pressure test 

This test included in Study II was performed by co-authors. In brief, the Analgesy-

meter device (Ugo-Basile) was used. For this test, the mouse is restrained, and a 

constantly increasing pressure stimulus is applied to the dorsal part of the hind 

paw using a blunt conical probe. Then, once the mouse withdrew its paw, the 

device stopped, and the force in g was recorded. The maximum pressure was 

established at 150 g to prevent tissue damage. 

4.2.5 Grip strength  

In Study II, the forelimb grip strength was assessed by co-authors using a grip 

strength meter (Ugo Basile). In this test, the mouse is held by the base of its tail 

and allowed to grasp a horizontal T-bar with its forelimbs. Then, the mouse is 

gently pulled backward in a horizontal direction until it releases its grip. The force 

meter transducer records the peak force exerted by the mouse just before it loses 

its grip and provides a digital readout. The test was repeated at least twice for 

each mouse, and values were averaged. 

4.2.6 Spontaneous pain-like behaviors 

In Study I, the frequency of guarding, lifting, and licking was used as a measure of 

spontaneous pain-like behavior. After 60 minutes of acclimation to the 

enclosures, these behaviors were quantified over a period of two minutes using a 

chronometer. 
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4.2.7 Locomotion 

In Study II, the locomotor activity was measured in mice using the Comprehensive 

Lab Animal Monitoring System (CLAMS, Columbus Instruments) for 48 hours. In 

this test, the mice were singly housed in the monitoring cages and habituated for 

24 hours. Next, the locomotor activity as a result of the infrared beam disruption 

was recorded. The disposition of the infrared beams allows the quantification of 

the locomotor activity in the x and y planes and records the mouse movement 

results. The total movement is analyzed in 20-minute intervals over a 24-hour 

period. 

4.2.8 Weight-bearing analysis 

The distribution of the weight borne in the 4 limbs was quantified in the mice using 

the Advanced Weight Bearing system (Bioseb) in Study I. The device consists of 

a Plexiglas chamber (11x11x19,7cm) with a sensor mat on the floor (TrecScan) that 

contains pressure transducers and a camera that records the mouse from the top. 

After the acclimatization of each mouse to the enclosure, the body weight 

supported by the four paws is recorded within a 5-minute period.  

4.2.9 Gait analysis 

This test included in Study I was performed using the CatWalk™ system (Noldus). 

The system consists of a 100 cm long glass surface with black acrylic walls at the 

sides. In this, a beam of light introduced along one edge of the glass creates a 

scenario where light is internally reflected within the glass unless interrupted by 

contact, like a mouse's paw. This contact would scatter the light, producing a 

visible footprint that is recorded by a camera from beneath. Prior to baseline 

recording, the mice underwent training on the CatWalk™ system two to three 

times. Both for baseline assessments and subsequent tests, the mice were 

encouraged to walk across the pathway. A successful trial required three 

adequate crossings, defined by specific criteria: a minimum duration of 0.5 

seconds and a maximum of 8.0 seconds per crossing, with a variation tolerance 

of 65%. The software provides multiple readouts reflecting different gait 
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parameters. The parameters included in this Thesis were the 'regularity index', 

which examined the coordination between limbs, 'duty cycle', which measured the 

time a paw was in contact with the floor during a walking cycle, 'stride length', 

which assessed the distance covered between consecutive steps of the same 

paw, and 'swing speed' determined the velocity of a paw as it moved towards the 

next step. 

4.3 Mouse models of pain 

Animal models of different pathologies allow us to study the mechanisms involved 

in different pathologies. In this Thesis, two different models of inflammation-

induced pain-like behaviors were used in Study I, and a new model of FM-like 

symptoms was reported in Study II.  

4.3.1 Formalin model 

The subcutaneous injection of 5% formalin induces a response in the mice 

characterized by two phases: first, the direct activation of the nociceptors at the 

site injection lasting for around 10-15 minutes, and a second phase that begins 

approximately 15-30 minutes after the injection and can last for up an hour or 

more and is associated with the inflammation and the release of inflammatory 

mediators. The response to the formalin injection in Study I was assessed by 

quantifying the time of licking, lifting, biting, and shaking of the injected paw in 12 

blocks of 5 minutes. 

4.3.2 Complete Freunds Adjuvant model 

The intraarticular (i.a.) injection of the Complete Freunds Adjuvant (CFA) induces 

pronounced and long-lasting inflammation and the development of pain-like 

behavior in the injected joints. In Study I, the i.a. injection of CFA was performed 

into the ankle (5 µl) or knee (10 µl) joints of groups of mice. The i.a. injection was 

performed under isoflurane anesthesia with a 29G needle coupled to a Hamilton 

syringe with plastic canulae. The development of the joint swelling was measured 

using a digital caliper, and the non-injected contralateral side was used for 

comparison of each mouse. 
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4.3.3 Fibromyalgia-like model 

In Study II, mice received intraperitoneal injections with 8 mg of either FM or HC-

purified IgG for 4 consecutive days. The purified IgG from 8 FM patients and 6 HCs 

were injected into different groups of mice. Additionally, IgG pooled from multiple 

FM and HC patients was injected in separate groups of mice. The development of 

some of the previously described pain-like behaviors, such as mechanical 

pressure, locomotor activity, and mechanical and cold sensitivity, was assessed. 

4.4 DRG cell culture 

For the culture of SGC-enriched and neuron-enriched cells from DRGs included 

in Study II and III, mice were anesthetized with isoflurane and euthanized via 

decapitation. DRGs from the cervical to the sacral region were harvested and kept 

in cold Hank’s balanced salt solution. The DRGs underwent enzymatic dissociation 

first with papain for 30 minutes and then with a Collagenase II/Dispase blend for 

another 30 minutes. The resultant cells were suspended in F-12 culture medium 

enhanced with 10% fetal bovine serum (Gibco) and 1x penicillin-streptomycin 

(Gibco), triturated, and seeded on Nunc Lab-Tek glass chamber slides. For the 

SGC enrichment in the cultures, the medium with nonadherent cells, including 

neurons, was removed and seeded into Nunc Lab-Tek II CC2-treated chamber 

slides, creating cultures rich in neurons but depleted of SGCs. The cells were then 

allowed a recovery period of about 16 hours. 

4.5 Histological and molecular analysis 

4.5.1 Immunohistochemistry 

For Study I and Study II, mice were transcardially perfused with 0.01 M PBS, 

followed by a 4% formaldehyde solution. Then, lumbar DRGs, glabrous skin from 

the hind paws, and sciatic nerve (Study II) were collected and post-fixed in the 

same fixative solution for 24 hours. Next, tissues were cryoprotected in 20-30 % 

sucrose, embedded in OCT, and serially cut using an NX70 cryostat (Thermo 

Scientific); the skin was cut at 30 µm, sciatic nerve, and DRGs at 12 µm of thickness, 
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collected in super frost plus slides and stored at -20 °C until processing. All 

information about the used antibodies can be found in Table 1 and 2. 

On the staining day, DRG and sciatic nerve sections from Study I were dried at 

room temperature for 30-60 minutes. Next, permeabilized with 0.02% Triton X-

100, blocked with 5% normal goat or donkey serum in 0.2% Triton X-100/PBS. The 

sections were then incubated overnight with antibodies against TrkA, CGRP, and 

Tuj1. The next day, after washing the primary antibody, sections were incubated 

with the proper secondary antibodies conjugated to Alexa Fluor 488, Alexa Fluor 

555, Cy2, or Cy3 for 2 hours. Then, after washing the secondary antibody excess, 

the sections were counterstained with DAPI (nuclear marker), and covered slipped 

with Prolong Gold mounting media. 

Lumbar DRG and spinal cord sections from Study II were dried at room 

temperature for at least 30 minutes, and excess OCT was removed with PBS. Next, 

the sections were incubated with a solution containing 0.3% triton X-100 and 3% 

normal donkey or goat serum (according to the secondary antibodies to be used) 

in 0.01M PBS for 60 minutes. Lumbar DRG sections were incubated with the 

primary antibodies against Glutamine synthase, GFAP, Iba-1, NeuN, MBP, and CD31 

in a solution containing 0.1% Triton X-100 overnight. Lumbar spinal cord sections 

were incubated with primary antibodies against NeuN, GFAP, and Iba-1 in a solution 

containing 0.1% Triton X-100 overnight. The following day, the slides were rinsed in 

0.01M PBS and incubated with appropriate secondary antibodies, rinsed again, 

and then incubated with DAPI for 10 minutes. Finally, they were coverslipped with 

Prolong Gold mounting media. 

Skin sections were dried at room temperature for 30 minutes and rehydrated with 

0.01M PBS. They were then incubated with a blocking solution containing 3% 

normal donkey serum and 0.03% Triton X-100 in 0.01M PBS for 60 minutes. 

Immediately after that time, the sections were incubated overnight with the 

primary antibodies against PGP9.5 (Study I and II), CGRP, TrkA, and NF200 (Study 

I). On the next day, the slides were rinsed and incubated with secondary 
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antibodies conjugated with Cy2, Cy3, or Cy5 for 3 hours and counterstained with 

a nuclei marker, dehydrated through a gradient of 70%, 95%, and 100% ethanol 

and cleared twice with xylene, all these last steps during periods of 2 minutes. 

Finally, the slides were coverslipped using a permanent mounting media. 

Joint innervation in Study I was performed after bone decalcification using a 0.5M 

EDTA solution at 4 °C. After confirmation of decalcification by an X-ray device, 

joints were cryoprotected in 30% sucrose for 48 hours, then sectioned at a 

thickness of 20 μm following the longitudinal axis. On the staining day, sections 

were rehydrated with 0.01M PBS and then incubated with a blocking solution 

containing 3% normal donkey serum and 0.3% triton X-100 for 2 hours. Next, the 

sections were incubated with primary antibodies against CGRP and TrkA for 12 

hours. After that time, the sections were rinsed with PBS and incubated with 

appropriate secondary antibodies conjugated with Cy3 and Cy5. The slides were 

then washed with PBS and incubated with DAPI for 10 minutes, dehydrated using 

70%, 80%, 90%, and 100% ethanol gradient for 2 minutes each, cleared twice with 

xylene, and covered with DPX mounting media. 

In Studies II and III, human DRG (hDRG) sections were used. On the staining day, 

after being taken away from the -80 °C freezer, the hDRG sections were 

immediately incubated with pre-cooled 4% formaldehyde solution for 30 minutes. 

After that, the sections were washed twice in 0.1M PBS for 10 minutes each time, 

followed by one more wash with 0.01M PBS for 10 minutes. Next, the sections were 

incubated with a blocking solution containing 3% normal donkey serum and 0.3% 

triton X-100 in 0.01M PBS for 60 minutes. Next, the slides were rinsed in 0.1M PBS 

for 2 min and incubated with a 100 µg/ml solution of unconjugated Fab fragments 

anti-human diluted in MilliQ water for 20-24 hours at room temperature. 

Thereafter, the slides were rinsed in a solution of 0.1M PBS and 0.05% Tween 20 

(PBS-T) three times and incubated with purified pooled IgG (Study II) or serum 

(Study III) from FM or HC patients overnight at room temperature. The next day, 

the slides were rinsed three times in 0.1M PBS-T for 10 minutes each, and the 

appropriate anti-human secondary antibody was applied and incubated for 2 
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hours. After washing the slides three more times with 0.01M PBS-T for 5 minutes 

each, a cocktail of primary antibodies against NF200 and GFAP was applied to the 

slides and incubated for 2 hours. In the next step, the slides were rinsed in 0.1M 

PBS-T and incubated with the appropriate secondary antibodies for 2 hours, then 

washed in 0.1M PBS-T two more times for 5 minutes each and counterstained with 

DAPI for 10 minutes. The final washing steps were 10 minutes with 0.1M PBS-T, then 

10 minutes with 0.1M PBS, and 10 minutes with 0.01M PBS, and finally, the 

coverslipped using Prolong Gold mounting media. 

In Study IV, human skin biopsies were processed and immunolabeled against the 

protein of interest. Skin biopsies were taken out of the -80 °C freezer and 

immediately incubated in a pre-cooled solution of 4% formaldehyde at 4 °C for 2 

hours. Then, the fixative solution was removed, and the biopsies were rinsed 

quickly in 0.01M PBS and transferred to 30% sucrose until the tissue sank. 

Thereafter individual OCT blocks were prepared and cut in a cryostat at 20 µm of 

thickness. On the staining day, the slides were let dry at room temperature for at 

least 30 minutes before rehydration with 0.01M PBS followed by 0.1M PBS for 10 

minutes each. Next, the slides were blocked with 3% normal donkey serum and 

0.3% triton X-100 for 60 minutes and incubated overnight with antibodies against 

NF200, Gap43, CD31, S100b, CD68, CD163, CD1a, CD3, CD19, and NE in different 

cocktails. On the following day, the slides were rinsed in 0.01M PBS and incubated 

with the appropriate secondary antibodies conjugated with the Alexa Fluor 488, 

Cy2, Cy3, or Cy5 for 2 hours, then counterstained with DAPI for 10 minutes, and 

rinsed three times with 0.01M PBS. Finally, the slides were dehydrated in a 70%, 

95%, and 100% ethanol gradient for 2 minutes each, cleared twice in xylene for 2 

minutes each, and coverslipped with permanent mounting media. Another set of 

slides was incubated on the first day with the pre-conjugated primary-secondary 

antibodies FceRI-PE and CD117-APC overnight; the next day, rinsed with 0.01M PBS, 

counterstained with DAPI for 10 minutes, rinsed again and coverslipped with 

Prolong Gold mounting media.  
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4.5.2 Immunocytochemistry 

For the staining of cell cultures in Study II and III, blood serum or plasma from FM 

patients and controls was mixed with pre-warmed (37°C) complete cell culture 

medium at a dilution of 1:100. This diluted mixture was filtered through a 0.22 μM 

syringe filter. Before adding these serum/plasma dilutions to the cell cultures, each 

culture well was rinsed twice with complete media. Subsequently, 300 μl of the 

diluted serum/plasma was added to each well, and the cultures were placed back 

in the incubator for three hours. Post-incubation, cells were washed twice with 

0.01M PBS and then fixed using 4% paraformaldehyde. Following this, the cultures 

were washed with 0.01M PBS, permeabilized using 0.1% Triton X-100 in PBS, and 

incubated with 5% normal goat serum in 0.01M PBS for 60 minutes. Antibodies 

targeting glutamine synthase or PGP9.5 were prepared in a solution of PBS 

containing 5% normal goat serum, and 200 μl per well was applied to the cultures 

and left overnight at 4°C. After this, the cells were washed three times with 0.01M 

PBS and then incubated for one hour with fluorescently tagged anti-human IgG 

and anti-rabbit IgG antibodies diluted in 0.01M PBS with 5% normal goat serum. 

Finally, the cells were washed twice with 0.01M PBS, incubated with a 1:5000 

dilution of Hoechst, washed three more times with 0.01M PBS, and cover slipped 

with Prolong Gold antifade. 

Table 1: Primary antibodies. 

Target Fluorophore Host Manufacturer Catalogue  Dilution Study 

CD117 APC Mouse BD 333233 1:200 IV 

CD163 N/A Mouse Novus 

Biologicals 

Nb110-

40686 

1:500 IV 

CD1a N/A Mouse Bio-Rad MCA80 1:1000 IV 

CD207 N/A Rat Novus 

Biologicals 

DDX0362P 1:1000 IV 
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CD3 N/A Rabbit DAKO M7193 1:200 IV 

CD31 N/A Sheep R&D systems AF806 1:400 IV 

CD31 N/A Rat BD Pharmigen Ab739 1:500 II 

CD68 N/A Mouse DAKO M0814 1:500 IV 

CGRP N/A Rabbit Sigma Aldrich C8198 1:2000 I 

FcERI PE Mouse Thermofisher 12-5899-

42 

1:200 IV 

Gap43 N/A Rabbit Abcam Ab12274 1:200 IV 

GFAP N/A Mouse Millipore Mab360 1:500 

(DRG) 

1:1000 

(SC) 

II 

GFAP N/A Rabbit Dako Z0334 1:500 II, III 

GS N/A Rabbit Abcam ab73593 1:500 II, III 

Iba1 N/A Rabbit Wako 019-19741 1:500 

(DRG) 

1:1000 

(SC) 

II 

MBP N/A Rat Abcam 550274 1:500 II 

NeuN 

 

AF488 Mouse Millipore MAB377X 1:100 II 

Neutrophil 

elastase 

N/A Rabbit Abcam Ab131260 1:1000 IV 
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NF200 N/A Chicken Neuromics CH22104 1:2000 

(Skin) 

1:500 

(DRG) 

1:1000 

(DRG) 

I, II, III, 

IV 

PGP9.5 N/A Rabbit Cedarlane CL7756AP 1:1000 

(skin) 

1:2000 

(Cell c.) 

I, II 

S100b N/A Rabbit Abcam ab52642 

 

1:500 IV 

TrkA N/A Goat R&D Systems AF1056 1:100 I, II 

Tuj-1 N/A Mouse Promega G7121 1:2000 I, II 

 

Table 2: Secondary antibodies 

Target Fluorophore Host Manufacturer Catalogue Dilution Study 

Chicken 

IgY 

Cy5 Donkey Jackson 

ImmunoResea

rch 

703-175-

155 

1:500 II, III, IV 

Goat IgG Cy3 Donkey Jackson 

ImmunoResea

rch 

705-165-

147 

1:600 I 

Goat IgG Cy5 Donkey Jackson 

ImmunoResea

rch 

705-175-

147 

1:500 I 
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Goat IgG Cy2 Donkey Jackson 

ImmunoResea

rch 

706-225-

148 

1:300 II 

Human 

IgG 

AF488 Goat ThermoFisher A11013 1:300 II 

Human 

IgG 

Cy3 Donkey Jackson 

ImmunoResea

rch 

709-165-

149 

1:600 II, III 

Human 

IgG 

AF594 Goat ThermoFisher A11014 1:200 II 

Human 

IgG Fab 

fragmen

ts 

N/A Goat Jackson 

ImmunoResea

rch 

109-007-

003 

100 

µg/ml 

II, III 

Mouse 

IgG 

Cy2 Donkey Jackson 

ImmunoResea

rch 

715-225-151 1:200 IV 

Mouse 

IgG 

Cy3 Donkey Jackson 

ImmunoResea

rch 

715-165-151 1:600 II, IV 

Mouse 

IgG 

Cy5 Donkey Jackson 

ImmunoResea

rch 

715-175-151 1:500 IV 

Mouse 

IgG 

AF488 Goat Invitrogen A28175 1:300 I 

Mouse 

IgG 

AF488 Goat ThermoFisher A11029 1:250 II 
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Rabbit 

IgG 

Cy2 Donkey Jackson 

ImmunoResea

rch 

711-225-152 1:200 II, IV 

Rabbit 

IgG 

Cy3 Donkey Jackson 

ImmunoResea

rch 

711-165-152 1:500 II, IV 

Rabbit 

IgG 

AF555 Goat Invitrogen A21428 1:300 I 

Rabbit 

IgG 

AF488 Goat ThermoFisher A11008 1:250 III 

Rabbit 

IgG 

Cy5 Donkey Jackson 

ImmunoResea

rch 

711-175-152 1:600 II 

Rat IgG Cy5 Donkey Jackson 

ImmunoResea

rch 

712-175-153 1:500 IV 

Rat IgG AF488 Goat ThermoFisher A11006 1:250 II 

Sheep 

IgG 

AF488 Donkey Invitrogen A-11015 1:500 IV 

 

4.5.3 Image acquisition and analysis 

Images from mDRGs and sciatic nerve from Study I were acquired in an inverted 

microscope fluorescence (Nikon Eclipse). Glabrous skin and ankle joint images 

were acquired using a Zeiss LSM800 confocal microscope operated by Zen 3.6 

software. Maximum projections of z-stacks were acquired for the mouse DRGs, 

mouse glabrous skin, mouse joints, human skin, and human DRG from Studies I, II, 

and IV. 
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In Study I, sciatic nerve fibers were quantified using a custom script. The 

proportion of CGRP positive fibers in Tuj1 positive sciatic nerve fibers was analyzed 

in four to five sections per animal (with a minimum of 30 μm apart), and the 

average value for each animal was calculated. To determine the proportion of TrkA 

positive neurons in L5 DRG, the number of TrkA positive neurons was divided by 

the number of PGP9.5 positive neurons. Four to five sections per animal (with a 

minimum of 80 μm apart) were analyzed, and the average value for each animal 

was calculated. Fiber density for PGP9.5, CGRP, and TrkA was calculated by 

dividing the number of nerve fibers that crossed from the dermis to the epidermis 

by the total length of the basal layer. NF200 fiber density was defined as the total 

number of nerve profiles in the dermis divided by the analyzed area. Four to five 

sections per animal (with a minimum of 80 μm apart) were analyzed, and the 

average value for each animal was calculated. Nerve profiles in the joint were 

manually quantified using ImageJ in three different images, and the average value 

for each animal was calculated. 

In Study II, the DRG and glabrous skin images were acquired using a Zeiss LSM800 

confocal microscope operated by Zen 3.6 software. Human IgG accumulation, 

GFAP, and Iba1 signal intensity were analyzed in ImageJ (NIH). The average pixel 

intensity in a region of interest around the neuron-rich area of the DRG was 

quantified. The number of Iba1-immunoreactive cells in the neuron-rich area of 

the DRG was manually counted to determine the macrophage count. IENFD in the 

glabrous skin was determined by counting the number of fibers crossing the basal 

layer. The lumbar spinal cords were imaged using a Nikon Eclipse TE300 

fluorescence microscope with a Nikon Digital Sight DS-Fi1 camera. Spinal Iba1 and 

GFAP were analyzed using signal intensity by a custom-developed Python script. 

To analyze DRG and spinal cords, we used 4-5 sections from each animal that 

were separated by at least 50 μm. These sections were then averaged for each 

experiment. For skin analysis, we used 4 sections from each animal that were 

separated by at least 80 μm. These sections were also analyzed and averaged. 
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For the individual cell analysis in Study III, the cells were identified using a deep-

learning neural network in Python v3.7.9 and imported into FIJI. For analysis, we 

established a threshold for minimum pixel intensity at eight times the standard 

deviation from the mean pixel intensity. We then proceeded to quantify the pixel 

area and the integrated density values for IgG, GS, and PGP9.5 that surpassed this 

established threshold in each individual cell a minimum pixel intensity threshold 

was set at 8 standard deviations of the mean pixel intensity of all the images 

collected from a single experiment. The pixel area and integrated density of IgG 

and GS or PGP9.5 above the threshold were then collected for each cell. To be 

considered IgG, GS, or PGP9.5 positive, a cell had to have a minimum pixel area 

above the 8 3 SD pixel intensity threshold. The percentage of cells that were GS-

positive or PGP9.5-positive and also human IgG-positive was determined. Human 

DRG images were analyzed using the artificial intelligence-based DRGquant 

pipeline (242). SGCs were distinguished based on their perineuronal positioning 

and positive reaction to GFAP staining. Neuronal somas were identified by their 

NF200 positivity, along with a relatively large diameter compared to other dorsal 

root ganglion (DRG) cells. Axons were characterized as NF200-positive structures 

that differed from soma in both size and morphology. Non-neuronal cells, such as 

macrophages, fibroblasts, endothelial cells, and the extracellular matrix, were 

collectively categorized under “other”. The mean value of 5 slides was computed 

for every serum sample. 

In Study IV, human sin biopsies were imaged using a confocal microscope Zeiss 

LSM800 operated by the Zen 3.6 software. Analysis of Gap43, NF200, blood 

vessel (BV) length, and macrophage shape was done using the DRGquant pipeline 

(242). A U-Net (243) segmentation model was trained to identify the structure of 

interest, e.g., axons and cells, and to identify the skin layers, dermis (upper and 

lower), epidermis, and stratum corneum. The outputs were then run in FIJI (NIH). 

Data tables were concatenated using a Python script. NF200 and the BV analysis 

were performed in the whole biopsy section, and 4 different sections from each 

FM patient or HC were averaged. For the analysis of immune cells, a random ROI 
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was selected in the skin biopsy section of four consecutive sections. Using DAPI 

to identify single cells, the cells were manually counted in FIJI (NIH). 

4.5.4 Bone analysis 

In Study I, ankle and knee joints were analyzed by the coauthors using a microCT 

system (SkyScan 1272, Brucker, Belgium). The scanning was performed according 

to the guidelines for microCT analysis for rodent bone structure (244). 

Hydroxyapatite calibration dummies (250 and 750 mg/cm3) were used to 

calibrate bone density and the images were acquired and reconstructed using 

NRecon software (Brucker, Belgium). In the ankle joint analysis, the distal tibia, 

calcaneus, and talus were included. The distal femur and proximal tibia were part 

of the knee joint analysis. 

4.5.5 Quantitative polymerase chain reaction 

To analyze the levels of mRNA expression in Study I, snap-frozen ankle joints from 

hNGF-R100E and hWT-WT mice that were injected with CFA were pulverized 

using a BioPulverizer (BioSpec), and then homogenized using a TissueLyser II 

(Qiagen) in TRI Reagent (Sigma). RNA extraction was performed according to the 

manufacturer's instructions, and reverse transcription was carried out using the 

High-capacity cDNA Reverse Transcription Kit (Invitrogen). 

Snap-frozen Lumbar DRG from Study II were also homogenized using a 

TissueLyser II (Qiagen) in TRI Reagent (Sigma). RNA was extracted following the 

instructions of the manufacturer and reverse transcription was performed using 

the High-capacity cDNA Reverse Transcription Kit. 

In Study IV, the mRNA analysis was performed in human skin biopsies. The RNA 

was extracted from 30 mg of skin cut in 30 µm sections in a cryostat using an 

RNeasy Fibrous Tissue Kit (Qiagen) following the indications of the manufacturer. 

The transcription was performed using a High-capacity cDNA Reverse 

Transcription Kit (Invitrogen) 
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For Study I, II, and IV, the Quantitative PCR was conducted using hydrolysis 

probes from Table 3. The data were normalized to the appropriate housekeeping 

gene, and relative fold changes were calculated with the comparative Ct method 

(2-ΔΔCT). 

4.5.6 Immunoassay 

In Study II, mesoscale (V-Plex Proinflammatory panel 1) was used to quantify the 

concentrations of TNF, IL-2, IL-5, IL-6, IL-10, INFg, and CXCL1 in the serum samples 

from FM, HC IgG, or saline-injected mice according to the manufacturer’s 

instructions. All the samples were diluted 1:2, and the assay was read using a Meso 

QuickPlex SQ120 instrument. The data was analyzed using the Discovery 

Workbench 4.0 software; the lower limit of detection for each analyte was defined 

as the mean signal of the 2.5 standard deviations over the blank. The lower limit of 

quantification was based on the manufacturer’s instructions. 

The enzyme-linked immunosorbent assay (ELISA) was used in Study II to quantify 

the serum IgG subclass concentrations in FM or HC serum samples and the total 

IgG titers in Study III. Total IgG, IgG1, IgG2, IgG3, and IgG4 ELISA kits (Thermofisher) 

were used according to the instructions from the manufacturer and read with a 

Spectramax iD3 or a Flexstation 3 plate reader (Molecular devices). Data were 

analyzed using the Softmax Pro software (Molecular devices). 

4.5.7 Western Blot 

The presence of human IgG was analyzed in the brain, spinal cord, and DRG from 

FM or HC IgG-injected mice from Study II.  Protein was extracted by sonication in 

buffer containing 0.5% Triton X-100, 50 mM Tris, 150 mM NaCl, 1 mM EDTA, and 1% 

SDS in water with a 7.4 pH. After measuring the protein concentration, the samples 

were diluted in LDS loading buffer and denatured with DTT at 95 °C. Protein 

samples were loaded into a 2-12% gradient NuPage Bis-Tris gel (Thermofisher 

Scientific), and separated by electrophoresis. Subsequently, the protein was 

transferred to a nitrocellulose membrane and blocked with 5% non-fat milk 

powder in tris-buffered saline with Tween 20 (TBS-T) for 60 minutes at room 
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temperature. Next, the membrane was incubated with an anti-human HRP 

conjugated antibody. The membrane was then incubated with SuperSignal West 

Pico chemiluminescent substrate (Thermofisher), and protein was visualized using 

a Biorad ChemiDoc Image System. 

Table 3. Hydrolysis probes used for qPCR assay. 

Gene Species Assay ID Dye Study 

Acp5 Mouse Mm00475698_m1 FAM-MGB I 

Aif1 Mouse Mm00479862_g1 FAM-MGB II 

Cd163 Mouse Mm00474091_m1 FAM-MGB I 

Cd163 Human Hs00174705_m1 FAM-MGB IV 

Cd68 Human Hs02836816_g1 FAM-MGB IV 

Clcn7 Mouse Mm00442400_m1 FAM-MGB I 

Ctks Mouse Mm00484039_m1 FAM-MGB I 

Cx3cr1 Human Hs01922583_s1 FAM-MGB IV 

CXCL1 Mouse Mm04207460_m1 FAM-MGB I 

Fcer1a Human Hs00758600_m1 FAM-MGB IV 

Gapdh Human Hs02758991_g1 FAM-MGB IV 

Gfap Mouse Mm01253033_m1 FAM-MGB II 

Hprt1 Mouse Mm03024075_m1 FAM-MGB II 

IL-10 Mouse Mm00439616_m1 FAM-MGB I 

IL-6 Mouse Mm00446190_m1 FAM-MGB I 
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Itgam  Mouse Mm00434455_m1 FAM-MGB I, II 

Mpo Mouse Mm01298424_m1 FAM-MGB I 

Rplp2 Mouse Mm03059047_gH FAM-MGB I 

s100b Mouse Mm00485897_m1 FAM-MGB II 

Tcirg1 Mouse Mm00469406_m1 FAM-MGB I 

Tnf Mouse Mm00443258_m1 FAM-MGB I 
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4.6 ETHICAL CONSIDERATIONS 

During my PhD studies, I have had the opportunity to work with animal models and 

human material, such as serum, skin, and dorsal root ganglions. 

On this journey, I reassured my awareness that the use of animals in biomedical 

research might be highly controversial for some groups in society. However, from 

my point of view, we cannot deny the importance of animal models in the 

advancement of medicine. The number of drugs that are used daily for the 

treatment of diseases in humans is enormous, and most of them were tested using 

animals during their first development stages.  

In this thesis, adhering to the Russell and Burch 3R principle (Refine, Reduce, and 

Replace) in Human Experimental Techniques was critical. The "Refinement" 

principle, as I understand it, aims to enhance the welfare of animals, and mitigate 

their suffering throughout the experimental process. In our experiments, we 

ensure the housing of 4 to 5 mice per cage, avoiding solitary housing as much as 

possible. Each cage is enriched with amenities for all our experimental groups, 

such as sizzle-nest and disposable play tunnels. Furthermore, to minimize stress 

in mice, I ensure thorough training and preparation for experiments, along with 

acclimatizing the mice to both my presence and the testing environment. 

Additionally, good communication with animal technicians and veterinarians helps 

us avoid unnecessary animal suffering during our experiments. 

Proper training is pivotal in implementing the Reduce principle effectively. 

Proficiency in various techniques is essential to conduct successful animal 

procedures. For instance, imprecise intraarticular injections might necessitate 

introducing additional animal groups or even repeating the entire experiment. 

Engaging in the preparation of project plans has provided me the opportunity to 

refine experimental designs and exert greater control over the collection and 

utilization of tissues harvested on the final day of the experiment. Additionally, 

skills in laboratory procedures during tissue processing are crucial to preclude the 

need to use new animal groups solely for the acquisition of specific tissue 
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samples. Furthermore, proper communication and teamwork in the lab have also 

been important factors contributing to the Reduce principle, helping us maximize 

the use of animal tissues harvested during our experiments. 

The Replace principle exhorts us to use different systems or tools instead of 

animals in biomedical research. In the development of this work, we used cell 

cultures to investigate the binding of human IgG to DRG cells. Although we used 

mice to establish the cell cultures, we achieved a significant reduction in the 

number of needed animals for our experiments. This strategy significantly 

minimizes reliance on animal subjects by substituting live animals with in vitro 

models wherever feasible. 

An important part of my thesis work is based on human-derive material, where I 

had the privilege of having access to serum, skin, and DRGs. The utilization of 

human-derived materials like these in biomedical research has opened new 

avenues for understanding complex biological processes and developing 

innovative treatments. However, this practice raises significant ethical 

considerations, which must be addressed to maintain the integrity and social 

responsibility of scientific research. 

One of the primary ethical considerations is the informed consent of donors. The 

use of human materials necessitates explicit consent from individuals or their legal 

representatives. As described in the previous section, all human samples were 

collected after obtaining consent from the patients and the next of kin in the case 

of the DRGs. The patients were informed of the potential risks and benefits and 

their rights, including the right to withdraw consent at any time. Respecting donor 

autonomy upholds not only ethical standards but also fosters public trust in 

biomedical research. The handling of human-derived materials often involves 

sensitive personal information. In my case, I did not have access to this 

information, and I always used the participant ID assigned at the beginning of the 

study.  
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5 Results and discussion 

5.1 Study I: A mutation in NGF provides protection against 
inflammation-triggered joint pain and bone erosion in a sex-
dependent manner 

Nerve growth factor (NGF) plays a crucial role in the development of the central 

and peripheral nervous system during embryogenesis and early stages of life (245, 

246). However, in adulthood, NGF has been associated with inflammation and pain 

in various pathologies, such as rheumatoid arthritis (162, 247-249).  

Genetic conditions affecting the NGF-TrkA-p75NTR axis can affect sensory 

perception. For instance, the hereditary sensory and autonomic neuropathy V 

(HSAN V) was initially described in a population from northern Sweden, in which 

patients carry a mutation that leads to the substitution of arginine by tryptophan, 

thereby altering the beta structure of the mature NGF (181, 250). Patients with this 

condition experience reduced joint pain sensation, which can lead to fractures 

and joint deformities (251). Additionally, it has been shown that heterozygous mice 

carrying the R100W mutation show a progressive loss of skin innervation with age 

(252, 253). The discovery of the NGF R100W mutation led to the development of 

other mutated forms of NGF with the objective of having a protein that can induce 

nerve growth without the harmful effects of the natural NGF. In this study, we 

aimed to characterize the effects of the R100E NGF mutation on pain, 

inflammation, and bone erosion in mice. 

Our results showed that the development of the peripheral sensory system was 

preserved in mice carrying the R100E mutation. We found that the proportion of 

neurons expressing TrkA in the DRG was similar among naïve mice (mNGF), hWT-

NGF, and hR100E-NGF mice (Figure 1). Similarly, the proportion of axons expressing 

CGRP in the sciatic nerve of these mice was similar (Figure 1). We analyzed the 

joint and skin innervation in hWT-NGF and hR100E-NGF and found that the R100E 

mutation did not alter the density of CGRP and TrkA fibers in the joint (Study I, 

Figure 2), and no changes in the skin innervation were found when looking at the 
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pan-neuronal marker PGP9.5, the C-peptidergic that express CGRP, the fibers 

equipped with the high-affinity NGF receptor TrkA or the NF200 positive thin 

myelinated Ad fibers with heavy filaments (Study I, Figure 3). Previous reports 

showing that R100E NGF possesses the same capacity to induce axonal growth in 

cell cultures support our findings (254).  

The mutation of NGF can be associated with insensitivity to sensory stimuli. For 

example, heterozygous mice carrying the R100W NGF mutation develop 

impairments in heat sensitization at 6 months (252). On the other hand, our results 

showed that hR100E-NGF females and males respond to mechanical, heat, and 

cold stimuli similarly to the hWT-NGF mice (Study I, Figure 4). Interestingly, 

inflammation in the ankle joint induces the same level of sensitization to 

mechanical and heat stimuli in hR100E-NGF females and males compared with 

the hWT-NGF mice (Study I, Figure 5), indicating that the sensory system is 

functional and capable of responding to mechanical and heat stimuli under 

inflammatory conditions. On the contrary, heterozygous mice carrying the R100W 

NGF are less sensitive to the intraplantar injection of capsaicin, showing milder 

nocifensive response (252). 

Figure 1. Normal development of TrkA-expressing neurons in the L5 DRG and C peptidergic 
fibers in the sciatic nerve. Expression of the TrkA receptor (A) in mNGF-WT, hNGF-WT, and 
hNGF-R100E mouse DRG with no significant differences in the number of TrkA+ neurons 
between the mouse genotypes (B). Expression of CGRP (C) in the sciatic nerve of mNGF-WT, 
hNGF-WT, and hNGF-R100E mice. No significant differences in the proportion of CGRP fibers 
were found (D). Data are presented as mean ± SEM. Scale bar = 100 μm. Study I, Figure I. 
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As mentioned, R100W mutation in patients is associated with insensitivity to deep 

joint pain. Thus, we analyzed whether the hR100E mice might show similar signs of 

deep pain insensitivity. After intraarticular injection of CFA into the ankle joint, 

hR100E-NGF and hWT-NGF female and male mice developed the same level of 

swelling (Figure 2). Moreover, we found signs of insensitivity to joint pain assessed 

by weight bearing (Figure 2) and gait analysis in the hR100E-NGF mice compared 

with hWT-NGF, with a higher degree of insensitivity in hR100E-NGF males 

compared with the hR100E-NGF females (Study I, Figure 6, 7 and 8). 

The discrepancy in the response between the anatomical site we focus our testing 

on, and the type of stimulation might be linked to the different patterns of 

innervation of the joints compared with the skin. For example, it has been reported 

that most nerve fibers innervating the knee joint express the TrkA receptor 

compared with around 25% of fibers expressing it on the skin (60). Our study 

Figure 2. NGF dependent changes in weight-bearing after the CFA injection into the ankle joint. 
The injection of CFA into the ankle joint induces a similar degree of inflammation in both hNGF-
WT and hNGF-R100E female (A) and male (D) mice. Weight-bearing was assessed prior to and 
96 hours after CFA injection. Both female and male hNGF-WT showed a significant increase in 
the time of protection of the injected ankle, but female (B) and male (E) hNGF-R100E mice did 
not display changes regarding baseline values. A significant decrease in the weight borne by 
the injected ankle was found in hNGF-WT and hNGF-R100E females (C) and hNGF-WT males 
but not in hNGF-R100E males (F). Data are presented as mean ± SEM. * P < 0.05; *** P < 0.001; 
**** P <0.0001 by unpaired Mann-Whitney, or 2-way ANOVA and Bonferroni´s post-hoc. 
Modifed from Study I, Figure 6. 
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found that male hR100E-NGF mice had a lower density of nerve profiles 

expressing TrkA in the inflamed ankle joints than the hWT-NGF mice (Study I, 

Figure 9). We could speculate that the insensitivity to joint pain observed in the 

male hR100E-NGF mice is linked to the lower expression of the TrkA receptor and, 

consequently, less activation of sensory pathways. However, this cannot explain 

the partial joint pain insensitivity observed in the hR100E-NGF female mice. 

Nevertheless, pain relief through the blockade of TrkA signaling is not exclusive to 

male rodents or patients. For instance, the antagonism of TrkA in female rats was 

able to reduce pain behavior, joint damage, and synovial inflammations in the 

carrageenin model (165) as well as the mechanical sensitivity in a visceral 

inflammation model (255). Similarly, the blockade of NGF using monoclonal 

antibodies in clinical trials among female patients had a positive effect in reducing 

pain (256, 257). 

The intraarticular injection of CFA increased swelling in the joints of both hR100E-

NGF and hWT-NGF female and male mice. When we analyzed mRNA expression 

from two of the classical genes involved in inflammation, we found that Tnf gene 

expression was upregulated in the hR100E-NGF male mice but unaltered in the 

female mice compared with their hWT-NGF counterpart (Study I, Figure 6). 

Additionally, we found lower Il-6 gene expression in the hR100E-NGF female mice 

but unaltered levels in males (Study I, Figure 6). Both proteins, TNF and IL-6, are 

upregulated in inflammatory conditions and critical in developing pathological 

conditions such as rheumatoid arthritis in animal models and patients (73, 258-

262). The blockade of TNF-alpha and IL-6 has been shown to reduce pain in animal 

models and patients with rheumatoid arthritis (263-265). Considering our results, 

the increase in TNF gene expression in hR100E-NGF males cannot explain joint 

pain insensitivity but is in line with the role of TNF during the inflammatory process. 

In contrast, the decreased expression of Il-6 mRNA in hR100E-NGF female mice 

might contribute to the prevention of the development of joint pain. However, as 

we found no differences in the joint swelling, our data might indicate that other 
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cytokines might have a key role in the development of inflammation in the 

hR100E-NGF female mice. 

We also found that the hR100E-NGF female mice did not develop signs of bone 

erosion after the injection of CFA into the ankle joint (Figure 3). Interestingly, IL-6 

has been linked to structural joint damage and bone loss in RA by increasing the 

release of RANK-L by the osteoblasts and synovial cells (266). Thus, lower Il-6 

mRNA in the hR100E-NGF female mice might contribute to the explanation of 

bone protection. This change in the hR100E-NGF female mice was also 

accompanied by lower expression of Ctsk mRNA and Tcirg1 mRNA, while in the 

hR100E-NGF male mice, only Ctsk mRNA levels were decreased (Study I, Figure 

10). However, the exact mechanisms responsible for bone protection in the 

hR100E-NGF female mice remain unclear.  

Our results showed that female and male mice carrying the R100E mutation have 

signs of joint pain insensitivity. Additionally, female mice were protected from 

bone erosion induced by the inflammation in the ankle joint. More studies are 

Figure 3. hR100E female mice are protected from CFA-induced bone loss. The calcaneus from 
hNGF-WT and hNGF-R100E female and male mice were analyzed by microCT. CFA induces a 
significant decrease in BMD (A), BV/TV (B), Tb.N (C) and Tb.Th (E) but no changes in Tb.Sp (D) 
in hNGF-WT female mice. The BMD (F), BV/TV (G), and Tb.Th (J) were decreased in hNGF-WT 
male mice, but no change in Tb.N (H) or Tb.Sp (I) were found. The bone parameters of hNGF-
R100E female mice remained unaltered after the CFA injection (A-E), but hNGF-R100E male 
mice developed similar bone changes to hNGF-WT mice (F-J). Data are presented as mean ± 
SEM. * P < 0.05; ** P < 0.01; *** P < 0.001; **** P <0.0001 by 2-way ANOVA. μCT: micro-
computed tomography; BMD: bone mineral density; BV/TV: trabecular bone volume to total 
volume fraction; Tb.N: trabecular number; Tb.Th: trabecular thickness; Tb.Sp: trabecular 
separation. Modified from Study I, Figure I0. 
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necessary to discern the exact mechanism through which R100E mutation is 

altering the pain signaling; our data points to a possibility that not blocking the 

totality of the NGF-TrkA-p75NTR signaling but instead, altering the signaling 

elicited by the interaction of NGF and its receptors might be necessary for the 

pain relief without affecting the bone structure, at least in females, especially 

considering that women are at higher risk for chronic pain conditions like OA, AR, 

or FM. 

5.2 Study II: Immunoglobulins G from fibromyalgia patients induced 
fibromyalgia-like peripheral changes in mice 

Fibromyalgia (FM) is a chronic disease with unknown etiology. FM is mainly 

characterized by widespread pain, tenderness, fatigue, sleep disturbances, and 

cognitive and emotional disturbances that affect the life quality of the patients 

(215, 267, 268). Despite the evident changes in the CNS of FM patients, a growing 

body of evidence showing alterations in circulating cytokines and chemokines 

(269), as well as the loss of sensory innervation in the skin (230, 270), might 

suggest a peripheral component that could contribute to the onset of the disease. 

FM is a common comorbidity of certain autoimmune diseases, such as RA and 

systemic lupus erythematosus (216, 271) and together with the disbalance in pro- 

and anti-inflammatory cytokines, it might indicate an autoimmune component of 

the disease. Based on this evidence, Study II aimed to evaluate if purified IgG from 

FM patients induces pain symptoms in mice.  

As mentioned, FM is characterized by widespread pain. Thus, we sought to test if 

four consecutive injections of purified IgG (8 mg/day) from FM patients modify 

the sensory thresholds of a group of mice in response to mechanical, cold, or 

pressure stimulus. Interestingly, our results showed that the mice injected with FM 

IgG were more sensitive to mechanical pressure, noxious cold, and mechanical 

stimulation (Study II, Figure 1, 2) than those injected with HC IgG, both from 

individual patients and a pool of patients. The changes in sensitivity were 

detectable between 24-48 hours and lasted for around a week after the FM IgG 

injection. Additionally, as FM affects women in higher proportions than men (267), 
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we test if the FM IgG from a female patient affects female and male mice similarly. 

Our results showed the same mechanical and cold hypersensitivity levels in 

female and male mice (Study II, Figure 2), demonstrating no sex-dependent 

response to the FM IgG and confirmed by the similar pain phenotype induced by 

the injection of FM IgG from a male patient in both female and male mice (Study 

II, Figure 2). Notably, the observations produced by mechanical and cold 

stimulation were not reproducible by the injection of FM or HC IgG-depleted 

serum (Study II, Figure 4). 

Another symptom reported by FM patients is muscular weakness (272). To test if 

FM IgG was able to induce changes in muscular strength, we used the grip strength 

test in mice. Notably, we found there was a significant decrease in grip strength in 

mice injected with FM IgG compared with those injected with HC IgG (Study II, 

Figure 2). 

Fatigue is also a prominent symptom in FM patients (214). To examine if FM IgG 

injections impacted the activity patterns in the mice, we used the comprehensive 

lab animal monitoring system. This system allowed us to record the behavior of 

the mice during their rest period (daytime) and active period (nighttime). 

Interestingly, our observations revealed that the mice injected with FM IgG 

exhibited markedly lower locomotor activity during their peak activity phase at 

night (Study II, Figure 5).  

Microneurography results of FM patients have shown sensitization of nociceptive 

C-fibers (229). In line with these results, we found reduced Ad- and C-

mechanonociceptors mechanical activation thresholds in preparations from mice 

injected with FM compared with HC IgG (Study II, Figure 6).  

Following these intriguing results, a critical question emerged: were there IgG 

deposits in various tissues, and if so, what implications might these deposits have 

in relation to the previously described findings? Interestingly, we detected the 

presence of human IgG in protein homogenates of DRG using western blot, while 

no human IgG was found in the brain or spinal cord. The presence of human IgG 



 

56 

was confirmed using immunofluorescence. Outstandingly, most of the human IgG 

colocalized with satellite glial cells (SGC) (Study II, Figure 7). Furthermore, GFAP 

area and intensity were higher, and the mRNA levels of SGC-related genes Gfap 

and s100b were increased in the DRG of FM- compared to HC-IgG injected mice 

(Study II, Figure 8). The FM IgG binding to SGC was replicated in in vitro conditions 

when mixed DRG cell cultures were incubated with either FM or HC IgG. However, 

we also found that the binding to neurons was significantly higher when the cells 

were incubated with FM IgG (Study II, Figure 9).  

We conducted an experiment to test whether FM IgG would react with antigens 

in human tissue. We incubated human DRG sections with either FM- or HC-pooled 

IgG and found that the binding intensity of FM IgG was surprisingly higher than 

that of HC IgG. Additionally, we observed that most of the binding occurred with 

an SGC and neuronal marker, indicating that the FM IgG contains autoreactive 

antibodies capable of reacting with antigens expressed in the DRG (Study II, 

Figure 11). 

Figure 4. FM IgG binds to human DRG sections with more intensity than HC IgG. Representative 
images showing in the top (white) the indicated condition for IgG, and in the bottom (blue) the 
nuclear staining with DAPI. The FM IgG binding to the hDRG was significatively higher compared 
than the observed with HC IgG (B). Scale bars: 50 μm (A). Data are presented as mean ± SEM 
(n = 5 independently stained slides). ***P < 0.001 by unpaired t test. Reprinted with permission 
and adapted from Study II, Figure 11. 
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The presence of small fiber pathology in FM patients, indicating an involvement of 

the peripheral sensory system in the pathology, has been previously reported 

(230, 270). We determine the effect of FM IgG on IENFD in the glabrous skin of the 

mice. Surprisingly, we discovered that after 14 days of the first IgG injection, the 

IENFD was significantly lower in the mice injected with FM IgG compared to those 

injected with HC IgG (Figure 5). 

Overall, our study opens a new avenue for the study of the peripheral 

abnormalities observed in FM patients. We showed that the transfer of FM IgG can 

induce the transference of some of the most common FM symptoms, such as 

mechanical and cold sensitivity, muscular weakness, fatigue, and reduced skin 

innervation. Additionally, we found that autoreactive antibodies might contribute 

to the development of these peripheral symptoms. However, more studies with 

integral collaborations across disciplines like neurology, immunology, and pain 

management are necessary to elucidate the mechanisms responsible for FM IgG-

mediated alterations. 

Figure 5. Lower intraepidermal nerve fiber (IENF) density in FM IgG injected mice. 14 days after 
the injection of FM or HC IgG tissue was immunolabeled using an anti PGP9.5 antibody (A). The 
FM IgG injected mice showed a lower IENF density compared with the HC treated mice (B). 
Scale bar: 20 μm. Data points are mean ± SEM (n = 7). *P < 0.05 by unpaired t test. Reprinted 
with permission and adapted form Study I, Figure I0. 
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5.3 Study III: Anti-satellite glial cell antibodies present in fibromyalgia 
serum might be a way to stratify the patients. 

In Study II, we found higher binding of pooled FM IgG than pooled HC IgG to SGC 

and neurons in mixed DRG cell cultures. Thus, in Study III, we aimed to analyze the 

levels of anti-SGC IgG in individual patients and control samples. 

In Study III, using FM and HC serum samples (Karolinska cohort), we found that a 

higher percentage of SGCs were bound by FM IgG, compared to HC IgG-treated 

cells (Figure 6). Additionally, the binding intensity of FM IgG was also significantly 

higher than that of HC IgG (Figure 6). It's important to note that the total IgG 

concentrations in both FM and HC samples were similar (Figure 6). These results 

suggest that FM serum contains more anti-SGC antibodies than HC serum 

samples, which is consistent with findings from a previous study using pooled 

purified FM IgG (Study II, Figure 9). We have noticed a significant difference in the 

FM samples, which suggests that not all patients have anti-SGC antibodies. The 

observed variation could be due to different levels of pain severity and cognitive 

symptoms, as has been reported in the cluster of FM patients based on their 

reported pain (273, 274) or psychosocial factors (275), which might indicate the 

overlapping of different mechanisms contributing to FM pathology. 

Figure 6. Fibromyalgia serum contains elevated levels of IgG that are reactive with satellite glia 
cells. Representative images of the SGC-enriched cell cultures, treated with either FM or HC 
IgG (A). The analysis showed a higher percentage of IgG positive SGCs (B) and higher integrated 
density (C) after the incubation with FM than HC IgG. Similar levels of total IgG was found in the 
analyzed samples (D). Scale bar is 50 μm. N = 30 (FM) or 29 (HC). * = P < 0.05, ** = P < 0.01 by 
Mann–Whitney test (B), or 2-tailed t test (C). SGC, satellite glia cell. Reprinted with permission 
and adapted form Study I, Figure I0. 
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In a validation study using plasma samples from FM and HC provided by McGill 

University, we observed enhanced cell binding and intensity in SGCs treated with 

FM plasma (Study III, Figure 2). These data showed the heightened presence of 

anti-SGC antibodies can be detected in different FM cohorts from geographically 

different populations. Moreover, plasma from osteoarthritis (OA) patients did not 

show increased levels of anti-SGC antibodies, indicating that this phenomenon 

may be unique to FM and not extend to other musculoskeletal pain conditions 

(Study III, Figure 2). 

Next, we analyzed anti-neuronal IgG levels, finding no differences in the 

percentage of neuronal binding or the binding intensity to neurons in Karolinska 

FM, McGill FM, or OA samples compared with their respective controls (Study III, 

Figure 3). These findings differed from the results reported in Study II, but those 

experiments were performed using pooled purified IgG, and the fact that we 

observed a big variation in the neuronal binding in Study III might indicate that the 

presence of anti-neuronal antibodies in the FM serum or plasma might be 

associated with a specific patient cluster. 

Furthermore, we analyzed the correlation between the observed FM IgG binding 

to SGC and the binding intensity with the clinical parameters. Our findings indicate 

that both the percentage of IgG-positive cells and IgG binding intensity are 

associated with the average pain and maximum pain levels assessed using the 

visual analogue scale at Karolinska and the numeric rating scale of pain at McGill 

(Study III, Figure 4). 
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Due to the fact that the Karolinska cohort had expanded phenotypic data, we were 

able to correlate several parameters with the percentage of IgG-positive SGCs 

and the IgG binding intensity. Interestingly, we found that both the percentage of 

IgG-positive SGCs and the IgG binding intensity positively correlate with current, 

last week averaged, last week maximum, and minimum pain, while only the 

percentage of IgG-positive SGCs showed a positive correlation with the 

fibromyalgia impact questionary (FIQ), and a negative correlation with the 

pressure pain threshold (PPT). Additionally, our cluster analysis differentiated the 

participants into two distinct groups, which could be considered severe and mild 

FM (Study III, Figure 5). In line with this last observation, it has been reported that 

anti-SGC antibodies in FM patients are negatively correlated to metabolite 

concentrations in the brain (276), suggesting a possible association between the 

said antibodies and CNS damage in the disease pathology. 

To determine if FM serum samples with high levels of anti-SGC antibodies react 

with human tissue, we incubated human DRG sections with FM serum containing 

Figure 7. The level of IgG antibodies that react with satellite glia cells is related to the severity 
of fibromyalgia. A correlation matrix has been created to show the association between anti-
SGC levels and phenotypic data. The size and color of the dots in the matrix indicate the 
strength of the Spearman rank correlation coefficient, and only the correlations that are 
statistically significant (P < 0.05) are represented by colored dots. BMI, body mass index; BDI, 
becks depression inventory; CPM, conditioned pain modulation; FIQ, fibromyalgia impact 
questionnaire; FM, fibromyalgia; PPT, pressure pain threshold; SGC, satellite glia cell. Reprinted 
with permission and adapted form Study III, Figure 5. 
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either high or low levels of anti-SGC IgG or HC serum. Interestingly, our results 

showed that the binding intensity of the FM serum with high levels of anti-SGC 

antibodies to human SGC was significantly higher than the FM serum with low 

levels of anti-SGC antibodies or HC serum. However, we found no differences in 

the binding intensity in the neuronal soma, axons, or other areas in the DRG among 

the experimental groups (Figure 8). Moreover, correlation analysis revealed a 

moderate positive relationship between the intensity of IgG binding to human 

SGCs and the levels of anti-SGC IgG identified in SGC-enriched cultures (Study 

III, Figure 6). This shows that serum from patients with severe FM contains higher 

levels of antibodies that can bind to both human and mouse SGCs. While other 

immune cells have been studied in relation to FM pathology (106, 146, 277), our 

findings offer a new and exciting avenue for the study of SGC in FM pathology. 

Finally, to test whether the expression of epitopes for FM anti-SGC IgG in human 

DRG was not unique to a particular DRG, we decided to evaluate the binding of 

one FM serum sample with high levels of anti-SGC antibodies and an HC serum 

sample in five different human DRGs. Our results showed that, on average, the IgG 

binding intensity to SGC was higher with the FM serum sample compared with the 

HC serum sample (Study III, Figure 7). These results indicate that the same 

epitopes are recognized by FM IgG across different individuals. 
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To conclude, our data shows that FM patients have elevated anti-SGC antibodies, 

and this is associated with more severe FM symptoms. Additionally, we found a 

correlation in the FM IgG binding to mouse and human SGC. These results could 

help stratify FM patients and guide therapies aimed at reducing antibody titers or 

affecting their binding. 

5.4 Study IV: Fibromyalgia affects innervation and immune cells in the 
skin 

Alterations in skin innervation have been studied previously in FM patients. For 

example, it has been reported that small fiber neuropathy (SFN) in hairy skin 

affects around 50-60% of FM patients (228, 230, 238, 278), but also alteration in 

glabrous skin innervation has been reported (241). In this study, we analyze the 

dermal and epidermal innervation of FM biopsies (n=16) compared with the HC 

biopsies (n=16) using a marker for tin myelinated fibers (NF200) and a marker of 

axonal growth (GAP43). We found that the total length of the NF200+ was 

Figure 8. Elevated FM IgG binding to human satellite glia cells. Representative images from hDRG 
section incubated with serum samples that had high or low levels of anti-SGC antibodies and 
HCs (A). The normalized pixel intensity of serum IgG binding to SGCs (B) was significantly higher 
in the FM group with high anti SGCs antibodies compared to both FM group with low anti SGCs 
antibodies and HCs (B). No changes in binding to the neuronal soma (C), axons (D), and GFAP-
negative and NF200-negative objects (E) was found among the groups. * = P < 0.05 by One-
way ANOVAs with Tukey post hoc test. Scale bar is 50 μm. ANOVA, analysis of variance; DRG, 
dorsal root ganglia; FM, fibromyalgia; HC, health control; SGC, satellite glia cell. Reprinted with 
permission and adapted form Study III, Figure 6. 
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significantly higher in FM than in HC biopsies (Study 4, Figure 1), but we found no 

changes in the total length of GAP43+ fibers in the dermis or epidermis between 

FM and HC skin biopsies (Study 4, Figure 2). In discrepancy with our data, a 

decrease of GAP43 and no changes in NF200 IENFD were previously reported in 

another study (238). 

Some differences need to be discussed, such as the anatomical location where 

the biopsies were collected and the type of analysis. First, in the abovementioned 

study, skin biopsies were collected from the lateral lower calf, while in our study, 

the biopsies were collected from the hip area. Even though the small fiber 

neuropathy in FM is non-length dependent, this asseveration has been made 

using pan-neuronal markers, such as PGP9.5; however, the density of GAP43 or 

NF200 fibers has been studied only in the lower calf area. Another essential 

aspect resides in the fact that we use a different analysis approach. We quantified 

the total length of the nerve fibers expressing GAP43 and NF200, while in the 

previous publication, they quantified the number of crossing fibers expressing 

these proteins. Thus, it remains unclear whether the changes in dermal length of 

NF200 fibers in their patient cohort have been altered. 

Figure 9. Increased length of NF200 expressing nerve profiles in FM upper dermis. The total 
length of nerve profiles expressing NF200 (white) was analyzed in HC (A) and FM skin (B). An 
increased length of NF200 nerve profiles was found in the upper dermis (C), but a similar length 
was found in the lower dermis (D) in FM skin compared with HC skin. Data are shown as mean 
± SEM. * P < 0.05 by unpaired Students. Scale bar = 200 µm. Adapted form Study IV, Figure 1. 
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The increased density of nerve fibers has been reported in FM glabrous skin (241), 

where changes in sensory innervation were linked to cutaneous arterioles and 

arteriole-venule shunts. In this sense, our finding with NF200 dermal innervation 

might require more in-depth research as it comes from hairy skin. We used a 

similar approach but with CD31 to analyze the density of blood vessels; however, 

we found no difference between FM and HC biopsies in CD31+ blood vessel area 

or length (Study IV, Figure 3). 

Nerve fibers in the skin are near different types of cells, which can communicate 

and contribute to various physiological processes such as remodeling, nerve fiber 

plasticity, and pain (279, 280). Recently, subepidermal Schwann cells have been 

described in mice (157). These cells wrap axons and have processes that 

accompany them to the epidermis. They can trigger nociceptive responses and 

activate sensory fibers. Subepidermal Schwann cells have been reported in 

human skin and are characterized by the expression of S100b protein and the 

colocalization with a neuronal marker, as well as by the location of their nucleus in 

the upper dermis, close to the basal layer (158, 159). When we analyzed the density 

of these cells, we found no difference between FM and HC skin biopsies (Study IV, 

Figure 4). However, we were able to identify a population of Schwann cells that 

were positive for S100b but did not colocalize with axons identified by PGP9.5. 

These non-nerve associated cells were significantly decreased in the FM 

compared with the HC skin (Study IV, Figure 4). However, more in-depth studies 

are needed to understand the contribution of this finding to FM pathology. It has 

been previously reported that a decreased density of subepidermal Schwann 

cells correlates with lower IENFD in SFN patients (159). Thus, it is necessary for our 

study to analyze the IENFD in our samples to investigate the possibility of having 

a subgroup of patients with decreased subepidermal Schwann cells and 

decreased IENFD.  

One of the most striking results was the decreased density of dermal CD68 and 

CD163 cells in the FM biopsies (Figure 10). CD68 and CD163 have been classically 

described as macrophage markers. Classically, increased macrophage density 
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has been reported in different human pathologies (281-283) and aged skin (284) 

but there are almost no reports of a decrease in these cells. A recent publication 

in myasthenia gravis patients showed that the number of CD68 and CD163 

macrophages in the thymus was decreased compared with HC patients, and 

despite that, the consequences of this cell decrease were further studied using a 

Figure 10. Lower CD68 density and changes in cell shape are accompanied by lower CD163 
cell density in FM dermis. Immunohistochemistry was used to identify CD68 cells in the HC 
and FM skin (A, B). A significantly lower density of CD68 cells was found in the FM dermis (C). 
Changes in cell shape were also detected in FM CD68 cells (D, E). Flatness was not 
statistically different (F), but the cells were less elongated (G). Analysis of CD163 expressing 
cells (H, I) showed a significantly lower density in FM samples compared with HC (J.) Data 
are shown as mean ± SEM. * P < 0.05, *** P < 0.001 by unpaired Students. Scale bar = 50 µm. 
Adapted form Study IV, Figure 5. 
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mouse model, the cause of the decreased macrophage density was not clear 

(285). 

In our study, the CD68 cells were less elongated in FM than in HC skin (Figure 10), 

suggesting a different phenotype or activation/rest state. Changes in macrophage 

shape have been previously associated with changes in functional states (286). 

An in vitro study on mice reported less elongated macrophages resembling an M1-

like pro-inflammatory phenotype and more elongated cells linked to an M2-like 

anti-inflammatory phenotype (286). Although we cannot compare our results with 

the previously described study, our data indicate that an alteration in dermal 

macrophages in FM skin might contribute to the physiopathology of the disease.  

The presence of mastocytosis has been reported in FM patients (106, 235). In line 

with previous reports, we found that the density of mast cells in the dermis of FM 

patients was significantly elevated compared with HCs (Study IV, Figure 7). Mast 

cells are implicated in immune response and allergy mediation; in the skin, the 

mast cells can be located close to sensory fiber, transmitting signals of itch and 

pain and interacting with other cell types such as fibroblast and endothelial cells. 

Despite the high involvement of mast cells in itch, only a few reports have 

mentioned that some FM patients experience pruritus (287, 288). Thus, more 

studies are needed to study the prevalence and impact of this dermatological 

finding in FM patients. 

We additionally analyzed the density of Langerhans cells (Study IV, Figure 6), 

neutrophils (Study IV, Figure 8), and T cells (Study IV, Figure 9), in the FM skin. 

However, we found that these cell populations were unaltered in FM compared to 

HC skin. Recent evidence showed that the injection of neutrophils from FM 

patients to mice induces mechanical hypersensitivity and that these cells can be 

found in the DRG, suggesting an involvement in the pathophysiology of the disease 

(277). Thus, whether neutrophils are involved in FM pathology, the main active 

center might not be the skin but other regions, such as the DRG. 



 

 67 

Overall, we observed that various cell populations are affected rather than just 

changes in skin innervation. This indicates an imbalance in skin homeostasis, which 

could lead to dermatological manifestations and limited response to infections or 

long wound healing. These findings are relevant for the future diagnosis and 

therapy of FM, which may require a multidisciplinary approach.  
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6 Concluding remarks 

Chronic pain is a major cause of suffering in the world population. Notably, a big 

part of the population suffering chronic pain is affected by musculoskeletal pain 

from diseases such as RA and FM. A growing body of evidence points to 

interconnected mechanisms between the sensory and immune systems in the 

development and maintenance of chronic pain. 

In Study I, we explore the effects of a punctual NGF mutation on pain behavior in 

a model of monoarthritis. Since the description of NGF as a pro-nociceptive 

protein, NGF signaling has been the target for the development of therapies for 

the treatment of chronic pain. Using monoclonal antibodies against NGF has 

proven pain relief in OA patients but with significant adverse effects over bone 

remodeling. Thus, this is an indication that NGF is also necessary for bone 

remodeling, and blocking all the NGF signaling is not totally beneficial. 

NGF is, by excellence, a key factor in neuronal growth, which has been proven in 

different in vitro studies. The use of NGF to stimulate neuronal growth in 

neurodegenerative diseases has been limited by its capacity to activate sensory 

fibers and induce pain. The Interaction of NGF with their receptors TrkA and 

p75NTR is altered in the hR100E-NGF, as has been previously reported. Signaling 

alterations in the NGF could represent an interesting avenue for the development 

of specific modulators that can induce pain relief and allow us to explore the 

neurotrophic capabilities of the NGF-TrkA signaling without causing pain, which 

would be relevant for diseases like Alzheimer’s disease or peripheral neuropathies 

with fiber loss. 

In Study II, we found that the transfer of human FM IgG into mice induced a 

significant decrease in IENFD. Interestingly, several reports have shown this 

phenomenon in FM patients, and it has been proven that the denervation is linked 

to a more severe disease phenotype. In Study IV, we found that dermal 

innervation was altered in the FM skin. Today, no clear mechanisms of the origin 

of the alteration in innervation have been reported. Some speculations can be 
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made due to the observation of an increased number of Mast cells in the skin of 

FM patients and increased expression of NK cell ligands in the sensory fibers. 

Interestingly, we also found an increase in the number of mast cells in the FM skin. 

The contribution of these findings is not linked to the pain in the patients, at least 

is what we can conclude based on the failure of a mast cell stabilizer in pain 

alleviation in FM patients; however, a potential beneficial effect in other 

dermatological consequences of the mastocytosis need to be addressed in future 

studies. 

Alterations in nerve remodelation in the skin could probably be associated with an 

increase in phagocytic cells. Notably, in Study IV, we found that the density of 

CD68 and CD163 cells decreased in the skin of FM patients. Additionally, the CD68 

cell shape was altered in the FM compared with the HC skin. If well, more studies 

are necessary to elucidate the causes and consequences of the CD68 and CD163 

cell changes observed in our study; our results are a new indication of altered 

immune cell regulation in the FM skin that might be associated with other 

dermatological problems such as skin infections and delayed wound healing. 

The mechanisms driving the skin denervation that we observed in Study II might 

have an origin in the DRG. Notably, we detected a higher accumulation of FM IgG 

in the DRG of mice compared to HC IgG. Moreover, the FM IgG mostly overlapped 

with glutamine synthase, a marker for SGC. Crucially, SGCs are strategically 

located in the DRG, close to the cell bodies of the sensory neurons. Therefore, the 

enhanced activity of the SGCs could affect the sensitivity of the neurons and 

contribute to nerve degeneration. However, further investigation is necessary to 

confirm this hypothesis. 

Interestingly, we were able to reproduce our in vivo observations from the FM IgG 

binding to SGC, in in vitro conditions. According to the results obtained, the 

strength of bonding and the percentage of cells that tested positive for IgG were 

significantly higher when cells were treated with purified pooled FM IgG compared 

to purified pooled HC IgG. These findings could be used as an interesting approach 
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to identify the antigen or antigens that the FM IgG is bonding to without the 

complexity and interactions with other cells or extracellular matrix found in the 

DRG. Expanding our observations, in Study III, we found that serum from FM 

patients contains antibodies against SGC in two different patient cohorts. 

Additionally, we found that the IgG binding to SGC correlated with a more severe 

disease.   

It is interesting to note that we were able to replicate our in vivo observations of 

FM IgG binding to SGC in vitro as well. The results obtained indicate that the 

strength of bonding and the percentage of cells that tested positive for IgG were 

significantly higher when cells were treated with purified pooled FM IgG compared 

to purified pooled HC IgG. These findings could be useful to identify the antigen 

or antigens that the FM IgG bonds with, without the complex interactions of other 

cells or extracellular matrix found in the DRG. In Study III, we expanded our 

observations and found that serum from FM patients contained antibodies 

against SGC in two different patient cohorts. Moreover, we found that the IgG 

binding to SGC correlated with a more severe disease. 

Overall, Studies II and III point to the contribution of SGC activation mediated by 

anti-SGC antibodies in FM patients as a possible mechanism for sensory 

peripheral alterations and skin innervation. However, more research is needed to 

understand the molecular mechanisms behind these observations as well as the 

necessity of screening for the antigen in SGC that bounds to the anti-SGC 

antibodies found in these studies. The elucidation of the antigen could be relevant 

for targeted therapies in patients with a high content of anti-SGC antibodies. 

These studies collectively advance our understanding of the molecular and 

cellular mechanisms underlying chronic pain. The research examines the 

consequences of specific genetic mutations, the part played by immunoglobulins, 

and the involvement of immune cells in pain perception and inflammation, 

specifically in conditions such as fibromyalgia and inflammatory disorders. The 

identification of particular immune components, such as anti-SGC antibodies, 
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offers new directions for creating biomarkers for disease diagnosis and 

progression. The altered pain signaling in the hR100E-NGF mice also provides 

potential targets for therapeutic intervention. These studies significantly 

contribute to our understanding of the complex interactions between the immune 

and peripheral nervous systems in chronic pain and inflammation. They offer 

promising directions for future research and potential clinical applications in 

diagnosing and treating conditions like fibromyalgia and related disorders. 
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