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IV. Summary 

Arthritis affects millions of people and costs billions to the global economy with painful, inflamed 

joints being the major clinical symptoms. Knee joints are innervated by the distal ends of dorsal 

root ganglion (DRG) neurons and hyperexcitability of knee-innervating DRG neurons (knee 

neurons), through a process called peripheral sensitization, underlies arthritic knee pain. My 

research goal was to elucidate the mechanisms of knee neuron peripheral sensitization by 

developing and utilizing several in vitro and in vivo disease models.  

Since experimental animal models of arthritis do not fully recapitulate the human disease, I 

developed a novel, in vitro translational model of arthritic pain by incubating mouse knee neurons 

with human synovial fluid obtained from osteoarthritic patients. Results from this disease model 

provide proof-of-concept that synovial fluid is a key modulator of arthritic pain. In order to 

reconcile the behavioral and neural correlates of arthritic pain, I utilized the mouse model of 

complete Freund’s adjuvant (CFA)-induced knee inflammation to establish digging behavior as an 

ethologically relevant spontaneous pain measure. I observed that digging is reduced after knee 

inflammation and that it occurs concomitant with an increase in knee neuron excitability. After 

inflammation, knee neurons also showed increased expression of the nociceptive ion channel 

transient receptor potential vanilloid 1 (TRPV1), possibly mediated by nerve growth factor, and 

systemic administration of a TRPV1 antagonist normalized digging behavior in mice.  

Interactions between non-neuronal cells and neurons are critical in peripheral sensitization and I 

examined the role of fibroblast-like synoviocytes (FLS, non-neuronal joint cell) in mediating knee 

neuron hyperexcitability by establishing a mouse FLS/DRG neuron co-culture system. A pro-

inflammatory phenotype was produced in FLS after stimulation with tumor necrosis factor- 

(TNF- a cytokine that is upregulated in CFA mouse models, TNF-FLS); and in co-culture with 

TNF-FLS or their secreted mediators knee neurons became hyperexcitable and showed altered 

TRP channel function.  

These results suggest that specifically controlling the excitability of knee neurons could provide 

pain relief in arthritis, one possibility for achieving such control is to deliver excitatory or 

inhibitory genes via adeno-associated virus (AAV). However, delivering genes into DRG neurons 

by injection of AAVs into the peripheral organs has had limited success due to the large distances 
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involved. Here I show that the newly engineered serotype, AAV-PHP.S, can deliver functional 

excitatory (Gq) and inhibitory (Gi) designer receptors activated by designer drugs (DREADDs) 

into knee neurons to bi-directionally control excitability in vitro and that Gi- DREADD activation 

in vivo can reverse a knee inflammation-induced decrease in digging behavior.  

Findings from this thesis highlight multiple ways to identify drivers of inflammatory knee pain 

and open the door for peripheral organ targeted gene therapy to alleviate arthritic pain. 
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Chapter 1. Introduction 
 

1.1. Pain 

At the outset of this work, the definition of pain as stated by the International Association for the 

Study of Pain (IASP) was “an unpleasant sensory and emotional experience associated with actual 

or potential tissue damage, or described in terms of such damage.” In 2019, a global taskforce has 

proposed an updated definition which states that pain is “an aversive sensory and emotional 

experience typically caused by, or resembling that caused by, actual or potential tissue injury.” At 

a glance, these two definitions express pain in strikingly similar ways, emphasizing its interacting 

emotional and physiological states. However, the updated version highlights the aversive nature 

of pain, which under non-diseased states functions to protect an individual from damaging stimuli. 

However, persistent pain, as encountered during musculoskeletal disorders like arthritis, serves no 

protective function and arises due to direct tissue injury or through an inflammatory response to 

tissue injury. In arthritis, pain typically originates in the joint (referred to as arthritic pain in this 

thesis) and, in stark contrast to cutaneous pain, is often constantly present at some level with 

spontaneous, unprovoked increased sensations; episodic flares can also occur (Walsh and 

McWilliams, 2014). Since arthritis patients either experience constant or intermittent pain (with 

no obvious trigger), it severely restricts their ability to plan for advance activities which leads to 

reduced quality of life. In this thesis, mechanisms of arthritic pain were investigated using a variety 

of in vitro and in vivo pre-clinical models. An important distinction between clinical and pre-

clinical studies is that pre-clinical models can largely only measure the sensory response to harmful 

stimuli (termed as nociception) devoid of the emotional aspects. However, for the purposes of 

simplicity, nociception and pain have been used interchangeably throughout the thesis. 

1.2. Arthritis 

“Arthritis” is derived from the Greek words “arthros” meaning joint and “itis” meaning 

inflammation. One crucial feature that the etymology of arthritis excludes is the concept of pain, 

although arthritis is a broad term encompassing musculoskeletal disorders in which chronic pain 

is the leading cause of morbidity (Neogi, 2013). There are 100s of different forms of arthritis with 

over 10 broad subgroups (Blumberg et al., 1964), however, clearly defined classification criteria 

are lacking. In 1936, an article notes “desirable as it maybe, it is often impossible neatly to define 
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and classify clinical syndromes the origin of which is unknown.” (Archer, 1936). 83 years on, the 

search for the cause and mechanism of arthritic conditions in still ongoing. Classification of 

arthritis forms is further complicated by the inherent subjectivity involved in clinical assessment 

and pattern recognition of pain and radiographic images. Nevertheless, evidence from ancient 

documents suggest that medical practitioners around the world were aware of the major forms of 

arthritis, such as rheumatoid arthritis (RA) and osteoarthritis (OA), along with their stages of 

disease progression and painful nature. Therefore, investigating the history of arthritic pain can 

shed light on epidemiology and inform current research on disease mechanism. Table 1-1 lists the 

notable events in the history of arthritis and pain research that are relevant to this thesis.  

1.3. History of arthritis 

Studying the history of a disease relies heavily on the state of excavated human remains, which 

often comprise of eroded bones making diagnoses of arthritis difficult. The ancient Egyptian 

civilization provides a unique advantage in this regard because of their custom of mummification, 

as well as extensive documentation of medical conditions in texts and illustrations. 

Correspondingly, the first recorded evidence of arthritis has been found in medical papyri dating 

from 4000-1000 BCE which described OA, spondyloarthropathy and reactive arthritis 

(Kwiecinski, 2014; Rothschild et al., 1999). Importantly, a papyrus describing reactive arthritis 

mentions joint inflammation and pain caused by walking, suggesting that the symptoms of the 

disease are largely unchanged in modern times (Kwiecinski, 2014). With regard to epidemiology, 

computerized tomography scanning of 52 mummies (with a mean age of 38.1 years) revealed that 

48% of them had spinal OA, while only 2% and 8% had hip and knee OA respectively (Fritsch et 

al., 2015). This distribution of the affected joint(s) is in stark contrast to the modern world where 

OA of the large joints (knee and hip) is predominant. One possible explanation is that 

mummification was a costly process and hence carried out only for people in the higher socio-

economic strata of ancient Egypt, who led a sedentary lifestyle.  In agreement with this hypothesis, 

another paleopathological study on skeletal remains in Deir-el-Medina in Egypt found ~30% 

occurrence of knee and hip OA in working class males who had to hike to work and hence likely 

experienced more wear and tear of joints (Austin, 2017).  

At a similar point in antiquity (1000 BCE), the Indian medico-religious text Atharvaveda details 

the etiology of arthritis as having acute pain arising from the “feet, legs, buttocks, thighs, back 
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bone, neck joints and head” which can “cripple” one’s life (Sharma and Arora, 1973). Later, 

around 100 CE, two physicians (Charaka and Susruta) of ancient India wrote two books (Charaka 

and Susruta Samhitas) that consolidated the medical knowledge of that time where arthritis was 

described in more detail. In particular, Charaka states that arthritis causes stiffness and aching pain 

in bones and joints, limping, lameness, atrophy of joints and insomnia (Sharma and Arora, 1973). 

Furthermore, Charaka alludes to the fact that arthritis is a systemic disease that starts in the joints 

and then spreads throughout the body through a mystical bodily fluid called “vata”, thus suggesting 

that RA might have been present in ancient India (Sturrock et al., 1977). In terms of therapeutics, 

he recommended a poultice made of a variety of everyday kitchen items such as cooked rice, barley 

and wine (Sharma and Arora, 1973). Amongst these ingredients was gum-guggul, a resin derived 

from the guggul tree (Burseraceae family), which contains a large number of steroids including 

the cis and trans-4,17(20)-pregnadiene-3,16-dione as active ingredients and has shown some 

efficacy in arthritic conditions in modern times (Kunnumakkara et al., 2018).    

Although an ancient civilization with history of excellence in therapeutics, arthritis in ancient 

China is not well-documented, possibly because dissection was forbidden at that time and the 

subject of anatomy did not exist (Luesink, 2019). Nevertheless, the oldest medical text of China, 

The Yellow Emperor’s Inner Classic Plain questions (written around 476-221 BCE), describes a 

“painful obstruction of the bone” that causes stiffness and edema of the joint with pain that 

becomes worse with changing temperature (Hua and O’Brien, 2010). This description, combined 

with the supposed effectiveness of the Chinese traditional medicine technique of acupuncture 

(Tang et al., 2018) in arthritic diseases, suggest that arthritis did exist in ancient China. Indeed, 

analysis of human skeletal remains from Yinxu (the last capital of the Late Shang dynasty, 1250-

1046 BCE) shows frequent presence of OA especially in males, compared to females, likely 

because of gendered division of physical labor (Zhang et al., 2017). 

In the global west, paleopathological evidence places the first skeletal remains that had signs of 

arthritis between 3000-1000 BCE, such remains being found in Alabama and Kentucky in the 

United States and Sweden in Europe. Skeletal remains with arthritis dating between 1000-1 BCE 

have also been found in Denmark, England and Ohio (Entezami et al., 2011). In terms of 

descriptive accounts, Hippocrates (~300 BCE) described arthritis as a “mischief” that spreads from 

feet to hands, through the knee and hip joints, possibly after observing an RA patient (Short, 1974). 
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Following on from Hippocrates, Aretaeus of Cappadocia, Abu Bakr Mohammad Ibn Zakariya Razi 

of Iran (Changizi Ashtiyani et al., 2012) and Soranus of Ephesus also described polyarthritis that 

causes intense pain and joint deformity (Short, 1974). Interestingly, Roman Emperor Claudius’s 

physician Scribonius Largus (~40 CE) described a chronic polyarthritis which he treated by 

administering a shock of static electricity to the patient’s feet using torpedo fish, presumably in an 

attempt to modulate neuronal activity to suppress pain (Kellaway, 1946). Most evidence of arthritis 

from the Middle Ages comes from physicians of the Byzantine Emperors, 14/86 of whom had 

some form of arthritis (Lascaratos, 1995). There are very few other documented descriptions of 

arthritis from the Middle Ages, however a clay sculpture recovered from the classic Velacruz 

period in Mexico shows Heberden’s node, a bony protrusion that causes joint stiffness in arthritis 

(Alarcó-Segovia, 1976). 

During the Renaissance, major evidence for the existence of arthritis can be seen in artworks, 

however uncertainties remain as to whether these were artistic choices or true rendition of the 

model’s rheumatic conditions (Hinojosa-Azaola and Alcocer-Varela, 2014). Nevertheless, some 

paintings such as Hieronymus Bosch’s (1450-1516) “The Procession of the Cripples” and Quinten 

Metsys’ (1465-1530) “A Grotesque Old Woman” clearly show arthritic patients and the names of 

the paintings suggest that the reproduced disease conditions were intentional (Dequeker et al., 

2001). Later in the Baroque period, Caravaggio’s “The Sleeping Cupid” (1608) shows signs of 

juvenile idiopathic arthritis, Rubens’ “The Three Graces” (1640) depicts limbs with deformities 

consistent with benign familial hypermobility syndrome (also corroborated by this letters) while 

the post-impressionist maestro Vincent Van Gogh’s portrait of Augustine Roulin (1888) shows 

hand arthritis (Dequeker, 2006, 2001; Weinberger, 1998).            

The medical literature is relatively less loquacious during the 1600-1800s, although “The English 

Hippocrates” Thomas Sydenham talks about the chronic, episodic nature of arthritis and that it 

torments the patients throughout their (“miserable”) lives (Sydenham and Swan, 1742). In 1800, 

the first full medical description of RA was published in the doctoral thesis of Augustin-Jacob 

Landre-Beauvais (France) where he made several key observations that still hold, such as arthritis 

being a disease that predominantly affects females and also a systemic disease producing severe 

joint immobility that persists after pain has disappeared (Short, 1974). In 1859, Sir Alfred Baring 

Garrod (England) introduced the term “rheumatoid arthritis” for this disease in the medical 
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literature while his son Sir Archibald Edward Garrod published “A Treatise on Rheumatism and 

Rheumatoid Arthritis” later in 1890 (Garrod, 1890).  

The history of arthritis demonstrates the enormous impact that arthritis and arthritic pain had on 

the lives of ancient people, and the next section will demonstrate how it continues to take its toll 

on patients’ lives and society. 
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Table 1-1: Notable events in the fields of arthritis and pain that are relevant to this thesis. 

Approximate year Event 

Pre-history Evidence of arthritic pain in dinosaurs 

4000-1000 BCE  Evidence of arthritis in Egypt, India, China, United States and Northern Europe 

1000 BCE-100 CE Chinese medical text, Hippocrates (Greece) and Atharvaveda and Charaka Samhita 

(India), describes a variety of symptoms for arthritis 

350 BCE Herophilus (Greece) describes nerves 

16th century Arthritis depicted in art, Descartes describes pain as a circuit from the periphery to 

the brain 

1667 Robert Hooke publishes Micrographia, hence beginning of investigation in vitro  

1791 Galvani demonstrates electrical activation of nerves and muscles 

1800 Augustin-Jacob Landre-Beauvais (France) gives first full medical description of 

rheumatoid arthritis 

1849 von Helmholtz measures speed of nerve impulses in frog 

1859 Sir Alfred Baring Garrod introduces the term “rheumatoid arthritis” 

1889 Ramon y Cajal describes individual neurons in the nervous system 

1896 von Frey describes pain spots 

1897 Aspirin is developed 

1906 Sherrington describes nociception 

1939 Hodgkin and Huxley publish first action potential recording 

1956 Levi Montalcini isolates nerve growth factor, Pearson describes a rodent model of 

arthritis 

1965 Melzak and Wall describe the gate control theory of pain (where innocuous input 

can override noxious stimuli through interneurons in the spinal cord)  

1980 Ca2+ indicators developed by Roger Tsien 

1984 Neher and Sakmann develop patch clamp technique 

1998 Anti-tumor necrosis factor-ɑ developed for RA treatment 

2000 Sequencing of the human genome 

2008 Chemogenetics is developed 

2015 Single cell transcriptomics gains popularity in pain field 

2017 South Korea approves first gene therapy for arthritis 

2019 IASP proposes new definition of pain and opioid crisis continues in the United 

States 
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1.4. Impact of arthritic pain 

As has been known since antiquity, musculoskeletal conditions span many forms of arthritis. 

Amongst them, a study on the Global Burden of Disease (GBD) specifically emphasizes the burden 

of hip and knee OA and RA, along with back and neck pain, and gout (Blyth et al., 2019). 

Epidemiology of the affected population determines the burden of any disease. Correspondingly, 

the Centers for Disease Control and Prevention estimates that ~55 million people in the United 

States live with some form of arthritis and that it affects women more than men (26% of adult 

women vs. 19 % of adult men. Moreover, statistics predict a further rise to 78 million people living 

with some form of arthritis in the United States by the year 2040 (Centers for Disease Control and 

Prevention, 2015). Knee and hip OA are the most commonly diagnosed forms of arthritis that 

drastically reduce the quality of human life and can cost up to 1% of the gross national product 

(Leardini et al., 2004; Murphy et al., 2008, 2010). In Europe, around 40 million people are affected 

by OA and  a  study with around 4000 respondents from France, Germany, United Kingdom, Italy 

and Spain found that 55-74 years old obese patients formed the majority of this group with ~20% 

also reporting pain-related depression (Kingsbury et al., 2014). In this study only 30% reported 

satisfaction with their disease management. An additional 2.3 million people are living with RA 

in Europe with the annual direct and indirect cost for disease management amounting to over €45 

billion (Lundkvist et al., 2008).  Furthermore, a study with ~45,000 participants from low to middle 

economic countries (LMICs, China, Ghana, Mexico, India, the Russian Federation and South 

Africa) shows that the incidence rate of men with arthritis is higher than their higher income 

counterparts, while the incidence rate in women is similar to higher income countries in all LMICs 

except for Russia (where it was higher) (Brennan-Olsen et al., 2017). This higher incidence rate of 

arthritis in LMICS is possibly because these countries are more reliant on manual labor, which is 

supported by the correlation found between lower educational levels and arthritis (Brennan-Olsen 

et al., 2017).  

The principle reasons for the disease burden of arthritis are pain and restricted mobility, factors 

that result in musculoskeletal disorders being the most important contributors to the years lived 

with disability and accounting for 6.7 % of the total global disability-adjusted life years (DALY) 

(Blyth et al., 2019; Vos et al., 2012). The age standardized DALY rates were higher for females 
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and the elderly (Safiri et al., 2019). The main cause of this alarming incidence of arthritis globally 

is the skewed age structure and increasing longevity of the population (Briggs et al., 2016), such 

that 2018 was the first year in recorded history in which people older than 65 years of age 

outnumbered 5 year olds (United Nations, 2019). Beyond socioeconomic costs and disability 

indexes, chronic pain is associated with several psychological comorbidities, such as anxiety and 

depression (Burston et al., 2019; McWilliams et al., 2004), which decrease the quality of life of 

patients, although the definition of quality of life remains complex and subjective (Malm et al., 

2017). Nevertheless, in a study where health-related quality of life was assessed using self-reported 

12-item Short Form version 2 questionnaires, a significant decrease in this measure was seen in 

OA and RA patients compared to demographically matched controls (Heimans et al., 2013; 

Kingsbury et al., 2014). The impact of arthritis on the lives of individuals, and wider 

socioeconomic burden, are more profound in LMICs because access to pain managing therapies 

are sub-optimal (Bond, 2011), along with limited flexibility in working hours, the combination of 

which could compound chronic pain conditions and poverty. Indeed, according to the World 

Health Organization (WHO) 5-33% of primary care patients in LMICs experience chronic pain on 

a daily basis with co-morbid anxiety and depression (Gureje et al., 1998).  

Finally, the incidence of arthritis and chronic pain (Berkley, 1997; Srikanth et al., 2005; van 

Vollenhoven, 2009) is higher in females although the underlying causal factors are controversial 

and/or unknown (Mogil, 2012). Although there is some evidence of sex-specificity in pain 

mechanisms, the biology of this is often shrouded by experiential and socio-cultural differences in 

pain experience. Investigating whether sex differences exist for sensitivity to pain is complicated 

given the prominent hormonal cycle in women along with the fact that it is currently unclear 

whether estrogen is pre or anti-nociceptive (Mogil, 2012). Therefore, studying the epidemiology 

of sex differences in arthritis is critical to the development of pain medication and should be 

explored more carefully in pre-clinical models of arthritis.   

 

1.5. Management of arthritic pain 

An important consideration for pain management is accurate assessment of pain by clinicians. 

Although both patients and physicians report that pain management is their highest priority goal 

in arthritis management (Gibofsky, 2012), evidence from vignette studies suggests that health care 
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professionals underestimate the pain level of patients, especially that of females (Samulowitz et 

al., 2018). Therefore, in 2018 the multi-disciplinary European League Against Rheumatism 

(EULAR) task-force published a set of approaches for pain management in inflammatory arthritis 

and OA where validation of patients’ pain experience was greatly emphasized, as this promotes 

trust and subsequently better compliance with any treatment plan (Geenen et al., 2018). 

The two major ways pain manifests are hyperalgesia (in which a moderately painful stimulus is 

perceived to be more painful) and allodynia (in which a previously non-painful stimulus causes 

pain). Pain is commonly assessed and measured in arthritis using a variety of questionnaires, such 

as: Arthritis impact measurement scales, European quality of life-5 dimensions, visual analog 

scale, McGill pain questionnaire and West Haven-Yale multidimensional pain inventory (Walsh 

and McWilliams, 2014). The most commonly used adjectives that patients use to qualify their pain 

are: aching, sharp, burning, tiring, sickening and shooting, which are characteristic of joint/deep 

tissue pain. However, the major challenge of assessing and treating arthritic pain is that pain 

intensity poorly correlates with radiographic assessment of disease activity and inflammation, such 

that pain persists even without inflammation (Bedson and Croft, 2008; Salaffi et al., 2018). 

Therefore, pain management is a complex issue spanning biological, psychological and social 

domains with limited options for joint pain specific analgesia. The following paragraphs 

summarize commonly used treatment options in arthritic pain (reviewed in (Majeed et al., 2018; 

Walsh and McWilliams, 2014)).  

1.5.1. Non-pharmacological methods 

EULAR recommends health professions to explore non-pharmacological measures before and/or 

in combination with pharmacotherapy or surgery (Geenen et al., 2018). Exercise is the most well 

studied non-pharmacological measure that has demonstrable positive effects. When performed in 

moderation, aerobic training, Tai chi, strength training and aquatic exercise are beneficial for pain 

management and increasing function of arthritic patients (Bennell and Hinman, 2011). As an added 

benefit, exercise also helps in weight management, thus reducing the risk of obesity which is one 

of the strongest modifiable risks for arthritis (Messier et al., 2013). However, long distance running 

(> 20 miles per week) can increase the risk for OA (Cheng et al., 2000). The mechanistic basis of 

exercise-induced analgesia is thought to be mediated by higher levels of circulating endorphins 
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and inhibition of spinal nociceptive reflexes; although more basic science research is needed to 

develop a complete understanding (Sluka et al., 2018).  

Psychological interventions such as cognitive behavioral therapy (CBT), mindfulness training and 

acceptance and commitment therapy (ACT) have also been explored for arthritic pain since pain 

catastrophizing, anxiety and depression are associated with chronic pain (Burston et al., 2019; 

Edwards et al., 2010). CBT seeks to change unhelpful beliefs about pain while encouraging 

productive coping strategies and has been shown to improve function and pain severity, albeit with 

a small effect size (Zautra et al., 2008). On the contrary, ACT and mindfulness seek to prevent 

adverse consequences without changing beliefs and have also shown small reductions in pain 

intensity (Edwards et al., 2010). 

1.5.2. Pharmacological methods: Analgesics 

Conventionally and frequently used pharmacological therapies in arthritic pain are nonsteroidal 

anti-inflammatory drugs (NSAIDs) and acetaminophen (paracetamol). NSAIDs provide analgesia 

by both peripheral and central mechanisms (Atzeni et al., 2018). In the periphery, the majority of 

NSAID efficacy is mediated by inhibition of cyclooxygenase enzymes and thus reduction of 

prostaglandin (PG) and thromboxane synthesis, in addition to decreasing sensitization by 

stimulating the nitric oxide (NO)/cGMP/K+ channel pathway. Central mechanisms proposed for 

NSAID analgesia are increased endorphin levels in the plasma and inhibition of N-methyl-D-

aspartate (NMDA) receptor-mediated hyperalgesia by the NO/cGMP pathway.      

The (in)famous NSAID, aspirin, acetylates COX in an irreversible and non-competitive manner, 

which prevents production of PGs because COX is essential for the transformation of arachidonic 

acid to PGH2 (Flower, 2003). As aspirin gained popularity as a pain medication, two side effects 

were observed – increase in the risk for gastrointestinal and cranial bleeding and reduction in the 

risk of cardiovascular events (Meek et al., 2010). At a low dose of aspirin, the cardiovascular 

protection predominated and hence could be prescribed (Lin et al., 2014). The reasons for these 

side effects became clearer after the discovery of the two isoforms of COX – COX-1 

(constitutively present in several tissues) and COX-2 (inducible in inflammation) (Fu et al., 1990). 

By inhibiting COX-1, aspirin acted as an anti-coagulant (by preventing thromboxane production 

by platelets, a critical factor for inducing platelet aggregation and vasoconstriction) that decreased 

the risk of stroke but increased gastrointestinal bleeding. However, the endothelial cells in the 
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gastrointestinal system are able to rapidly re-synthesize COX-1 and therefore, at low doses, 

aspirin-induced gastric bleeding has low incidence (Jaffe and Weksler, 1979)  

Based upon the knowledge of two different COX isoforms, several other classes of NSAIDs were 

developed with varying degree of COX-1 and COX-2 specificity. Diclofenac, for example, is four 

times more selective for COX-2 and is effective in controlling arthritic pain (Atzeni et al., 2018). 

COX-2 specific NSAIDs, such as celecoxib and etoricoxib, have also been developed by addition 

of a rigid side chain that binds to COX-2’s side pocket, but cannot access the much narrower side 

pocket of COX-1. However, problems with NSAID-induced analgesia still persist after long term 

use. For example, although COX-2 selective NSAIDs do not cause gastrointestinal ulcers, some 

of them can increase the risk of cardiovascular toxicity after long term use (Vonkeman et al., 2006), 

although a 2016 clinical trial found that celecoxib has a similar associated cardiovascular risk 

compared to the non-selective NSAIDs, naproxen and ibuprofen (Nissen et al., 2016). 

Additionally, various studies show that both topical and oral NSAIDs have similar (small to 

medium effect size) effectivity for pain reduction in arthritis with topical application being the 

safer option (Kienzler et al., 2010).  

Acetaminophen or paracetamol is another first line of therapy for arthritic pain and is often 

prescribed to patients that have co-morbid peptic ulcers or salicylate sensitization and hence cannot 

be prescribed NSAIDs. However, the mechanisms of action of acetaminophen are less well 

understood and include stimulation of descending serotonergic neuronal pathways, inhibition of 

L-arginine/NO pathway and stimulation of endocannabinoid system (Jozwiak-Bebenista and 

Nowak, 2014). There is also evidence that metabolism products of acetaminophen are involved in 

the analgesic effects observed (Andersson et al., 2011). Overall, acetaminophen seems to be less 

effective in pain reduction when compared to NSAIDs (Chou et al., 2011). 

Patients who are unresponsive to NSAIDs and paracetamol are generally prescribed synthetic 

opioids which harness the endogenous opioid system in the body for pain management. The three 

major opioid receptors the ,  and  receptors.  along with the comparatively recently discovered 

opioid-like receptor (Przewłocki and Przewłocka, 2001). The expression of these receptors is  

widespread in the central (periaqueductal grey, locus coerelus, raphe nuclei) and peripheral 

nervous system and immune cells (Chuang et al., 1995; Wittert et al., 1996).  Opioid mediated 

analgesia occurs primarily through the reward/reinforcement mechanisms of the central nervous 
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system (CNS), mediated through the mesolimbic pathway. Exogenous opioids that are often 

prescribed for chronic pain (for e.g., morphine, codeine, oxycodone) alter the endogenous opioid 

system primarily in the reinforcement pathway and lead to changes in gene expression in the brain 

(Crofford, 2010). Additionally, opioids also produce analgesia by spinal mechanisms including 

inhibition of somatostatin-positive interneurons that gate mechanosensory input and by erasure of 

the spinal memory of pain that contributes to central sensitization (reviewed in (Corder et al., 

2018)).  

 One of the major adverse effects of opioid therapy is opioid induced hyperalgesia, which is 

mediated by sensitization of central pathways, where opioids paradoxically exacerbate pain in 

patients. Multiple central sensitization pathways have been suggested for this phenomenon 

including it being NMDA-mediated, protein kinase C (PKC) mediated, repeated Gi protein 

activation mediated (Araldi et al., 2015), arising from dysregulation of endogenous opioid peptides 

and through pro-inflammatory phenotype trigger of  immune cells in the spinal cord (reviewed in 

(Crofford, 2010)).    

Although, opioids have demonstrable analgesic effects during short term use, effectivity (in terms 

of pain intensity and functional outcome) of chronic opioid therapy, like those prescribed to 

arthritic patients, remains uncertain (Von Korff, 2013; Webster et al., 2007). Additionally, opioids 

prescribed for chronic pain severely increase the risk for misuse and addiction which has led to the 

opioid crisis in the United States: in 2006 approximately 250,000 people visited medical 

emergency departments in the United States due to opioid related adverse effects with around 

13,800 deaths between 1999 and 2006 (Becker et al., 2008; Woodcock, 2009). Therefore, evidence 

warrants a more cautious approach to opioid prescription for pain management.   

In addition to these major classes, other analgesics currently in use for arthritic pain are duloxetine 

(a centrally acting serotonin-norepinephrine reuptake inhibitor) (Abou-Raya et al., 2012) and 

capsaicin (naturally occurring compound found in hot chili peppers) (Guedes et al., 2018). The 

endocannabinoid system has also been explored for pain relief in arthritic pain. The cannabinoid 

receptors, CB1 and CB2, are expressed in the synovial tissues, peripheral nervous system (PNS) 

and CNS (O’Brien and McDougall, 2018; Sarzi-Puttini et al., 2019) and in addition, synovial fluid 

from OA and RA patients (but not from healthy people) contains endogenous cannabinoids, 

anandamide (AEA) and 2-arachidonoylglycerol (2-AG), suggesting a possible pain ameliorating 
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role of cannabinoids (Richardson et al., 2008). However, a clinical trial of OA patients with PF-

04457845 (an inhibitor of fatty acid amide hydrolase which breaks down AEA) did not produce 

analgesia (Huggins et al., 2012). By contrast, the cannabis extract, nabiximol, was effective in 

improving pain and movement in RA with mild side effects, such as dizziness (Blake et al., 2005). 

However, it still remains for systematic randomized clinical trials to be conducted to ascertain the 

true potential of cannabis products for arthritic pain.    

 

1.5.3. Pharmacological methods: Joint modifying drugs 

Several joint-modifying drugs are also available that control pain on a short-term or long-term 

basis. Methotrexate, sulfasalazine and leflunomide are conventionally used disease modifying 

drugs in RA that suppress inflammation and control pain in some patients which can be maintained 

over months (Walsh and McWilliams, 2014). Methotrexate is an inhibitor of dihydrofolate 

reductase which confers its anti-proliferative effect on residing joint cells and controls 

inflammation. Additionally, methotrexate also increases extracellular adenosine that can inhibit 

secretion of pro-inflammatory interleukins (IL) in immune cells (Cutolo et al., 2001). Another 

commonly prescribed joint modifying drug, sulfasalazine also inhibits inflammation through 

dysregulation of the PG system as well as through other mechanisms (Smedegård and Björk, 

1995). Lastly, leflunomide is an inhibitor of dihydroorotate dehydrogenase that prevents de novo 

synthesis of pyrimidines, which restricts the rapid proliferation of lymphocytes (e.g., B cell, T cell) 

because they require significant amounts of pyrimidines for proliferation (Breedveld and Dayer, 

2000).    

On a short term basis (6 months) a combination of glucosamine and chondroitin provide pain relief 

by increasing proteoglycan synthesis in the articular cartilage (Hochberg et al., 2016). 

Additionally, intra-articular steroid injections can also provide moderate efficacy for pain relief 

for up to two weeks. Hyaluronic acid (HA) is the principal component of synovial fluid which can 

be directly injected into the joint and acts as a lubricant and shock absorber, as well as by inhibiting 

the nociceptive ion channel, transient receptor potential vanilloid 1 (TRPV1) (Gupta et al., 2019). 

However, the efficacy of HA in arthritic pain is not well established. Like HA, platelet-rich plasma 

containing growth factors important in tissue repair can be injected directly to reduce pain and 

improve functionality in arthritic pain (Cole et al., 2017). 
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1.5.4. Pharmacological method: Biologics 

In recent years, several biological agents have also been explored for pain management in arthritis. 

In RA, anti-tumor necrosis factor- (TNF-) (e.g. adalimumab) (Keystone et al., 2004), anti-IL-6 

(e.g. tocilizumab) (Scott, 2017) and anti-CD20 (B cell antigen, e.g. rituximab) (Mok, 2013) 

antibodies have demonstrated reduced joint pain by reducing inflammation and decreasing 

peripheral and central sensitization. There is also evidence suggesting that the rapid effect of TNF-

-blockers in RA is due to their modulation of descending nociceptive inputs that are important 

for emotional processing of pain (Rech et al., 2013). In OA, anti-nerve growth factor (NGF) 

antibodies are promising candidates for pain management. NGF is a pro-inflammatory mediator 

and tanezumab, a monoclonal anti-NGF antibody shows efficacy in treating OA pain. Specifically, 

in the treatment of knee and hip OA, tanezumab showed greater improvement of pain scores when 

compared to NSAIDs (Schnitzer et al., 2015). Consequently in 2019, this drug has successfully 

completed a Phase III clinical trial for OA pain (Schnitzer et al., 2019), but it is not yet in clinical 

use. This is primarily because concerns remain over its safety since rapidly progressive joint 

necrosis, paresthesia and dysthesia have been reported as its major side effects (Birbara et al., 

2018). Additionally, an anti-granulocyte-macrophage colony stimulating factor antibody is 

currently being investigated for the treatment of arthritic pain (Cook and Hamilton, 2018). 

 

1.5.5. Gene therapy 

Gene therapy is the most recently developed therapeutic option that holds great potential for 

targeted therapy in arthritis. The major hurdle to treatment with biologics (Section 1.5.4) is that 

they have difficulty in entering joints from the systemic circulation and, when introduced intra-

articularly, are rapidly removed from the joints by diffusing into the sub-synovial capillaries. 

Delivery of cDNA that encodes these biologics, with or without viral packaging, can offer benefits, 

thus highlighting the advantage of gene therapy. In a major breakthrough in 2017, the first gene 

therapy for arthritis, Invossa, was approved in South Korea, with multiple others in clinical trials 

around the world at present (Evans et al., 2018). Invossa is an allogeneic cell-mediated gene 

therapy in which chondrocytes from patients are harvested and transduced with a retrovirus 

carrying the anti-inflammatory, transforming growth factor  (TGF-), after irradiation to avoid 
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malignancies, and finally injected into a patient’s joints (Evans et al., 2017). A similar strategy has 

also been investigated to deliver IL-1 receptor antagonist to control inflammation (Wehling et al., 

2009). However, the major disadvantage of allogenic strategies is that they require multiple steps 

(successful cell harvesting – from the same or another patient – expansion and then 

transplantation), thus increasing cost and chances of malignancy; in addition retrovirus tools are 

themselves pathogenic (Hacein-Bey-Abina et al., 2008).  

Viral delivery using vectors of very low pathogenicity such as adeno-associated viruses (AAV) is 

perhaps a better choice in the clinic. An exciting clinical trial using AAVs is currently underway 

in the Netherlands in which the anti-inflammatory cargo, interferon IFN-, is under an 

inducible promoter that responds to the inflammatory mediator, nuclear factor-B (NF-B) 

(Clinical trial # NCT02727764, (U.S. National library of medicine, 2019)). This strategy, if 

successful, will mean that the anti-inflammatory IFN- will be secreted only when an 

inflammatory environment is encountered, thus minimizing the side-effects. A Phase I clinical trial 

with an AAV encoding IL-1 receptor antagonist is also underway in the United States, with results 

expected in 2022 (Clinical trial # NCT02790723, (U.S. National library of medicine, 2019)).  

Although the next 5 years will provide critical insights about the success of AAV-mediated gene 

therapy in arthritis, most of these efforts discussed above are geared towards immune cell 

pathologies and not targeted for pain relief. For gene therapies to specifically  control pain, it is 

necessary for delivery directly into the site of injury (Goins et al., 2012). For example, NP2, A 

herpes simplex virus-mediated enkephalin gene therapy, showed promising results in a Phase I 

clinical trial when injected into pain-inducing metastatic tumors (Fink et al., 2011); the outcome 

of the Phase II trial is pending. One reason for the lack of pain specific gene therapy in arthritis is 

that arthritic pain is mediated through the cell bodies of pain-sensing nerves present in the dorsal 

root ganglia (DRG) and conventional AAV serotypes do not have sufficient transduction 

capabilities to infect DRG when injected into the knee (Chan et al., 2017). Chapter 6 of this thesis 

identifies a newly engineered AAV serotype that can help break through this barrier. 

Overall, discussion about therapeutics in arthritis suggests that although several pain managing 

options are available (administered on their own or in combination), the efficacy of these is overall 

inadequate, coupled with often dubious safety profiles when drugs are used chronically. To combat 
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these problems, advancement of basic science research is required in the pain fields for proper pain 

management in arthritis.    

1.5.6. Surgery 

Since a large proportion of arthritis patients are unresponsive to currently available 

pharmacological treatments, orthopedic surgery has also been used to control progression and pain 

in arthritis. Arthroscopic procedures such as debridement of the joint and lavage has had limited 

success. Furthermore, in RA, patients who undergo arthroscopic synovectomy (removal of the 

synovial lining), while attaining pain relief, show recurrence of synovitis and radiographic 

progression of the disease (Chalmers et al., 2011). In knee OA, osteotomy is performed to realign 

joints because of joint misalignment frequently occurs, however, although no extensive meta-

analysis is available, total knee arthroplasty seems to produce better results for pain relief when 

compared to osteotomy (Katz et al., 2010). Overall, total joint replacement is the most commonly 

used surgical technique for controlling arthritis pain (Katz et al., 2010) and total knee replacement 

can provide pain relief and functional improvement in the majority of patients undergoing such 

surgery (Ethgen et al., 2004). The patient population (~30 %) that report no significant 

improvement often have worse pre-operative biopsychosocial conditions, while 1-5 % of patients 

die or have serious complications during and after surgery (Judge et al., 2012). 

 

1.6. In vivo experimental models of arthritis to study pain 

The basic understanding of pain mechanisms, identification of drug targets and subsequent 

development of therapeutics all rely heavily on experimental models. This has led to the 

establishment of multiple in vivo and in vitro inflammatory pain models to resemble the arthritic 

pain observed in humans, each of which has its unique strengths and weaknesses. The two main 

strategies used for developing arthritic pain models are modulating the joint environment by 

administering an irritant or by trauma that leads to either acute or chronic development of pain 

(induced models) and utilizing animals that spontaneously develop arthritis.  

Acute and chronic inflammatory pain can be studied in various organs, such as skin, muscle and 

gut, and has been extensively reviewed (Boyce-Rustay et al., 2010; Gregory et al., 2013; Muley et 
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al., 2016). The following discussion will focus on models of joint pain (reviewed in (Muley et al., 

2016; Schinnerling et al., 2019) because of their relevance to arthritis and the work in this thesis.   

1.6.1. Inflammation-focused models 

Amongst the induced animal models of arthritis, perhaps the most commonly studied is injection 

of adjuvants. A single injection of complete Freund’s adjuvant (CFA, an oil emulsion of heat killed 

mycobacterium) intra-dermally at the base of tail (Pearson, 1956) or repeatedly into the joints 

(Gauldie et al., 2004) causes poly-articular inflammation and chronic pain along with structural 

deformation of joints due to the release of pro-inflammatory mediators into the joint environment. 

As opposed to this chronic model, a single injection of CFA into one or multiple joints can also 

cause localized inflammation that models acute inflammatory pain (Fernandes et al., 2016) (See 

also Chapter 4 for more details). Besides CFA, other adjuvants like avridine and pristine also give 

rise to adjuvant-induced arthritis (AA) and these models resemble human RA, with milder 

cartilage damage than observed in the human disease (Schinnerling et al., 2019). In order to 

overcome this problem, the collagen-induced arthritis (CIA) model was developed in which type 

II collagen, in combination with CFA, is injected into the base of the tail (Brand et al., 2007). An 

autoimmune response is triggered that leads to symmetrical joint inflammation, prominent 

synovitis and cartilage damage. However, unlike AA models, CIA takes a long time to develop 

(about a month) which is quickly (10-14 days) followed by remission (Mauri et al., 1996). 

Additionally, multiple mouse strains (including the commonly used C57BL/6 strain upon which 

most transgenic mice are generated) are resistant to CIA (Brand et al., 2007) which has led to the 

generation of the collagen-antibody-induced arthritis model (Khachigian, 2006). Collagen based 

models engage only a subset of Th cells that are involved in human RA, therefore the relevance of 

Th cells in arthritis can be studied differentially using the proteoglycan-induced arthritis (PGIA) 

(Glant et al., 1987). For example, immunization with CFA or dimethyldioctadecyl-ammonium 

bromide before proteoglycan injection engages Th17 or Th1 cells respectively (Stoop et al., 2013). 

However, like CIA, PGIA is also dependent on the genetic strain of mice.  

Another induced inflammatory model that is not dependent on the genetic background of mice is 

antigen-induced arthritis (AIA), commonly induced by intra-articular injection of methylated 

bovine serum albumin, and transfer of serum antibodies against endogenous type II collagenase, 

proteoglycan or glucose-6-phosphate isomerase (Brackertz et al., 1977). These models are mostly 
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utilized to study the rapid onset, effector phase of the disease involving immune complex 

formation on joint tissues and inflammatory mediator release but not prolonged enough to study 

the destructive arthritis. Another acute model of joint inflammatory pain is injection of kaolin-

carrageenan into the joint, which has a rapid onset (1-3-hour) of inflammation and is maintained 

for about a week (Rees et al., 1995).  

Besides induced arthritis models, spontaneous models of inflammatory arthritis also exist. The 

K/BxN mice are one of the most commonly used examples which were produced by crossing KRN 

mice (expressing transgenic T cell receptor for bovine pancreas ribonuclease) with autoimmune 

prone non-obese diabetic mice (Christensen et al., 2016). K/BxN mice spontaneously develop 

severe arthritis and transfer of their serum IgG induces robust arthritis in healthy mice. Another 

commonly used mechanism by which arthritis develops spontaneously is by mutation in a specific 

gene or by over-expression of a pro-inflammatory gene. In SKG mice, arthritis develops after 

zymosan administration or microbial stimulation due to a missense mutation in the T cell receptor 

signaling adaptor molecule resulting in an aberrant immune response (Yoshitomi et al., 2005). In 

addition, transgenic mice constitutively expressing human TNF- or IL-1 also develop 

spontaneous arthritis (Keffer et al., 1991; Niki et al., 2001). These models are suitable for 

understanding contributions of a specific pathway in arthritis. 

1.6.2. Degeneration-focused models 

Specialized models for OA also exist where degeneration of joints is emphasized although 

inflammation is also observed in these models, as is the case in human OA. Experimentally, OA 

can be induced either by injection of chemical substances, such as mono-sodium iodoacetate 

(MIA), or by surgically destabilizing the joint. Among chemical-induction models, MIA acts by 

inhibiting glyceraldehyde-3-phosphate dehydrogenase, which leads to the death of chondrocytes 

and has proven useful for understanding OA pain (Combe et al., 2004). Destabilization of the joint 

can be achieved surgically by anterior cruciate ligament transection (ACLT) (Fu et al., 2012), 

meniscectomy (Bove et al., 2006) and medial meniscal destabilization (DMM) (Malfait et al., 

2010). These models are induced by trauma making them the models of choice for understanding 

immediate response to trauma and then the chronic stages of arthritis that develops later on. 

However, given the invasive nature of induction they might not be useful to study the early stages 

of OA development (Malfait et al., 2013). Given these challenges, several non-invasive, but 
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traumatic injury-induced models of OA have emerged. The commonly used models of this 

category are intra-articular tibial plateau fracture (Furman et al., 2007), cyclic articular cartilage 

tibial compression (Melville et al., 2015), ACL rupture (Gilbert et al., 2018), and tibial 

compression overload (Christiansen et al., 2012). The common mechanism of induction in these 

models is that the experimenter loads the joint with varying force to cause a fracture (Kuyinu et 

al., 2016).  

Spontaneous OA animal models are more common in larger animals (discussed in Section 1.10), 

nevertheless transgenic mice like STR/ort (Kyostio-Moore et al., 2011) and Col9a1-/- (Hu et al., 

2006) mice have been studied as spontaneous mouse models of OA to elucidate the roles of 

chondrocyte metabolism and collagen type IX alpha 1 respectively. 

1.6.3. Criticism of rodent models 

A common criticism for all models of experimental arthritis is that they do not model the human 

disease and hence several therapeutics that show efficacy in rodents fail to translate to humans. 

One reason for this discrepancy is that most of the models make use of the rodent immune system 

which differs significantly from the human immune system in the domains of B and T cell 

signaling pathways, composition of leukocyte subsets and responses to cytokines (Schinnerling et 

al., 2019). These differences also mean that the pain pathologies studied do not fully reflect human 

joint pain, thus hindering development of arthritis specific analgesics. Some emerging humanized 

mouse models of arthritis have tried to combat this problem. The first strategy for these humanized 

models is to utilize transgenic mice that lack a specific endogenous mouse gene to be replaced by 

its human counterpart. For example, transgenic mice with human leukocyte antigen class II alleles 

or human type II collagenase develop severe arthritis which might resemble the human disease 

more closely (Malmström et al., 1997; Taneja and David, 2010). However, even though some 

pathways are humanized in these mice, the disease pathology is still driven by the murine immune 

system. Human/mouse chimeras offer a possibility where a functional part of the human disease 

(in the form of tissues or cells) can be grafted on to severe combined immunodeficient mice 

(SCID). These types of models have been in use in the cancer field for quite some time, however, 

their potential application in arthritis is beginning to be acknowledged (Wege, 2018). For example, 

synovial tissue from RA patients transplanted into the joints of SCID mice causes RA-like 

inflammation, cartilage infiltration and even destruction of co-transplanted normal human synovial 
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tissue (Geiler et al., 1994). Other relatively simpler transplantations involve transfer of human RA 

fibroblast-like synoviocytes (FLS) and peripheral blood or synovium derived mononuclear cells 

to study cell specific disease pathologies (Müller-Ladner et al., 1996; Tighe et al., 1990). Although, 

laboratories need to be cognizant of cross species toxicity, models like this offer exciting 

possibilities to study arthritic pain.  

 

1.7. Behavioral measures of pain 

Although several experimental models of arthritis exist, basic science efforts have focused on 

understanding the disease progression at the level of the joint, rather than the pain aspect of the 

disease. Arthritic pain in the above mentioned models can be studied behaviorally by measuring 

several outcomes in vivo (reviewed in (Deuis et al., 2017; Gregory et al., 2013; Malfait et al., 

2013)) or at a cellular level in vitro. The two main categories of behavioral pain measures are 

evoked-pain measures and spontaneous pain measures. Evoked behaviors measure the reaction of 

an animal to mechanical or thermal stimuli; however, it is controversial whether these reflexive 

behaviors reflect true “pain”. In contrast, non-reflexive measures might be better models to 

recapitulate the human experience of persistent, ongoing pain that decreases the quality of life, 

although it is to be noted that, by definition, pain is anthropomorphic and hence we can only 

comment about “pain-like” states in animal models. A summary figure of in vivo arthritic pain 

models and measures of behavioral outcomes are presented in Figure 1-1. 

1.7.1. Reflexive assays 

Evoked pain in response to mechanical stimuli can be assessed using manual or automated von 

Frey or Randall-Selitto tests. In von Frey tests, a monofilament is typically applied (manually or 

electronically) to the plantar surface of the hind paw until it bends and nocifensive behaviors (for 

example, paw withdrawal, paw shaking) of the rodents are recorded (Chaplan et al., 1994). In 

Randall-Selitto tests, a handheld device is used to apply mechanical force until paw 

withdrawal/vocalization occurs (Randall, 1957). Along similar lines, heat-evoked pain can be 

tested based on latency to withdraw by using the tail-flick test (time taken for the tail of a rodent 

to flick upon application of heat) (D’Amour and Smith, 1941), hot/cold plate test (Allchorne et al., 

2005; Woolfe and MacDonald, 1944) (time taken to observe nocifensive behavior while on a 
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hot/cold plate) or Hargreaves test (Hargreaves et al., 1988) (time taken to withdraw from a heat 

source). The actual temperature at which the mice show pain-like behavior can be recorded using 

a thermal probe test (Deuis and Vetter, 2016) or a thermal preference test (Touska et al., 2016) 

(shows temperature preference of rodents in a plate with temperature gradient). Additionally, the 

acetone evaporation test (Carlton et al., 1994) (application of acetone to cool skin surfaces) and 

cold plantar assay (Brenner et al., 2012) (application of dry/wet ice underneath the paw) are used 

to measure cold pain. However, these mechanical and thermal tests assess pain at the paw, and not 

at the joint level, thus indicating secondary hyperalgesia/allodynia (i.e., away from the primary 

point of tissue injury). To circumvent this problem, a pressure application measurement (PAM) 

device was designed to evoke mechanical pain at the joints, although no such devices exist to 

evoke thermal pain. For measurements using PAM, the experimenter wears a calibrated force 

sensor on their thumb and the PAM device is pressed against the joint to elicit withdrawal (Malfait 

et al., 2013). A less sophisticated version of this method, is to record animal vocalization in 

response to noxious stimulation of the joint (Calvino et al., 1996).     

Although evoked pain behavioral measures are reflexive and direct joint stimulation are difficult 

to achieve, these are amongst the simplest tests that can be conducted on animal models. Therefore, 

high speed videography and machine learning technologies have been combined recently in an 

attempt to segregate movement features during an evoked response that characterize innocuous 

reflexive quality and that which are of noxious quality (Abdus-Saboor et al., 2019). Applicability 

of this “mouse pain scale” remains to be seen in models of arthritic pain as more laboratories adopt 

high speed videography. 

1.7.2. Non-reflexive assays 

In addition to the challenges of evoked pain measures described above, these also lack clinical 

translatability because of their reliance on hyperexcitable states rather than on spontaneous pain 

states that accompany chronic pain in human patients (Mogil, 2009). Therefore, to overcome these 

challenges, non-reflexive measures of pain are gaining popularity among researchers. The two 

types of non-reflexive pain commonly in use are spontaneous behavioral measures and operant 

behavioral measures.   

Gait analysis is a clinically relevant, spontaneous pain test which involves observing animal 

movements to identify nocifensive behaviors either in their home cages or in novel environments. 
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The simplest experimental design for gait analysis is dipping mouse paws in ink and allowing them 

to walk in straight line to quantify paw area and stride length (Sugimoto and Kawakami, 2019). 

This technique has also been automated in a Catwalk apparatus where a camera records animal 

movement on a moving or immobile platform thus allowing extraction of more features relevant 

to mobility (Ferland et al., 2011). Another gait analysis feature of relevance to assessment of 

arthritis in humans is weight bearing of paws, which can be tested in either static or dynamic 

weight bearing apparatuses. In static weight bearing, differential weight bearing capabilities of 

each hindlimb is compared, by training animals to stand on two limbs (Schött et al., 1994). This 

test is, however, only suitable for testing mono-arthritis and even so, mice often lean on the side 

of the test apparatus, which distributes their body weight. In order to overcome these shortcomings, 

dynamic weight bearing apparatus (Krug et al., 2019) was developed in which mice can move 

relatively freely in a box lined with piezoelectric material. In this box, weight bearing of both front 

and hind paws can be measured along with duration of immobility. Although effective in 

understanding some aspects of pain perception, there is the possibility that gait changes mostly 

reflect variation in biomechanics of the joint which are not reversible by analgesics (Malfait et al., 

2013; Shepherd and Mohapatra, 2018). On the other hand, rodents might also hide gait changes to 

avoid predation in the wild (Malfait et al., 2013). 

Activity based pain tests are another class of spontaneous pain measure that are relatively harder 

to implement, but might be more clinically relevant since chronic and acute pain patients show 

severe reduction in general everyday activities, and thus reduction in their general feeling of well-

being (Sections 1.1, 1.4). In rodents, quality of life can be assessed by recording their feeding, 

grooming and social interactions over long periods of time (Gregory et al., 2013). However, a 

study that recorded these behaviors for 16 days in neuropathic (spared nerve injury and chronic 

constriction injury) and inflammatory (intra-plantar CFA) pain models found very little change in 

these daily life activities that persisted beyond two weeks (Urban et al., 2011). The authors 

concluded that their result highlights the failure of animal models to emulate the human disease. 

Alternatively, it is possible that the measured behaviors are essential for the survival of the animals 

and hence more optional activities that rodents perform in a natural environment are needed to 

assess well-being in these species. Indeed burrowing (Jirkof, 2014), marble burying and digging 

behaviors (Deacon, 2006a) have been put forth as natural rodent behaviors that can be utilized to 

assess pain that is linked to a reduced feeling of well-being. Chapter 4 and Chapter 6 in this thesis 
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further establish digging as a measurable spontaneous pain behavior in mice relevant to arthritic 

pain. The mouse grimace scale, where facial expression of rodents can be scored for pain level, is 

another activity based measure used to measure pain in rodents in a manner similar way to how 

pain is assessed in non-verbal humans and has been utilized in non-rodents such as horses and 

rabbits (Dalla Costa et al., 2014; Hampshire and Robertson, 2015; Langford et al., 2010).  

Operant behavior pain assays take advantage of the learning abilities of rodents to determine their 

avoidance of a specific noxious stimuli. An important distinction between these tests and evoked 

pain assays is that these tests measure aversive behavior in response to a particular noxious 

stimulus. For example, the thermal escape test (a two chamber apparatus where animals can escape 

to the “safe” chamber) and the conditioned place preference/avoidance test (animals are pre-

conditioned to a pain stimulus and the preference for that chamber is measured on test days without 

noxious stimulation) are examples of such operant pain behavioral assays (Johansen et al., 2001; 

Mauderli et al., 2000). 

In addition to in vivo behavioral studies, a holistic study of pain mechanisms requires concomitant 

in vitro analysis. The following paragraphs will discuss various in vitro models and assessment 

techniques utilized to study general and joint-specific nociception. 
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Figure 1-1: In vivo models and behavioral measures of arthritic pain. 

Pictorial representation of the in vivo models and their behavioral assessments described in Sections 1.6, 

1.7. 
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1.8. In vitro models to study arthritic pain 

To see a World in a Grain of Sand 

And a Heaven in a Wild Flower 

Hold Infinity in the palm of your hand 

And Eternity in an hour 

- William Blake, Auguries of Innocence 

The rationale for developing in vitro models of inflammatory pain is based on the philosophy of 

reductionism (Kaiser, 2011), so that a complex disease like arthritis can be studied at the cellular 

and molecular level, away from confounding systemic effects. Even so, in vitro models must still 

show some manifestation of the in vivo phenotype of interest so as to facilitate discovery of drug 

targets and understanding of disease mechanisms. Consequently, multiple in vitro models of pain 

and assays to test these models have been developed. The major strategy utilized in these models 

is to harvest a variety of tissues from animal models of arthritis described above or from human 

pathological samples. The following paragraphs discuss these in vitro models, emphasizing those 

tissues of importance in this thesis and also summarized in Figure 1-2. 

1.8.1. DRG 

Each DRG contains cell bodies of primary sensory neurons that innervate the periphery, apart from 

the head and neck that are innervated by sensory neurons arising from the trigeminal ganglia. 

Somatosensory information from the periphery is first processed by the primary sensory neuron, 

which then communicates the information to the CNS, and hence DRG neurons act as the 

gatekeeper between PNS and CNS (St. John Smith, 2018). DRG neurons are pseudo-unipolar with 

one branch extending to the peripheral organ and another branch synapsing with neurons in the 

dorsal horn of the spinal cord. In addition to these neurons being the first to respond to noxious 

stimuli in the periphery, they can easily be dissected from small animals, which makes DRG 

neurons an important in vitro model for studying the mechanisms of pain. Experimentally, DRG 

neurons have been studied in vivo, ex vivo and in vitro, with acutely dissociated neuronal cultures 

from control and diseased rodents in vitro being the most commonly used setup in recent years 
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(Melli and Höke, 2009); although mouse DRG neuron cell lines are also available, these are 

typically less physiologically relevant (Doran et al., 2015). The first action potential (AP) 

recordings from rodent DRG neurons were conducted electrophysiologically in vivo in terminally 

anesthetized rats using sharp electrodes. This technique enabled both morphological and functional 

characterization of mechanoreceptors based on their conduction velocity and site of innervation, 

as well as to record changes in these sensory neurons when an inflammatory agent was injected at 

the distal site (Harper and Lawson, 1985; Ritter and Mendell, 1992). However, this system is 

technically challenging since a laminectomy has to be performed on a live animal before 

recordings can be conducted; additionally, not all DRG neurons can be accessed while recording. 

By contrast, DRGs can be seeded as explants to performed experiments in a more controlled 

manner than in vivo (Gong et al., 2016). In explant cultures, the in vivo morphology of DRGs and 

associated non-neuronal Schwann cells and macrophages is retained, features that are lost when 

using dissociated cultures (Melli and Höke, 2009). Since DRG explants grow nerve processes, the 

interaction between DRG axons and other cells/inflammatory mediators can be studied in this 

system using Campenot chambers (Campenot, 1977). Although acutely dissociated DRG neuron 

cultures in vitro do not allow study of axons, they offer the unparalleled advantage of 

characterizing individual neuronal cell bodies, which have been shown to have largely similar 

properties to their terminals (Harper, 1991). Furthermore, acute DRG neuron cultures have 

emerged to be robust in vitro models of pain since they reflect the hypothesized neuronal basis of 

pain in experimental animal models, such as changes in nociceptive gene expression and 

excitability. For example, in a rat AIA-induced ankle inflammation model , whole cell patch clamp 

recordings from in vitro acutely cultured DRG neurons revealed increased excitability of joint 

neurons, which was consistent with the joint inflammation and mechanical hyperalgesia observed 

behaviorally in the affected limb (Qu and Caterina, 2016). Precise mechanisms of an inflammatory 

mediator’s effect on sensory neurons can also be elucidated in these cultures (Segond von Banchet 

et al., 2005). In addition to the reasons described above, acutely cultured DRG neurons allow for 

whole-cell patch clamp recording of individual retrograde-labelled neurons from a peripheral 

organ, which is not possible in a more intact preparation. 

Although there is a substantial body of literature on the expression profile of nociceptive genes 

and neuronal excitability of DRG neurons in arthritic pain, limited information is available on how 

pain pathologies affect joint-innervating DRG neurons. Given the high level of heterogeneity of 
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lumbar DRG neurons (Usoskin et al., 2015) and availability of retrograde tracers that can be used 

to identify neurons innervating specific targets (Puigdellı́vol-Sánchez et al., 1998), important 

experiments would be to conduct experiments on joint-innervating neurons in health and disease 

to identify joint specific disease mechanisms.   

Given the utility of DRG neurons in studying pain, efforts have been made to characterize human 

DRG neurons derived from pain pathologies, although not yet in the field of arthritis (Haberberger 

et al., 2019). Comparative analysis of human and rodent DRG neurons might provide important 

insights to bridge the translational gap in pain research. Indeed, recent advances have shown 

important differences between human and rodent DRG neurons. Compared to rodents, human 

DRG are larger and contain more neurons, and although the identity of ion channels and other 

proteins in human DRG neurons is largely similar to that of rodents, differences have been found 

in the expression level and function. For example, in human DRG neurons, the voltage-gated 

sodium channel (NaV) 1.8 blocker A-803467 was found to be much less potent in blocking Na+ 

currents, compared to in rat DRG neurons, suggesting that NaV blockers that show efficacy in 

rodents might not translate to the clinic for pain relief in humans (Zhang, et al., 2017).  

Although acquiring and using human DRG neurons is becoming more common and inexpensive, 

this might not be a suitable system to study arthritic pain. This is because arthritis has a high 

incidence rate in the population and hence a lower likelihood of obtaining “control” human DRGs. 

An alternate strategy is to utilize reprogramed human induced pluripotent stem cell (iPSCs) from 

somatic cells to derive sensory neurons in vitro (Wainger et al., 2015). Recent advancements in 

iPSC technologies have achieved ~80% similarity of gene expression between iPSCS-derived 

neurons and human DRGs and thus there is the potential to significantly impact the field of pain 

research (Young et al., 2014). The power of this method and indeed the effectivity of DRG neurons 

as a pain model has been shown in 2019 in an elegant study in which blood samples from three 

members of a family with inherited erythromelalgia was used to derive iPSCs (Mis et al., 2019). 

Sensory neurons were then differentiated from these iPSCs and electrophysiological recordings 

were performed using multi-electrode array and whole cell patch clamp to show that both 

excitability and resting membrane potential (RMP) of the differentiated neurons correlated with 

pain scores. Furthermore, the authors found using whole genome sequencing that the voltage-gated 

K+ channel (KV) 7.2, was responsible for setting the RMP and hence pain. This technology has 
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potential in the field of arthritic pain since FLS derived iPSCs have been generated that can be 

differentiated into osteoblasts (Lee et al., 2014), but as of yet, no study has developed such iPSC-

derived sensory neurons.  

 

1.8.2. Non-neuronal tissues 

The previous section emphasized the importance of DRG neuron hyperexcitability in chronic pain 

conditions like arthritis. Hyperexcitability is often mediated by neuronal exposure to a nocifensive 

environment, which is produced by non-neuronal cells, thus investigating non-neuronal cells is 

also important for the understanding of arthritic pain. The on-going pathology of both RA and OA 

are registered as tissue damage in the body which leads to triggering of innate immune responses 

and recruitment of a variety of cells through damage associated molecular patterns (Sokolove and 

Lepus, 2013). The non-neuronal cells of primary interest to this study are FLS, which are thought 

to be one of the key effectors of arthritis (Bartok and Firestein, 2010). Indeed one of the 

mechanisms of action of the disease modifying anti-rheumatic drug methotrexate is reducing FLS 

proliferation (Lories et al., 2003) and a reduction in the number of FLS means a reduction in the 

levels of inflammatory mediators that they secrete, which are key to driving arthritic pain 

(Sokolove and Lepus, 2013).  

In vitro studies on FLS have mostly focused on gene expression and protein assessment of factors 

released into the culture medium to show that cytokine stimulated or human arthritis-derived FLS 

show upregulated pro-inflammatory genes and cytokine release (Hong et al., 2018; Jones et al., 

2016; Kawashima et al., 2013). This result has been replicated in some rodent models of arthritis 

such as K/BxN (Hardy et al., 2013) and AIA (von Banchet et al., 2007), however before the 

findings reported in this thesis (Chapter 5) it was unknown whether FLS derived from acute CFA-

induced inflammatory models also retain their inflammatory state. Some attempts have also been 

made to perform whole cell patch clamp on FLS that has identified the presence of various K+ and 

Ca+2 channels (Clark et al., 2017), although these results need to be verified in human-derived FLS 

and the effect of inflammation on these channels investigated.  

In addition to FLS, T cell, B cell, macrophages and chondrocytes have also been studied to 

understand their role in inflammatory pathways in arthritis. In brief, investigation of T cells has 

identified a range of distinct subtypes based on their cytokine secretion profile (Raphael et al., 
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2015). B cells on the other hand have been shown to inhibit osteoblast formation in RA, mediated 

by cytokine CCL3 and TNF- (Sun et al., 2018). In OA, the ability of chondrocytes to bear load 

has been elucidated in vitro by embedding them in an agarose matrix and then compressing in a 

bioreactor, which showed that increase in load leads to cell proliferation (Johnson et al., 2016). 

These non-neuronal cells have also been studied in co-culture with each other to reveal 

interdependent aspects of disease pathology. For example, it was found that IL-21 producing T 

cell mediated joint destruction occurs because these cells stimulate FLS to secrete matrix 

metalloproteases, which in turn contribute to joint destruction (Lebre et al., 2017). 

A handful of studies have also attempted to study non-neuronal cells in combination with DRG 

neurons to understand the inflammation-pain axis (Massier et al., 2015; von Banchet et al., 2007). 

For example, in neuron-macrophage co-cultures, lipopolysaccharide (LPS)/IFN- stimulated 

macrophages were able to increase calcitonin gene related peptide (CGRP) release from DRG 

neurons in both direct (cells cultured together) and indirect (neurons only come into contact with 

macrophage-derived soluble mediators) co-cultures suggesting neuronal activation ((Massier et 

al., 2015) also see Chapter 5 for details on FLS/neuron co-cultures). The field of co-culture has 

recently received a boost with the development of microfluidics techniques (Vysokov et al., 2019), 

which can be useful to study arthritic pain in vitro. Notably, the above mentioned studies on 2D 

co-cultures might be less physiologically relevant compared to 3D co-culture models which mimic 

spatial arrangement of different cell types in vitro. Multiple methods for 3D neuronal co-cultures 

have been described (using polymeric materials as scaffold) to study nerve generation biology 

(reviewed in (Ayala-Caminero et al., 2017)). Adopting these strategies to study arthritic pain might 

provide physiologically relevant information about cell-to-cell communication. However, 

implementing 3D models was not suitable for this thesis because the complex interaction between 

cells in such setup do not allow for accurate whole cell eletrophysiological recordings. 

Finally, an exciting study has recently shown that glial cells in the skin can themselves sense 

noxious stimuli (Abdo et al., 2019), thus opening up a new line of investigation for non-neuronal 

contributions to pain. 

1.9. In vitro assays to understand pain mechanisms 
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Since the underlying motivation of in vitro analysis is to better understand cellular and molecular 

pathways, multiple assays have also been developed to enable thorough assessment of expression 

and function of cells associated in arthritic pain mechanism. These assays can be largely divided 

into three categories, assays that seek to understand: 1) gene expression changes, 2) protein 

expression changes, and 3) functional changes. It is important to make distinction amongst these 

categories to understand disease mechanisms since their interactions are often ambiguous. 

1.9.1. Gene expression 

Gene expression studies enable assessment of the contribution of genes to a particular pathology 

and are typically conducted by comparing differential expression patterns in diseased and control 

tissues. One of the first gene expression assays to be developed that is still popular today, was the 

quantitative polymerase chain reaction (qPCR). In this technique, a specific region of the DNA is 

amplified and the amount of starting material can be quantified by measuring the fluorescence 

emitted from the fluophore attached to the primers (San Segundo-Val and Sanz-Lozano, 2016). 

qPCR has helped identify key genes that are upregulated in the synovium in the MIA model of 

joint pain, hence providing useful insights into disease mechanisms in OA (Dawes et al., 2013). 

Although PCR based techniques are easy and fast to conduct, their primary drawback is that they 

are of low-throughput and do not allow for unbiased probing of differential gene expression. By 

contrast, microarray-based transcriptomics allow for low cost, high throughput studies for a limited 

set of genes using the principle of hybridization of cDNA with oligonucleotides (Starobova et al., 

2018). Application of microarray analysis to RNA extracted from joints of spontaneous RA mouse 

models has identified that lymphocyte chemotaxis is an important disease mechanism (Fujikado 

et al., 2006). This result was further validated using Northern blot, a technique where denatured 

RNA is loaded in an agarose gel and separated by electrophoresis to assess gene expression 

(Eberwine and Sugimoto, 2001). 

The field of gene expression studies has been revolutionized in recent years with the advent of 

whole transcriptome analysis either from tissues or single cells that allow for unbiased analysis of 

differential gene expression. The focus of transcriptomics in pain research has been DRG neurons 

and large databases have been generated to compare between different species and between painful 

and healthy conditions (Megat et al., 2019; North et al., 2019; Ray et al., 2018). Additionally, 

single cell transcriptomics has been instrumental in arthritis and pain research by identifying 
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clusters of sensory neurons (Hockley et al., 2019; Hu et al., 2016; Usoskin et al., 2015) and 

synovial fibroblasts (Croft et al., 2019; Ji et al., 2019).  

1.9.2. Protein expression 

Although gene expression analysis provides insights into disease mechanisms, gene expression 

does not always correlate to protein expression and functionality. This is largely because of post-

translational modifications which have been found in multiple ion channels, including nociceptive 

channels, such as TRPV1 and NaVs (Hall et al., 2018; Laedermann et al., 2015). Therefore, several 

assays that measure protein expression have been developed. A widely used antibody based, semi-

quantitative technique for measuring protein expression is immunohistochemistry which is 

regularly used in the pain field (Cregger et al., 2006). Two dimensional electrophoresis is another 

semi-quantitative method that involves electrophoresis, staining, fixing and densitometry. 

(Greenbaum et al., 2003). More quantitative methods have also been developed, the simplest of 

which is the enzyme linked immunosorbent assay where the antibody-conjugated enzyme activity 

is monitored to measure protein expression (Engvall, 1980). 

Mass spectrometry (MS) is a more sophisticated way of quantifying proteins in a sample and has 

become popular in pain research in recent years (reviewed in (Wood et al., 2018b)). In this 

technique protein extracts from tissues are cleaved into short peptides and separated by 

chromatography before being analyzed in a mass spectrometer. Using MS on DRG protein extracts 

from pre-clinical murine models has provided useful insights in chronic pain (Rouwette et al., 

2016); and proteomic analysis of synovial fluid taken from arthritis patients has identified key 

proteins involved in the disease mechanism (Balakrishnan et al., 2014).  

The data rich era of proteomics and transcriptomics highlights the need for bioinformatics in pain 

research, so that data collected from different labs can be collated and common pathways for 

disease mechanisms identified (Jamieson et al., 2014; Platzer et al., 2019). 

1.9.3. Functional assays: Electrophysiology and voltage imaging 

Although transcriptomics and proteomics can help identify promising targets for pain research, 

functional tests are essential for assessing their actual contribution to the disease. The two 

commonly used functional assays in pain research are measuring potential changes across the cell 

membrane voltage and intracellular Ca2+ measurement. 
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Measurement of voltage changes across nerve fibers began with the seminal work of Hodgkin and 

Huxley where they recorded intra-cellular APs in squid giant axons using electrodes (Hodgkin and 

Huxley, 1939). Their work also led the way for the groundbreaking development of whole cell 

patch clamp techniques by Neher and Sakmann, where a cell could be held at any command 

voltage, to record currents and voltage either across a whole cell or single ion channels. Multiple 

conformations of the patch clamp technique allow for recording the activity of ion channels when 

stimuli is applied to the outside (whole cell recording and outside out patch) or inside (inside out 

patch) of the cell membrane (Sakmann and Neher, 1984), achieved by appropriate maneuvering 

of the electrode. Electrophysiological techniques have provided many fundamental insights about 

inflammatory pain such that an increase in the excitability of DRG neurons occurs after an 

inflammatory insult in cats (Xu et al., 2000), rats (von Banchet et al., 2000), guinea pig (Djouhri 

and Lawson, 1999) and mice (Belkouch et al., 2014). Correspondingly, in vivo recordings from rat 

joint afferents have shown increased excitability after PGE2-induced inflammation (Grubb et al., 

1991). Furthermore, single channel recordings have verified the sensitization of mechanosensitive 

ion channels in OA (He et al., 2017).  

Although patch clamp is a very precise way of understanding ion channel function, it has low 

throughput, is labor intensive and requires substantial expertise of the experimenter. To increase 

the throughput of this assay multi-electrode arrays have been used that can simultaneously record 

from multiple neurons (Mis et al., 2019). In order to bypass the manual expertise, automated 

micropipette based platforms have been developed that capture and seal cells in suspension and 

can produce results at a higher throughput (reviewed in (Annecchino and Schultz, 2018)). Several 

ion channels important in pain pathologies have been studied using this technique including NaVs, 

hyperpolarization activated cyclic nucleotide gated (HCN), voltage-gated Ca2+ channels (CaVs) 

and -amino butyric acid receptors (GABA) (Ji and Neugebauer, 2011; Payne et al., 2015; Swensen 

et al., 2012; Vasilyev et al., 2009). Therefore, although further validation and cost optimization is 

necessary, automated patch clamp platforms might speed up drug discovery in the future.  

The advantage of patch clamp is that it provides direct access to neurons, however it is also a 

disadvantage because direct contact on the neuron, even in perforated patch clamp technique where 

the aim is to minimize disruption of neuronal function, can change membrane properties. 

Therefore, an ideal experiment would be to image changes in neuronal voltage in a high throughput 
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manner (reviewed in (Bando et al., 2019a)). This can be achieved by loading voltage sensitive dyes 

into neurons and measuring the membrane potential especially in large neurons in vitro. In vivo, 

single cell resolution is difficult to achieve with voltage sensitive dyes and hence genetically 

encoded voltage indicators (GEVIs) have been developed. Technically this can be achieved by 

three different ways: coupling the voltage sensor to a fluorescent protein (e.g., ArcLight (Bando 

et al., 2019b)), using rhodopsin to act as both a voltage sensor and reporter (e.g., VARNAM 

(Kannan et al., 2018)) and lastly by using chemicals that activate GEVIs (e.g., HAPI-Nile 

(Sundukova et al., 2019)). However, imaging voltage in neurons is not without challenges with the 

most important ones being thinness of the membrane which demands high sensitivity 

chromophores, difficulty in specifically targeting the plasma membrane and photo-damage of the 

plasma membrane (Bando et al., 2019a). 

1.9.4. Functional assays: Ca2+ imaging 

Although electrophysiology is considered to be the gold standard for recording neuronal activity, 

it is technically demanding, often requiring direct contact with cells (and thus invasive). Imaging 

intracellular Ca2+ can provide indirect measurement for AP firing in neurons, as well as activation 

of cells (both neuronal and non-neuronal) by algogens. In addition, Ca2+ signals in the nucleus can 

regulate gene transcription and an increase in intracellular Ca2+ can release neurotransmitter that 

has both short- and long-term effects (Berridge et al., 2003; Lyons and West, 2011). Therefore, 

quantifying the intracellular [Ca2+] offers distinct advantages to understanding pain mechanisms. 

The two major breakthroughs that allowed imaging and quantification of Ca2+ signals in cells were 

development of fluorescent Ca2+ indicators, such as fura-2 and fluo-3, and the development of 

genetically encoded Ca2+ indicators (GECIs), both from the laboratory of Roger Tsien (Miyazawa 

et al., 1998; Tsien, 1980). The principle underlying fluorescent Ca2+ indicators is that these dyes 

undergo large increases in fluorescence (or spectral shifts) depending upon the amount Ca2+ bound 

and can be either non-ratiometric (excited by one wavelength of light) or ratiometric (can be 

excited by more than one wavelength of light, e.g. fura-2, or have a dual emissions peak, e.g. indo-

1). For example, the commonly used non-ratiometric fluophore for imaging neurons, fluo-4, can 

be efficiently loaded into cells in salt form or acetoxymethyl ester form, has an absorbance 

wavelength of 488 nm and has low Ca2+ binding affinity thus making it suitable for imaging a 

broad range of cells using microscopes equipped with standard fluorescein filter sets (Gee et al., 



46 
 

2000). In comparison, a ratiometric Ca2+ indicator like fura-2 allows for more precise quantitative 

measurements and comparison of Ca2+ signals because it is excited at 350 and/or 380 nm thus 

allowing for ratioing of the signals. Specifically, the dye is excited at 380 nm in the Ca2+ free form 

(resting fluorescent signal) and at 350 nm in the Ca2+ bound form both of which emits at 500 nm. 

Dividing these two emitted fluorescence gives an accurate measure of Ca2+ concentration and 

cancels out the effects of differential dye loading and photobleaching between experiments 

(Paredes et al., 2008).    

A large number of cells can be imaged at the same time using this technique and it has provided 

useful insights into pain signaling mechanisms. For example, DRG neurons have been profiled 

based on their intracellular Ca2+ response to a multitude of algogens in order to functionally 

distinguish between the different neuronal subtypes (Teichert et al., 2012). Furthermore, Ca2+ 

imaging of FLS has revealed the link between an increase in intracellular Ca2+ via acid-sensing 

ion channel 3 (ASIC3) and cell death, a pathway that might be important in understanding arthritic 

pain (Gong et al., 2014).  

To enable in vivo Ca2+ imaging, GECIs have also been developed, with the GCaMP family being 

the current GECI of choice for neuroscientists (Anderson et al., 2018). This technique has been 

used to visualize some fundamental somatosensory pathways, such as identification of 

unmyelinated sensory fibers expressing the GPCR, MRGPRB4, that detect massage-like stroking 

of hairy skin (Vrontou et al., 2013). It has also ignited debates about the long-held view regarding 

polymodality of nociceptors with one study validating polymodality with in vivo Ca2+ (Chisholm 

et al., 2018) and another study challenging it (Emery et al., 2016). A possible explanation for this 

disparity is that the pain community is currently unsure about the best ways to stimulate 

nociceptors for in vivo imaging, as well as to accurately apply statistical tools to large scale data. 

Importantly for the field of arthritis, in vivo imaging of GCaMP3 transgenic mice with DMM has 

shown that an increased number of DRG neurons respond to noxious mechanical stimuli following 

injury, thus directly relating pain behavior to neuronal function (Miller et al., 2017).  

However, the major disadvantage of Ca2+ imaging is that it is an indirect measure of AP firing and 

the increase in intracellular Ca2+ can be mediated via ion channels such as, TRP channels, CaVs, 

NMDA receptors, α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid (AMPA) receptors, 

and/or through Ca2+ release from internal stores through inositol 1,4,5-trisphosphate receptors 
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(IP3Rs) and ryanodine receptors (reviewed in (Grienberger and Konnerth, 2012; Taylor et al., 

1999)). Therefore, efforts have been made to simultaneously perform Ca2+ imaging and patch 

clamp on DRG neurons (Hayar et al., 2008). 

1.9.5. In vivo to in vitro and back 

The reductionist goal of in vitro experiments is to identify cellular and molecular pathways in a 

controlled environment that does not suffer from the systemic ambiguity associated with a whole 

organism. However, understanding the complexity of a disease that involves multiple cell types 

requires a combination of behavioral and cellular knowledge, hence recent efforts have focused on 

providing in vitro resolution in more intact systems. For example, a semi-intact preparation has 

been developed where the circuitry from the periphery (skin) through DRG to spinal cord is intact 

and recordings can be conducted at multiple sites of this set-up (Hachisuka et al., 2016). Recently 

it has also been possible to perform single DRG neuron Ca2+ imaging in awake, moving animals 

that has shown that neuronal activity is higher in these animals compared to in vivo imaging from 

anesthetized animals (Chen et al., 2019). 
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Figure 1-2: In vitro models to study and assess mechanisms of arthritic pain. 

Pictorial representation of the in vitro models and their assessment techniques described in Sections 1.8, 

1.9 
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1.10. Non-rodent animal models of arthritis 

The above discussion on animal models of arthritic pain centered around rodent experimental 

models since that is the focus of this thesis (although I have been involved with functional 

characterization of DRG neurons in an ovine knee injury model, but is not within the purview of 

this thesis) , however significant anatomical and biomechanical differences between the joints of 

rodents and humans exists and hence understanding of arthritic pain can benefit from the study of 

larger animals (Gregory et al., 2012; Malfait et al., 2013). For example, in addition to large joint 

structures in dogs, the cartilage thickness of their joints are also similar to humans (Shepherd and 

Seedhom, 1999). Additionally, therapies (such as, arthroscopic procedures and surgery) and 

diagnostics (MRI and radiography) can be conducted in accordance with standard human clinical 

practices in large animals (Boileau et al., 2008; D’Anjou et al., 2008). The non-rodent animals 

currently used for arthritis research are rabbits, sheep, goats, dogs and horses. Most experimental 

models discussed in Section 1.6, including injection of CFA, collagenase, menisectomy and 

ACLT, can be conducted on these animals and their behavioral outcome measured using altered 

static or dynamic weight bearing (Malfait et al., 2013). Additionally, a number of large animals 

(e.g., horses and dogs), including dinosaurs in the pre-historic era (Anné et al., 2016), 

spontaneously develop/ed arthritis which helps in the investigation of natural progression of the 

disease (Gregory et al., 2013). Importantly, arthritic pain and disability in dogs and horses are a 

significant veterinary burden and thus it warrants studying of disease mechanisms in these species 

on their own merit. Unfortunately, however, very few studies have looked into cellular basis of 

pain in large animals possibly because DRG neurons are harder to access in these species. 

Recently, Ca2+ imaging has been conducted on acutely cultured primary canine DRG neurons 

which show that these can respond to algogens (Ganchingco et al., 2019). Furthermore, 

transcriptomics analysis of sheep, goat and pig DRG neurons have identified several important 

pain pathways (Deng et al., 2018; Sandercock et al., 2019). Nevertheless, further work is needed 

to understand peripheral mechanisms of sensitization in larger animals which can be correlated to 

histology and behavior for better translation into the clinic and/or veterinary practices. 
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1.11. Mechanisms of arthritic pain in the periphery 

The disease progression of arthritis is marked by changes in non-neuronal/immune cells, which 

cause inflammation in the joint environment and aberrant communication between these non-

neuronal cells and neurons at the site of the disease cause pain. Although differences exist between 

arthritic conditions, i.e., OA pain is considered to be more degenerative in nature (French et al., 

2017), whereas RA is perceived as more inflammatory (Walsh and McWilliams, 2014), recent 

evidence has clearly shown that inflammation plays an important role in OA pain (Goldring and 

Otero, 2011). Therefore, the focus of this thesis is inflammatory pain with an emphasis on its effect 

on nerves, the current understanding of which the following paragraphs will summarize in the 

context of arthritis (Figure 1-3, further reviewed in (McDougall, 2006; Salaffi et al., 2018; Syx et 

al., 2018)). 

1.11.1. The joint 

Although inflammatory pain has been studied for a long time, inflammation and pain do not always 

occur together, such that arthritic patients and pre-clinical animal models can have pain without 

overt inflammation (Agalave et al., 2014; Nieto et al., 2015). These observations suggest that pain 

and inflammation can be disjointed events and that sub-clinical inflammation also contributes to 

pain. Therefore, understanding the interactions between non-neuronal cells, their secreted 

mediators and nerves is important to further the understanding of arthritic pain. Triggering of an 

RA joint (which can be caused by tissue injury or auto-antigens) leads to cross reactivity with other 

cells in the joint which activates the body’s innate immune response. One of the major effects of 

the innate immune response is to trigger T cells to be polarized into Th1 and Th2 cells. The Th1 

cells exert pro-inflammatory effects by secreting numerous cytokines and other inflammatory 

mediators including TNFs and IFNs, thereby activating monocytes, macrophages and 

synoviocytes (Smolen and Steiner, 2003). In response to these cytokines, non-neuronal cells show 

abnormal proliferation, release cytokines of their own which, combined with activated genes, are 

responsible for chronic inflammatory response (Bottini and Firestein, 2013). The cellular cascades 

in OA joints are less well defined and hence OA is often termed as failure of the joint as an organ, 

which includes degeneration of articular cartilage and ligaments, hypertrophy of the joint capsule, 

osteophyte formation, and variable degrees of synovial inflammation (Loeser et al., 2012) that 
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triggers innate immunity. These arthritis-related dysregulations in the joint environment directly 

affects functioning of joint innervating nerves, which is hypothesized to cause pain.           

1.11.2. Peripheral sensitization 

As is true for most joints, knee joints are richly innervated by sympathetic and sensory nerves, 

such that the former terminate near the blood vessels and regulate blood flow in the joints and the 

latter transduces polymodal (chemo, thermo, mechano) innocuous (non-painful warmth, cooling, 

light touch) and noxious information (Samuel, 1952). The diversity of stimuli detected by the 

peripheral nerve endings is also reflected in their functional, genetic and morphological diversity 

(Wood et al., 2018a). For example, large diameter myelinated nerve fibers transduce 

proprioceptive information which helps in location (static) and motion sensing (dynamic) of the 

joints (Erlanger and Gasser, 1937). Although some myelinated nerves (A and A fibers) are 

involved in pain sensing, a large proportion of nociceptive nerves are unmyelinated (C-fibers) free 

endings (Erlanger and Gasser, 1937). Since these nociceptors are tuned to detect painful 

conditions, they typically have a high threshold of activation. In cats and rats ~80% of knee 

innervating nerves are nociceptors (Hildebrand et al., 1991; Langford, 1983) and in the DMM 

mouse model of OA there is increased nociceptive innervation of the medial synovium and 

subchondral bones compared to healthy mice (Obeidat et al., 2019). Similarly in humans, a large 

proportion of articular branches of the tibial nerve that innervate the knee are unmyelinated C-

fibers (Hines et al., 1996). These nociceptors can detect painful stimuli when exposed to the 

arthritic joint which, as a result of dysregulated intracellular pathways (e.g., the janus kinase/signal 

transducer and activator of transcription pathway (Fernandes et al., 2016)), contains increased pro-

inflammatory and decreased anti-inflammatory mediators. 

Joint-innervating nerves, as well as their cell bodies in the DRG, detect noxious agents and transmit 

pain stimuli using a variety of strategies (which can occur exclusive to each other or in 

combination). Inflammatory mediators can directly activate joint nociceptors to fire action 

potentials. This inflammatory milieu can also unmask previously silent nociceptors to transmit 

extra information and the threshold of nociceptor action potential firing can decrease in response 

to inflammation by a process called peripheral sensitization. Peripheral sensitization can occur due 

to changes in sensitivity/expression of ion channels either involved in transduction of mechanical 

(Lechner and Lewin, 2009) or chemical stimuli, or in action potential generation (Staunton et al., 
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2013). The direct behavioral consequence of these pain generating mechanisms is allodynia and/or 

hyperalgesia. Although evidence of all the three nociceptive mechanisms has been shown with 

individual pro-inflammatory mediators (reviewed in (Miller et al., 2009)) at the outset of this work 

there were no reports showing the overall nociceptive effect of the inflammatory milieu from the 

joint.  

The role of peripheral sensitization has been particularly highlighted in arthritic pain in recent 

years and a multitude of factors have been implicated as causative agents. The major evidence for 

peripheral sensitization in arthritic pain is as follows: 1) local administration of analgesics relieves 

arthritic pain (Creamer et al., 1996), 2) peripherally restricted anti-NGF antibody administration 

relieves OA pain (Schnitzer et al., 2019) and 3) total joint replacement can provide pain relief in 

OA (Neogi, 2013). The known chemical classes that contribute to sensitization through modulation 

of ion channels are cytokines (e.g. TNFs, ILs), eicosanoids (e.g. PGs derived from arachidonic 

acids) and endocannabinoids (e.g. a high concentration of anandamide). Additionally, 

inflammatory neuropeptides typically released from nerves can also cause neurogenic 

inflammation and peripheral sensitization. For example, when substance P is locally administered 

into the knee joint, afferents become sensitized to mechanical stimuli (Heppelmann and Pawlak, 

1997). Spinal application of CGRP also increases the firing rate of spinal, wide dynamic range 

neurons that receive input from knee joint afferents (Neugebauer et al., 1996). 

1.11.3. Voltage-gated ion channels 

Given that AP firing is an important neuronal correlate of pain, voltage-gated ion channels are 

actively being investigated as potential targets for ameliorating arthritic pain. NaVs are a major 

pain target of this ion channel family that depolarize neurons and are essential for AP firing 

(Bennett et al., 2019). Inflammatory pain is known to upregulate NaV channel expression and 

function in DRG neurons. For example, after injection of carrageenan into the rat hind paw, 

tetrodotoxin-resistant NaV current density is increased along with elevation in NaV1.3, NaV1.7 and 

NaV1.8 gene expression, only the latter being resistant to tetrodotoxin (Black et al., 2004). More 

relevant to joint pain, CFA-induced inflammation of the temporomandibular joint increases 

excitability of nociceptors via increased function of slowly inactivating TTX-resistant NaVs (Flake 

and Gold, 2005), NaV1.8 blockers can reverse MIA-induced increased joint afferent firing 

(Schuelert and McDougall, 2012) and a non-specific NaV channel blocker can reverse mechanical 
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hyperalgesia in CFA-induced ankle inflammatory rat model (Laird et al., 2001). However, one of 

the major barriers to translating NaV blockers into the clinic is the potential for disrupting broader 

physiological function and hence the search is on for novel post-translational modulators (e.g. 

CRMP2 (Dustrude et al., 2016)) of NaV binding proteins. KVs are another family of voltage-gated 

ion channels, which regulate repolarization of APs that has been investigated as targets for treating 

inflammatory pain. For example, the KV7.x family is activated by bradykinin, which is an 

important inflammatory mediator in arthritis (Peiris et al., 2017). HCN is another voltage 

dependent ion channel family (selective for Na+ and K+) being actively investigated for 

inflammatory and other pain (Emery et al., 2011; Tsantoulas et al., 2017). Although not well-

explored for pain relief in arthritis, the analgesic gabapentin binds to the 21 sub-unit of CaVs and 

reduces acute inflammation evoked articular afferent mechanosensitivity (Hanesch et al., 2000).  

1.11.4. TRP channels 

TRPs are another large family of Ca2+ permeable ion channels that has been explored as targets 

for controlling arthritic pain, TRPV1 (heat sensor) and TRPA1 (cold sensor) being the two most 

prominent members (Galindo et al., 2018). TRPV1 fibers are located in the human OA synovium 

and 12-hydroxy-eicosatetranoic acid (12-HETE, an endogenous ligand of TRPV1) has been found 

to be upregulated in the knee joint of MIA-induced OA rats, and a TRPV1 antagonist was able to 

reverse joint afferent sensitization and weight bearing in these rats (Kelly et al., 2015). However, 

evidence suggests that TRPV1 antagonists might only be effective in the acute phases of OA and 

not effective for MIA-induced chronic pain in rats (Haywood et al., 2018). This might be because 

inflammatory pain is more prominent in the first phase of OA. In support of this hypothesis, 

TRPV1-/- mice display reduced pain-related behavior in a CFA-induced inflammatory arthritic 

model. (Barton et al., 2006). By contrast, other studies found no change in guarding behavior and 

place preference after administration of TRPV1 antagonists in experimental arthritis models 

(Ängeby Möller et al., 2015; Okun et al., 2012). Additionally, some studies showed increased 

TRPV1 expression in DRG neurons after inflammation (Amaya et al., 2003; Ji et al., 2002), while 

others did not (Bär et al., 2004). It has also been suggested that TRPV1 positive neurons can be 

sub-divided based on whether they express surface carbohydrates that bind to isolectin B4. This 

plant lectin is thought to be the marker for a group of non-peptidergic, small diameter C-fiber 

sensory neurons (Molliver et al., 1995; Stucky and Lewin, 1999), although some studies have 
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shown overlap between isolectin B4 and neuropeptide expression (Wang et al., 1994). Regardless, 

it has been shown that increase in TRPV1 function following CFA-induced inflammation is more 

pronounced in the isolectin B4 positive population compared to the isolectin B4 negative 

population, thus suggesting targeting of isolectin B4 positive neurons can be beneficial for 

inflammatory pain (Stucky, 2007). Knee-innervating DRG neurons have not been categorized into 

isolectin B4 negative and positive populations in this thesis in order to have a larger sample size.     

Literature on TRPA1’s involvement in arthritic pain is similarly ambiguous. In CFA- and MIA-

induced models of knee arthritis, TRPA1 antagonists were able to normalize weight bearing and 

mechanical hyperalgesia (Fernandes et al., 2016, 2011), while another study saw no effect on 

conditioned place preference after TRPA1 antagonist administration in a MIA-induced knee 

arthritis model (Okun et al., 2012). However, before the findings in this thesis, the functions of 

TRPV1 and TRPA1 have not been explored in knee-innervating DRG neurons after inflammation, 

which might provide more joint nerve specific information. These results also highlight that 

different behavioral measures test different modalities of pain and many prominent drug targets 

are unable to reverse all pain-like behaviors. Furthermore, TRP channels are also found in non-

neuronal cells therefore suggesting that these are also important in neuron/non-neuronal 

communications. For example, evidence of functional TRPV1, TRPA1 and other members of the 

TRP channels like TRPV4 and TRPCs has been found in FLS (Itoh et al., 2009; Kochukov et al., 

2009, 2006; Xu et al., 2008). Efforts are also underway to test the suitability of TRPM3 as an 

arthritic pain target (Ciurtin et al., 2010; Vriens et al., 2011). 

1.11.5. Other ion channels and G-protein coupled receptors 

 In addition to the voltage-gated ion channels and the TRP family, purinergic ion channels and 

ASICs might also be involved in arthritic pain. Several members of the purinergic ion channel 

family P2X have been identified in the cartilage (Varani et al., 2008), and PGE2 treatment enhances 

P2X3 mediated currents in DRG neurons (Wang et al., 2007). Expression of ASIC3 is upregulated 

in carrageenan-induced inflammation of mouse knee joint (Ikeuchi et al., 2009) and ASIC function 

is increased by inflammatory mediators in sensory neurons (Deval et al., 2008; Marra et al., 2016; 

Smith et al., 2007), suggesting they might be a good target for arthritic pain. However, other studies 

have reported that mice lacking ASICs were not protected from CFA-induced inflammatory pain 

(Staniland and McMahon, 2009). 
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G protein-coupled receptors (GPCRs) are also important in arthritic pain since inflammatory 

mediator driven modulation of ion channels (described above) often happens through these 

receptors (Neumann et al., 2014). For example, bradykinin has been shown to sensitize TRPV1 

ion channels through phospholipase C and PKC suggesting that Gq protein coupled mechanisms 

modulate TRPV1 function (Cesare and McNaughton, 1996; Chuang et al., 2001). GPCRs can also 

affect sensory neurons through G protein independent mechanisms. For example, it was recently 

shown that proteases released during inflammatory conditions lead to endocytosis of protease 

activated receptor 2, which through endosomal signaling, cause hyperexcitability of nociceptors 

(Jimenez-Vargas et al., 2018). Furthermore, close proximity of GABA receptors with TRPV1 ion 

channels inhibits inflammatory pain (Hanack et al., 2015) implicating the various roles of GPCRs 

in modulation of pain signaling. 

1.12. Central sensitization in arthritic pain 

From the periphery, APs from joint nociceptors are transmitted into the dorsal horn of the spinal 

cord where they synapse with the spinal neurons. Peripheral sensitization of nociceptors thus can 

lead to central sensitization (hyperexcitability in the CNS) in chronic pain conditions and this 

effect might be longer lasting from deep tissue nociceptors (Wall and Woolf, 1984). The following 

paragraph gives a very brief overview of central sensitization mechanisms because this 

phenomenon has not been explored in this thesis, but has recently been reviewed elsewhere (Harte 

et al., 2018; Wood et al., 2019b; Woolf, 2011).  

The three major mechanisms of central sensitization are 1) glutamatergic neurotransmission 

mediated (summation of sub-threshold excitatory post-synaptic currents from acute pain leads to 

AP firing in higher order neurons), 2) loss of tonic inhibitory controls (due to disinhibition of 

GABA and glycinergic pathways) and 3) glia-mediated (Basbaum et al., 2009; Old et al., 2015). 

The glia-mediated mechanism relies on inflammatory mediators since elevated levels of IL-1 

were detected in the cerebrospinal fluid of RA patients (Lampa et al., 2012). The cytokine 

fractalkine (shown to be upregulated in protein isolated from human OA synovium (Gowler et al., 

2019)) might also play a role in central sensitization since its receptor CX3CR1 is upregulated in 

spinal microglia following neuropathic pain in rats (Lindia et al., 2005). Indeed, it has been shown 

that the microglial protease cathepsin S exerts pro-nociceptive effects in the CNS by cleaving 

neuronal fractalkine (Clark et al., 2009). Furthermore, in a CIA model of RA in rats, cathepsin S 
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inhibitor and fractalkine neutralizing antibody was able to normalize mechanical hypersensitivity 

(Clark et al., 2012). Advancement in neuroimaging has also revealed brain networks involved in 

processing of arthritic pain. Specifically OA patients show disruption of resting state default mode 

network and a decrease in grey matter volume in the thalamus, as well as involvement of 

periaqueductal gray region (PAG, part of the descending pain modulation system) (Gwilym et al., 

2010, 2009). Importantly, imaging of the PAG, nucleus cuneiformis and rostral ventromedial 

medulla provided evidence that OA patients with neuropathic pain (as opposed to nerve injury 

pain) have poorer outcome post-arthroplasty, thus suggesting that neuroimaging can be an useful 

tool to stratify patients (Soni et al., 2019). 
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Figure 1-3: Mechanisms of arthritic pain. 

Broad summary diagram highlighting the major mechanisms and structures involved in transmitting and 

processing of pain from the knee joint to the brain in humans.  
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1.13. Aims and objective of the thesis 

Based on the discussions above, my overarching hypothesis was that knee-innervating DRG 

neurons are sensitized by multiple arthritis-related stimuli and therefore controlling the excitability 

of these neurons will be a novel therapeutic option. In order to test this hypothesis, I asked the 

following questions: 

1) Can clinical samples from human arthritis patients be used in combination with mouse 

tissue to create a translatable, in vitro model of arthritic pain? 

2) Does the acute CFA-induced knee inflammation model sensitize knee neurons and 

therefore cause changes in spontaneous pain behavior? 

3) Does communication exist between knee neurons and non-neuronal FLS that is relevant to 

arthritic pain? 

4) Can an AAV serotype be identified that can specifically deliver functional genes from the 

periphery (knee joint) to the DRG neurons to control neuronal excitability? 
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Chapter 2. Materials and Methods 

 

2.1. Animals 

All animal research conducted in the UK was regulated under the Animals (Scientific Procedures) 

Act 1986 Amendment Regulations 2012 following ethical review by the University of Cambridge 

Animal Welfare and Ethical Review Body. 

2.1.1. Mice:  

Adult (6-15 week old) male and female C57/Bl6J mice (Envigo) were used in this study. Most 

experiments only used female mice because being female increases the risk for arthritis (Berkley, 

1997; Srikanth et al., 2005; van Vollenhoven, 2009). The mice were normally housed in standard 

(49 x 10 x 12 cm) cages with wire lids in groups of up to five in a temperature controlled room (21 

C). The mice were on a 12-hour light/dark cycle and had food and water available ad libitum. All 

procedures on mice carried out at the University of Cambridge were conducted under Project 

Licences 70/7705 and P7EBFC1B1 granted to Dr Ewan St. John Smith and by individuals who 

had a UK Home Office Personal License. 

Pilot experiments with viral retrograde tracers Chapter 6 were conducted on mice housed in the 

Neurobiology and Epigenetics Unit of European Molecular Biology Laboratories (EMBL), Rome 

as per the guidelines of the Italian Legislature, Articles 9, 27. Jan 1992, no 116. All experiments 

were performed under the license of the Italian Ministry of Health.  

 

2.2. Human synovial fluid samples 

The human-aspect of the study was performed in collaboration with Dr Deepak Jadon (Department 

of Medicine, University of Cambridge) with ethical approval from London City and East Regional 

Ethics Committee (17/LO/0714), Cambridge University Hospitals NHSFT Research and 

Development Department approvals, informed written consent was obtained from participants, and 

in accordance with the Declaration of Helsinki.  

Unselected consecutive patients with a rheumatologist-made diagnosis of osteoarthritis (OA), 

based upon symptoms, laboratory tests, and radiographic and/or magnetic resonance imaging, 

attending a University Hospital joint injection clinic for symptomatic knee OA management were 
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approached to participate in the study. With informed consent, an anatomically-guided knee joint 

synovial fluid (SF) aspiration was performed using a 16-gauge needle and syringe. Subsequently, 

methylprednisolone and lidocaine were injected into the knee joint as per clinical need. Patients 

were asked to score their knee pain using a 0-100 mm visual analogue scale (VAS). SF samples 

thus obtained were transported from the clinic on dry ice, passed through a 70 µm filter for 

acellularization and stored at -80 °C until use. Research nurse Jolanta Mil assisted with the 

procurement of samples. SF from post-mortem, healthy donors (Ctrl-SF) were purchased from 

BioIVT (n = 1) and Articular Engineering LLC (n = 2). Donor details are listed in Table 2-1. SF 

samples were applied to neurons after diluting in a 1:10 ratio to prevent osmotic stress 

(extracellular solution, 316 ± 5.9 mOsm, n = 7 vs. 1:10 Ctrl-SF, 324.3 ± 1.2 mOsm, n = 3 vs. 1:10 

OA-SF, 317.4 ± 12.4 mOsm, n = 4, F (2,11) = 0.2, p = 0.8, ANOVA).
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Table 2-1 Synovial fluid donor details. 

ESR: Erythrocyte Sedimentation Rate, CRP: C-Reactive protein, RhF: Rheumatoid factor, AS: ankylosing spondylitis, OA: osteoarthritis, RA: 

rheumatoid arthritis, VAS: visual analog scale, NA: not applicable. 

ID Age (years), 

Sex 

Diagnosis Year of OA 

diagnosis 

ESR 

(mm/hr) 

CRP 

(mg/l) 

RhF Current medication Pain Score (0-

100 mm VAS) 

1 77, Male OA, AS 2016 2 4 Not 

available 

Adalimumab, Aspirin, Atorvastatin, Cetirizine, 

Diltiazem, Glyceryl trinitrate, Isosorbide, Morphine 

sulphate, Lansoprazole, Nicorandil, Prednisolone, 

Tamsulosin 

60 

2 72, Female OA, RA 2004 13 4 Positive Adalimumab, Colecalciferol, Adcal-D3, Methotrexate, 

Paracetamol, Prednisolone 

100 

3 71, Female OA 2008 12 6 Positive Doxazosin, Glucosamine, Indapamide, Irbesartan, 

Levothyroxine, Omeprazole, Paracetamol, Vitamin B 

80 

4 68, Female OA, RA 1980 52 67 Not 

available 

Folic Acid, Methotrexate, Omeprazole, Paracetamol, 

Sulfasalazine 

70 

5 59, Female No joint 

disease 

NA NA NA NA NA NA 

6 70, Male No joint 

disease 

NA NA NA NA NA NA 

7 54, Male No joint 

disease 

NA NA NA NA NA NA 
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2.3. Adeno-associated virus production 

Adeno-associated virus (AAV) production was conducted in the lab of Dr Paul Heppenstall at 

EMBL in Monterotondo, Rome, with protocols adapted from those published (Challis et al., 2019). 

Ten 150 mm dishes of HEK293 cells were triple transfected with plasmids of AAV-PHP.S, helper 

(Agilent, 240071), and the appropriate cargo (Table 2-2) in a 1:4:1 ratio with PEI reagent (1:3, 

Sigma). Three days after transfection, cells and media were collected, after dislodging from the 

surface of the dish with 1% Triton X-100 (Sigma). This mixture was then centrifuged at 3700 g at 

4 °C to remove debris and then concentrated by ultrafiltration using Vivaflow 200 (Sartorius). The 

purified AAV particles were collected after running the viral concentrate through an iodixanol 

column (Opti-Prep density gradient medium, Alere Technologies) by ultracentrifugation 

(Beckmann, L8-70M) at 44400xg for 2-hours at 18 °C) followed by filtration using a 100 kDa 

filter to further concentrate the sample and for buffer exchange. Viral titers (vg/ml) were measured 

by probing for WPRE regions (forward: GGCTGTTGGGCACTGACAAT, reverse: 

CCGAAGGGACGTAGCAGAAG) using SyBR green qPCR of linearized virus particles as 

described previously (Challis et al., 2019) using a StepOnePlus Real Time PCR system, following 

the manufacturer’s guidelines on settings (Applied Biosystems). Virus used for the pilot 

experiments reported in Chapter 6 was produced by members of the Heppenstall lab and the 

Genetic and Viral facility at EMBL.
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Table 2-2 List of plasmids used in AAV production. 

 

 Plasmids Addgene # Acknowledgement 

pAAV-hSyn-hM4D(Gi)-mCherry 50475 Bryan Roth 

pAAV-hSyn-hM3D(Gq)-mCherry 50474 Bryan Roth 

pUCmini-iCAP-PHP.S 103006 Viviana Gradinaru 
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2.4. Knee injections 

Unless otherwise stated, all intra-articular injections into the knee joint were performed through 

the patellar tendon under ketamine (100 mg/kg) and xylazine (10 mg/kg) anesthesia, administered 

intra-peritoneally (i.p.).  

2.4.1. Retrograde tracer – fast blue:  

To label knee-innervating DRG neurons, 1.5 l of the retrograde tracer, Fast Blue (FB, 2 % in 0.9 

% saline; Polysciences) was injected into the knee. 

 

2.4.2. Retrograde tracer – AAV: 

Initial experiments with viral retrograde tracers were conducted in EMBL, Rome. Viruses (Table 

2-3) were injected intra-articularly (2-10 l, depending on titer values) either on their own 

bilaterally or co-injected with FB unilaterally.   

 

2.4.3. Complete Freund’s adjuvant:  

To induce joint inflammation, 7.5 µl CFA (10 mg/ml, Chondrex) was injected unilaterally into the 

knee of mice; when prior retrograde tracer injection had occurred, CFA injection was made 

according to the experimental designs of the studies conducted. To quantify inflammation, knee 

width was measured with digital Vernier’s calipers before and 24-hours after CFA injection.  
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Table 2-3 List of viruses injected. 

Studies where the respective viral serotypes were utilized are noted in reference column. 

 

 

Virus Reference Co-injections 

AAV1/2-Cre-EGFP (Hauck et al., 2003) No 

AAV2-Cre-EGFP (Lee et al., 2016) No 

AAV2-retro-Cre-EGFP (Tervo et al., 2016) No 

AAV9- CAG-DIO-EYFP (Jackson et al., 2016) No 

AAV-PHP.S-CAG-DIO-EYFP (Challis et al., 2019) No 

AAV-PHP.S-CAG-dTomato Addgene virus 

#59462 (Edward 

Boyden Lab) 

 With FB 

AAV-PHP.S-hSyn-hM4d(Gi)-

mCherry 

(Challis et al., 2019) No 

AAV-PHP.S-hSyn-hM3d(Gq)-

mCherry 

(Challis et al., 2019) No 



66 
 

2.5. Digging behavior testing 

The testing apparatus was a standard mouse cage filled with Aspen midi 8/20 wood chip bedding 

(LBS Biotechnology) that was tamped down to ~ 4cm. The mice were tested individually in the 

testing apparatus for 3 minutes without food and water (to limit distractions). The experiments 

were conducted by one male and one female experimenter between 12:00 and 15:00 on weekdays. 

Before any digging behavior test was conducted, mice were habituated in the procedure room in 

their home cages for 30 min. All test digs were video recorded; the digging duration was measured 

by the experimenters (Luke Pattison, Sampurna Chakrabarti), who were blinded (by Ewan St. John 

Smith) to the conditions, independently from the video recordings. An average of these 

measurements was reported since the individual experimenter scores had a Pearson correlation R2 

= 0.93. Digging duration was defined as the time spent actively displacing bedding materials with 

paws. The number of visible burrows in test cages was also counted.  

 

2.5.1. Experimental design for testing the impact of CFA-induced inflammation:  

For training on the digging paradigm, mice were allowed to dig twice with a 30 min interval in 

between, 2 days before FB or CFA injections. Then they were tested once 24-hours pre- and post-

FB and CFA injections. 

 

2.5.2. Experimental design for testing the effect of A-425619, a TRPV1 antagonist:  

Mice were trained as described above and then tested the day before intra-articular CFA/saline 

(Pre-CFA/ Pre-Saline) injections twice with a 30 min interval in between. Both CFA and saline 

(Control) groups were tested again 24-hours after the injections; after which all the mice were 

injected intra-peritoneally with the TRPV1 antagonist, A-425619 (100 µmol/kg, Tocris) made up 

in 10% DMSO and 34% 2-hydroxylpropyl β-cyclodextrin (Sigma) in dH2O (Hillery et al., 2011). 

Digging behavior was measured again 30 min after the antagonist administration since the drug 

shows maximal anti-nociceptive effect after 30 min (Hillery et al., 2011). Previously, A-425619 

showed transient hyperthermia in rats (Mills et al., 2008), but this was not measured in the present 

study. At the time of measuring the digging duration from videos, the experimenters were blinded 

to the testing conditions. 
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2.5.3. Experimental design for testing chemogenetic modulation  

The following groups were tested in this study; dynamic weight bearing and rotarod behavioral 

measures are described in subsequent sections: 

1. Compound 21 (C21) controls: Mice with no knee injections (i.e. no virus/DREADD) 

were tested on digging, rotarod and dynamic weight bearing 20 min before and after C21 (2 mg/kg 

diluted in sterile saline from a stock of 100 mM in ethanol, i.p., Tocris) injection.   

 

2. Activation of Gq-DREADD: Three-four weeks after intra-articular administration of 

virus, mice were tested on digging, rotarod and dynamic weight bearing 20 min before and after 

vehicle (1:100 ethanol in sterile saline) or C21 injections. 

3. Activation of Gi-DREADD: Three-four weeks after intra-articular administration of virus, 

mice were tested on digging, rotarod and dynamic weight bearing (pre-CFA). CFA was injected 

into the knee joints the next day to induce inflammation. 24-hours after that, the above-mentioned 

behavioral tests were conducted 20 min before (post-CFA) and after (post-C21) vehicle or C21 

injections. 

 

2.6. Dynamic Weight Bearing 

Deficit in weight bearing capacity is a characteristic measure of spontaneous inflammatory pain 

behavior and this was measured using a dynamic weight bearing device (Bioseb) in freely moving 

mice for 3 min. Animals were not trained in this device and coding was done by one experimenter, 

blinded to the conditions. In at least 1 min 30 s of the 3 min recording, fore- and hind paw prints 

were identified using the two highest confidence levels (based on correlation between manual 

software algorithm tracking) of the in-built software, at least 30 s of which was manually verified. 

Appropriate parameters of dynamic weight bearing were then extracted from the in-built software 

based upon the underlying hypothesis of the studies conducted. 
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2.7. Rotarod 

Locomotor function and coordination of mice were tested using a rotarod apparatus (Ugo Basile 

7650). Mice were tested on a constant speed rotarod at 7 rpm for 1 min, then in an accelerating 

program (7-40 rpm in 5 min) for 6 min. The same protocol was used to train mice one day before 

testing. Mice were removed from the rotarod after two passive rotations or when they fell from the 

rotarod. Mice were video recorded on test days and one experimenter blinded to the conditions 

coded these videos for latency(s) to passive rotation or fall.  

 

2.8. Isolation and culture of murine primary cells 

2.8.1. DRG: 

Mice were killed by cervical dislocation and their spinal column was dissected to isolate lumbar 

(L2-L5) DRG, since these DRG innervate knee joints (da Silva Serra et al., 2016). DRG were 

collected in ice-cold L-15 Medium (1X) + GlutaMAX-1 (Life technologies) supplemented with 

24 mM NaHCO3 which was followed by incubation in 3 ml type 1A collagenase for 15 min and 

3 ml trypsin solution for 30 min at 37 °C. After removal of the enzymes using a pipette, DRG were 

transferred to culture media containing L-15 Medium (1X) + GlutaMAX-l, 10 % (v/v) fetal bovine 

serum, 24 mM NaHCO3, 38 mM glucose, 2 % penicillin/streptomycin, mechanically dissociated 

with a 1 ml Gilson pipette and briefly centrifuged. Supernatant containing dissociated DRG 

neurons were collected in a fresh tube. This cycle of mechanical trituration was repeated five times, 

after which the cells were plated into poly-D-lysine and laminin coated glass bottomed dishes 

(MatTek) and kept at 37°C, 5 % CO2 for 4, 24 or 48-hours depending upon experimental need for 

electrophysiological recording and Ca2+-imaging. For experiments with mice following unilateral 

CFA knee injection, the ipsilateral and contralateral DRG were kept separate throughout the 

dissociation.   

2.8.2. FLS: 

Knee joints of mice were exposed by removing the skin, then the quadriceps muscles were resected 

in the middle and pulled distally to expose the patellae. Patellae were then collected in PBS by 

cutting through the surrounding ligaments, as described before (Futami et al., 2012), and then 

transferred into one well of a 24-well plate with FLS culture media containing Dulbecco’s 
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Modified Eagle Medium F-12 Nutrient Mixture (Ham) (Life Technologies), 25% fetal bovine 

serum (Sigma), 2 mM glutamine (Sigma) and 100 mg/ml penicillin/streptomycin (Life 

Technologies). Cells took approximately 10 days to grow to 70% confluency with changing of the 

media every 3-4 days. For P1, FLS were trypsinized with 1% trypsin (Sigma), re-suspended in 

culture media and transferred into two wells of a 6-well plate. FLS from two animals were 

combined at P2. For subsequent passages, FLS were transferred into 60 mm dishes. Contralateral 

(Ctrl) and CFA-injected knees/cells were kept separate at all stages. The cells were maintained in 

a humidified 37 °C, 5% CO2 incubator. For some experiments FLS were cultured until P5 from 

mice without any knee injections (Control). A random selection of these dishes, from three 

separate mice, were incubated for 48-hours in culture media with tumor necrosis factor- (TNF-

,  10 ng/ml from a stock solution of 100 g/ml made up in 0.2 % bovine serum albumin and 

sterile PBS, R&D systems) to stimulate release of inflammatory mediators as described previously 

(Hardy et al., 2013). For electrophysiological recordings and Ca2+-imaging studies, FLS were 

plated on poly-D-lysine and laminin coated glass bottomed dishes and cultured for 24-hours with 

FLS culture media (with or without TNF-) and the next 24-hours with DRG culture media to 

match co-culture studies (see below). Luke Pattison assisted with the upkeep of FLS and some 

Ca2+-imaging experiments.  

2.8.3. DRG/FLS co-culture 

For co-culture studies, FLS were plated onto poly-D-lysine and laminin coated glass bottomed 

dishes and cultured for 24-hours with FLS culture media (with or without TNF-). The next day 

medium was removed from FLS plates, then DRG neurons were isolated as described above and 

plated on top of the FLS. Co-culture plates were then kept in DRG culture medium for up to 24-

hours for electrophysiogical recording. 

 

2.9. Culture of cell line: Raw 264.7 

Raw 264.7 cells (EACC) were cultured in media containing Dulbecco’s Modified Eagle Medium 

F-12 Nutrient Mixture (Ham) (Life Technologies), 10% fetal bovine serum (Sigma) and 2 mM 

glutamine (Sigma). 
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2.10. Staining 

2.10.1. Immunohistochemistry of whole DRG sections 

Mice used for immunohistochemistry were terminally anaesthetized by sodium pentobarbital (200 

mg/kg, i.p.), then transcardially perfused with PBS, followed by 4% (w/v) paraformaldehyde 

(PFA, in PBS, pH 7.4). L2-L5 DRGs were collected from the CFA-injected and non-injected side 

of FB labelled mice and fixed in 4% PFA for an hour, followed by cryo-protection with 30% (w/v) 

sucrose overnight at 4 °C.  

For freezing, DRG were embedded in Shandon M-1 Embedding Matrix (Thermo Fisher 

Scientific), snap frozen by immersing in a 2-methylbutane (Honeywell International) / dry ice 

slurry. The frozen sections were stored at -80 °C, before being sectioned using a Leica cryostat 

(CM3000; Nussloch, Germany) and mounted on Superfrost Plus slides (Thermo Fisher Scientific), 

which were kept at -20 °C until staining. For staining, slides were washed thoroughly with PBS-

tween twice and blocked with 0.2 % (v/v) Triton X-100, 5 % (v/v) donkey serum, 1 % (v/v) bovine 

serum albumin in PBS (antibody diluent) for 1 hour at room temperature. These were then 

incubated overnight at 4 °C with primary antibodies. The next day, primary antibodies were 

washed off three times with PBS-tween and incubated for 2-hours at room temperature (20-22 °C) 

in corresponding secondary antibodies diluted to 1:1000 in PBS. See Table 2-4 for a list of 

antibodies used. Slides were thoroughly washed again in PBS-tween, mounted and imaged with 

an Olympus BX51 microscope (Tokyo, Japan) and QImaging camera (Surrey, Canada). Exposure 

levels and digital contrast enhancements were uniformly applied to all slides and negative controls 

of primary antibodies did not show staining with either secondary antibodies.  

Contributions: Experiments reported in Chapter 4 were conducted by Kaajal Singhal, as a Part II 

research project on the Medical and Veterinary Sciences Tripos (University of Cambridge) under 

my supervision. Some immunohistochemistry experiments reported in Chapter 6 were performed 

by Rebecca Rickman. 

2.10.2. Immunostaining of FLS 

FLS were plated overnight in wells of a 24-well plate, fixed with Zamboni’s fixative (Stefanini et 

al., 1967) for 10 min, permeabilized with 0.05 % TritonX-100 and blocked with antibody diluent 

(0.2% (v/v) Triton X-100, 5% (v/v) donkey serum and 1% (v/v) bovine serum albumin in PBS) 
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for 30 min. The cells were then incubated overnight at 4 °C in 1:100 (in antibody diluent) anti-

cadherin-11 antibody (CDH-11, rabbit polyclonal, Thermo Fisher, 71-7600). Cells were washed 

three times with PBS-tween and incubated in the conjugated secondary antibody, anti-rabbit 

Alexa-568 (1:1000 in PBS, Thermo Fisher, A10042) for 1-hour at room temperature (21 °C). The 

secondary antibody was washed off three times with PBS-tween and the cells were incubated in 

the nuclear dye DAPI (1:1000 in PBS, Sigma, D9452) for 10 min. Cells were further washed with 

PBS-tween once and imaged in PBS using an EVOS FLoid Cell Imaging Station (Thermo Fisher) 

at 598 nm (for CDH-11) and 350 nm (for DAPI) wavelength of light. Cells without primary 

antibody did not show fluorescence.   
 

2.10.3. DRG/FLS co-culture live stain 

To visualize neuron/FLS co-culture, live cell imaging was performed. FLS were plated on MatTek 

dishes with 1:1000 (diluted in FLS culture medium) CellTracker Deep Red Dye (Thermo Fisher, 

C34565) and incubated for 24-hours in a humidified 37 °C, 5% CO2 incubator. Dissociated DRG 

neurons (see above) were incubated in CellTracker Green Dye (1: 1000 diluted in DRG culture 

media, Thermo Fisher, C7025) for 15 min at room temperature (21 °C), centrifuged (16000 g, 3 

min, 5415R, Eppendorf) and re-suspended in fresh medium. The FLS dishes were then washed 

twice with PBS and the neuronal suspension was plated on top of the FLS monolayer and incubated 

overnight in the incubator. The co-culture dishes were washed with PBS and imaged the following 

day using an Olympus BX51 microscope and QImaging camera at 650 nm (for deep red dye) and 

488 nm (for green dye) wavelength of light.  

2.10.4. Data analysis 

Qualitative analysis was carried out for FLS staining, whereas whole DRG sections were analyzed 

using a semi-quantitative method 

(https://github.com/amapruns/Immunohistochemistry_Analysis). Briefly, one to three stained 

sections were chosen for analysis from both experimental and control conditions from each DRG 

level investigated of each mouse. Each neuron of interest was manually marked as region of 

interest in the ImageJ software and its mean gray value (intensity) was measured. Another normal 

distribution was constructed for cells with the minimum mean gray value in each image analyzed. 

https://github.com/amapruns/Immunohistochemistry_Analysis
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A neuron was scored positive for a stain if it had an intensity value greater than average normalized 

minimum grey value across all sections + 2 times the standard deviation.   
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Table 2-4 List of antibodies used for whole DRG immunohistochemistry. 

Trpv1 = transient receptor potential vanilloid 1, TrkA = tropomyosin receptor kinase A 

 

Antibody Dilution Description and Reference 

Anti-TRPV1, rabbit 

polyclonal 

1:1000 Primary antibody, Abcam 

ab31895 

Anti-TrkA, goat polyclonal 1:1000 Primary antibody, R & D 

Systems, AF1056 

Anti-TRPV1, guinea pig 

polyclonal 

1:500 Primary antibody, Alomone 

AGP-118 

Alexa-488, anti-guinea pig 1:500 Secondary antibody, Jackson 

ImmunoResearch 706-545-

148  

Alexa 488, anti-rabbit 1:1000 Secondary antibody, 

Invitrogen A21206 

Alexa 568, anti-goat 1:1000 Secondary antibody, 

Invitrogen, A11057 

 

  



74 
 

2.11. RNA extraction and RT-q/PCR 

For all conditions, RNA was extracted from two 60 mm dishes (Thermo Fisher) of FLS (various 

passages) and from one T-25 flask (Greiner Bio-one) of Raw 264.7 cells at P3 using the RNeasy 

Mini Kit (Qiagen). 500 ng of the extracted RNA was used to synthesize cDNA using a High 

Capacity cDNA RT kit (Applied Biosystems) following the manufacturer’s guidelines, using a 

T100 Thermal Cycler (Bio-Rad). The resultant cDNA was diluted to a 1:5 ratio with nuclease free 

water and quantitative PCR (qPCR) was performed using a StepOnePlus Real Time PCR system, 

following the manufacturer’s guidelines on settings (Applied Biosystems) using TaqMan probes 

(Thermo Fisher) (Table 2-5). The fluorescence intensity of samples was captured during the last 

minute of each cycle. All reactions were run in triplicate with appropriate negative controls with 

water containing no cDNA. FLS gene expression was also assessed by reverse-transcriptase (RT)-

PCR. DreamTaq Polymerase (ThermoFisher) was used to amplify a section within the open 

reading frames of various genes from 5 ng template cDNA. The sequences of designed 

oligonucleotides (Sigma) are listed in (Table 2-5). Negative controls (using water/RNA as the 

template) were performed for each biological sample with a randomly selected primer pairing. 

PCR products were resolved on 2% agarose containing 1X GelRed Nucleic Acid Stain (Biotum) 

and imaged with a GeneFlash Gel Documentation System (Syngene). A randomly selected subset 

of reactions was repeated with 2.5 ng template cDNA to ensure reproducibility.  
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Table 2-5 Genes of interest analyzed in this study. 

Cd = cluster of differentiation, Cdh = cadherin, Il = interleukin, Cox = cyclooxygenase, Gpr = G-protein 

receptor, Asic = acid sensing ion channel, Trpv1 = transient receptor potential vanilloid 1. 

 

 Gene TaqMan Assay ID/sequence Role 

Taqman Probes 

18S Mm03928990_g1 Housekeeping 

Cd-68 Mm03047343_m1 Macrophage marker 

Cdh-11 Mm00515466_m1 Intimal synovial fibroblast 

marker 

Cd-248 Mm00547485_s1 Synovial fibroblast marker 

Cd-31 Mm01242576_m1 Endothelial marker 

Il-6 Mm00446190_m1 Inflammation 

Il-1r1 Mm00434237_m1 Inflammation 

Cox-1 Mm04225243_g1 Constitutively active gene 

Cox-2 Mm03294838_g1 Inflammation 

RT-PCR primers 

18S Fwd: CCGGTACAGTGAAACTGCGA 

Rev: ATCTAGAGTCACCAAGCCGC 

Product size: 230 bp 

Housekeeping 

Gpr4 Fwd: ATTCAGCACCGCTCTTCCAT 

Rev: CAGGGCCAGACGTTTGATCT 

Product size: 236 bp 

Proton-sensing GPCR 

Gpr65 Fwd: CAACATCGGATCTTTATGCG  

Rev: ATGTAGGTGAAGAAAACGCT 

Product size: 195 bp 

Proton-sensing GPCR 

Gpr68 Fwd: TTCTCCCTCCTCCTCACCAG 

Rev: GGCTGAGTGGAGCTTGGTTA 

Product size: 234 bp 

Proton-sensing GPCR 

Gpr132 Fwd: CCACTACCTGCGTTTCACCT 

Rev: CCAGGAAGATGGTGACGACC 

Proton-sensing GPCR 

http://www.thermofisher.com/taqman-gene-expression/product/Mm03928990_g1?CID=&ICID=&subtype=
http://www.thermofisher.com/taqman-gene-expression/product/Mm00434237_m1?CID=&ICID=&subtype=
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Product size: 161 bp 

Asic1 Fwd: ACACATTCAACTCGGGCCAA 

Rev: TGCTCCTGGCAAGACACAAA 

Product size: 250 bp 

Acid-sensing ion channel  

Asic2 Fwd: TGCTGCCTTACTTGGTGACA 

Rev: CGGAGTGGTTTGGCATTGTG 

Product size: 194 bp 

Acid-sensing ion channel 

Asic3 Fwd: AGAAGGAGCTCTCAAAGGCG 

Rev: AGGTAACAGGTACGGTGGGA 

Product size: 158 bp 

Acid-sensing ion channel 

Asic4 Fwd: AGCGGCTAACTTATCTGCCC 

Rev: CAAGGGAGTCCAGTGTGTGG 

Product size: 234 bp 

Acid-sensing ion channel 

Trpv1 Fwd: GACACCATTGCTCTGCTCCT 

Rev: GCCTGGACATCTGCTCCATT 

Product size: 176 bp 

Heat and proton transducing ion 

channel 

Il6 Fwd: AGCCAGAGTCCTTCAGAGAGA 

Rev: TGGTCTTGGTCCTTAGCCAC 

Product size: 226 bp 

Inflammation 
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2.11.1. Data analysis 

For qPCR reactions, data were obtained as Ct values (the cycle number at which fluorescent signals 

emitted by the TaqMan probe crossed a software determined threshold value). Only Ct values 

below 35 were analyzed to determine ΔCt values by subtracting the Ct of 18S ribosomal RNA 

from the Ct of target gene (McCall et al., 2014). ΔCt values of target genes were subtracted from 

average ΔCt values of their controls to calculate ΔΔCt, followed by 2^(- ΔΔCt) to calculate fold 

change (Livak and Schmittgen, 2001). For semi-quantitative PCR, densitometry analyses were 

performed using ImageJ Software (NIH) where relative expression was determined by dividing 

the band intensity of each gene by that of the housekeeping gene, 18S ribosomal RNA, for each 

biological replicate. 

 

2.12. Cytokine antibody array 

Before RNA extraction, 2 ml of culture media from P5 Contra, Ipsi, control and TNF-FLS (48-

hour) were collected and stored at -80 °C until use. Culture medium was pooled from three cultures 

for each of the four conditions and assayed (undiluted) for the presence of 40 inflammatory 

mediators using Mouse Inflammatory Antibody Array Membranes (ab133999, Abcam) according 

to the manufacturer’s instructions. Chemiluminescence was imaged using a BioSpectrum 810 

imaging system (UVP) with 3 min exposure. Location of the 40 cytokines detected by the array 

membranes are shown in Table 2-6. 
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Table 2-6 Location of cytokines detected by the mouse inflammatory antibody array membrane. 

BLC = B lymphocyte chemoattractant, GCSF = granulocyte colony stimulating factor, GM-CSF = granulocyte-macrophage colony stimulating 

factor, IFN = interferon, IL= interleukin,  I-TAC = interferon inducible T-cell alpha chemoattractant, KC = Keratinocyte chemoattractant (chemokine 

ligand 1), LIX = lipopolysaccharide induced chemokine, MCP = monocyte chemoattractant protein, MCSF = macrophage colony stimulating factor,  

MIG = monokine induced by gamma interferon, MIP = macrophage inflammatory protein, RANTES = Regulated on activation, normal T-cell 

expressed and secreted, SDF= stromal cell derived factor, TCA = T-cell activation gene, TECK = thymus expressed chemokine, TIMP = Tissue 

inhibitor of metalloproteinase, TNF(R) = tumor necrosis factor (receptor), Pos = Positive spot, Neg = negative spot.  

 A B C D E F G H I J K L 

1 

Pos Pos Neg Neg Blank BLC CD30 L Eotaxin Eotaxin-2 

Fas 

Ligand Fractalkine GCSF 

2 

Pos  Pos Neg Neg Blank BLC CD30 L Eotaxin Eotaxin-2 

Fas 

Ligand Fractalkine GCSF 

3 

GM-CSF IFN IL-1 IL-1 IL-2 IL-7 IL-4 IL-6 IL-9 IL-10 

IL-12 

p40/p70 

IL-12 

p70 

4 

GM-CSF IFN IL-1 IL-1 IL-2 IL-7 IL-4 IL-6 IL-9 IL-10 

IL-12 

p40/p70 

IL-12 

p70 

5 IL-13 IL-17 I-TAC KC Leptin LIX Lymphotactin MCP-1 MCSF MIG MIP-1 MIP-1 

6 IL-13 IL-17 I-TAC KC Leptin LIX Lymphotactin MCP-1 MCSF MIG MIP-1 MIP-1 

7 RANTES SDF-1 TCA-3 TECK TIMP-1 TIMP-2 TNF- sTNF RI sTNF R II Blank Blank Pos 

8 RANTES SDF-1 TCA-3 TECK TIMP-1 TIMP-2 TNF- sTNF RI sTNF R II Blank Blank Pos 
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2.12.1. Data analysis 

Densitometry of the spots on the Mouse Inflammatory Array Membranes was performed using 

ImageJ software (NIH). Briefly, the mean gray value of each spot was measured from all 

membranes using the same circular region of interest. The spots of interests were then background 

(average of all negative control spots) subtracted and normalized to the positive control spots of 

the reference membrane (control FLS media). Fold change was obtained by dividing normalized 

intensities of the membrane of interest and the control membrane, analyte-by-analyte.  

 

2.13. Whole cell patch clamp electrophysiology 

All recordings were performed using a HEKA EPC-10 amplifier (Lambrecht) and its 

corresponding Patchmaster software. Patch pipettes of 4-9 MΩ were pulled with a P-97 

Flaming/Brown puller (Sutter Instruments) from borosilicate glass capillaries. 

2.13.1. Composition of extracellular and intracellular recording solutions:  

The cells were bathed in an extracellular solution (ECS) that contained (in mM). NaCl (140), KCl 

(4), MgCl2 (1), CaCl2 (2), glucose (4) and HEPES (10) adjusted to the required pH (> 6.0) with 

NaOH (340-360 mOsm). For solutions with pH < 6.0, MES was used instead of HEPES. The 

intracellular solution used in patch pipettes contained (in mM): KCl (110), NaCl (10), MgCl2 (1), 

EGTA (1), HEPES (10), Na2 ATP (2), Na2 GTP (0.5) adjusted to pH 7.3 with KOH (300-310 

mOsm). 
 

2.13.2. Protocols and Data Analysis 

Action potential generation in DRG neurons: APs were generated by 80 ms current injections 

of 150-1050 pA in 50 pA steps (Figure 2A). If an AP was generated at 150 pA, the neuron was 

retested with current injections of 0–1000 pA, in 50 pA steps. Threshold, amplitude, half peak 

duration (HPD), afterhyperpolarization (AHP) duration and AHP amplitude (Figure 4-3) were 

measured using Fitmaster software (HEKA) or IgorPro software (Wavemetrics) as described 

before (Bonin et al., 2013; Djouhri et al., 2001; Kim et al., 1998). AP amplitude is defined as the 

peak of the AP from the repolarized membrane potential; HPD is the AP width at half-amplitude, 

AHP was obtained by fitting the decay to a single exponential function and AHP amplitude was 

obtained by subtracting the peak voltage during AHP from the repolarized membrane potential. 
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Pharmacology: Solutions (Table 2-7) were made up in ECS from their respective stocks (if 

applicable) and applied in a random order through a gravity-driven 12 barrel perfusion system 

(Dittert et al., 2006) in 5 s pulses with at least a 30 s wash period (with pH 7.4) between stimuli. 

To test for inhibition of currents observed, the solution of interest was applied before and after 1-

2 min of antagonist application. Cells that produced an inward current, larger than the baseline, 

and time-locked to the drug applications were counted as responders while non-responders did not 

evoke any currents. Current amplitude was measured in Fitmaster (HEKA) by subtracting the 

maximum peak response from the baseline (average of the 3 s before stimulation), which was then 

normalized by dividing by neuron capacitance to give current density. 

 

2.14. Ca2+-imaging 

Neurons were incubated with the Ca2+ indicator, Fluo-4 AM (10 M diluted in ECS from a 10 mM 

stock solution in DMSO, Invitrogen) for 30 min (40 min for FLS) at RT (21 °C). Culture dishes 

were then washed and imaged under an inverted Nikon Eclipse Ti microscope. Fluo-4 fluorescence 

were excited using a 470 nm LED (Cairn Research) and captured with a camera (Zyla cSMOS, 

Andor) at 1 Hz with a 50 ms (250 ms for FLS) exposure time using Micro-Manager software (v1.4; 

NIH). Solutions were perfused through a gravity-driven 12 barrel perfusion system (Dittert et al., 

2006). 

2.14.1. Protocols and Data analysis: 

Solutions (Table 2-7) to test for chemical sensitivity (e.g. capsaicin) were applied for 10 s after a 

10 s baseline was established with ECS. Unless otherwise stated, for testing the effect of 

antagonists upon test solutions, the solution of interest was applied before and after 1 min of 

antagonist application. There was a wash out period of 4 min between drug applications and 50 

mM KCl and 10 M ionomycin were used as positive controls in experiments with neurons and 

FLS respectively.  

Analysis was conducted by extracting mean gray values of neurons from manually drawn regions 

of interests (ROIs) in the ImageJ software. These values were then fed into a custom-made R-

toolbox (https://github.com/amapruns/Calcium-Imaging-Analysis-with-R.git) to compute the 

proportion of cells responding to each drug and their corresponding magnitude. Briefly, after 

https://github.com/amapruns/Calcium-Imaging-Analysis-with-R.git
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subtraction of background intensities from the ROIs, the difference between 5 s of pre-compound 

application baseline and 2 s of peak drug response was calculated. Cells that had a peak drug 

response greater than baseline mean ± 5 standard deviation (threshold) were counted as 

“responders”. Then neurons were normalized to their peak KCl and FLS to their peak ionomycin 

response (ΔF/Fmax); cells not crossing threshold for positive controls were excluded from the 

analysis. Finally, a manual quality control was performed by excluding cells that had a peak 

ΔF/Fmax of less than 0.001 and that did not reach peak 30 s after termination of drug application. 

It is to be noted that a neuron’s response to KCl is not the global Fmax, nevertheless responses of 

neurons were normalized to KCl because it causes a substantial depolarization of neurons and I 

was interested in testing the depolarizing potential of algogens which directly correlates with their 

nociceptive potential. 
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Table 2-7 List of solutions used in electrophysiological recordings and Ca2+-imaging.  

NA = not applicable.  

 

 

Solution Working 

concentration 

Stock concentration Supplier Application 

pH 4-7 NA NA NA Agonist of proton sensors 

Capsaicin 1-10 M 1 mM in ethanol Sigma TRPV1 agonist 

Cinnamaldehyde 100 M 1 M stock in ethanol Merck TRPA1 agonist 

Menthol 100 - 250 M 1 M stock in ethanol Alfa Aesar TRPM8 agonist 

-aminobutyric acid (GABA) 100 M 100 mM in water Sigma GABA agonist 

Bicuculline 250 M 100 mM in DMSO Sigma GABAA antagonist 

4,5,6,7-tetrahydroisoxazolo[5,4-

c]pyridin-3-ol hydrochloride (THIP) 

100 M 100 mM in water Sigma GABAA-subunit agonist 

Nifedipine 10 M 1 M in DMSO Sigma Cav blocker 

Tetrodotoxin M 1 mM in water Alomone Labs Nav blocker 

Ruthenium red M 1 mM in water Sigma TRP antagonist 

Amiloride M 100 mM in DMSO Cayman Chemical Non-selective ASIC 

antagonist 

APET-x2  100 M in water Smartox ASIC3 selective antagonist 

YM-254890 100 nM 10 mM in DMSO Adipogen GqPCR antagonist 
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2.15. Statistical Analysis 

The number of mice to be used in each part of the study was calculated by power analysis using 

G*Power software and approved by the UK Home Office and the University of Cambridge Animal 

Welfare and Ethical Review Body. All data are presented as mean ± SEM. Student’s unpaired t-

tests were performed for comparison between two groups with similar distribution while the chi-

sq test was performed to compare two proportions. An ANOVA followed by an appropriate post 

hoc test was performed for comparison of more than two groups using Graphpad Prism software. 

Following publication of all findings in this thesis, data will be made available in the Cambridge 

University Apollo Repository.  
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Chapter 3. Human OA synovial fluid increases excitability of 

mouse DRG neurons: an in vitro, translational model to study 

arthritic pain. 
 

This chapter has been published as “Human osteoarthritic synovial fluid increases excitability of 

mouse dorsal root ganglion sensory neurons: an in vitro translational model to study arthritic pain” 

(Chakrabarti et al., 2019a). 

Authorship contributions in the published manuscript: I designed the studies, collected and 

analyzed data, and wrote the manuscript. Dr Deepak R. Jadon obtained the human synovial fluid 

samples and revised the manuscript. Drs David C. Bulmer and Ewan St. John Smith were involved 

in the design of the study and writing of the manuscript. 

 

Figure 3-1: Graphical abstract for Chapter 3. 
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3.1.Key message 

Experimental animal models of arthritis do not fully recapitulate the human disease and hence 

there is a need to develop models that utilize human clinical samples to bridge the translational 

gap between bench and bedside. I developed a novel, in vitro translational model to study arthritic 

pain by stimulating mouse dorsal root ganglion neurons with human synovial fluid obtained from 

OA patients and post-mortem donors with no known joint disease. Results in this chapter show 

that OA synovial fluid directly increases knee neuron excitability and hence drives knee pain. This 

chapter highlights the inflammatory phenotype of OA, provides proof-of-concept that synovial 

fluid is a key modulator of arthritic pain and establishes knee-innervating neurons as a distinct 

subset of DRG neurons that are important in arthritic pain.  

 

3.2.Introduction 

Clinicians have noted differences between the quality of cutaneous and deep tissue (e.g. joint) pain 

since the early 1900s, with deep tissue pain being more diffuse, dull, intermittent and “sickening” 

(Lewis, 1938). In his article in the British Medical Journal, Sir Thomas Lewis goes as far as to say, 

“the difference in the quality of pain derived from skin and from deeper structures has led me to 

suppose that these may be fundamentally different forms of sensation” (Lewis, 1938). Later 

retrograde tracing studies from the knee have also shown important differences in the cell bodies 

of knee-innervating neurons (knee neurons) compared to skin, such as knee neurons having 

increased proportions of peptidergic, TRPV1 (transient receptor potential vanilloid 1) positive and 

unmyelinated neurons (Cho and Valtschanoff, 2008; O’Brien et al., 1989). Furthermore, 

electrophysiological recordings of the medial articular nerve supplying the cat knee joint revealed 

a large group of high threshold or mechano-insensitive afferents that become responsive after 

inflammation (Schaible and Schmidt, 1985). Therefore, in this study I hypothesized that knee-

innervating DRG neurons likely form a functionally distinct group with a higher firing threshold 

for action potential generation, and that respond to the inflammatory joint environment as 

encountered during arthritis.   

The knee joint is of particular interest in this study because knee OA is one of the most commonly 

reported musculoskeletal disorders and as of 2017 (The Institute for Health Metrics and 
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Evaluation, 2017), musculoskeletal disorders are the principle contributing factor to the years lived 

with disability index of the global disease burden (Vos et al., 2012). Moreover, knee OA is one of 

the top ten global causes of morbidity, with pain being a predominant symptom (Neogi, 2013). 

Perhaps due to OA being considered a degenerative joint disorder, the focus of drug development 

has been on managing structural disease progression, even though pain severity only tenuously 

correlates with radiographic joint damage (Syx et al., 2018). Furthermore, prescribed pain 

management drugs, such as diclofenac, etoricoxib and opioids, show limited efficacy and are 

accompanied by safety concerns after long-term use (Syx et al., 2018). Overall, mechanisms 

driving OA pain are poorly understood and there is a significant unmet clinical need to improve 

pain management in OA. 

OA is historically thought to be a degenerative joint disease that accompanies old age, however, a 

medico-evolutionary study of cadaveric knee OA found a 2.1 fold increase in its prevalence from 

the early to post-industrial era after controlling for increases in longevity and body mass index 

(Wallace et al., 2017). These data suggest knee OA may be preventable and is not simply a by-

product of aging. Subsequently, the roles of synovitis and inflammation in OA-related pain have 

become clear, thus providing a druggable disease mechanism (Goldring and Otero, 2011). 

Synoviocytes produce inflammatory mediators like TNF-, IL-6 and lysophosphatidylcholine that 

are detected in the SF of OA patients (Carlson et al., 2018; Gobezie et al., 2007) and in animal 

models of arthritis (Zhang et al., 2013). Attempts have been made to stratify arthritic patients based 

upon biomarkers present in SF using proteomics (Balakrishnan et al., 2014; Bhattacharjee et al., 

2016), lipidomics (Kosinska et al., 2014) and metabolomics (Hugle et al., 2012) revealing the 

presence of multiple inflammatory mediators in diverse forms of arthritis. These inflammatory 

mediators stimulate the distal terminals of DRG neurons, which in turn transmit sensory 

information to the central nervous system. Individually, inflammatory mediators can induce 

neuronal hyperexcitability (Zhang et al., 2013), which likely explains the efficacy of NSAIDs like 

diclofenac (Deng et al., 2016) that inhibit prostaglandin production, but it is unknown whether 

arthritic SF directly excites mouse knee neurons.   

The hyperexcitability of peripheral sensory neurons (peripheral sensitization), is clinically 

important (Malfait and Miller, 2016) as demonstrated by the efficacy of peripherally restricted 

anti-nerve growth factor antibodies in OA (Lane et al., 2010). However, mechanistic 
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understanding of peripheral sensitization in OA is largely restricted to animal models. For 

example, electrophysiological studies in the MIA model of OA in rats (Brenn et al., 2007; Segond 

von Banchet et al., 2005) and OA-prone Hartley guinea pig (Schuelert et al., 2011) showed that 

hyperexcitability of joint afferents and DRG neurons was mediated by IL-6 and IL-1. Even 

though use of multiple animal models helps to improve translational value, such models cannot 

fully recapitulate the human disease, and thus further work is needed to bridge the gap between 

pre-clinical and clinical studies. One possibility is to use SF obtained following routine SF 

aspiration from OA patients (that is regularly used to identify biomarkers) to further study the 

nociceptive potential of the joint environment. Here I hypothesize that SF also plays a direct role 

in OA pain and describe an in vitro, translational model of OA-SF stimulated DRG sensory 

neurons that can potentially identify clinically relevant pain targets in arthritis. The specific aims 

of this Chapter are 1) to develop an in vitro, translational model of inflammatory knee pain utilizing 

SF from patients with painful OA and DRG neurons from mice 2) to understand whether OA-SF 

can directly increase excitability and 3) dysregulate TRP channel functions in knee neurons.  

 

3.3.Methods 

See Materials and Methods chapter for detailed description of SF procurement and processing 

(Section 2.2), mice knee injections (Section 2.4), whole cell patch clamp electrophysiology 

(Section 2.13) and Ca2+ imaging (Section 2.14) on DRG neurons. Most of the animals used in this 

Chapter were females since being female is a risk factor for arthritis. In the patient cohort, 5/7 were 

females and I did not have enough statistical power to compare the two sexes. Therefore, this study 

is based on predominantly female subjects and inferences about sex difference is not possible 

solely based on the results presented here.   

 

3.4.Results 

SF was obtained from OA patients (disease duration: 13 years (median), 5-33 years (interquartile 

range)) with pain score >50 mm (VAS) and from healthy donors with no known joint disease 

(Table 2-1).  
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3.4.1. Knee neurons are a distinct subset of DRG neurons.  

DRG neurons are heterogeneous, displaying distinct electrophysiological subtypes (Petruska et al., 

2000) and gene expression profiles that are dependent upon the site of innervation (Hockley et al., 

2019). Therefore, I performed whole cell electrophysiology on fast blue labelled knee neurons 

(yellow arrow, n = 21, Figure 3-2A) and unlabeled neurons (white arrow, n = 22, Figure 3-2A) of 

similar diameters (knee, 29.4 ± 1.2 m, unlab, 27.9 ± 1.0 m, p = 0.4, unpaired t-test, Figure 3-2B). 

Knee and unlabeled neurons had a similar resting membrane potential (RMP; knee, -53.6 ± 2.0 

mV, unlab, -51.9 ± 2.0 mV, p = 0.6, unpaired t-test, Figure 3-2C), but upon injection of current 

steps, the threshold for AP generation was higher for knee neurons when compared to the unlabeled 

neurons (knee, 561.9 ± 67.1 pA, unlab, 363.6 ± 68.2 pA, p = 0.04, unpaired t-test, Figure 3-2Di). 

By contrast, the half peak duration (HPD; knee, 1.9 ± 0.3 ms, unlab, 1.9 ± 0.3 ms, p = 0.9, unpaired 

t-test, Figure 3-2Dii) and afterhyperpolarization peak (AHP peak; knee, 16.6 ± 1.3 mV, unlab, 14.9 

± 1.0 mV, p = 0.3, unpaired t-test, Figure 3-2Diii) of the evoked AP were similar between the two 

groups. Taken together, knee neurons were less excitable than unlabeled DRG neurons and 

therefore I utilized knee neurons for testing excitability changes in the subsequent sections.  

Since we had limited amount of SF, I tested whether knee neurons differed from the unlabeled 

population in terms of their sensitivity to agonists of the two TRP channels TRPV1 and TRPM8 

(which are involved in arthritic pain (Galindo et al., 2018)) in order to make informed decision on 

designing later experiments (Results 3.4.3) of the study. A similar proportion of neurons from both 

groups responded to 1 M capsaicin (TRPV1 agonist, knee, 57%, unlab, 41%), although knee 

neurons had a higher magnitude of peak response (knee, 9.4 ± 2.0 pA/pF, unlab, 3.2 ± 1.1 pA/pF, 

p = 0.03, unpaired t-test, Figure 3-2Ei, ii). 100 M menthol (TRPM8 agonist) evoked responses 

of similar magnitude in 29 % of knee and 31% of unlabelled neurons (knee, 2.7 ± 1.1 pA/pF, unlab, 

1.4 ± 0.5 pA/pF, p = 0.3, unpaired t-test, Figure 3-2Fi, ii).  
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Figure 3-2: Electrophysiological comparison of knee vs. unlabeled neurons.  

A) Representative image of dissociated DRG sensory neurons in culture. White arrow, a retrograde traced 

(Fast Blue) labelled knee neuron; yellow arrow, an unlabeled neuron and the black triangular shadow is 

from a patch pipette used for recording from neurons. Distribution of neuronal diameter (B), resting 

membrane potential (RMP, C), action potential threshold (Di) half peak duration (Dii) and 

afterhyperpolarisation peak amplitude (AHP Peak, Diii) from knee (light blue dots, n = 21) and unlabeled 

neurons (black open dots, n = 22). Bar graphs showing proportion of neurons responding to the TRP 

agonists and their magnitude of response, capsaicin (orange, Ei, ii) and menthol (blue, Fi, ii). Values above 

the bars represent numbers of neurons that responded in each condition. Data were obtained from 5 female 

mice. * represents p < 0.05, unpaired t-test. Error bars = SEM.  
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3.4.2. Knee neurons are hyper-excitable following overnight incubation with OA-

SF. 

I recorded from knee neurons incubated overnight with control media (n = 46), Ctrl-SF (n = 20) 

or OA-SF (n = 29) (Figure 3-3Ai,ii) to test the hypothesis that mediators present in OA-SF can 

excite and/or sensitize DRG neurons. OA-SF incubated knee neurons had a more depolarized RMP 

compared to those incubated with either control media or Ctrl-SF (Control media, -50.9 ± 1.3 mV, 

Ctrl-SF, -50.9 ± 1.6 mV vs. OA-SF, -43.2 ± 2.5 mV, p = 0.005, ANOVA, Figure 3-3Bi). 

Furthermore, the AP generation threshold also decreased by ~40% in OA-SF incubated neurons 

(Control media, 519.6 ± 36.5 pA, Ctrl-SF, 472.5 ± 51.2 pA vs. OA-SF, 188.5 ± 35 pA, p = 0.0003, 

ANOVA, Figure 3-3Bii). However, no change in HPD (Control media, 1.8 ± 0.2 ms, Ctrl-SF, 1.5 

± 0.2 ms vs. OA-SF, 2.5 ± 0.4 ms, p = 0.1, ANOVA, Figure 3-3Biii) or AHP peak (Control media, 

15.4 ± 0.7 mV, Ctrl-SF, 18.0 ± 0.9 mV vs. OA-SF, 17.9 ± 0.9 mV, p = 0.02, ANOVA – no 

statistically significant difference after Holm-Sidak post hoc comparison between groups; Figure 

3-3Biv) was observed. These results show that OA-SF increases excitability of knee neurons and 

thus likely contributes to knee pain through peripheral sensitization.  
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Figure 3-3: Incubation with OA-SF increases neuronal excitability.  

A) Representative AP traces generated by whole cell patch clamp after incubation with Control media and 

OA-SF (i) and schematics of measured AP properties (ii). B) Distribution of resting membrane potential (i, 

RMP), AP threshold (ii), AP half peak duration (iii) and AP AHP amplitude (iv), measured from control 

media (black dot, grey bar, n = 46), Ctrl-SF (black dot, white bar, n = 20) and OA-SF incubated knee 

neurons (red dots, n = 29). Data were obtained from 3 Ctrl-SF, 4 OA-SF and 9 mice (7 females, 2 males). 

* represents p < 0.05, ** represents p < 0.01, *** represents p < 0.001, ANOVA followed by Holm-Sidak 

post hoc test.   
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3.4.3. Overnight incubation with OA-SF increases capsaicin- and menthol-evoked 

responses in DRG sensory neurons compared to Ctrl-SF. 

Inflammatory mediators sensitize TRP channels and antagonists of TRPV1 and TRPM8 have been 

clinically explored for analgesia (Galindo et al., 2018). Since the proportions of capsaicin (TRPV1 

agonist) and menthol (TRPM8 agonist) responsive neurons were similar in knee vs. unlabeled 

neurons (Figure 3-2E, F), these Ca2+-imaging experiments were conducted on unidentified DRG 

neurons to increase sample size.  

Compared to Control media, I observed a decrease in the magnitude of capsaicin-evoked responses 

from neurons after incubation with Ctrl-SF, whereas no such decrease was observed following 

incubation with OA-SF (Control media, 0.5 ± 0.03, n = 184, Ctrl-SF, 0.4 ± 0.03, n = 89, OA-SF, 

0.5 ± 0.03, n = 175, p = 0.02, ANOVA, Figure 3-4Ai, ii). Hyaluronic acid (HA) is a key constituent 

of SF that shows dysregulation in arthritis and I observed a similar decrease in the magnitude of 

capsaicin-evoked responses when neurons were incubated overnight in high molecular weight HA 

to that observed with Ctrl-SF (Control media, 0.5 ± 0.03, n = 111, HA, 0.4 ± 0.03, n = 72, p = 

0.003, unpaired t-test, Figure 3-4Aiii). Similar to capsaicin, menthol-evoked responses were also 

smaller in magnitude in Ctrl-SF incubated neurons when compared to Control media or OA-SF 

incubated neurons (Control media, 0.3 ± 0.04, n = 59, Ctrl-SF, 0.2 ± 0.02, n = 94, OA-SF, 0.4 ± 

0.06, n = 24, p < 0.0001, ANOVA, Figure 3-4Bi, ii). However, neurons incubated with HA did not 

show a decrease in menthol-evoked response (Control media, 0.3 ± 0.04, n = 26, HA, 0.2 ± 0.06, 

n = 18, p = 0.7, unpaired t-test, Figure 3-4Biii).  

Taken together these data suggest that OA-SF disinhibits neuronal TRP channel activity and lends 

support to the theory that HA present in Ctrl-SF inhibits TRPV1 channels, whereas OA-SF with 

low-content HA relieves TRPV1 inhibition, causing pain (Caires et al., 2015). Although the 

mechanism underlying TRPM8 disinhibition is likely not HA-mediated and requires further 

investigation, our data support the therapeutic potential of TRP channel modulators in OA.  
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Figure 3-4: Incubation with OA-SF dysregulates TRPV1 and TRPM8 function.  

Representative (Ai) capsaicin-evoked (F, fluorescence intensity, orange), menthol-evoked (Bi, blue) and 

KCl-evoked (Fmax, maximum fluorescence intensity, black) response obtained by Ca2+-imaging , followed 

by bar graph of peak F/Fmax of capsaicin-responding (Aii) and menthol-responding (Bii) neurons incubated 

in Control-media (grey), Ctrl-SF (black border) or OA-SF (red border). Data were obtained from 3 Ctrl-SF, 

3 OA-SF and 5 female mice. At least 200 neurons were imaged in each category. * represents p < 0.05, ** 

represents p < 0.01, *** represents p < 0.001, ANOVA followed by Holm-Sidak post hoc test. Error bars 

= SEM. Bar graph of peak F/Fmax of capsaicin-responding (Aiii) and menthol responding (Biii) neurons 

after incubation with Control media (grey) or 0.5 mg/ml high molecular weight hyaluronic acid (HA, 

hatched bar). Data were obtained from 3 female mice with at least 200 neurons in each category. ** 

represents p < 0.01, unpaired t-test. Error bars = SEM.    
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3.4.4. Acute application of SF increases intracellular Ca2+ in DRG sensory 

neurons. 

Increased cytosolic Ca2+ involves multiple mechanisms and is implicated in various pain 

pathologies (Bourinet et al., 2014). Both Ctrl-SF and OA-SF contain mediators that can increase 

Ca2+ influx in DRG sensory neurons (Carlson et al., 2018; Gobezie et al., 2007). Accordingly, 

acute application of Ctrl-SF or OA-SF induced Ca2+ influx in similar proportion of DRG sensory 

neurons (Ctrl-SF, 79%, OA-SF, 81%, Figure 3-5Ai, ii).  

In order to understand the basis of this Ca2+ influx, I tested a range of antagonists of receptors 

involved in arthritic pain. OA-SF-evoked, but not Ctrl-SF-evoked, Ca2+ influx was significantly 

reduced by 1 min pre-incubation with the voltage-gated Ca2+ channel (CaV) blocker, nifedipine 

(OA-SF, p = 0.0003, Ctrl-SF, p = 0.4, unpaired t-test, Table 3-1, Figure 3-5B), and the voltage-

gated Na+ channel (NaV) blocker, tetrodotoxin (OA-SF, p < 0.0001, Ctrl-SF, p = 0.09, unpaired t-

test, Table 3-1, Figure 3-5C), suggesting sub-threshold depolarization-mediated increase in 

intracellular Ca2+; no spontaneous APs were observed upon acute application of OA-SF in n = 10 

neurons, data not shown. Mediators present in SF can also release Ca2+ from intracellular stores 

by Gq protein coupled receptors (GqPCR) (Neumann et al., 2014) and a 10 min pre-incubation with 

the Gq-protein inhibitor, YM-248590, significantly decreased the magnitude of Ctrl-SF (p < 

0.0001, unpaired t-test) and OA-SF-evoked (p = 0.0001, unpaired t-test) Ca2+ response (Table 3-1, 

Figure 3-5D). Consistent with the idea that TRP channels are involved in normal joint homeostasis 

(Galindo et al., 2018), I saw a decrease (p = 0.02, unpaired t-test) in Ctrl-SF-evoked response (but 

not OA-SF evoked response (p = 0.5, unpaired t-test)) on application of the non-selective TRP 

channel blocker, ruthenium red (Table 3-1, Figure 3-5E). However, this decrease was not TRPV1 

mediated because the selective TRPV1 antagonist A-425619 showed no effect (Table 3-1, Figure 

3-5F). Similarly, the non-selective ASIC blocker, amiloride and the ASIC3 selective antagonist, 

APETx2 did not significantly suppress the OA-SF-evoked Ca2+ influx (Table 3-1, Figure 3-5F-G, 

H)).  
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Table 3-1: SF-evoked Ca2+ responses (normalized to KCl responses) before and after antagonist 

applications.  

Statistical significance between Ctrl-SF (before) vs. Ctrl-SF (after) and between OA-SF (before) vs. OA-

SF (after) were made using unpaired t-tests. * represents p < 0.05, *** represents p < 0.001, **** represents 

p < 0.0001, unpaired t-test. Error = SEM.  

 

  

 Ctrl-SF 

(before) 

Ctrl-SF (after) df OA-SF (before) OA-SF (after) df 

Nifedipine 0.06 ± 0.002  0.06 ± 0.004 304 0.07 ± 0.002 0.06 ± 

0.002*** 

466 

Tetrodotoxin 0.07 ± 0.003 0.07 ± 0.003 450 0.07 ± 0.006 0.04 ± 

0.002**** 

423 

YM-248590 0.07 ± 0.003 0.05± 

0.003**** 

428 0.09 ± 0.004 0.06 ± 

0.003*** 

575 

Ruthenium red 0.06 ± 0.002 0.05 ± 0.002* 486 0.07 ± 0.004 0.07 ± 0.004 617 

A-425619 0.1 ± 0.004 0.1 ± 0.005 364 0.06 ± 0.003 0.06 ± 0.004 289 

Amiloride 0.05 ± 0.003 0.06 ± 0.004 275 0.05 ± 0.002 0.05 ± 0.003 477 

APETx2 0.05 ± 0.001 0.05 ± 0.001 452 0.07 ± 0.004 0.08 ± 0.005 399 
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Figure 3-5: Acute application of OA-SF increases intracellular Ca2+.  

A) Representative response of a DRG neuron to OA-SF (red) and KCl (black) (i) and pie charts showing 

percentage of neurons that responded to Ctrl-SF (black) and OA-SF (red) (ii). B-G) Bar graphs showing 

normalised peak fluorescence intensity of neurons responding to Ctrl-SF or OA-SF before (black or red 

border) and after application of CaV blocker, nifedipine (Nif, B, black hatched ), NaV blocker tetrodotoxin 

(TTX, C, purple hatched), Gq inhibitor YM-245890 (YM, D, blue hatched), non-selective TRP channel 

blocker ruthenium red (RR, E, green hatched), selective TRPV1 antagonist A-425619 (F, green solid) non-

specific ASIC blocker amiloride (Ami, G, gold hatched) and ASIC3 blocker APETx2 (H, gold solid). Data 

were obtained from at least 2 Ctrl-SF and OA-SF with 2 mice and each bar represents data from at least 

100 neurons. * represents p < 0.05, *** represents p < 0.001, **** represents p < 0.0001, unpaired t-test. 

Error bars = SEM.  
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3.5.Discussion 

Multiple pro- and anti-inflammatory mediators are present in OA-SF, some of which directly 

excite sensory neurons (Carlson et al., 2018; Zhang et al., 2013). I reasoned that overnight 

incubation of DRG sensory neurons with OA-SF will simulate OA joints bathed in SF and will be 

a suitable system to interrogate the net effect of these mediators. In this study I first describe knee 

neurons as a distinct class of DRG neurons based on their electrophysiological properties, then 

show that the net effect of OA-SF incubation is increased neuronal excitation of mouse knee 

neurons.  

Knee joints are innervated by low and high threshold fibers (Schaible and Schmidt, 1983) as well 

as by mechanoinsensitive ones (Prato et al., 2017) and in this study I found that knee neurons have 

an increased threshold of AP firing compared to unlabeled neurons thus indicating a greater 

contribution of high threshold/mechanoinsensitive units to sensory afferents. The distal ends of 

these neurons are exposed to the knee synovium and a previous study showed upregulation of 

inflammatory genes, such as IL-6, COX-2, neurokinin1, 2 and neuropeptide Y, in whole DRG 

when they were co-cultured with biopsy punch explants from human OA synovium (Li et al., 

2011). This result supports our observation that overnight incubation with OA-SF increases 

excitability of knee neurons and hence establishes a nociceptive arc between mediators in the joint 

environment and peripheral nerves. In addition to a decreased AP firing threshold, I report an 

increased RMP, similar to that observed in knee afferents of OA pigs (Zhang et al., 2013), which 

might underpin the pain-at-rest observed in OA patients (Neogi, 2013).  

Additionally, our data show that overnight incubation with OA-SF disinhibits TRPV1 and TRPM8 

channel activity when compared to Ctrl-SF. Contribution of TRPV1 to neuronal excitability and 

arthritic pain has been described before (Chakrabarti et al., 2018; Hsieh et al., 2017; Kelly et al., 

2015) (also see Chapter 4 for detailed discussion) and although no TRPV1 antagonists are 

currently approved for clinical use in OA due to poor efficacy and detrimental side effects (Galindo 

et al., 2018), mavatrep (a TRPV1 antagonist) has recently shown promising results in a Phase 2 

clinical trial of knee OA (Manitpisitkul et al., 2018). I also provide proof that HA can decrease 

TRPV1 function in DRG neurons, which suggests that the observed increase in TRPV1 function 

in neurons incubated in OA-SF might be HA mediated. HA is a component of the extracellular 

matrix, present throughout the body including in SF and has many (patho)physiological roles 
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(reviewed in (Gupta et al., 2019)). It is of high molecular weight with concentration ranging from 

1.45 – 3.12 mg/ml in Ctrl-SF, whereas arthritic SF is of low molecular weight and low 

concentration (0.17 – 1.32 mg/ml) HA (Balazs et al., 1967; Dahl et al., 1985). Consequently, 

several HA preparations are currently used clinically as viscosupplement to relieve OA pain 

(Tamer Mahmoud Tamer, 2013) for which multiple mechanisms of action have been proposed 

(Gupta et al., 2019). Our data suggest that the low content HA in OA-SF fails to block TRPV1 

channels as efficiently as Ctrl-SF, and hence supports the HA-mediated TRPV1 inhibition 

hypothesis (Caires et al., 2015). By contrast, the role of TRPM8 in pain is more complex with its 

activation showing both algesic and analgesic effects (Fernandez-Pena, 2013). Specifically in knee 

OA, topical application of menthol did not show greater analgesic effect than placebo (Topp et al., 

2013), whereas adding menthol to the existing topical drug Celadrin improved functional 

performance in arthritic patients (Kraemer et al., 2001). Our data show enhanced TRPM8 function 

in neurons incubated in OA-SF, suggesting that TRPM8 antagonists may relieve OA pain, pending 

replication in larger cohorts. TRPM8/TRPM8+ve fibres are also involved in cold pain (Knowlton 

et al., 2010) and thus this result supports the anecdotal evidence that cold temperatures are 

associated with arthritic pain (Guedj and Weinberger, 1990), for which there is mixed experimental 

evidence (Mandl et al., 2017; Wilder et al., 2003). 

Acutely, both Ctrl-SF and OA-SF produced an increase in intracellular Ca2+ in DRG sensory 

neurons, from intra- and extra-cellular sources, suggesting a regulatory role of SF on neurons. 

However, since only OA-SF responses were CaV- and (TTX-sensitive) NaV-mediated, we 

postulate that inflammatory mediators that are present in OA-SF cause depolarization leading to 

the observed increase in excitability after overnight exposure (Malfait and Miller, 2016; Neumann 

et al., 2014). Additionally, based on our data, TRPs and ASICs are not acutely activated by OA-

SF.  

Although further work is needed to understand if and how SF from diverse forms of arthritis gives 

rise to DRG neuron excitability (discussed as future directions in Chapter 7), our study provides 

proof-of-concept that OA-SF can directly activate DRG sensory neurons to produce peripheral 

sensitization. The OA-SF/neuron system is simple to establish since SF aspiration is a standard 

procedure for patients attending routine clinic appointments. Hence our model can be used in 

combination with high throughput assays to bridge the gap between experimental animal models 
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and clinical studies and help identify clinically relevant drivers of knee pain. Finally, since this 

model allows for unbiased assessment of mediators present in OA-SF to excite nociceptors, it can 

be used before and after drug treatment in pre-clinical tests to identify mechanisms of drug action. 

Although more clinically relevant, this model does not allow for correlation of behavioral and 

neural components of arthritic pain. Therefore, the next chapter will characterize behavioral and 

neural correlates in a mouse model of joint inflammation.  
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Chapter 4. Acute inflammation sensitizes knee-innervating 

sensory neurons and decreases mouse digging behavior in a TRPV1-

dependent manner. 
 

This chapter has been published as “Acute inflammation sensitizes knee-innervating sensory 

neurons and decreases mouse digging behavior in a TRPV1-dependent manner” (Chakrabarti et 

al., 2018). 

Authorship contributions in the published manuscript: I designed the studies, collected and 

analyzed data, and wrote the manuscript. Luke A. Pattison collected and analyzed mouse 

behavioral data, Kaajal Singhal performed immunohistochemistry experiments and helped with 

analysis, Drs James R.F. Hockley and Gerard Callejo helped with animal work and writing of the 

manuscript. Dr Ewan St. John Smith designed experiments and wrote the manuscript.  

 

Figure 4-1: Graphical abstract for Chapter 4. 
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4.1. Key message 

Knee inflammation is a major symptom of arthritis. In this study, complete Freund’s adjuvant 

(CFA)-induced unilateral knee inflammation caused a decrease in mouse digging behavior 

concomitant with an increase in the excitability of knee-innervating dorsal root ganglion (DRG) 

neurons. Knee-innervating neurons also showed a nerve growth factor (NGF)-mediated increase 

in expression of the polymodal nociceptive ion channel TRPV1 and systemic administration of a 

TRPV1 antagonist normalized digging behavior in mice. This Chapter establishes digging as a 

measurable behavioral output for spontaneous pain and highlights the importance of TRPV1 in 

inflammatory arthritis.   

 

4.2.Introduction 

Inflammatory joint pain is a hallmark of multiple musculoskeletal disorders and animal models of 

arthritis are crucial to improve our understanding of inflammatory pain mechanisms. Since both 

the duration of insult (acute vs. chronic) and mechanism of injury (inflammation vs. nerve damage) 

produces distinct pain profiles, multiple animal models of joint pain exists (Gregory et al., 2013). 

The common features amongst these models are their recapitulation of some of the clinical features 

of human arthritis and that they produce a measurable nociceptive behavior in the model organism. 

Initially utilized for triggering experimental autoimmunity in combination with other agents, CFA 

is a paraffin oil suspension of heat-killed Mycobacterium tuberculosis that causes localized 

inflammation within 12-hour of injection when used on its own (Billiau and Matthys, 2001). 

Therefore, injections of CFA either locally into paws/joints or systemically in the tail are robust 

and well-tested model of mono- and polyarthritis respectively. Advantages of localized 

inflammation to the injected joint over polyarthritis are that it causes less discomfort to animals, 

aids in specifically studying the affected joint and enables the non-injected joint (and neurons that 

supply it) to act as a control. In the unilateral model of CFA-induced knee inflammation, mice 

show an acute inflammatory phase lasting 7 days, which upon repeated intra-articular injections 

develops into a chronic inflammatory state lasting at least for 28 days (Gauldie et al., 2004). These 

mice also showed behavioral signs of hyperalgesia (reduced amount of pressure required to evoke 

limb withdrawal) and histological changes in the knee (e.g. hypertrophy of the synovial membrane 

and infiltration of synoviocytes into the joint space), consistent with observations made in clinical 
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arthritis (Gauldie et al., 2004), although with less cartilage damage than that of the human disease 

(Schinnerling et al., 2019). Subsequently it was shown that acute inflammation (within 24-hour of 

CFA injection) also produces behavioral hyperalgesia in mice (Keeble et al., 2005). Importantly, 

in both of the above models of monoarthritis (also confirmed by knee diameters reported in this 

Chapter), inflammation of the contralateral knee was not observed. Therefore, in this study the 

DRG neurons innervating the contralateral knee were used to compare with neurons innervating 

the CFA-injected knee. Furthermore, SF samples obtained from mouse knee joints 4 days after 

CFA injection showed elevated IL-6 levels, similar to the increase observed in human arthritic SF 

samples (Gobezie et al., 2007; Syx et al., 2018). Due to the similarities observed between the CFA-

induced arthritis model in mice and human arthritic conditions, we reasoned that CFA-induced 

acute inflammation of the knee is a suitable model to investigate mechanisms of arthritic pain.  

Although most rodent studies focus on evoked pain behaviors (e.g. paw withdrawal to a noxious 

stimulus), these are poor indicators of the spontaneous pain experienced in joint pain (Arendt-

Nielsen, 2017; Schaible et al., 2002). Therefore, we studied the natural digging behavior of mice 

with knee inflammation and aimed to determine the underlying molecular drivers in knee-

innervating DRG neurons (knee neurons) that are involved in nociception. It is important to 

specifically study identified knee neurons to investigate joint pain because our lab and others have 

shown the diversity of DRG neurons using single-cell RNA sequencing (Hockley et al., 2018; 

Usoskin et al., 2015; Zeisel et al., 2018), electrophysiology Chapter 3/(Chakrabarti et al., 2019a) 

and immunohistochemistry (da Silva Serra et al., 2016) .   

During joint inflammation, protons are released as endogenous mediators and joint acidosis 

correlates with increased severity of inflammatory arthritis in humans (Farr et al., 1985). 

Moreover,  acidic solutions activate and sensitize rodent nociceptors (Smith et al., 2011; Steen and 

Reeh, 1993). Interestingly, mice lacking the proton-gated ion channels ASIC3 and TRPV1 have 

reduced mechanical hyperalgesia following intra-articular CFA injection (Hsieh et al., 2017), but 

not following subcutaneous hind paw CFA injection, suggesting regional differences exist in 

nociceptive processing (Staniland and McMahon, 2009). Subsequently, using magnetic resonance 

spectroscopic imaging, we found no evidence of tissue acidosis following subcutaneous CFA 

injection (Wright et al., 2018), suggesting absence of a key stimulus for ASIC3/TRPV1 activation, 

and hence perhaps explaining the lack of phenotype observed in the hind paw CFA model. 
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However, it remains unknown how proton-gated channels contribute to knee-innervating neuron 

activation during acute inflammation.  

Another group of ion channels involved in processing joint pain is the Transient Receptor Potential 

(TRP) channel family (Moore et al., 2018). Articular neurons can be activated by the TRP channel 

agonists capsaicin (TRPV1), cinnamaldehyde (TRPA1) and menthol (TRPM8) (Serra et al., 2016) 

and both TRPV1−/− and TRPA1−/− mice show reduced pain behavior in CFA models of articular 

nociception (Chen et al., 2009; Fernandes et al., 2016). Although not tested after CFA-induced 

joint inflammation, TRPM8−/− mice develop similar mechanical hyperalgesia to wildtype mice 

following CFA injection into the footpad (Caceres et al., 2017).  

After their peripheral terminal activation, sensory neuron input to the spinal cord is pre-

synaptically modulated by GABAA receptor signaling, the source of GABA being spinal cord 

interneurons (Sutherland et al., 2002). In adults, due to the high intracellular [Cl− ] in DRG neurons 

compared to central nervous system neurons, activation of GABAA receptors produces 

depolarization through Cl− efflux (Chen et al., 2014). Furthermore, after subcutaneous CFA-

induced inflammation in rat paws, the magnitude of GABA-evoked currents is increased in 

cutaneous DRG neurons (Zhu et al., 2012), as well as in isolated human DRG neurons incubated 

in an inflammatory soup (Zhang et al., 2015). However, the characteristics of GABA-evoked 

currents in knee-innervating neurons, and their modulation during inflammation are unknown. 

Based upon the above-mentioned studies, I hypothesized that sensitization of knee-innervating 

neurons following CFA-induced knee inflammation underlies changes in natural behavior. 

Therefore, the specific aims of this Chapter are 1) to establish digging behavior as an ethologically 

relevant pain behavior 2) to determine if CFA-induced knee inflammation is associated with knee 

neuron hyperexcitability, TRP channel and GABA channel functions 3) to investigate whether 

time-in-culture influences excitability, TRP channel and GABA channel function of DRG neurons 

4) to evaluate if systemic administration of a peripherally restricted TRPV1 blocker can reverse 

digging behavior deficits elicited by acute knee inflammation.   
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4.3.Methods 

See Materials and Methods chapter for detailed description of digging behavior (Section 2.5), 

mouse knee injections (Section 2.4) and whole cell patch clamp electrophysiology (Section 2.13) 

on DRG neurons. All animals used in this Chapter were females.  

 

 

4.4.Results 

4.4.1 Inflammation and reduced well-being in mice after unilateral knee joint 

CFA injection 

CFA was injected into the left knee joint of female mice 7 days after FB injection to produce 

inflammation (Figure 4-2A). Accordingly, robust swelling was observed 24-hour after CFA 

injection in the ipsilateral knee (pre-CFA, 3.8 ± 0.07 mm vs. post-CFA, 4.6 ± 0.06 mm, p < 0.0001, 

n = 17, paired t-test), but not in the contralateral knee (pre-CFA, 3.7 ± 0.07 mm vs. post-CFA, 

3.7 ± 0.06 mm, n = 17, p > 0.9, paired t-test, Figure 4-2 B, C). 

Burrowing and digging are natural rodent behaviors and a decrease in burrowing behavior during 

inflammatory pain indicates reduced well-being in mice (Deacon, 2006b; Jirkof, 2014). Therefore, 

I hypothesized that in our digging paradigm, mice will dig less after knee inflammation suggestive 

of joint pain. During a 3 min test period (n = 7, Figure 4-2 A), neither the time spent digging (pre-

FB, 45.8 ± 5.9 s vs. post-FB, 39.8 ± 4.7 s, ANOVA, Holm-Sidak's multiple comparison test, Figure 

4-2D), nor the number of burrows dug (pre-FB, 3.8 ± 0.3 vs. post FB, 3.7 ± 0.2, ANOVA, Holm-

Sidak's multiple comparison test, Figure 4-2E) was altered following FB injection. However, after 

CFA injection, we observed a decrease in digging time (pre-CFA, 52.7 ± 9.1 s vs. post-CFA, 

17.9 ± 6.9 s, p = 0.003, ANOVA, Holm-Sidak's multiple comparison test, Figure 4-2D) and a 

decreased number of burrows dug (pre-CFA, 4.3 ± 0.2 vs. post-CFA, 2.1 ± 0.3, p = 0.0003, 

ANOVA, Holm-Sidak's multiple comparison test, Figure 4-2E). Comparison of post-FB and post-

CFA time points also showed that CFA-injection produced a reduction in the time spent digging 

(p = 0.003 ANOVA, Holm-Sidak's multiple comparison test) and in the number of burrows dug 

(p = 0.0003, ANOVA, Holm-Sidak's multiple comparison test). This result indicates that CFA-

induced knee inflammation decreases well-being in mice as indicated by the reduction in digging 
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behavior, which is similar to the reduced feeling of well-being experienced by arthritic patients 

largely due to spontaneous pain (Hawker et al., 2008; Treharne et al., 2005).  
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Figure 4-2: CFA model of acute knee inflammation in mice. 

A) Experimental timeline indicating when intra-articular injections, behavioral training and measurements 

were conducted. B) Representative picture of CFA injected (ipsilateral) and non-injected (contralateral) 

knee (shaved before injections). Arrows indicate where knee width was measured. C) Knee width on the 

day of CFA injection (pre) and 24-hour after CFA injection (post) in the ipsilateral (red dots) and 

contralateral (black dots) knee (n = 17). **** indicates p < 0.0001, paired t-test. Plots of (D) time spent 

digging and (E) the number of visible burrows after a 3-min digging test (n = 7). * indicates p < 0.05, ** 

indicates p < 0.01, repeated measures ANOVA, Holm-Sidak’s multiple comparison test. Error bars indicate 

SEM. 
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4.4.2  Action potential threshold of knee neurons decreases after intra-articular 

CFA injection 

To understand the neural basis of the inflammation-induced reduction in digging behavior, I 

investigated the electrical properties of identified, dissociated knee-innervating DRG neurons. 

Properties of neurons harvested from the CFA injected side (CFA neurons) were compared to those 

of knee-innervating neurons isolated from the contralateral side (Cntrl neurons) served as control. 

Since excitability of neurons is a common feature of pain, I hypothesized that CFA neurons would 

be hyperexcitable.  

Electrically-evoked action potentials (AP, Figure 4-3A) from CFA neurons (CFA, n = 25) and 

Cntrl neurons (Cntrl, n = 27) with similar diameters (p = 0.6, Figure 4-3B, Table 4-1) were 

recorded after 4-hour in culture. The AP threshold of CFA neurons was 30 % lower compared to 

Cntrl neurons (p = 0.01, unpaired t-test) (Figure 4-3C, Table 4-1), suggesting increased excitability 

and sensitization of CFA neurons. By contrast, there was no change in the half-peak duration 

(HPD, p = 0.3, unpaired t-test, Figure 4-3D), afterhyperpolarization (AHP) amplitude (p = 0.06, 

Figure 4-3E) or AP amplitude (p = 0.7, unpaired t-test, Table 4-1) of the electrically-evoked APs 

in CFA neurons compared to Cntrl neurons; however, the AHP duration increased (p = 0.009, 

unpaired t-test, Figure 4-3F). 

  



108 
 

Table 4-1: Properties of knee-innervating DRG neurons from the CFA injected (CFA) and contralateral (Cntrl) sides across time-in-culture. 

 * = significance test of CFA vs. Cntrl neurons in the same time group by unpaired t-test, # = significance test of CFA neurons amongst the three 

time points by ANOVA, ^ = significance test of Cntrl neurons amongst the three time points by ANOVA. */#/^ indicates p < 0.05, **/##/^^^ 

indicates p < 0.01, ***/###/^^^ indicates p < 0.0001. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 4-hour 24-hour 48-hour 

 CFA 

(n = 25) 

Cntrl 

(n = 27) 

CFA 

(n = 25) 

Cntrl 

(n = 22) 

CFA 

(n = 23) 

Cntrl 

(n = 22) 

 Mean SEM Mean SEM Mean SEM Mean SEM. Mean SEM Mean SEM 

RMP (mV) -55.7 2.1 -58.3 1.6 -55.3 1.3 -52.5 1.9 -55.6 1.3 -54.6 1.8 

Diameter (mm) 31.5 0.7 31.9 0.5 31.6 0.8 32.6 0.9 29.2 0.8 29.1 1.1 

Capacitance (pF) 45.7 4.2 58.2 4.2 53.8 5.6 52.9 8.2 36.2 4.6 48.5 6.4 

Threshold (pA) 384.0 44.3 550.0* 48.3 473.6 42.9 682.7** 48.1 552.2 72.1 475.5 67.5 

Half peak duration 

(HPD, ms) 

1.3 0.2 1.0 0.1 1.0 0.2 1.7 0.3 2.1## 0.4 2.6^^^ 0.4 

Afterhypolarization 

(AHP, ms) 

8.6** 1.0 4.9 0.8 10.8 2.0 7.9 1.5 10.9 1.9 14.3^^^ 2.2 

Afterhyperpolarization 

amplitude (AHP 

amplitude, mV) 

16.1 0.8 13.8 0.9 16.5 0.9 14.2 0.9 14.1 1.0 16.8 1.4 

Amplitude (mV) 88.2 4.8 86.2 4.6 79.3 5.1 68.3 6.4 82.7 4.6 83.1 5.5 
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Figure 4-3:  Action potential properties of knee neurons following acute knee inflammation.  

A) Action potential generation protocol (inset) and response along with a close-up of an evoked AP from a 

knee neuron showing the different parameters measured. Example of a labeled knee neuron (blue arrow) 

and an unlabeled neuron (white arrow) shown in inset. Scale bar indicates 25 μm. B) Frequency distribution 

of neuronal diameter in μm of CFA (red, n = 25) and Cntrl (black, n = 27) neurons. C-F) Distribution of 

threshold (C), half peak duration (HPD) (D), afterhyperpolarization (AHP) (E) and AHP amplitude (F) after 

4-hour in culture. Error bars indicate SEM, * indicates p < 0.05, ** indicates p < 0.01, unpaired t-test.  
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4.4.3 Acid-sensitivity does not change in knee neurons following inflammation 

pH 5 to pH 7 solutions were used to determine if knee neuron acid sensitivity changes following 

knee CFA injection. Depending upon the pH stimulus used, virtually all neurons responded with 

an inward current (pH 7 = 80.6 ± 4.6%, pH 6 = 98.0 ± 2.0% and pH 5 = 100%, combined percentage 

from CFA and Cntrl groups). Inward currents were either rapidly inactivating followed by a 

sustained phase (transient + sustained, like those mediated by ASICs) or entirely sustained. The 

transient + sustained currents were only observed at pH 5 and pH 6 and their frequency was similar 

in CFA and Cntrl neurons (CFA, 16.3 ± 3.7%; Cntrl, 11.1 ± 3.7%, combined mean of pH 6 and 

pH 5) (Figure 4-4A and B). Sustained currents were the dominant response across the pH range 

tested (Figure 4-4A and C) and no difference was observed in the amplitude of response to any pH 

stimulus between CFA and Cntrl neurons (Figure 4-4D–F, Table 4-2). Furthermore, the magnitude 

of pH 5 evoked currents was the biggest followed by pH 6, and pH 7 in Cntrl neurons (p < 0.0001, 

ANOVA, Holm-Sidak multiple comparison test). However, no significant differences between the 

magnitudes of acid-evoked currents were observed in CFA neurons across this pH range.  

Overall, this suggests that there was no overt change in acid sensitivity in knee neurons during 

acute inflammation.  
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Table 4-2: Sustained peak current densities of CFA and Cntrl DRG neurons in response to acid, TRP channel agonists and GABA across time-in-

culture.  

# = significance test of CFA neurons amongst the three time points by ANOVA, ˆ = significance test of Cntrl neurons amongst the three time points 

by ANOVA. #/ˆ indicates p < 0.05, ##/ˆˆˆ indicates p < 0.01, ###/ˆˆˆ indicates p < 0.0001. 

 

  

Treatment 4-hour 24-hour 48-hour 

 CFA Cntrl CFA Cntrl CFA Cntrl 

 Mean SEM n Mean SEM. n Mean SEM n Mean SEM n Mean SEM n Mean SEM n 

pH 7 1.0 0.2 19 0.6 0.08 23 4.0## 1.0 19 5.7^^^ 1.5 17 1.5 0.5 14 1.5 2.7 15 

pH 6 2.6 0.9 21 1.5 0.3 25 4.0 0.7 20 5.3 1.6 19 5.8 1.4 22 4.9 1.9 19 

pH 5 5.3 2.3 20 2.3 0.3 23 14.9 4.3 21 14.5^^ 4.2 19 7.4 1.4 19 7.9 2.9 15 

Capsaicin 4.4 2.8 18 0.8 0.1 12 1.8 0.5 22 4.6 2.1 11 10.3 5.1 13 6.4 4.0 10 

Cinnamaldehyde 0.8 0.2 10 0.7 0.09 18 2.2 0.4 19 2.3 0.7 14 0.9 0.3 8 2.5 2.0 5 

Menthol 0.8 0.2 9 0.9 0.2 14 1.0 0.2 12 1.6 0.4 9 1.2 0.7 8 2.8 2.2 3 

GABA 7.2 2.0 19 3.9 1.1 26 11.8* 2.6 22 4.3 0.9 19 8.3 2.7 18 4.3 1.7 16 
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Figure 4-4: Acid sensitivity of knee neurons after acute inflammation.  

A) Percentage frequency of transient + sustained vs. sustained only response to pH 6 (transient + sustained, 

light yellow; sustained, dark yellow) and pH 5 (transient + sustained, light orange; sustained, orange) B) 

Example traces of transient + sustained acid currents in response to pH 6 (light yellow) and pH 5 (light 

orange). C) Example traces of sustained response to pH 7 (purple), pH 6 (dark yellow) and pH 5 (orange). 

D-F) Peak current density of sustained pH 7, pH 6 and pH 5 responses (CFA: red dots, Cntrl: black dots).   
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4.4.4 Inflammation increases the proportion of TRPV1 expressing knee neurons 

To determine if any change in TRP-mediated chemosensitivity occurs in knee neurons following 

exposure of distal nerve terminals to inflammatory mediators after CFA injection, I tested 10 μM 

capsaicin, 100 μM cinnamaldehyde and 100 μM menthol, agonists of TRPV1, TRPA1 and TRPM8 

respectively. 

The percentage of capsaicin-sensitive CFA neurons increased significantly compared to Cntrl 

neurons (CFA, 72% vs. Cntrl, 44%, χ2(1) = 4.0, p = 0.04, chi-sq test, Figure 4-5A), but no change 

in the proportion of cinnamaldehyde-sensitive (CFA, 40%, Cntrl, 67%, χ2(1) = 3.7, p = 0.06; chi-

sq test, Figure 4-5B) or menthol-sensitive neurons (CFA, 35%, Cntrl, 51%, χ2(1) = 1.3, p = 0.2, 

chi-sq test, Figure 4-5C) was observed. The magnitude of capsaicin (p = 0.3, unpaired t-test, Table 

4-2), cinnamaldehyde and menthol-evoked currents (Table 4-2, cinnamaldehyde, p = 0.5; menthol, 

p = 0.9, unpaired t-test) also remained unchanged between the inflamed and non-inflamed 

condition.     

Since an increased proportion of knee DRG neurons responding to capsaicin in inflammation 

suggests recruitment of a previously capsaicin “silent” population (Figure 4-5D), I expected an 

increased level of TRPV1 expression in knee neurons. To determine if this was the case, 

immunohistochemistry was conducted on whole DRG sections (L2-L5) from ipsilateral (CFA, 

n = 1089 neurons) and contralateral (Cntrl, n = 1334 neurons) sides of four mice (Figure 4-5Ei), 

and revealed that a significantly higher proportion of CFA neurons expressed TRPV1 (59.7%) 

compared to Cntrl neurons (44.6%, χ2(1) = 48.03, p < 0.0001, chi-sq test, Figure 4-5Eii). One 

mechanism of TRPV1 upregulation is through binding of the inflammatory mediator NGF to its 

high affinity receptor tropomyosin receptor kinase A (TrkA) (Ji et al., 2002). In order to test 

whether NGF might be responsible for the observed upregulation of TRPV1 protein expression, 

we calculated the co-expression of TRPV1 and TrkA. Although, the proportion of knee neurons 

expressing TrkA (CFA, 39.3%, Cntrl, 42.6%) (Figure 4-5Eii) was no greater in CFA neurons than 

Cntrl neurons, there was a small, yet significant, increase in the proportion of CFA neurons co-

expressing TRPV1 and TrkA compared to Cntrl neurons (CFA, 29.8%; Cntrl, 24.8%, χ2(1) = 5.6, 

p = 0.02, chi-sq test, Figure 4-5Eii). Taken together, our data suggests that NGF-TrkA signaling 

might partially contribute to increased TRPV1 expression following CFA injection into the knee.   
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Figure 4-5: TRP agonist response profile of knee neurons following inflammation.  

Representative traces of 10 μM capsaicin (pink, Ai), 100 μM cinnamaldehyde (orange, Bi) and 100 μM 

menthol (blue, Ci) response from a CFA neuron and their respective percentage frequency (Aii, Bii, Cii). 

D) Heat map of Cntrl (i, n = 27) and CFA (ii, n = 25) neurons responding to capsaicin, cinnamaldehyde and 

menthol. E (i) Representative images of a whole DRG section from L4 showing fast blue (FB) labeling 

from the knee (blue), TRPV1 expression (pink), TrkA expression (green) and a merged image; sections 

from an animal injected with CFA. White arrowhead shows a knee neuron that only expresses TrkA, white 

arrowhead with asterisk shows a knee neuron that expresses only TRPV1 and white arrow shows a knee 

neuron that co-expresses TRPV1 and TrkA. (ii) Proportion of knee neurons (L2-L5) that express TRPV1 

(pink), TrkA (green) and both TRPV1 and TrkA (green and pink stripes) from Cntrl (n = 1334) and CFA 

(n = 1089) injected side. Numbers above the bars represent neurons stained positive with respective 

antibodies. * indicates p < 0.05, **** indicates p < 0.0001, chi-sq test.   
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4.4.5 Sustained GABAA-evoked current magnitude increases in knee neurons 

following inflammation 

Unlike in the central nervous system, GABA signaling can be excitatory in the peripheral nervous 

system and an inflammation-induced increase in amplitude of GABA-evoked currents has been 

reported in skin-labeled rat DRG neurons (Zhu et al., 2012). Based on this, I hypothesized that 

acute knee inflammation might also increase the magnitude of GABA-evoked currents in knee-

innervating DRG neurons. Two types of GABA response were observed: i) the current reached a 

peak within 1.5 s of GABA application and was classified as transient + sustained (TS) (Figure 

4-6Ai and Aii) and ii) the current did not reach its peak within the first 1.5 s, showed no 

desensitization and was classified as sustained (S, Figure 4-6Aiii). There were two further subtypes 

of TS responses: one showing a relatively monophasic desensitization throughout GABA 

application (Figure 4-6Ai) and a second showing a far slower desensitization with a more stable 

sustained phase (Figure 4-6Aii); I did not distinguish between these two categories due to the 

paucity of neurons in the first subgroup and since no response returned to baseline within 5 s.   

There was no difference in the frequency of TS and S responses in CFA and Cntrl neurons (CFA: 

TS, 48%, S, 28% vs. Cntrl: TS, 52%, S, 44%, Figure 4-6Bi); although 100 μM GABA evoked a 

response in significantly fewer CFA (76%) than Cntrl (96%) neurons (χ2(1) = 4.6, p = 0.03, chi-sq 

test, Figure 4-6Bi). No difference in the GABA-evoked peak current density was observed overall 

between CFA and Cntrl neurons (Figure 4-6Bii, Table 4-2), however, GABA-evoked S type 

currents were of a significantly larger magnitude in CFA than Cntrl neurons (CFA, 

8.0 ± 4.1 pA/pF, n = 7 vs. Cntrl, 1.7 ± 0.6 pA/pF, n = 14, p = 0.04, unpaired t-test). No such 

difference was observed for TS type currents (CFA, 6.7 ± 2.4 pA/pF, n = 12 vs. Cntrl, 6.5 ± 1.9, 

n = 12, p = 0.9, unpaired t-test) (Figure 4-6Biii). 

I further investigated the subunit composition of the S-type GABA-evoked currents that showed a 

small, but significant increase in inflammation. All GABA-evoked currents were bicuculline (a 

GABAA antagonist) sensitive to some extent with bicuculline inhibiting more than 50% GABA 

responses in 6/7 CFA DRG and 8/12 Cntrl DRG (Figure 4-6Ci). These results replicate the 

previous observation in rat DRG neurons, that a fraction of the GABA-evoked current is 

bicuculline insensitive (Lee et al., 2012). The same study showed that S type GABAA currents can 

be mediated by δ subunit containing GABAA receptors and thus I tested the ability of the GABAA 
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δ subunit agonist THIP to evoke currents in knee neurons. A sustained current in response to THIP 

was observed in 4/8 CFA and 6/11 Cntrl neurons, indicating similar expression of δ subunit 

containing GABAA receptors in knee neurons (Figure 4-6Ci, Cii). The peak current density of 

THIP-evoked currents was also similar (p = 0.9, unpaired t-test) in CFA (0.6 ± 0.2 pA/pF) and 

Cntrl (0.5 ± 0.1 pA/pF) neurons.  

Surprisingly, not all neurons with S type GABA response showed THIP sensitivity; this combined 

with the presence of some bicuculline insensitive currents, suggests expression of either ρ subunit 

containing GABAA receptors, or perhaps GABAB receptors, both of which produce sustained 

currents in response to GABA and are not inhibited by bicuculline (Chebib and Johnston, 2001). 

Taken together, these data indicate the presence of diverse GABAA receptor subunits in CFA and 

Cntrl neurons and demonstrate an increase in GABA-mediated neuronal excitation following knee 

inflammation, although the detailed signaling and consequences of this excitation needs further 

investigation. 
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Figure 4-6: GABA-evoked currents in knee neurons after acute inflammation. 

A) Representative traces of 100 μM GABA-evoked currents showing both transient and sustained phases 

(i, ii) and currents with only a sustained phase (iii). B (i) Percentage frequency of GABA-evoked transient 

+ sustained currents (blue bars), sustained currents (black bars) and non-responders (white bars) in Cntrl 

and CFA neurons. (ii) Peak current density of all GABA-evoked currents (Cntrl: n = 26, CFA: 19) and (iii) 

GABA-evoked currents split into TS and S type (Cntrl: black dots; CFA: red dots). TS = transient + 

sustained currents, S = sustained only currents, error bars indicate SEM, * indicates p < 0.05, unpaired t-

test. C) i - Example trace of bicuculline block (yellow) of GABA-evoked currents and THIP-evoked current 

(green) in a single neuron. ii – percentage frequency of Cntrl (n = 11) and CFA (n = 8) neurons with a 

GABA response that also responded to THIP. The numbers above the bars indicate the number of 

responsive neurons.  
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4.4.6 Time-in-culture leads to loss of inflammation-induced sensitization of knee 

neurons 

Both the period of time that neurons cultured for prior to recordings (time-in-culture) and the 

constituents of the culture medium can greatly alter neuronal excitability (Scott and Edwards, 

1980; Winter et al., 1988), and are thus both factors that can confound studying inflammation-

induced changes in neuronal excitability, i.e. changes can occur in vitro in addition to those 

occurring in vivo prior to neuron isolation. To systematically characterize the effect of time-in-

culture, I repeated the experiments described above on the CFA and Cntrl knee neurons after 24-

hour (CFA, n = 25; Cntrl, n = 22) and 48-hour (CFA, n = 23; Cntrl, n = 22) in culture. 

No change was observed in the resting membrane potential, capacitance or AP amplitude (Table 

4-1) across the three time points. By contrast, whereas the AP threshold was similar across time 

points for CFA neurons (p = 0.09, ANOVA), it decreased for Cntrl neurons after 48-hour in culture 

compared to 24-hour (p = 0.03, ANOVA, Holm-Sidak multiple comparison test, Table 4-1). 

Interestingly, the inflammation-induced decrease in AP threshold of CFA neurons compared to 

Cntrl neurons that was observed at 4-hour (Figure 4-3C) and 24-hour (p = 0.002, unpaired t-test, 

Table 4-1) disappeared after 48-hour in culture (Table 4-1, p = 0.44, unpaired t-test), which 

suggests that time-in-culture leads to a loss of inflammation-induced hyperexcitability.  

There was also a distinct AP widening, characterized by an increase in both HPD and AHP in the 

48-hour group for Cntrl neurons, but just the HPD in CFA neurons. HPD increased by ∼60% after 

48-hour in both CFA (p = 0.01, ANOVA, Holm-Sidak multiple comparison test) and Cntrl 

(p = 0.007, ANOVA, Holm-Sidak multiple comparison test) neurons compared to the 4-hour group 

(Table 4-1). In Cntrl neurons, AHP increased by 191% in the 48-hour group compared to 4-hour 

and 81% compared to 24-hour group (p = 0.0002, ANOVA, Holm-Sidak multiple comparison test, 

Table 4-1). One CFA and one Cntrl neuron in the 48-hour culture group were excluded from this 

analysis because of a highly different AP waveform that could not be analyzed using the same 

measurements. 

With regards to knee neuron acid sensitivity, the percentage of neurons with transient + sustained 

currents in response to pH 6 and pH 5 at 24-hour and 48-hour (Figure 4-7A) was similar to that at 

4-hour (Figure 4-4A). Although a largely reversible increase in pH 7- (CFA and Cntrl) and pH 5-

evoked (Cntrl) current amplitude was observed at 24-hour (pH 7: CFA, p = 0.005; Cntrl, 
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p = 0.0003; pH 6: CFA, p = 0.06; Cntrl, p = 0.08; and pH 5: CFA, p = 0.06; Cntrl, p = 0.008, 

ANOVA) (Table 4-2), there was no clear trend across different pH stimuli for either CFA or Cntrl 

neurons. 

For knee neuron TRP-mediated chemosensitivity, the CFA-induced increase in the proportion of 

capsaicin-sensitive neurons observed at 4-hour was maintained at 24-hour (CFA, 88% vs. Cntrl, 

50%, χ2(1) = 8.1, p = 0.004, chi-sq test), but was absent in the 48-hour group (CFA, 54.2% vs. 

Cntrl, 43.5%, χ2(1) = 0.5, p = 0.5, chi-sq test), a result that further confirms observations that after 

48-hour in culture the inflammation-induced effects are lost. In addition, the proportion of 

cinnamaldehyde (CFA, 33.3%; Cntrl, 21.7%) and menthol-sensitive (CFA, 33.3%; Cntrl, 13.0%) 

neurons after 48-hour in culture decreased compared to the other two time points, although this 

decrease was only significant in Cntrl neurons (cinnamaldehyde, χ2(1) = 11.9, p = 0.0006; 

menthol, χ2(1) = 7.8, p = 0.005, chi-sq test) (Figure 4-7B). No significant difference in the peak 

current density of TRP agonist-evoked currents was observed across time-in-culture (Table 4-2). 

When GABA-evoked currents were split into TS and S types, no changes in the peak current 

density were observed between CFA and Cntrl after 24-hour or 48-hour in culture. However, 

combining both TS and S currents, CFA neurons had larger amplitude GABA-evoked currents 

than Cntrl neurons after 24-hour in culture (p = 0.01, unpaired t-test, Table 4-2); an effect that was 

not seen in the 48-hour group (p = 0.2, unpaired t-test, Table 4-2). Previously, it has been shown 

in cultured rat DRG neurons that the proportion of S type GABA-evoked currents increased with 

time-in-culture (Lee et al., 2012), a result replicated here in mouse knee neurons (CFA, χ2(1) = 4.8, 

p = 0.03, Cntrl, χ2(1) = 5.4, p = 0.02, chi-sq test, Figure 4-7C). From this data, it could be 

recommended to avoid using DRG neurons for longer than 28-hour in culture to prevent loss of 

inflammation-induced sensitization events. 
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Figure 4-7: Time-in-culture effects on acid, TRP agonist and GABA sensitivity of knee neurons after 

inflammation. 

A) Proportion of Cntrl (left) and CFA (right) neurons responding to pH 6 (yellow) and pH 5 (orange) with 

a transient + sustained type current (light shade) and sustained only type current (dark shade) across 4, 24 

and 48-hour. B) Percentage frequency of Cntrl (left) and CFA (right) neurons sensitive to capsaicin (pink), 

cinnamaldehyde (orange) and menthol (blue) across 4, 24 and 48-hour in culture. C) Percentage of Cntrl 

(left) and CFA (right) neurons that had a sustained GABA-evoked current across 4, 24 and 48-hour in 

culture. * indicates p < 0.05, chi-sq test. The numbers above the bars indicate the number of responsive 

neurons.   
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4.4.7 TRPV1 inhibition reverses inflammation induced decrease in digging 

behavior 

From characterization of CFA and Cntrl neurons, knee neuron TRPV1 expression emerged as an 

important target in CFA-induced knee inflammation due to is increased expression. Thus, I 

hypothesized that the decrease in digging behavior due to knee inflammation observed in mice can 

be reversed by the peripherally restricted TRPV1 antagonist A-425619.    

On day 2 of the experimental timeline (Figure 4-8A), both the CFA group (n = 10) and saline group 

(n = 7) spent a similar amount of time digging (CFA, 31.1 ± 6.1 s; Saline, 33.8 ± 6.4 s) and 

produced a similar number of burrows (CFA, 4.3 ± 0.4; Saline, 3.4 ± 0.4) during a 3 min test in the 

digging cage. Following CFA/saline injection, the CFA group showed an expected decrease in 

digging duration (17.4 ± 5.2 s, p = 0.001, repeated measures ANOVA, Holm-Sidak multiple 

comparison test, Figure 4-8B). In agreement with my hypothesis, this reduction of digging 

behavior in the CFA group was reversed 30 min after the injection of A-425619 (36.4 ± 7.0 s, 

p = 0.001, ANOVA, Holm-Sidak multiple comparison test, Figure 4-8B). A similar result was also 

obtained with the number of burrows (post-CFA, 2.1 ± 0.3; post-Antag, 4.0 ± 0.2, p < 0.0001, 

repeated measures ANOVA, Holm-Sidak multiple comparison test, Figure 4-8C). By contrast, the 

saline group did not show a decrease in digging behavior 24-hour after saline injection into the 

knee (Digging duration, 33.1 ± 5.3 s, p = 0.5; # Burrows, 3.7 ± 0.5, p = 0.7, repeated measures 

ANOVA, Holm-Sidak multiple comparison test, Figure 4-8D and E), further confirming that intra-

articular injections do not affect digging behavior. The TRPV1 antagonist A-425619 also produced 

no effect on digging behavior in the saline group (Digging duration, 25.9 ± 6.3 s, p = 0.5; # 

Burrows, 3.3 ± 0.4, p = 0.7, ANOVA, Figure 4-8D and E), i.e. inhibition of TRPV1 does not 

interfere with spontaneous digging activity of mice. These results suggest that TRPV1 is an 

important mediator of inflammatory knee pain and might contribute to the inflammation-induced 

decrease in digging behavior in mice.  
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Figure 4-8: Digging behavior after injection of the TRPV1 antagonist A-425619. 

 A) Experimental timeline highlighting the days where behavioral testing and injection was performed. 

Distribution of time spent digging and the number of burrows in the CFA (B, C, n = 10) and saline group 

(D, E, n = 7). * indicates p < 0.05, ** indicates p < 0.01, *** indicates p < 0.0001. rmANOVA, Holm-Sidak 

multiple comparison test. Error bars indicate SEM. 
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4.5. Discussion 

Innate rodent behaviors, such as burrowing, digging and nest-building are emerging assays of 

spontaneous pain that seek to mirror human activities of daily living (Deacon, 2006b; Jirkof, 2014). 

A decrease in burrowing behavior was observed in rats with CFA-induced knee inflammation 

(Rutten et al., 2014) and digging is a similar innate behavior that is quick and easy to test in a 

laboratory (Deacon, 2006b). Here we show that 24-hour after CFA-induced knee inflammation, 

mice spent significantly decreased time digging, suggesting that digging can be used as an 

ethologically relevant pain assay in mice; importantly, intra-articular injection of the retrograde 

tracer FB did not alter digging behavior. 

Combining electrophysiology and retrograde labelling of the knee joints, I found enhanced 

excitability of knee neurons, manifested as decreased AP firing threshold. I also observed a 

contradictory increase in AHP relaxation time constant (but no change in AHP amplitude) because 

an increase in current mediated by hyperpolarization-activated cyclic nucleotide-gated ion 

channels (HCN), and thus a decrease in AHP, is associated with repetitive firing, as shown by one 

study in trigeminal ganglia neurons after CFA-induced inflammation (Flake and Gold, 2005). 

However, other studies using CFA-induced hind limb inflammation either observed no change in 

AHP (like our data at 24-hour in culture) (Djouhri and Lawson, 1999) or reported a decrease in 

AHP only in C-fibers (Weng et al., 2012). Therefore, our data possibly demonstrates the 

multifaceted nature of the molecular mechanisms regulating AHP, a suggestion supported by the 

wide range of AHP values reported (Djouhri et al., 1998; Lawson et al., 1996). 

I also provide electrophysiological evidence that the number of capsaicin-sensitive (i.e. TRPV1 

expressing) knee neurons increases during acute inflammation from ∼50% to ∼80%, suggesting 

recruitment of a previously silent neuronal population. This is an important finding because 

although it is known that inflammatory mediators released during joint pain can sensitize TRP 

channels, the role of TRPV1 and TRPA1 in acute inflammatory joint pain is unclear. Some studies 

report that TRPV1−/− mice do not develop CFA- (Keeble et al., 2005) or carrageenan- (Davis et 

al., 2000) induced hyperalgesia and others have shown that in DRG neurons TRPV1 protein 

expression increases in CFA-induced inflammation (Amaya et al., 2003; Ji et al., 2002; Yu et al., 

2008). In direct contrast, other studies failed to show increased neuronal TRPV1 protein (Bär et 

al., 2004; Zhou et al., 2003) or mRNA expression (Ji et al., 2002) following CFA-induced 
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inflammation. Similarly, TRPA1−/− mice show normal development of CFA-induced hyperalgesia 

in some studies (Fernandes et al., 2011; Petrus et al., 2007), whereas others report attenuation of 

CFA- and carrageenan-induced hyperalgesia in TRPA1−/− mice (Garrison and Stucky, 2014; 

Moilanen et al., 2012) or following administration of a TRPA1 antagonist (Bonet et al., 2013; Eid 

et al., 2008). In agreement with our electrophysiological data, immunohistochemistry showed a 

similar magnitude increase in the proportion of TRPV1 expressing knee neurons.  

The importance of increased TRPV1 function was demonstrated by reversal of the inflammation-

induced reduction in digging behavior in mice by systemic administration of the TRPV1 

antagonist, A-425619, which suggests that the increased TRPV1 expression observed at the 

cellular level drives the pain behaviors. Interestingly, it has recently been shown that intra-articular 

administration of a TRPV1 antagonist attenuated early osteoarthritic pain in a mono-sodium 

iodoacetate model of osteoarthritis (Haywood et al., 2018), thus suggesting a likely contribution 

of TRPV1 to arthritic pain in general. Historically in pre-clinical models, TRPV1 antagonists 

attenuated thermal hyperalgesia, but their efficacy in mechanical hyperalgesia and ongoing pain is 

unclear (Brandt et al., 2012). The peripherally restricted TRPV1 antagonist, A-425619, has been 

previously shown to reverse thermal and mechanical hypersensitivity in rat CFA models and also 

restore weight bearing ability in rat osteoarthritis models (Honore et al., 2005). Our data further 

establishes TRPV1 as an important drug target in inflammatory joint pain. 

Multiple mechanisms may contribute to the increase in TRPV1 expression observed, for example, 

NGF released from a variety of cell types in arthritic joints may bind to TrkA and get retrogradely 

transported to DRG neurons to drive TRPV1 expression. Indeed, increased levels of NGF are 

found in rheumatic diseases and anti-NGF/TrkA therapy reduces arthritic pain in human and 

animal models (reviewed in (Seidel et al., 2013)). With regard to CFA-induced pain, it has been 

previously shown that the proportion of TrkA-expressing neurons innervating bone does not 

increase following CFA-induced bone pain (Nencini et al., 2017). We also observed no change in 

TrkA expression, but did observe a slight, yet significant, increase in TrkA-TRPV1 co-expression 

following knee inflammation which suggests that NGF-TrkA signaling may play a role in the 

increased TRPV1 expression observed here, but this requires further investigation, for example, 

repeating the study and administering an anti-NGF antibody to block NGF-TrkA signaling. 
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Protons are algogens detected by sensory neurons through a variety of means, including ASICs, 

TRPV1, background K+ channels, Cl- channels and proton-sensing G-protein coupled receptors 

(Pattison et al., 2019). I evaluated direct proton activation of knee neurons and found that acid-

evoked currents are neither enhanced, nor is there any change in the proportion of ASIC-like 

currents, following CFA-induced knee inflammation. This result contradicts a previous report that 

showed decreased hyperalgesia of ASIC3−/−, TDAG8−/− (T cell death associated gene, a proton-

sensing GPCR) and TRPV1−/− mice after ankle inflammation (Hsieh et al., 2017) and another 

report that observed upregulation of ASIC3 immunoreactivity in knee-innervating DRG neurons 

after carrageenan-induced acute knee inflammation in mice (Ikeuchi et al., 2009). However, our 

findings agree with another study where ASIC1, ASIC2 and ASIC3 knockout mice did not display 

attenuated thermal or mechanical hyperalgesia after intraplantar CFA injection, suggesting that 

these ASIC subunits play no role in cutaneous CFA-induced hyperalgesia (Staniland and 

McMahon, 2009).  

Information transfer from peripheral to central afferents is modulated by GABAergic signaling. 

GABAA receptors can modulate spinal pain processing by either post synaptic or pre synaptic 

inhibition. Pre-synaptic inhibition is produced by the afferent inputs from DRG neurons. Upon 

application of GABA, GABAA receptors are opened resulting in Cl- efflux in DRG neurons 

because of the high intracellular Cl- concentration (Batti et al., 2013; Kaneko et al., 2004).  This 

phenomenon is called primary afferent depolarization (PAD). Under healthy conditions, PAD still 

produces pre-synaptic inhibition through inactivation of voltage gated Na+ or Ca2+ channels, thus 

preventing AP generation/neurotransmitter release; and/or through a shunting mechanism which 

increases membrane conductance thus reducing neurotransmitter release (reviewed in (Guo and 

Hu, 2014)). During tissue/nerve damage (for example, inflammation), GABA-evoked PAD can 

switch from inhibitory to excitatory/dis-inhibitory by a depolarizing shift in EGABA that increases 

PAD (which might result in direct action potential generation) (Cervero et al., 2003; Chen et al., 

2014; Willis, 1999) and/or by a decrease in GABA-mediated conductance (Wei et al., 2013). Our 

data showing an increase in the magnitude of a subset GABA-evoked currents is consistent with a 

GABA-mediated disinhibitory effect in DRG neurons following acute knee inflammation. 

Lastly, I show that time-in-culture does not affect inflammation-induced lowering of AP threshold 

up to 28-hour in culture, but that the lowered threshold is lost at 48-hour in culture. Furthermore I 
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show AP broadening, and a slight decrease in AP threshold in neurons from the contralateral side 

as reported before during a similar time course (Scott and Edwards, 1980). The present study also 

shows a decline in the frequency of response to capsaicin, cinnamaldehyde and menthol and the 

inflammation-induced increase in frequency of capsaicin-sensitive neurons, although maintained 

for up to 28-hour in culture is lost after 48-hour. Understanding how time-in-culture alters neuronal 

excitability is important for correctly designing studies, especially in such a widely used in vitro 

model as the acutely dissociated DRG neurons (Lee et al., 2012). Although this model has been 

extensively studied with patch clamp electrophysiology, the definition of “acute” remains 

relatively fluid – with some studies recording within 8-hour of dissection, while others make 

recordings after overnight incubation (18–28-hour). Based on this study, I conclude that 

electrophysiological properties in acutely dissociated DRG neurons remain relatively stable up to 

28-hours.     

In summary, we show that following unilateral acute inflammation of the knee, knee neurons have 

1) a lower AP threshold 2) increased sensitivity to capsaicin and expression of TRPV1 and 3) an 

increasing trend in the magnitude of GABA-evoked currents up to 28-hours in culture. This 

specific sensitization signature of knee neurons highlights the importance of studying DRG 

neurons as a spatially heterogeneous group. Among these different modes of sensitization that 

likely contribute to the decreased mouse digging behavior following knee inflammation, an 

increase in TRPV1 function is perhaps most clinically relevant to inflammatory arthritis (reviewed 

in (Fernandes et al., 2013). This increase in TRPV1 function and expression is most likely 

mediated through inflammatory substances, such as NGF, being released into the joint 

environment by synoviocytes, therefore the next chapter will investigate the interaction between 

FLS and knee-innervating neurons.   
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Chapter 5. Sensitization of knee-innervating sensory neurons by 

TNF- activated FLS: an in vitro, co-culture model of inflammatory 

pain. 
 

This chapter is under peer-review and the pre-print can be accessed at (Chakrabarti et al., 2019b). 

Authorship contributions in the published manuscript: I designed the studies, collected and 

analyzed data, and wrote the manuscript. Luke A. Pattison helped with FLS culture, conducted 

and analyzed semi-quantitative RT-PCR and revised the manuscript. Charity N. Bhebhe 

conducted and analyzed Ca2+ imaging experiments on dorsal root ganglion neurons using MIP-

1 and revised the manuscript. Dr Gerard Callejo helped with qPCR experimental design and 

revised the manuscript. Dr David C. Bulmer revised the manuscript Dr Ewan St. John Smith 

was involved in the design of the study and writing of the manuscript. 

Figure 5-1: Graphical abstract for Chapter 5. 
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5.1.Key message 

Peripheral sensitization manifested by hyperexcitability of DRG neurons underlies arthritic pain. 

In the knee joint, distal ends of DRG neurons (knee neurons) are in contact with a variety of non-

neuronal cell types, including FLS and their secreted soluble inflammatory mediators. Therefore, 

I investigated the communication between knee neurons and FLS in a co-culture system to better 

understand the mechanisms involved in inflammatory arthritis. Results in this chapter show that 

after induction of inflammation via TNF-a cytokine that is upregulated in CFA mouse models) 

FLS (TNF-FLS) increased expression of inflammation-linked genes, as well as actively secreting 

pro-inflammatory cytokines. In co-culture with TNF-FLS, or mediators these cells secrete, knee 

neurons become hyperexcitable and show altered TRP channel function. Therefore, this Chapter 

establishes the contributions of non-neuronal FLS to pain in inflammatory arthritis. 

 

5.2.Introduction 

Inflammation is part of the body’s immune response to tissue damage and involves multiple cell 

types, including lymphocytes and synoviocytes. These non-neuronal cells are either in direct 

contact with, or in close proximity to, the distal endings of DRG sensory neurons that innervate 

the joints. The physical interaction of sensory neurons with non-neuronal cells and the mediators 

they secrete, is thought to be involved in the development of peripheral sensitization of knee-

innervating nerves, which is a key pathology in the development of inflammatory pain.  

During inflammatory diseases such as RA, the joint undergoes hyperplasia due to T lymphocyte 

infiltration and FLS proliferation. FLS are key effector cells in RA as they become active upon 

stimulation by inflammatory cytokines (released by macrophage-like synoviocytes, MLS, and T 

cells) and secrete matrix metalloproteases (MMP) that cause joint destruction (Bottini and 

Firestein, 2013). In addition, FLS can also support and maintain the ongoing inflammation in 

arthritic joints by themselves secreting pro-inflammatory mediators (Bottini and Firestein, 2013). 

Building on this, recent single-cell transcriptional analysis of patient-derived RA-FLS, and their 

subsequent transfer into mouse knee joints, has identified distinct FLS subgroups: “destructive” 

and “inflammatory” (Croft et al., 2019). Furthermore, deletion of cadherin-11 (CDH-11), a key 

surface marker of FLS, causes hypoplasticity in murine joints and makes them resistant to 
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inflammatory arthritis (Lee et al., 2007), evidence further supporting a critical role of FLS in 

arthritic pathology.  

FLS derived from rodent and human joints proliferate in vitro, unlike MLS, enabling their 

extensive characterization (Bartok and Firestein, 2010). Interestingly, human RA-FLS are shown 

to be “imprinted aggressors” that retain an inflammatory phenotype over several passages, 

although the effect of these activated FLS on sensory neurons remains largely unexplored (Bartok 

and Firestein, 2010; Hardy et al., 2013). In rodents, it has been reported that FLS derived from 

K/BxN mice (a spontaneous, chronic arthritis model) (Hardy et al., 2013) and supernatants from 

cultured FLS derived 3 days after induction of antigen-induced arthritis (AIA) in rats (von Banchet 

et al., 2007) have increased levels of secreted cytokines compared to control FLS. Several other 

studies have utilized interleukin 1 (IL-1 or TNF- stimulation to robustly induce an 

inflammatory phenotype in FLS (Chen et al., 2015; Guo et al., 2016; Hong et al., 2018; Llop-

Guevara et al., 2015). In this study I tested two modes of FLS activation to understand their 

inflammatory phenotype. Firstly, I tested for a pro-inflammatory phenotype in FLS derived from 

mice 24-hours after CFA-induced knee inflammation which, as previously reported (Chapter 4) 

can produce robust knee inflammation, knee neuron hyperexcitability and a concomitant decrease 

in digging behavior (Chakrabarti et al., 2018). Secondly, I tested TNF- (a cytokine that is 

upregulated in tissues derived CFA-injected mice (Woolf et al., 1997)) stimulated FLS derived 

from mouse knee, and determined their inflammatory phenotype to understand the potential of 

activated FLS to induce sensitization of sensory neurons.    

Since arthritic FLS reside in a pro-inflammatory environment which is often (Andersson et al., 

1999) (but not always (Wright et al., 2018)) acidic, it is perhaps unsurprising that they express 

algogen sensing ion channels including proton sensors (Christensen et al., 2005; Kolker et al., 

2010) and various transient receptor potential (TRP) channels (Galindo et al., 2018), such as 

TRPV1 (transducer of noxious heat and low pH) and TRPA1 and TRPM8 (cold transducers). 

Experiments conducted on SW982 cells, a human tumor derived synoviocyte cell line, and primary 

FLS from an RA patient, have demonstrated that a Ca2+ influx occurs upon application of the 

TRPV1 agonist capsaicin in an acidic (pH 7.1) environment and upon application of the TRPA1 

and TRPM8 agonist icilin (Kochukov et al., 2006). In addition to Trpv1, the human FLS cell lines 

SW982 and MH7A also express Trpv4 (warmth and tonicity transducer), and both Trpv1 and Trpv4 
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are upregulated by TNF- stimulation (Itoh et al., 2009; Kochukov et al., 2009). Since most of 

these experiments were conducted on immortalized cell lines, which thus might not be 

physiologically relevant, there is a need to investigate TRP channel function in primary FLS. By 

contrast, acid sensors have been better studied in FLS derived from mouse joints, leading to the 

identification of ASIC3 as a major proton transducer. FLS from wild-type mice cultured in IL-1 

show increased intracellular Ca2+ influx and cell death in response to acid compared to FLS derived 

from ASIC3-/- mice, suggesting a physiological role of ASIC3 and acid-sensing in general in FLS 

(Gong et al., 2014; Kolker et al., 2010; Sluka et al., 2013). Therefore, in this study I sought to 

compare the algogen sensitivity of FLS before and after inducing an inflammatory phenotype using 

Ca2+ imaging. 

Given the complex interaction of cells in the joint environment, co-culture has proved to be an 

important tool for dissecting FLS biology. Co-culture of human RA-FLS with T cells (Bombara 

et al., 1993; Burger et al., 1998; Lebre et al., 2017; Yamamura et al., 2001) or 

macrophages/monocytes (Blue et al., 1993; Bondeson et al., 2006; Chomarat et al., 1995) increased 

the concentration of prostaglandin (PG) E2, IL-6, IL-8, MMP-1 and MMP-3 in the culture medium, 

along with increased expression of adhesion molecules such as vascular cell-adhesion molecule 

(Vcam-1) on FLS in a cell-mediated and soluble-factor mediated manner. Furthermore, 

upregulation of these pro-inflammatory mediators in culture supernatants was inhibited by anti-

TNF- (Burger et al., 1998; Scott et al., 1997) and anti-IL-6 antibodies (Scott et al., 1997). 

Additionally, IL-15 secreted from human RA-FLS promotes survival of B cells (Benito-Miguel et 

al., 2012) and natural killer cells (Chan et al., 2008) in co-culture, further demonstrating the 

importance of FLS in maintaining the pro-inflammatory environment of arthritic joints. Although 

co-culture techniques have revealed multiple immune interactions within the joint environment, 

the communication between neurons and non-neuronal cells is less well understood in the context 

of knee inflammation. Culturing DRG neurons with FLS derived from chronic AIA rats increased 

expression of receptors associated with nociception, namely neurokinin 1 receptors, bradykinin 2 

receptors and TRPV1 in neurons (von Banchet et al., 2007), validating the premise of co-culture 

studies to understand neuron-synoviocyte communication within the arthritic joint. However, these 

studies did not functionally assess modulation of DRG neuron excitability, which is a key 

mechanism of peripheral sensitization and hence pain. As reported recently (Chakrabarti et al., 

2019a), human OA-SF (a fluid largely secreted by FLS (Bartok and Firestein, 2010)) can cause 
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hyperexcitability of murine sensory neurons and increase TRPV1 function (Chapter 3). Therefore, 

in this study, I hypothesized that after induction of inflammation, mouse knee-derived FLS will 

increase excitability and TRP function of knee-innervating DRG neurons (knee neurons) in an 

FLS-DRG neuron co-culture system. The specific aims of this Chapter are 1) to verify that FLS 

can be cultured from mouse patella using cell-outgrowth method 2) to identify upregulation of pro-

inflammatory genes and secretion of pro-inflammatory cytokines from TNF- stimulated FLS and 

FLS from mouse knees inflamed by CFA injection 3) to elucidate acid sensing capabilities of FLS 

before and after induction of inflammation 4) to understand whether TNF-FLS are able to excite 

and cause dysregulation of TRP channel function in knee neurons in co-culture.   

 

5.3.Methods 

See Materials and Methods Chapter for detailed description of isolation, culture 2.8.2, staining 

Section 2.10.2 and 2.10.3), measurement of gene expression levels (using qPCR and RT-PCR 

Section 2.11) and secreted cytokine assessment (mouse inflammatory antibody array blot, Section 

2.12) of FLS.  Mouse knee injections (Section 2.4), whole cell patch clamp electrophysiology 

(Section 2.13) and Ca2+ imaging (Section 2.14) on FLS/DRG neurons as well as the procedure for 

culture of Raw 267.4 (Section 2.9) has also been described in the Materials and Methods chapter. 

All animals used in this Chapter were females.   

 

5.4.Results 

5.4.1. Identification of adherent cells proliferated from mouse patellae as FLS 

Key genes have been described that act as identifiers of cultured FLS isolated by enzymatic 

digestion of mouse joints (Hardy et al., 2013), as well as for establishing their inflammatory 

phenotype. In this study, RT-qPCR was performed on adherent cells (P2-P5) originating from the 

mouse patellae (from both CFA-injected, Ipsi, and contralateral, Contra, sides) that proliferated in 

culture (Figure 5-2A, B). From P2 to P3, the expression of the macrophage marker (Bartok and 

Firestein, 2010; Hardy et al., 2013) cluster of differentiation 68 (Cd-68, relative to the mouse 

macrophage cell line RAW 267.4) was significantly reduced (Figure 5-2C) while the expression 
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of FLS markers Cdh-11 and Cd-248 (Bartok and Firestein, 2010; Hardy et al., 2013) remained 

consistent from P2 to P5 (Figure 5-2Di, ii); the endothelial marker Cd-31 was not detected (data 

not shown). These results suggest that from P3, cells cultured from mouse patellae were 

predominantly FLS and hence subsequent functional studies were conducted on FLS from P3-P6.  
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Figure 5-2: Characterization of FLS.  

A) Representative picture showing exposed inside of the patella (black triangle) and the surrounding 

ligament and fat pad (white triangle) after midline resection and distal pull of the quadriceps muscles. Scale 

bar = 2 mm. B) Representative picture of FLS in culture. Scale bar = 50 µm. C) Bars show reduction in 

mRNA expression of the macrophage marker Cd-68 from P2 to P3 expressed as fold change from 

macrophage cell line Raw 264.7 cells. ** p <0.01, ratio paired t-test. Di) Expression of FLS marker Cdh-

11 across P2-P5 in Ipsi and Contra FLS normalized to the housekeeping gene 18S (left) and a representative 

image of CDH-11 (red) and DAPI (blue) stained FLS in culture. ii) Expression of FLS marker Cd-248 

across P2-P5 in Ipsi and Contra FLS normalized to the housekeeping gene 18S. Error bars = SEM.  
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5.4.2.  TNF-FLS, but not FLS derived from CFA injected inflamed knees, have a 

pro-inflammatory phenotype and secrete cytokines that activate DRG neurons.  

To establish the inflammatory phenotype of FLS, I used RT-qPCR to determine the expression of 

the pro-inflammatory genes Il-6, Il-1r1 and Cox-2, as well as the constitutively expressed gene 

Cox-1, from FLS derived from the inflamed knee (Ipsi, knee width, pre-CFA, 3.1 ± 0.09 mm vs. 

post-CFA, 4.1 ± 0.08 mm, n = 6, p = 0.0001, paired t-test, Figure 5-3A) of CFA injected mice and 

from FLS derived from the matched contralateral knee (Contra). No changes were found in 

expression levels of the genes between Contra and Ipsi FLS across P2-P5 (Figure 5-3A). However, 

when control FLS (P5, derived from knees of mice naïve to CFA) were stimulated with 10 ng/ml 

TNF- for 48-hours, there was an upregulation of Il-6 (fold change: Control, 1.5 ± 0.8 vs. TNF-

FLS, 135.1 ± 31.1, n = 3, p = 0.006, unpaired t-test) and Il-1r1 (fold change: Control, 1.1 ± 0.2 vs. 

TNF-FLS, 3.4 ± 1.0, n = 3, p = 0.04, unpaired t-test) expression levels, but not that of Cox-1 (fold 

change: Control, 1.0 ± 0.2 vs. TNF-FLS, 0.8 ± 0.2, n = 3, p = 0.18, unpaired t-test) or Cox-2 (fold 

change: Control, 1.0 ± 0.2 vs. TNF-FLS, 0.8 ± 0.2, n = 3, p = 0.2, unpaired t-test) (Figure 5-3B). 

Next, the media (n = 3, each) isolated from control, Contra, Ipsi and TNF-FLS were tested against 

a mouse inflammation antibody array (Figure 5-3C) to determine the levels of different secreted 

pro-inflammatory mediators. The spot intensity values of inflammatory markers between Ipsi and 

Contra FLS were found to be similar (multiple t-tests with Holm-Sidak corrections, graph not 

shown), suggesting no difference in the levels of secreted cytokines. However, when spot 

intensities were normalized to control FLS, TNF-FLS media showed increased levels of secreted 

IL-6 (p < 0.0001, ANOVA followed by Tukey’s multiple comparison test) and keratinocyte 

chemoattractant (KC, mouse homolog of IL-8, p = 0.001, ANOVA followed by Tukey’s multiple 

comparison test) compared to Ipsi and Contra FLS (Figure 5-3Cii). When compared to control 

FLS media, only TNF-FLS media showed presence of regulated on activation, normal T-cell 

expressed and secreted (RANTES) and granulocyte-macrophage colony stimulating factor (GM-

CSF). Additionally, TNF-FLS contained higher levels of IL-6 (p < 0.0001), KC (p < 0.0001), 

lipopolysaccharide induced chemokine (LIX, p < 0.0001), stromal cell derived factor 1 (SDF-1, p 

< 0.0001), fractalkine (p < 0.0001), monocyte chemoattractant protein 1 (MCP-1, p < 0.0001) and 

macrophage inhibitory protein 1 (MIP-1, p = 0.002) and lower levels of macrophage colony 

stimulating factor (MCSF, p = 0.003) compared to control FLS media (multiple t-tests with Holm-
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Sidak corrections, Figure 5-3Ciii). TNF- was not detected in TNF-FLS media as has been 

previously observed in supernatant from TNF- stimulated airway epithelial cells (Elizur et al., 

2008).  

Interestingly, MIP-1 was elevated in both Ipsi and Contra FLS when compared to control and 

TNF-FLS (Figure 5-3Cii), perhaps indicating its role in acute, systemic inflammatory pathways. 

Indeed, MIP-1 has been described as having a role in hyperalgesia induced by diabetic neuropathy 

in mice (Rojewska et al., 2018) and OA-related pain in rats (Dawes et al., 2013). Consistently, this 

study found that MIP-1 directly activates mouse DRG neurons by producing a dose-dependent 

Ca2+ influx (Figure 5-3D), which thus might be a potential mechanism for the in vivo effects 

described above. However, because MIP-1 does not have a human homolog (NCBI gene database 

entry #20308), and thus has limited clinical potential, I did not explore this further.  

Taken together, these data suggest that TNF- stimulation of FLS upregulates expression of 

canonical pro-inflammatory markers, whereas the in vivo pathology observed 24-hours after CFA-

induced knee inflammation does not produce a sustained pro-inflammatory phenotype of FLS 

isolated from patellae of CFA mice. I also identified other soluble mediators secreted by TNF-FLS 

that might be involved in FLS-DRG neuron communication. Therefore, given the pro-

inflammatory phenotype of TNF-FLS (and the lack of such phenotype in the CFA model), the rest 

of the study examining FLS/DRG neuron interactions focused solely on the TNF-FLS.    
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Figure 5-3: Inflammatory phenotype of FLS.  

A) Mouse knee width in Contra (grey circles) and Ipsi (black circles) limbs before and after injection of 

CFA (n = 6, paired t-test. B) Bars represent fold change of the genes Il-6, Il1r1, Cox-2 and Cox-1 from 

either Contra (vs. Ipsi) or control (vs. TNF). Black bars = P2, grey bars = P3, white bars = P5, black hatched 

bars = P5 control FLS, red bars = P5 TNF-FLS. C) Images of mouse inflammatory array membranes probed 

against FLS conditioned medium (i) which were quantified by densitometry and represented as bar graphs 

showing fold change of various cytokines in Contra, Ipsi and TNF from control FLS media (ii, ANOVA 

with Tukey’s post-hoc test) and spot intensity differences between control and TNF-FLS only (iii, multiple 

t-test with Holm-Sidak correction). Dotted rectangles highlights IL-6 spots (Ci) and corresponding 

quantifications (Cii, iii). Only cytokines that were present in all of the compared groups are shown in graphs. 

D) Intracellular Ca2+ influx in lumbar DRG neurons in response to 20 s application of 100 ng/ml MIP-1, 

followed by percentage of neurons responding to 10 and 100 ng/ml of MIP-1 and their respective peak 

response.  > 500 neurons were imaged from three male mice. * p < 0.05, ** p < 0.01, *** p < 0.001 **** 

p < 0.0001. Error bars = SEM.    
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5.4.3.  TNF-FLS have reduced sensitivity to mild acidosis, but enhanced 

sensitivity to more acidic pH. 

During arthritis, FLS are located in an environment with abundant algogens, some of which have 

been shown to signal by modulating TRP channels (Bottini and Firestein, 2013). Therefore, FLS 

sensitivity was tested against to a range of acidic pH stimuli, as well as the prototypic TRP channel 

agonists, capsaicin (TRPV1), cinnamaldehyde (TRPA1) and menthol (TRPM8) using Ca2+-

imaging. Confirming results from other studies on acid sensing in FLS (Gong et al., 2014), I found 

that both control and TNF-FLS respond to a range of pH solutions (pH 4.0 – 7.0) with an increase 

in intracellular [Ca2+] (Figure 5-4A, B). An increased percentage of control FLS (24.1 %) respond 

to pH 7.0 compared to TNF-FLS (11.0 %, p = 0.0004, chi-sq test), but in the more acidic range an 

increased percentage of TNF-FLS responded to acid than did control FLS, i.e. pH 6.0 (control, 7.2 

% vs. TNF-FLS, 26.3 %, p < 0.0001, chi-sq test) and pH 5.0 (control, 14.4 % vs. TNF-FLS, 30.5 

%, p < 0.0001, chi-sq test) (Figure 5-4Bi). At the very acidic pH of 4.0, ~40% (p = 0.4, chi-sq test, 

Figure 5-4Bi) of FLS responded in both groups, possibly due to a saturation, ceiling effect. 

Although the proportion of responding neurons varied, the magnitude of the peak normalized 

response was similar across the pH range in control (pH 7.0: 0.4 ± 0.04 F/Fmax (n = 50), pH 6.0: 

0.4 ± 0.08 F/Fmax (n = 27), pH 5.0: 0.3 ± 0.03 F/Fmax (n = 46), pH 4.0: 0.3 ± 0.02 F/Fmax (n = 

129)) and TNF-FLS (pH 7.0: 0.3 ± 0.06 F/Fmax (n = 21), pH 6.0: 0.4 ± 0.03 F/Fmax (n = 50), pH 

5.0: 0.3 ± 0.02 F/Fmax (n = 58), pH 4.0: 0.3 ± 0.02 F/Fmax (n = 72), Figure 5-4Bii).  

To identify the proton sensors expressed by FLS that likely mediate the responses measured, RT-

PCR of control and TNF-FLS was conducted to determine the expression of proton-sensing 

GPCRs, ASICs and TRPV1. Our data show that FLS express the proton-sensing GPCRs – Gpr4, 

Gpr65, Gpr68 and Gpr132, as well as Asic1, Asic3 and Trpv1 (Figure 5-4Ci). When relative 

expression was assessed compared to the housekeeping gene 18S, Gpr132 was found to be 

increased (p = 0.005, Figure 5-4Cii) in TNF-FLS implicating it as a potential contributor to the 

enhanced proportion of acid responders seen in TNF-FLS (Figure 5-4Bi). The pro-inflammatory 

phenotype of TNF-FLS was confirmed by the increased Il-6 band intensity (p < 0.0001), as 

observed previously using qPCR (multiple t-tests with Holm-Sidak corrections, Figure 5-4Cii). 
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FLS sensitivity to TRP channel agonists was also tested, but only a few cells responded to each 

compound: capsaicin (control, 3/201, TNF-FLS, 13/252), cinnamaldehyde (control, 1/201, TNF-

FLS, 11/252) and menthol (control, 0/201, TNF-FLS, 1/194) (data not shown). This led us to 

conclude that there are very few mouse primary FLS with functional TRPV1 (also corroborated 

by the observation of low Trpv1 gene expression, Figure 5-4C), TRPA1 or TRPM8 ion channels 

and hence this was not explored further.    
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Figure 5-4: Acid sensitivity in FLS. 

 A) Representative Ca2+ imaging trace from an FLS responding to pH 5 and ionomycin. Bi) Bars 

representing proportions and magnitudes (ii) of control (black hatched) and TNF-FLS (red) responding to 

pH 7, 6, 5 and 4. Comparison between control vs. TNF-FLS made using chi-sq test. Data from three 

biological replicates in each category. Ci) Gel image of control and TNF-FLS expression of proton sensors 

along with the densitometry analysis of the relative band intensity compared to the 18S band (ii, multiple 

t-test with Holm-Sidak correction). ** p < 0.01, *** p < 0.001 and **** p < 0.0001. Error bars = SEM.    
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5.4.4. TNF-FLS increase knee-innervating DRG neuron excitability in co-culture. 

Changes is primary sensory neuron excitability underlie peripheral sensitization which drives 

arthritic pain (Syx et al., 2018). Non-neuronal cells like FLS, which lie in close proximity to the 

distal terminals of knee neurons, could play instrumental roles in modulating sensory neuron 

excitability by direct cell contact and/or secretion of pro-inflammatory cytokines. To determine 

neuron/FLS communication in health and inflammation I compared the DRG neuronal excitability 

of four groups: 1) knee neuron mono-culture, 2) knee neurons co-cultured with control FLS (Figure 

5-5A, B), 3) knee neurons with FLS that have been exposed to TNF media for 24-hour followed 

by DRG culture media for 24-hours and 4) knee neurons with conditioned media from FLS that 

have been exposed to TNF media for 48-hours to understand the role of soluble mediators in 

peripheral sensitization. In current-clamp mode, many spontaneously firing neurons were observed 

in groups 3 and 4. In order to statistically compare the proportions, the four group data were 

converted into binary categories: neuron mono-culture and neuron/control FLS co-culture were 

assigned to the class “healthy”, and neuron/TNF-FLS and neuron/TNF-FLS media were assigned 

to the class “inflamed”. 19.5% of inflamed neurons (neuron/TNF-FLS, 5/21; neuron/TNF-FLS 

media, 3/19) fired spontaneous AP compared to 2.7% (neuron mono-culture, 0/19; neuron/control 

FLS, 1/18) of healthy neurons (p = 0.02, chi-sq test) suggesting that there is a general increase in 

excitability of knee neurons when exposed to an FLS-mediated inflammatory environment (Figure 

5-5C, D). 

Upon measuring the AP properties (Figure 5-5D inset) I found that the resting membrane potential 

(RMP) was more depolarized in the neuron/TNF-FLS media group compared to both neuronal 

mono-culture (p = 0.0004) and neuron/control FLS co-culture (p = 0.012), which highlights that 

secreted pro-inflammatory factors from TNF-FLS likely act upon knee neurons to increase their 

excitability (ANOVA followed by Tukey’s post hoc comparison, Figure 5-5Ei). The other 

measured properties were unchanged among the four groups (ANOVA followed by Tukey’s post 

hoc comparison, Table 5-1, Figure 5-5Eii-iv).  
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Table 5-1: AP properties of knee neurons. 

 *** represents p < 0.001 when compared to knee neuron mono-culture, $ represents p < 0.05 when 

compared to neuron/control FLS co-culture.  

 

  

 Knee neuron 

mono-culture 

(n = 19) 

Knee 

neuron/control 

FLS 

(n = 18) 

Knee 

neuron/TNF-

FLS 

(n = 21) 

Knee 

neuron/TNF- 

FLS media 

(n = 20) 

 Mean SE

M 

Mean SEM Mean SEM Mean SEM. 

RMP (mV) -46.6 2.0 -42.8 2.9 -39.7 2.3 -

32.0*

**/$ 

2.3 

Threshold (pA) 447.4 71.5 319.4 56.3 245.2 49.4 315.0 70.0 

Half peak duration 

(HPD, ms) 

2.2 0.4 2.3 0.2 2.4 0.5 2.4 0.6 

Afterhyperpolarization 

amplitude (AHP peak, 

mV) 

13.7 2.6 19.6 2.7 16.1 2.9 21.6 3.3 
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Figure 5-5: TNF-FLS induce an increase in knee neuron excitability.  

A) Representative live-cell imaging picture showing FLS (magenta) and neuron (cyan) in co-culture. Scale 

bar = 50 µm. B) Representative FB labelled knee neuron (white arrow) being recorded using a patch pipette 

(triangular shadow), surrounded by FLS (yellow arrow). Scale bar = 50 µm. C) Pie-chart showing 

proportion of knee neurons that fired APs without current stimulation in healthy (neuron mono-culture + 

neuron/control FLS, n = 37, black) and inflamed (neuron/TNF-FLS + neuron/TNF-FLS media, n = 41, red) 

condition. D) Representative knee neuron incubated with TNF-FLS media firing spontaneous APs along 

with schematic diagram of the AP properties measured (inset). E) Bar graphs showing measured RMP (i), 

threshold (ii), AHP peak (iii) and HPD (iv) from knee neurons in mono-culture (n = 19, white bar/black 

open circle), in co-culture with control FLS (n = 18, grey bar/black dotted circle), in co-culture with TNF-

FLS (n = 20, light red bar/red dotted circle) and incubated in TNF-FLS media (n = 21, white bar/red open 

circle). * p < 0.05 and *** p < 0.001, ANOVA followed by Tukey’s post hoc test. Data from 4-5 female 

mice in each group. Error bars = SEM.   
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5.4.5. TNF-FLS increase TRPV1 function and decrease TRPA1/TRPM8 function 

of DRG neurons in co-culture. 

DRG neurons in co-culture with inflamed FLS derived from AIA rats reportedly have increased 

expression of TRPV1 (von Banchet et al., 2007). Here I investigated whether FLS can modulate 

knee neuron responses to TRP channel agonists using whole cell patch clamp recordings. Knee 

neurons in mono-culture and when co-cultured with control FLS displayed very similar responses, 

i.e. a mean capsaicin peak current density response of 3.5 ± 1.0 pA/pF (n = 7) and 3.2 ± 0.9 pA/pF 

(n = 7) respectively. By contrast, knee neurons in neuron/TNF-FLS co-culture showed a trend for 

larger magnitude of capsaicin responses (27.7 ± 9.3 pA/pF, n = 8), and those cultured with TNF-

FLS media had a capsaicin response of 65.8 ± 25.7 pA/pF (n = 7) which was significantly larger 

in magnitude than neuronal mono-culture (p = 0.02) and neuron/control FLS co-culture (p = 0.02) 

(ANOVA followed by Tukey’s post-hoc comparison, Figure 5-6Ai,ii). However, no difference 

was observed between the percentage of capsaicin responders in healthy (40.5%) vs. inflamed 

groups (37.5%, p = 0.8, chi-sq test, Figure 5-6Aiii). 

With regards to menthol (mono-culture, 2.4 ± 1.2 pA/pF, n = 7; neuron/healthy FLS, 4.8 ± 2.1 

pA/pF, n = 6; neuron/TNF-FLS, 1.4 ± 1.2 pA/pF, n = 2; neuron/TNF-FLS conditioned media, 4.0 

± 1.9 pA/pF, n = 4; Figure 5-6Bi) and cinnamaldehyde (mono-culture, 1.9 ± 0.7 pA/pF, n = 10; 

neuron/healthy FLS, 2.8 ± 1.1 pA/pF, n = 4; neuron/TNF-FLS, 0.6 ± 0.3 pA/pF, n = 3, 

neuron/TNF-FLS conditioned media, 2.3 ± 1.5 pA/pF, n = 3; Figure 5-6Ci) responses, all four 

groups showed similar mean peak current density values (Figure 5-6Bii, Cii). However, in 

response to both the TRPA1 and TRPM8 agonists, the percentage of responding neurons was 

significantly less in the inflamed group compared to healthy (menthol: healthy vs. inflamed, 37.8% 

vs. 15%, p = 0.02, chi-sq test; cinnamaldehyde: healthy vs. inflamed, 43.2% vs. 15%, p = 0.006, 

chi-sq test, Figure 5-6Biii, Ciii). Taken together these data suggest that “inflamed” FLS can alter 

the TRP channel function of knee neurons in co-culture.   
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Figure 5-6: TNF-FLS mediated modulation of TRP agonist responses in knee neurons. 

 Representative traces showing capsaicin (TRPV1 agonist, Ai), cinnamaldehyde (TRPA1 agonist, Bi) and 

menthol- (TRPM8 agonist, Ci) evoked responses in knee neurons; black traces obtained from knee neurons 

in mono-culture, red trace obtained from a knee neuron incubated in TNF-FLS media. White boxes 

represent perfusion of extracellular solution.  Bar graphs showing peak current densities of capsaicin- (Aii), 

cinnamaldehyde- (Bii) or menthol-evoked (Cii) currents from knee neurons in mono-culture (white 

bar/black open circle), in co-culture with control FLS (grey bar/black dotted circle), in co-culture with TNF-

FLS (light red bar/red dotted circle) and when incubated in TNF-FLS media (white bar/red open circle); 

comparison between groups made using an ANOVA with Tukey’s post hoc test. Bar graphs showing 

percent of knee neurons that responded to capsaicin (Aiii), cinnamaldehyde (Biii) and menthol (Ciii) in 

healthy (neuron mono-culture + neuron/control FLS) and inflamed (neuron/TNF-FLS + neuron/TNF-FLS 

media) condition. Comparison made using chi-sq test. * p < 0.05. Data from 4-5 female mice in each group. 

Error bars = SEM.   
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5.5.Discussion 

In this study I have demonstrated that FLS can be obtained from mouse patellae via cell-outgrowth 

and maintained in culture. When stimulated with TNF-, FLS show increased: pro-inflammatory 

gene expression, secretion of pro-inflammatory cytokines and acid sensitivity in the pH 6.0-5.0 

range consistent with a pro-nociceptive, activated phenotype. Finally, I established a co-culture 

system, which shows that FLS and knee neurons can interact, specifically, factors secreted by 

TNF-FLS increase knee neuron excitability and the magnitude of the response to capsaicin, 

whereas the proportions of cinnamaldehyde and menthol responding neurons are diminished. The 

data in this Chapter thus demonstrate how FLS can regulate articular neurons and in turn arthritic 

pain.  

FLS from mouse are generally cultured by enzymatically digesting and combining excised joints 

of fore- and hind-limbs (Gong et al., 2014; Hardy et al., 2013; Rosengren et al., 2007; Sluka et al., 

2013), which assumes similarity of FLS derived from all joints. However, a genome-wide study 

on DNA-methylation has shown that important differences exist between knee and hip FLS,  

including differences in the genes involved in IL-6 signaling (Ai et al., 2016). By using a cell-

outgrowth method to culture mouse FLS, as previously described in humans (Kawashima et al., 

2013) and rats (von Banchet et al., 2007), I have avoided the biological ambiguity introduced by 

joint-to-joint variability. Using these FLS, I investigated the expression of inflammatory genes Il-

6, Il-1r1 and Cox-2, all of which have been linked to the inflammatory phenotype of FLS. In brief: 

stimulating human-derived FLS with IL-1β increases Cox-2 and Il-6 expression (Kawashima et 

al., 2013), increased Il-6 expression is seen in FLS derived from K/BxN mice and following 24-

hour stimulation of healthy mouse FLS with TNF- (Hardy et al., 2013), and, lastly, supernatants 

from FLS derived 3 days into a rat AIA model show increased IL-6 and PGE2 levels (von Banchet 

et al., 2007).  Here, I observed that neither the expression level of Il-6, Il-1r1, Cox-2, nor the level 

of secreted cytokines were upregulated in FLS derived from CFA-injected knee. This is possibly 

because the model used here is too brief to influence FLS gene expression, there only being 24-

hours between CFA administration and patellae removal. Indeed, evidence to support this is that 

FLS derived from rats with longer (3-28 days) AIA-induced knee inflammation did have higher 

PGE2 and IL-6 concentrations in culture supernatants compared to control FLS (von Banchet et 

al., 2007). Alternatively, the affected area of the synovium might be too small for sufficient 
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proliferation of “inflamed” FLS within 24-hours and thus they are lost over time in culture. 

Overall, these results suggest a limited role of FLS in the acute CFA model of knee inflammation 

with regard to modulation of neuronal excitability.  

I reasoned that FLS need more direct and prolonged exposure to inflammatory mediators to show 

a robust inflammatory phenotype. TNF- is one such cytokine that is locally upregulated within 

3-hours of intra-plantar CFA injection in mice (Woolf et al., 1997). It is also present in high 

concentrations in the synovial fluid (Larsson et al., 2015) and tissue of OA and RA patients 

(Parsonage et al., 2017; Tetta et al., 1990); along with anti-TNF-agents being the leading 

treatment of RA (Taylor and Feldmann, 2009). In line with a key role for TNF-in joint 

inflammation, I show that TNF- stimulated FLS display increased expression of Il-6 and Il-1r1 

mRNA, with a concomitant increase in secretion of many pro-inflammatory cytokines, including 

IL-6 as has been reported previously in human FLS (Jones et al., 2016). This observation is 

consistent with the “passive responder and imprinted aggressor model” of inflammatory FLS 

behavior (Bottini and Firestein, 2013), i.e. FLS can respond to a pro-inflammatory environment 

and then themselves become effectors to drive disease pathology. The functional repercussions of 

this model are not well-explored and here I investigated two such possibilities: change in FLS 

functionality after induction of inflammation and “inflamed” FLS-induced functional changes in 

nerves supplying the knee joint to drive pain. 

Comparing the control and TNF-FLS response to acidic stimuli, I found a decreased percentage of 

TNF-FLS responding to pH 7.0, but in the pH 6.0-5.0 range the percentage of TNF-FLS 

responding to acidic stimulation increased. Multiple proton-sensors with sensitivity to varied pH 

range might underlie the apparent incongruity of TNF-FLS acid sensitivity in mild and strongly 

acidic environment (Pattison et al., 2019). For example, increased expression of proton sensors 

programmed to detect highly acidic environments can come at the cost of sensors active at mildly 

acidic range. This concept has been alluded to previously with mouse primary FLS showing 

increased Asic3, but decreased Asic1, expression after IL-1 stimulation (Gong et al., 2014). The 

present study shows that ASIC1 and 3 may underlie acid sensitivity in FLS, as has been shown 

previously (Gong et al., 2014; Sluka et al., 2013) and also shows that multiple proton-sensing 

GPCRs are expressed in FLS. Additionally, an increased level of Gpr132 in TNF-FLS lends 

support to the hypothesized role of GPR132 (Christensen et al., 2005) in Ca2+ mobilization of FLS 
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in response to acidification. Furthermore, under control (i.e. non-sensitized conditions) TRPV1 is 

activated by pH ≤ 6.0, which can contribute to the enhanced acid response of TNF-FLS in that 

range. Although very few FLS responded to capsaicin at physiological pH of 7.4 (as has been 

shown before (Kochukov et al., 2006)), more cells responded following TNF- stimulation 

compared to control.    

In order to understand the effector role of FLS in driving nociception through peripheral 

sensitization, I set up a co-culture system combining FLS and knee neurons. Studying co-culture 

of rat FLS and DRG neurons, von Banchet et al showed using immunohistochemistry that 

bradykinin 2 receptor labelling (but not that of neurokinin 1 or TRPV1) was increased when DRG 

neurons were cultured with healthy rat FLS (von Banchet et al., 2007), i.e. co-culture of DRG 

neurons with FLS can alter expression of genes associated with nociception. Therefore, I first 

verified that knee neurons in co-culture with control FLS do not show dysregulation of excitability 

or TRP agonist response. Next I asked whether TNF-FLS modulate knee neuron function and 

found using whole cell patch clamp that 23% and 16% of knee neurons in neuron/TNF-FLS co-

culture and neuron/TNF-FLS media (inflamed conditions) respectively evoked spontaneous AP 

compared to 6% in neuron/control FLS and 0% in neuron mono-culture (healthy conditions). This 

suggests that TNF-FLS increases excitability of knee neurons. von Banchet et al also showed that 

compared to mono-culture, FLS derived from acute and chronic AIA rats induced an increase in 

TRPV1 protein expression in DRG neurons (von Banchet et al., 2007). However, I did not see an 

increase in the proportion of neurons responding to capsaicin between healthy and inflamed 

conditions, which might reflect a species difference and/or difference in knee-specific neuronal 

population (unlike in this study, von Banchet et al did not discriminate between knee-innervating 

neurons and non-knee innervating neurons); however, I did observe that capsaicin responsive 

neurons produced larger magnitude responses when incubated with TNF-FLS medium, see below. 

I also observed that cinnamaldehyde and menthol-evoked responses were decreased in the 

inflamed condition, suggesting functional downregulation of TRPA1 and TRPM8. Functional 

downregulation of TRPA1 might be explained through desensitization via increased TRPV1 

function (see below) (Akopian et al., 2007), or via an increase in intracellular Ca2+ (due to 

increased excitability in the inflamed condition) (Wang et al., 2008). The latter reason may also 

explain decrease of menthol-evoked responses (Sarria et al., 2011).    
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I also observed a tendency of a more depolarized RMP and an enhanced magnitude of capsaicin-

evoked peak current density of knee neurons in inflamed conditions, albeit both only reached 

statistical significance in the TNF-FLS media incubated group when compared to mono-culture 

and neuron/control FLS. These results suggest that soluble mediators released by FLS are key 

players in modulating knee neuron excitability. I posit that because our experimental design 

involved a media change 24-hours after TNF incubation of FLS (so as not to directly stimulate 

neurons with residual TNF-(Czeschik et al., 2008)) in the neuron/TNF-FLS co-culture condition, 

the accumulated soluble mediator concentrations were lower compared to when knee neurons were 

incubated in 48-hours TNF-FLS conditioned media (no remaining TNF- was measured in the 

media at this point). Indeed, Chapter 3 has established the role of soluble mediators present in OA 

synovial fluid in increasing neuronal excitability and TRPV1 function (Chakrabarti et al., 2019a). 

These soluble mediators mainly consist of cytokines/chemokines which form complex signaling 

pathways with neurons (reviewed in (Miller et al., 2009; Schaible, 2014)). In this study, I have 

identified IL-6 (Fang et al., 2015), KC (Brandolini et al., 2017), RANTES (Oh et al., 2001), GM-

CSF (Donatien et al., 2018), LIX (Merabova et al., 2012), SDF-1 (Oh et al., 2001), MCP-1 (Jung 

et al., 2008), MIP-1 (present study) to be upregulated in TNF-FLS media which can also directly 

signal to neurons; and in the cases of IL-6, MCP-1 and GM-CSF increase TRPV1 function 

(Donatien et al., 2018; Fang et al., 2015; Jung et al., 2008). Although fractalkine does not directly 

stimulate neurons (Miller et al., 2009), a recent study showed a correlation between levels of this 

cytokine in protein extracted from human OA synovia and brain derived neurotrophic factor - 

tropomyosin receptor kinase B mediated signaling in joint nerves to induce mechanical 

hyperalgesia (Gowler et al., 2019). Therefore, I have established a direct inflammation-pain axis 

between FLS and DRG neurons. This system can also be adapted to investigate peripheral 

sensitization using FLS activated by other pro-inflammatory cytokines or arthritic synovial fluid.  

As reported in other Chapters, this Chapter further demonstrates the importance of knee-neuron 

hyperexcitability in arthritic pain. Therefore, the next Chapter will investigate the use of viral tools 

to control neuronal excitation from the knee joint as a means of ameliorating arthritic pain.  
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Chapter 6. Intra-articular AAV-PHP.S mediated chemogenetic 

targeting of knee-innervating DRG neurons alleviates inflammatory 

pain in mice. 
 

This Chapter is currently under peer-review.  

Authorship contributions in the prepared manuscript: I designed experiments, collected and 

analyzed data and wrote the manuscript. Luke A. Pattison collected and analyzed behavioral data 

and revised the manuscript. Balint Doleschall helped with virus production. Rebecca H. Rickman 

generated the immunohistochemistry dataset. Dr Gerard Callejo helped with behavioral 

experiments and revised the manuscript. Drs Paul A. Heppenstall and Ewan St. J. Smith designed 

experiments and revised the manuscript. Packaging of viruses and some animal experiments in 

this Chapter were conducted at the European Molecular Biology Laboratory in Rome, Italy. 

 

Figure 6-1: Graphical abstract for Chapter 6.  
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6.1.Key message 

Joint pain is the major clinical symptom of arthritis that affects millions of people. Controlling the 

excitability of knee-innervating DRG neurons (knee neurons) by delivering excitatory or inhibitory 

genes could potentially provide pain relief. Gene delivery into DRG neurons by injection of adeno-

associated virus (AAV) into peripheral organs has had limited success because of the large 

anatomical distances involved in the periphery. Here I show that the newly engineered serotype, 

AAV-PHP.S, can deliver functional excitatory (Gq) and inhibitory (Gi) designer receptors 

activated by designer drugs (DREADDs) into knee neurons to bidirectionally control excitability 

in vitro. In vivo, short-term Gq-DREADD activation caused a deficit in motor co-ordination while 

Gi-DREADD activation was able to alleviate knee inflammation-induced deficits in digging 

behavior, a measure of spontaneous pain associated with the clinical feeling of well-being. This 

approach may be utilized in translational pain research for peripheral organ specific pain relief.  

 

6.2.Introduction 

Peripheral sensitization, manifested by an increase in excitability of DRG neurons, underlies 

chronic pain in arthritis (Walsh and McWilliams, 2014). There is great heterogeneity of DRG 

neurons based upon gene expression (North et al., 2019; Zeisel et al., 2018) and functional 

attributes (Petruska et al., 2000), and this heterogeneity is further compounded by target 

innervation (Hockley et al., 2019; Immke and McCleskey, 2001). This variation in DRG neurons 

offers a unique opportunity to selectively tune the excitability of a distinct subset of DRG neuron 

in order to provide pain relief with reduced side-effects. For example, Chapter 3 and Chapter 4 

show that the excitability of knee-innervating DRG neurons (identified by retrograde tracing) is 

increased after incubation with human OA synovial fluid samples (Chakrabarti et al., 2019a) and 

in a mouse model of inflammatory joint pain (Chakrabarti et al., 2018). These results suggest that 

modulation of the knee-innervating DRG neuron subset (knee neurons) can help control arthritic 

pain.  

One way of specifically modulating neuronal excitability is through chemogenetics. This is a 

technology in which proteins can be engineered to interact with exogenous chemical activators 

that were previously unrecognized and which by themselves do not have any endogenous effects. 
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A variety of chemogenetic technologies exist that are based on engineered kinases, enzymes, G-

protein coupled receptors (GPCRs) and ion channels (Roth, 2016). Recently, it was shown that a 

heteromeric glutamate-gated chloride ion channel (GluCl) modified to respond to exogenous 

ivermectin, but not to glutamate, when injected into the DRGs decreased hyperexcitability of 

sensory neurons and normalized mechanical and thermal nerve-injury induced hyperalgesia (Weir 

et al., 2017). However, this channel is too large to be completely packaged into AAVs and hence 

required co-transduction of  and  sub-units for expressing functional ion channels. By contrast, 

modified muscarinic receptor based designer receptors exclusively activated by designer drugs 

(DREADDs) are relatively small and effectively packaged into AAVs. DREADD technology has 

been shown to increase and decrease neuronal (mostly in the central nervous system, CNS) firing, 

which consequently affects a variety of behaviors (reviewed in (Roth, 2016; Wood et al., 2019a)), 

such as enhanced feeding (Krashes et al., 2011) or decreased wakefulness (Sasaki et al., 2011). In 

the peripheral nervous system (PNS), activation of the inhibitory DREADD hM4D(Gi) in NaV 1.8 

expressing DRG neurons decreased knee hyperalgesia and mechanical allodynia, along with a 

decrease in DRG neuron firing, in mice with early experimental OA pain induced by surgical 

destabilization of the medial meniscus (Miller et al., 2017). Similarly, activating Gi-DREADD in 

transient receptor potential vanilloid 1 (TRPV1) expressing DRG neurons (Saloman et al., 2016) 

increased heat pain threshold and reduced neuronal excitability in mice. Both of these studies used 

transgenic mice and therefore are less translatable across species due to the technical difficulties 

associated with targeting sensory neuron sub-populations in species without such transgenic 

tractability. In wild-type mice, Gi-DREADD delivered intraneurally to the sciatic nerve via AAV6 

was able to increase both mechanical and thermal threshold (Iyer et al., 2016). Importantly 

however, none of these studies were specific to DRG neuron subsets innervating specific organs.   

Delivery of transgenes from the periphery to the DRG neurons has been attempted for quite 

sometimes, with replication deficit herpes-simplex virus (HSV) tools showing some success in the 

PNS (reviewed in (Wolfe et al., 2012)). For example, HSV mediated neurotrophin-3 sub-cutaneous 

delivery into the footpad of chemically-induced diabetic mice protected against the progression of 

diabetic neuropathy (Chattopadhyay et al., 2007). However, HSVs have limited potential to be a 

clinically relevant gene therapy tool because of their cytotoxic effects (Johnson et al., 1992). By 

contrast, AAVs are useful tools for gene transfer that have been used for gene therapy in a variety 

of human diseases (Wang et al., 2019) and can be utilized in conjunction with DREADD 
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technology to selectively modulate neuronal activity of specific neuronal circuitry. Indeed, this has 

been achieved in the CNS (Aschauer et al., 2013), however, delivering genes by AAV injection 

into a peripheral organ to DRG neurons is challenging because of the low transduction capability 

of AAVs and the large anatomical distances involved in the PNS (Chan et al., 2017). A variety of 

AAV serotypes have shown little efficacy in transducing DRG neurons when injected 

subcutaneously, intra-muscularly or intra-plantarly in adult mice (Abdallah et al., 2018; Towne et 

al., 2009). To date, direct injection into DRG (Mason et al., 2010) or intrathecal injection (Storek 

et al., 2006; Weir et al., 2017) are the best ways for transducing DRG neurons, however, these 

routes of administration are invasive, technically complicated to perform and do not enable 

transduction of neurons innervating a defined target. The present study provides evidence that the 

PNS specific AAV serotype, AAV-PHP.S (Chan et al., 2017), discovered using targeted evolution, 

can infect DRG neurons with functional cargo following injected into the knee joint. Furthermore, 

using the inhibitory DREADD, hM4D(Gi), as a cargo, we show normalization of inflammatory 

pain induced deficit in digging behavior in mice, which is an ethologically relevant spontaneous 

pain measure indicating well-being (Jirkof, 2014). This study extends the use of AAV and 

DREADD technologies to study DRG neurons infected from a peripheral organ, which can have 

future applications in controlling pain pathologies. 

The specific aims of this Chapter are 1) to identify an AAV serotype which when injected into the 

knee is able to transduce neurons in the DRG 2) to investigate whether AAV-PHP.S packaged 

with Gq-DREADD and Gi-DREADD are able to increase and decrease excitability of transduced 

neurons from the knee respectively 3) to investigate whether Gq-DREADD and Gi-DREADD 

mediated changes in knee neuron excitability can modulate mouse behavior.  

 

6.3.Methods 

See Materials and Methods chapter for detailed description of virus production (Section 2.3), mice 

injections (Section 2.4), whole cell patch clamp electrophysiology (Section 2.13) on DRG neurons 

and behavioral experiments (Sections 2.5, 2.6, 2.7). Both female and male animals were utilized 

in this Chapter, however the obtained results do not indicate any sex differences.   
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6.4.Results 

6.4.1. Knee injected AAV-PHP.S, but not other serotypes tested, robustly 

transduces DRG neurons.  

AAV-PHP.S is engineered to have a higher specificity towards peripheral neurons (Chan et al., 

2017) and thus I hypothesized that this AAV serotype would be able to transduce DRG neurons 

when injected intra-articularly into the knee joint. In order to test this hypothesis, a non-systematic, 

semi-quantitative pilot study was first conducted to determine which, if any, of the AAV serotypes 

are able to transduce DRG neurons when injected into the knee joint. Approximately 360 neurons 

(3 dishes were imaged, and each dish typically contains ~120 neurons in our culture conditions) 

were imaged for the serotypes AAV1/2, AAV2, AAV9, AAV-retro and AAV-PHP.S packaged 

with EGFP or EYFP (n = 2 in each condition).  I found that less than 1% of the neurons were 

transduced with each of the viral serotypes tested, except for AAV-PHP.S which transduced 12.5% 

of the neurons imaged (Figure 6-2A). Therefore, AAV-PHP.S was more systematically studied.  

When AAV-PHP.S-CAG-dTomato and the commonly used retrograde tracer fast blue (FB) were 

co-injected unilaterally into one knee (n = 3, female), both FB and virus labelling was observed 

(Figure 6-2B). In agreement with previous reports using FB and other retrograde tracers 

(Chakrabarti et al., 2018; Cho and Valtschanoff, 2008; Ferreira-Gomes et al., 2010), I observed a 

similar proportion of labelling in the lumbar DRGs with FB and AAV-PHP.S-CAG-dTomato (FB 

%: L2: 6.6 ± 2.7, L3: 8.3 ± 1.4, L4: 6.6 ± 1.2, L5: 3.3 ± 1.6; AAV-PHP.S %: L2: 9.0 ± 2.8, L3: 7.3 

± 1.2, L4: 4.0 ± 0.5, L5: 3.3 ± 1.2, Figure 6-2C). Across L2-L5 DRG, there was ~ 40 % co-labelling 

of neurons with FB and AAV-PHP.S suggesting that both retrograde tracers label with a similar 

efficiency, but that neither is able to label the entire knee neuron population (Figure 6-2D, F). 

Furthermore, minimum was observed labelling in the contralateral side (Figure 6-2H). Previous 

reports suggest that ~40 % of knee neurons are TRPV1 expressing putative nociceptors 

(Chakrabarti et al., 2018; Cho and Valtschanoff, 2008). Similarly, using immunohistochemistry of 

DRG neurons, I found that ~30 % of both viral labelled and FB labelled neurons express TRPV1 

(Figure 6-2E, G, I) suggesting that viral transduction did not substantially alter expression of the 

nociceptive gene TRPV1 and that AAV-PHP.S and FB are not preferentially tracing different 

populations of neurons. Taken together, the data suggest that intra-articular injection of AAV-
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PHP.S in the knee joint transduces mouse DRG neurons in a similar manner to a routinely used 

retrograde tracer. 
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Figure 6-2: Retrograde tracing of knee-innervating DRG neurons using FB and AAV-PHP.S. 

A) Bars showing estimated proportions of DRG neurons transduced with a variety of AAV serotypes. Data 

from 2 male mice in each group, B) Representative images of a whole DRG section showing knee neurons 

traced using FB (blue), AAV-PHP.S-CAG-dTomato (pink) and stained using an anti-TRPV1 antibody 

(yellow). C) Bar graphs showing percent of labelled neurons in L2-L5 DRG with FB and AAV. Percent of 

neurons showing co-localization of FB/AAV and TRPV1/AAV expressed as a percent of AAV+ neurons 

(D, E) and of FB+ neurons (F, G). Bar graphs showing percent of DRG neurons labelled with AAV-PHP.S 

and FB in the contralateral side (H) and a quantification of TRPV1 stained neurons in contralateral and 

injected side (I). Data obtained from 3 female mice. The numbers above the bars represent the total number 

of neurons counted positive for a particular reporter. Error bars = SEM.   
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6.4.2.  The chemogenetic actuator, Compound 21, has no off-target effects in our 

behavioral paradigms. 

Since the next part of the study relates to DREADDs, an important set of control experiment is to 

determine whether the chosen chemical actuator, Compound 21 (C21) has any off-target effects 

for the behavioral paradigms tested in the study. C21 was chosen as the DREADD activator since 

it has good bioavailability and is not converted into clozapine or clozapine-N-oxide (Jendryka et 

al., 2019). Naïve, wildtype mice (n = 8, 4 females and 4 males) were tested before and after C21 

injection for digging behavior, dynamic weight bearing and rotarod. No difference in digging 

behavior was observed after C21 injection (Digging duration: Pre vs. Post C21, 27.5 ± 3.6 ms vs. 

26.3 ± 6.7 ms; Number of burrows: Pre vs. Post C21, 4.1 ± 0.4 vs. 4.3 ± 0.5, Figure 6-3A). 

Similarly, dynamic weight bearing (Front/Rear paw weight ratio: Pre vs. Post C21, 0.4± 0.1 vs. 

0.5 ± 0.1; % left paw weight: Pre vs. Post C21, 23.4 ± 1.2 vs. 21.5 ± 1.3, Figure 6-3B, C) and 

rotarod performance (Pre vs. Post-C21, 312.4 ± 17.8 s vs. 266.9 ± 25.4 s, Figure 6-3D) remained 

unchanged in these mice. Taken together, our data suggest that C21 does not produce changes in 

mice lacking DREADDs in the behavior paradigms tested in the following sections.   
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Figure 6-3: No off target behavioral effects of C21.   

Digging duration and number of burrows (A), ratio of front and rear paw weight (B), rear left paw weight 

expressed as a percent of body weight (C), and time on rotarod (D) measured before (black) and after (blue) 

C21 administration in mice with no virus injections. Data obtained from 4 female and 4 male mice.    
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6.4.3. Excitatory Gq-DREADD delivered intra-articularly by AAV-PHP.S-hSyn-

hM3D(Gq)-mCherry does not change spontaneous pain behavior, but provokes a 

co-ordination deficit. 

Next, I tested whether AAV-PHP.S can deliver functional hM3D(Gq) cargo into knee neurons via 

intra-articular injections, using whole cell patch clamp on acutely dissociated neurons isolated 

from mice with no previous exposure to C21. Gq-DREADDs couple to GqPCR pathways and thus 

their activation causes neuronal excitation (Roth, 2016). Therefore, I hypothesized that when 

incubated with 10 nM C21, virally transduced neurons would be hyperexcitable compared to 

virally transduced neurons bathed in normal extracellular solution (ECS). In agreement with this 

hypothesis, I observed an increased number of neurons (Ctrl, 5.3% vs. C21, 27.8% p = 0.03, chi-

sq test) spontaneously firing action potentials (AP) without injection of current in the C21 group 

(Figure 6-4A). Moreover, upon injection of increasing stepwise current injections, the threshold 

of AP generation was decreased (Table 6-1, p = 0.02, unpaired t-test) in the C21 group (Figure 

6-4B); no change was observed in other electrical properties measured in these neurons (Table 

6-1).  

Based on previous studies (Chakrabarti et al., 2019a, 2018), I hypothesized that the measured 

increased excitability of knee-innervating neurons via Gq-DREADD system would cause pain-like 

behavior in mice, which was tested by measuring digging behavior (a measure of spontaneous pain 

as described previously (Chakrabarti et al., 2018; Deacon, 2006a)), dynamic weight bearing and 

rotarod behavior (a measure of motor co-ordination) (Tappe-Theodor et al., 2019) (Timeline in 

Figure 6-4C). Three weeks after virus injection into both knee joints, mice (n = 8, 4 males, 4 

females in each group) injected with vehicle or C21 did not show changes in digging behavior 

(Digging duration: Pre vs. Post veh, 31.6 ± 3.7 ms vs. 21.3 ± 4.4 ms, Pre vs. Post C21, 25.2 ± 4.9 

ms vs. 32.7 ± 4.7 ms; Number of burrows: Pre vs. Post veh, 4.6 ± 0.5 vs. 3.5 ± 0.4, Pre vs. Post 

C21, 3.9 ± 0.7 vs. 3.6 ± 0.5, Figure 6-4D, E) or weight bearing (Front/Rear paw weight ratio: Pre 

vs. Post veh, 0.5 ± 0.02 vs. 0.5 ± 0.04, Pre vs. Post C21, 0.4± 0.06 vs. 0.4 ± 0.03, Figure 6-4F,G). 

By contrast, after injection of C21, mice showed a marked decline in their ability to remain on the 

rotarod (Pre vs. Post veh, 273.5 ± 27.2 s vs. 243.9 ± 32.7 s, Pre vs. Post C21, 336.1 ± 12.9 s vs. 
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249.0 ± 18.9 s, p = 0.002, paired t-test) suggesting a deficit in their motor co-ordination (Figure 

6-4H, I).  

Taken together, the data suggest that AAV-PHP.S delivers functional Gq-DREADD into knee 

neurons and that when virally transduced knee neurons are activated, they do not cause overt pain-

like behavior in vivo, but do cause a motor co-ordination deficit.  
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Figure 6-4: Gq-DREADD activation of knee neurons in vitro and in vivo.  

A) Representative image of an AAV-PHP.S-hSyn-hM3D(Gq)-mCherry transduced neuron (Scale bar = 25 

µm, triangular shadow = recording electrode), bars showing resting membrane potential in Ctrl (black, n = 

19) and C21 (blue, n = 18) conditions, pie-chart showing percent of neurons in each condition that fired 

spontaneous AP. B) Bars showing AP firing threshold in Ctrl (black, n = 19) and C21 (blue, n = 18) 

conditions, pie-chart showing percent of neurons in each condition that fired multiple AP upon current 

injection. *p < 0.05, unpaired t-test. Data obtained from 3 females and 2 male mice. C) Timeline showing 

when behaviors were conducted. Digging duration and burrows (along with schematic diagram), ratio of 

front and rear paw weight (along with schematic diagram) and rotarod behavior (along with schematic 

diagram) before and after vehicle (D, F, H) or C21 injection (E, G, I). ** p < 0.01, paired t-test. Data 

obtained from 4 female and 4 male mice. Error bars = SEM.  



162 
 

Table 6-1 Action potential properties of Gq-DREADD intra-articularly transduced knee neurons. 

 RMP = Resting membrane potential, HPD = Half peak duration. * = p < 0.05 unpaired t-test.  

 

 

  

 Ctrl 

(n = 19) 

C21 

(n = 18) 

 Mean SEM Mean SEM 

RMP (mV) -40.8 3.0 -42.7 2.8 

Threshold (pA) 415.8 69.7 211.1* 51.4 

HPD (ms) 2.6 0.5 1.9 0.3 

Afterhyperpolarization 

amplitude (AHP peak, mV) 

14.7 2.1 16.8 2.8 
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6.4.4. Inhibitory Gi-DREADD delivered intra-articularly by AAV-PHP.S-hSyn-

hM4D(Gi)-mCherry reverses digging behavior deficits associated with 

inflammatory pain. 

Intra-articular injection of complete Freund’s adjuvant (CFA) induces robust knee inflammation 

in mice (Ctrl knee: pre CFA day, 3.1 ± 0.03 mm, post CFA day, 3.1 ± 0.03 mm; CFA knee: pre 

CFA day, 3.1 ± 0.02 mm, post CFA day, 4.0 ± 0.05 mm, n = 24, p < 0.0001, paired t-test, Figure 

6-5A) and has been previously shown to increase the excitability of knee neurons innervating the 

inflamed knee compared to those innervating the contralateral side (Chakrabarti et al., 2018). I 

hypothesized that incubating the Gi-DREADD expressing knee neurons from the CFA side with 

C21 would reverse this increased neuronal excitability. Using whole cell electrophysiology of knee 

neurons, although there was no change in the RMP across any condition (Figure 6-5B, Table 6-2), 

the percent of CFA knee neurons firing spontaneous AP decreased after Gi-DREADD activation 

(CFA, 15% vs. CFA+ C21, 0%, p = 0.02, chi-sq test, Figure 6-5B). Moreover, in the absence of 

Gi-DREADD activation, CFA knee neurons had a decreased AP threshold compared to neurons 

from the control side, but the AP threshold of CFA knee neurons that were incubated in C21 was 

similar to that of neurons from the control side (Table 6-2, p = 0.005, ANOVA, Figure 6-5C). 

These results suggest that Gi-DREADD activation reverses the CFA-induced increase in neuronal 

excitability in vitro. Other electrical properties between groups were unchanged (Table 6-2). 

The ability of Gi-DREADD when expressed in DRG neurons to modulate pain behavior is unclear. 

Whereas one study shows an increase in latency to both thermal and mechanical stimuli (Iyer et 

al., 2016), a second study shows only an increase in the paw withdrawal latency to thermal stimuli 

(Saloman et al., 2016). Nevertheless, based on the in vitro results in these studies, I hypothesized 

that activation of Gi-DREADDs in knee neurons post CFA would reverse spontaneous pain 

behavior in mice (Timeline in Figure 6-5D). In the control cohort of mice (n = 9, 5 males, 4 

females) that received vehicle 24-hours after CFA injection, the CFA-induced decrease in digging 

behavior persisted compared to pre CFA (Digging duration: Pre CFA, 29.6 ± 2.7 ms, post CFA 

16.6 ± 4.0 ms, post veh, 9.8 ± 2.8 ms, p = 0.0005, repeated measures ANOVA; Number of burrows: 

Pre CFA, 4.8 ± 0.3, post CFA 2.9 ± 0.3 ms, post veh, 2.3 ± 0.5 ms, n = 9, p < 0.0001, repeated 

measures ANOVA, Figure 6-5E). However, when C21 was administered to a separate cohort of 
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mice (n = 11, 7 males, 4 females) 24-hours after CFA injection, there was a marked recovery in 

digging behavior (Digging duration: Pre CFA, 29.7 ± 4.5 ms, post CFA 7.8 ± 1.9 ms, post C21, 

19.0 ± 3.9 ms, p = 0.0002, repeated measures ANOVA; Number of burrows: Pre CFA, 4.5 ± 0.3, 

post CFA 2.4 ± 0.3 ms, post C21, 3.6 ± 1.4 ms, p = 0.0005, repeated measures ANOVA, Figure 

6-5F) suggesting that decreasing the excitability of knee neurons via Gi-DREADD reduces 

inflammation induced spontaneous pain that is associated with an increase in the feeling of well-

being and hence more digging. In contrast, acute chemogenetic inhibition of knee neurons was 

insufficient to reverse CFA-induced deficit in dynamic weight bearing (Rear left weight bearing 

as % of body weight: Pre CFA, 26.2 ± 2.0, post CFA, 10.6 ± 1.7, post veh, 11.6 ± 1.5, p < 0.0001; 

Pre CFA, 26.1 ± 1.1, post CFA, 12.4 ± 1.4, post C21, 13.3 ± 2.2, p < 0.0001, repeated measures 

ANOVA, Figure 6-5G, H) which might be because gait changes relating to weight bearing is more 

reflective of changes in joint biomechanics that is difficult to reverse by analgesics (Shepherd and 

Mohapatra, 2018). Furthermore, no change in rotarod behavior was observed following CFA-

induced knee inflammation suggesting that this model does not cause an overt change in gross 

motor function and Gi-DREADD activation also had no effect (Pre CFA, 303.8 ± 18.3 s, post CFA, 

315.9 ± 11.9 s, post veh, 306.6 ± 16.8 s; Pre CFA, 282.7 ± 17.3 s, post CFA, 286.4 ± 25.3 s, post 

C21, 317.4 ± 10.3 s, Figure 6-5I, J). Taken together, these results suggest that knee neuron specific 

inhibition of excitability can reverse inflammation induced deficit in digging behavior.  
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Figure 6-5: Gi-DREADD activation of knee neurons in vitro and in vivo. 

Knee width before and after CFA injection in the non-injected (contra, black) and injected knee (ipsi, red), 

n = 20, paired t-test. B) RMP in Ctrl (black, n = 22), CFA (red, n = 20) and CFA+C21 (blue, n = 22) 

conditions, pie-chart of percentage of neurons in CFA and CFA+C21 condition that fired spontaneous AP. 

C) Bars showing AP threshold in Ctrl (black, n = 22), CFA (red, n = 20) and CFA+C21 (blue, n = 22) 

conditions, pie-chart of percent of neurons in CFA and CFA+C21 condition that fired multiple AP upon 

current injection. ANOVA and Holm-Sidak post hoc test. Data obtained from 2 female and 2 male mice. 

D) Timeline of behaviors conducted. Digging duration and number of burrows, rear left paw weight (% of 

body weight) and rotarod behavior pre and post-CFA and after vehicle (E, G, I, 4 females, 5 males mice) 

or C21 injection (F, H, J, 4 females, 7 males). *p < 0.05, ** p < 0.01, ***p < 0.001, **** p < 0.0001 

repeated measures ANOVA and Holm-Sidak post hoc test. Error bars = SEM.   
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Table 6-2: Action potential properties of Gi-DREADD intra-articularly transduced knee neurons.  

RMP = resting membrane potential, HPD = Half peak duration. * = p < 0.05 CFA vs. Ctrl, $$ = p < 0.01 

CFA vs. CFA+C21, unpaired t-test.   
 

 

  

 Ctrl 

(n = 22) 

CFA 

(n = 20) 

CFA + C21 

(n = 22) 

 Mean SEM Mean SEM Mean SEM 

RMP (mV) -42.9 2.9 -39.2 2.7 -39.5 2.7 

Threshold (pA) 418.2* 65.6 242.5 45.0 536.4$$ 66.5 

HPD (ms) 2.4 0.6 2.9 0.5 2.1 0.3 

Afterhyperpolarization 

amplitude (AHP peak, mV) 

12.9 1.3 16.5 1.3 13.8 1.6 
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6.5.Discussion 

The findings in this study show that the AAV-PHP.S serotype can retrogradely deliver cargo to 

DRG neurons, in a peripheral tissue-specific manner, when injected into the knee joints without 

the need for invasive procedures or the requirement to generate transgenic mice. Moreover, the 

transduction efficiency of the virus is similar to the widely used retrograde tracer, FB. In-line with 

other co-labelling studies (Puigdellı́vol-Sánchez et al., 1998), the ~40% co-localization of AAV-

PHP.S and FB fluorescence suggests that not all knee neurons are labeled by either tracer and the 

less than 100 % co-labeling is possibly due to their differing modes of retrograde transfer 

(Eisenman, 1985; Tervo et al., 2016).          

Using this system, I show that it is possible to increase or decrease knee neuron excitability in vitro 

when Gq or Gi-DREADD cargoes were delivered by AAV-PHP.S. This result can be extended to 

study the role of anatomically-specific neuronal excitability when exposed to a variety of stimuli 

or pharmacological interventions. In vivo, chemogenetic activation was restricted to a short 

duration to reflect acute pain and within this timeframe we saw no spontaneous pain-like behavior 

with activation of Gq-DREADD in knee neurons. We surmise that Gq-mediated sub-threshold 

activation (Jaiswal and English, 2017) of the relatively low percentage of DRG neurons did not 

provide sufficient nociceptive input to drive change in ethologically relevant pain behaviors; 

whereas the observed decrease in co-ordination suggests that we have behaviorally engaged the 

virally transduced neurons. Notably, intra-articular injection would transduce DREADDs to both 

nociceptive and non-nociceptive population of knee neurons, therefore, a clear nocifensive 

behavior might not be apparent. Since a prior study has shown successful axon regeneration 

following peripheral nerve injury with repeated (but not after single) dosing of the DREADD 

activator CNO (Jaiswal et al., 2018), future studies using a repeated dosing strategy could be 

employed in this system for modelling chronic pain, being cautious of the potential risk of receptor 

desensitization (Roth, 2016). 

Perhaps more relevant to future clinical applications is the ability of Gi-DREADDs to reverse pain 

behavior by decreasing neuronal excitability of knee neurons. Indeed, we show that Gi-DREADD 

activation restores a deficit in digging behavior induced by inflammatory knee pain. This strategy 

can be further refined to selectively inhibit genetically specific subpopulation of knee neurons by 

combining Cre-inducible viruses with their corresponding Cre-expressing transgenic mouse lines, 
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and hence provide insights into relative contributions of different knee neuron sub-populations in 

arthritic pain. Selectively exciting specific knee neuron sub-populations with Gq-DREADD might 

also produce pain-like behaviors that were not observed in this study. We also report that the CFA-

induced deficit in weight bearing was not reversed following activation of Gi-DREADD in knee 

neurons, consistent with a previous report observing that reversal of deficits in gait changes are 

difficult to achieve with analgesics (Shepherd and Mohapatra, 2018). 

Although findings from this study imply that modulating excitability of anatomically specific 

peripheral neurons can control arthritic pain, a number of challenges need to be addressed before 

their clinical translation. Since virus transduction and expression profile is different between non-

human primates and rodents, the expression profile of AAV-PHP.S needs to be validated in non-

human primates (Galvan et al., 2019). Additional work is also required to engineer more PNS 

specific AAVs and to optimize DREADDs (Magnus et al., 2011) and their corresponding ligands 

(Thompson et al., 2018) for increasing transduction efficiency and regulating dosing.             

Overall, the present study provides initial proof-of-concept that peripheral tissue innervating DRG 

neurons can be specifically modulated by AAVs, opening the door to future studies on gene 

therapy in controlling pain.   
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Chapter 7. Conclusions and Future Directions 
 

The major contribution of this thesis is the demonstration of the key role of knee-innervating DRG 

neuron (knee neuron) sensitization in arthritic pain, which was achieved by the development and 

utilization of several in vitro and in vivo models of inflammatory pain. The functional 

heterogeneity of DRG neurons based on target innervation (Petruska et al., 2000) has also been 

demonstrated, such that knee neurons have a lower threshold of AP generation compared to a 

randomly picked, acutely cultured neurons.  

The findings of this thesis open up several avenues of investigation in the arthritic pain field. The 

following paragraphs will summarize the answers to the questions posed in Introduction, as well 

as discuss limitations of the findings and recommend future research that can further the field of 

arthritic pain research.  

1) Can clinical samples from human arthritis patients be used in combination with 

mouse tissue to create a translatable, in vitro model of arthritic pain? 

Chapter 3 shows that mediators present in SF derived from patients with painful OA can increase 

the excitability of knee neurons, implicating SF as an active nociceptive agent in arthritic pain. 

The major limitation of this study was that given the small number of OA-SF samples, I was neither 

able to correlate the pain scores of the individuals to the nociceptive potential changes observed 

through AP properties in vitro, nor was I able to determine sex-specific differences.  

Therefore, a key future direction of these findings will be to replicate them with a larger pool of 

arthritic SF samples to correlate pain scores, identify differential effects of RA-SF vs. OA-SF and 

sex-specific changes in nociceptive potentials. Furthermore, this model can be adopted in vivo (as 

a clinically relevant mouse model) by intra-articular injection of acellularized SF and tested for 

pain measures established in this thesis (e.g., digging, dynamic weight bearing, rotarod) and in 

other studies (Gregory et al., 2013). To better understand the mechanism of action of SF, two major 

questions need to be answered: what are the mediators in arthritic SF that confer neuronal 

hyperexcitability and which neuronal genes are involved in SF-mediated hyperexcitablilty? To 

answer the first questions, omics techniques (Hasin et al., 2017) can be applied to identify lipids, 

proteins and metabolites present in SFs. The findings can then be clustered based on diagnosis and 
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pain scores before being ranked based on their differential abundance compared to control SF to 

identify the most promising hits. The best ranked molecules can then be tested on the SF/neuron 

in vitro system to measure their nociceptive potential via whole cell electrophysiology. In order to 

answer the second question, single-cell and bulk transcriptomics (North et al., 2019) can be 

performed on neurons incubated in whole SF and its components. 

2) Does the acute CFA-induced knee inflammation model sensitize knee neurons and 

therefore cause changes in spontaneous pain behavior? 

Chapter 4 reports that CFA-induced knee inflammation decreases digging behavior, which is a 

measure of spontaneous pain. Furthermore, after inflammation, there is increased knee neuron 

excitability and TRPV1 function, results suggesting sensitization of these sensory neurons. 

Consequently, blocking TRPV1 function systemically reverses inflammation induced decrease in 

digging. Although digging is useful for testing non-reflexive pain behavior, effectivity of this 

paradigm needs to be tested in chronic pain model, i.e., whether digging behavior remains 

suppressed throughout the chronic pain condition. The importance of TRPV1 in arthritic pain has 

been shown by multiple groups using multiple mouse models (Hsieh et al., 2017; Kelly et al., 

2015; Zhang et al., 2013) and recently a study highlighted the differential contribution of TRPV1 

in acute and chronic pain of a rodent OA model (Haywood et al., 2018). Therefore, future efforts 

can be directed at understanding TRPV1’s relative importance in different DRG neuron subsets. 

Given that TRPV1 antagonists have had limited success for pain therapy because of their adverse 

effects (e.g., hyperthermia) (Galindo et al., 2018), another strategy would be to perform single cell 

transcriptomics on knee neurons in healthy and arthritic states to identify novel drug targets (a 

project currently underway in the Smith Lab). These targets can then be correlated with gene 

targets identified in the SF/neuron system (described above) to validate their clinical potential, 

after which antagonists of those targets can be administered in mice to test behavioral pain 

measures.  

3) Does communication exist between knee neurons and non-neuronal FLS that is 

relevant to arthritic pain? 

In Chapter 5, I found that murine knee-derived FLS when stimulated with the pro-inflammatory 

cytokine, TNF- can themselves secrete pro-inflammatory cytokines and that these released 

inflammatory factors increase excitability of knee neurons. This result suggests that direct 



171 
 

interaction of non-neuronal FLS and neurons is important in arthritic pain. A limitation of this 

approach is that I was only able to discern TNF- related pro-inflammatory cascades in FLS and 

their effects on DRG neurons. However, multiple other pro- and anti-inflammatory mediators are 

present in an arthritic joint (Gobezie et al., 2007). Since I was not able to investigate the overall 

effect of these mediators on FLS with the acute CFA-induced knee inflammation model, future 

work can focus on testing the effects of FLS/neuron interactions in neuronal excitability with 

“inflamed” FLS derived from chronic mouse models of arthritis such as antigen induced arthritis 

(von Banchet et al., 2007) or K/BxN mice (Hardy et al., 2013).    

Nevertheless, the results in Chapter 5 have translational potential given that human FLS contribute 

to SF, and soluble factors in OA-SF can excite knee neurons, as shown in Chapter 3. Additionally, 

TNF- stimulated human FLS have been shown to secrete multiple cytokines in agreement with 

the murine data presented in this thesis (Jones et al., 2016), therefore, in the future, a human 

FLS/DRG neuron system can be established to directly study this link. Furthermore, given that I 

identify and emphasize the importance of soluble mediators in sensitizing nociceptors, direct 

application of these mediators on knee neurons could be conducted to reveal their specific 

sensitization capabilities.  

Beyond the FLS/neuron interaction, the functional properties of FLS remains elusive. For example, 

further work is needed to extend the work presented in this thesis to identify the acid sensors in 

FLS. Furthermore, there is evidence of other ion channels being expressed by FLS which affects 

their membrane potential and hence depolarization induced secretions (Clark et al., 2017). 

Extending the knowledge of the ion channel expression by human FLS in health and disease can 

be used to help prevent arthritis progression and pain.  

4) Can an AAV serotype be identified that can specifically deliver functional genes from 

the periphery (knee joint) to the DRG neurons to control neuronal excitability? 

Chapter 6 identifies that a PNS-specific AAV serotype, AAV-PHP.S can transduce DRG neurons 

when injected intra-articularly in the knee joint. Given that I have shown excitability of knee 

neurons is important in controlling arthritic pain both in vitro and in vivo, this method provides an 

opportunity to specifically access these neurons which might limit side effects when adopted into 

clinics. For example, I have shown that TRPV1 function is increased in knee neurons, yet while 
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testing whether antagonizing TRPV1 alleviates arthritic pain phenotype I injected a systemic 

TRPV1 blocker. Using the viral technique, a TRPV1 aptamer (Xiang et al., 2017) could be 

packaged into AAV-PHP.S, which when delivered into the knee would allow us to investigate the 

effects of specifically blocking TRPV1 function in knee neurons. Beyond TRPV1, this technology 

can be utilized in the future to validate other drug targets identified by single cell transcriptomics 

in arthritic animals and SF/neuron systems.  

Furthermore, I showed that excitatory or inhibitory DREADDs can be packaged into AAV-PHP.S 

to control knee neuron excitability; and that inhibitory DREADD activation ameliorates 

inflammatory knee pain behavior in mice. Although the results obtained suggest that Gq and Gi 

mediated excitation and inhibition respectively of AP firing are important in controlling arthritic 

pain, more direct neuronal controls can be tested in the future by combining this viral technique 

with optogenetics. In optogenetics a light gated ion channels (commonly channelrhodopsin for 

activation and halorhodopsin for inhibition) can be expressed in neurons which when activated 

cause direct neuronal activation/inhibition to modulate behavior (Yizhar et al., 2011). However 

the major barrier to widespread use of this technology is the inability of light to penetrate certain 

tissues such as the knee or the DRGs without an implant (Samineni et al., 2017). Recently, in a 

substantial technological advancement, machine learning tools have been used in the field of 

optogenetics to identify channelrhodopsins that show massively increased light sensitivity and can 

be stimulated transcranially (in mice) to activate neurons (Bedbrook et al., 2019). If these proteins 

are packaged into AAV-PHP.S and delivered intra-articularly, there is potential to control 

excitability of knee neurons by shining appropriate light through the skin. 

Overall, efforts have been made in this thesis, in collaboration with clinicians and basic scientists 

with variety of skills, to identify and characterize peripheral mechanisms of sensitization in 

inflammatory knee pain with the overarching goal to improve the lives of others by administering 

safe and effective pain therapy in arthritis. 
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