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Preface

Pain places an enormous burden on the healthcare system as well as the quality of
life of individuals all around the world, with an economic cost over $600 billion in
the United States alone. Despite this enormous financial burden on society, current
treatments are inadequate and often produce severe side effects. Inflammation is the
body’s natural response to injury or inflection and is defined by five cardinal signs:
redness, heat, swelling, loss of function, and pain. As a cardinal feature of pain,
inflammation elicits pain through pro-inflammatory mediators. Meanwhile, recent
evidence suggests that inflammation also leads to pain resolution by generating pro-
resolving mediators, such as specialized pro-resolving mediators (SPMs), derived
from molecules including omega-3 unsaturated fatty acids. When acute inflamma-
tion cannot be timely resolved, chronic inflammation will develop in many known
disease conditions leading to chronic pain. While acute pain serves beneficial warn-
ing functions, chronic pain has no such protective purpose and severely degrades the
quality of life of patients. A particular hallmark of the COVID-19 is the viral
infection-triggered robust and widespread inflammatory responses, which could
lead to the development of a wide range of new pain conditions as well as the exac-
erbation and prolongation of existing pains. A large body of literatures accumulated
in the last three decades has demonstrated that immune system modulates pain via
interactions with sensory neurons, as inflammatory mediators can either upregulate
or downregulate the activity or sensitivity of pain-sensing neurons (nociceptors) in
different physiological and pathological conditions. Paradoxically, some anti-
inflammatory treatments, such as steroids, can inhibit acute pain but impair the reso-
lution of pain, leading to chronic pain.

The editors have diverse research and clinical backgrounds: Dr. Ji is a basic sci-
ence researcher who has been studying mechanisms of pain and neuroimmune
interactions for 30 years. His research has elucidated the role of various inflamma-
tory mediators and glial cells and immune cells in pain regulation using various
animal models. Dr. Cheng is a clinician scientist with extensive expertise in manag-
ing tens of thousands of patients with diverse and complex pain conditions using
multimodal and interdisciplinary approaches that include pharmacological, and
non-pharmacological, interventional, and surgical treatments. Ms. Ji is a college
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student majoring in neuroscience. She also has spent several years doing research
projects related to pain, inflammation, and sex dimorphism in different institutes.

This book features 16 chapters that cover the key research and clinical aspects of
pain and inflammation. We begin with a basic introduction to different classes of
clinical pain, including nociceptive, nociplastic, and neuropathic pain in Chap. 1.
These terms are important for clinical management of different pain disorders,
including pharmacological, non-pharmacological, interventional, and surgical treat-
ments. The advantages, as well as limitations of these treatments are highlighted.
Finally, this chapter highlights the cause of the United States Opioid Crisis and
chronic pain during the COVID-19 Pandemic, as well as patients identified as
“long-haulers”.

A historic perspective on inflammation and the positive and negative correlation
of pain and inflammation in different disease conditions are provided and discussed
in Chap. 2 and animal models that are commonly used in the study of pain are high-
lighted in Chap. 3. Notably, some findings and potential therapeutics that appear
promising in animals have failed to translate to human pain conditions. Nevertheless,
we review current methods for the measurements of mechanical pain, thermal pain,
and spontaneous pain in mice and rats and highlight distinct effects of anti-
inflammatory treatments in animal models of inflammatory and neuropathic pain. In
Chap. 4, we discuss different types of inflammatory mediators, including but not
limited to cytokines, chemokines, lipids (including SPMs), proteases, and miRNAs,
and further discuss how these inflammatory mediators regulate the activity and sen-
sitivity of nociceptors. In Chap. 5, we highlight the important role of non-neuronal
cells, including immune cells and glial cells (e.g., microglia and astrocytes) in pain
regulation. We also provide an update of the major research progress in the past two
decades, emphasizing the change of neuron-centric view of pain control. Together,
Chaps. 2, 3, 4, and 5 offer an in-depth mechanistic understanding of pain regulation
by inflammation and neuroinflammation.

Sex dimorphism in pain is emerging as a hot topic in pain research. Although
women suffer from more chronic pain than men, the majority of preclinical studies
were conducted in male rats and mice. Compared to neuronal signaling in pain, sex
dimorphism appears to be more striking in immune and glial regulation of pain. In
Chap. 6, we discuss pain-related sex differences in neurons, immune cells, and glial
cells and highlight sex dimorphism in neuro-immune interactions in rodent models
of pain.

Itch or pruritus is also induced by inflammation and is commonly assessed by
scratching behavior in rodents. Itch is frequently associated with skin injury and
dermatitis. While pain can suppress itch, analgesics such as opioid can elicit itch. In
Chap. 7, we discuss neuroimmune interactions in acute and chronic itch and high-
light similarities and differences between pain and itch.

The Toll-like receptors (TLRs) are a family of proteins with deep evolutionary
origins and play important roles in regulating both innate and adaptive immunity.
Accumulating evidence suggests TLRs are critically involved in the activation of
glial cells in chronic pain and itch conditions. In Chap. 8, we discuss how TLR-
mediated proinflammatory signaling is coupled to pain or itch through
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neuro-immune interactions. We also highlight emerging evidence that suggests non-
canonical TLR signaling in sensory neurons.

In the remaining chapters (Chaps. 9, 10, 11, 12, 13, 14, 15, and 16), we focus on
novel and emerging therapies, such as immunotherapies, cell and serum-based
regenerative therapies, as well as non-pharmacological approaches (e.g., neuromod-
ulation, diet, and exercise) that can effectively modulate inflammation and neuroin-
flammation for the management and resolution of acute and chronic pain.

Immunotherapy was developed as a method of treating various cancers through
the use of the host’s immune system. Immunotherapies with monoclonal antibodies
against checkpoint inhibitors have saved the lives of many cancer patients. In recent
years, immunotherapy is no longer limited to cancer treatment and is employed in
the treatment of a wide variety of diseases. In Chap. 9, we cover several common
forms of immunotherapies, as well as the emerging immunotherapies in the treat-
ment of neurological diseases and pain.

Mesenchymal stem cells (MSCs), including those derived from the bone mar-
row, adipose tissue, and umbilical cord tissues, have shown long-lasting analgesic
effects in preclinical models of pain including neuropathic pain. Their immuno-
modulatory and neuroprotective properties are distinct from the commonly assumed
tissue regeneration potentials. In Chap. 10, we discuss the analgesic benefits con-
ferred by MSCs through secreted mediators, including anti-inflammatory cytokines
in animal models of pain. We also highlight extracellular vesicles and exosomes
secreted from MSCs that mediate the analgesic effects previously attributed to
MSCs themselves. Thus, MSCs and their secretome provide a promising treatment
modality to resolve chronic pain conditions.

In Chap. 11, we discuss the preliminary evidence of MSC-based cell therapies
for the management of clinical pain based on their remarkable immunomodulatory
and analgesic effects in pre-clinical studies. There is a growing body of literature
demonstrating promising results from randomized clinical trials for joint pain and
prospective studies for neuropathic pain. The key to the success of future clinical
trials is to increase the scientific rigor by using refined/standardized research proto-
cols and cell quality control standards.

Osteoarthritis (OA) affects more than 50 million in the United States; however,
surgical procedures are not options for the majority of OA patients. In Chap. 12, Dr.
Buchheit discussed neuroimmune modulation-based OA treatment using platelet-
rich plasma (PRP) and autologous conditioned serum (ACS). He has treated many
OA patients with ACS at Duke Pain Clinic.

Lifestyle choices, such as exercise and diet, can play significant roles in mediat-
ing inflammation and consequently, pain. Healthy diets are enriched with omega-3
unsaturated fatty acids, which are precursors of SPMs that can potently inhibit pain
in various animal models of inflammation. In Chap. 13, we discuss exercise and diet
in the control of inflammation and pain. We highlight that exercise can profoundly
change immune cell phenotypes and promote the resolution of inflammation and
pain. We also speculate that a combination of exercise and health diet can facilitate
the biosynthesis of SPMs and generate synergistic health benefits.
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Understanding the complex mechanisms and causes of pain is crucial for precise
diagnosis, adequate management, and improving outcomes. As we deepen our
knowledge, new therapeutic targets are being identified, new treatment strategies
are developed, and clinical management is becoming more mechanism-guided and
evidence-based. In Chap. 14, we discuss current mechanism-based therapies includ-
ing approaches to modulating the transduction, conduction, transmission, percep-
tion, and adaptation of pain through pharmacological, interventional, surgical,
physical/psychological behavioral treatments. Increasing evidence suggests that
some of these treatments not only alleviate pain symptoms but also modify disease
progression through modulation of inflammation and neuroinflammation.

Neuromodulation through electrical stimulation is the most rapidly expanding
area of pain management. The field is rapidly advancing in new technologies, clini-
cal applications, and our understanding of its wide-ranging biological effects. In
Chap. 15, we discuss neuromodulation to reduce the perception of pain through
stimulation of peripheral nerves, the spinal column or brain, or the autonomic ner-
vous system targets such as the vagus nerve. The most significant advancement is
that, beyond its putative role of suppressing pain transmission, recent evidence indi-
cates that neuromodulation can also influence neuroimmune mechanisms involved
in the generation and maintenance of chronic pain states. We highlight novel wave-
forms and closed-loop systems of electrical stimulation that offer clinicians with
highly configurable systems to optimize patient experience and maximize therapeu-
tic benefits.

What do patients need to know about pain and its management? As patients
begin to search such information, they may feel overwhelmed by the seemingly
endless options available. In this era of social media and the Internet, there are
countless “experts” with “advice” about almost everything. But, how will patients
know what is fake and what is real? In Chap. 16, Dr. Rosenquist, an expert pain
physician, will guide patients on the path to finding the right provider and give them
direction on how they can be an active participant in their journeys to recovery.

In summary, neuro-immune interactions occur at all levels of the peripheral and
central nervous systems. It has been widely recognized as one of the most important
mechanisms underlying chronic pain development and maintenance. Our book will
describe and discuss in detail the roles of the neuro-immune interactions in pain,
inflammation, and infection, with specific focus on the non-neuronal cells such as
glial cells and immune cells. Chronic inflammation and pain can be exacerbated in
patients with long COVID, identified as “long-haulers”. Importantly, our book also
includes multiple chapters discussing novel and emerging therapeutic strategies for
effective control of inflammation for pain management.

Durham, NC, USA Ru-Rong Ji
Cleveland, OH, USA Jianguo Cheng
Boston, MA, USA Jasmine Ji
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Chapter 1
Introduction to Acute, Chronic,
and Episodic Pain

Laura Gil and Jianguo Cheng

Abstract Pain places an enormous burden on the healthcare system as well as the
quality of life of individuals all around the world. With regard to the economic bur-
den alone, it was found that the total annual cost of healthcare due to pain in the
United States ranged from $560 to $635 billion. Pain is defined as an unpleasant
sensory and emotional experience associated with, or resembling that associated
with, actual or potential tissue damage. Appropriate classification of pain is essen-
tial for research and clinical documentation, authorization of services, and facilita-
tion of communications between healthcare providers as well as between clinicians
and their patients. It is also important for determination of the appropriate therapeu-
tic plan. Pain can be characterized as acute, chronic, or episodic based on its dura-
tion, and as nociceptive, neuropathic, and nociplastic based on its pathologic
mechanism. We discuss current treatments such as pharmacological treatments,
non-pharmacological treatments, interventional treatments, and surgical treatments,
as well as limitations of these treatments. We highlight the cause of the United
States Opioid Crisis and chronic pain during the COVID-19 Pandemic. COVID-19
can produce post-viral chronic pain syndromes in patients identified as “long-
haulers.” A particular hallmark of the COVID-19 infection is the robust, widespread
inflammatory response triggered, which could play a role in the development of new
pain conditions as well as the exacerbation of existing pain disorders.

Keywords Acute pain - Chronic pain - COVID-19-related pain - Definition of pain
- Episodic pain - Neuropathic pain - Nociceptive pain - Nociplastic pain - Non-
pharmacological treatments - Pharmacological treatments
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2 L. Gil and J. Cheng
1.1 The Concept and Classification of Pain

Pain places an enormous burden on the healthcare system as well as the quality of
life of individuals all around the world. With regard to the economic burden alone,
Gaskin et al. found that the total annual cost of healthcare due to pain in the United
States ranged from $560 to $635 billion, which exceeded the combined costs for
cardiovascular, neoplastic, digestive, respiratory, and endocrinologic disorders
(Gaskin and Richard 2022). This is largely due to the high incidence of chronic pain
in the population at large. In fact, pain is one of the main reasons why patients seek
medical care, with osteoarthritis and back pain being the top two painful conditions
noted in a 2013 epidemiologic study by St. Sauver et al. (2013). The high preva-
lence of chronic pain carries further downstream ramifications, including increased
risk of cardiovascular disease, gastrointestinal and hemostatic changes, diminished
sleep quality, as well as higher rates of anxiety, depression, substance abuse, and
disability. In fact, back pain, musculoskeletal disorders, and neck pain alone consti-
tute three of the four leading causes of years lost to disability (Murray et al. 2013).
Recognition of the socioeconomic burden of pain has led to concerted efforts to
effectively manage it. An integral part of effective management of pain is the ability
to identify and properly classify the pain, which can then help guide the develop-
ment of an appropriate therapeutic strategy. Thus, this chapter will serve as an intro-
duction to pain and the appropriate classification of common painful states.

1.1.1 Defining Pain

In 1979, the International Association for the Study of Pain (IASP) proposed the
definition of pain as “an unpleasant sensory and emotional experience associated
with actual or potential tissue damage, or described in terms of such damage” (IASP
Subcommittee on Taxonomy 1979, p. 249). Since then, it has been widely adopted
into practice and used by clinicians, researchers, and healthcare organizations.
Despite further revisions to the IASP’s publications on the taxonomy of pain in
1986, 1994, and 2011, this definition has remained unchanged. In recent years,
many have advocated for an updated definition, which has been met with varying
degrees of support and criticism. Therefore, in 2018, the IASP convened a
14-member panel of experts to evaluate the current definition and assess whether it
should be preserved or altered. In 2020, Raja et al. published “The Revised IASP
Definition of Pain: Concepts, Challenges, and Compromises” recommending the
definition be changed to “an unpleasant sensory and emotional experience associ-
ated with, or resembling that associated with, actual or potential tissue damage”
(Raja et al. 2020, p. 1977).

This updated definition emphasizes the advances in our understanding of pain
over the past four decades. Research into poorly understood chronic widespread
pain disease states, such as fibromyalgia and headaches, has demonstrated the
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possibility for pain to exist without tissue damage but instead due to altered function
of pain-related sensory pathways in the peripheral and central nervous systems
(PNS and CNS), causing increased sensitivity (Fitzcharles et al. 2021). In fact,
microneurography studies in patients with fibromyalgia have shown that peripheral
C-nociceptors in these patients exhibit hyperexcitability, spontaneous activity, and
sensitization to mechanical stimuli (Serra et al. 2014). Cerebrospinal fluid (CSF)
analyses in fibromyalgia patients have also demonstrated elevated levels of sub-
stance P and glutamate, two neurotransmitters known to have excitatory effects on
pain receptors (nociceptors) and pathways (Becker and Schweinhardt 2012). This
leads to an over-activation of N-methyl-D-aspartate (NMDA) receptors in specific
spinal cord dorsal horn neurons that promote pain transmission (Littlejohn and
Guymer 2020).

This definition as “an unpleasant sensory and emotional experience” acknowl-
edges both the physical and emotional components of pain. Further investigations
into the brain’s pain-processing pathways have revealed two main ascending path-
ways — the medial and lateral pain pathways. The lateral pathways transmit the
information that is most commonly associated with our understanding of pain. It
involves the somatosensory cortex and processes the sensory information related to
pain from the periphery, such as pain intensity, location, and character, through
activation of C- and Ad-fibers. The medial pathway involves the anterior cingulate
and anterior insular cortex and is responsible for the unpleasant emotional compo-
nent of pain through activation of C-fibers. A meta-analysis by Beissner el al. dem-
onstrated that the medial pathway is involved in cognitive, emotional, somatosensory,
and sympathetic autonomic processing (Beissner et al. 2013). Functional imaging
studies have further supported these findings and confirmed that the structures of the
medial pathways are responsible for the negative emotions associated with acute
and chronic pain (Bushnell et al. 2013; De Ridder et al. 2021; Schreckenberger et al.
2005). These findings have in turn led to research on how our therapies, such as
dorsal column neuromodulation, can help tamper the emotional suffering associated
with painful states (De Ridder and Vanneste 2016).

1.1.2  Classification

Appropriate classification of pain is essential for research and clinical documenta-
tion, authorization of services, and to facilitate communication between healthcare
providers, as well as between clinicians and their patients. As previously mentioned,
it is also important for determination of the appropriate therapeutic plan. For exam-
ple, nociceptive, axial low back pain may be treated with non-steroidal anti-
inflammatory medications and physical therapy, while painful diabetic neuropathy
would be better suited to treatment with an anticonvulsant or neuromodulation.
Nevertheless, classification systems can vary significantly across different sources
and can be arranged based on duration, etiology, affected anatomical system,
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location, frequency, and intensity. This can produce confusion among clinicians and
complicate documentation.

Given this disparity, the IASP published a classification system in 1986 in an
attempt to standardize the classification of chronic pain. The second edition was
published in 1994 with subsequent updates made to certain sections in 2011 and
2012. This classification system has since been implemented by the World Health
Organization (WHO) through the International Statistical Classification of Diseases
and Related Health Problems (ICD)-11 that came into effect in January 2022 (World
Health Organization (WHO 2022)) (Table 1.1). For the purposes of this chapter,
pain will be classified per IASP guidelines as acute, chronic, or episodic based on
its duration, and as nociceptive, neuropathic, or nociplastic based on its pathologic
mechanism.

1.1.3 Acute Pain

Acute pain is defined as pain lasting less than 3 months, according to the new
ICD-11 coding recommendations. It tends to be sudden in onset and results from
damage or injury to tissues, causing activation of nociceptive transducers. As such,
the pain typically resolves after tissue damage is repaired and nociceptive input
ceases. Acute pain serves an evolutionary purpose: it informs behavior in order to
avoid harm and significant tissue damage. When the body perceives a painful noci-
ceptive input (i.e., heat, cold, mechanical force, or chemical stimulation), biological
mechanisms arise that retract from the environment, protect from further injury, and
promote healing (Baliki and Apkarian 2015). In fact, disease processes in which
individuals lack peripheral nociceptive afferents result in unrecognized infections
and injuries and shortened life spans (Dubin and Patapoutian 2010).

Common examples of acute pain include postoperative pain and pain following
a fracture. In these cases, direct tissue trauma leads to the release of potent inflam-
matory mediators. These mediators activate functionally distinct nociceptors in tis-
sues, which then relay the information through electrical signals to higher brain
processing centers. These mediators can also result in adaptive processes such as
induction of hyperalgesia and allodynia of the surrounding region through decreased
activation threshold of C-fibers and Ad-fibers in an effort to avoid further harm to
the area (Dubin and Patapoutian 2010).

1.1.4 Chronic Pain

Chronic pain, on the other hand, persists for at least 3 months beyond the expected
disease course and healing time following the acute pathologic process. However, it
does not always arise from an acute injury or pathological process. Often it has an
insidious onset without an identifiable trigger, as in the case of arthritic pain and
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Table 1.1 IASP ICD-11 chronic pain classification

IASP ICD-11 chronic pain classification (possible table to include?)

- Chronic primary pain

° Chronic widespread pain

[] Fibromyalgia

° Complex regional pain syndrome (CRPS)

[J CRPS, Type 1

[ CRPS, Type 2

° Chronic primary headache or orofacial pain

[ Chronic migraine

[] Chronic tension-type headache

[] Trigeminal autonomic cephalgias (TACs)

[] Chronic temporomandibular disorder pains

[1 Chronic burning mouth

[] Chronic primary orofacial pain

° Chronic primary visceral pain

[] Chronic primary chest pain syndrome

[] Chronic primary epigastric pain syndrome

[ Irritable bowel syndrome

[ Chronic primary abdominal pain syndrome

[] Chronic primary bladder pain syndrome

[] Chronic primary pelvic pain syndrome

° Chronic primary musculoskeletal pain (other than orofacial)

[] Chronic primary cervical pain

[] Chronic primary thoracic pain

[ Chronic primary low back pain

[] Chronic primary limb pain

- Chronic cancer-related pain

¢ Chronic cancer pain

[1 Chronic visceral cancer pain

[] Chronic bone cancer pain

[ Chronic neuropathic cancer pain

° Chronic post-cancer treatment pain

[] Chronic post-cancer medicine pain

e Chronic painful chemotherapy-induced polyneuropathy

* Other post-cancer medicine pain

* Post-cancer medicine pain, unspecified

[1 Chronic post-radiotherapy pain

- Chronic postsurgical or posttraumatic pain

¢ Chronic postsurgical pain

[ Chronic pain after amputation
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fibromyalgia. In contrast to acute pain, chronic pain is maladaptive and serves no
biological purpose. Chronic pain is also unlikely to resolve with time and thus
requires a different approach to its management.

Over the past few decades, we have transitioned away from the old adage that
“pain never killed anyone” and learned to appreciate the immense biological and
psychosocial effects that chronic pain has on the body. Pain can take an enormous
toll on the body, disrupting nearly every organ system. Much like stress, chronic
pain can lead to fatigue; anxiety; depression; irritability; dysphoria; weakness;
lightheadedness; increased muscle tension; difficulty with memory, attention, and
concentration; reduced appetite and libido; gastrointestinal changes like nausea and
decreased gut motility; increased cardiac work due to elevations in heart rate and
blood pressure; impaired wound healing; and non-restorative sleep (Chapman and
Gavrin 1999; Fitzcharles et al. 2021; Weiner 2001). In fact, chronic pain has such a
profound impact on the emotional well-being, function, and quality of life of
patients that many have proposed pain as a disease in its own right rather than
merely a symptom (Treede et al. 2019). Examples of chronic pain include arthritic
pain, neuropathic pain, and fibromyalgia.

1.1.5 Episodic Pain

The precise definition of episodic pain is much debated. The term is often used
synonymously with “recurrent pain” and “breakthrough pain.” Dating back to 1983,
it has been described as the acute flare-up of peripheral tissue pathology as a result
of an underlying chronic pathological entity (Crue 1983). It implies recurrent, dis-
crete, and acute episodes, such as those that occur in headaches, gastrointestinal
motility disorders, degenerative disk and joint disease, collagen vascular disease,
sickle cell disease, and other similar functional disorders. The temporal criteria for
episodic pain vary from one disease state to another. For example, episodic migraines
are characterized as those occurring on fewer than 15 days per month (Gobel 2022).
Episodic cluster headaches and episodic paroxysmal hemicrania, on the other hand,
are characterized as lasting from 7 days to 1 year and separated by pain-free remis-
sion periods of >3 months. Treatment of episodic pain can be challenging as painful
episodes can be sudden and unpredictable. It often involves a strong emphasis on
preventative measures as in the case of prophylactic therapies for migraines and
other headaches.

In cancer pain literature, episodic pain describes a different entity: the type of
pain known as “breakthrough pain.” The European Association for Palliative Care
has advocated for the use of the term episodic pain, as it provides a more universal
terminology that can more easily be translated to other languages (Mercadante et al.
2002). In the context of cancer pain, episodic pain is described as short periods of
higher pain intensity in the presence of otherwise stable, persistent, controlled back-
ground pain (Lghre et al. 2016). Episodic pain can be further divided into movement-
related (bone pain, neuropathic pain, visceral pain, or somatic soft tissue pain) and
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non-movement-related (neuropathic pain, visceral pain, or somatic soft tissue pain)
episodic pain. Regardless of the underlying mechanism, there is consensus that epi-
sodic pain has no biological basis for benefits. As in the case of chronic pain (and in
contrast to acute pain), the painful nociceptive signals in episodic pain do not serve
to warn of tissue damage but instead reflect aberrant signals.

1.2 Taxonomy and Common Types of Pain

1.2.1 Nociceptive Pain

The TASP defines nociceptive pain as that which arises from actual or threatened
damage to non-neural tissue and is due to the activation of nociceptors (IASP
Subcommittee on Taxonomy 1979). Nociceptive pain can be further divided into
visceral pain, affecting the visceral organs, or somatic pain, affecting the skin, mus-
cles, ligaments, tendons, joints, or bones. The characterization of nociceptive pain
is highly variable but can be described as dull, aching, and throbbing. Visceral noci-
ceptive pain is usually diffuse and poorly localized, often with associated referral
patterns. In contrast, somatic nociceptive pain tends to be more discrete, though it
may also be associated with referral patterns.

1.2.2 Nociplastic Pain

Following the IASP’s adoption of the term nociceptive pain in 2005, pain came to
be characterized as either nociceptive or neuropathic. However, in 2016, the term
nociplastic pain was proposed as a third mechanistic descriptor. Kosek et al. offered
this term to describe “pain that arises from altered nociception despite no clear evi-
dence of actual or threatened tissue damage causing the activation of peripheral
nociceptors or evidence for disease or lesion of the somatosensory system causing
the pain” (Kosek et al. 2016, p. 1383). Since then, it has grown significantly in
popularity within the pain medicine community and was subsequently adopted into
the IASP’s terminology (Raja et al. 2020).

In a recent publication series in The Lancet, Fitzcharles et al. and Cohen et al.
expanded further on the pathophysiologic mechanism of nociplastic pain, describ-
ing it as a maladaptive, abnormal processing of nociceptive input or diminished
inhibitory pathway activity that can arise de novo, be triggered by a painful stimu-
lus, originate in the central or peripheral nervous systems, or be psychologically
driven (Cohen et al. 2021; Fitzcharles et al. 2021). Integral to the diagnosis of noci-
plastic pain, however, is the absence of known tissue damage or discrete pathology.

Interestingly, based on these criteria, complex regional pain syndrome (CRPS)
Type I would be classified as nociplastic pain, while CRPS Type II would fall under
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the category of neuropathic pain, given the presence of known nerve injury. Other
examples of nociplastic pain include fibromyalgia, irritable bowel syndrome, blad-
der pain syndrome, and some tension-type headaches. Nociplastic pain is best man-
aged with anticonvulsants, analgesic antidepressants, behavioral interventions,
exercise, or a combination thereof.

Examples of somatic nociceptive pain include osteoarthritis, bursitis, and muscle
tears. Examples of visceral nociceptive pain include angina and pain associated
with pancreatitis. Both types of pain can be managed with analgesic antidepres-
sants, non-steroidal anti-inflammatory drugs, opioids, image-guided injections,
neuromodulation, exercise, or a combination thereof depending on the underlying
pathology and the body parts involved.

1.2.3 Neuropathic Pain

Neuropathic pain is defined, according to IASP, as that which is caused by a lesion
or disease of the somatosensory nervous system (IASP Subcommittee on Taxonomy
1979). It can be further divided into central or peripheral neuropathic pain based on
where in the somatosensory nervous system the lesion or disease lies. It is typically
characterized as burning, shooting, or like pins and needles, often with associated
paresthesia, allodynia, or hyperalgesia. In many cases, there may also be associated
numbness or itching. Neuropathic pain typically arises spontaneously and without
provocation, although it is often exacerbated by touch, heat, and cold. Based on
these criteria, several screening tools, such as the Leeds Assessment of Neuropathic
Symptoms and Signs (LANSS), Neuropathic Pain Questionnaire (NPQ), Douleur
Neuropathique en 4 questionnaire (DN4), painDETECT, and ID-Pain, have been
developed to help identify patients with neuropathic pain and have demonstrated up
to 80% sensitivity and specificity (Bennett et al. 2007).

Examples of neuropathic pain include painful diabetic neuropathy, postherpetic
neuralgia, and complex regional pain syndrome Type II. Treatment of neuropathic
pain can be a challenge but typically starts with identification of cause and ruling
out reversible causes. Therapeutic options include anticonvulsants, analgesic anti-
depressants, opioids, image-guided injections, neuromodulation, behavioral inter-
ventions, or a combination thereof. The most robust data support pharmacologic
therapies, of which antidepressants (particularly tricyclic antidepressants and
serotonin-norepinephrine reuptake inhibitors) and anticonvulsants (gabapentin and
pregabalin) are considered first-line therapies (Gilron et al. 2015).

Importantly, pain exists on a continuum and patients’ pain cannot always be clas-
sified into any one discrete category. Many disease states comprise elements of all
three types of pain described above.
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1.3 Current Treatments and Limitations

Current available mechanism-based pain therapies will be discussed in more detail
in later chapters of this book. The following section, however, will serve as a brief
introduction to available therapeutic options. Treatments can be divided into phar-
macologic, non-pharmacologic, interventional, and surgical therapies. Pain man-
agement is highly complex, and no single therapeutic approach can be used to
manage all types of pain. The U.S. Department of Health and Human Services
(HHS) published the Pain Management Best Practices Inter-agency Task Force
Report in 2019 to provide clinicians with recommendations on the management of
acute and chronic pain encompassing these various therapies (U.S. Department of
Health and Human Services 2019).

1.3.1 Pharmacologic Treatments

Pharmacologic therapies encompass several commonly used classes of medications
known to have analgesic properties. These include anti-inflammatory non-steroidal
drugs, corticosteroids, anticonvulsants, analgesic antidepressants, topical agents,
antispasmodics, muscle relaxants, and opioids. Prior to prescribing one of these
medications, it is important to discuss associated side effects with the patient. Often,
the associated sedating effects of these medications can be helpful in patients whose
sleep has been affected by chronic pain. The patient’s age and medical comorbidi-
ties should always be taken into consideration when selecting among these drug
classes.

1.3.2 Non-pharmacologic Treatments

Non-pharmacologic therapies include ice, heat, cognitive-behavioral therapy
(CBT), biofeedback, physical therapy, occupational therapy, traction, therapeutic
ultrasound, acupuncture, chiropractic manipulation, massage, yoga, tai chi, and
transcutaneous electrical nerve stimulation (TENS). These treatment modalities
have been found to be efficacious when used in combination with other therapies
and can be of particular utility in nociplastic pain conditions. A 2017 Cochrane
Review article by Geneen et al. studied the effects of various exercise programs on
diverse pain conditions and showed favorable effects in pain reduction, improve-
ment in physical function, and quality of life despite small sample sizes (Geneen
et al. 2017). In additional studies, comprehensive, interdisciplinary pain rehabilita-
tion programs have been shown to significantly improve function in patients with
chronic pain while resulting in significant reductions in medical costs (Kurklinsky
et al. 2016; Sletten et al. 2015).
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1.3.3 Interventional Treatments

Interventional therapies include image-guided injections, radiofrequency denerva-
tion, chemical neurolysis, cryoneuroablation, neuromodulation, minimally invasive
lumbar decompression, implantation of intrathecal drug delivery systems, regenera-
tive and biologic therapies, and various percutaneous interventions (basivertebral
nerve ablation, vertebral augmentation, and interspinous process spacer device
placement). Patients are best suited for interventional procedures when their symp-
toms follow a neuroanatomical distribution, particularly if there are concordant
imaging findings.

Neuromodulation is a treatment modality that has gained a lot of traction in
recent years. It involves the application of electrical stimulation to peripheral nerves,
spinal cord dorsal columns, dorsal root ganglia, motor cortex, or specific deep brain
regions, which can be applied through a variety of waveforms, frequencies, and
feedback control mechanisms, such as high-frequency, burst, and closed-loop stim-
ulation. With regard to spinal cord stimulation, most of the randomized controlled
trials studying these therapies have been used for neuropathic pain or CRPS, so their
application to other pain states remains to be seen. Overall, there is good evidence
showing superiority of neuromodulation over conventional medical management
for the treatment of failed back surgery syndrome, CRPS, and painful diabetic neu-
ropathy, and these studies have been largely industry-sponsored (Knotkova
et al. 2021).

1.3.4 Surgical Treatments

Surgical therapies are typically reserved for patients who have failed conservative
therapies, who have significant symptoms limiting function, or who have lesions
causing specific tissue damage. Options for surgical therapies vary widely depend-
ing on the etiology of the pain but can include decompression or fusion in the case
of spine pathologies, replacement in the setting of advanced osteoarthritis, or resec-
tion in the setting of malignancies.

Regardless of the therapy selected, however, there are general guidelines that
should be followed in caring for patients suffering from chronic pain. In most cases,
therapies are directed toward managing and attenuating symptoms rather than cur-
ing the disease. This often involves a thoughtful discussion between the clinician
and the patient and setting realistic, attainable expectations. It is important to culti-
vate a strong clinician—patient relationship in order to promote patient’s engage-
ment and treatment compliance. It is also beneficial to promote an internal locus of
control and remind patients of the things they can do for themselves as well through
selection of healthy lifestyle habits.

In general, it is imperative to develop an individualized, patient-centered
approach, typically through a multimodal, multidisciplinary approach (Cohen et al.
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2021). This often begins with a thorough history and physical examination, and,
when indicated, imaging studies in order to properly characterize the pain and thus
select the appropriate therapeutic options. Careful consideration of the circum-
stances unique to each patient, such as age, comorbidities, and psychosocial issues
such as financial limitations or barriers to care, is essential to this approach.
Regardless of the treatment option selected, treatment should always focus on
improving quality of life and restoring function.

1.4 Special Issues in Pain Management

1.4.1 The United States Opioid Crisis

Few things have impacted the field of pain management as severely as the United
States opioid epidemic and several pivotal events have led to the rise of the nation-
wide health crisis. Following the release of Percocet and Vicodin to the market in
the 1970-1980s, the pharmaceutical industry began pushing for opioids as safe,
effective medications for the management of pain. The push from the industry was
further supported by publications such as the 1980 New England Journal of
Medicine letter “Addiction Rare in Patients Treated with Narcotics” and the 1986
FPain study “Chronic Use of Opioid Analgesics in Non-Malignant Pain: Report of 38
Cases” (Porter and Jick 1980; Portenoy and Foley 1986). In 1996, OxyContin was
released and further marketed through campaigns claiming it was less addictive
than its immediate-release counterparts. Supposedly the slow, sustained release for-
mulation posed a lower risk for obtaining a “high” and thus had a very low risk of
iatrogenic addiction (Lyden and Binswanger 2019). However, there were little data
to support this claim.

The combination of these events caused substantial increases in opioid prescrip-
tions, reaching a record 259 million in 2012 (Paulozzi et al. 2014). This was paral-
leled by an alarming rise in overdose deaths from prescription opioids, which nearly
tripled from 1999 to 2015. In fact, in 2016, the Centers for Disease Control and
Prevention (CDC) reported approximately 89 deaths per day and a total of 32,445
deaths in 2016 due to prescription opioid overdoses (Marshall et al. 2019). In recog-
nition of the nationwide problem, in 2016 the CDC published the CDC Guideline
for Prescribing Opioids for Chronic Pain-United States, 2016 to provide guidance
for primary care clinicians who were prescribing opioids for chronic pain outside of
active cancer treatment, palliative care, and end-of-life care (Dowell et al. 2016). In
2017, the U.S. Department of Health and Human Services (HHS) declared a public
health emergency and proposed a five-point strategy to combat the crisis. This
focused on: (1) better data on the epidemic by strengthening public health surveil-
lance, (2) better pain management, (3) improving access to treatment, prevention,
and recovery services, (4) increasing the availability of overdose-reversing drugs,
and (5) supporting cutting-edge research on pain and addiction (Price 2017).
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Despite these efforts, opioid misuse continues to be an enormous problem in the
United States. Opioid overdose deaths have continued to rise, reaching 93,331 in
2020, which is the highest number to date (Ahmad et al. 2022). On February 10,
2022, the CDC published an update to their 2016 guidelines for opioid prescriptions
(Dowell et al. 2022). These recommendations no longer include specific dosage
ceilings and abandon the previous three-day prescription limitations for acute pain.
However, they continue to emphasize the importance of judicious opioid prescrip-
tion and support the use of individualized clinical judgment in medical decision-
making. The United States opioid epidemic remains a complex issue with devastating
consequences that requires a concerted effort by pharmaceutical companies, gov-
ernment agencies, healthcare organizations, and clinicians of all medical special-
ties. As suggested by the HHS, it is imperative to prioritize additional research on
pain and development of safe strategies to address chronic pain.

1.4.2 Chronic Pain and the COVID-19 Pandemic

The COVID-19 pandemic impacted the lives of people all around the world in many
ways. It has caused significant and at times even life-threatening illness. Estimates
from the United States at the peak of the epidemic placed the overall percentage of
patients with laboratory-confirmed COVID-19 suffering from severe disease at 14%
and those with fatal illness at 5% (Stokes et al. 2020). According to the current CDC
data, there have been 78,855,000 total reported cases of COVID-19 and 947,882
deaths due to COVID-19 in the United States to date (CDC 2020). The data from
around the world are even more staggering. The pandemic has also been a substan-
tial psychosocial stressor for individuals through the associated isolation, economic
hardships, and fear of illness.

In the healthcare community, the impact of the pandemic has been felt across all
medical subspecialties, including in the field of pain management. At the height of
the pandemic, with federal restrictions implemented to try to decrease transmission,
many pain clinics were forced to suspend elective procedures, which include essen-
tially all interventional pain therapies. The suspension of these procedures limited
access to care for chronic pain patients who needed these interventions to return to
function, subsequently driving up rates of medication prescriptions, including opi-
oids, for pain management. With the closure of many facilities came limited access
to gyms, pools, and physical therapy centers, which further decreased activity and
thus function in these patients. The situation of chronic pain patients was further
exacerbated by decreased social interactions and an inability to leave the house,
leading to escalating anxiety and depression levels that drove increases in pain.
Overall, these secondary effects of the pandemic resulted in higher rates of chronic
pain, which led to a greater burden on pain management physicians once clinics,
many of which had become short-staffed, were able to reopen. In response, medical
societies have published recommendations for pain interventionalists on how to
safely and responsibly reinitiate pain-related care with an emphasis on
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understanding the value of interventional pain therapies to avoid additional harm to
chronic pain patients (Deer et al. 2020).

The COVID-19 pandemic has undoubtedly caused an increase in chronic pain
rates worldwide. Several mechanisms for the rise in numbers have been proposed,
including exacerbation of pre-existing pain due to infection-induced inflammation
by the virus, emergence of new post-viral chronic pain syndromes, and develop-
ment of new pain as a result of increased risk factors related to the secondary effects
of the pandemic (increased anxiety and depression, inactivity, poor sleep, and
decreased socialization) in non-infected patients (Clauw et al. 2020). Of particular
interest in recent research is the possibility that COVID-19 can produce post-viral
chronic pain syndromes in patients identified as “long-haulers,” characterized by
having prolonged (often >12 weeks) symptoms following the initial infection. A
large 2020 study by Bowles et al. on 1409 patients admitted to home health care
following COVID-19 infection reported that the most common symptoms included
daily or constant pain (42%), confusion (47%), anxiety (50%), and dyspnea with
any exertion (84%) (Bowles et al. 2021). Risk factors for the development of chronic
pain and fatigue identified in this study include: pre-existing comorbidities, history
of chronic pain or previous pain experience, history of mental health problems,
disadvantaged socioeconomic status, social isolation, and ICU-related specific fac-
tors (prolonged stay, ventilation, proning, sepsis, immobility, neuromuscular block).
Among the reported painful conditions seen in post-viral COVID-19 syndromes are
persistent generalized pain, joint pain/arthralgias, chest pain, and low back pain
(Korompoki et al. 2021). These new chronic pain conditions have been observed in
patients who experienced severe disease as well as those with even mild to moderate
illness and can often be poorly localized making the treatment more challenging
(Korompoki et al. 2021).

Post-infection pain syndromes lasting over 12 months have been reported in the
past following microbial infections with Coxiella burnetii (Q fever), Epstein-Barr
virus (mononucleosis), and Borrelia burgdorferi (Lyme disease). Thus, it is reason-
able to hypothesize that the SARS-CoV-2 virus has similar capabilities. A particular
hallmark of the COVID-19 infection is the robust, widespread inflammatory
response triggered, which could play a role in the development of new pain condi-
tions as well as the exacerbation of existing pain pathologies. This widespread
inflammatory response has also been postulated to be the result of the organ-specific
damage that may preferentially occur in individuals with fragile stress response
systems (Clauw et al. 2020). Further research is needed to better understand the
inflammation-driven pathophysiology behind this post-viral pain syndrome, in
order to guide mitigation strategies to curtail further consequences of this pandemic.
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1.5 Concluding Remarks

In summary, pain places an enormous burden on the society and healthcare system.
According to IASP, pain is defined as an unpleasant sensory and emotional experi-
ence associated with, or resembling that associated with, actual or potential tissue
damage. Appropriate classification of pain is essential for research, treatments, and
communications between healthcare providers and patients. Pain is characterized as
acute, chronic, or episodic based on its duration, or as nociceptic, neuropathic, and
nociplastic based on its pathologic mechanism. We highlight the cause of the United
States Opioid Crisis and chronic pain during the COVID-19 Pandemic. COVID-19
can produce post-viral chronic pain syndromes in patients identified as “long-
haulers.” Notably, inflammation could be a major driver of this chronic disorder.
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Chapter 2 )
Inflammation and Pain Check or

Jasmine Ji, Matthew Yuan, and Ru-Rong Ji

Abstract Inflammation is the body’s natural response to injury or the infiltration of
a foreign substance. The process is defined by five cardinal signs: redness, heat,
swelling, loss of function, and pain. Because of its relationship with pain and injury,
various treatments for inflammation have been historically documented. During
inflammation, pro-inflammatory mediators can be produced by infiltrating and resi-
dent immune cells. These pro-inflammatory mediators can induce pain. On the
other hand, recent evidence suggests that inflammation also resolves pain by gener-
ating anti-inflammatory and pro-resolving mediators. The inflammatory process,
when properly mediated via cellular mechanisms, eliminates pathogens and dam-
aged or dead cells from the body. Thus, inflammation was proposed to resolve pain
by producing specialized pro-resolving mediators (SPMs), derived from omega-3
unsaturated fatty acids. However, dysregulated inflammation, such as chronic
inflammation, can lead to various pathological conditions associated with chronic
pain. While acute pain, which is temporary and serves a protective purpose, is ben-
eficial, chronic pain has no such protective purpose and severely degrades the qual-
ity of life of patients.

Keywords Acute inflammation - Acute pain - Anti-inflammatory mediators -
Chronic inflammation - Chronic pain - COVID-19 - Infection - Inflammatory
mediators - Specialized pro-resolving mediators (SPMs) - Resolution of
inflammation
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2.1 What Is Inflammation?

Inflammation is the body’s response to infection and damage to tissues, with the end
goal of eliminating any foreign pathogens and repairing any tissue damage.
Inflammatory stimuli can be broadly viewed as anything that causes infection (e.g.,
viruses, bacteria, microbes, other pathogens) or tissue damage (e.g., physical
trauma, toxic chemicals, radiation) (Medzhitov 2008). In response to an inflamma-
tory stimulus, the body will initiate an inflammatory response; this response typi-
cally involves the recognition of the stimulus via cell surface pattern receptors, the
release of inflammatory mediators that subsequently activate inflammatory path-
ways, and the release of inflammatory markers that lead to the recruitment of inflam-
matory cells (Ji et al. 2016). Once foreign pathogens have been eliminated and the
tissues have been repaired, the inflammatory response will have served its purpose
and be subsequently resolved. In some cases, however, the inflammatory response
may not be properly mediated, morphing into a chronic process; unlike its helpful,
acute counterpart, chronic inflammation is harmful to the body, and, indeed, a cause
and symptom of various inflammatory diseases (Donnelly et al. 2020; Medzhitov
2008). Chronic inflammation is also often closely associated with chronic pain
(although notably there are also several painless or partially painless chronic inflam-
matory conditions) (Ji et al. 2014, 2018; Lewis et al. 2020; Martinez Quintero et al.
2021). Inflammation can be broadly divided into neurogenic inflammation and neu-
roinflammation, based on the type of pathological pain it underlies (Chiu et al.
2012; Jietal. 2014, 2018; Matsuda et al. 2019). The following chapter will consider
the cardinal signs of inflammation, its history, the biological processes involved in
inflammation, the close correlation between pain and inflammation, and the impli-
cations of chronic inflammation.

2.2 A History of Inflammation

The existence of inflammation has been known for millennia (Fig. 2.1), described
early on in the medical texts of the ancient Greeks and Egyptians. This is no wonder,
as the condition is easily observable, chaperoning injuries and infections, often
lethal in ancient times. The Greek physician Hippocrates described signs of inflam-
mation in the fifth century, using terms such as oidema (swelling), which we today
call edema. He also seemed to appreciate the role of inflammation in the healing
process following injury. The first four cardinal signs—redness, swelling, heat, and
pain—were described by the fifth-century Roman writer Aulus Cornelius Celsus, in
the oft-quoted phrase, “calore et tumor cum calore et dolore” (redness and swelling
with heat and pain), from his medical treatise, De Medicina, written during the first
century (Plytycz and Seljelid 2003).

The next major advancement in understanding inflammation came much later,
with British neurophysiologist Augustus Waller (1846) and German pathologist
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Fig. 2.1 Major events that led to our modern understanding of inflammation

Julius Cohnheim (1867). Both scientists independently described the emigration of
leukocytes from blood vessels, as well as other vascular structures, during an acute
inflammatory response. Using a microscope, they were able to observe the vasodila-
tion, plasma leakage, and the movement of leukocytes from the blood vessels into
neighboring tissue. In other words, they were able to identify some of the most criti-
cal events that occur during the inflammatory process (Rochae e Silva 1978).

In 1858, Rudolph Virchow, the German physicist often known as the “father of
modern pathology,” described the fifth cardinal sign of inflammation in his book
Cellularpathologie: disturbance of function. This final sign differs from the previ-
ous four in that it is the only sign that appears in all inflammatory processes, not just
in acute processes like the previous four. Virchow’s work also established the con-
cept that pathologies arise from cells and not the four humors, as was previously
believed (Heidland et al. 2006).

In 1892, there came the discovery of phagocytes and phagocytosis by Russian
zoologist Elie Metchnikoff, who was awarded a Nobel Prize for his discovery. The
theory of cellular immunity, which states that cellular immunity is based on the
activity of phagocytes, followed. This theory emphasized the importance of macro-
phages and neutrophils in defending and maintaining the homeostasis of tissues
(Plytycz and Seljelid 2003).

In 1890, German physiologist Emil von Behring and Japanese bacteriologist
Shibasaburo Kitasato co-authored a paper describing the production of “antitoxins”
against diphtheria and tetanus toxins, one of the earliest examples of serum therapy
(Plytycz and Seljelid 2003). Their paper inspired German physician Paul Ehrlich’s
humoral theory of immunity, also known as antibody-mediated immunity, which
describes the ability of B-cells, a type of immune cell, to produce antibodies, large
proteins that respond to and counteract antigens, proteins found on many pathogens
(Rochae e Silva 1978). Belgian immunologist Jules Bordet followed-up in 1896
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with his work examining the role of serum components in immunity. German physi-
cian Robert Koch and French microbiologist Louis Pasteur contributed greatly to
the modern understanding of inflammation by specifying microbial agents as a
major inducer of the acute inflammatory response (Rochae e Silva 1978).

Today, the study of inflammation accelerates and expands as researchers probe
the different classes of inflammatory mediators, discover the cells and pathways that
regulate their production, and reveal their mechanisms of action. We now under-
stand that inflammation has many different forms, and can be induced, regulated,
and resolved in multiple different ways. As modern medicine becomes increasingly
effective at resolving acute inflammation and increasing lifespan, chronic inflam-
mation has emerged as the next great topic of interest. Inflammatory conditions,
driven by chronic inflammation, plague many people, especially in old age. These
conditions include atherosclerosis, asthma, type 2 diabetes, neurodegenerative dis-
eases (e.g., Alzheimer’s disease), and cancer. Studying inflammation would provide
insights into these debilitating and widespread conditions (Scrivo et al. 2011).

A PubMed search shows that doctors were interested in inflammation as early as
1791 (though PubMed itself was only founded in January of 1996; Fig. 2.2a) when
Mr. Thomas Mainwaring, a doctor, wrote a letter to his patient who had been
attacked and subsequently suffered from severe inflammation in his
throat (Mainwaring 1791). Up until 1970, inflammation research remained rela-
tively rare until the development of endothelial cell research in the 1970s, which
quickly exploded, contributing greatly to inflammatory research due to the enor-
mous role that endothelial cells play in inflammation. Aided by endothelial cell
research, the number of papers on inflammation has grown exponentially in the past
50 years. Development of gene-targeted knockout technology has allowed scientists
to study the roles of various immune-cell-derived mediators, such as cytokines and
chemokines (small cytokines), and endothelial-cell-derived adhesion molecules, as
well as their receptors in inflammation. These studies have helped scientists create
useful models of inflammation. Further methodologies developed in immunology,
including antibody blocking, in mice have also contributed significantly to the prog-
ress of inflammation research (Kvietys and Granger 1997). Since 2000, the number
of papers on inflammation has increased steadily every year, showing the lingering
relevance and importance of inflammation in our lives (Fig. 2.2a). Correlation with
inflammation has been demonstrated in almost all types of human diseases.

2.3 Inflammation and Pain

2.3.1 The Correlation Between Inflammation and Pain:
Clinical Relevance and Social Impact

Inflammation and pain are two closely interrelated concepts that often go hand in
hand in research (Calvo et al. 2012; Ji et al. 2016; Fig. 2.2b). It is of critical impor-
tance to investigate their correlation and interactions not only in acute pain
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Fig. 2.2 A PubMed search shows (a) an increasing number of publications using the keyword
“inflammation” over the last two decades and (b) an increasing number of publications using the
keywords “inflammation” and “pain” over the last two decades

conditions but also in chronic pain conditions. Chronic pain conditions plague tens
of millions of Americans, with annual costs on pain management and labor loss
exceeding 600 billion US dollars per year (Gereau et al. 2014). Inflammation-
associated pain is typically treated with local anesthetics, opioids, and non-steroidal
anti-inflammatory drugs (NSAIDs). Each of these has obvious problems, however
(Brigham et al. 2021). Opioids function by blocking pain signals in the spinal cord
and brain (Corder et al. 2018). Thus, people treated with opioids are temporarily
completely incapable of feeling pain. Local anesthetics work similarly; by binding
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to the sodium channels, they prevent sodium ions from entering, in turn preventing
nerve signals from being conducted to the brain. Being completely incapable of
feeling pain is dangerous. Acute pain exists as a protective mechanism—to prevent
you from reaching into a hot oven without mitts, or to encourage you to take imme-
diate action after dropping your textbooks on your foot, for example. Thus, blocking
pain signals is hardly an ideal solution. Addiction is also a problem, which can lead
to breathing suppression and subsequently death. Opioid abuse, in particular, is an
enormous problem that has led to America’s Opioid Crisis. The third treatment
option, NSAIDs, does not block pain signals. Instead, NSAIDs block enzymes like
cyclooxygenases (Cox-1 and Cox-2), which produce prostaglandins (e.g., PGE2),
lipids that promote swelling and pain in inflammation. While NSAIDs are effective
in treating acute inflammatory pain and headache, they have their own issues; they
can damage your stomach lining and even result in internal bleeding (Brigham
et al. 2021).

Lack of effective treatments for chronic pain is associated with the ongoing crisis
of opioid use disorder (OUD) (Volkow and Collins 2017). In 2020, more than
92,000 Americans died from drug overdoses, a nearly 30% increase over 2019,
according to a report from the Centers for Disease Control and Prevention. Thus,
there is an urgent need to develop non-opioid medicine that can control excessive
inflammation and neuroinflammation for the prevention and resolution of chronic
pain (Ji et al. 2018).

Though pain and inflammation often co-exist, some inflammatory conditions,
especially chronic inflammatory conditions, may not involve pain (Fig. 2.3).
Periodontal disease refers to a severe gum infection that can result in inflammation
of the gums, as evidenced by their red, tender, and swollen appearance. Notably
periodontal disease is frequently painless, either during early stages or throughout
the entire process. Atherosclerosis occurs due to the build-up of fats, cholesterol,
and other substances in and on the artery walls, which obstruct blood flow and can
rupture, causing acute occlusion of the artery by clotting. Despite chronic inflam-
mation of the artery walls, this condition has no obvious painful symptoms, until a
build-up becomes severe enough to block blood flow. Asthma is a rather common
condition, in which inflamed airways cause additional mucus to be produced, which
interferes with breathing. Asthma can cause wheezing, which forces the chest to
constrict and produces chest pain. Even so, the actual location of inflammation, the
lungs, does not experience pain. Lastly, early-stage melanoma, alongside some
other early-stage cancers, also is not painful. Interestingly, melanoma cells produce
specific mediators called immune checkpoint inhibitors that can suppress pain
(Chen et al. 2017a). This lack of pain is especially misleading, as patients cannot be
aware of the cancer in an earlier stage and take necessary precautions. These pain-
less inflammatory conditions present two facts: the first is that inflammation does
not necessarily induce pain, despite drastic tumor growth that causes significant
skin lesion; the second is that inflammation without pain can be quite dangerous, as
pain serves as a warning sign. It is noteworthy that many types of cancers are diag-
nosed by doctors after patients have reported pain.
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Fig. 2.3 There are also painless inflammatory conditions due to the production of anti-nociceptive
mediators at the inflammatory sites

Bacterial and viral infections are typically painful (Chiu 2018; Chiu et al. 2013),
but are not always painful (Ji et al. 2016). For example, Mycobacterium ulcerans,
the etiological agent of Buruli ulcer, produces extensive and severe skin lesions but
not pain. Instead, M. ulcerans produces remarkable analgesia by producing analge-
sic mediators (Marion et al. 2014). Several types of viruses, such as herpes simplex
virus (HSV) and varicella zoster virus (VZV), are capable of infecting sensory neu-
rons and evoke severe pain. However, during reactivation of HSV, patients fre-
quently experience paresthesia (numbness, tingling), signs of analgesia, prior to the
development of acute pain following ulceration (Donnelly et al. 2020). Recently, it
was found that bacteria-derived anthrax toxins produce potent pain inhibition by
binding ANTXR?2, the high-affinity receptor for anthrax toxins, which are expressed
by nociceptors (Yang et al. 2021). Thus, infections can be both painful and non-
painful (Donnelly et al. 2020) (Fig. 2.3).
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2.4 The Inflammatory Process

Despite its inconveniences, inflammation is an enormously important process dur-
ing which the body cleans up the pathogens and dead cells at the site of injury and
begins the healing process. Acute inflammation is activated by resident immune
cells already present in the involved tissue, mainly resident macrophages, dendritic
cells, and mast cells. These cells have surface receptors called pattern recognition
receptors (PRRs), which bind two kinds of molecules: pathogen-associated molecu-
lar patterns (PAMPs) and damage-associated molecular patterns (DAMPs). PAMPs
are substances associated with various pathogens, but can still be distinguished
from host molecules. DAMPs are substances associated with host-related injury and
cell damage (Akira et al. 2006). In addition, PRRs are also activated by microbe-
associated molecular patterns (MAMPs) (Boller and Felix 2009). When an infec-
tion, burn, or other injury occurs, these cells are activated (one of the PRRs
recognizes a PAMP, DAMP, or MAMP) and release inflammatory mediators that
result in the aforementioned cardinal signs of inflammation (Donnelly et al. 2020).
Vasodilation and the resulting increase in blood flow cause redness and increased
heat. Increased permeability of the blood vessels leads to the leakage of plasma
proteins and fluid into the tissue in a condition known as edema, which then causes
swelling. Different types of mediators that are released during this process, such as
bradykinin, prostaglandins, cytokines, and chemokines, can cause pain or hyperal-
gesia (Gold and Gebhart 2010; Ji et al. 2014). Mediator molecules, such as chemo-
kines (small cytokines), also change blood vessels to allow the migration of
leukocytes, such as neutrophils and macrophages, out of the blood vessels into tis-
sue in a process called extravasation. Plasma extravasation can also be induced by
neuropeptides, such as substance P and calcitonin gene-related peptide (CGRP),
released after stimulation of pain-sensing nerve fibers during neurogenic inflamma-
tion (Xanthos and Sandkuhler 2014). The neutrophils move along a chemotactic
gradient (moving from an area of low chemical concentration to an area of high
chemical concentration) made by local cells in order to reach the site of injury. The
fifth cardinal sign of inflammation, loss of function, could be related to both injury
and illness. For example, an inflamed joint cannot be moved properly due to acute
injury or chronic diseases such as arthritis. Inflammation can make it difficult for
patients to breathe due to a respiratory infection, which has been experienced by
many COVID patients. Accumulating evidence suggests that PRRs such as toll-like
receptors (TLRs) are also present in primary sensory neurons and play important
roles in regulating neuronal activity and excitability and sensory functions such as
pain and itch (Diogenes et al. 2011; Donnelly et al. 2020; Liu et al. 2010).
Furthermore, neuronal TLR signaling in nociceptive neurons was shown to regulate
local immunity (Liu et al. 2014). Thus, neuron—-immune interactions may be
involved in fundamental inflammatory processes.

Additionally, there are several biochemical cascades that do not involve cells.
Instead, they consist of preformed plasma proteins that work together to start and
spread the inflammatory response. These systems include the complement system,



2 Inflammation and Pain 25

which is activated by bacteria and the coagulation and fibrinolysis (breaking down
fibrin) cascades, which are activated by necrosis (i.e., a burn or blow). Acute inflam-
mation can be seen as the first line of defense against injury. Acute response to
inflammation needs constant stimulation to persist. Inflammatory mediators last
only temporarily; afterward, they are rapidly degraded in the tissue. It was generally
believed that acute inflammation comes to a halt once the stimulus is removed.
Recent progress has demonstrated that resolution of inflammation is not a passive
process but an active process, which can generate specialized pro-resolution media-
tors (SPMs) that promote the resolution of inflammation, as well as pain (Ji et al.
2011; Serhan 2007). Below, we will be discussing some of the mechanisms of
inflammatory mediators more in depth.

2.5 Cellular Mechanisms

Cellular mechanisms involve a number of different leukocytes, which carry out leu-
kocyte extravasation and phagocytosis during inflammation to rid the body of any
foreign substances (Fig. 2.4). Extravasation is the process leukocytes use to reach
the site of injury. During this process, leukocytes, which are usually located at the
center of blood vessels, will move toward the walls of the vessels. Activated macro-
phages in tissue will release cytokines including interleukin (IL)-1p and tumor
necrosis factor (TNF)-a (or TNF, as this is the only member), which causes the
production of chemokines that bind to proteoglycans (a major component in extra-
cellular matrices). This forms a gradient in both the inflamed tissue and along the
endothelial wall. Inflammatory cytokines then rapidly induce the expression of
P-selectin (a cell adhesion molecule) on the surfaces of endothelial cells. P-selectin
binds (albeit weakly) to carbohydrate ligands on leukocyte surfaces, moving across
the endothelial surface during which bonds are made and broken. Injured cells will
release cytokines that induce E-selectin (which functions similarly to P-selectin)
expression on endothelial cells. Cytokines also induce integrin ligand, such
as CADM-1 (cell adhesion molecule 1) and VCAM-1 (vascular cell adhesion
moleculel) expression on endothelial cells, which control the adhesion of the selec-
tions and contribute to slowing leukocytes. The weakly bound leukocytes can then
detach if they remain non-activated by chemokines produced in injured tissue fol-
lowing signal transduction through G-protein-coupled receptors (GPCRs). These
receptors activate integrins on leukocytes, increasing the bound integrin receptor
affinity for ICAM-1 (intercellular adhesion molecule 1) and VCAM-1 on the endo-
thelial cell surface, thus firmly binding the leukocytes to the endothelium. Once the
leukocytes have been bound to the endothelium, they will transmigrate, or move
across the endothelium in a process called diapedesis. In this process, also termed
chemotaxis, chemokine gradients will cause the leukocytes to move in between
adjacent endothelial cells. The endothelial cells in turn will retreat, allowing the
leukocytes to move into surrounding tissue (Fig. 2.4). After the leukocytes have
reached the tissue interstitium, they will bind to the extracellular matrix. A variety
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Fig. 2.4 Basic flowchart of the inflammatory process, induced by infection or tissue damage.
Inflammation is associated with infiltration of immune cells, such as neutrophils, macrophages,
and T-cells. Acute inflammation results in resolution and wound healing. There are five cardinal
features of inflammation. After inflammation, immune cells produce pro-inflammatory mediators
that are pro-nociceptive. Inflammation also produces anti-inflammatory and pro-resolving media-
tors that are anti-nociceptive and promote pain resolution

of chemoattractant (e.g., C3a or C5) will then guide the leukocytes along chemotac-
tic gradients toward the inflammatory source.

Mounting evidence suggests that inflammation is also regulated by primary sen-
sory neurons such as pain-sensing nociceptive neurons (nociceptors) (Talbot et al.
2016). Nociceptors include unmyelinated C-fiber neurons and myelinated Ad-fiber
neurons, with their cell bodies localized in dorsal root ganglion (DRG) and trigemi-
nal ganglion (TG) and axons/terminals innervating the skin, muscle, and joint
(Julius and Basbaum 2001; Woolf and Ma 2007). Upon activation, nociceptors
release neuropeptides, cytokines, chemokines, and amino acids from their terminals
that potently shape the function of innate and adaptive immune cells in the local
environment (Baral et al. 2019; Liu et al. 2014). For some pathogens, neuron—
immune interactions enhance host protection from infection, but for other patho-
gens, neuron—-immune signaling pathways can be exploited to facilitate pathogen
survival, depending on specific disease conditions, disease progression stages, and
mediators released from nociceptors (Baral et al. 2019). For example, C-fiber noci-
ceptors have been shown to activate dendritic cells and subsequent activation of
T-cells, leading to the pathogenesis of psoriasis, a skin disease associated with auto-
immune dysfunction and chronic itch, via the release of the neuropeptide CGRP
(Riol-Blanco et al. 2014; Zhang and He 2020). On the other hand, recent study also
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shows that activation of TRPV1 (transient receptor potential vanilloid 1) posi-
tive nociceptive neurons are sufficient for host defense against infections (Cohen
et al. 2019; Lei et al. 2022).

The discovery of glial cells and neuroinflammation revolutionized how scientists
understood chronic inflammation. Glial cells, immune cells found in the central
nervous system (CNS), are key players in the process known as neuroinflammation,
orinflammation of tissue in the peripheral nervous system (PNS) and CNS. Activation
of glial cells, which include Schwann cells in peripheral nerves (e.g., sciatic nerve),
satellite glial cells in the DRG and TG, and microglia, astrocytes, and oligodendro-
cytes in the spinal cord and brain, leads to the release of glial mediators that can
modulate pain sensitivity (Gosselin et al. 2010; Hanani and Spray 2020; Ji et al.
2016). In other words, glia-produced neuromodulators can increase pain sensitivity
in neuroinflammation, which in turn can sustain sensitization in nociceptive neu-
rons. By maintaining signaling interactions between neurons and glial cells, neuro-
inflammation can thus modulate chronic pain (Ji et al. 2014). Please see more details
in Chap. 5.

2.6 From Inflammation to Infection
and Sterile Inflammation

2.6.1 From Inflammation to Infection

The inflammatory process described above is the standard reaction to inflammation
by infection. Infection, it should be noted, is defined by the entrance of a foreign
substance into the body, often through a wound, and can be broadly divided into
four categories, including bacterial, viral, fungal, and prion. Inflammation to infec-
tion is a common form of inflammation, though it is actually not the only form of
inflammation (Medzhitov 2010, 2021).

COVID-19, the respiratory condition caused by the coronavirus, is a notable
example of an inflammatory condition. The virus causes severe inflammation in the
lungs that can result in the excessive mucus production and, consequently, an inabil-
ity to breathe. This excessive inflammation has been noted to cause damage to the
alveoli of the lungs, which are responsible for the exchange of oxygen and carbon
dioxide. Specifically, COVID-19 enters alveolar type II cells, through the receptor
protein angiotensin-converting enzyme 2 (ACE2), which is found in the plasma
membrane of cells, including human sensory neurons (Shiers et al. 2020). As the
disease progresses, a mark of severity is demonstrated when the linings of the
pleura, which are the tissue layers that surround the lungs, become irregular, caused
by interstitial thickening and worsening inflammatory conditions.
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2.6.2 Sterile Inflammation

During tissue damage, cells that die can cause an inflammatory response quite simi-
lar to infection-induced inflammation. Note that sterile injury and injury with infec-
tion are quite different, as injury with infection involves microbes. Most injuries are
associated with infection, as they often involve breaking the skin, the first barrier of
the body, which allows microbes to enter the body. More rarely, sterile inflammation
will occur, during which cells are damaged or die in a sterile setting, most often due
to ischemia (lack of blood supply to a particular body part), ischemia-reperfusion
(tissue damage that occurs as blood returns to oxygen-deprived tissue due to isch-
emia), and trauma that can be found in the nerve, spinal cord, and brain. In these
cases, inflammation occurs without infection, but still causes events such as neutro-
phil and monocyte infiltration, in addition to dendritic cell activation. In more severe
cases, sterile inflammation can advance into circulatory shock or even multiple
organ failure. Stunningly, how tissue injury without infection is detected is poorly
understood, though TLRs and other innate receptors may play a role in discovering
sterile injuries. One possibility, however, is that endogenous molecules that are
released with cell death following necrosis may be a marker for sterile cell injury,
including B-defensin, heat shock proteins, hyaluronan, uric acid crystals, as well as
many other biomolecules, such as high-mobility group box protein 1 (HMGB1) and
microRNAs (e.g., let-7b). Members of the TLR family are thought to be responsible
for recognizing these molecules, such as activation of TLR4 by HMGB1 and activa-
tion of TLR7 by miRNA-let-7b (Liu et al. 2012), but it should be noted that relevant
studies always run the risk of containing microbial contamination. Nonetheless, the
capacity to stimulate inflammation of these endogenous molecules/ligands in
response to microbial contamination is difficult to deny. Studies of TLR-deficient
mice with various models of tissue injury are likely the best evidence for the fact
that TLRs participate in detection of tissue injury. Various TLRs are not only
expressed by immune cells, but also by glial cells, as well as neurons, such as DRG
and TG neurons. TLRs play crucial roles in the pathogenesis of pain in animal mod-
els of inflammatory pain and nerve injury (Christianson et al. 2011; Donnelly et al.
2020; Liu et al. 2012). Please see more details in Chap. 8.

2.7 Tissue Injury, Microbes, and Pathogens: How Do They
Affect the Host?

2.7.1 Degrees of Inflammation: Tissue Injury and Pathogens

We previously discussed the different types of inflammation and some mechanisms
that cause them. However, it is also worthy to ask whether or not the severity of
inflammation depends on the type of injury/infection. Do tissue injury, microbes,
and pathogens cause different degrees of inflammation in the host?
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Inflammation, if not induced or regulated properly, can cause enormous damage
to the host. Though this inflammation is intended to protect the host, it also causes
significant “collateral damage.” A complex network of regulatory signals usually
determines the degree of inflammation according to the original and the continuing
cues. Inflammation signals have been described as “stop and go” signals, which
play a role in determining when to escalate, dampen, or resolve an inflammatory
response. Infection and injury, as discussed before, both cause inflammatory
responses, but with different effects. The ligands responsible for signaling to them,
however, converge on similar innate pathways. This seems to point to a lack of dis-
crimination between qualitatively different stresses, which is rather confusing and
requires further research. The existing complex feedback mechanisms suggest that
there are additional mechanisms to address this, though, once again, very little is
known. Pathogenic microbes, for example microbes with virulence mechanisms,
seem to present a third qualitatively distinct challenge that requires an escalated
response. It seems tempting to think that inflammation escalates or dampens based
on the characteristics of the trigger, though specific gene induction downstream of
innate receptors suggests that such a scenario may be plausible.

Does the host view tissue injury and microbial injury as different stresses? The
extent to which the endogenous ligands produced during tissue damage stimulate
the inflammatory signal induced by microbes remains unclear. It is possible that the
responses to tissue damage and infection are similar, maybe due to the high likeli-
hood of concomitant infection during tissue damage. Severe trauma as a method of
sterile inflammation was mentioned above; sometimes, such trauma can lead to
hemorrhagic shock, just as overwhelming infection can lead to sepsis. Nevertheless,
these severe examples do not accurately represent if the overall purpose of each
response is similar. It seems strange to think that the response to tissue damage
would be the same to infection. The response to tissue damage has a purpose of
healing, while the response to infection is first to rid the body of the infection and
microbes. Tissue repair requires tissue remodeling, breakdown of extracellular
matrix, and proliferation of cells to reestablish homeostasis. Many of these are also
seen in the resolving phase of inflammation in response to infection, yet much of the
collateral damage caused by activated neutrophils and macrophages during micro-
bial infection might be unnecessary to heal a sterile wound. So far, research into the
TLRs shows that an individual TLR is capable of differential signaling in response
to different ligands, although the mechanisms responsible for these distinct
responses are still unclear (Donnelly et al. 2020).

2.7.2 Gut Microbiota in Inflammation and Pain

Recent studies have pointed to a critical involvement of microbiota in health and
disease. Microbiota include a range of microorganisms that may be commensal,
symbiotic, or pathogenic found in and on all multicellular organisms, including
bacteria, parasites, fungi, and viruses. Increasing evidence suggests microbiota play
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a crucial role in regulating immunologic, hormonal, and metabolic homeostasis of
their host, and gut—brain interaction is emerging as a hot topic in neuroscience and
medicine (Erny et al. 2015). The recent progress in gut microbiota has expanded our
knowledge on PAMPs. PAMPs are conserved microbial structures that are present
in all microorganisms (including hot bacteria) and, thus, are not restricted to patho-
gens. Given our growing appreciation of the commensal microbiota (Erny et al.
2015), which activate the same host PRRs using the same ligands (e.g., lipopolysac-
charide [LPS] and flagellin), it was suggested that these molecules should be
renamed microbe-associated molecular patterns (MAMPs) (Donnelly et al. 2020).
However, there should be functional distinction between MAMPs and PAMPs, as
only the term PAMP emphasizes pathogenic microorganism, as opposed to MAMPs
that focus on the commensal microbiota.

Emerging evidence has revealed an important role of microbiota in pain regula-
tion. Microbiota have been implicated not only in visceral pain, but also in other
types of pain including inflammatory pain, headache, and neuropathic pain, as well
as opioid-induced anti-nociceptive tolerance (Guo et al. 2019). A study from
Harvard Medical School has demonstrated that gut microbiota is critical for the
induction of chemotherapy-induced pain, through LPS-mediated activation of
TLR4 in the DRG (Shen et al. 2017). Furthermore, in the spinal cord and brain, gut-
microbiota-derived mediators may regulate chronic pain and neuroinflammation
through immune cells and microglia (Chen et al. 2018; Guo et al. 2019).

2.7.3 Antimalarial Drugs: Targeting Pathogens or Hosts?

According to the World Health Organization 2019 Report, malaria claims more than
400,000 lives every year. Artemisinin (ART) and its semisynthetic derivatives are
used to treat malaria due to Plasmodium falciparum infection. Artemisia plants con-
sist of 300 species and are distributed in temperate, warm temperate, and subtropi-
cal regions. Initial scientific efforts worldwide ended in failure after screening over
200,000 compounds against malaria. In the 1960s, Youyou Tu and her team screened
over 2000 traditional Chinese recipes and made 380 herbal extracts, leading to the
discovery of ART and its derivatives in 1972. This breakthrough in the twentieth-
century tropical medicine has saved millions of lives in the world and led to the
2015 Nobel Prize in Physiology or Medicine. ART and its derivatives artemisinins
(ARTs) might have a therapeutic value for several other diseases beyond malaria,
including cancers, inflammatory diseases, and autoimmune disorders, as well as
pain relief (Cao et al. 2020; Park 2019).

Malaria remains a major public health threat, especially in Southeast Asia, where
artemisinin-based combination therapies (ACTs) are losing their efficacy (Wang
et al. 2019). Artesunate (ARU) is a derivative of ART and the first-line treatment for
children or adults with severe malaria. It was believed that the antimalarial



2 Inflammation and Pain 31

mechanism of action of ART is based on a direct action on parasites, involving acti-
vation of the endoperoxide bridge by ferrous heme. This reactive species may alkyl-
ate parasite proteins and lipids to cause lethality (Blasco et al. 2017). Recent studies
have shown that ARU has an anti-inflammatory role in animal models, such as
experimental cerebral malaria and experimental colitis, as well as human rheuma-
toid arthritis (RA) (An et al. 2017; Bang et al. 2021; Miranda et al. 2013; Xu et al.
2007; Yang et al. 2012). These studies suggest the possibility that the anti-malaria
drugs may achieve their therapeutic effects by simultaneously targeting the patho-
gens (parasites) and treating the host (immune cells of the affected patients).

However, these studies failed to demonstrate the molecular targets (e.g., recep-
tors) of ART and ARU on immune cells. Interestingly, it was proposed that in vivo
ARU treatment causes rapid reduction in parasitemia by promoting phagocyte-
mediated clearance (phagocytosis) of parasitized red blood cells (Khoury et al.
2017). Recent work from Duke University has identified a novel receptor for ARU
and its anti-malaria actions (Bang et al. 2021). Computer simulations revealed ARU
binding to GPR37, an orphan GPCR that was previously implicated in controlling
macrophage phagocytosis (Bang et al. 2018). ARU promotes phagocytosis in mac-
rophages in vitro and robustly improves survival and decreases hallmarks of sepsis,
such as hypothermia, cytokine storm, and septic death.

The risk of death from sepsis is as high as 30% affecting about 49 million people
worldwide in 2017, with 11 million deaths (Rudd et al. 2020). Thus, macrophage
activation by GPR37 agonists such as ARU may also be of therapeutic benefit in
sepsis. Notably, administration of ARU-primed macrophages was also sufficient to
mitigate sepsis (Bang et al. 2021).

Infections of certain bacteria, such as Staphylococcus aureus and Listeria bacte-
ria, result in severe pain in mice (Bang et al. 2021; Chiu et al. 2013). Intriguingly,
Listeria bacteria-induced pain can be rapidly suppressed by ARU within 1 h of
treatment. The severity and duration of the infection-induced pain are enhanced in
mice lacking GPR37 (Bang et al. 2021). Furthermore, treatment of the infected
animals with the ARU-stimulated macrophages could promote pain resolution
(Bang et al. 2021). These findings strongly suggest that ARU-mediated activation of
GPR37 in macrophages promotes pain resolution after infection, in further support
of the emerging evidence showing the important role of macrophages in the resolu-
tion of inflammation and pain (Chen et al. 2020; Ji et al. 2011; Niehaus et al. 2021).

Last but not least, emerging studies suggest that ARU and/or its derivatives could
inhibit SARS-CoV2 replication in vitro (Gendrot et al. 2020), leading to clinical
evaluation of ARU in patients with mild COVID-19 (Kapepula et al. 2020). It will
be of great interest and critical importance to investigate whether ARU may produce
protective effects on COVID-19 through modulation of immune cells such as
macrophages.
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2.8 Inflammation Throughout the Body

Inflammation has long been recognized as a major cause of disease. An estimated
15% of human cancers are associated with chronic infection and inflammation.
Acute and chronic tissue injury arising from inflammation has been found in many
organ systems, including the heart, pancreas, liver, kidney, lung, and brain (Chen
et al. 2017b).

Cardiovascular disease, and its associated pathology, atherosclerosis, is a major
cause of death and disability throughout the world, and 23.6 million people are
projected to die annually from cardiovascular disorders by 2030. Naturally, inflam-
matory mediators play very important roles in atherosclerosis, beginning with leu-
kocyte recruitment and ending with the rupturing of the atherosclerotic plaque.
Inflammation also contributes to cardiac stress. Increased levels of inflammatory
cytokine and chemokine production and release are regularly found in affected car-
diac tissues.

Pancreatitis, an inflammatory disease of the pancreas, has various causes, includ-
ing the obstruction of the pancreatic duct, a mutation in the trypsinogen gene, or
alcoholism. Acute pancreatitis (AP) occurs in 4-45 out of 100,000 patients per year
and increases every year by approximately 1.3—4.0% in most developed countries.
AP is one of the most common gastrointestinal-related causes for hospitalization in
the USA. Chronic pancreatitis (CP) is less common than AP; however, CP patients
suffer from chronic abdominal pain and exocrine and/or endocrine insufficiency,
resulting in a reduced quality of life. Acinar cell destruction and activation of inflam-
matory cells, including macrophages, neutrophils, and granulocytes, which secrete
inflammatory cytokines, are all seen in pancreatitis. Notably, pancreatitis is very
painful, and pancreatic cancer is one of the most severe conditions of pain. Recent
research has suggested that seeking surgery treatment early, among patients where
surgical intervention is recommended, provides improved quality of life through
more resistant pain relief (Skube and Beilman 2018).

Inflammation usually protects the liver from infection and injury, but excessive
inflammation can cause extensive loss of hepatocytes, ischemia-reperfusion injury,
metabolic alterations, and can eventually cause permanent hepatic damage.
Inflammation can destroy hepatic parenchymal cells, increasing the risk of chronic
liver diseases, such as non-alcoholic fatty liver disease (NAFLD) or viral hepatitis,
which are a major cause of morbidity and mortality in the USA. Hepatocellular
carcinomas, which make up 70-95% of all liver tumors, are known to cause abdom-
inal pain in some patients and may cause intense abdominal pain in later stages in
some patients (Christian-Miller and Frenette 2018).

Lung inflammatory diseases involve complex interactions between cells of the
lungs and immune cells. Lung inflammation results primarily from tissue exposure
to bacterial and viral pathogens, and/or environmental pollutants. Too much acute
inflammation and resulting lung injury can cause pulmonary fibrosis and make gas
exchange difficult. Unresolved lung injury and chronic inflammation are often seen
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in acute respiratory distress syndrome, cystic fibrosis, chronic obstructive pulmo-
nary disease (COPD), and asthma. About 90% of COPD cases are associated with
cigarette-smoking-induced inflammation in small airways and lung parenchyma.
Smoking cigarettes is a major risk factor for COPD, which involves both systemic
and pulmonary inflammation. COVID-19 is a respiratory condition that often fea-
tures excessive inflammation and leukocyte dysfunction caused by the coronavirus.
Severe COVID-19 can result in acute respiratory distress syndrome. Patients with
severe COVID-19 are known to have alveolar damage. In addition, post-mortem
samples often reveal lung lesions (Shi et al. 2020). Body aches (including chest
pain), headaches, and muscle pains may be an early symptom of COVID-19.
COVID-19-associated persistent chest pain is listed as an emergency symptom by
Centers for Disease Control and Prevention (CDC) and requires urgent medical care.
Inflammatory responses occur in the brain in many CNS diseases, including
autoimmune diseases, neurodegenerative diseases like Alzheimer’s disease (AD)
and Parkinson’s disease (PD), and epilepsy. Inflammation in the brain can increase
the excitability of neurons, injure cells, and increase blood-brain-barrier permeabil-
ity to various molecules. CNS diseases associated with neuroinflammation are
caused by the activation of the brain’s resident immune cells and microglia, which
produce pro-inflammatory mediators (Ji et al. 2014, 2018). These neuroinflamma-
tory processes also involve both the innate and adaptive immune systems and may
resemble immune responses to systemic infection (Chen et al. 2017a). Notably,
neuroinflammation is a driving force of chronic pain (Ji et al. 2014).

2.9 Pain in Autoimmune and Inflammation-Related Diseases

We will discuss painful systemic autoimmune diseases, including rheumatoid
arthritis (RA), systemic lupus erythematosus (SLE), neuromyelitis optica spectrum
disorder (NMOSD), and multiple sclerosis (MS) (Lee et al. 2021), as well as
inflammation-associated vascular diseases such as Erythromelalgia (Waxman and
Dib-Hajj 2005).

2.9.1 Complex Regional Pain Syndrome (CRPS)

Autoinflammatory and autoimmune contributions to CRPS have been documented
(Clark et al. 2018). CRPS typically develops after injury or surgery to a limb, and
severe pain and disability are common. Human studies have revealed changes in
cytokines and other inflammatory mediators in the skin of affected limbs. CRPS
research has been facilitated by the development of animal bone fracture models
that can mimic chronic pain lasting for several months (Wei et al. 2016). The
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autoinflammatory components of CRPS are regulated by neuropeptide-containing
peripheral nerve fibers and the sympathetic nervous system (Li et al. 2009). Pro-
inflammatory cytokines including IL-1f, IL-6, and TNF-« are identified in the
peripheral tissues (e.g., skin) during the acute phases of the syndrome. Interestingly,
IL-1p in the spinal cord also contributes to the maintenance of pain in the late-phase
(Wei et al. 2016). Emerging evidence from human, animal, and translational studies
has demonstrated the production of autoantibodies and the potential targets of those
antibodies (Clark et al. 2018). Autoimmunity in skin and muscle of the affected
limb has been revealed from CRPS patients and laboratory animals. More recently,
autoimmune contributions have been implicated by the presence of pain-promoting
IgG and IgM antibodies in CRPS patients and animal models (Clark et al. 2018).
Notably, CRPS can be characterized as CRPS-I and CRPS-II, with the latter involv-
ing neuropathic pain.

Erythromelalgia, or Mitchell’s disease (named after Silas Weir Mitchell), is a
rare vascular peripheral pain disorder in which blood vessels, usually in the lower
extremities or hands, are episodically blocked (frequently on and off daily), then
become hyperemic and inflamed (Waxman and Dib-Hajj 2005). Patients with eryth-
romelalgia suffer from severe burning pain and display skin redness. Pain attacks
are periodic and triggered by heat, pressure, mild activity, exertion, insomnia, or
stress. Erythromelalgia may result from a primary or secondary disorder. Secondary
erythromelalgia can be caused by small fiber neuropathy of any cause, polycythe-
mia vera, essential thrombocytosis, hypercholesterolemia, mushroom or mercury
poisoning, and some autoimmune disorders. A major progress in human genetics of
pain has revealed that primary erythromelalgia is caused by mutation of the voltage-
gated sodium channel a-subunit gene SCN9A, encoding Nav1.7 subunit (Bennett
and Woods 2014; Waxman 2013).

Finally, fibromyalgia is a chronic and widespread musculoskeletal pain condi-
tion and has been shown to demonstrate fiber neuropathy with chronic neuroinflam-
mation (Ji et al. 2018; Sommer et al. 2018). The degree to which the acute and
chronic pain is mediated by the neuroinflammatory response is still an area for
investigation. Also, associated with fibromyalgia is the decreased activity of
enzymes that metabolize catecholamines, such as epinephrine and norepinephrine.
Subsequently, pain conditions are exacerbated and maintained for a longer period of
time, which may be associated with observed increased levels of pro-inflammatory
cytokines in patients with chronic pain conditions. It was found that reduction in
skin innervation is associated with a severe fibromyalgia phenotype (Evdokimov
et al. 2019). Unbiased immune profiling has revealed a natural killer (NK) cell-
peripheral nerve axis in fibromyalgia patients. NK cells may contribute to the loss
of skin nerve innervation in these patients (Verma et al. 2022). A recent study from
Sweden has demonstrated that transfer of serum/autoantibodies from fibromyalgia
patients to naive mice is sufficient to induce fibromyalgia-like pain and neuroin-
flammation (Goebel et al. 2021).
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2.9.2 Multiple Sclerosis

Multiple sclerosis is characterized by the debilitating loss of myelin. Though the
pathogenesis of multiple sclerosis remains poorly understood, studies suggest that
T-cell-mediated inflammation directed against myelin may contribute to the condi-
tion. Pain from severe multiple sclerosis can be immensely disabling, often requir-
ing patients to have a caretaker (Garg and Smith 2015). The cause of the activation
of T-cells against the host is unclear but may involve infectious agents from the
environment. Corticosteroids in conjunction with adrenocorticotropic hormone
have immunomodulatory effects that can be acute therapeutic options. Additionally,
interferon injections can limit the entry of T-cells into the CNS, stabilizing the
blood-brain barrier, but may cause side effects including flu-like symptoms, fluctua-
tions in liver enzyme levels, and injection site reactions, among others (Berkovich
et al. 2017; Tan et al. 2021).

2.9.3 Neuromyelitis Optica Spectrum Disorder (NMOSD)

Neuromyelitis optica spectrum disorder (NMOSD) is a disease that affects the cen-
tral nervous system. In NMOSD, inflammation characteristically appears in
stretches of the spinal cord and/or in the optic nerve. Patients with NMOSD often
become blind and paralyzed with the progression of the disease. Although the pre-
cise cause of NMOSD is unclear, patients with NMOSD are noted to have antibod-
ies against aquaporin-4, a channel for water in astrocytes. NMOSD is a debilitating
painful disease for approximately 80% of patients, resulting in significant reduction
in quality of life (Bradl et al. 2014). Antibodies against AQP4 lead to interleukin-6
(IL-6) production, resulting in decreased blood-brain-barrier functions. Additionally,
astrocytes expressing AQP4 become debilitated and support for nearby oligoden-
drocytes and neurons become limited, leading to granulocyte infiltration and demy-
elination as a result of damaged oligodendrocytes. Acute treatment primarily
involves high-dose steroids while long-term treatment uses immunosuppressants
including anti-IL-6 treatment (Bradl et al. 2014; Ji et al. 2019).

2.9.4 Rheumatoid Arthritis (RA)

Rheumatoid arthritis is a common form of inflammatory arthritis. Although the
mechanisms of pain are not fully understood, research indicates that TNF-oa and
interleukin-1 cytokines are present in affected synovial fluid and tissues at higher
levels. Accordingly, anti-TNF-a interventions have emerged as a treatment option to
target aggravated inflammatory pathways. Severe inflammation of the diarthrodial
joint is seen in rheumatoid arthritis, resulting in significantly decreased mobility
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and ongoing pain. Rheumatoid arthritis is a major health issue in the USA, where it
afflicts 1.3 million adults. In addition to producing major costs in terms of produc-
tivity and treatment costs, the condition significantly reduces quality of life, making
it difficult for patients to perform many day-to-day tasks (Lee and Weinblatt 2001).
Immunotherapies such as monoclonal antibodies against cytokines and cytokine
receptors have been approved to treat RA symptoms (Kalpachidou et al. 2022).
Majority of RA patients complain about pain such as joint stiffness. The effects of
the immunotherapies on RA pain remain to be validated.

2.9.5 Systemic Lupus Erythematosus (SLE)

Systemic lupus erythematosus is a chronic autoimmune disorder. Research has
demonstrated that microparticles (MPs), small membrane-bound vesicles, can con-
tribute to the pathogenesis of SLE. In MPs, DNA and RNA may initiate and sustain
autoantibody production. Additionally, the particles can source extracellular nuclear
molecules to form pathogenic immune complexes, leading to elevated inflammatory
responses through multiple receptor systems. Inflammation in lupus can also be vis-
ible in red, swollen joints. SLE is also a risk factor for atherosclerosis, a disease
marked by fatty plaques in arteries, in adolescents, increasing the risk of myocardial
infarction. Consequently, dyslipidemia patterns in pediatric SLE should be moni-
tored routinely. In SLE, the body produces antibodies against its own antigen in cell
nuclei and cytoplasm, causing damage in numerous organs. SLE can cause signifi-
cant pain, usually widespread muscle stiffness or aches. Although treatable, the pain
is recurrent and requires continuous treatment (Pisetsky et al. 2021).

2.10 Concluding Remarks

As a cardinal feature of inflammation, pain is naturally associated with inflamma-
tion. During inflammation, pro-inflammatory mediators are produced that can evoke
pain. Thus, anti-inflammatory treatments can effectively alleviate acute pain. Acute
inflammation is also beneficial for wound healing, and inflammation-produced pro-
resolving mediators such as SPMs are potent inhibitors of pain. However, chronic
inflammation, including neuroinflammation, can lead to various pathological condi-
tions associated with chronic pain. It is generally believed that chronic pain persists
after the observable signs and symptoms of inflammation have resolved. However,
recent advances in understanding of neuroinflammation are changing this perspec-
tive. We have begun to appreciate that neuroinflammation is associated with and
perhaps mediates the transition from acute to chronic pain, as well as chronification
of human pain conditions. Thanks to the proximity to pain neurocircuit in the PNS
and CNS, neuroinflammation-associated mediators or neuromodulators (e.g., cyto-
kines and chemokines) are highly effective in modulating pain sensitivity.
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Importantly, neuroinflammation contributes to the pathophysiology of chronic over-
lapping pain conditions, including but not limited to fibromyalgia, headache, tem-
poromandibular disorder, back pain, irritable bowel syndrome, primary headaches,
pelvic pain, and vestibulodynia (Ji et al. 2018). Thus, control of neuroinflammation
may help to alleviate chronic overlapping pain conditions.
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Chapter 3
Animal Models of Pain

and Anti-inflammatory Treatments

Aidan McGinnis, Michael Wang, and Ru-Rong Ji

Abstract Animal models are critical to the field of pain research, both for the study
of mechanisms and the testing of novel therapeutics. Unfortunately, many findings
that appear promising in animals fail to translate to human disease, underscoring the
criticality of thoughtful model establishment and meaningful behavioral testing. In
this chapter, we review current methods for the measurements of mechanical pain,
thermal pain, and spontaneous pain in mice and rats. We then discuss different mod-
els with a focus on rat and mouse models of inflammatory and neuropathic pain.
While most of these models involve significant inflammation, not all respond simi-
larly to anti-inflammatory treatments. We examine the varying efficacy of common
anti-inflammatory treatments in this range of models and highlight promising pro-
resolution and/or immunoregulatory treatments where relevant.

Keywords Animal models - Anti-inflammatory treatment - Behavioral testing -
Inflammatory pain - Mice - Neuropathic pain - Nerve injury - Neuropathy -
Non-steroidal anti-inflammatory drugs (NSAIDs) - Rats - Rodents - Specialized
pro-resolving mediators (SPMs)

3.1 Introduction

Researchers are both scientifically and morally obliged to make the most of every
animal that passes through their laboratory (Zimmermann 1983). Choosing a model
carefully and evaluating effects on pain accurately are critical steps in maximizing
the odds of achieving clinical relevance.

Mice and rats remain the animals most commonly used to model pain (Sadler
etal. 2021) (Fig. 3.1). Rats are anecdotally calmer in demeanor than mice and their
larger scale means that model establishment and behavioral measurement can be
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Fig. 3.1 Comparison of rodent species used in pain research in the past 40 years. Note an expo-
nential increase in mouse research since 2000

more convenient. Rats also require less time to habituate to novel environments.
Unsurprisingly then, most classical pain models were initially established in rats
(Bennett and Xie 1988; Decosterd and Woolf 2000; Kim and Chung 1992; Seltzer
et al. 1990; Stein et al. 1988). Of late, mice have become an increasingly popular
choice (Fig. 3.1). Nearly all rat models can be established in mice with enough care.
Mice, and their housing, can be less expensive, allowing investigators to work with
larger sample sizes. Most critically, transgenic mice are both more available than
transgenic rats and more convenient due to their short breeding turnarounds (pro-
ductive breeders can produce pups every 3 weeks). Transgenic mice have now been
used in pain research for more than 20 years and have greatly expanded our knowl-
edge of the molecular mechanisms of pain (Caterina et al. 2000; Malmberg et al.
1997, Sadler et al. 2021).

There are critical shortcomings of murine models that must be considered when
designing experiments or drawing conclusions from the literature. There are impor-
tant differences between rodents and humans, many of which are not fully under-
stood, making translation unpredictable. For example, human genetics has strongly
implicated the sodium channel subunit Nav1.7 (encoded by SCN9A) in human pain
syndromes (Bennett and Woods 2014; Waxman and Dib-Hajj 2005), but there is a
striking species difference in Nav1.7 expression: human sensory neurons exhibit
much higher Nav1.7 expression than mouse sensory neurons (Chang et al. 2018).
Many more genes are differentially expressed in mouse vs. human dorsal root gan-
glion (DRG), where primary sensory neurons are localized (Shiers et al. 2020).
Leaving aside murine—hominoid differences, even different varieties of inbred mice
have been demonstrated to respond divergently to painful stimuli (Mogil et al.
1999). Behavior that is not consistent between two mouse strains cannot be assumed
to be relevant to human patients. Murine pain models chosen for ease of establish-
ment or convenient testing can fall short of approximating conditions found in
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humans, limiting the relevance of any work done using them. Despite the fact that
chronic pain is more commonly diagnosed in women, more than half of the murine-
model-based studies published in PAIN between 2016 and 2020 used only male
mice or rats (Sadler et al. 2021). The use of inbred rodents (inbred mice in particular
are commonly used), the use of young rodents (likely to save on housing costs), and
the standardization of life experiences prior to model establishment also fail to
properly model the diverse and, on average, older population of chronic pain
patients. Finally, accurately measuring pain behavior has been a key challenge for
the field. Even the most relied upon tests, while clearly measuring something, are
only guessing at the animal’s lived experience. Many tests elicit responses unlike
the pain actually experienced by human patients (Blackburn-Munro 2004).

Pain is multifaceted, but, simplistically, arises for one of several reasons. Evoked
pain occurs in response to a stimulus, which can be mechanical (mechanical pain),
hot (thermal pain), or cold (cold pain). Evoked pain can manifest as physical with-
drawal and/or vocalization. Evoked pain can further be divided into allodynia and
hyperalgesia. Allodynia is pain caused by a normally benign/innocuous stimulus;
hyperalgesia, aka hypersensitivity, is the experience of increased pain in response to
a normally painful stimulus. Allodynia and hyperalgesia can be highly distressing
and are reported by some chronic pain patients. Spontaneous pain arises without a
clear transient stimulus. In rodents, it is commonly observed as licking, lifting,
flinching, and/or guarding of an injured/painful area, behaviors that are collectively
referred to as “nocifensive.” Changes in facial expression, altered gait, and/or reduc-
tion in physical activity can also indicate spontaneous pain. Millions of Americans
combat spontaneous, often ongoing pain. Pain research has been criticized for rely-
ing too heavily on the more convenient measures of evoked pain.

3.2 Assessment of Mechanical Pain

The pain most measured in animal research is mechanical pain (Sadler et al. 2021),
which in healthy animals is defined as nociceptive pain occurring in response to a
mechanical stimulus.

3.2.1 The Von Frey Test (VFT)

The most used test for mechanical pain assessment is the Von Frey filament test
(Fig. 3.2a). A Von Frey filament is a thin fiber with a known stiffness (measured in
grams). To perform the Von Frey test, series of filaments are applied to the area of
interest, commonly (but not necessarily) the animal’s hindpaw, and the responses to
each are recorded. Von Frey filaments have also been used to measure facial pain
(application to the periorbital region) and visceral pain (application to the thoracic
region). Results are often reported as a threshold value calculated using the
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Fig. 3.2 Testing mechanical pain in rodents: (a) Von Frey hair test; (b) electronic Von Frey fila-
ment test; and (c¢) brush test for dynamic mechanical allodynia

“up—down method” (Chaplan et al. 1994; Dixon 1980). The experimenter applies
increasingly thicker filaments until the animal responds, at which point the experi-
menter drops to the last filament that did not elicit a response and continues the
process. An equation is used to estimate the amount of force that would cause a
withdrawal 50% of the time. Other methods for determining a withdrawal threshold
have also been validated; the exact method is likely of less importance than the skill
of the experimenter. Von Frey filaments are also used to calculate the frequency of
withdrawals in response to a fixed stimulus. An electronic device is available for rat



3 Animal Models of Pain and Anti-inflammatory Treatments 47

Von Frey testing (Fig. 3.2b), which applies continuously increasing force and
reports the grams elicited when contact with the animal is lost (Tao et al. 2021). This
method requires a steady hand but removes the need for threshold estimation and
has become a mainstay in rat studies of mechanical allodynia.

Altogether, the Von Frey test has several advantages. It is quick, inexpensive, and
easily understood. Since arrays of fiber widths are available, hypersensitivity and
allodynia can be tested. The filaments cause little or no paw damage, allowing for
time point testing as frequently as hourly. The Von Frey test has important limita-
tions. Allodynia is a feature of chronic pain, but it is rarely caused by a pinprick—
the dynamic brush of clothing and simply pain from walking are much more typical
examples. The field’s blanket application of the up—down quantification method has
also been criticized (Bradman et al. 2015; Christensen et al. 2020). The most com-
mon series of filaments (0.16 g,0.4 g,0.6 g, 1.0 g, 2.0 g) used for mice only approx-
imately fit the logarithmic relationship for which the equations used were developed;
solutions have been proposed (Christensen et al. 2020) but are yet to be widely
adopted. Finally, the Von Frey test is highly subjective; experimenter blindness is
critical to meaningful data.

3.2.2 Dynamic Mechanical Allodynia

To test for mechanical allodynia in response to dynamic stimuli more closely resem-
bling real-world physical contact, a brush can be used (Fig. 3.2¢). This sensation is
distinct from the fine-point pressure caused by a Von Frey filament. The plantar
hindpaw (other locations are very seldom reported) is stimulated using a paintbrush
by stroking in the heel-to-toe direction (Cheng et al. 2017). Results are presented as
the frequency of or latency to a withdrawal response. Another method quaternizes
responses: 0 = no response, 1 = paw withdrawal, 2 = shaking of the paw, and
3 = licking of the paw.

3.2.3 Paw-Pressure Test

The paw-pressure test (PPT), also known as the Randall-Selitto test (Randall and
Selitto 1957), functions similarly to the electronic Von Frey test. Briefly, the experi-
menter restrains the animal to the apparatus then slowly applies a blunt point, also
attached to the machinery, to the target region. The apparatus measures the increas-
ing pressure exerted in grams. A common endpoint reported is the pressure thresh-
old to attempted withdrawal/struggling. Pressure needed to evoke vocalization is
also a common measurement and can be performed on the second paw. A mean of
several test values is often taken to reduce variability (Kayser 2013). The paw-
pressure test is useful in that it produces a single and easily interpretable value. Less
judgment is required on the part of the experimenter than in the VFT. Great care
should be made to standardize restraint procedures and minimize animal handling.
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3.3 Assessment of Thermal Pain

Thermal pain is simply evoked pain occurring in response to a warm or noxiously
hot stimulus (Fig. 3.3). Animals sensitive to mechanical stimuli are commonly but
not necessarily sensitive to thermal stimuli, and vice versa. There are three exceed-
ingly common tests for thermal pain, each with its own advantages and
disadvantages.

3.3.1 Paw Withdrawal to Radiant Heat (Hargreaves) Test

The Hargreaves test, developed by Dr. Kenneth Hargreaves in 1988, is a convenient
way to measure thermal hyper- or hypoalgesia (Hargreaves et al. 1988) (Fig. 3.3a).
The animal is first habituated to a transparent box placed over a glass surface. A
device is then used to concentrate a radiant or infrared source of thermal heat onto
a hindpaw. The animal is monitored for withdrawal from the heat stimuli and latency
to withdrawal is recorded. In order to prevent heat-induced tissue injury, the appa-
ratus is shut off after a short period, i.e., 20 s (the cut-off value), if there is no
response. Proper habituation is critical to successful data collection.

3.3.2 Hot Plate Test

The hot plate test, pioneered for behavioral research as far back as 1953 (Eddy and
Leimbach 1953), also uses noxious heat to test for hyperalgesia (or hypoalgesia)
(Fig. 3.3b). The animal is placed onto a hot surface enclosed by transparent walls at
a temperature typically between 50 and 55 °C. Latency to nocifensive behavior
(including escape attempts) is recorded. This test is highly convenient; most animals
respond within 30 s (the cut-off value; if they do not, the test is ended to prevent
tissue damage). A single, easily understandable number is produced. Unfortunately,
the hot plate test is highly subjective—perhaps the most subjective of the classical
pain tests. This is likely why the Hargreaves test has surpassed the hot plate test as
the most common assay for thermal pain (Sadler et al. 2021). However, the hot plate
test may be more suitable for testing the supraspinal cord mechanisms of pain.

3.3.3 Tail Flick Test

First reported in 1941 when it was used to compare opioid-induced analgesia to the
effects of cobra venom (D’ Amour and Smith 1941), the tail flick test is often used
in conjunction with one of the above tests (Fig. 3.3c). To perform the tail flick test,
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Fig. 3.3 Testing thermal pain in rodents: (a) Hargreaves test; (b) hot plate test; and (c) tail flick test

the animal is grasped securely, and the tail is either inserted into water between 45
and 50 °C or exposed to a beam of condensed heat. Latency to rapid flicking or
withdrawal of the tail is recorded. Unlike typical nocifensive behavior, the tail flick
reflex occurs at the spinal level, meaning that treatments such as opioids affect it
differently than other tests of thermal hyper/hypoalgesia. Given this, tail flick test-
ing is the gold standard for testing opioid analgesia (Wang et al. 2020). Like the hot
plate test, it can be performed very rapidly. Special care should be taken to minimize
stress and standardize the restraint technique used.
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3.4 Cold Pain

Like heat pain, cold pain is evoked pain occurring in response to a cold or noxiously
cold stimulus (Fig. 3.4). Cold pain too has its own receptors and can occur indepen-
dently of other modalities. Although cold pain is important to chronic pain patients,
the pain field studies it less than heat pain and significantly less than mechanical
pain (Sadler et al. 2021).
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Fig. 3.4 Testing cold pain: (a) cold plantar assay; (b) cold plate test; and (c) acetone test
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3.4.1 Cold Plate Test

The cold plate test resembles the hot plate test, but the plate used is set between —5
and 15 °C. Several protocols exist, each measuring something slightly different.
Latency to nocifensive behavior can be recorded (Fig. 3.4a). The flinch rate over a
fixed period can be measured so long as the plate temperature is not noxious. Finally,
a progressively cooling plate can be used to determine the temperature threshold at
which the animal responds nocifensively. Thus, the cold plate apparatus can be used
to measure both cold allodynia and cold hyper/hypoalgesia. Because the animal is
less frantic and thereby easier to observe than in the hot plate test, it is possible to
report unilateral responses. Still, all variations of the cold plate test are highly
subjective.

3.4.2 Cold Plantar Assay

A recently developed test for both cold hyper/hypoalgesia and cold allodynia,
referred to as the cold plantar assay (Fig. 3.4b) or simply the cold test, makes use of
ground up ice or dry ice (Brenner et al. 2012). Glass flooring interchangeable with
the setup for the Hargreaves test is used—animals are situated and habituated simi-
larly. A vessel such as a cut-off syringe is filled with ice and held against the glass
under the animal’s hindpaw; latency to response is recorded. If available to the
experimenter, glass barriers of varying thicknesses can allow for a variety of stimuli,
as thicker barriers allow less thermal conductivity. Glass can also be heated or
cooled using coils. Just as the Hargreaves test has become the predominant test for
heat pain, the cold plantar assay may soon be the gold standard for cold pain
assessment.

3.4.3 Acetone Test

The acetone test, developed in 1994, uses a phenomenon called evaporative cooling
to test cold allodynia (Carlton et al. 1994; Yoon et al. 1994) (Fig. 3.4c). Acetone
rapidly absorbs heat from warm tissues and then evaporates, causing paw tempera-
ture to transiently drop by approximately 10-12 °C (Colburn et al. 2007).
Experimenters place animals on a mesh rack and habituate them as per the Von Frey
test. Acetone is then applied to the hindpaw, commonly with a pipette (care must be
taken to avoid direct contact or misapplication to another region). Direct dabbing
with a cloth or a very focused spray are alternative methods. Volumes used vary;
many groups use 20-30 pL while others have used a milliliter. Naive animals
respond very briefly if at all; animals experiencing cold allodynia may display a few
to a dozen seconds of additional nocifensive behavior. Data are often reported in
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seconds of nocifensive behavior but can also be condensed into a “cold score” from
0 to 3 based on response severity (Colburn et al. 2007). Warm water can be used as
a negative control. While the acetone test is a measure of cold allodynia, ethyl chlo-
ride causes a much more substantial decrease in paw temperature and, when substi-
tuted, can be considered a measure of cold hyperalgesia (Leith et al. 2010).

3.5 Assessment of Spontaneous or Ongoing Pain

It is increasingly recognized that relying on evoked pain measured by withdrawal
reflexes has limitations (Mogil 2009; Rosenberg et al. 2013). Non-reflexive ongoing
pain is an important feature of chronic pain (Cobos et al. 2012; Huang et al. 2013;
King et al. 2009; Langford et al. 2010) and has been argued to be a more clinically
relevant measurement for many chronic pain conditions experienced by patients.
For these reasons, the measurement of so-called spontaneous pain is at minimum a
very useful addition to most animal studies. The primary difficulties with its mea-
surement are time requirements and ambiguity. Visible evidence of spontaneous
pain arises randomly, necessitating long periods of observation. Video recordings
are typically made and graded by a blinded technician. Scoring is tedious, and there
is a risk of substantial inter- and intrarater variability. Machine learning methods
promise a rapid and rigorous solution to these problems but are not yet widely
available.

3.5.1 Conditioned Place Preference (CPP)

Conditioned place preference (CPP) is a classical paradigm commonly used to
study addiction. Animals are subjected to a multi-day habituation period in a biased
compartment paradigm (two chambers, one dark and one bright) (Fig. 3.5a). After
habituation, video is recorded and reviewed to confirm that animals spent roughly
equivalent time in the white- vs. the black-walled chamber, indicating no pre-
existing preference. On the conditioning day, animals receive a vehicle control
paired with a randomly chosen chamber in the morning, and then the appropriate
drug (e.g., clonidine, a non-addictive analgesic) treatment paired with the other
chamber 4 h later. Chamber pairings will be counterbalanced. On the test day, 20 h
following the afternoon pairing, animals will be placed in the CPP box with access
to both chambers. Animal behaviors are video-recorded for 15 min and analyzed,
often by ANY-maze software (Stoelting Co.), for chamber preference.
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Fig. 3.5 Spontaneous pain assessment by conditioned place preference (CPP, a) and conditioned
place avoidance (CPA, b)

3.5.2 Conditioned Place Aversion (CPA)

Like CPP, the CPA paradigm uses a biased compartment paradigm, trains the ani-
mal to associate a specific event with a chamber, then measures the amount of time
spent in the chamber after association. In the pain field, a negative valence provided
via a painful stimulus (e.g., Von Frey hair, acetone) is typically assessed using CPA
(Fig. 3.5b). For example, a mouse can be sequestered in a certain chamber (after
habituation and baseline preference testing) and then be repeatedly stimulated with
a light Von Frey filament (i.e., 0.07 g) for 10 min. After this, animals experiencing
mechanical hypersensitivity will avoid the box they were sequestered in signifi-
cantly more than naive animals. Results are presented in terms of an aversion score,
calculated as the net difference in time (seconds) spent in the stimulation-associated
compartment during pre-testing vs. post-testing (Cheng et al. 2017).

3.5.3 Facial Expression (Grimace Scales)

First reported in 2010, the mouse grimace scale is a simple and validated method of
determining ongoing pain in rodents while minimizing experimenter contact
(Langford et al. 2010). The mouse should be recorded before and after pain estab-
lishment with its face clearly visible. Frames from these videos are grabbed and
graded by a trained experimenter based on the trimerized severity (not present = 0,
moderate = 1, severe = 2) of five distinct features: orbital tightening, nose bulge,
cheek bulge, ear position, and whisker change. The sum score can be used as a
proxy for the animal’s pain experience. Following the development of the mouse
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grimace scale, a rat grimace scale was produced by the same group (Sotocina et al.
2011), accompanied by software allowing semi-automation. Considerations for the
rat grimace scale are almost identical, but only four of the five expressions are
included (nose bulge and cheek flattening are combined into a single factor). Both
scales provide an accessible, although imperfect, window into the animal’s lived
experience independent of outside stimuli. The investigators who created both
scales predicted that their methods would not be well equipped to measure pain
caused by acute stimuli or long-term pain occurring in paroxysmal bouts—notably,
this second category includes most neuropathic pain models. They are, however,
very well suited to models of inflammatory pain or repeated application of noxious
stimuli.

3.5.4 Vocalization

Mice emit audible distress calls when in pain (Williams et al. 2008). To record and
study such vocalizations, a microphone is placed above the behavior testing appara-
tus. A webcam with audio can also enable correlation of vocalization timing with
evoked pain behavior (e.g., Von Frey filament or acetone application). The recorded
audio is then analyzed to obtain quantified data, such as the number of pips or dura-
tion of the distress calls, which can be used to compare between groups (Rodriquez
et al. 2017). A distress call likely indicates the presence of pain, but mice will not
always vocalize in response to even the most painful acute stimuli.

3.5.5 Voluntary Exercise

Another recent non-reflexive pain assay, reported in 2012, is the voluntary exercise
assay (Cobos et al. 2012). Mice are habituated to an individual habitat fitted with a
self-propelled running wheel before model establishment. After a pain or sham
intervention, testing is performed over a 1-h time course. A computer records the
time spent exercising using the wheel; mice experiencing prohibitive pain choose to
exercise less. This model has proven to be a sensitive test for pain experience or
related comorbidity in models of inflammatory pain. Anti-inflammatory analgesic
treatment can reverse the pain-induced exercise deficit even when tests of mechani-
cal pain remain below baseline.
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3.5.6 Testing Pain Comorbidities

Pain reaches beyond physical discomfort; chronic pain is correlated with increased
incidence of mood disorders such as anxiety and depression (Dersh et al. 2002;
Fishbain et al. 1997; McWilliams et al. 2003), as well as cognitive impairment
(Moriarty et al. 2011). These conditions greatly impact patients and are appropri-
ately receiving more attention from the field. In animal studies, relief from these
symptoms can be both supplemental evidence that an intervention is efficacious
toward treating pain and meaningful endpoints in their own right.

3.6 Animal Models of Inflammatory Pain

Inflammatory pain is defined as pain caused by immune responses to tissue injury
or infection (Woolf 2010). Importantly, these injuries typically involve peripheral
tissues and do not affect the nervous system directly. The most common inflamma-
tory pain models are established by injecting an immunogenic or noxious substance
into a rodent’s hindpaw (Fig. 3.6a). Although other peripheral targets are also used,
the hindpaw has been favored because it allows for unilateral testing at a distinct,
accessible site. Following injection, the affected tissue can be expected to swell in
size and have a slightly higher temperature (Ren and Dubner 1999).

3.6.1 Formalin Model

Pioneered in 1977 (Dubuisson and Dennis 1977), the formalin model is a classic
inflammatory pain model still widely used today. It is established by injecting 1-5%
formalin (dilute formaldehyde) into the rodent’s hindpaw. The resulting pain occurs
in a biphasic manner over the course of the next hour (Hunskaar and Hole 1987).
The first, beginning shortly after injection and lasting 5—10 min, is a direct result of
first-order sensory neuron activation. A short period of reduced pain follows, typi-
cally lasting 5 min, before the longer second phase begins. The second phase lasts
20-50 min (reports vary) and is driven not only by peripheral activation but also by
central sensitization caused by the inflammatory response. Some analgesics such as
the mu opioid receptor agonist DAMGO (Dickenson and Sullivan 1987) and the
local anesthetic lidocaine (Coderre et al. 1990) can prevent both phases of pain
when administered prior to formalin injection. Many other analgesics, such as
inhibitor of extracellular signal-regulated kinase (ERK), are effective against the
second phase, which could be mediated by spinal cord mechanisms via central sen-
sitization (Ji et al. 1999), but not against the first phase.
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Fig. 3.6 Animal models of inflammatory pain: (a) acute and chronic inflammatory pain models;
(b) inflammatory low back pain models; (¢) rheumatoid arthritis (RA) pain models; and (d) osteo-
arthritis (OA) pain models
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3.6.2 Capsaicin Model

Capsaicin has been used to study pain as far back as the 1970s (Szolcsanyi 1977).
Interestingly, it was humans who were first treated with the compound in an experi-
mental setting, typically via cream or intradermal injection (Carpenter and Lynn
1981; Simone et al. 1987). To date capsaicin remains one of the only models that
can ethically be performed on human volunteers because pain rapidly and com-
pletely resolves. It took until 1996 for this model to be characterized in rodents
(Gilchrist et al. 1996). Intraplantar capsaicin produces spontaneous pain over a short
time course (~5 min) in a manner very similar to the first phase of formalin-induced
pain, but no second phase occurs. While spontaneous pain dissipates rapidly, ther-
mal hypersensitivity is present following low or moderate doses and lasts on the
order of 10-60 min depending on dose (Gilchrist et al. 1996), and mechanical
hypersensitivity has been reported to linger for several hours (Ren and Dubner
1999). Both primary mechanical hyperalgesia (within the injection site) and sec-
ondary mechanical hyperalgesia (distal to the injection site) were reported in the
capsaicin model, but the secondary mechanical hyperalgesia is mediated by central
sensitization and can be blocked by intrathecal injection of an ERK inhibitor
(Kawasaki et al. 2004).

3.6.3 Complete Freund’s Adjuvant (CFA) Model

Complete Freund’s adjuvant (CFA) is inactivated bacteria, most commonly
Mycobacterium tuberculosis, in a solution of mineral oil. It was first utilized in pain
research in 1988 (Stein et al. 1988). Administration provokes an immune response,
triggering lasting and painful inflammation. As with the formalin model, mechani-
cal and thermal pain both manifest. In contrast, these symptoms last for between 1
and 3 weeks, with the most severe pain occurring days to weeks after induction.
Pain remains localized to the inflamed paw, which becomes measurably enlarged,
remaining inflamed even for a time after pain subsides. CFA-induced inflammation
should be chosen over the formalin model by investigators seeking a medium- to
long-term model, especially if they hope to compare resolution times between
groups. A similar model, which combines CFA with immunogenic collagen, has
been used as a model of rheumatoid arthritis (RA) (Brand et al. 2007) (for more on
arthritis models, see below). In contrast to unilateral heat hyperalgesia, mechanical
allodynia appears bilaterally in some CFA models (Gao et al. 2010).
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3.6.4 Zymosan and Carrageenan Models

Zymosan is a glycan isolated from fungi, most typically yeast, which provokes a
strong inflammatory response. Carrageenan is found in algae and is similarly immu-
nogenic. Intraplantar administration of zymosan as a model of inflammatory pain
was first reported in 1997 (Meller and Gebhart 1997); the carrageenan model was
developed slightly earlier (Hylden et al. 1991). Both models cause pain on a times-
cale greater than that of formalin but less than that of CFA. Pain begins after 30 min
(zymosan) or 60 min (carrageenan) and lingers for approximately 24 h (Ren and
Dubner 1999). Hypersensitivity and hyperalgesia to mechanical and thermal stimuli
are induced and reach their peak intensity approximately 4 h post injection.
Spontaneous pain also occurs within the first 4 h. Unless the investigator is inter-
ested in mechanistic specifics, these models are effectively interchangeable.

3.6.5 Osteoarthritis (OA) Models

Small animal OA models remain important for mechanistic science and screening;
findings are then validated in larger animals with more similar joints to humans
such as dogs, sheep, goats, or horses (Kuyinu et al. 2016). Several strains of labora-
tory mice, including but not limited to STR/ort and C57BL/6, may spontaneously
develop OA. Investigators need only screen their mice for symptoms at frequent
intervals (McCoy 2015). Transgenic mice are also used in order to hasten and
increase the penetrance of OA onset—mice with altered type II or IX collagen are
common choices (Helminen et al. 1993; Hu et al. 2006), but other transgenic lines
exist with varying effects on OA development (Cope et al. 2019). Murine OA can
also be induced surgically (Fig. 3.6b). Although most surgical models are performed
in larger mammals, rodents are commonly used for models involving the medial
meniscus. Transection of structural collagen and/or cartilage leads to bone-on-bone
contact, triggering synovitis and, later, hypersensitivity (Gowler et al. 2020). In
mice, medial partial meniscectomy (Clements et al. 2003) leads to biphasic pain,
first up to 3 weeks post operation and then recurring after ~9 weeks (Knights et al.
2012). The medial meniscal tear model involves transection of both the medial col-
lateral ligament and the medial meniscus and rapidly leads to mechanical pain at the
joint and in the affected limb (Bove et al. 2000).

3.6.6 Rheumatoid Arthritis (RA) Models

Like OA models, rodent models of RA can be separated into spontaneous and
induced. Spontaneous RA does not occur commonly in wild type mice, but several
transgenic strains exist, which develop RA with notable consistency: two common
lines are K/BxN and tumor necrosis factor (TNF)-transgenic mice (Fischer et al.



3 Animal Models of Pain and Anti-inflammatory Treatments 59

2017). The former model causes expression of a transgenic T-cell receptor that
reacts with a very widely expressed enzyme, triggering autoimmunity as early as
3—4 weeks and resulting in notable RA symptomology 4-8 weeks later (Kouskoff
et al. 1996; Monach et al. 2007). TNF-transgenic mouse strains simply overexpress
a human TNF transgene that has been altered to lack certain regulatory binding
domains (Keffer et al. 1991; Li and Schwarz 2003). Inducible models of RA onset
more rapidly than spontaneous models (Fischer et al. 2017). Intradermal injection
of emulsified collagen, other adjuvants such as Freund’s adjuvant, antibodies, or
other immunizing compounds can all lead to immune-driven RA symptomology
(Bolon et al. 2010; Brand et al. 2007; Fischer et al. 2017) (Fig. 3.6¢). In most
induced models, early symptoms appear within days and peak after weeks, although
the severity varies between models and between animals (Fischer et al. 2017).

3.6.7 Inflammatory Models of Low Back Pain (LBP)

Discogenic pain is back pain caused by the disruption of at least one intervertebral
disk (IVD). Experimental IVD disruption is still being studied in murine models
(Fig. 3.6d), but there is little consensus regarding which are most useful (Lyu et al.
2021; Shi et al. 2018). The secreted protein acid rich in cysteine (SPARC)-null
mouse is a transgenic mouse that spontaneously develops discogenic LBP with age
(Millecamps et al. 2011, 2012). In most successfully established discogenic models,
bilateral mechanical and thermal pain is measurable. Markers of disk damage, cyto-
kine levels, and changes in locomotion are also valuable assessments for the sever-
ity of disk damage (Shi et al. 2018).

Radicular pain is a form of back pain often described as radiating down the spine,
low back, hips, and/or upper legs. It can but does not always occur alongside disco-
genic back pain; other causes include stenosis or cancer metastasis (Knezevic et al.
2021). Some models use an inflammation-driven approach to model radicular pain.
The IVD is filled with nucleus pulposus (NP), a shock-absorbing jelly made of
water and collagen. NP elicits a strong immune response if it escapes the disk. NP
application to the epidural space of rats can produce inflammation-driven mechani-
cal hypersensitivity after 1-2 weeks (Kawakami et al. 1996). Along similar lines,
depositing zymosan (in incomplete Freund’s Adjuvant) in the epidural space sur-
rounding the L5 DRG of rats has been shown to cause bilateral mechanical hyper-
algesia and allodynia (Xie et al. 2006).

3.6.8 Inflammatory Pain Models: Responses
to Anti-inflammatory Treatments

Intuitively, anti-inflammatory treatments typically perform well against inflamma-
tory pain models (Table 3.1). The biphasic formalin model provides an interesting
test case. The first phase is not affected by non-steroidal anti-inflammatory drugs
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Table 3.1 Efficacy of important treatment types in the classical pain models

38

Pain model NSAIDs | Minocycline | Steroids | SPMs ipnhibitor References

Acute inflammatory pain

Formalin - - - ++ - Cho et al. (2006), Fan

(phase 1) et al. (2018), and Xu
etal. (2010)

Formalin ++ ++ +++ +++ |+ Cho et al. (2006), Fan

(phase 2) et al. (2018), and Xu
etal. (2010)

Capsaicin ++ +/— 7 7 7 Joshi et al. (2006)

Carrageenan ++ + ++ +++ | ++ Bang et al. (2018) and
Bastos et al. (2007)

Zymosan ++ + ++ ++H+ |+ Bang et al. (2018) and
Bastos et al. (2007)

Chronic inflammatory pain

CFA ++ ++ ++ +++ |+t Jietal. (2002) and
Serhan and Levy (2018)

OA ++ 77 ++ +++ [+ Brown et al. (2008) and
Zaninelli et al. (2021)

RA +/— 7? 7? +++ | 7? Serhan and Levy (2018)

LBP + 77 ++ 7 7?7 Cornefjord et al. (2002)

(inflammatory) and Ibrahim et al.
(2018)

Neuropathic pain

CCIl—Early ++ +t ++ +++ |+ Clatworthy et al.

phase (1995), Parisien et al.
(2022), and Xu et al.
(2013b)

CCI—Late phase | +/— + +/— + +/— Medeiros et al. (2020),
Parisien et al. (2022),
and Xu et al. (2013a)

PSNL—Exarly ++ +4++ ++ +++ |+ Ma et al. (2002)

phase

PSNL—Late +/— + +/— +++ | +/— Ma et al. (2002)

phase

SNL—Early ++ +++ ++ +++ |+ Liet al. (2007)

phase

SNL—Late - + +/— +++ | +/— Xu et al. (2013b)

phase

SNI—Early ++ +++ ++ ++ ++ Lee et al. (2010) and

phase Sorge et al. (2015)

SNI—Late phase | — + - 77 - Sorge et al. (2015)

Neuropathic + 27? ++ 7? 7? Gu et al. (2007)

radiculopathy

SCI + ++ 7? U+ 7? Schmidt et al. (2021)

(generalized)

(continued)
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Table 3.1 (continued)

38
Pain model NSAIDs | Minocycline | Steroids | SPMs ipnhibitor References
TBI +/? +/? 7? ++/7 | +/? Lew et al. (2006)
(generalized)
CIPN + + 7?7 ++ + Starobova et al. (2019)
DPN + ++ 7?7 ++ ++ Zychowska et al. (2013)
Postoperative pain
Paw-incision + +/— 7?7 +++ |72 Huang et al. (2013), Ito
et al. (2009), and
Whiteside et al. (2004)
Tibial fracture + ++ 7 ++ + Cottrell et al. (2009)
Thoracotomy 7? 7? 7 ++ 7 Wang and Strichartz
(2017)
Visceral pain
Acute colonic + 7?7 7?7 77 7?7 Baskin et al. (2016)
Chronic colonic | — ++ 7? 77 7? Kannampalli et al.
(2014)
Bone cancer pain
Early phase + ++ 7 7 ++/?7 Song et al. (2016)
(generalized)
Late phase - + 7 7 7 Pacharinsak and Beitz
(generalized) (2008)

+++, very highly effective; ++, highly effective; +, effective; +/—, mixed results; —, ineffective;
72, unknown; +/?, extrapolation based on studies that reported non-pain endpoints

(NSAIDs) or steroids, but both treatments can prevent second-phase pain (Hunskaar
and Hole 1987). NSAIDs often drop in efficacy, however, against chronic inflamma-
tory conditions such as low back pain. Steroids such as dexamethasone have also
proven effective in these models. Strikingly, however, recent data suggest that
despite inhibiting the inflammatory response by way of NSAIDs or dexamethasone
improving short-term pain outcomes, these treatments lead to remission of sympto-
mology and worsened long-term outcomes in mice by blocking neutrophil invasion
(Parisien et al. 2022). Further investigation into this phenomenon is of critical
importance as NSAIDs remain in high use.

Immune modulators are quite efficacious against inflammatory pain, but with
some caveats. Inhibition of spinal p38 mitogen-activated protein (MAP) kinase pre-
vents the second phase of formalin-induced pain just as an NSAID might—but only
in male mice (Taves et al. 2016). Minocycline, an inhibitor of microgliosis, also has
a sex-dependent effect on inflammatory pain; male CFA mice treated with minocy-
cline saw almost triple the reduction in nocifensive behavior that females did (Sorge
et al. 2015).

Special pro-resolution mediators (SPMs) have shown significant effects against
inflammatory pain. Resolvins such as RvD1 and RvEI outperform morphine in the
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formalin test at 1/100th the dose; these effects have been repeated in other models
(Serhan and Levy 2018; Xu et al. 2010). The other two families of SPMs, protectins
and maresins, have also become attractive targets for treating acute inflammation
(Bang et al. 2018; Serhan et al. 2015).

3.7 Animal Models of Neuropathic Pain

Neuropathic pain is caused by a disease or lesion to the somatosensory system
(Jensen et al. 2011; Woolf and Mannion 1999), the sources of which can be quite
diverse. Symptoms of neuropathic pain are both positive and negative; the gain of
pain signaling is often accompanied by a loss of function or other sensations in the
affected tissues (Colloca et al. 2017). Neuropathic pain models cause inflammation,
but, unlike the inflammatory models discussed above, this inflammation is second-
ary to direct nerve damage (Fig. 3.6). Nerve injury causes a loss of signaling from
the damaged primary sensory neurons coupled with hypersensitivity of the remain-
ing first-order neurons. Typically, second-order spinal neurons become hyperactive
soon after, a phenomenon termed “central sensitization” (Ji et al. 2003; Woolf 1983).

The nerves innervating the hindlimb are often chosen for nerve injury models
due to the convenience of unilateral paw testing for pain. This is not without cost;
the field’s intense focus on this region does not reflect the distribution of nerve inju-
ries in patients. Neuropathies, spinal cord injuries, and traumatic brain injuries
(TBIs) can also cause neuropathic pain (Fig. 3.7a).

3.7.1 Chronic Constriction Injury (CCI) Model (Aka
the Bennett Model)

The chronic constriction injury (CCI) model of neuropathic pain was first estab-
lished in rats (Bennett and Xie 1988) (Fig. 3.7a). A small region of the sciatic nerve
proximal to its trifurcation is tied loosely, or “constricted,” by three or four ligatures
with about 1 mm of spacing in between. The CCI model induces thermal and
mechanical hyperalgesia as well as cold and mechanical allodynia. These changes
in sensitivity to stimuli start approximately 3—7 days post operation and typically
last a minimum of 7-10 weeks (Bennett and Xie 1988). A noticeable limp, ventro-
flexed toes, and overgrown claws on the injured side are also observed. In addition,
CCI may cause weight loss, muscle atrophy, hindpaw guarding, and autotomy.
Recently, the CCI model has gained in popularity (Sadler et al. 2021). The incom-
plete loss of innervation to the hindpaw makes this model particularly useful because
some degree of sensation is preserved in all plantar regions. The pain induced in this
model may not be as severe as in models that completely damage at least one nerve.
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3.7.2 Partial Sciatic Nerve Ligation Model (or Seltzer Model)

The partial sciatic nerve ligation (PSNL) model was developed in 1990 (Seltzer
et al. 1990) and first established in mice later that decade (Malmberg and Basbaum
1998). Like the CCI model, the sciatic nerve is exposed and damaged without com-
plete transection (Fig. 3.7a). Instead of tightly constricting a region, however, PSNL
is established at a single point by ligating the nerve to 1/3 to 1/2 of its original diam-
eter. PSNL causes marked mechanical allodynia and hyperalgesia as well as thermal
hyperalgesia and cold sensitivity (Seltzer et al. 1990). Symptoms onset as soon as
an hour post operation and can last for months (Seltzer et al. 1990); mechanical pain
reportedly outlasts thermal pain (Malmberg and Basbaum 1998). A shifting of
weight onto the uninjured side and spontaneous licking of the injured paw and limb
is noticeable as well. Unlike some other models, contralateral pain may occur,
although it is not always reported to. The PSNL model has been a mainstay of neu-
ropathic pain research since its establishment. The damage caused by the ligature
does not affect any fiber type preferentially, perhaps more consistent with nerve
injury caused by blunt trauma. The pain resulting from PSNL is typically more
intense and more lasting than CCI.

3.7.3 Spinal Nerve Ligation (SNL) Model (or Chung Model)

The spinal nerve ligation (SNL) model, first developed by Kim and Chung in 1992,
involves ligation of the L4 and L5 spinal nerves that connect the sciatic nerve to
individual DRG (Kim and Chung 1992) (Fig. 3.7a). The sciatic nerve branches into
the L4, L5, and L6 spinal nerves as it approaches the spinal cord, but damage to the
L4 spinal nerve has been found to cause motor deficits and reduced mechanical
sensitivity, rendering the model unusable (Kim and Chung 1992). The initial rat
model ligated the L5 and L6 nerves; a modified SNL model was developed later in
which only the L5 nerve is ligated with similar results (Kawasaki et al. 2008; Tanga
et al. 2005). Mechanical allodynia begins 12-20 h postoperatively and persists for
months without improvement (Kim and Chung 1992). Thermal hyperalgesia begins
roughly 3 days postoperatively and lasts for over 5 weeks. Animals avoid placing
weight on the injured side and display hindpaw guarding; there is no obvious autot-
omy, a self-mutilation behavior typically seen after complete transection of the sci-
atic nerve (Ji et al. 1994). Using the L5-SNL model, a sequential activation of ERK
signaling pathway in neurons (within minutes to hours), microglia (within days),
and astrocytes (within weeks) of the spinal cord was shown to regulate neuropathic
pain in the early and late phases (Zhuang et al. 2005). A variation has been estab-
lished in which LS5 is partially ligated ala PSNL, resulting in analogous symptoms
but spontaneous, slow recovery over weeks 4-8 (Guan et al. 2010). While SNL is
more standardized than PSNL or CCI, a total ligation of a single spinal nerve is
exceedingly unlikely in real-world situations.
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3.7.4 Spared Nerve Injury Model

The spared nerve injury (SNI) model, first developed in 2000 (Decosterd and Woolf
2000), is similar in approach to SNL but targets the distal branches of the sciatic
nerve. Classically, the common peroneal and tibial nerves are transected, leaving the
sural nerve intact (Fig. 3.7a). Variations have since been established in which other
combinations of one or two of the sciatic nerves’ branches are transected (Bourquin
et al. 2006; Shields et al. 2003). Taken together, these models have gained signifi-
cant popularity in the pain field and may soon be the most common nerve injury
paradigm. SNI causes mechanical allodynia and hyperalgesia developing within
hours to a few days and peaking approximately 2 weeks after operation. This model
is long lasting; rats can experience pain for over a year and may never recover
(Decosterd and Woolf 2000). Altered gait, spontaneous paw withdrawal, and cold
allodynia are observed. Heat allodynia was not found in the initial model (Decosterd
and Woolf 2000); reports differ depending on which nerve branch is spared
(Bourquin et al. 2006; Pertin et al. 2012; Shields et al. 2003). No variation produces
autotomy or a mirror image effect (Bourquin et al. 2006; Decosterd and Woolf
2000). Care must be taken to avoid contact with the nerve branch intended to be
spared; if all three branches are injured, leg paralysis can occur, rendering the model
useless. Animals also lose much of their receptive field; experience and care is nec-
essary to assess only the area retaining sensation during behavioral testing.

A PubMed search (1990-2020) for the CCI, PSNL, SNL, and SNI nerve injury
models reveals significant increases in the applications of these rodent models of
neuropathic pain in the last three decades. The past 10 years especially have seen
remarkable increase in the citations of the CCI and SNI models (Fig. 3.7b).

3.7.5 Infraorbital Nerve Branch Chronic Constriction
(IoN-CCI) Model

This orofacial neuropathic pain model is similar to CCI of the sciatic nerve but tar-
gets a branch of the trigeminal facial nerve (Vos et al. 1994) (Fig. 3.7¢). It is typi-
cally performed in rats, but recently a mouse model has been pioneered with good
success despite the smaller scale (Castro et al. 2017). A Harvard group has reported
a more convenient method that instead ligates the distal [oN (“dloN-CCI”) through
a facial incision near the cheek pad (Ding et al. 2017). [oN-CCI causes mechanical
allodynia and heat hyperalgesia in the region innervated by the injured IoN (Vos
et al. 1994). The onset of mechanical hypersensitivity begins after a 6—12-day
period of hyperresponsivity post operation (Deseure and Hans 2015; Vos et al.
1994). This latent period contrasts with many classical rat nerve injury models
(Bennett and Xie 1988; Decosterd and Woolf 2000; Kim and Chung 1992; Seltzer
et al. 1990). Heat hyperalgesia appears to onset sooner, at around 4 days postopera-
tively (Imamura et al. 1997). In rats, symptoms can last as long as 120 days (Deseure
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and Hans 2015). While ipsilateral responses are more frequent, contralateral hyper-
sensitivity to both heat and mechanical stimuli has also been observed. Spontaneous
pain behavior occurs and can be quantified in the form of increased grooming of the
referred facial region, beginning as soon as recovery from anesthesia. Significant
weight loss is observed, perhaps mainly due to pain when eating (Imamura et al.
1997; Vos et al. 1994). Time spent feeding has itself been reported and correlated to
treatment response. The mouse grimace scale has been validated in both mouse and
rat JoN-CCI models (Akintola et al. 2017).

3.7.6 Models of Neuropathic/Radicular Low Back Pain

Not all models of low back pain are driven by inflammation; others approximate
stenosis and other compression-related radiculopathies by surgically damaging the
DRG and/or nerve root. In one method, termed chronic compression of the DRG
(CCD), a stainless steel rod is inserted such that it continually presses against the L5
DRG (Fig. 3.7d). This leads to lasting unilateral mechanical and thermal hypersen-
sitivity (Hu and Xing 1998). Application of loose ligatures to the DRG nerve root
causes shorter-term radiculopathy characterized by initial motor dysfunction,
mechanical hypoalgesia, and thermal hypersensitivity (Kawakami et al. 1994).

In addition to peripheral nerve injury, damage to the spinal cord and certain brain
regions will also cause neuropathic pain, which can be termed “central neuropathic
pain” (Fig. 3.8).

3.7.7 Spinal Cord Injury Models

The need for effective spinal cord injury (SCI) treatments expands beyond pain
therapy. Still, pain occurs in roughly two-thirds of SCI patients and can be both
severe and persistent (Siddall and Loeser 2001; Van Gorp et al. 2015). In the SCI
models in which it has been characterized, pain typically develops caudally to the
injured spinal cord segment (Hutchinson et al. 2004) (Fig. 3.8A). Alongside typical
assays used to quantify neuropathic pain, SCI rodents can also be assessed for indi-
cators of injury severity such as the blood-brain barrier (BBB) (Basso et al. 1995)
and the ladder rung test (Metz and Whishaw 2009). Of note, nearly all pain research
on SCI is performed in rats. The scale of the mouse spinal cord may not be prohibi-
tive but is certainly inhibitive.

The first characterization of pain in an animal model of pain found that experi-
mental ischemia of the spinal cord caused significant allodynia (Hao et al. 1991).
This model is established by intravenously injecting rats with a fluorescein dye then
immediately irradiating the exposed T10 vertebrae, destroying vascular innervation
to the target region and, as a result, causing substantial but localized damage to the
dorsal spinal cord. Contusion models apply a targeted blunt force to a region of the
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Fig. 3.8 Central neuropathic pain models: (a) spinal cord injury (SCI) models; and (b) traumatic
brain injury (TBI) models

spinal cord, both rupturing blood vessels and directly damaging nervous tissues.
The aptly named “weight-drop”” model was developed by Allen in 1911; two mod-
ernized setups, the “New York University (NYU) impactor” (Gruner 1992) and the
“Ohio State injury device” (Bresnahan et al. 1987), remain in use. Pain following
contusion SCI was reported in 1995 when it was shown that rats with moderate SCIs
caused by shorter weight-drop distance and characterized by a return of motor func-
tion after several weeks had more severe mechanical allodynia than rats receiving
sham or severe SCI (Siddall et al. 1995). Compression SCIs are modeled by apply-
ing a fixed force clip to the exposed spine and causing mechanical allodynia lasting
at least 4 weeks (Bruce et al. 2002). Some animals appeared to lose motor function
below the site of injury; these animals did not have allodynia in the hindpaws but
hypersensitivity was still measurable above the level of the compressed region. The
static compression SCI model operates similarly; a 35 g weight placed onto the
exposed dura of an anesthetized rat for 5 min causes prolonged mechanical hyper-
sensitivity after a short period (1+ days) of hypoalgesia (Yu et al. 2013). Surgical
hemisection (removal of a lateral half) of the spinal cord at the T13 level causes
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bilateral pain and unilaterally impacted motor function (Christensen et al. 1996).
Motor deficits partially recover over the first month; mechanical and thermal pain
persist for at least 50 days. Hindpaw ipsilateral pain appears within days and may
be milder than contralateral pain, which onsets almost immediately. Forepaws
exhibit comparable symptoms but with a more gradual onset. A complete transec-
tion model at T13 (removal of the dorsal half) causes mechanical hypersensitivity in
the hindpaws, but not the forepaws. This is in contrast to the multi-level symptoms
caused by hemisection (Densmore et al. 2010; Scheifer et al. 2002). SCI can also be
induced chemically. Intraspinal injection of the potent o-amino-3-hydroxy-5-
methyl-4-isoxazole propionic acid (AMPA) agonist quisqualic acid into the dorsal
horn causes SCI via excitotoxicity marked by ongoing pain, mechanical allodynia,
and thermal hyperalgesia (Yezierski et al. 1998). This pain occurs bilaterally even
after unilateral dorsal horn damage and endures without recovery for at least
5 weeks and very likely longer. A host of other models for SCI exist, which are not
yet thoroughly characterized in the pain field (Cheriyan et al. 2014).

3.7.8 Traumatic Brain Injury (TBI) Models

Traumatic brain injury (TBI) is defined as brain damage caused by external mechan-
ical forces (Xiong et al. 2013). Common symptoms of TBI include light sensitivity,
blurred vision, cognitive deficits, and post-traumatic headache, the last of which
often persists well over a year after the injury and can be debilitating (Dikmen et al.
2010). Unlike SCI, many TBI models have been established in mice (Fig. 3.8b).
Non-pain assays of the severity of TBI and/or the efficacy of treatment include but
are not limited to measures of cerebral edema, of tissue damage (Elliott et al. 2008),
and the assessment of blood brain permeability with Evans Blue (Goldim et al. 2019).

In the controlled cortical impact model of TBI, an impactor strikes the exposed
brain at a perpendicular angle (Dixon et al. 1991). TBI causes periorbital mechani-
cal allodynia lasting up to 4 weeks and increased photosensitivity (Daiutolo et al.
2016; Elliott et al. 2012), a sign of headache pain (Recober et al. 2009). The fluid
percussion injury (FPI) model is established via rapid injections of saline into the
brain, substantially increasing intracranial pressure (Mclntosh et al. 1987, 1989).
Unilateral injections have been shown to induce contralateral mechanical allodynia.
Hindpaw allodynia resolves in days to weeks, but periorbital Von Frey testing found
mechanical allodynia lingering as late as 60 days after injury (da Silva Fiorin et al.
2018). Repetitive closed-skull TBI uses a stereotaxic impact device similar to the
one used for FPI, but delivers blunt force (Shitaka et al. 2011). A direct blow is
delivered to the head of the anesthetized animal; the same injury is repeated 24 h
later. This model produces mechanical hypersensitivity, increased nocifensive
behavior after capsaicin injection, and affects measures of learning and memory;
these effects are compounded by peripheral trauma (Sahbaie et al. 2018). Many
other TBI models exist, which are yet to be studied in a pain context.



3 Animal Models of Pain and Anti-inflammatory Treatments 69

A. s B. = clﬁ -
AP D Cwmasg’ 9

,, P, )y,

DUN

St
NOD Mice

~n

Paclitaxi

Oxaliplatin

DN

Low dose STZ Leptin pathway

7%

Vincristine
Ins2+/Akita

Cisplatin mouse

. | Bortezomib

BB/Wor rat

Fig. 3.9 Neuropathic pain models induced by drugs, toxins, and/or transgenic alteration: (a)
chemotherapy-induced peripheral neuropathy (CIPN) models; (b) painful type I diabetic neuropa-
thy models; and (c) painful type II diabetic neuropathy models

Apart from physical injuries to the peripheral and central nervous systems, neu-
ropathic pain can also be induced by drugs, toxins, and a high-fat diet (Fig. 3.9).

3.7.9 Chemotherapy-Induced Peripheral Neuropathy (CIPN)

Chemotherapy-induced peripheral neuropathy (CIPN) is a serious side effect faced
by 30-40% of patients receiving neurotoxic chemotherapies; for many of these
patients, neuropathy persists after treatment cessation (Staff et al. 2017). Several
kinds of neurotoxic chemotherapies have been used to model CIPN (Fig. 3.9a).
Early studies of CIPN delivered paclitaxel (PTX) sub-epineurally to the sciatic
nerve of rats (Roytta and Raine 1985). Intraperitoneal delivery was characterized
later (Cavaletti et al. 1995) and remains commonly utilized today as it combines
convenience and systemic treatment (Currie et al. 2019). PTX remains the most
commonly reported agent, but the platinum-based compounds cisplatin and oxali-
platin, the vinca alkaloid vincristine, and the protease inhibitor bortezomib have
also been thoroughly characterized as inducers of CIPN, and further varieties have
been reported (Currie et al. 2019). Perhaps the most commonly utilized model is
four 2 mg/kg doses of PTX delivered intraperitoneally every other day (Flatters and
Bennett 2004). In rats, pain lingers for at least 3 months, with the severity of evoked
pain response peaking approximately 3—4 weeks.

After the series of injections conclude, pain typically onsets rapidly. A typical
CIPN model causes mechanical, heat, and, when assessed, cold hypersensitivity/
hyperalgesia, all in a dose-dependent manner (Currie et al. 2019). Intravenous
application better recapitulates chemotherapy treatment and may be underutilized
by the field (Hoke and Ray 2014).
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3.7.10 Type I (T1) Diabetic Peripheral Neuropathy
(DPN) Models

In short, type I diabetes mellitus (TIDM) is caused by the loss of insulin-secreting
B-cells that reside in the islet of the pancreas. Streptozotocin (STZ), a toxin with
homology to glucose, is preferentially taken up by and ablates this population
(Furman 2015) (Fig. 3.9b). A single high dose of STZ delivered intraperitoneally
recapitulates severe T1DM, including painful neuropathy (Courteix et al. 1993).
Mice develop mechanical hypersensitivity and thermal hyperalgesia within 4 weeks
(Johnson et al. 2008). A multiple low-dose treatment is less toxic and marked by a
more reminiscent T1DM phenotype (Kolb 1987), but many of these rodents never
develop DPN (O’Brien et al. 2014). As a result, pain scientists continue to use the
single high dose model.

Several genetically altered strains of rodent develop spontaneous T1DM along
with varying degrees of DPN. In non-obese diabetes (NOD) aged 4—-8 weeks, T- and
B-cells attack pancreatic islet cells and diabetes onsets most typically around
3—4 months; 80% of females and 20% of males go on to develop diabetes (Delovitch
and Singh 1997). Thermal hyperalgesia is present in these diabetic animals as early
as 8 weeks (Gabra and Sirois 2005), but there is little other evidence pointing to a
DPN phenotype. Contrastingly, the Ins2+/Akita mouse strain rapidly develops
severe neuropathy resulting in mechanical and thermal hypoalgesia (Vastani et al.
2018). BB/Wor rats develop diabetes at ~10 weeks of age, resulting in a neuropathy
characterized by slowed nerve conduction velocities (Sima et al. 2001); pain pheno-
types in this model are not well characterized.

3.7.11 Type II (T2) Diabetes Diabetic Peripheral Neuropathy
(DPN) Models

T2DM develops gradually as a result of declining insulin sensitivity. Ten years after
diagnosis with T2DM, 42% of patients in a Dutch cohort developed neuropathy
(Partanen et al. 1995). Overfeeding rodents with a high-fat diet leads to T2DM,
obesity, and painful neuropathy (O’Brien et al. 2014; Obrosova et al. 2007).
Interestingly, a diet rich specifically in omega-6 poly-unsaturated fatty acids caused
marked painful neuropathy without causing obesity or the metabolic signatures of
T2DM (Boyd et al. 2021). Other models combine a high-fat diet with a low-dose
STZ (Fig. 3.9¢). Two weekly doses of 30 mg/kg STZ produced painful neuropathy
in 85% of rats tested (Zhang et al. 2008); another protocol uses 3 weeks of high-fat
diet followed by a single injection (Furman 2021). Transgenic approaches to T2DM
center around two mouse strains with mutations in the leptin pathway. Ob/ob mice
have inactive leptin while db/db mice have a mutation in the leptin receptor. These
mice readily develop obesity, diabetes, and neuropathy (O’Brien et al. 2015;
Sullivan et al. 2007).
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3.7.12 Responses to Anti-inflammatory Treatments
in Neuropathic Models

Unlike inflammatory pain, NSAIDs are understood to be mostly or entirely ineffec-
tive against chronic neuropathic pain (Moore et al. 2015) (Table 3.1). In animal
models, some benefit can be found early in pain development, but efficacy quickly
diminishes. Further, the usage of NSAIDs in centralized pain disorders, especially
TBI, must be considered carefully. Some studies have suggested that chronic
NSAID treatment can worsen cognition in the TBI setting (Browne et al. 2006).
Steroid treatments have been recognized as effective against early-stage neuropathic
pain (Scholz et al. 2008). Just as with inflammatory pain, however, new data are
calling into question the long-term benefit of this short-term anti-inflammatory-
mediated hypoalgesia (Parisien et al. 2022).

Separately, immunomodulatory treatments have been shown to maintain greater
efficacy in these models in early phases. Inhibition of spinal p38 MAP kinase is
effective against nerve-injury-induced mechanical allodynia in male rodents (Ji and
Suter 2007; Taves et al. 2016). Minocycline pretreatment has been shown to greatly
reduce mechanical sensitivity after the sciatic nerve was directly treated with zymo-
san (Ledeboer et al. 2005)—but this was only performed in male rats. The important
discovery would later be made that minocycline treatment is only effective against
SNI-induced pain in males (Sorge et al. 2015). The extent and origin of sex differ-
ences to immunomodulatory treatments is still a matter of scientific discourse.

SPMs have been emerging as promising candidates for the treatment of neuro-
pathic pain. For example, resolvin El is able to transiently reverse hypersensitivity-
established neuropathic pain models (Xu et al. 2013a), while neuroprotectin D1
potently protects against CCI-induced neuropathic pain and causes transient rever-
sal when given intrathecally after establishment (Xu et al. 2013b).

3.8 Other Animal Models of Pain

3.8.1 Animal Models of Visceral Pain

Visceral pain arises from internal organs innervated by sensory neurons. This pain
can be diffuse, referred from other sites, and is often accompanied by other symp-
toms such as nausea (Cervero and Laird 1999). The study of visceral pain is a field
in its own right and of critical clinical importance. Numerous animal models have
been used to study visceral pain; only some are covered here (Fig. 3.10a).

The colonic distension model creates visceral bowel pain. Simply, a balloon is
inserted into the animal’s colon and slowly inflated with water to a pre-specified
pressure, causing distension. Animals exhibit measurable pain-like behaviors, but
because of the location of the injury, typical pain testing is not well suited for detect-
ing this phenotype. Instead, pain can be tested with visceromotor response (VMR)



72 A. McGinnis et al.

A : Air-
Irritants/ A
Immmgsns
51( —
- -
e 4

L
ath e =y ]
= PECT -

Cancer Cells:

Allograft
(same
species)

Xenograft
(@ifferent
species)

Fig. 3.10 Animal models of visceral pain, postoperative pain, and cancer pain: (a) two models of
irritable bowel syndrome (IBS) visceral pain; (b) plantar incision model for postoperative pain; (c)
tibial fracture model of postoperative pain; (d) thoracotomy model of postoperative pain; and (e)
bone cancer pain model

(contraction of abdominal musculature) as well as blood pressure, heart rate, and
passive avoidance (Moloney et al. 2015). In rats, abdominal withdrawal reflex
(AWR) is a well-validated method of testing pain in the injured region. Animals are
briefly anesthetized before an inflatable balloon is inserted into the colorectum. The
balloon is slowly inflated, during which time the animal’s reactions can be recorded
(O’Mabhony et al. 2012). Other common visceral pain models are established by
delivering an irritant such as mustard oil or capsaicin to the colon via anal cannula-
tion (Laird et al. 2001). Like the formalin model of inflammatory pain, animals typi-
cally experience a biphasic response. First, receptors such as TRPA1 are bound by
the irritant and cause acute pain, then second-order neurons become hypersensitized
and cause referred pain in the abdominal region. This referred pain can be powerful
and widespread. Many other models, such as stress-induced visceral pain, exist out-
side the purview of this chapter (Moloney et al. 2015).
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3.8.2 Animal Models of Postoperative Pain

Developed in 1996, the incisional pain model (Brennan et al. 1996) (Fig. 3.10b),
also referred to as Brennan’s model, causes only transient pain in the region sur-
rounding a cut made on the plantar paw. Immediately afterward, the incision itself
and a notable radius around it become intensely sensitive to mechanical and thermal
stimuli and animals display signs of spontaneous pain. Recovery typically begins
within half a week and animals return to baseline sensitivities after a mean of 5 days.
Notably, p38 MAP kinase inhibitor is effective in reducing mechanical pain in this
model by inhibition of microglial activation in the spinal cord (Wen et al. 2009).
Contrastingly, the tibial fracture model produces intense and durable pain
(Fig. 3.10c). Animals are anesthetized, and tibia fracture of the left hindleg is con-
ducted using pliers with an adjustable stop (Guo et al. 2004). Mechanical allodynia
and hyperalgesia begin immediately and last an average of 20 weeks in rats. Notably,
anti-inflammatory treatments, such as anti-IL-1f antibody, are effective in reducing
mechanical pain in the late phase in this model (Wei et al. 2016). Intrathecal injec-
tion of SPMs (neuroprotectin D1, maresin 1, and resolvins D1 and D5) each can
transiently reverse mechanical pain in this fracture model (Zhang et al. 2018). Tibial
fracture is also used for the study of chronic regional pain syndrome (CRPS).
Thoracotomy, a surgical procedure that grants access to the thoracic cavity by incis-
ing an opening between two ribs, is a common cause of postoperative pain (Kehlet
et al. 2000). A rodent model causes mechanical and thermal sensitivity in the major-
ity of animals, beginning within 10 days of the procedure and lasting months after
symptoms develop (Buvanendran et al. 2004; Wang and Strichartz 2017). An inci-
sion is made between the fourth and fifth ribs, the intercostal muscles between these
ribs cut, and a retractor placed to hold the ribs apart for 60 minutes (Fig. 3.10d). To
test pain in this model, Von Frey filaments, acetone, or other stimuli can be applied
to the rib region and the animal’s scratching and withdrawal responses recorded.

3.8.3 Cancer Pain Models

Cancer pain animal models can be established in three primary ways (Pineda-Farias
et al. 2020). Transplant models, which are by far the most numerous and best stud-
ied to date, are established via injection of cancerous cells into a target tissue or the
circulatory system. Chemically induced cancer models deliver high doses of car-
cinogen either locally or systemically; tumors then develop sporadically. Finally, a
few transgenic mouse lines have been characterized that reliably develop tumors
and tumor-associated pain symptomology. Metastasis to the bone is the most com-
mon cause of cancer pain (Mercadante 1997). The first established cancer pain
model delivered an allograft of fibrosarcoma cells to the interfemoral cavity of mice
(Schwei et al. 1999). In 2002, a similar model was reported in rats using an allograft
of mammary gland carcinoma delivered intratibially. A host of similar models using
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a range of murine and human cancer cell lines have emerged targeting the femur,
tibia humerus, and calcaneus (commonly called the heel bone) (Fig. 3.10e). Taken
together, these models cause demonstrable mechanical hypersensitivity, heat hyper-
algesia, spontaneous pain, increased movement-evoked pain, and cold pain,
although the latter is less frequently reported (Currie et al. 2013).

Transgenic models of cancer pain currently rely on placing SV40 large T-antigen,
a known viral oncoprotein, into the genome under the control of a tissue type spe-
cific promoter. This strategy was first used to study pancreatic cancer in conjunction
with the addition of a rat elastase-1 promoter (Tevethia et al. 1997) to mice. C3TAg
mice express SV40 large T-antigen, a known viral oncoprotein, under the control of
a promoter active primarily in endothelial cells (Green et al. 2000). In both models,
pain reliably occurs after approximately 4 months, but at this point the disease has
typically progressed significantly (Lindsay et al. 2005).

3.8.4 Bacterial Infection Models

It is increasingly understood that nociceptors can sense and respond to danger-
associated molecular patterns (DAMPs), including common bacterial motifs
(Donnelly et al. 2020). Indeed, bacterial infections can cause pain (Chiu 2018). A
model of Staphylococcus aureus infection via intraplantar injection has been shown
to cause mechanical, thermal, and cold pain lasting 2—-3 days and peaking in severity
at 6 h (Chiu et al. 2013). Mechanical pain resolves more rapidly, but heat hyperal-
gesia can linger for a week (Blake et al. 2018).

3.8.5 Microbiota-Based Models

The so-called “Microbiota—Brain—Gut Axis” has also been shown to regulate pain
sensitivity in rodents (Russo et al. 2018). Germ-free mice have altered perceptions
of inflammatory pain (Amaral et al. 2008), and treatment of mice with oral antibiot-
ics has been shown to greatly reduce mechanical hypersensitivity via Von Frey test-
ing after CCI (Ding et al. 2021). On the other hand, gut microbiota is also critical
for the induction of chemotherapy-induced pain (Shen et al. 2017). The field of gut
microbiota and its relationship with pain is still developing, with few well-
characterized models. This is due in part to the complexity and individuality of any
single organism’s gut microbiome.
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3.9 Conclusion

Thanks to the extensive efforts and numerous careers invested into studying some of
the above models, we understand the causes, mechanisms, and possible treatment
options for inflammatory and neuropathic pain conditions better than ever before.
Despite this immense progress, however, relatively little has changed for chronic
pain patients. Research must go on, and animal models remain the best tool to
address this unmet need. New surprising discoveries are made every year; the find-
ing that anti-inflammatory drugs may worsen chronic pain under some circum-
stances (Parisien et al. 2022) is only one such example. With so many models and
ways to test them now available, more thought than ever ought to be invested into
ensuring the validity and translational relevance of animal research.
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Abstract Inflammation produces pro-inflammatory mediators for the induction of
pain. These mediators include inflammatory cytokines and chemokines, lipids, and
microRNAs. These inflammatory mediators bind respective receptors on nociceptor
terminals and cell bodies to trigger nociceptor activation and sensitization (periph-
eral sensitization). Inflammation also generates anti-inflammatory and pro-resolving
mediators (SPMs) for the resolution of acute pain. Notably, specialized pro-
resolving mediators (SPMs) such as resolvins produce potent inhibition of inflam-
mation and pain. A failure in SPM production and signaling and resolution of acute
pain will lead to acute pain to chronic pain transition.
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4.1 Introduction

Anti-inflammatory drugs can be divided into two categories: steroidal and nonste-
roidal. Steroidal or corticosteroid drugs include drugs such as dexamethasone, cor-
tisone, hydrocortisone, and betamethasone. These drugs contain corticosteroids, the
artificially synthesized counterparts of steroids that are naturally produced by the
adrenal cortex. Importantly, corticosteroids can produce glucocorticoid-like effects,
which inhibit inflammation and suppress the immune system. When corticosteroids
bind to the glucocorticoid receptor, the resulting signal transduction inhibits the
translation of certain inflammatory cells, thus reducing the production of pro-
inflammatory cytokines and chemokines (Liu et al. 2013). Due to their rapid and
broad-ranging effects, steroidal drugs are used to treat a variety of conditions,
including allergies, asthma, inflammatory bowel disease, lymphoma, rheumatoid
arthritis, systemic lupus erythematosus, and multiple sclerosis (Coutinho and
Chapman 2011; Liu et al. 2013). However, steroidal drugs also produce various
negative side effects, especially when used at high doses or over long periods of
time (60 days or more), which affect several body systems. For example, steroidal
drugs can cause immunosuppression, with high doses of corticosteroids resulting in
the inhibition of B-cell and T-cell production (Liu et al. 2013). These drugs can also
suppress the hypothalamic-pituitary-adrenal (HPA) axis, as the introduction of cor-
ticosteroids can result in decreased cortisol production. Moreover, corticosteroids
promote osteoclast activity, which can lead to an increase in bone fractures (Ericson-
Neilsen and Kaye 2014; Liu et al. 2013). Steroidal drugs can also negatively impact
the cardiovascular and gastrointestinal (GI) systems (Liu et al. 2013).

The second category of anti-inflammatory drugs is nonsteroidal anti-inflammatory
drugs (NSAIDs). NSAIDs are commonly used to treat conditions such as arthritis,
gout, muscle pain, and migraine (Shekelle et al. 2017). NSAIDs inhibit inflamma-
tion by inhibiting cyclooxygenase (COX), an enzyme that is essential for the con-
version of arachidonic acid into eicosanoids, which include thromboxanes,
prostaglandins, and prostacyclins (Vane 1971). COX consists of two isoenzymes,
COX-1 and COX-2. While COX-1 is constitutively expressed and important for the
maintenance of the gastrointestinal mucosa lining, COX-2 becomes highly induc-
ible following inflammation, and is especially responsible for prostaglandin E2
(PGE2), an important inflammatory mediator that can play a role in pain and inflam-
mation (Brigham et al. 2021; Malmberg and Yaksh 1995; Samad et al. 2001).
NSAIDs can be divided into two categories depending on whether they are nonse-
lective or COX-2-selective. The vast majority of NSAIDs, including diclofenac,
ibuprofen, ketoprofen, and naproxen, nonselectively inhibit COX-1 and COX-2.
Other NSAIDs are specifically COX-2-selective; these include celecoxib, rofe-
coxib, and valdecoxib. COX-2-selective NSAIDs are preferred over nonselective
NSAIDs, as they lower the risk of negative gastrointestinal effects (Chaiamnuay
et al. 2006; Sostres et al. 2010). NSAIDs may also be associated with cardiovascular
problems such as myocardial infarction and atrial fibrillation. In addition, NSAIDs
may exacerbate renal dysfunction, leading to renal problems that include fluid and
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electrolyte disorders, acute renal dysfunction, and renal papillary necrosis (Whelton
1999). NSAID toxicity can further cause hypertension, hepatotoxicity, and GI
bleeding (Rothenberg and Holcomb 2000).

A useful way to think about the effects of anti-inflammatory drugs is to visualize
the flow of inflammatory mediators toward the site of injury as a river. As more
immune cells gather downstream, they will release additional inflammatory media-
tors, which will build up the total level of mediators. This accumulation of media-
tors can be thought of as forming a reservoir. At a certain concentration, inflammatory
mediators will maintain normal levels of pain sensation. Once this concentration is
exceeded however, pain sensitization begins. The effects of opioids and local anes-
thetics can be thought of as a dam placed in the middle of the river. Without a certain
concentration of inflammatory mediators, pain sensations will be cut off altogether.
As mentioned above, this is a particularly dangerous scenario. The effects of
NSAIDs can be thought of as a dam placed at the mouth of the reservoir. It prevents
additional inflammatory mediators from joining the “river,” which prevents pain
sensitization while maintaining normal levels of pain sensation. This scenario is
ideal because physiologically beneficial acute pain remains, whereas harmful
chronic pain is prevented.

Inflammatory mediators, such as cytokines and chemokines, can induce pain as
pro-nociceptive mediators (Fig. 4.1). When pro-nociceptive mediators bind to
receptors on nociceptors (see Sect. 4.2), peripheral sensitization can occur. As such,
the release of large concentrations of inflammatory mediators may result in chronic
inflammation that contributes to chronic pain. Notably, cytokines and chemokines
use different types of receptors for pain signaling (Abbadie et al. 2009).

4.2 Nociceptors

Specialized sensory neurons called nociceptors sense pain by detecting noxious
stimuli (Gold and Gebhart 2010; Julius and Basbaum 2001; Woolf and Ma 2007).
German physiologist von Frey first suggested that pain in the skin originates from
nerve endings extending from the original nerve. Sherrington, an English physiolo-
gist, through his experiments stimulating the spinal reflex, first proposed the con-
cept of the “noci-receptor” (“noci” meaning injury in Latin), a primary sensory
nerve responsible for detecting harmful stimuli. Sherrington’s proposal led to the
search for the role of the afferent fibers (Ad- and C-fibers) in the dorsal root gan-
glion (DRG) and trigeminal ganglion (TG) in regulating primary sensory nerves in
the skin, muscles, joints, and GI tract. These fibers were shown to respond to injuri-
ous mechanical, thermal, and chemical stimuli. As such, the primary sensory nerves,
which convert harmful stimuli to electrical signaling (e.g., action potentials), are
referred to as nociceptors. In general, it is believed that thin afferent fibers including
myelinated AS-fibers and unmyelinated C-fibers are responsible for conducting fast
and slow pain responses, respectively. Ad-fiber-mediated fast pain responses are
defined by high-speed transmission, high specificity of location, and sharp pain;
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Fig. 4.1 Inflammation evokes pain via inflammatory mediators, their interactions with nociceptor
terminals, and peripheral sensitization. Tissue injury and infection cause inflammation, leading to
plasma extravasation and infiltration of immune cells to the inflamed tissue. The infiltrated and
resident immune cells include mast cells, macrophages, neutrophils, and T-cells. These immune
cells and keratinocytes release various inflammatory mediators, such as bradykinin, prostaglandins
(PGE2), proton (H*), adenosine triphosphate (ATP), and nerve growth factors (NGF), as well as
pro-inflammatory cytokines (tumor necrosis factor [TNF], interleukin [IL]-1p, IL-6, IL-17, and
IL-23) and pro-inflammatory chemokines (CCL2, CXCL1, CXCLS). Importantly, nociceptor neu-
rons express specific receptors for these inflammatory mediators, which activate their respective
receptors on nociceptor terminals. These receptors include G-protein-coupled receptors (GPCRs),
ionotropic receptors, and tyrosine kinase receptors. Upon activation of these receptors, several
second messengers such as Ca?* and cAMP are generated for the subsequent activation of several
kinases, such as mitogen-activated protein kinases (MAPKs; including extracellular signal-
regulated kinase [ERK], p38, and c-Jun N-terminal kinase [JNK]), protein kinases A and C (PKA,
PKC), calmodulin-dependent protein kinase (CaMK), and phosphoinositide-3 kinase (PI3K).
Following activation, these kinases cause hypersensitivity and hyperexcitability of nociceptor neu-
rons, termed as peripheral sensitization, through modulation of key ion channels, which include
transduction molecules such as transient receptor potential (TRP) ion channels A1 and V1 (TRPAL,
TRPV1, TRPV4) and Piezo-2 (a stretch-activated ion channel) and key conduction molecules such
as the voltage-gated sodium (Nav) channels Nav1.7, Nav1.8, and Nav1.9. Nociceptor neurons also
express functional toll-like receptors (TLRs; e.g., TLR3, TLR4, TLR7/TLR8), which can be acti-
vated by exogenous ligands (known as pathogen-activated molecular patterns [PAMPs], which
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C-fiber-mediated slow pain responses are defined by delayed transmission, low
specificity of location, and burning pain. Nociceptors have a great deal of molecular
and functional diversity in primary sensory neurons in dorsal root ganglion (DRG),
trigeminal ganglion (TG), and glossopharyngeal ganglion. Recent progress also
shows that in addition to noxious thermal, mechanical, and chemical stimuli, blue
light can artificially induce pain while green light may suppress pain when nocicep-
tors express light-sensing ion channels (Iyer et al. 2014; Ji et al. 2021).

The best-known marker for C-fiber nociceptors is from their response to capsa-
icin, an active component in chili peppers. A landmark discovery in the pain research
field was the identification of the capsaicin receptor TRPV1 (transient receptor
potential ion channel subtype V1) by a group of scientists from the University of
California, San Francisco (Caterina et al. 1997). This landmark discovery led to a
recent Nobel Prize for Physiology and Medicine (Ji and Lee 2021). TRPV1 is spe-
cifically expressed in C-fiber nociceptors and responsible for nociception, espe-
cially heat pain and inflammatory pain (Caterina et al. 2000). TRPAI1 (transient
receptor potential ion channel subtype Al) is also expressed by nociceptors and
activated by mustard oil (wasabi) and mediates pain by inflammatory mediators and
very cold temperature, while TRPMS is activated by mint and mediates cooling
sensation (Patapoutian et al. 2009; Bautista et al. 2007). Another ion channel, called
Piezo, discovered by Dr. Ardem Patapoutian’s group, mediates mechanical pain in
nociceptors (Kim et al. 2012) (Fig. 4.1). Dr. Patapoutian and Dr. David Julius shared
the 2021 Nobel Prize for Physiology and Medicine for their discovery of TRPV1
and Piezo proteins (Ji and Lee 2021).

Voltage-gated sodium (Nav) channels are critical for the initiation and propaga-
tion of action potentials in nociceptors, and, therefore, are the major targets of anal-
gesics, such as local anesthetics (Cummins et al. 2000; Bennett and Woods 2014;
Jiang et al. 2014; Brigham et al. 2021). So far, nine subtypes of sodium channels
(Navl.1-Nav1.9) have been identified; each subtype plays a distinct physiological
role and exhibits distinct expression patterns in DRG neurons. Nav1l.7-Nav1.9 are
mainly expressed in DRG nociceptors and contribute to the genesis of pathological
pain (Cummins et al. 2000; Waxman et al. 1999; Bao 2015; Pan et al. 2016; Amaya
et al. 20006) (Fig. 4.1).

Nociceptor classification has been greatly improved by single-cell RNA-
sequencing (RNA-seq) (Usoskin et al. 2015). Using transcriptional profiling analy-
sis at whole population and single-cell levels, Chiu et al. initially revealed molecular
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Fig. 4.1 (continued) include viral and bacterial components) and endogenous ligands (known as
danger-activated molecular patterns [DAMPs], such as RNAs/DNAs). Certain miRNAs (e.g., let-
7b) serve as novel pain mediators to activate nociceptors via TLR7, which is coupled with TRPA1
(Donnelly et al. 2020a). Bacterial infection (e.g., Staphylococcus aureus) can also directly activate
nociceptors and increases neuronal excitability via releasing bacterial N-formylated peptides (FPs)
and the formation of pore-forming toxin a-hemolysin (a-HL) (Chiu et al. 2013). Activation of
nociceptors also releases neuropeptide substances P and CGRP, which are involved in the genera-
tion of neurogenic inflammation. CGRP also negatively regulates lymphadenopathy after inflam-
mation. Notably, some cytokines such as IL-23 and CXCLS activate nociceptors via indirect
mechanisms. (Modified from fig. 1 of Ji et al. 2014; Springer Nature, authors copyright)
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diversity for six distinct groups of mouse DRG neurons (Chiu et al. 2014). Usoskin
et al. employed unbiased single-cell RNA sequencing (RNA-seq) and identified 11
types of mouse DRG neurons (~3600 genes per cell), which includes 6 principal
types of nociceptive neurons (Usoskin et al. 2015). Using high-coverage single-cell
RNA-seq (~11,000 genes per neuron), together with functional characterization, Li
et al. identified 10 main types and 14 subtypes of mouse DRG neurons (Li et al.
2016). Deep sequencing of eight DRG neuron subtypes using individual mouse
genetic lines revealed differentially expressed and functionally distinct genes in
nociceptor subtypes (Zheng et al. 2019). This approach demonstrates that nocicep-
tor neurons also express immune genes such as toll-like receptors (TLRs) (Donnelly
et al. 2020a, b).

4.3 Nociceptor Sensitization: Peripheral Sensitization

Some inflammatory mediators, such as bradykinin and endothelin, may be sufficient
to activate the peripheral nerve endings of nociceptors, which express the appropri-
ate receptors for these mediators to generate action potentials, leading to spontane-
ous pain. Most inflammatory mediators (e.g., PGE2), however, only change sensory
neuron sensitivity and excitability, without evoking action potentials. These changes
include early posttranslational changes in nociceptors termed “peripheral sensitiza-
tion.” Voltage-gated sodium (Nav) ion channels play a critical role in the initiation
and propagation of action potentials in excitable cells such as neurons and are the
major targets of analgesics (Cummins et al. 2000; Bennett and Woods 2014).

4.3.1 Role of Ion Channels

So far, nine subtypes of Nav (Navl.1-Nav1.9) have been characterized; each sub-
type has a distinct physiological role in sensory neurons and displays distinct and
overlapping expression patterns in DRG neurons. Importantly, Nav1l.7-Nav1.9 are
expressed by small nociceptive neurons in DRGs (Cummins et al. 2000; Waxman
et al. 1999; Amaya et al. 2006). Human genetic studies have revealed a pivotal role
of Nav1.7 in human pain sensation. Loss-of-function mutations in SCN9A, the gene
that codes for Nav1.7 in humans, result in a congenital inability to sense pain and
anosmia but have no effects on sensations of touch and temperature (Cox et al.
2006; Weiss et al. 2011). Conversely, gain-of-function mutations cause episodic
pain including primary erythromelalgia and paroxysmal extreme pain disorder
(Drenth et al. 2001; Fertleman et al. 2006). TRP channels, such as TRPV1, TRPA1,
and TRPV4 are expressed by nociceptor neurons and play crucial roles in peripheral
sensitization and the generation of pain (Moore et al. 2018).
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Nociceptor sensitization (peripheral sensitization) may be the most direct cause
of pain hypersensitivity and the most obvious target for pain therapeutics (Hucho
and Levine 2007). A unique feature of nociceptors is their high threshold for activa-
tion under the normal conditions. However, following inflammation or repeated
exposure to noxious stimuli, the nociceptor’s activation threshold dramatically
drops such that lower-intensity stimuli can now initiate activation (e.g., discharges)
in the nociceptors. This peripheral sensitization, which can be detected within a
very short period, is the result of changes either in the transduction receptor mole-
cules (e.g., TRP channels) themselves or in sodium channels in the nociceptor ter-
minal (Fig. 4.1). A change in the transducer molecule is best exemplified by the
capsaicin receptor TRPV 1, where repeated heat stimuli cause a progressively aug-
menting inward current through the ion channel, which can also be induced by
exposure to protons. The other key event of peripheral sensitization is phosphoryla-
tion of membrane-bound receptors/ion channels by enzymes. For example, many
inflammatory mediators activate either protein kinase A (PKA) or protein kinase C
(PKC); both have been shown to phosphorylate the tetrodotoxin-resistant (TTXr)
sodium channels (Nav1.8—1.9) and contribute to a greater sodium current in the
terminal and axon (Gold and Gebhart 2010; Woolf and Costigan 1999).

4.3.2 Transcriptional and Translational Regulation

Transcription (mMRNA expression) and translation (protein expression) are highly
regulated in the cell soma of sensory neurons. Inflammation results in an increase in
peripheral nerve growth factor (NGF) levels, and NGF is a key signal molecule for
many of the transcriptional and translational changes in sensory neurons (Ji et al.
2002; Nicol and Vasko 2007). Although transcription is not required for peripheral
sensitization, an increase in the substrate for such sensitization (e.g., TRPV1 and
Nav1.7-1.9) is very likely to amplify the phenomenon. Because of the delay (hours
to days for gene transcription) in the initiation of transcriptional changes in the
expression and transport of signaling proteins (NGF, TRPV1, and Navl.7-1.9),
such transcription-dependent augmentation can only occur many hours after inflam-
mation (Woolf and Costigan 1999).

While nociceptor sensitization typically refers to peripheral sensitization, it is
important to point out that nociceptors also project to the spinal cord and the tri-
geminal nucleus in the brain stem, and all the machinery for inducting peripheral
sensitization in the peripheral nociceptor terminals are also present in the central
terminals of nociceptors (Gold and Gebhart 2010). Thus, nociceptor terminals may
also contribute to central sensitization via presynaptic modulation in spinal cord
neurons. A recent study suggests that the Nav1.7 subtype of sodium ion channels in
the central terminal of a nociceptor may play a more important role in pain sensiti-
zation (MacDonald et al. 2021).
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4.3.3 Protein Kinase Signal Transduction Pathways

Protein kinase A and protein kinase C (PKA and PKC) play important roles in noci-
ceptor activation and peripheral sensitization by posttranslational regulation of
sodium channels (Nav1.8) and TRPV1 (Aley and Levine 1999; Bhave et al. 2003;
Gold and Gebhart 2010; Gold et al. 1998; Julius and Basbaum 2001). Mitogen-
activated protein kinases (MAPKSs) are crucial for several functions, including sig-
nal transduction, neural plasticity regulation, and inflammatory response. This
family of kinases has three primary members: extracellular signal-regulated kinases
(ERK), c-Jun N-terminal kinase (JNK), and p38 (Ji et al. 2009a). These kinases
represent three different signaling pathways. Increasingly, studies point to the
involvement of these three pathways in pain sensitization following tissue and nerve
injury, through both molecular and cellular mechanisms. Under a variety of chronic
pain conditions, phosphorylation (and thus activation) of MAPKSs results in persis-
tent pain hypersensitivity through both transcriptional and nontranscriptional regu-
lation. ERK activation in the spinal cord dorsal horn neurons regulates the activity
of glutamate receptors and potassium channels and induces gene transcription, thus
playing an indispensable role in central sensitization (Ji et al. 2009a, b). Following
nerve injury, ERK, JNK, and p38 are separately activated in spinal glial cells, result-
ing in pro-inflammatory/pro-nociceptive mediator synthesis, which enhances and
lengthens pain (Ji et al. 2009a, b). Inhibiting the MAPK pathways has been demon-
strated to diminish inflammatory and neuropathic pain in a variety of animal mod-
els, making MAPK pathways notable research targets for developing pain therapies.
However, while MAPK inhibitors can diminish allodynia and hyperalgesia in neu-
ropathic and inflammatory pain models, they do not diminish pain in basal condi-
tions. These results imply that MAPKs play a specific role in the production of
pathological pain after tissue and nerve injury. Early MAPK regulation studies
focusing on neuronal mechanisms after severe noxious stimulation and peripheral
tissue inflammation revealed that neuronal activation of MAPKSs in both nociceptive
primary sensory neurons and spinal cord dorsal horn neurons is critical to the pro-
duction of lasting peripheral and central sensitization (Ji et al. 1999, 2002; Dai et al.
2002). Furthermore, nerve injury and spinal cord injury (SCI) resulted in significant
MAPK activation in spinal cord glial cells (e.g., injuries in peripheral nerves and
spinal cord activated both p38 and ERK in spinal microglia) (Jin et al. 2003; Zhuang
et al. 2005). Nerve injury can also activate JNK in astrocytes (Zhuang et al. 2006).
Intriguingly, while nerve injury activates ERK in microglia within days (early-
phase), it takes weeks to activate ERK in astrocytes (late-phase) (Zhuang et al.
2005). Combined with increasing evidence that points to the crucial involvement of
glial cells in pain pathogenesis, it follows that the activation of MAPKSs in glial cells
is essential to the development of lasting neuropathic pain.
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4.4 Human Nociceptors

Recent progress in pain research has generated human nociceptors by reprogram-
ming fibroblasts; this amazing technique can recapitulate many aspects of human
disease phenotypes in vitro to model “pain in a dish,” which can accelerate the
translation of pain research from animals to humans (Wainger et al. 2015; Chang
et al. 2018). It is also worthwhile to mention that human and mouse nociceptors
have key differences in terms of gene expression and sensory function (Davidson
et al. 2014; Zhang et al. 2019; Tavares-Ferreira et al. 2022). Human genetic studies
have revealed a crucial role of Nav1.7 (coded by SCN9A) in human sensation of
pain. Loss-of-function mutations in SCN9A lead to a congenital inability to sense
pain and anosmia without affecting other sensations such as touch and temperature
(Cox et al. 2006; Weiss et al. 2011). By contrast, gain-of-function mutations result
in episodic pain such as primary erythromelalgia and paroxysmal extreme pain dis-
order (Drenth et al. 2001; Fertleman et al. 2006). It was found that compared to
mouse DRGs, human DRGs display higher expression ratio of Nav1.7 (Chang et al.
2018). Quantitative polymerase chain reaction (PCR) study of seven Nav subtypes
expressed by DRG revealed that the human DRG has higher expression ratio of
Navl.7 (~50% of total Nav expression) but lower expression ratio of Nav1.8 (~12%
of total Nav expression). In sharp contrast, the mouse DRG has higher expression
ratio of Nav1.8 (~45%) and lower expression ratio of Nav1.7 (~18%) (Chang et al.
2018). Consistently, Nav1.7 expression and function are enhanced in both rodent
and human DRG neurons by the chemotherapy drug paclitaxel (Chang et al. 2018;
Li et al. 2018), as well as in nociceptor neurons of neuropathic pain patients (Li
et al. 2018). Recent progress also demonstrates the expression of autism gene
SHANK3 in human sensory neurons including nociceptors, which has been impli-
cated in pain and touch dysregulation in autism patients (Han et al. 2016; Orefice
et al. 2019). Notably, as a scaffold protein, SHANK3 regulates the surface expres-
sion of TRPV in nociceptors. Partial knockdown of SHANK3 with siRNA blocked
the TRPV1 function in human DRG neurons (Han et al. 2016). Another example is
programmed death protein-1 (PD-1, encoded by PDCDI1), which is typically
expressed by immune cells. PD-1 is a notable target of immune therapy for treating
cancers (Topalian et al. 2012). Electrophysiological studies revealed that functional
PD-1 is present in human DRG neurons, and activation of PD-1 by its ligand PD-L.1
can powerfully silence human nociceptor firing. Thus, the PD-L1/PD-1 axis may act
as a novel pain modulatory system in humans (Chen et al. 2017). However, the dis-
tinction of the peptidergic and nonpeptidergic nociceptors in human DRG is not as
obvious as in mouse DRG (Shiers et al. 2020). The same is true for opioid receptor
subtypes in mouse and human nociceptors (Moy et al. 2020; Scherrer et al. 2009).
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4.5 Classic Inflammatory Mediators

The eicosanoids include arachidonic acid, which is the main component of mem-
brane phospholipids and one of the key substrates for eicosanoid synthesis.
Eicosanoids are biologically active mediators of inflammation and processed by
several enzymes, including 5-lipoxygenase (5-LOX for leukotriene and
5-hydroxyeicosatetraenoic acid), cyclooxygenases (COX for prostaglandins and
thromboxanes), and 12-lipoxygenase (12-LOX for 12-hydroxyeicosatetraenoic
acid). The 5-LOX is mainly created in myeloid immune cells, including mononu-
clear cells (e.g., lymphocytes) and polymorphonuclear leukocytes (e.g., neutrophils
and eosinophils), cells that play indispensable roles in immune responses during
inflammatory reactions. Notably, however, 5-LOX may not be present in other
immune cells and components such as erythrocytes, platelets, endothelial cells, and
T-cells. COX is an enzyme that participates in the synthesis of proteinoids, such as
powerful pro-inflammatory prostaglandins and metabolism of arachidonic acid.
Prostanoids, produced by cyclooxygenase-1 (COX-1), are important in many physi-
ological functions including regulation of platelet aggregation. In contrast, prosta-
glandin E2 has many regulatory functions important to inflammation including
increasing vascular permeability and strengthening the effects of other inflamma-
tory mediators such as kinin, serotonin, and histamine, which is exemplified in the
redness, increased blood flow, and edema, which are characteristic signs of inflam-
mation. Prostaglandin E2 (PGE2) also acts on neurons in the thermoregulatory net-
work of the hypothalamus, causing an increase in body temperature.

PGE?2 is the primary pro-inflammatory prostanoid and plays a critical role in the
genesis of inflammatory pain. At the site of inflammation, PGE2 sensitizes periph-
eral nociceptors through GPCRs, PKA, and PKC (Gold et al. 1998). Four subtypes
of GPCRs are identified as PGE2 receptors (EP1, EP2, EP3, and EP4). EP4 expres-
sion in nociceptors regulates peripheral sensitization and drives inflammatory pain
(Lin et al. 2006). PGE2 is also produced in the spinal cord after tissue injury and
inflammation and contributes to acute and persistent inflammatory pain (Samad
et al. 2001; Malmberg and Yaksh 1995).

Additional important mediators include the vasoactive amines and peptides and
adenosine triphosphate (ATP). Vasoactive amines and peptides include histamine, a
few picograms of which are released by basophils to maintain acute-phase response
during inflammation events. Serotonin, another type of amine, is produced via
decarboxylation of tryptophan and stored in granules. Serotonin is found in baso-
philic granules in mice and in platelets in humans and is mediated by four serotonin
receptors (5-HT,.4). Another member of this category of mediators is bradykinin, a
nanopeptide created from plasma from the Kinin—Kallikrein system. Bradykinin
has two receptors, B1 and B2, which can increase synthesis of prostaglandins and
produce pain locally. Recently, it was found that sensitization of nociceptors by
bradykinin requires TRPV1 and TRPA1 association (Patil et al. 2020). ATP can
activate and sensitize nociceptors via specific P2X and P2Y receptors. P2X3 is
expressed by nociceptors and plays an important role in nociceptor sensitization
(Chen et al. 1995).
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4.6 Cytokines

Cytokines are small proteins secreted by a variety of cells, including leukocytes and
certain cells of the nervous system. Cytokines are produced as the body requires,
generally at low concentrations (ranging from a couple picograms to nanograms/
mL), and act locally (as they are unable to travel long distances). Their low concen-
trations are not a problem; the activation of a few dozen receptors per cell can be
enough for some cytokines to generate an effect. Cytokines serve many different
functions, including affecting immune cells and controlling inflammatory responses.
Often many different cytokines will serve the same functions. Cytokine involve-
ment has been identified in almost every disease condition, including Crohn’s dis-
ease, multiple sclerosis, rheumatoid arthritis, and sepsis. Scientists have long
suspected cytokine involvement in the production of pain and hyperalgesia (an
irregular increased sensitivity to pain), as cytokines play an enormous role in con-
necting the immune and nervous system (Sommer and Kress 2004; Kalpachidou
et al. 2022).

Inflammatory pain, to recap, is defined by a heightened sensitivity to heat or
mechanical pain. After tissue injury, resident immune cells produce the initial
inflammatory response, the effects of which are then magnified by blood cells that
have been attracted to the area. The effect of cytokines on hyperalgesia has been
well demonstrated. In 1988, Ferreira et al. reported that IL-1 beta (IL-1f) is a potent
hyperalgesic agent after systemic injection due to a peripheral action (Ferreira et al.
1988). Rats administered intraplantar injections of the cytokines IL-1 beta (IL-1p)
and TNF were observed to have lower mechanical pain thresholds (Sommer et al.
1997; Homma et al. 2002).

4.6.1 Pro-inflammatory Cytokines

Pro-inflammatory cytokines can be released by various cells, including stromal
cells, fibroblasts, endothelial cells, and glial cells, as well as neurons. In general,
cytokines play crucial roles in cellular activity. In inflammation, they are especially
important as they regulate the immune system. Some of the best-known pro-
inflammatory cytokines that contribute to the inflammatory response include IL-1p,
tumor necrosis factor alpha (TNF-o), IL-6, and IL-17, IL-18, and IL-23 (Fig. 4.1).
An initial inflammatory response eliminates the cause of infection, limiting the area
of tissue damage. This action causes an increase in macrophage-derived cytokine
concentrations in the plasma. In turn, these cytokines affect other organs, especially
the brain and liver, leading to the acute-phase response, or a systemic immune
response.

TNF-a has been called the “prototypic pro-inflammatory cytokine” due to its
important role in initiating the activation cascade of other cytokines and growth fac-
tors during an inflammatory response. This cytokine is produced by several types of
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cells following injury, including immune cells and glial cells (e.g., Schwann cells,
microglia). Local injection, such as intraplantar, intramuscular, and intraneural
injections of TNF-a, results in mechanical allodynia and thermal hyperalgesia,
while subcutaneous injection decreases the threshold of mechanical activation in
C-fiber nociceptors in the rat sural nerve (Schifers et al. 2003a). TNF-a involve-
ment has been identified in the production and continuation of neuropathic pain, and
conversely blocking TNF-a significantly decreases hyperalgesia in rodent models of
painful neuropathy (Sommer and Kress 2004). TNF-a induces the expression and
activation of various pro-inflammatory cytokines, including IL-1f, IL-6, and IL-8;
this cascade of cytokine activation also leads to the release of COX-2-dependent
prostanoids, which mediate inflammatory reactions. However, TNF-a is not limited
to indirect effects. Perfusion of TNF-a on DRGs in vitro caused neuronal discharges
in both A- and C-fibers (Homma et al. 2002; Schéfers et al. 2003b). This result
demonstrates TNF-a’s ability to sensitize injured sensory neurons. Moreover, DRG
neurons attached to injured afferents along the same peripheral nerve also became
more sensitive. Additionally, directly injecting TNF-a into rat DRGs in vivo resulted
in allodynia at far lower doses than perfusion, causing rapid induction of allodynia.
This finding in turn confirms the ability of TNF-a to sensitize injured nerve fibers
due to its potent excitatory effects (Schifers et al. 2003b). It is likely that these sen-
sitizing effects result from activation of protein kinases mediated by TNF-a recep-
tors, including TNFRI1 and TNFR2, that are expressed by sensory neurons
(Constantin et al. 2008; Jin and Gereau 2006; Park et al. 2011a).

IL-1p is shown to produce hyperalgesia, or hypersensitivity to pain, in rodents.
Its release is also correlated with increased neuropathic pain following nerve injury.
The activation and signaling of this cytokine can be attributed to caspase-1, as well
as matrix metalloproteinases (MMP-9 and MMP-2), enzymes that usually function
in breaking down the extracellular matrix but are also involved in disease conditions
such as arthritis (Ji et al. 2009a, b). Meanwhile, the release of IL-1f can be credited
to the activation of the NLRP3 inflammasome, which is responsible for a form of
inflammatory cellular apoptosis and the release of pro-inflammatory cytokines
(Donnelly et al. 2020a, b). Upon release, IL-1p potently controls both excitatory
and inhibitory synaptic transmission in the spinal dorsal horn (Kawasaki et al.
2008b). Such control allows it to induce pain on several fronts. First, it increases the
excitability of nociceptors, meaning stimuli are more likely to activate nociceptors
than before and thus more likely to induce pain. Secondly, IL-1 increases the activ-
ity of NMDAR (N-methyl-D-aspartate receptor) receptors, proteins crucial to syn-
aptic plasticity. And thirdly, IL-1p decreases inhibitory synaptic transmission
(inhibitory postsynaptic currents, IPSC) and currents induced by GABA (gamma
aminobutyric-acid) and glycine, whose actions are associated with pain inhibition,
which in sum further lowers the body’s ability to inhibit pain signals. IL-1f’s actions
are blocked by IL-1 receptor antagonists (IL1-Ra); however, IL1-Ra is frequently
downregulated in chronic pain conditions. Spinal IL-1p has been shown to play a
role in both inflammatory pain hypersensitivity and central sensitization (Watkins
et al. 2001). IL-1P can cause transcriptional regulation that upregulates COX-2, an
enzyme that plays a significant role in inflammation and pain. For example,
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inflammation in the hind paw of rats can result in the widespread increase of COX-2
in the CNS; this may be due to the increase of IL-1f in the cerebrospinal fluid (CSF)
(Samad et al. 2001). As such, IL-1f, along with the pro-inflammatory cytokines
TNF (produced by microglia, astrocytes, and even DRG primary sensory neurons)
and IL-6, can directly lead to central sensitization. All three can rapidly (within a
minute) increase excitatory synaptic transmission in spinal cord neurons by acting
on neurotransmitter receptors, including AMPAR (a-amino-3-hydroxy-5-methyl-4-
isoxazolepropionic acid receptor), NMDAR (NMDA receptor), GlyR (glycine
receptor), and GABAR (GABA receptor). These actions enhance excitatory synap-
tic transmission and prevent spinal pain circuit inhibitory synaptic transmission.
Additionally, the intrathecal injection of IL-1f, TNF, and IL-6 can quickly produce
pain hypersensitivity in otherwise normal animals. Thus, it is possible that increased
levels of cytokine circulation in the CSF can mediate widespread central sensitiza-
tion (Ji et al. 2018).

IL-18 is a cytokine related to IL-1p, and it is also activated by caspase-1. IL-18
drives neuropathic pain and cancer via neuron—glial and glia—glial interactions
(Miyoshi et al. 2008; Yang et al. 2015). Nerve injury induces significant increases in
spinal cord expression of IL-18 and IL-18R in different types of glial cells: IL-18 is
induced in microglia while IL-18R is upregulated in astrocytes. The functional inhi-
bition of IL-18 signaling pathways has been found to suppress injury-induced tac-
tile allodynia in rats (Miyoshi et al. 2008). Microglia have been found to maintain
advanced-stage bone cancer pain through IL-18 signaling, which increases the
transmission of pain signals to spinal cord nociceptive neurons. Bone cancer was
found to increase ATP levels in cerebrospinal fluid, leading to the activation of the
P2X7 receptor and subsequent phosphorylation of p38 MAP kinase. p38 activation
further results in IL-18 production in spinal microglia. Inhibition of the P2X7/p-38/
IL-18 in the spinal cord, however, diminishes advanced-stage bone cancer pain and
suppresses the hyperactivity of spinal wide dynamic range (WDR) neurons (Yang
et al. 2015).

IL-6 is upregulated during various disease conditions connected with heightened
levels of hyperalgesia and pain (Kalpachidou et al. 2022). Higher serum levels of
IL-6 have been seen in patients with autoimmune and chronic inflammatory condi-
tions, burn injuries, malignant tumors, musculoskeletal disorders, and neuropathies.
Additionally, treatment with IL-6, via intrathecal, intracerebroventricular, or intra-
plantar injection, has been shown to result in allodynia or hyperalgesia in rats.
Research points to IL-6 being both a pro-inflammatory and pro-nociceptive cyto-
kine. The cytokine induces persistent nociceptor sensitization by increasing protein
synthesis in primary sensory neurons (Melemedjian et al. 2010). Furthermore, IL-6
relies on the presence of its receptor, soluble IL-6 receptor (sIL-6R), to exert its
effects on neurons. The complex between IL-6 and sIL-6R binds to and activates
cells expressing gp130 (also known as IL-6f), which makes up a part of the IL-6
receptor and is crucial for signal transduction (Kummer et al. 2021). Notably, brief
exposure of the IL-6/sIL-6R complex is sufficient to modulate nociceptor release of
calcitonin gene-related peptide (CGRP). CGRP, when released in the brain, results
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in tremendous inflammation of the meninges, leading to severe migraines in females
(Avona et al. 2019).

IL-17, especially IL-17A, has been shown to promote inflammatory and neuro-
pathic pain. IL-17 receptor (IL-17R) is expressed by sensory neurons and a single
injection of IL-17A into the rat knee joint elicited long-lasting sensitization of
C-fiber nociceptors of the joint, through ERK activation in nociceptors, leading to
arthritic pain (Richter et al. 2012; Luo et al. 2021). In the spinal cord, IL-17 is pro-
duced by astrocytes, which drives neuropathic pain arising from chemotherapy
treatments, through suppression of inhibitory synaptic transmission. After knock-
down of IL-17R in spinal cord interneurons expressing somatostatin, mechanical
hypersensitivity arising from paclitaxel was decreased. Moreover, the overexpres-
sion of IL-17 was enough to cause mechanical allodynia in otherwise untreated
animals (Luo et al. 2019). IL-17 drives mechanical pain in a female-dominant man-
ner (Luo et al. 2021). Notably, IL-17 can directly sensitize nociceptor neurons in
different species, including mice, nonhuman primates, and humans, via TRPV1
activation. The IL-17-induced nociceptor sensitization is also female dominant
(Luo et al. 2021).

IL-23 is an upstream cytokine of IL-17, as it can induce IL-17 expression in
T-cells and macrophages. IL-23 has been implicated in psoriatic arthritis and inflam-
matory pain (Luo et al. 2021; Lee et al. 2022). Interestingly, IL-23-evoked mechani-
cal pain is sex-dependent following intraplantar administration: IL-23 only produces
mechanical pain (mechanical allodynia) in female mice but not male mice (Luo
et al. 2021). Furthermore, chemotherapy-induced mechanical pain is selectively
impaired in female knockout mice lacking 7/23 or 1/23r. IL-23-induced pain can be
promoted by estrogen but suppressed by androgen, suggesting that the sex hor-
mones of both males and females are involved. Deletion of estrogen receptor sub-
unit « (ERa) in TRPV 1+ nociceptors could abolish IL-23- and IL-17-induced pain
in females (Luo et al. 2021). It was found that IL-23 induces mechanical pain via
macrophage—neuron interaction: IL-23-evoked pain is abolished after ablation of
C-fiber nociceptors. Surprisingly, IL-23 does not directly activate nociceptor neu-
rons. Instead, IL-23 requires IL-17A release from macrophages to evoke mechani-
cal pain in females (Luo et al. 2021). A follow-up study used an optogenetic
approach in transgenic mice expressing channelrhodopsin-2 (ChR2) in TRPVI-
positive nociceptive neurons and demonstrated that IL-23 enhanced blue-light-
induced pain in female mice. IL-23 also induced greater p38 MAPK activation in
sensory neurons, a marker for nociceptor activation, in female mice compared to
male mice (Ji et al. 2021).

4.6.2 Anti-inflammatory Cytokines

TGF-f1 and IL-10 are two prominent anti-inflammatory cytokines and have exhib-
ited anti-hyperalgesia and anti-allodynia in animal models of chronic pain (Buchheit
et al. 2020). TGF-p1 powerfully inhibits neuropathic pain through inhibiting glial



4 Inflammatory Mediators, Nociceptors, and Their Interactions in Pain 101

activation in the spinal cord and neuroinflammation following nerve injury
(Echeverry et al. 2009). Interestingly, it can also activate its own receptors on neu-
rons. Such an ability proves especially powerful, allowing TGF-f1 to suppress the
hyperexcitability caused by nerve injury in the DRG and spinal cord in mere min-
utes (Chen et al. 2015). TGF-B1 is downregulated by nerve injury and negatively
regulated by miR-30c-5p; nerve-injury-induced upregulation of miR-30c-5p in
cerebrospinal fluid, DRG, plasma, and spinal cord makes it especially difficult for
TGF-B1 to exert its anti-nociceptive effects. Inhibitors of miR-30c-5p have been
demonstrated to upregulate TGF-B1 and attenuate neuropathic pain following nerve
injury (Tramullas et al. 2018).

IL-10 is probably the most-studied anti-inflammatory cytokine in pain research.
This is unsurprising, considering its numerous intriguing effects. Notably, nerve
injury fails to induce pain in young animals (<1 month). It was found that IL-10
essentially inhibits nerve-injury-induced neuropathic pain in the early life of mice
via mediating anti-inflammatory neuroimmune regulation in the spinal cord
(McKelvey et al. 2015). IL-10-based gene therapy via intrathecal delivery success-
fully produced lasting pain relief by increasing the endogenous production of this
cytokine (Ledeboer et al. 2007). Furthermore, endogenous IL-10 involvement was
shown in various pain-relieving activities, including inflammatory pain, neuropathic
pain, acupuncture, exercise, and transplantation of CD8+ T-cells. IL-10 further
inhibits nociceptor excitability following paclitaxel treatment in vitro (Buchheit
et al. 2020; Krukowski et al. 2016).

IL-4, like IL-10, inhibits nerve-injury-induced neuropathic pain in the early life
of mice. Nerve injuries in infants have been shown to upregulate this cytokine,
which could mask pain in early life (McKelvey et al. 2015). However, nerve injury
in adult mice was shown to decrease IL-4 concentrations in the spinal cord, offering
some insight into why adults have more difficulty recovering from injuries. Notably,
analgesia mediated by IL-4 can also be induced by low-intensity exercise. Such a
mechanism makes low-intensity exercise another good option for alternative pain
treatment (Bobinski et al. 2018).

4.6.3 Interferons

Interferons (IFNs) are cytokines that possess antiviral, antiproliferative, and immu-
nomodulatory properties (Tan et al. 2021). IFNs can be divided into three classes:
type-1, type-1II, and type-III IFNs. IFN-a and IFN-f are two major family members
of type-I IFNs and have been used to treat human diseases such as hepatitis and
multiple sclerosis. IFN-vy is the only family member of type-II IFN family. Type-III
IFNs are also known as lambda-IFNs. IFN receptors are expressed by immune cells
and glial cells. Emerging evidence suggests that type-I IFN receptors (IFNARs) are
also robustly expressed in the peripheral nervous systems including DRG neurons
(Donnelly et al. 2021; Tan et al. 2022). It is generally believed that IFNs regulate
biological actions by transcriptional regulation. Apart from these canonical
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regulations, low doses of IFN-a and IFN- suppress pain under the physiological
and pathological conditions. Type-I IFN can rapidly suppress nociceptor neuronal
activity and synaptic transmission via nongenomic regulation, leading to potent
analgesia (Tan et al. 2021). It is also possible that at high doses, type-I IFN may
promote pain via translational regulation or IFNAR-independent actions (Barragan-
Iglesias et al. 2020). In contrast to type-I IFNs, type-II IFN is pro-nociceptive.
IFN-y drives neuropathic pain through microglial activation (Tsuda et al. 2009).
Recently, it was found that activation of STING (stimulator of IFN gene) produces
long-term pain relief via induction of type-I IFNs in DRG sensory neurons and
spinal cord glial cells (Donnelly et al. 2021).

4.7 Chemokines

Chemokines are small cytokines that cause inflammatory cells to migrate in certain
directions, both in vitro and in vivo. Chemokines consist of four main subfamilies:
C, CC, CXC, and CX3C. Chemokines can be produced by immune and glial cells,
as well as neurons including sensory neurons. These molecules function by GPCRs.
Increasing evidence suggests that chemokines play critical roles in the pathogenesis
of pain via neuron—immune and neuron—glial interactions (Gao and Ji 2010) and as
integrators of pain and inflammation (White et al. 2005).

CCL2, also named monocyte chemoattractant protein-1 (MCP-1), has been
strongly implicated in peripheral sensitization via activation of CCR2. CCR2 is
expressed by nociceptors, and the activation of CCR2 drives inflammatory pain,
neuropathic pain, and cancer pain, in part via MAP kinase-mediated activation of
TRPV1 (White et al. 2005). It was found that CCL2 is upregulated within the local
tumor microenvironment in a mouse model of bone cancer pain. Bone cancer also
resulted in upregulation of CCR2 in primary sensory neurons, and, furthermore,
CCR2 antagonism effectively reduced bone cancer pain (Wang et al. 2020). CCR2
is also expressed by macrophages in DRG, which causes macrophage activation and
infiltration, in response to neuron-released CCL2 in chronic pain conditions, such as
nerve trauma, inflammation, and chemotherapy-induced peripheral neuropathy
(CIPN) (Liu et al. 2016; Zhang et al. 2016). Meanwhile, CCL2 is involved in both
signaling between neurons and microglia, and signaling between astroglia and neu-
rons, following nerve injury (Gao and Ji 2010). In the spinal cord, CCL2 is induced
in astrocytes by nerve injury. By amplifying NMDA receptor activity in dorsal horn
neurons, CCL2 can speedily produce central sensitization, which is critical to the
maintenance of chronic pain (Gao et al. 2009). Nerve-injury-induced CCL2 release
from primary sensory neurons was also implicated in the activation of spinal
microglia in neuropathic pain (Zhang et al. 2007).

The chemokine receptor CX3CRI is selectively expressed by microglia and
upregulated after nerve injury. CX3CRI1 signaling in microglia promotes neuro-
pathic pain via p38 activation. CX3CL1 (fractalkine), the ligand of CX3CRI, is
expressed by neurons (Milligan et al. 2004; Zhuang et al. 2007). Intrathecal
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injection of a neutralizing antibody against CX3CR1 suppresses mechanical allo-
dynia. Conversely, intrathecal infusion of CXCLI (fractalkine) is sufficient to acti-
vate microglia and mechanical allodynia (Zhuang et al. 2007). CX3CR1 signaling
in microglia also contributes to other chronic pain conditions such as arthritic pain.
It is noteworthy that the CX3CL1/CX3CRI signaling cascade also mediates critical
physiological functions necessary for immune regulation and microglial homeosta-
sis. The soluble form CX3CL1 mediates chemotaxis of immune cells, while the
membrane-bound form of CX3CL1 acts as an adhesion molecule (Clark et al.
2007, 2011).

CXCL1, also known as keratinocyte-derived chemokine (KC), plays similar bio-
logical roles in rodents as IL-8 in humans. CXCLI is expressed in macrophages and
astrocytes after chemotherapy and nerve injury. CXCR?2 is the major receptor of
CXCLI and present in primary sensory and spinal cord neurons. The CXCL1/
CXCR?2 pathway contributes to inflammatory pain and neuropathic pain via neu-
ron—immune interactions in the DRG and neuron—glial interactions in the spinal
cord (Ji et al. 2014; Luo et al. 2019; Zhang et al. 2013). Thus, both peripheral sen-
sitization and central sensitization have been implicated in CXCL1/CXCR2-
mediated pathological pain (Silva et al. 2017).

CXCLI12, also known as stromal cell-derived factor-1 (SDF-1), appears to con-
tribute to both analgesia and pain. Bone marrow stromal cells (BMSCs) have been
found to produce analgesic properties. Interestingly, when BMSCs were trans-
planted into a mouse that had undergone chronic constriction injury (CCI), the cells
targeted only lumbar DRGs that had sustained injury; these DRGs then produced
CXCLI12, which attracted BMSCs expressing CXCR4, the corresponding receptor
for CXCL12 (Chen et al. 2015). CCI produced significantly higher CXCL12 levels
in DRG than sham surgery did, showing that neuropathic pain leads to upregulation
of CXCL12. Additionally, a transwell migration assay demonstrated that CXCL12
was able to cause BMSC migration in vitro, while AMD 1300, a CXCR4 antagonist,
prevented such migration. When BMSCs were implanted into mice that had suf-
fered CCI, the cells were able to migrate to either injured lumbar DRGs or tissues
of the spinal cord via the CXCL12/CXCR4 axis. Such an action allowed the BMSCs
to survive for long periods of time in the tissues bearing upregulated CXCL12, pro-
ducing long-term analgesia and neuroprotection. Improving the ability of the
CXCL12/CXCR4 axis to deliver BMSCs may increase the effectiveness of the anal-
gesia. However, CXCL12 and CXCR4 have also been shown to be involved in caus-
ing neuropathic pain via neuron—immune interaction in DRG (Bhangoo et al. 2007).
Thus, the CXCL12/CXCR4 axis differentially regulates pain in different cell types.

CXCL13 is a B-lymphocyte chemoattractant that was shown to sustain neuro-
pathic pain via CXCRS5 activation in astrocytes (Jiang et al. 2016). After nerve
injury, CXCL13 is persistently upregulated in spinal cord neurons, leading to the
activation of spinal astrocytes via CXCRS. Furthermore, peripheral nerve injury
increased CXCRS expression in spinal astrocytes; and nerve-injury-induced astro-
cyte reaction and neuropathic pain is reduced in knockout mice lacking CxcrS.
Interestingly, spinal overexpression of miR-186-5p can decrease CXCL13 expres-
sion and alleviate neuropathic pain. Thus, targeting miR-186-5p or CXCL13/
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CXCR5-mediated astrocyte signaling may be therapeutic targets for neuropathic
pain. In addition to spinal cord mechanism, CXCL13 may also promote pain via
peripheral sensitization of DRG and trigeminal sensory neurons. It was found that
zinc finger protein 382 (ZNF382) in injured DRG neurons regulates CXCL13
expression in DRG neurons to promote neuropathic pain (Ma et al. 2021).

4.8 Specialized Pro-resolving Mediators (SPMs)

Specialized pro-resolving mediators (SPMs) are lipid mediators such as docosa-
hexaenoic acid (DHA) and eicosapentaenoic acid (EPA) derived from omega-3
unsaturated fatty acids (Fig. 4.2). Increasing studies have demonstrated potent
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Fig. 4.2 Biosynthetic pathways of specialized pro-resolving mediators (SPMs) resolvins and pro-
tectin D1. Omega-3 polyunsaturated fatty acids include docosahexaenoic acid (DHA) and eicosa-
pentaenoic acid (EPA), enriched in healthy diet and fish oil. Resolvins D1 and D2 (RvD1, RvD2)
and protectin D1 (PDI, also known as neuroprotectin D1) are derived from DHA. Resolvin E1l
(RVE1) is derived from EPA. The biosynthesis of these SPMs depends on several enzymes, includ-
ing cyclooxygenase 2 (COX-2), cytochrome P450 (P450), and 5- and 15-lipoxygenase (5-LOX
and 12-LOX)



4 Inflammatory Mediators, Nociceptors, and Their Interactions in Pain 105

analgesic actions of exogenous SPMs (Ji 2023). Work by Dr. Charles Serhan at
Harvard Medical School and his colleagues and collaborators has demonstrated
potent anti-inflammatory and pro-resolving effects of SPMs (Serhan 2014). SPMs
belong to a rapidly expanding family of lipid molecules and could be generated dur-
ing the resolution phase of inflammation. The SPM family includes D-series
resolvins (RvD1-RvD6), E-series resolvins (RVE1-RVES), protectin D1 (PD1), also
called neuroprotectin D1 (NPD1), and maresins (MaR1, MaR2R), as well as
cysteinyl-SPMs and n-3 docosapentaenoic acid (DPA)-derived SPMs (PD1n-3
DPA). Additionally, SPMs consist of m-6 arachidonic-acid-derived lipoxins, such as
lipoxin A4 and lipoxin B4 (LXA4 and LXB4). SPMs have demonstrated potent
protective actions in rodent models of certain human diseases, including but not
restricted to Alzheimer’s diseases, arthritis, cancer, dry eye disease, infections, kid-
ney injury, sepsis, and periodontal disease (Chiang and Serhan 2020).

4.8.1 Resolvins

Resolvins refer to a class of SPMs that come from omega-3 polyunsaturated fatty
acids (PUFAs), which can be found in a variety of health products, including fish
oil, krill oil, and algal oil. In this section, we will focus on the resolvin D series and
E series, which are derived from docosahexaenoic acid (DHA) and eicosapentae-
noic acid (EPA), respectively.

Exogenous resolvins have powerful analgesic effects on inflammatory pain (Xu
et al. 2010). These effects are in part directly anti-inflammatory and in part reliant
on the modulation of neuron—immune interactions. Interestingly, RVEI reduced
inflammatory pain more than reducing the infiltration of leukocytes.

It was found that D series and E series resolvins contribute to the resolution of
inflammatory pain through the regulation of TRP channels. TRP channels, espe-
cially the TRPV1 and TRPA1 channels, are important regulators of inflammatory
pain (Julius and Basbaum 2001). The TRPV1 channel controls body temperature
and produces a burning and painful sensation in response to capsaicin, a substance
found in many spicy foods, as well as inflammation. The TRPA1 channel is respon-
sible for sensing noxious and inflammatory stimuli that cause sensations of pain and
itch and result in protective responses, like tear secretion, coughing, and scratching
(Bautista et al. 2013).

In laboratory experiments using rodent models, it was found that an intraplantar
injection of RVE1 prevented TRPV 1-mediated pain caused by capsaicin but not by
TRPA1-mediated pain caused by mustard oil, showing that RvE1 can inhibit TRPV1
but not TRPA 1. Meanwhile, an intraplantar injection of RvD1 could block pain aris-
ing from TRPA1 but not TRPV1, showing that RvD1 can inhibit TRPA1 but not
TRPV1. Additionally, RvD2 was shown to inhibit the actions of both TRPA1 and
TRPV1 (Park et al. 2011a, b).

Resolvins have also exhibited powerful analgesic effects in rodent models with
postoperative pain. Generally, postoperative pain after extended periods of muscle
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retraction lasts 3—4 weeks in people and rodents. However, treatment with RvE]
and RvD1 was able to prevent this pain. Postoperative pain in the skin—muscle
retraction model can result in mechanical hypersensitivity that lasts up to 4 weeks;
intriguingly, a single RvDI1 treatment was able to prevent this in rat models.
Furthermore, intrathecal injection of resolvins was able to slow and prevent the
development of chronic thoracotomy (a chest-opening surgery) pain. Treatment
with RvD1 in animal models that already had chronic thoracotomy pain could only
produce temporary pain relief, however. This suggests that the effects of resolvins
change over time in such a model. Finally, posttreatment with intrathecal injections
of RvD1 and RvD5 was also able to decrease mechanical and cold allodynia (Wang
and Strichartz 2017; Ji 2023).

The analgesic effects of resolvins are not just limited to inflammatory pain and
postoperative pain, however (Ji 2023). Several SPMs can also decrease neuropathic
pain induced by nerve trauma and chemotherapy. For example, an intrathecal injec-
tion of RVE1 successfully decreased both neuropathic pain induced by chronic con-
striction injury (CCI) to the sciatic nerve and the reaction of microglia in the spinal
cord. Some SPMs were also able to provide pain relief in chemotherapy-induced
peripheral neuropathy (CIPN) models, where paclitaxel, a common chemotherapy
drug, was used to induce neuropathic pain. It was found that intrathecal injection of
RvD1 and RvD2 at 2 weeks could completely reverse paclitaxel-induced neuro-
pathic pain (Luo et al. 2019a, b). RvD2 also displayed anti-cancer and pain-relief
effects in mouse models with oral squamous cell carcinoma, with reduced tumor
size by inhibiting pro-inflammatory cytokines (e.g., IL-6), reduced tumor necrosis,
and temporary analgesia in xenograft (using outside tissue) squamous cell cancer
models (Ye et al. 2018).

4.8.2 Protectin/Neuroprotectin D1 (PD1I/NPDI)

Protectin D1 (PD1), also known as neuroprotectin D1 (NPD1), like its name implies,
has powerful neuroprotective capabilities. It has been shown to preserve neural
function and structure even in injured brains, oxidative-stressed retinal pigment
cells, and human brain cells exposed to beta-amyloid peptides (a substance present
in patients with Alzheimer’s disease) (Lukiw et al. 2005).

In dissociated mouse DRG neurons, NPD1 can also inhibit TRPV1 currents
without affecting TRPA1 currents. Its inhibition of TRPV1 is mediated by GPCRs,
proven by the fact that its effects are blocked when pertussis toxin, a protein pro-
duced by Bordetella pertussis that causes whooping cough and can mediate
G-protein actions, is applied. Furthermore, intrathecal injection of NPD1 can inhibit
spinal long-term potentiation (LTP) (Park et al. 2011a). Notably, LTP is a form of
synaptic plasticity wherein synaptic strength is increased when intense noxious
stimuli are applied, resulting in increased pain levels, and serves as a driving force
behind chronic pain (Sandkiihler 2007).
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NPDI even plays a role in reducing neuropathic pain. It can reduce pain hyper-
sensitivity arising from TNFE. In a CCI model of neuropathic pain, an intrathecal
injection of NPD1 effectively reduced mechanical allodynia, despite being applied
at a dose 500 times lower than that of gabapentin (a commonly used medication for
treating clinical neuropathic pain) (Xu et al. 2013). When NPD1 was applied to the
injured sciatic nerve around the time of surgery, it prevented nerve-injury-induced
mechanical allodynia, ongoing pain, and neuroinflammation in the spinal cord.
Finally, repeated injections of NPD1 also exhibited no signs of analgesic tolerance.
Overall, NPD1 shows promise as a treatment option with its ability to block nerve-
injury-induced LTP, glial cell activation, as well as inflammatory responses, all of
which are key drivers of chronic pain in the spinal cord (Xu et al. 2013).

4.8.3 Maresins

Maresins are a type of macrophage SPM derived from DHA. Maresin 1 (MaR1) has
several functions. In peritonitis, MaR1 prevents the infiltration of polymorphonu-
clear (generally referring to eosinophils and basophils) neutrophils. Astoundingly,
MaR1 could induce tissue regeneration, accelerating head regeneration in planaria
after the head was postpharyngeally resectioned. In addition, MaR1 could also
inhibit TRPV1 currents in neurons in a dose-dependent way, blocking currents
induced by capsaicin and reducing inflammatory pain in mice (Serhan et al. 2012).
Moreover, intrathecal injection with MaR1 in mice 2 weeks after surgery, decreased
neuropathic pain induced by chemotherapy and postoperative pain induced by bone
fracture (Reviewed in Ji 2023). Interestingly, in a mouse model of rheumatoid
arthritis, chronic pain was correlated with reduced MaR1 concentrations.
Systematically administering MaR 1 was even able to reverse mechanical hypersen-
sitivity and decrease levels of inflammatory macrophages in DRG (Allen et al.
2020). Macrophages are a key player in the formation of two-way communication
with nociceptors (Chen et al. 2020); however, the exact extent to which macrophage-
derived maresins contribute to chronic pain remains unclear.

4.8.4 Lipoxins

Unlike the majority of SPMs that are derived from omega-3 unsaturated fatty acids,
lipoxins, most notably lipoxin A4 (LXA4) and lipoxin B4 (LXB4), are synthesized
from arachidonic acid (an omega-6 fatty acid found in phospholipids of cell mem-
branes) and requires lipoxygenase (an enzyme that helps break down fatty acids)
(Serhan 2014). It was found that LXA4 and LXB4, when delivered either intrave-
nously or intrathecally, effectively decreased inflammatory pain induced by carra-
geenan, a food-thickening agent derived from red seaweeds known for its
inflammatory properties, in rats. Additionally, ALX, a lipoxin receptor, was
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discovered to be expressed in astrocytes in the spinal cord. C-Jun N-terminal kinase
(JNK), an enzyme belonging to the MAPK family, when activated in spinal cord
astrocytes, plays a role in both inflammatory and neuropathic pain. LXA4 was able
to prevent the ATP-mediated phosphorylation of JNK, a crucial step in the activa-
tion of JNK, thus helping to inhibit inflammatory pain (Svensson et al. 2007).
Furthermore, LXA4 has also been demonstrated to decrease neuroinflammation and
neuropathic pain after spinal cord injury (SCI) by hemisection. LXA4 treatment has
been shown to decrease pain hypersensitivity, spinal microglial markers, and pro-
inflammatory cytokines, which can all occur after SCI. When injected intrathecally,
LXA4 was also shown to be capable of relieving neuropathic pain in a rat model of
low back pain, by preventing the upregulation of the pro-inflammatory cytokines
TNF-a and IL-1f and increasing the expression of the anti-inflammatory cytokines
TGF-p1 and 1L-10 (Ji 2023; Martini et al. 2016).

4.8.5 Endogenous Production of SPMs by Neuromodulation
and Mild Sham Surgery

Neuromodulation is a treatment method for chronic pain that uses electricity to
affect nerve activity. It can be applied to the spinal cord, dorsal root ganglia, and
various nerves, including the vagus nerve. Neuromodulation has shown promising
results, effectively controlling pain in both laboratory and clinical settings (Tao
et al. 2020).

Neuromodulation can regulate both inflammation and neuroinflammation
through neuron—immune interactions—in part through the production of SPMs.
SPMs can control pain by modulating immune cells, glial cells, and neurons.

A particularly popular form of neuromodulation is vagus nerve neuromodulation
(VNS). The vagus nerve, the longest cranial nerve, spanning from the brain all the
way to the abdomen, joins the brainstem to the body. The nerve includes two nerve
ganglia (clusters of nerves) and several “branches” that join it to the ear, pharynx,
larynx (voice box), esophagus, bronchi, and heart. Not only does the vagus nerve
send information to the brain about the various body parts it is connected to, but also
it can deliver impulses from the brain to the pharynx and larynx, slow heart rate, and
control a number of involuntary muscles in various parts of the digestive system.
VNS has been used to treat Alzheimer’s disease, depression, and epilepsy. Tracey
and his coworkers discovered that VNS can effectively attenuate the systemic
inflammatory response to endotoxin lipopolysaccharide (LPS). It was found that
acetylcholine, the principal vagal neurotransmitter, significantly attenuated the
release of pro-inflammatory cytokines (TNF, IL-1p, IL-6, and IL-18) but not the
anti-inflammatory cytokine IL-10 in LPS-stimulated macrophage cultures. VNS not
only inhibited TNF synthesis in the liver and reduced serum TNF amounts, but also
prevented the development of LPS-induced septic shock (Borovikova et al. 2000).

What interests pain scientists about the vagus nerve, however, is its ability to
produce SPMs (Serhan et al. 2019). VNS can prompt the production of SPMs
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in vitro and in vivo. These SPMs can then modulate neuron-immune interactions,
thus reducing pain (Tao et al. 2020). VNS through auricular electroacupuncture—
stimulating acupuncture points in the ear connected to the vagus nerve by using
acupuncture needles with electrical currents running through them—has been found
to lessen chemotherapy-induced neuropathic pain. Auricular stimulation increases
resolvin levels in mice, again highlighting the role of SPMs, which control inflam-
mation and neuroinflammation, in neuromodulation (Tao et al. 2020).

Sham surgery is typically included in pain research for the control of pain mod-
els such as nerve injury. Interestingly, sham surgery resulted in acute pain (transient
mechanical allodynia) and increased RvD1 levels, suggesting that SPM production
in sham surgery appears to be able to resolve acute pain (Zhang et al. 2018).

4.8.6 Fish Oil and SPMs

EPA and DHA are known precursors for producing powerful SPMs, such as
resolvins and protectins (Fig. 4.2). EPA and DHA were proven to have anti-
inflammatory effects through an experiment utilizing transgenic mice, engineered
to express excess fat-1, an enzyme that helps break down omega-3 fatty acids. The
increased breakdown of omega-3 fatty acids facilitated by the extra fat-1 allowed
the mice to produce more protectins and resolvins from omega-3 polyunsaturated
fatty acids (PUFAs). As a result, these mice were protected from dextran-sulfate-
induced colitis (inflammation of the inner lining of the colon and a model of inflam-
mation). Additionally, EPA and DHA can prevent transcription nuclear factor-B
activation and IL-1p and TNF-a release, effectively intercepting the primary regula-
tors of inflammation (Zhang et al. 2021).

In a recent study that analyzed 17 trials measuring the effectiveness of omega-3
PUFAs to relieve joint pain in patients with inflammatory conditions such as rheu-
matoid arthritis, inflammatory bowel disease, and dysmenorrhea (menstrual
cramps), omega-3 PUFAs were found to be a promising treatment (Goldberg and
Katz 2007). Due to their lack of side effects, omega-3 PUFAs may serve as an effec-
tive alternative for NSAIDS, which are known to cause damage to the stomach lin-
ing that can lead to gastric ulcers.

Fish oil contains omega-3 PUFAs eicosapentaenoic acid (EPA) and docosa-
hexaenoic acid (DHA) that can be broken down to create SPMs. Because the body
produces SPMs using the body’s PUFA intake, diets rich in omega-3 may lead to
higher levels of SPM production. Despite this overlap, there are still subtle distinc-
tions between the effects of omega-3 fatty acids and SPMs (Ji 2023). DHA is only
effective in preventing and delaying neuropathic and postoperative pain after nerve
injury and bone fracture but ineffective in reversing chronic pain. In contrast, SPMs
show efficacy in reducing chronic pain (Xu et al. 2013; Zhang et al. 2018). Notably,
DHA and EPA may not serve the same functions. Compared to EPA, DHA is richer
in nervous system membrane phospholipids; as such, its role in neuroprotection is
much more significant than EPA in neurological conditions.
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4.9 Other Mediators

MicroRNAs (miRNAs) are small single-stranded RNAs that do not code for amino
acids or proteins; rather they are recognized to control gene expression after tran-
scription inside cells. MicroRNAs can also be secreted by cells, in which case they
may serve as damage-associated molecular patterns (DAMPs). Crucially, miRNAs
are dysregulated in human diseases such as cancer; in these cases, the miRNAs can
be identified as biomarkers of disease (McDonald and Ajit 2015). Let-7b, for exam-
ple, is released from damaged cells including neurons, alerting immune cells in the
tumor microenvironment. Let-7b binds to TLR7 on immune cells. This interaction
results in the activation of NF-kB and secretion of IL-6 and TNF-alpha, which pro-
motes inflammatory responses. Recent studies demonstrated that let-7b is a potent
pain inducer by activating TLR7 on nociceptor neurons. Activation of TLR7 on
nociceptors results in further activation of TRPA1 to trigger acute pain (Park et al.
2014). It was also found that sensory neurons secrete miR-21 following painful
insult and uptake of miR-21 by macrophages can induce the pro-inflammatory
MI1-macrophage phenotype to facilitate chronic pain development (Simeoli et al.
2017). Thus, miRNAs may serve as novel pain mediators via extracellular actions.

Accumulating evidence demonstrated that lipid mediators of lysophosphatidic
acid (LPA), lysophosphatidylcholine (LPC), and linoleic acid also contribute to the
pathogenesis of pain (Ueda 2021). LPA induces neuropathic pain via specific LPA
receptor (LPAR). The LPAR1-mediated peripheral mechanisms include demyelin-
ation of the dorsal root, while the LPAR3 mediates glial activation in the spinal cord
(Ueda 2021). LPC (e.g., LPC 18:1 and LPC 16:0) contributes to chemotherapy-
induced acute pain via activation of TRP channels (e.g., TRPV1 and TRPMS) in
sensory nerve terminals (Rimola et al. 2020). Of particular interest is the Western-
style diet, enriched with omega-6 polyunsaturated fatty acids that accumulate in
membrane phospholipids and oxidize into pro-nociceptive oxylipins (Boyd et al.
2021). Elevated dietary omgea-6 polyunsaturated fatty acids are sufficient to induce
neuropathy and pain. However, diet-induced peripheral nerve dysfunction is revers-
ible and can be rescued by a healthy diet containing a greater proportion of omega-3
polyunsaturated fatty acids (McGinnis and Ji 2021).

Multiple proteases such as cathepsin, caspases, and matrix metalloproteases
(MMPs) are involved in chronic pain sensitization by regulating neuron—immune
interactions in the peripheral and central nervous systems (Ji et al. 2014). Tissue
injury and inflammatory stimuli activate proteases (e.g., trypsin) in the circulation
and in immune, epithelial and neuronal tissues that cleave protease-activated recep-
tors (PARs), a family of four GPCRs, including PAR1-4. PAR2 is expressed in
nociceptors that can sensitize TRPV1 to promote inflammatory pain (Cattaruzza
et al. 2014). Several proteases can degrade both neuronal cells and the extracellular
matrix in the vicinity of the activated microglia. Nerve injury was shown to induce
a rapid but transient upregulation of MMP-9 in mouse DRG neurons, which is
required for the onset—but not the maintenance—of neuropathic pain. MMP-9
does so by inducing microglial activation in the spinal cord following secretion
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from primary sensory neurons. It was found in rodents that MMP-9 is sufficient and
required for generating persistent mechanical pain; and furthermore this action of
MMP-9 depended on the activation of IL-1 by MMP-9 (Kawasaki et al. 2008a, b).
Caspase-6 is expressed by axons of primary sensory neurons and has been impli-
cated in axonal degeneration. Nerve injury induces caspase-6 expression in primary
sensory neurons, which is involved in microglial activation and neuropathic pain
(Berta et al. 2014). Cathepsin S is induced in microglial cells after nerve injury and
contributes to the genesis of neuropathic pain via microglial activation (Clark
et al. 2007).

4.10 Concluding Remarks

Inflammation not only produces pro-inflammatory mediators for the induction of
pain but also generates anti-inflammatory and pro-resolving mediators such as
SPMs for the resolution of acute pain. A failure in the resolution of acute pain will
lead to transition from acute pain to chronic pain (Ji et al. 2011). A recent study
shows that acute inflammatory response via neutrophil activation protects against
the development of chronic low back pain. Strikingly, in mouse pain assays, early
treatment with a steroid or NSAID also led to prolonged pain despite being analge-
sic in the short term (Parisien et al. 2022). Thus, inflammation is a double-edged
sword and must be tightly controlled for the benefits of pain control. Notably,
immune suppression is dangerous during bacterial and virus infections (e.g., coro-
navirus disease-2019 [COVID-19]). We highlight pro-resolution approaches in this
book for safe and effective control of inflammation (see Chaps. 10, 11, 12, 13, 14,
and 15).
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Chapter 5
Immune and Glial Cells in Pain and Their
Interactions with Nociceptive Neurons
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Abstract While pain is sensed and conducted by neurons, including primary sen-
sory neurons (nociceptors) and spinal cord pain transmission neurons, mounting
evidence suggests that non-neuronal cells such as immune cells and glial cells in the
peripheral nervous system (PNS) and central nervous system (CNS) play active
roles in the pathogenesis and resolution of pain. We review how immune cells and
glial cells interact with peripheral and central nociceptive neurons by secreting neu-
roactive signaling molecules (neuromodulators), leading to altered pain sensitivity.
It is generally believed that chronic pain is maintained by central sensitization, that
is, increased synaptic and neuronal responsiveness (synaptic or neural plasticity) in
central pain pathways, after painful injuries and insults. Recent studies also suggest
that central sensitization is driven by neuroinflammation. We also discuss how
immune cells and glial cells regulate central sensitization and neuroinflammation in
the context of chronic pain.
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5.1 Introduction

Pain research in the past decade has demonstrated numerous non-neuronal cell
types influence pain sensation, including immune, glial, epithelial, mesenchymal,
cancer, and bacterial cells (Ji et al. 2016). In this chapter, we focus on immune cells
and glial cells that interact with nociceptors and spinal cord nociceptive neurons in
distinct anatomical compartments in the peripheral nervous system (PNS) and cen-
tral nervous system (CNS), especially under pathological conditions. Despite the
diversity of these cells, these non-neuronal cells modulate pain in surprisingly simi-
lar ways. In response to an injury or insult, immune and glial cells produce and
release neuromodulatory substances (neuromodulators) in close proximity to noci-
ceptive neurons, which either promote or dampen pain depending on the specific
identities of the mediators involved (Fig. 5.1). Additionally, some inflammatory
mediators such as IL-23 indirectly activate nociceptors by releasing another inflam-
matory mediator (e.g., [IL-17, Luo et al. 2021).

5.2 Immune Cells in Pain

Leukocytes are white blood cells. They are responsible for defending the body
against foreign substances and invaders. They are found throughout the body and
play an indispensable role in inflammation. Leukocytes include neutrophils, eosino-
phils, basophils, lymphocytes, monocytes, and natural killer cells. In addition, mast
cells and dendritic cells are resident immune cells. We discuss how these immune
cells regulate pain via interactions with nociceptors (Fig. 5.1).

5.2.1 Neutrophils

Neutrophils are by far the largest category of leukocytes, making up around 60% of
the white blood cells. Neutrophils are the body’s first line of defense and kill bacte-
ria and fungi. They have an extremely short lifespan, living for only 5-135 h. They
are also highly mobile, thanks to their ability to secrete proteolytic enzymes, which
erode intercellular connections. These enzymes are also used in phagocytosis,
wherein neutrophils consume foreign substances by trapping the foreign substances
in a small compartment known as a vacuole, which then merges with the neutrophil
as the neutrophil consumes the foreign substance. During inflammation, neutrophils
are the first to react; indeed, they are considered the defining sign of acute inflam-
mation. They are generally located in the bloodstream; to travel to the site of dam-
age, they will move through blood vessels and tissue located just outside blood
vessels, known as interstitial tissue. They are guided to the site of injury via chemi-
cal signals, in a process known as chemotaxis. Earlier studies showed an essential
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Fig. 5.1 Interactions between distinct parts of a nociceptor with different types of non-neuron cells
Nociceptor neurons are characterized by distinct morphology and anatomy, with their cell bodies
localized in the dorsal root ganglion (DRG), peripheral axons in the skin and muscle, and central
axons in the spinal cord and brain stem. At these distinct locations, nociceptors interact with vari-
ous types of non-neuronal cells, including keratinocytes in the skin, Schwann cells in the periph-
eral nerve, satellite glial cells in the DRG, as well as microglia, oligodendrocytes, and astrocytes
in the spinal cord. Nociceptor neurons also interact with immune cells (e.g., macrophages, T cells,
dendritic cells, mast cells, B cells, NK cells), cancer cells, stem cells, and bacteria. These non-
neuronal cells produce both pronociceptive (highlighted in red) and antinociceptive (highlighted in
blue) mediators, which can bind their respective receptors on the nociceptor to modulate its sensi-
tivity and excitability. The central terminals of the nociceptor form nociceptive synapses with
postsynaptic neurons in the spinal cord dorsal horn to mediate pain transmission in the CNS. END
endorphin, E7T endothelin, Glu glutamate, /FN-a interferon-a, LE leukocyte elastase, SPM special-
ized proresolving mediators. (Modified from Ji et al., Science, Ji et al. 2016 with permission)

role of neutrophils in the development of inflammatory, postoperative, and neuro-
pathic pain. Planar surgery results in increases in both neutrophil accumulation and
the CXCLI level in the incised paws. The chemokine CXCLI can recruit neutro-
phils and induce pain via CXCR?2 receptor. The depletion of the mouse neutrophils
by antineutrophil antibody treatment reduced the mechanical hyperalgesia after paw
incision (Carreira et al. 2013). Neutrophils release leukocyte elastase, and inhibitors
of leucocyte elastase were shown to inhibit neuropathic pain in rodents (Bali and
Kuner 2017).
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However, a recent study demonstrated that neutrophils also contribute to the
resolution of pain by inducing acute inflammatory response. Depletion of neutro-
phils delayed resolution of pain in mice following complete Freund’s adjuvant
(CFA) induced inflammation. Strikingly, CFA-induced inflammatory pain is pro-
longed for several months in animals treated with steroid (dexamethasone).
Furthermore, peripheral adoptive transfer of neutrophils themselves was sufficient
to prevent the development of long-lasting pain induced by steroids (Parisien et al.
2022). Thus, neutrophils play distinct roles in regulating the induction and resolu-
tion of pain.

5.2.2 Eosinophils

Eosinophils make up about 2—4% of all white blood cells, although this percentage
increases in response to allergies, parasitic infections, collagen diseases, spleen dis-
eases, and CNS diseases. They are often found in mucous membranes, including
those in the digestive, respiratory, and lower urinary tracts. They mainly deal with
parasitic infections. They are also the most prominent inflammatory cells in allergic
reactions. Eosinophilia becomes most active during allergic reactions, including
during asthma attacks, hay fever, hives, and of course, parasitic infections. They
produce and secrete chemicals that break up parasites too large for phagocytizing
(e.g., hookworms and tapeworms). Eosinophils are known for having two lobes,
which are linked with a thin strand. The cytoplasm contains numerous granules.
With eosin staining, the granules appear a distinct pink-orange. The role of eosino-
phils in pain is not well studied, although a history of allergy doubles the risk of
vulvodynia, a chronic female genital pain (Arriaga-Gomez et al. 2019).

5.2.3 Basophils

Basophils are the rarest of white blood cells, making up less than 0.5% of the cells.
They are mainly in charge of allergic and antigen response. During such events, they
release either histamine or heparin. Histamines can widen blood vessels in order to
increase blood flow to injured tissue. It also increases blood vessel permeability,
facilitating neutrophils and clotting protein entry into connective tissue. Heparin
serves as an anticoagulant, preventing blood clotting, thus encouraging white blood
cells to move into the area. Additionally, basophils can secrete chemical signals to
attract eosinophils and neutrophils to an infected site. Generally, basophils have two
or three lobes. Their granules are generally coarse, making the lobes difficult to see.
When dyed, the dark violet granules will appear blue. The specific role of basophils
in pain remains to be investigated, although mediators (e.g., histamine) secreted
from basophils could induce pain and itch.
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5.2.4 Monocytes and Macrophages

Monocytes make for 2-8% of white blood cell count. Like neutrophils, they can
perform phagocytosis, “consuming” parasites and other foreign substances; unlike
neutrophils; however, they last much longer. In addition, they can present pathogen
pieces to T cells; this function allows T cells to recognize pathogens to kill, leading
to an antigen response. Monocytes will leave the bloodstream, becoming tissue
macrophages that remove dead cells debris and defend the body against microor-
ganisms, neither of which neutrophils alone can deal with effectively. Monocytes
have the ability to replace the contents of their lysosomes, granting them a longer
lifespan than their neutrophil counterparts. Monocytes can be recognized by their
kidney-shaped nucleus, lack of granules, and abundant cytoplasm.

Monocytes can differentiate into macrophages. Interestingly, macrophages can
both cause and relieve pain. Macrophages play a chief role in the pathogenesis of
pain and have bilateral communications with nociceptors, the specialized primary
sensory neurons that sense pain (Chen et al. 2020). It is increasingly appreciated
that macrophages display different functional states or phenotypes: M1-like macro-
phages produce proinflammatory cytokines and chemokines (e.g., IL-1f3, TNF-a) to
promote pain; M2-like macrophages are immunosuppressive cells and secrete anti-
inflammatory cytokines (IL-10 and TGF-f1) and growth factors to promote tissue
repair and resolution of pain. However, macrophages are a heterogeneous popula-
tion of immune cells and may exhibit additional functional states. It is well estab-
lished that activation of macrophages can induce and promote pain. Adoptive
transfer of chemotherapy-treated macrophages is sufficient to induce mechanical
pain (Luo et al. 2019). Macrophages “talk to”” nociceptor neurons by releasing pro-
nociceptive mediators (e.g., proinflammatory cytokines and chemokines IL-1p,
TNF-a, IL-17, and CXCL1). These inflammatory mediators induce pain via direct
activation or sensitization of nociceptors. Macrophages also “listen to” nociceptor
neurons, as nociceptors secrete neuropeptides (e.g., CGRP) and chemokines (e.g.,
CCL2/MCP-1) that act on macrophages. Activation of toll-like receptors (TLRs)
results in release of CCL2 from nociceptors, leading to macrophage infiltration to
DRG neurons and potentiating pathological pain (Chen et al. 2020). In addition to
cytokines, chemokines, and neuropeptides, macrophage—nociceptor interactions are
also mediated by microRNAs. For example, nociceptor-released miR-21-5p could
trigger gene expression in macrophages to promote a proinflammatory phenotype of
macrophages that can drive neuropathic pain (Simeoli et al. 2017).

Accumulating evidence also points to a proresolution role of macrophages in
inflammatory and neuropathic pain. The orphan receptor GPR37 is expressed by
macrophages and activated by neuroprotectin D1, a specialized proresolving media-
tor (SPM) derived from omega-3 unsaturated fatty acids. Activation of GPR37 in
macrophages resolves inflammatory pain via phagocytosis of apoptotic neutrophils
and production of the anti-inflammatory cytokines IL-10 that can inhibit nocicep-
tors (Bang et al. 2018). Furthermore, macrophages can biosynthesize SPMs such as
maresins (MaR1 and MaR2), which is able to resolve inflammation. They are also
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able to aid in the regeneration of tissue and relieve pain (Serhan et al. 2012). A
recent study reported that M2-like macrophages in the spinal cord play an important
role in the resolution of neuropathic pain after peripheral injury (Niehaus et al.
2021). Furthermore, it was also found that macrophages can transfer mitochondria
to sensory neurons to resolve inflammatory pain (van der Vlist et al. 2022).

Osteoclasts are specialized cells in bone tissue and act to resorb bone. They
develop from the monocyte/macrophage lineage. Osteoclasts play an important role
in bone cancer pain, one of the most painful conditions (Mantyh 2006). Common
cancers such as prostate, breast, and lung cancer can metastasize to bones at
advanced stages, producing severe pain. In the tumor microenvironment, there are
reciprocal interactions between tumor cells, bone-resorbing osteoclasts, and noci-
ceptors, which drive bone cancer pain. Osteoclast overactivation contributes to bone
cancer pain through (1) direct mechanisms by production of pronociceptive media-
tors (e.g., proton, CCL2) and (2) by indirect mechanisms by which osteoclasts cause
bone resorption, leading to bone fracture and breaking through pain (Andriessen
etal. 2021; Mantyh 2006). Interestingly, the PD-L1 (programed death protein ligand
1) and PD-1 (programed death protein 1) immune checkpoint pathway was shown
to regulate osteogenesis in bone cancer. Thus, cancer-produced PD-L1 can bind
their PD-1 receptor to induce osteogenesis. It was found that Nivolumab, an FDA-
approved anti-PD-1 monoclonal antibody immunotherapy can not only suppress
osteogenesis but also inhibit bone destruction and cancer pain in a mouse model of
bone cancer (Wang et al. 2020).

Together, these studies suggest that macrophages have both detrimental and ben-
eficial roles in the pathogenesis and resolution of pain.

5.2.5 T Lymphocytes (T Cells)

T lymphocytes, also known as T cells, are white blood cells that originate from stem
cells found in bone marrow. They later migrate to the thyroid, where they differenti-
ate into different types of T cells. T cells are crucial for a second type of immu-
nity—adaptive immunity. In contrast to the mechanisms of innate immunity, the
mechanisms of adaptive immunity target specific foreign invaders in the body.
Categories of note are the “killer” T cells and the “helper” T cells. As their name
implies, killer T cells kill infected or damaged cells (including cancer cells) through
cytotoxic methods. They can also release cytokines to recruit other immune cells to
help fight invaders. If killer T cells are the soldiers, helper T cells can be seen as the
strategists; they communicate with other immune cells and let them know how to
respond to particular invaders.

T cells have been found to participate in the development of pain. The evidence
of T cell involvement is particularly plentiful for neuropathic pain. After nerve
injury, T cells will infiltrate the damaged nerve and ipsilateral DRG and release
pain-causing mediators such as leukocyte elastase (LE), resulting in mechanical
allodynia. In the spinal cord, T cells will also infiltrate after nerve injury; this
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infiltration is necessary for mechanical hypersensitivity to develop. T cells produce
IFN-y to enhance nociceptive synaptic transmission and activate microglial cells.
Interestingly, sex seems to play a role in how T cells participate in the development
of pain. One experiment found that spinal T cells account for neuropathic pain after
nerve injury in only female mice; microglial signaling accounts for such pain in
male mice (Sorge et al. 2015).

T cells have also been found to inhibit and resolve neuropathic and inflammatory
pain. Intrathecal injection of anti-inflammatory T-regulatory cells (Treg) was able to
reverse nerve trauma-induced mechanical pain (Liu et al. 2014). CD8+ T cells pro-
duce IL-10 to resolve chemotherapy-induced neuropathic pain (Krukowski et al.
2016). In inflamed hind paw, memory T cells could produce endogenous opioid
peptides such as beta-endorphin to counteract inflammatory pain (Mousa et al.
2001). T cells may also promote the differentiation of macrophages into the M2
phenotype to resolve pain.

5.2.6 B Lymphocytes (B Cells)

B cells, also known as B lymphocytes, are a type of white blood cell that mediates
adaptive immunity. B cells develop from hematopoietic stem cells that originate
from bone marrow. Emerging evidence suggests that B-cell-produced autoantibod-
ies play a critical role in autoimmunity and chronic pain. Complex regional pain
syndrome (CRPS) is a posttraumatic autoimmune disease, and B cells are required
for CRPS-like changes in a mouse CRPS model of tibia fracture (Guo et al. 2017b).
It was postulated that fracture induces expression of neoantigens in the fracture limb
to trigger B cells to secrete IgM antibodies. Other studies have identified IgG as a
major cause of chronic pain in CRPS patients. Serum IgG, transferred from patients
to mice, was shown to induce pain hypersensitivity. Moreover, in fibromyalgia and
rheumatoid arthritis, passive transfer experiments have shown that either IgG or
IgM antibodies from patient donors cause pain-like symptoms and other clinical
symptoms that mimic clinical disorders (Goebel et al. 2022). IgG may promote
microglia and astrocyte activation in the spinal cord. It is noteworthy that FcyRI, an
immune receptor for IgG immune complex (IgG-IC), is expressed by DRG sensory
neurons and neuronal FcyRI mediates acute and chronic joint pain in rheumatoid
arthritis (Wang et al. 2019).

5.2.7 Natural Killer Cells (NK Cells)

Natural killer cells, also known as NK cells, are cytotoxic lymphocytes and analo-
gous to the function of cytotoxic T cells. Following nerve injury, NK cells are
involved in the degeneration of intact sensory afferents. Interestingly, endogenous
ligand (Retinoic Acid Early 1, RAE1) for the NK cell receptor NKG2D is induced
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in DRG neurons, leading to selective degeneration of injured axons. This neuroim-
mune interaction allows for selective NK cell-mediated degeneration of damaged
sensory axons for Wallerian degeneration. Like macrophage phagocytosis of apop-
totic cells, clearance of partially damaged nerves by NK cells may help to resolve
painful neuropathy (Davies et al. 2019). Unbiased immune profiling also reveals a
role of NK cells in fibromyalgia. Chronic activation and redistribution of circulating
NK cells to the peripheral nerves may contribute to the immunopathology associ-
ated with FMS (Verma et al. 2022).

Pain research in the past two decades has demonstrated critical roles of glial cells
in the pathogenesis of pain. Research also suggests a beneficial and preresolving
role of glial cells, such as microglia (Chen et al. 2018).

5.2.8 Mast Cells

Mast cells are very similar to basophil granulocytes that contain many granules rich
in histamine and heparin. Mast cells are resident cells of connective tissue. Mast
cells are best known for their role in allergy, a chronic inflammatory disease. It is
also well established that mast cells play an important role in itch (pruritus) by pro-
ducing histamine. A subset of nociceptor neurons (nociceptors) express histamine
receptors (e.g., HI receptor) and respond to histamine, therefore, termed “pruricep-
tors” (itch-sensing sensory neurons). Mast cell activation was implicated in several
pain syndromes, such as migraine, chronic pelvic pain, endometriosis, and vulvo-
dynia. Mast cell hyperplasia was observed bladder pain syndrome and vulvodynia
in patients with vulvodynia (Regauer 2016). Depletion of mast cells alleviated pain
in a mouse model of vulvodynia (Arriaga-Gomez et al. 2019). A recent study
reported that local immune response to food antigens drives meal-induced abdomi-
nal pain. This pain is triggered by bacterial infection and bacterial toxins, leading to
the production of dietary-antigen-specific IgE antibodies in mice in the intestine.
Subsequent oral ingestion of the dietary antigen will elicit visceral pain through an
IgE- and mast-cell-dependent mechanism. Mechanistically, histamine released by
mast cells can activate the H1 receptor to sensitize TRPV1-expressing visceral
afferents. This finding is also clinically relevant to patients with irritable bowel syn-
drome (IBS), as injection of food antigens (gluten, wheat, soy and milk) into the
rectosigmoid mucosa of IBS patients could induce local oedema and mast cell acti-
vation (Aguilera-Lizarraga et al. 2021).

5.2.9 Dendritic Cells

Dendritic cells are resident immune cells present in the skin of a specialized den-
dritic cell type called the Langerhans cell. A pioneer study reported that sensory
neuron-derived neuropeptide CGRP is present in epidermal nerves and is associated
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with Langerhans cells. Furthermore, CGRP inhibited LC antigen presentation, pro-
viding early evidence of local interaction between the nervous system and immuno-
logical function (Hosoi et al. 1993). Dendritic cells are also present in tissues that
are in contact with the external environment, including the inner lining of the nose,
lungs, stomach, and intestines. Upon activation, dendritic cells migrate to the lymph
nodes where they interact with T cells and B cells to regulate adaptive immune
response. Dendritic cells are antigen-presenting cells and functions to process anti-
gen material and present it on the cell surface to the T cells. Unlike neutrophils/
monocytes and T cells, dendritic cells serve as messengers between the innate and
the adaptive immune systems. The role of dendritic cells in pain is not well under-
stood. A recent study showed skin-resident dendritic cells promote postoperative
pain. Skin incision upregulates the chemokines CCL17 and CCL22 in skin-resident
dendritic and Langerhans cells, where their cognate receptor CCR4 is expressed by
sensory neurons. CCL17 and CCL22 are sufficient to induce pain and nociceptor
activation via CCR4 (Silva et al. 2022). However, Langerhans cell-deficient mice
showed normal nociceptive sensitization and postoperative pain after fracture,
despite an essential role of CGRP signaling in this process (Li et al. 2018). Dendritic
cells also expressed Toll-like receptor 7 (TLR7) and activation of TLR7 produces
Type-I interferons (e.g., IFN-o) to mediate antiviral effects, meanwhile changing
pain sensitivity (Tan et al. 2021).

5.3 Keratinocytes, Fibroblasts, and Bone Marrow Stromal
Cells in Pain

5.3.1 Keratinocytes

Keratinocytes are the cells that make up most of the epidermis, the outermost layer
of skin. These cells produce keratin, a protein that is a major constituent of hair and
nails. Keratinocytes are located near the peripheral terminals of nociceptors, where
painful stimuli are initially sensed. The cells produce several mediators, including
adenosine triphosphate (ATP), IL-1p, prostaglandin E2, endothelin (which can raise
blood pressure), and nerve growth factor (NGF), which can promote the growth of
pain-sensing nerve fibers.

Channelrhodopsin is a type of light-sensitive protein commonly used in a lab
technique known as optogenetics, wherein channelrhodopsin is incorporated into a
particular kind of cell, allowing those cells to be activated via light. The activation
of those cells then causes animals to behave in a certain way, which researchers can
observe. For example, expression of channelrhodopsin 2 (ChR?2) in nociceptors will
make it possible that blue light stimulation in a hindpaw can elicit painful behaviors
in mice (e.g., lifting and licking) (Ji et al. 2021). Researchers also tried to put
ChR?2 in keratinocytes. It has been found that light stimulation of keratinocytes in a
hind paw causes mice to behave in a nocifensive way, or as if in response to pain
(Baumbauer et al. 2015).
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Notably, keratinocytes can produce both pleasure and pain. Consider going out
for a walk on a summer day. At first, the warmth of the sun on your skin feels gentle
and pleasing. At this time, your keratinocytes are producing endogenous opioid
peptide beta-endorphin, a type of protein that can relieve pain and produce a
“reward” sensation. After 2 h in the sun with insufficient sun protection, however,
you develop a sunburn. Now, your keratinocytes are no longer producing endoge-
nous opioid peptide beta-endorphin. Instead, the excessive light exposure results in
the activation of a protein called TRPV4, which reacts to changes in temperature.
This results in the release of endothelin, a peptide that can increase blood pressure
by constricting blood vessels, onto nociceptors in your skin, causing you to feel
pain—a lot of it (Moore et al. 2013). Intriguingly, keratinocytes are able to release
inflammatory mediators like cytokines despite not being immune cells, showing
how immune cells are not the only non-neuronal cells involved in pain.

5.3.2 Fibroblasts

Fibroblasts are the most common cells of connective tissue in animals. They pro-
duce the extracellular matrix and collagen and play a crucial role in wound healing.
Fibroblasts maintain homeostasis in tissues. In inflammatory diseases, however,
fibroblasts can become inflammatory cells or recruit leukocytes to promote angio-
genesis, in turn promoting chronic inflammation. Single-cell profiling techniques
have allowed fibroblast states to be observed in greater detail, showing that fibro-
blasts may play a pathological role in many diseases. Fibroblasts are especially
known to be involved in rheumatoid arthritis and inflammatory bowel disease. In a
recent study, single-cell RNA sequence (scRNA-Seq) on colonic mesenchymal
cells from patients with ulcerative colitis revealed that among the fibroblast sub-
types, S1 fibroblasts were distributed throughout the lamina propria and exhibited
elevated expression of TNF-responsive genes, while S2 fibroblasts were restricted
to areas close to the epithelium and displayed high expression of BMPs (BMP2 and
BMPS5) and noncanonical Wnt ligands (WNT5a and WNT5b) (Wei et al. 2021).

Increasing evidence suggests a role of fibroblasts in the pathogenesis of arthritic
pain. Within the knee joint, distal endings of DRG neurons communicate with
fibroblast-like synoviocytes (FLS), and these FLS secrete inflammatory mediators
to promote peripheral sensitization of sensory neurons innervating the knee. RNA
sequencing has demonstrated detectable levels of proinflammatory genes in FLS
derived from arthritis patients (Chakrabarti et al. 2020). The fibroblast-derived pro-
tein PI16 (Peptidase inhibitor 16) was shown to promote neuropathic pain in mice.
Nerve injury increases PI16 protein levels in fibroblasts in DRG meninges and in
the epi/perineurium of the sciatic nerve (Singhmar et al. 2020).
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5.3.3 Bone Marrow Stromal (Stem) Cells

Regenerative pain medicine refers to using the body’s own recovery mechanisms to
heal pain (Buchheit et al. 2020). This field of medicine is particularly exciting for
pain scientists due to the pain-relieving potential such methods have shown in
degenerative arthritis (where the cartilage in joints slowly breaks down) and neuro-
logic diseases. Generally, the products used in regenerative pain medicine can be
split into two categories: cellular products and blood-derived products. Cellular
products refer to those products taken from bone marrow, lipids (i.e., fats), and the
umbilical cord. Blood-derived products refer to those products taken from compo-
nents of the blood, such as plasma rich in platelets (which are critical for blood
clotting) and autologous conditioned serum.

Mesenchymal stem cells, also known as mesenchymal stromal cells (MSCs), are
cells found in nearly all organs in a space around the blood vessels called the peri-
vascular space. They are most prominent in the bone marrow but can also be taken
from tissue like the umbilical cord, peripheral blood, and fat. These cells are impor-
tant because of their ability to differentiate, or develop, into a variety of other meso-
dermal cells, including cartilage, fat, muscle, and bone.

Most laboratory studies used bone marrow-derived stromal/stem cells (BMSC).
These cells can be delivered into the body through either intravenous injection
(where the cells are delivered to the body’s circulatory system via a vein) or local-
ized injection (where the cells are delivered straight to the site of injury). A number
of studies have described the powerful pain-relieving effects of BMSCs when used
in models of mice, rats, and other rodents with neuropathic pain induced by nerve
injury, spinal cord injury, neuropathy from diabetes induced by streptozotocin
(which is toxic to insulin-producing cells found in the pancreas), and arthritis. These
effects were seen with BMSCs taken from mice, rats, and human bone marrow
(Huh et al. 2017).

Both intravenous and local injection of rat BMSCs were powerful enough to
reverse mechanical allodynia (where even a light touch can cause pain) in rats after
they had suffered a tendon injury (Guo et al. 2011). Researchers found that this
antiallodynic effect could be blocked by naloxone, an opioid receptor antagonist
with the ability to inhibit opioids from binding with their receptors. This result
seems to suggest that endogenous opioids, or opioids produced by the body itself,
have some role in the antiallodynic effect of BMSCs. Later on, a follow-up study
showed that immune interactions and the activation of monocytes also play a part in
this antiallodynic effect (Guo et al. 2017a, b).

Another study found that just one intrathecal lumbar injection (in which the nee-
dle is inserted between bones low on your spinal cord) of 250,000 mouse BMSCs
resulted in effective pain-relief for more than 6 weeks in mouse models of neuro-
pathic pain. Further analysis showed that the injected BMSCs moved to the dorsal
root ganglia and the spinal cord meninges (membranes around the spinal cord and
part of DRG that contain cerebrospinal fluid), where they proceeded to survive for
3 months (Chen et al. 2015).
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Intrathecal injections performed as described above also reduced neuroinflam-
mation in the spinal cord that arose from nerve injury, particularly decreasing or
even reversing the activation of microglia and astrocytes via a type of cell commu-
nication called paracrine communication, in which cells communicate directly with
nearby cells (Chen et al. 2015).

MSC treatment has likewise been shown to be promising in treating chronic
neuropathic conditions, with the ability to reverse opioid tolerance and hyperalgesia
induced by chronic opioid exposure (Hua et al. 2016). Please see more details in
Chaps. 10 and 11.

5.4 Microglia in Pain

5.4.1 Microgliain Health

Microglia are a type of glial cell found through the central nervous system and play
an important physiological role in the CNS (Kettenmann et al. 2011). They make up
10-15% of all cells in the brain, where they act as resident macrophages, and thus
the primary form of active immune defense in the CNS. Microglia are spread
through the CNS in specific, nonoverlapping areas. They are indispensable in
immune surveillance and the maintenance of brain homeostasis: they search for
waste products such as damaged or unnecessary neurons and synapses, infectious
agents, and plaques. These processes need to be maximally efficient to prevent
lethal brain damage following injury and infection. As a result, microglia are
extraordinarily sensitive to all pathological changes in the CNS. Such sensitivity is
possible due to changes in extracellular potassium, ATP, or neurotransmitter. Recent
studies have also demonstrated microglia to be crucial players in the brain under
nonpathological conditions, allowing for the maintenance of normal brain func-
tions. By overseeing neuronal functions using direct somatic contacts, microglia are
also able to provide neuroprotective effects as necessary.

The components of the CNS, the brain and the spinal cord, normally cannot be
accessed by pathogens due the blood—brain barrier (BBB), a series of endothelial
cells that is capable of preventing most infections from reaching the susceptible tis-
sue of the nervous system. However, when infectious agents do make it across the
BBB (e.g., during inflammation, when the BBB becomes more permeable), microg-
lia mobilize rapidly to diminish inflammation and dispose of pathogens before any
damage can be dealt to neural tissue. Because most antibodies from the rest of the
body are unable to cross the BBB (very few are small enough to do so), microglia
must also be capable of foreign agent recognition. Once they recognize foreign
agents, they will swallow them and present the pieces of said agent, effectively act-
ing like an antigen-presenting cell, which then allows them to activate T cells.

Microglia can change their structure to suit the particular needs of the area in
which they are located. The form microglia adopt, known as a phenotype, depends
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on both local conditions as well as any chemical signals they may receive. Such
extraordinary plasticity allows microglia to achieve a wide variety of functions. This
plasticity also sets microglia apart from macrophages, which need to be constantly
replaced, and gives microglia the ability to react rapidly to foreign agents without
causing disturbances in the immune system (Kreutzberg 1996).

After inflammation, microglia undertake a couple of steps to promote neural tis-
sue regrowth. These include synaptic stripping (Salter and Stevens 2017), as well as
secretion of anti-inflammatory cytokines, recruitment of neurons and astrocytes to
the damaged area, and formation of gitter cells. These steps speed up and make pos-
sible regrowth and remapping in resident CNS areas and vascular systems around
the brain, respectively. Recent studies have demonstrated that microglial processes
continuously oversee the neuronal functions through specialized somatic junctions
and sense nerve cell “well-being” (Liu et al. 2019). This intercellular communica-
tion pathway allows microglia to exert notable neuroprotective effects, contributing
robustly to repair following brain injury.

5.4.2 Microglia in Disease

When microglia are activated, they become amoeboid in shape and change their
gene expression. This new, altered gene expression can cause the production of a
number of potentially neurotoxic mediators. These mediators are important in the
normal functions of microglia and their production; they are usually reduced once
the microglia complete their task. In chronic neuroinflammation; however, microg-
lia remain activated for an extended period during, which means the production of
mediators is also sustained. This increase in mediators plays a role in neuronal
degeneration including loss of synapses and neuronal death.

Neuroinflammation is not the same as inflammation in other organs but does
include several similar mechanisms (e.g., the localized production of chemoattrac-
tant molecules to the site of inflammation) (Ji et al. 2018). The following are a few
of the many substances microglia secrete upon activation (Heneka et al. 2015).

Microglia produce many proinflammatory cytokines such as IFN-y, IL-la,
IL-1B, and TNF-a in the CNS (Hanisch 2002). Direct injection of the cytokines
IL-1P and TNF-a into the CNS can produce local inflammatory responses and neu-
ronal degradation. As such, it is possible that cytokines may play a role in neurode-
generation when microglia remain in a sustained activated state. Pro- and
anti-inflammatory cytokines contribute differently to the neuroinflammatory pro-
cess following acute brain injury. Microglia can produce certain chemokines such
as MCP-1 (CCL2), MIP-1a, and MIP-1. Microglia also express chemokine recep-
tors such as CX3CR1, CXCR2, CCR3, CCRS, and CXCR4. Multiple proteases are
also implicated in microglial signaling. When microglia are activated, they cause
proteolytic enzymes to be produced and secreted. A number of proteases can
degrade both neuronal cells and the extracellular matrix in the vicinity of the acti-
vated microglia. These proteases include cathepsins (B, K, L, and S) and matrix
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metalloproteinases (MMP-1, MMP-2, MMP-3, and MMP-9; and ADAMS or plas-
minogen). They form outside microglia and degrade the extracellular matrix.

Microglia play a critical role in neurodegenerative disorders (disorders involving
progressive cell loss in particular populations of neurons). Many normal functions
of glia can be lost or damaged when the cells become chronically activated in pro-
gressive neurodegenerative disorders. A significant body of evidence has demon-
strated that activated glial cells play destructive roles via direct and indirect
inflammatory attacks in neurodegenerative disorders. The following list includes
the role of microglia in some well-known neurodegenerative disorders (Salter and
Stevens 2017).

Alzheimer’s disease (AD) is a progressive, neurodegenerative disease, in which
the brain develops abnormal clumps (amyloid plaques) and tangled fiber bundles
(neurofibrillary tangles). Notably, microglia prominently express many of the genes
associated with heightened AD risk. Triggering receptor expressed on myeloid cell
2 (TREM2) is a cell surface receptor on microglia that notably interacts
Apolipoprotein E. TREM2 has been shown to be associated with heightened AD
risk. Soluble TREM?2 mediates the clearance of pathological amyloid-p (Af) in AD
(Zhao et al. 2022). Studies have shown high levels of activated microglia overex-
pressing IL-1 in the brains of Alzheimer patients. These microglia are distributed
with both AP plaques and neurofibrillary tangles. Such overexpression of IL-1
results in excessive tau phosphorylation, which is related to tangle development in
Alzheimer’s disease. Parkinson’s disease is a movement disorder involving abnor-
mal functioning of dopamine-producing neurons in the brain. The neurons of the
substantia nigra become dysfunctional and eventually die, resulting in a lack of
dopamine input into the striatum. Studies suggest that glial cell line-derived neuro-
trophic factor (GDNF) may be able to chemoprotect the cells of the substantia nigra.
Multiple sclerosis (MS) is a chronic inflammatory and neurodegenerative disease of
CNS, characterized by focal lesions of inflammation, axonal loss, gliosis, and
demyelination that affect both white and gray matter. In MS patients, destruction of
myelin in the CNS is associated with activated macrophages and microglia, which
are suspected to be involved in the pathogenesis of the disease. While most of the
findings of microglial activation are non-MS specific, the M1 activation (CD40,
CD86) appears to be specific for this disease.

5.4.3 Microglia in Chronic Pain

A major research progress in pain research in the past two decades is to demonstrate
critical roles of microglia in the pathogenesis of pain, especially neuropathic pain.
Many review articles have been published to discuss this important topic in pain
research (Chen et al. 2018; Inoue and Tsuda 2018; Ji et al. 2013; Tsuda et al. 2005).
Peripheral nerve injury results in microgliosis, which causes the cells to increase in
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size, shorten cellular processes, and change from a branching shape (ramified) to a
blobby shape (ameboid). Nerve injury also causes rapid proliferation of microglia,
an increase in the number of microglia in the first week of injury. Furthermore,
nerve injury results in rapid activation of intracellular signaling pathways, such as
activation of MAP kinases (p38 and ERK) by phosphorylation. Cellular markers for
microglia such as IBA1, CD11b, and CX3CRI are increased after nerve injury and
other painful injuries such as arthritis and cancer. Microglial activation is broad
term and can include all the changes in morphology, gene expression, and signal
transduction pathways. Following painful injuries, microglia can be activated by
many mediators that are known to cause pain. These microglial activators include
ATP, cytokines and chemokines, CSF-1 (colony-stimulating factor), proteases, and
ligands of TLRs (HMGB1), which can activate multiple receptors present in microg-
lia, including CX3CR1, CSFR1, TLR4, P2X4, P2X7, and P2Y 12 (Chen et al. 2018;
Guan et al. 2016). Activation of each of these microglial receptors will result in
phosphorylation of p38 MAP kinase, which can trigger downstream signaling in
gene expression and protein synthesis, leading to increased production and secre-
tion of TNF-a, IL-1p, IL-18, and BDNF (brain-derived neurotrophic factor) (Coull
et al. 2005; Ji and Suter 2007) (Fig. 5.2).

Importantly, these neuromodulators produced by microglia, however, have the
ability to rapidly change synaptic plasticity in the spinal cord pain circuit. Often,
synaptic plasticity can be induced by tissue or nerve injury known to cause central
sensitization. This process can maintain chronic pain and cause pain to spread far
beyond the initial site of injury. The process can also result in mechanical allodynia,
wherein even a light touch can generate intense pain. Strikingly, these synaptic plas-
tic changes can be induced by microglial mediators (TNF-a, IL-1p, IL-18, and
BDNF). For example, IL-18 and BDNF not only increase excitatory synaptic trans-
mission but also suppress inhibitory synaptic transmission (Coull et al. 2005;
Kawasaki et al. 2008b). Numerous studies from many labs in the world have shown
that inhibition of microglial function by various pharmacological and genetic
manipulations (including chemogenetic and optogenetic manipulations) can allevi-
ate pain (Grace et al. 2018; Jin et al. 2003; Parusel et al. 2022; Raghavendra et al.
2003; Tsuda et al. 2003; Yao et al. 2016).

While most studies support a pronociceptive role of microglia in driving chronic
pain, microglia also have a protective role in maintaining homeostasis of the CNS
(Chen et al. 2018). Recently, it was found that CD11c-expressing spinal microglia
contribute to the resolution of neuropathic pain. Interestingly, these cells appear in
the late-phase (3 weeks) following nerve injury. In pain-recovered mice, the deple-
tion of CD11c+ microglia resulted in a relapse of neuropathic pain hypersensitivity
(Kohno et al. 2022).



136 J. Jietal.

Persistent
Microglia pain
/' © BDNF \
ATP
CCL2 Nociceptive neurons
CSF1 © TNF,IL-1B, IL-18 Projection neurons and
CASP6 interneurons

OO

Central @ ATP
terminals Glu '
\ Astrocytes g CCL2 © cxcL13
cxcLT
TSP4 /

ATF>
CCL2

Microglia

Nociceptors h‘
Painful )\QJ&//
Injury

Fig. 5.2 Neuron—glial interactions in the spinal cord for the amplification of chronic pain Painful
injuries such as nerve injury, arthritis, cancer, and treatment (chemotherapy) cause hyperactivity of
nociceptors and secretion of glial modulators from their central terminals. As a result, microglia and
astrocytes in the spinal cord dorsal horn are activated by the glial mediators. Following their activation,
microglia and astrocytes secrete neuromodulators, such as cytokines (TNF, IL-1p, and IL-18) and
chemokines (CCL2, CXCLI1), to induce and maintain chronic pain by driving synaptic and neuronal
plasticity. Pre- and postsynaptic neurons can both “listen” and “talk” to microglia and astrocytes.
Notably, neurons can produce chemokine CXCL13, which can activate astrocytes via CCRS receptor.
BDNF brain-derived growth factor, CASP6 caspase-6, CSF-1 colony-stimulating factor 1, Glu gluta-
mate, 7SP4 thrombospondin-4. (Modified from Ji et al., Science, Ji et al. 2016 with permission)
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5.5 Astrocytes in Pain

5.5.1 Astrocytes in Physiological Conditions

Astrocytes are a particularly interesting group of glial cells, with a number of unique
characteristics. Named for their star-like shape, astrocytes make up nearly 20-40%
of all glial cells. Unlike other glial cells, astrocytes are physically joined to each
other via proteins known as gap-junction protein complexes, named connexins (e.g.,
Cx-43). These complexes allow astrocytes to exchange materials with each other
and mediate long-range signaling. Like microglia, astrocytes play an important
physiological role in the CNS (Verkhratsky and Nedergaard 2018).

Traditionally, these star-shaped cells were believed to provide structure and
nutrition to neurons; however, they are now also known to be actively involved in a
number of neural processes. Uniquely, the cytosol of astrocytes is physically joined
to each other via gap-junction protein complexes; such a connection expedites the
exchange of substances between cells. Glial fibrillary acidic protein (GFAP) expres-
sion is another defining feature of astrocytes possessed by no other CNS glial cells.
Astrocytes use GFAP in all primary branches and processes; when astrocytes enter
injury-induced reactive states, GFAP expression will change as well. Notably, each
astrocyte has its own domain or territory, which other astrocytes usually do not
enter. When astrocytes enter reactive states; however, such territorial organization is
disturbed. Further research must be done for us to understand the significance of
this organization, however. Additionally, astrocytes are able to control blood flow
during neuronal activation due to their considerable contact with cerebral blood
vessels.

Likewise, astrocytes have substantial contact with inter-neuronal synapses; in
rodent brains, just one cortical astrocyte can contract 4-6 neuronal soma and
300-600 neuronal dendrites, as well as wrap a shocking 140,000 synapses.
Astrocytes differ dramatically in size and morphological complexity from species to
species; for example, a human cortical astrocyte is double the size of a rodent corti-
cal astrocyte in diameter. A human cortical astrocyte can also extend 10 times as
many primary processes as a rodent cortical astrocyte can, allowing it to contact
upward of two million synapses. More and more evidence points to associations
between increased astrocyte morphological complexity and increased cognitive
function (Oberheim et al. 2006). Astrocytes secrete several adhesin molecules, such
as neuroligins. These adhesin molecules not only control astrocyte morphogenesis
but also regulate synaptogenesis. Notably, synapses are covered by astrocytic pro-
cesses as sculpture (Stogsdill et al. 2017).
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5.5.2 Astrocytes in Physiological Pain

Under normal, nonpathological conditions, astrocytes supply metabolic support to
neurons and help maintain healthy levels of glutamate, extracellular potassium ions
(K*), and water via expressing specific transporters for these molecules. Using their
connections via gap-junction proteins, astrocytes can spread calcium waves, thereby
spreading several long-distance signaling molecules. Additionally, astrocytes wrap
around synapses to create a barrier that both supplies metabolic support and protects
synapses from glutamate spillover. During synaptic development and transmission,
the substantial contact astrocytes have with synapses that allow the cells to control
local interstitial chemical and ionic environments. Furthermore, astrocytes are
importantly involved in regulating the formation, maturation, maintenance, and
elimination of synapses via a number of contact-mediated and diffusible signals.
Increasingly, researchers have come to realize that astrocytes are actively involved
in synaptic transmission regulation in the CNS; this fact suggests that processes of
astrocytes may be parts of synapses as well, communicating with both presynaptic
and postsynaptic terminals to regulate synaptic transmission (Araque et al. 1999).
Moreover, astrocytes also make up the foundation of the glymphatic system, a fluid
transport system that is responsible for clearing proteinaceous waste products
(including excess beta-amyloid, tau protein, synuclein, and metabolic byproducts)
throughout the brain (Ji et al. 2019; Nedergaard 2013).

Recent studies show that astrocytes in the spinal cord dorsal horn (SDH) may
inhibit pain signaling under physiological conditions in normal animals (Ji et al.
2019). ATP derived from astrocytes produces adenosine in the extracellular space
when hydrolyzed. Adenosine can inhibit nociception by activating adenosine Al
receptors located on sensory neurons including nociceptors. When gliotransmission
was weakened via overexpression of a dominant-negative SNARE domain
(dnSNARE mice) in glial cells, mechanical pain thresholds decreased. This result
points to gliotransmission as a modulator of baseline mechanical nociception that
normally inhibits pain (Foley et al. 2011). Additionally, spinal astrocytes can pro-
duce type-1 interferons (IFN-1) and anti-inflammatory cytokines, which can bind to
IFN-I receptors on primary afferent presynaptic terminals to prevent spinal cord
nociceptive synaptic transmission (Liu et al. 2016). Allodynia in naive animals
could also be manifested by downregulating connexin (CX43), which primarily
mediates communication between spinal astrocytes. Recently, astrocytes were
shown to regulate pain gating in the spinal cord of noninjured animals following
spinal cord stimulation of large Af-afferents, in further support of an antinocicep-
tive role of astrocyte network in homeostatic status (Xu et al. 2021).
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5.5.3 Astrocytes in Pathological Pain

Increasingly, evidence also points to an active role of astrocytes in driving CNS
diseases. Astrocytes have been identified to be the key regulators of several diseases
of the CNS, including neurodegenerative, neuropsychiatric, and neurodevelopmen-
tal diseases, as well as gliomas (Hasel et al. 2021; Stogsdill et al. 2017). Recent
progress revealed that neurotoxic reactive astrocytes (A1) are induced by activated
microglia under disease conditions (Liddelow et al. 2017). Astrocytes are thought to
regulate such diseases via neuroinflammation, which can result in persistent chronic
pain (Hasel et al. 2021; Ji et al. 2019).

Astrocytes also play a crucial role in the development and maintenance of chronic
pain. For example, a correlation between spinal cord dorsal horn (SDH) astrocyte
hypertrophy and pain hypersensitivity has been seen after a number of chronic pain-
inducing injuries. Nerve trauma, spinal cord injury, chronic opioid exposure, intra-
plantar injection of CFA, bone cancer, chemotherapy, and HI'V-induced neuropathy
have all produced significant astrogliosis in rodents, as seen from the higher levels
of GFAP expression. After nerve injury, astrogliosis lasts much longer than microg-
liosis, suggesting that astrocytes may play a more important role in maintaining
neuropathic pain than microglia. Furthermore, many painful insults, such as inflam-
matory pain, chemotherapy-induced pain, and some cancer-induced pain, are more
associated astrogliosis than microgliosis (Ji et al. 2013). Analysis of post-mortem
spinal cord tissue has further shown that SDH astrocyte activation in HIV patients
is tightly associated with chronic pain (Shi et al. 2012).

Several signaling molecules have been shown to induce and maintain inflamma-
tory and neuropathic pain, including ERK, JNK (c-Jun N-terminal kinase), chemo-
kines (CCL2, CXCL1, CXCL13), and Cx43 (Gao and Ji 2010; Fig. 5.2). After nerve
injury, activation of Cx43 in astrocytes results in a release of chemokines (CXCL1
and CCL2), which can drive neuropathic pain via interaction with their neuronal
receptors (CXCR?2 and CCR2) (Chen et al. 2014). Nerve injury was shown to upreg-
ulate CXCL13 in spinal cord neurons, which then activates its CCRS receptor in
astrocytes, driving persistent activation of astrocytes that maintains neuropathic
pain (Jiang et al. 2016). A population of astrocytes located in the superficial laminae
of SDH is genetically defined by the transcription factor Hes5, and chemogenetic
stimulation of Hes5+ SDH astrocytes is sufficient to produce mechanical pain
hypersensitivity (Kohro et al. 2020). Recently, it was reported that by combining a
transient nerve block to inhibit noxious afferent input from injured peripheral
nerves, which is combined with simultaneous activation of astrocytes in the somato-
sensory cortex (S1), the authors were able to reverse neuropathic pain after nerve
injury: activation of S1 astrocytes either low intensity transcranial direct current
stimulation (tDCS) or via the chemogenetic DREADD system reversed allodynia.
This study suggests a possible role of astrocytes in resolving chronic pain (Takeda
et al. 2022).
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5.6 Satellite Glial Cells, Schwann Cells,
and Oligodendrocytes in Pain

5.6.1 Satellite Glial Cells (SGCs)

SGCs are prominent glial cells in the PNS and wrap around neuronal cell bodies and
form a complete envelope, allowing for close neuron-SGC interactions in dorsal
root ganglia (DRG) and trigeminal ganglia where the cell bodies of primary sensory
neurons including nociceptive neurons are present (Hanani and Spray 2020, Fig. 5a).
SGCs are derived from neural crest cells and are characterized by thin cellular
sheaths that surround the individual neurons. Despite different locations in the PNS
and CNS, SGCs share many features with astrocytes. For example, they express
similar markers such as GFAP, GLAST, ALDHI1L1, and Hevin/SPARCL1, and are
interconnected by gap-junctions (Ji et al. 2013). Like astrocytes, SGCs express high
levels of inwardly rectifying K+ channels 4.1, Kir4.1, coded by KCNJ10 (Vit et al.
2008), which enables SGCs to control the perineural potassium homeostasis and
neuronal excitability. Several lines of evidence indicate that SGCs participate in the
generation and maintenance of chronic pain. SGCs are rapidly activated after pain-
ful injuries and play an active role in the development of persistent pain (Hanani
et al. 2002; Jasmin et al. 2010). The gap-junction coupling between SGCs surround-
ing individual neurons is augmented in pathological pain conditions such as nerve
injury and inflammation (Chen et al. 2008; Hanani et al. 2002). Kir4.1 is downregu-
lated under pathological pain conditions. Strikingly, knockdown of Kir4.1 expres-
sion in SGC:s is sufficient to induce pain hypersensitivity in naive animals (Vit et al.
2008). Furthermore, upon activation, SGCs release proinflammatory cytokines,
such as TNF-a and IL-1f that can drive hyperexcitability of surrounding sensory
neurons (Hanani and Spray 2020; Kawasaki et al. 2008a).

SGC activation (e.g., GFAP upregulation) has been shown after multiple painful
injuries (Ji et al. 2013). SGC’s reaction after nerve injury occurs very rapidly,
becoming evident within 4 h, peaking at 1 week but declining after 3 weeks. This
time course of SGC reaction suggests a possible role of SCGs in the induction and
early maintenance of neuropathic pain (Zhang et al. 2009). Continuous infusion of
fluorocitrate, a glial metabolism inhibitor, to the affected DRG via mini-osmotic
pump alleviated mechanical allodynia in the early phase of nerve injury (Liu et al.
2012). Notably, a brief subcutaneous injection of morphine is sufficient to activate
SGCs within 2 h, and this rapid SGC activation contributes to opioid-induced hyper-
algesia (Berta et al. 2012).
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5.6.2 Schwann Cells

Schwann cells are the most abundant cells in the PNS and include two broad catego-
ries: myelinating and nonmyelinating Schwann cells (Chen et al. 2003). It was gen-
erally thought that noxious stimuli directly activate nociceptive sensory nerve
endings in the skin. A group of scientists in Karolinska Institute discovered a spe-
cialized cutaneous glial cell type with extensive processes forming a mesh-like net-
work in the subepidermal border of the skin. They also demonstrate a direct
excitatory functional connection to sensory neurons. These specialized cutaneous
Schwann cells can initiate pain sensation (Abdo et al. 2019). Schwann cells physi-
cally support the long axons in the peripheral nerves (e.g., sciatic nerve) and release
a variety of growth factors to nourish and myelinate the associated axons. After the
sciatic nerve injury, which is commonly associated with neuropathic pain, activated
Schwann cells undergo dramatic changes such as proliferation, migration, and
release of numerous pronociceptive mediators, including proinflammatory cyto-
kines and chemokines (e.g., TNF, IL-1p, IL-6, CCL2), growth factors (NGF and
BDNF), and proteases (MMP-9 and MMP-2). Schwann cells also express ATP
receptors (P2X2/3, P2X7), TLR2/4, and TRPA1 (Goncalves et al. 2017; Wei et al.
2019). Schwann cells also play a protective role against the pathogenesis of diabetic
neuropathy through multicell interactions among Schwann cells, axons, and
microvessels (Goncalves et al. 2017; Wei et al. 2019).

Under acute injury conditions, physical or metabolic damage to the peripheral
nerves induces rapid and robust changes in the synthesis of neurotrophins in neu-
rons and Schwann cells to guide and support regeneration. It has been shown that
macrophage-induced blood vessels guide Schwann cell-mediated regeneration of
peripheral nerves. Mechanistically, hypoxia upregulates vascular endothelial growth
factor (VEGF) production after nerve injury, initiating migration of Schwann cells.
Furthermore, VEGF stimulates the formation of endoneurial blood vessels into
hypoxic areas, therefore, directing Schwann cells to bridge the gap between the
proximal and distal nerve stumps (Cattin et al. 2015). However, diabetes can reduce
the expression of the Schwann-cell-derived neurotrophic factors such as ciliary neu-
rotrophic factor, leading to neuropathy (Goncalves et al. 2017).

5.6.3 Oligodendrocytes

Preterm birth can be caused by systemic inflammation (maternal/fetal infection)
that leads to neuroinflammation and white matter injury. Various cytokines and che-
mokines are upregulated in oligodendrocytes in response to inflammation.
Oligodendrocytes express several receptors for immune related molecules, allowing
them to sense inflammation and to react. An in-vivo model mimicking inflammation-
mediated white matter injury of preterm born infants consisting of intraperitoneal
injection of IL-1p from Pl to P5 showed that in the IL-1p-treated animals,
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upregulation was higher in O4+ immature oligodendrocytes as compared to
PDGFRoa+ oligodendrocyte precursor cells (OPCs), suggesting a different sensitiv-
ity to neuroinflammation. In oligodendrocytes primary cultures, cells treated with
TLR3 agonist Poly(I:C) during differentiation showed a stronger upregulation of
proinflammatory chemokines CCL2 and CXCL10 compared to cells treated during
proliferation and led to decreased expression of myelin genes. Oligodendrocytes
were also able to modulate microglia phenotype and function, depending on their
maturation. Overall, inflammation in the response of oligodendrocytes can play an
autonomous role in the blockade of their own differentiation. In addition, the
immune activation of oligodendrocytes may play an important role in shaping the
response of microglia during inflammation (Boccazzi et al. 2021).

5.7 Gliopathy and Neuroinflammation

5.7.1 Gliopathy

It has been proposed that chronic pain can manifest not only by “neuropathy” but
also by “gliopathy,” that is, dysfunction of glial cells (Ji et al. 2013). Under normal
physiological conditions, astrocytes and SGCs provide trophic support to neurons
and maintain the homeostasis of potassium, glutamate, and water in the CNS and
PNS (Ji et al. 2019; Verkhratsky et al. 2012). Astrocytes and SGCs could also “insu-
late” the neural circuit of pain in the CNS and PNS, by (1) forming structural barrier
and (2) keep the circuit silent via releasing inhibitory mediators, such as adenosine
(Nedergaard and Verkhratsky 2012; Xu et al. 2021). Following nerve injury, chronic
pain is not only associated with neuropathy but also manifest as “gliopathy.”
Astrocytes and SGCs lose their ability to maintain the homeostasis of K+ and glu-
tamate, leading to hyperexcitability of nociceptors and spinal cord pain transmis-
sion neurons, due to increased extracellular levels of glutamate and K+. Astrocytes
also express the water channel aquaporin 4 (AQP4) to maintain the water homeosta-
sis and mediate the glymphatic function (Ji et al. 2019; Nedergaard 2013; Simard
and Nedergaard 2004). Dysfunction of astrocytes will also result in edema in the
CNS and PNS (Verkhratsky et al. 2012). As a result of gliopathy, glia can no longer
insulate the pain circuit, and rather, they serve as an amplifier of pain, by producing
proinflammatory and pronociceptive mediators. Recently, Schwannopathy was pro-
posed as an integral factor in the pathogenesis of diabetic neuropathy; disruption of
the interactions between Schwann cells, axons, and microvessels contributes to the
disease (Goncalves et al. 2017). Furthermore, gliopathy also drives comorbidities of
chronic pain, including depression, sleep deprivation, and anxiety, which will fur-
ther exacerbate pain (Ji et al. 2019).
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5.7.2 Neuroinflammation

Neuroinflammation, as mentioned above, refers to inflammation of the nervous tis-
sue. It is a localized form of inflammation that can occur in both the peripheral
nervous system and the central nervous system. Notable features of neuroinflamma-
tion include increased vascular permeability, leukocyte infiltration, glial cell activa-
tion, and increased production of inflammatory mediators such as chemokines and
cytokines (Ji et al. 2014). Increased vascular permeability allows for immune cells,
such as neutrophils, to travel more easily through blood vessels to the site of injury.
During neuroinflammation, the blood—brain barrier (BBB) is likely to become more
permeable. The blood—brain barrier refers to a layer of endothelial cells (cells that
line blood vessels) that selectively allow substances diffused in the blood to access
the brain (these substances are usually lipid-soluble, such as oxygen and carbon
dioxide). However, when the blood—brain barrier is disrupted, substances that previ-
ously could not access the brain gain access. The combined effects of both glial cells
and peripheral immune cells often significantly exacerbate neuroinflammation.

Neuroinflammation is involved in a variety of neurological and neuropsychiatric
diseases, including Alzheimer’s disease, Parkinson’s disease, multiple sclerosis,
autism, depression, and schizophrenia, as well as neuroinflammation associated
with major surgeries (Yang et al. 2020). Neuroinflammation has been implicated in
a variety of chronic pain conditions, including neuropathic pain after diabetic and
HIV neuropathy (Ellis and Bennett 2013), arthritic pain, and postsurgical chronic
pain, as well as complex regional pain syndrome (CRPS). Notably, neuroinflamma-
tion drives widespread pain such as fibromyalgia. Fibromyalgia is a condition
affecting the musculoskeletal system that causes widespread pain throughout the
body, which can disturb sleep, memory, and mood (Ji et al. 2018). Fibromyalgia
may also involve small fiber neuropathy, which is associated with neuroinflamma-
tion in the PNS (Uceyler et al. 2013). Currently, researchers are testing several novel
therapies that may control neuroinflammation, including regenerative therapies and
neuromodulation (Buchheit et al. 2020; Tao et al. 2020).

5.8 Central Sensitization and Neuroinflammation

The strength of a synapse, or connection between neurons, can vary widely.
Sometimes synapses may be completely silent, transmitting no signals whatsoever
between neurons; other times, synapses may be completely effective, transmitting
even the slightest of signals. Synaptic strength changes depending on the concentra-
tion of neurotransmitters released from the presynaptic terminal (presynaptic modu-
lation) and the sensitivity of the postsynaptic membrane to those neurotransmitters
(postsynaptic modulation). Changes in synaptic strength and structure are known as
synaptic plasticity, a mechanism crucial to our daily functioning. For example,
long-term potentiation (LTP), a mechanism that depends on synaptic plasticity,
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creates a long-lasting increase in synaptic strength when a synapse is frequently
stimulated. LTP activity in the hippocampus is the reason why we are able to create
lasting memories. Without these memories, we would be incapable of learning.
Thus, without neural plasticity, we would be utterly unable to adapt to the various
stimuli in our environment.

Synaptic plasticity also plays an enormous role in pain. Nociceptive sensitization
refers to how an injury can lower an organism’s pain threshold. Evolutionarily, such
a mechanism makes sense; it prevents an organism from overexerting itself so that
the organism can rest and heal. However, nociceptive sensitization can also result in
debilitating pain, like chronic pain, that does no good whatsoever. Usually, nocicep-
tive pain generated in such a way has a threshold and is short-lived. However,
postinjury pain—pain arising from damage or inflammation in peripheral tissue or
lesions to the nervous system—often leads to lasting pain hypersensitivity. Central
sensitization importantly contributes to such postinjury pain hypersensitivity.

Activity-dependent central sensitization begins with a high-frequency burst of
nociceptor input, resulting in a reduction in threshold, increase in responsiveness of
dorsal horn neurons, and increase of receptive fields (Ji et al. 2003; Latremoliere
and Woolf 2009). Central sensitization has clinical utility for the diagnosis and
treatment of clinical pain (Woolf 2011; Treede et al. 2022). Activity-dependent cen-
tral sensitization can occur just seconds after the nociceptive conditioning stimulus
and can persist for hours after the stimulus has subsided. If even low levels of the
stimulus remain, the central sensitization will continue (e.g., following peripheral
nerve injury, persistent ectopic activity of the sensory fibers can cause central sensi-
tization to continue). Most of the input dorsal horns receive is below threshold. As
aresult, under normal circumstances, no signal would be transmitted. However, just
a 10-20 s burst of nociceptor-conditioning stimulus produces activity-dependent
central sensitization, increasing synaptic effectiveness to the point that even sub-
threshold these signals can be transmitted. Notably, the increase in synaptic effec-
tiveness applies to both nociceptive central terminal synapses (activated by
conditioned stimulus) and synapses produced by Ap fibers, low-threshold mechano-
sensitive fibers, on dorsal horn neurons. Usually, Ap fibers are not activated by con-
ditioned stimuli. However, due to heterosynaptic plasticity, a form of synaptic
plasticity where the activity of one neuron can impact other nonactivated neurons.
This result is alarming, as it allows innocuous stimuli to activate low-threshold
fibers, which in turn activate usually high threshold nociceptive neurons. The
increased excitability in neurons of the CNS results in a reduction of pain threshold
and expansion of the receptive field. Long-term potentiation (LTP) in spinal cord
neurons is a special form of central sensitization and serves as an important cellular
mechanism for the development and maintenance of chronic pain (Ruscheweyh
et al. 2011).

Pain researchers have tried to connect between memory and pain (Ji et al. 2003;
Price and Inyang 2015). Evolutionarily, such a connection is crucial. Pain normally
serves as a warning signal, alerting an organism to danger; to survive, then, an
organism must remember what causes pain, and by extension, what to avoid. One
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method of managing pain, then, is to block the connections between pain
and memory.

Pain changes the way the nervous system functions, causing parts of it to become
sensitive to pain for far longer than it ought to be—sometimes hours, sometimes
months. Such a memory is what causes us to experience lasting pain or soreness.
Extracellular signal-related kinases (ERK1 and ERK?2) are proteins that transmit
signals from cell surfaces to their nuclei, leading to the transcription of pain-
inducing genes (e.g., NK-1, BDNF) via the transcription factor CREB. Interestingly,
ERK is only activated by noxious stimulation in spinal cord neurons (Ji et al. 1999)
and DRG primary sensory neurons (Dai et al. 2002). It is well established that ERK
activation in spinal cord neurons drives central sensitization (Karim et al. 2001;
Kawasaki et al. 2004). Another critical contributor to central sensitization is NMDA
receptor (NMDAR), which is activated after neuronal depolarization (Woolf and
Salter 2000). There are bidirectional interactions between ERK and NMDAR that
can strengthen central sensitization. Central sensitization is maintained by neuroin-
flammation, as cytokines (TNF-a, IL-1p) and chemokines (CCL2 and CXCL1) are
sufficient to evoke central sensitization (Ji et al. 2016) (Fig. 5.2). Strikingly, activa-
tion of glial cells may be sufficient to drive LTP in spinal cord nociceptive pathways
(Kronschlager et al. 2016).

5.9 Concluding Remarks

Accumulating evidence suggests that non-neuronal cells such as immune cells, glial
cells, and keratinocytes play active roles in the pathogenesis and resolution of pain.
We review how non-neuronal cells interact with nociceptive neurons by secreting
neuroactive signaling molecules that modulate pain. Neuroinflammation refers to a
local form of inflammation in the PNS or CNS. Its defining characteristics include
elevated levels of vascular permeability, leukocyte infiltration, and glial cell activa-
tion, which induces the production of inflammatory mediators, including chemo-
kines and proinflammatory cytokines. Both chemokines and proinflammatory
cytokines serve as potent neuromodulators that can produce central sensitization,
leading to hyperalgesia and allodynia in chronic pain. Furthermore, non-neuronal
cells also generate anti-inflammatory and proresolving mediators that can promote
the resolution of acute pain.
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Abstract To date, the mechanisms underlying how neuroimmune interactions con-
tribute to sex dimorphism of chronic pain remain elusive. Although women suffer
from chronic pain at greater rates than men, the current mechanistic understanding
of chronic pain has been predominantly derived from the study of male animals. As
such, a greater emphasis will be needed to investigate female-specific signaling
mechanisms in chronic pain. These efforts will improve our understanding of sex
dimorphism in chronic pain and improve the ability of pain medicine address spe-
cific patient backgrounds in the future. In this chapter, we will discuss pain-related
sex differences in neural, immune, and glial mechanisms, with a focus on sex
dimorphism in neuroimmune interactions.
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6.1 Introduction

Since the introduction of the National Institutes of Health Revitalization Actin 1993
clinical studies have been required to include female participants. However, no such
requirement currently exists for preclinical research, due in part to perceived com-
plications of hormone fluctuations related to menstruation in female animals, and in
part due to the belief that results seen in male animals could be generalized across
sexes (Mogil 2021; Navratilova et al. 2021; Sorge and Totsch 2017). Such biases are
particularly pronounced in neuroscience, where nearly five times as many male
single-sex studies have been conducted versus female single-sex studies (Beery and
Zucker 2011). This discrepancy in research design poses a significant problem in
chronic pain studies, as clinical statistics indicate that women are more likely to
suffer from chronic pain conditions, experience more severe levels of pain, and have
weaker responses to medical treatment for pain when compared with men. Clinical
studies by research teams from around the world, including from the United States
(Dahlhamer et al. 2016), Canada (Shupler et al. 2019), the European Union (Langley
2011), and China (Wu et al. 2019) have recognized that sex dimorphism present in
chronic pain. Women are at higher risk for chronic pain conditions such as neuro-
pathic pain, chronic fatigue syndrome, interstitial cystitis, and fibromyalgia
(Fillingim et al. 2009; Maixner and Humphrey 1993; Navratilova et al. 2021). In
addition, women with chronic pain conditions often report pain that is more severe,
frequent, and longer lasting than men with the same conditions, and may also suffer
from more chronic pain-related disability than men (Unruh 1996). Moreover, some
studies have also suggested that women may not experience as much opioid-induced
pain relief as men do, though further research is necessary to confirm these results
(Fillingim et al. 2009).

In any case, the evidence of sex dimorphism in chronic pain is abundant, yet the
mechanisms underlying this phenomenon remain largely unclear, which has been a
major impediment toward translating research findings and increasing failure rates
in clinical trials (Mogil 2012). Recent studies suggest that chronic pain is not only
controlled by neuronal sensitization in the peripheral sensitization (PNS) and cen-
tral sensitization (CNS), but it is also driven by immune cells and glial cells (Chen
et al. 2018a, b; Chiu et al. 2012; Grace et al. 2014; Inoue and Tsuda 2018; Ji et al.
2013, 2016, 2019; Salter and Stevens 2017). In this chapter, we will discuss pain-
related sex differences in neurons, immune cells, and glial cells, with specific focus
on the sex dimorphism in neuroimmune interactions.
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6.2 Sexual Dimorphism in Neuronal Modulation of Pain

6.2.1 Sex Dimorphism in Capsaicin Response, TRPV1
Signaling, and CGRP Response

Capsaicin receptor TRPV1 is specifically expressed by C-fiber nociceptors. Several
reports suggest that females may show greater responses to capsaicin stimulation
and TRPV 1 activation versus males (Frot et al. 2004; Gazerani et al. 2005; Hartmann
etal. 2015). Interestingly, estrogen (estradiol or E2) may not regulate Tprv1 expres-
sion in sensory neurons (Diogenes et al. 20006), as no sex differences were found in
the overall TRPV1 expression in mouse or human DRGs (Luo et al. 2021).
RNAscope in situ hybridization revealed a significant sex difference in the size dis-
tribution of TRPV1 (or TrpvI)-positive neurons in mouse DRGs. As expected, we
observed that TRPV1 is mainly expressed in small (cell area: 100-400 pm?) and
medium-sized neurons (400-600 pm?) in mice of both sexes. However, while per-
centages in other size categories remained comparable, female DRGs showed a
significantly greater percentage of TRPV1-positive neurons than males in the
100-200 pm? size category. While further research is required to identify the role of
these neurons in female-dominant pain, it is possible that TRPV 1-positive neurons
in the 100-200 pm? size category in females may be regulated by estrogen, thus
contributing to chronic pain in females. Furthermore, we found that optogenetic
blue light stimulation of ChR2-expressing nociceptors in the hind paw of TRPV1-
ChR2 transgenic mice, in which ChR2 is selectively expressed in TRPV -expressing
neurons, produces greater levels of pain behavior (indicated by the mouse licking
and flinching in response to light stimulation) in females than males (Ji et al. 2021).

Additionally, estrogen was shown to regulate TRPV1 signaling. After a brief
10 min incubation, estrogen prevented TRPV1 desensitization in dissociated sen-
sory neurons (Payrits et al. 2017). Estrogen was found to facilitate TRPV1 agonist-
induced mechanical hyperalgesia in ovariectomized (OVX) mice, as well as ocular
pain in OVX rats (Payrits et al. 2017; Yamagata et al. 2016). Furthermore, women
were shown to have higher facial pain intensity and unpleasantness than men in
response to topical capsaicin administration (Frot et al. 2004). Capsaicin was shown
to induce mechanical pain via neurogenic inflammation that can release the neuro-
peptide calcitonin gene-related peptide (CGRP) (Warwick et al. 2019). It was found
that intraplantar administration of a very low dose of capsaicin (50 ng) elicited
mechanical pain only in female mice (Luo et al. 2021). Additionally, injection of a
low dose of CGRP (1 pg) produced mechanical pain only in female rats as well
(Avona et al. 2019).
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6.2.2 Prolactin (PRL) and Prolactin Receptor (PRLR)

Prolactin (PRL) is a hormone produced in the anterior pituitary gland, and under
inflammatory conditions, PRL may also be synthesized by cells outside of the pitu-
itary gland. Prolactin was shown to modulate TRPV1 activity in female sensory
neurons in an estrogen-dependent manner (Diogenes et al. 2006). PRL was also
shown to regulate TRPA1 and TRPMS in sensory neurons in a sex-dependent man-
ner in inflammatory pain (Patil et al. 2013). Notably, prolactin produces female-
specific pain signals via prolactin receptors expressed on nociceptors (Chen et al.
2020a, b, Patil et al. 2019). Prolactin receptors have two isoforms: a short isoform
(PRLR-S) and a long isoform (PRLR-L). Homodimer signaling through PRLR-S
heightens neuronal excitability and pain sensitization, while signaling through
PRLR-L protects against the nociceptive effects of PRLR-S by interfering with
PRLR-S signaling. Normally, PRLR-L expression is higher in female trigeminal
ganglion neurons compared to males, but under pathological conditions, inverted
PRLR-S upregulation and PRLR-L downregulation may result in heightened pain
responses in females. For example, studies have shown that priming with
hyperalgesia-promoting medications results in PRLR-L downregulation in female
animals only. These prolactin signaling processes may therefore play an important
role in stress-related pain conditions that are prevalent in females (e.g., chronic
migraine). Females have higher serum prolactin concentrations compared to males,
and stressful events (e.g., injury and trauma) further increase serum prolactin con-
centrations in females only. Studies have shown that priming with stressors can
result in allodynia and PRLR-L downregulation in females, and inhibition of pro-
lactin release was able to block stress-induced pain (Navratilova et al. 2021).

In addition, sex differences have also been shown in the regulation of nociceptor
translatomes. In Nav1.8-positive neurons (presumably nociceptors), it was found
that 66 genes whose messenger RNAs were sex differentially actively translated.
Among the notable genes in the nociceptor translatome, prostaglandin PGD2 syn-
thesizing enzyme (PTGDS) is enriched in female mouse DRG (Tavares-Ferreira
et al. 2022).

6.3 Sex Differences in Glial and Immune Modulation of Pain

A growing body of research considers neuroimmune interactions an important bio-
logical cause for sex dimorphism in chronic pain (Chen et al. 2018b; Mogil 2012,
2020; Rosen et al. 2017; Sorge and Strath 2018). This section will focus on the cur-
rent knowledge and research advancements concerning the roles of immune cells,
including microglia, macrophages, T cells, B cells, and astrocytes in the sex dimor-
phism of chronic pain (Table 6.1).
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Table 6.1 Immune and glial cell signaling molecules with sex dimorphic functions in
pathological pain

Signaling Sex

pathway Experimental approaches preference | Pain models | References

Microglia

p38 Pharmacology Male CCL HP Taves et al. (2016),
Luo et al. (2018),
Paige et al. (2018)

TLR4 KO, pharmacology Male SNI, CFA, Sorge et al. (2011),

CRPS Huck et al. (2021)

HMGBI1 Pharmacology Male Agalave et al. (2021b)

Caspase-6 | KO, pharmacology Male Formalin Chen et al. (2018a, b)

Mu opioid | KO Male Morphine Reiss et al. (2022)

receptor analgesia

PI3K/Akt | Pharmacology Male Incision Xu et al. (2019)

P2X,R KO, pharmacology Male SNI, CCI Sorge et al. (2015),
Paige et al. (2018)

BDNF KO Male SNI Sorge et al. (2015)

Macrophage

TLRY KO, pharmacology Male CIPN Luo et al. (2019)

CSF1 KO Male SNI Yu et al. (2020)

HMGBI1 Pharmacology Male CAIA Rudjito et al. (2021)

1L-23/ KO, pharmacology, Female CIPN, CCI, | Luoetal. (2021),

IL-17A electrophysiology, Ca* DN, Formalin | Ji et al. (2021)

imaging, Optogenetics

T cells

PPAR« Pharmacology Male SNI Sorge et al. (2015)

PPARYy Pharmacology Female SNI Sorge et al. (2015)

Astrocyte

elF4E KO Male CIPN Agalave et al. (2021a)

Abbreviations: KO knockout, CCI chronic constrictive injury, HP hyperalgesic priming, SN/
spared nerve injury, CFA complete Freund’s adjuvant, CRPS complex regional pain syndrome,
CIPN chemotherapy-induced peripheral neuropathy, CAJ/A collagen antibody-induced arthritis,
DN diabetic neuropathy

6.3.1 Sex Dimorphism in Microglial Signaling

In multiple chronic pain models, microglial reactions, such as morphological
changes, microgliosis, and microglial proliferation, exhibit no sex differences in the
spinal cord. For example, spinal levels of Ibal* and/or CX3CR1* microglia increase
in both male and female animals in neuropathic pain models of spared nerve injury
(SNI) (Sorge et al. 2015) and chronic constrictive injury (CCI) (Taves et al. 2016).
However, several lines of evidence have identified male-specific microglial function
in multiple chronic pain conditions, using transgenic and pharmacological methods,
including selective microglial activation, selective depletion of microglia, general
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inhibition of microglial function with microglial inhibitors, and specific inhibition
of microglial signaling pathways (Sorge et al. 2015).

Selective activation of spinal microglia by intrathecal clozapine-N-oxide (CNO),
using a chemogenetic approach called designer receptor exclusively activated by a
designer drug (DREADD), elicits mechanical allodynia in male but not female rats
and mice (Grace et al. 2018; Saika et al. 2020). Moreover, CCI-induced allodynia
was attenuated by intrathecal CNO in male rats intrathecally transfected with Gi
(inhibitory) DREADDs (Grace et al. 2018).

Despite the estrous cycles in females, male and female rodents develop compa-
rable baseline pain sensitivities under normal conditions and also exhibit compara-
ble pain hypersensitivity under pathological conditions, showing no sex differences.
However, intrathecal injections of microglial inhibitors (e.g., minocycline) produce
male-specific antiallodynic effects in pathological pain models of spared nerve
injury (SNI, Sorge et al. 2015), formalin-induced acute inflammatory pain (Chen
et al. 2018a), CCI (Chen et al. 2018a; Mapplebeck et al. 2018; Taves et al. 2016),
complex regional pain syndrome (CRPS) (Guo et al. 2019), and collagen antibody-
induced arthritis (CAIA) (Fernandez-Zafra et al. 2019).

For instance, 7 days after inducing the SNI, minocycline, a nonselective inhibitor
of microglia, was intrathecally injected into both male and female mice and their
pain thresholds were tested over the next 2 h. It was found that while the minocy-
cline dose-dependently reversed mechanical hypersensitivity in males, the inhibitor
was actually ineffective in reversing mechanical hypersensitivity in females regard-
less of the dose. A similar experiment that tested inflammatory pain instead of neu-
ropathic pain, yielded similar results (Sorge et al. 2015). However, because
minocycline has other functions besides suppressing glial function at high doses,
the researchers of this study carried out additional experiments to confirm that
microglia are necessary to induce mechanical allodynia in males (Sorge et al. 2015).
In one experiment, microglia in mice of both sexes were briefly depleted via an
intrathecal injection of sporin toxin conjugated with macrophage antigen complex-1
(MAC1). Four hours after injection, microglial levels were similarly deleted in both
males and females. This resulted in a noticeable reversal of mechanical allodynia in
males, but once again, the treatment had no effect on female mechanical pain levels.
The researchers soon found that P2X, receptor (P2X,R), an ATP receptor induced in
microglia after nerve injury, is also required for SNI-induced allodynia in male
animals (Sorge et al. 2015).

In a mouse model of fibromyalgia, intramuscular injections of acidic saline into
the gastrocnemius produce mechanical allodynia in both male and female mice.
Notably, intracerebroventricular minocycline only reduces pain in male mice in the
late-stage fibromyalgia, suggesting that brain microglia may contribute to fibromy-
algia in a sex- and stage-dependent manner (Ueda et al. 2020). In both male and
female adult mice, neonatal priming incisions can cause long-term alteration into
adult life of somatosensory function and enhance the second injection-induced pain
response, which is reversed by minocycline treatment in early life, but only in male
animals (Moriarty et al. 2019).
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Numerous studies indicate that several microglial signaling pathways including
toll-like receptor 4 (TLR4), p38 MAP kinase, caspase-6, mu opioid receptor, phos-
phatidylinositol 3-kinase (PI3K)/Akt, P2X, receptor (P2X4R), and brain-derived
neurotrophic factor (BDNF) contribute to chronic pain in a male-specific manner
(Chen et al. 2018a, b; Mapplebeck et al. 2018; Sorge et al. 2015). Sorge et al. found
that toll-like receptor 4 (TLR4), the activation of which results in inflammatory
cytokine production, was involved in the production of mechanical allodynia in
only males. Knowing that TLR4 is located on microglia, they suspected that microg-
lia might be the reason for this sex difference. The group further suspected that
perhaps microglia were not even necessary for the processing of pain in female mice
(Sorge et al. 2011).

TLR4 recognizes lipopolysaccharide (LPS), one of the most potent activators of
microglia (Xu et al. 2013). Intrathecal injection of LPS produces robust mechanical
allodynia in male but not female mice, whereas systemic injection of LPS induces
pain hypersensitivity in both sexes. Such male-selective pronociceptive effects of
LPS are abolished by testosterone deficiency or 7/r4 knockout. Concordantly, intra-
thecal injection of the TLR4 antagonist LPS-RS results in male-specific analgesia in
mouse models of inflammatory pain (complete Freund’s adjuvant, CFA) and SNI
(Sorge et al. 2011). Using transgenic mice with inducible and selective depletion of
the Tlr4 gene in myeloid-lineage cells (Cx3crl e ER2-YFE/T[p4#1) the role of microg-
lial TLR4 signaling was examined in the tibial fracture model of postoperative pain.
Tlr4 conditional knockout (cKO), induced before the tibial fracture surgery, allevi-
ated mechanical allodynia and spontaneous pain only in male mice and not in
female mice. However, TIr4 cKO, induced after surgery, partially reduced mechani-
cal allodynia in both sexes. These findings suggest that microglial TLR4 may play
an essential role in the transition from acute pain to chronic pain (Huck et al. 2021).

p38 is a member of the mitogen-activated protein kinases (MAPK) family and
primarily expressed by microglia in the spinal dorsal horn, which contributes to
pathological pain processing (Ji and Suter 2007). In the mouse CCI model, nerve
injury induces more p38 activation (indicated by p38 phosphorylation) in the spinal
cord in males, as opposed to CX;CR1* microglia in females. Of note, intrathecal
injection of the p38 inhibitor skepinone reduced CCI-induced mechanical allodynia
only in male mice, whereas systemic or perineural injection of skepinone produced
analgesia in both sexes, suggesting that the peripheral and central p38 pathways
may have separate mechanisms (Taves et al. 2016). Intrathecal injection of p38a
antisense oligonucleotides (ASO) causes a nearly 50% reduction in spinal p38a
mRNA levels, which attenuates CCI-induced mechanical allodynia in male but not
female animals (Luo et al. 2018). In the mouse hyperalgesic priming model, the p38
inhibitor skepinone prevented the development of persistent mechanical allodynia
produced by interleukin-6R and prostaglandin E, (PGE2), but only in male animals
(Paige et al. 2018).

Microglia-derived BDNF is crucial for intercellular communication between
microglia and neurons in pain signaling (Coull et al. 2005). Selective depletion of
Bdnf in CX3CR1* microglia (Cx3crl€<R /Bdnf"") does not affect microgliosis in
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the spinal dorsal horn in male and female mice. However, Bdnf cKO attenuates SNI-
induced mechanical allodynia only in male animals (Sorge et al. 2015).

High mobility group box 1 protein (HMGB1) is a pathogenic mediator of various
diseases and injured states, and it is an endogenous agonist of TLR4. Intrathecal
injection of disulfide HMBGTI increases spinal levels of Ibal* microglia and pro-
motes mechanical allodynia in both male and female mice with no sex differences.
Interestingly, selective depletion of 77r4 in microglia prevents disulfidle HMBG1-
induced mechanical allodynia only in male LysM“*/TLr4"" mice (Tlr4 cKO), sug-
gesting that the mechanisms underlying disulfide HMBG1-mediated pain may be
sex dimorphic (Agalave et al. 2021b).

Neuron-derived Caspase-6 can regulate microglial function in chronic pain
(Berta et al. 2014). Intrathecal injection of caspase-6 produces mechanical allodynia
in male but not female mice. Accordingly, the caspase-6 inhibitor ZVEID or
Caspase6™'~ knockout exhibits male-dominant analgesia against formalin-induced
pain hypersensitivity (Berta et al. 2016).

P2X receptors are ligand-gated ion channels, which are activated by extracellular
ATP. Microglial P2X,R drives pain hypersensitivity in pathological conditions
(Beggs et al. 2012). In the mouse SNI model, surgery upregulates P2rx4 gene
expression in the spinal dorsal horn of male but not female mice. Intrathecal injec-
tion of the P2X4R inhibitor TNP-ATP produces analgesia only in male SNI-injured
mice (Sorge et al. 2015). In the rat CCI model, surgery promotes P2X,R expression
and function in spinal dorsal horn microglia of males but not females. Additionally,
intrathecal injection of TNP-ATP alleviates mechanical allodynia only in male but
not female CCI-injured rats. Moreover, adoptive transfer of ATP-stimulated primary
cultured microglia from male but not female rats produced mechanical allodynia in
male naive rats (Mapplebeck et al. 2018). In the mouse hyperalgesic priming model,
the P2X4R inhibitor TNP-ATP prevented persistent mechanical allodynia induced
by the IL-6R/PGE2 pathway in male but not female mice (Paige et al. 2018).

The mu opioid receptor (MOR) is encoded by OPRMI1 gene and mediates
opioid-induced analgesia and side-effects. Using Cx3crl“®E/egfp-Oprmi1-mCherry
reporter mice, MOR was found to be expressed in about 40% of spinal microglia
across male and female animals (Maduna et al. 2019). Intrathecal injection of mino-
cycline improved morphine analgesia in male but not female rats (Posillico et al.
2015). Selective depletion of Oprml in microglia (Oprml cKO) alleviated mor-
phine analgesic tolerance in the hot plate test in male but not female Cx3cri“*/
Oprm 1" mice (Reiss et al. 2022).

Additionally, a recent transcriptional profiling study revealed 10 major subtypes
of microglial cells (Masuda et al. 2019). It is unclear though, which microglia sub-
types have sex-dimorphic roles in chronic pain. As microglial activation and micro-
gliosis occur in spinal dorsal horn of both sexes in chronic pain (Sorge et al. 2015),
we cannot exclude the possibility that some aspects microglial signaling may be
female specific in pain processing, as has been demonstrated in males. Moreover,
the male-selective role of microglia in pain may be site dependent.

Microglia may play a role in females under conditions not mentioned above.
Female microglia have been shown to enhance neuropathic pain in mice and rats
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after spinal cord injury and in rats with bone cancer (Chen et al. 2012; Hains and
Waxman 2006; Yang et al. 2015). It is well known that females require more mor-
phine than males for comparable levels of analgesia. A recent study reported that
female mice exhibit greater microglial activation in the periaqueductal gray (PAG)
than male mice under naive and LPS-priming conditions. Intra-PAG inhibition of
microglial activation by minocycline can reverse such sex dimorphism in morphine
analgesia (Doyle et al. 2017).

6.3.2 Sex Dimorphism in Macrophage Signaling

Macrophages overall do not exhibit sex-dimorphic changes in response to chronic
pain. In the chemotherapy-induced peripheral neuropathy (CIPN) model, the che-
motherapy agent paclitaxel increases DRG levels of F4/80" macrophages in both
male and female mice (Luo et al. 2019). Using the macrophage Fas-induced apop-
tosis (MAFIA) transgenic mouse line, the Basbaum Lab showed that systematic
administration of the apoptosis inducer AP20187 causes a significant loss of
CX3CR1* macrophages in lumbar DRGs but not in spinal cord microglia. Of note,
macrophage depletion attenuates SNI-induced mechanical allodynia in both male
and female mice (Yu et al. 2020).

Emerging studies indicate that male and female macrophages may utilize signal-
ing distinct from microglia to modulate chronic pain. In macrophages of male ani-
mals, signaling through Toll-like receptor (TLR9), colony stimulating factor-1
(CSF1) and HMGBI (Luo et al. 2019; Yu et al. 2020) play major roles in chronic
pain, and in female animals the IL-23/IL-17A axis has a particularly important
function (Luo et al. 2021).

Neuronal colony-stimulating factor 1 (CSF1) can regulate macrophage function
through its receptor CSFIR (Chitu et al. 2016). Depletion of CsfI in DRG sensory
neurons (AdveRE/Csf1™") prevents the development of neuropathic pain in mice
(Guan et al. 2016). Neuronal depletion of CsfI reduces SNI-induced CX3CR1*
macrophage expansion in DRGs of male but not female AdvrE/CsfI™ mice (Yu
et al. 2020).

In the collagen antibody-induced arthritis (CAIA) model, intraarticular injec-
tion of collagen antibodies causes mechanical allodynia and increases Hmgbl
gene expression in both male and female mice. Intraarticular injection of disulfide
HMGBI1 produces mechanical allodynia and promotes joint expression of proin-
flammatory cytokines (7nf, Il1b, 116, and Ccl2 mRNA) in male but not female
mice. In primary macrophage cultures, disulfide HMGB1 causes greater release
of TNF, IL-6 and CXCLI1 in male macrophages versus female macrophages.
When minocycline is coinjected into the joint, there is a reversal of disulfide
HMGB 1-induced pain hypersensitivity in male but not female mice, suggesting
an involvement of myeloid-derived cells (e.g., macrophages). Moreover, selective
depletion of 7Ir4 in LysM+ myeloid-derived cells abolishes disulfide HMGB1-
induced joint pain hypersensitivity in male but not female LysM“/TIr4"" mice,
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suggesting HMGB 1-mediated pain signaling may require macrophage expression
by macrophages in male animals (Rudjito et al. 2021).

Male-specific TLRY signaling has also been implicated in the development of
neuropathic pain (Luo et al. 2019). In immune cells, TLR9 is localized to endolyso-
somes and senses endocytosed single-stranded DNA-containing CpG motifs derived
from bacterial DNA (Krieg 2002). Intraplantar injection of the TLRY agonist
ODN1826 induces mechanical allodynia in both male and female mice. However,
in a mouse model of chemotherapy-induced peripheral neuropathy (CIPN), TLR9
inhibition by ODN2088 or 77r9 mutation reduced mechanical allodynia in male but
not female mice (Fig. 6.1). Of note, in both female and male mice, adoptive transfer
of paclitaxel-activated macrophages induced potent and persistent mechanical allo-
dynia, which is reversed by 7/r9 mutation only in males. In primary macrophage
cultures, paclitaxel treatment promotes TNF and CXCLI1 production, which is
blocked by 77r9 mutation only in male cells. These results suggest a predominance
of TLRY signaling in male macrophages. Additionally, T cell deficiency enables
antinociceptive effects of ODN2088 in female nude mice, suggesting an involve-
ment of T cells in regulating TLRY pathways in females (Fig. 6.1) (Luo et al. 2019).
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Fig. 6.1 Schematic of macrophage TLR9Y signaling in WT and 77r9 mutant mice in CIPN. (a)
Macrophage infiltration and activation is induced by PTX in DRGs of mice in both males and
females. Release of TNF and CXCL1 from macrophages in DRGs, as well as subsequent binding
to TNFR1/R2 and CXCR?2 on sensory neurons, is likewise promoted by PTX. These actions drive
mechanical allodynia in CIPN mice by causing hyperexcitability in nociceptive DRG neurons. (b)
Mechanical allodynia elicited by PTX is attenuated by blocking TLR9, downregulating release of
PTX-induced TNF and CXCL1 release from macrophages in male, but not female mice. In addi-
tion, T- and B-cell-deficient female mice may use TLRO signaling in CIPN instead. (Reproduced
from Luo et al. (J Neurosci 2019) with permission)
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6.3.3 Sex Dimorphism in T Cells, B Cells, and Astrocytes

T cells may primarily affect pain processing in females (Sorge et al. 2015). Several
studies demonstrate a female-dominant T cell reaction in chronic pain at different
sites. In the mouse SNI model, females exhibit higher levels of CD4* and CD8* T
cells in the blood compared to males (Sorge et al. 2015). In the mouse CCI model,
females exhibit a higher infiltration of CD3* T cells in the sciatic nerve than males
(Vacca et al. 2021). In the mouse partial sciatic nerve injury (PSNL) model, females
exhibit a higher ratio of certain populations of T cells in DRGs than males (Lopes
et al. 2017). Furthermore, several studies indicate T cell involvement in the sex
dimorphism of pain. Peroxisome proliferator activated receptor (PPAR) is a tran-
scription regulator; its subtypes, PPARa and PPARY, are selectively expressed in
male and female T cells respectively. The PPARa inhibitor GW6471 produces anal-
gesia against SNI-induced mechanical allodynia in male mice, whereas the PPARy
inhibitor GW9662 does so in females.

These sexually dimorphic roles of PPAR subtypes require sex hormones.
Moreover, T cell-deficient mice (nude and Rag!~'~) display normal mechanical allo-
dynia in the SNI model. Notably, T cell-deficiency can restore the analgesic effects
of intrathecal minocycline in females with SNI or CFA, and adoptive transfer of
wildtype splenocytes render female Rag!~'~ mice insensitive to minocycline in the
CFA model (Sorge et al. 2015). In another study, female mice exhibit less sensitivity
to morphine analgesia, with females showing a right-shift of the morphine dose—
response curve compared to males. T cell deficient (nude) mice of both sexes show
reduced morphine analgesia with no sex differences. Notably, adoptive transfer of
male WT CD4* T cells restores greater morphine analgesia in nude mice than female
WT CD4* T cells, suggesting a sex dimorphic role of T cells in regulating morphine
analgesia (Rosen et al. 2019).

Recent studies have pointed toward a sex dimorphic role of B cells in chronic
pain. In the mouse PSNL model, males exhibit a higher ratio of CD19* B cells in
DRG tissues than females (Lopes et al. 2017). In the tibial fracture pain model, WT
mice developed mechanical allodynia in both sexes, which was attenuated by B cell
deficiency (muMT) only in male animals. Of note, such effects of B cell deficiency
can be blunted by treating the animals with serum collected from male but not
female mice with tibial fracture (Guo et al. 2019).

Several studies show that astrocytes exhibit no sex dimorphism in their response
to and functioning in chronic pain. Spinal levels of GFAP* and/or Connexin-43*
astrocytes increase in mice of both sexes in chronic pain models of CCI (Chen et al.
2018a), CAIA (Fernandez-Zafra et al. 2019), and CIPN (Agalave et al. 2021a).
Moreover, in mouse models of acute inflammatory pain, intrathecal injection of the
astroglial toxin L-AA reduced formalin-induced spontaneous pain in both male and
female animals. Spinal inhibition of astrocyte-selective pathways, such as JNK and
Connexin-43, also produces analgesia against formalin-induced pain in both male
and female animals (Chen et al. 2018a).
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However, studies also indicate that astrocytes may have sex dimorphic roles in
chronic pain. Several glial toxins have been used to study glial cells by inhibiting
their function. While minocycline mainly targets microglia, fluorocitrate preferen-
tially inhibits astrocytes, and propentofylline may inhibit both microglia and astro-
cytes (Ji et al. 2019; Sweitzer et al. 2001). Sorge et al. showed all these inhibitors
reduced neuropathic pain predominantly in males (Sorge et al. 2015). During puer-
perium, female rats exhibit a lack of astrocyte activation following spinal nerve
ligation compared to their normal female counterparts (Gutierrez et al. 2013). In the
CAIA model, spinal astrocytic inhibition by pentoxifylline alleviates mechanical
allodynia only in male mice (Fernandez-Zafra et al. 2019). Eukaryotic translation
initiation factor 4E (eIF4E) is a cytosolic regulator of mRNA translation.
Interestingly, eif4e mutation reduces CIPN-induced GFAP* astrocyte reaction only
in males (Agalave et al. 2021a). Thus, astrocytes may only show sex dimorphism
under specific pain conditions.

6.4 1IL-23/IL-17 Axis-Mediated Neuroimmune Interactions
Exhibit Multilevel Sex Differences in Females

Interleukin 23 (IL-23) is a proinflammatory cytokine and belongs to the interleukin
12 (IL-12) family. IL-23 is released by antigen-presenting cells such as dendritic
cells and macrophages (Gaffen et al. 2014). It was found that intraplantar injection
of IL-23 elicits mechanical allodynia in female mice but not in male mice (Luo et al.
2021). Moreover, loss of IL-23 function, whether through 7/23~= or I123r~'~ knock-
out, or by treatment with the IL-23R antagonist P2305, can reduce CIPN-induced
mechanical allodynia in female but not male mice. Additionally, intraplantar P2305
produces female-specific analgesia in pathological pain models of CCI, diabetic
neuropathy, and formalin-induced acute inflammatory pain. These results suggest a
female-specific role of the IL-23/IL-23R axis in pain processing (Luo et al. 2021).
Depletion of macrophages, but not T cells, reverses IL-23-induced pain in
females, demonstrating a macrophage-dependent mechanism. In both male and
female recipient mice, adoptive transfer of paclitaxel-activated macrophages pro-
duces comparable levels of mechanical allodynia. However, this allodynia effect is
reversed by 1123 or [I123r deficiency only in females, suggesting a female-specific
role of the macrophage IL-23/IL-23R axis in pain. It was also found that IL-23-
induced pain requires TRPV 1* C-fiber nociceptors. Interestingly, Ca?* imaging and
electrophysiological evidence indicates that IL-23 does not act on these nociceptors
directly. Instead, another proinflammatory cytokine, IL-17A, is required for IL.-23-
induced pain and it can directly activate nociceptors. In primary macrophage cul-
tures, IL-23 treatment causes higher production of IL-17A in female cells compared
to male cells. Intraplantar administration of IL-17A produces female-dominant
mechanical allodynia in mice, which also requires TRPV1. Consequently, IL-17A
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Fig. 6.2 Estrogen/estrogen receptor (ER) signaling in neurons promotes female-dominant pain
mediated by IL-23/IL-17, which may explain the female-specific modulation of mechanical pain
by the IL-23/IL-17A/TRPV1 axis. Notably, both macrophage and nociceptive signaling have sex-
dimorphic characteristics. (Reproduced from Luo et al. (Neuron 2021) with permission)

evokes Ca”* influx and potentiates action potential firing in a female-dominant man-
ner. These results indicate that IL-17A functions as a downstream effector of the
IL-23/IL-23R axis in pain modulation. The TRPV 1 agonist capsaicin also produces
female-dominant mechanical allodynia in mice (Luo et al. 2021).

Notably, the link between IL-17A receptor (IL-17RA) and TRPV1 in DRG sen-
sory neurons is essential to female-specific pain mediated by the IL-23/IL-17A axis,
which is regulated by estrogen receptor o« (ERx). In situ hybridization studies indi-
cate that male and female mice exhibit comparable ratios of 1l17ra*/TrpvI*/Era*
neuron subsets in DRGs. However, selective depletion of Era in TRPV1* neurons
(TrpvI“RE/Era®") diminishes IL-23, TL-17A, and capsaicin-evoked mechanical allo-
dynia in females, suggesting that estrogen signaling is an essential component of
IL-23/IL-17A-mediated pain in females (Fig. 6.2). We also observed that in human
DRG tissues, ERa but not ERf} shows sex dimorphism, where females have signifi-
cantly higher expression levels of Era expression (Luo et al. 2021).

Using an optogenetic approach in which ChR2 is expressed in TPRV 1+ nocicep-
tors, we found blue light stimulation induced greater pain in females. We also found
that intraplantar IL.-23 injection can potentiate blue light-induced pain, but this only
occurs in female mice and not in male mice (Ji et al. 2021).
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6.5 Summary and Future Directions

The incidence of chronic pain in women is higher than men. Women also suffer
disproportionately from inflammatory diseases associated with pain such as fibro-
myalgia, osteoarthritis, chronic migraine, and autoimmune diseases (rheumatoid
arthritis and systemic lupus erythematosus). Because scientists have mainly used
male rodents due to built-up inertia within the research field and the fact that male
rodents do not have cyclical hormonal fluctuations like female rodents do, sex-
related differences and sex dimorphism in pain were poorly understood until very
recently. As the previous chapters have shown, immune and glial cells are crucial to
the modulation of pain. This chapter has highlighted several glial and immune cell
types and how they contribute to sex dimorphism in chronic pain (Table 6.1).
Notably, the mechanisms of most sex-dimorphic immune pain molecules have pre-
dominantly been characterized in male animals. As such, further studies will be
necessary to investigate novel female-specific pain signaling pathways in these
immune cells across various chronic pain conditions. These efforts will improve our
understanding of sex dimorphism in chronic pain to improve the treatment of pain
for patients in the future.
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Neuroimmune Interactions in Acute
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Abstract Itch is a sensory experience of the skin that is familiar to all humans.
Recent studies have established that the immune system and central and peripheral
nervous systems engage in extensive interactions termed ‘“crosstalk,” which gives
rise to both acute and chronic itch pathologies. Peripheral sensory neurons detect
itch-triggering stimuli from the environment to transduce pruritic signals. Itch sig-
nals travel from nerve fibers in the skin and peripheral nervous system to the spinal
cord and brain, eliciting scratch behavior as a response to relieve the irritation
caused by itch. The mechanisms underlying itch have also been shown to overlap
with molecular circuits involved in pain, suggesting a relationship between the two
sensations. We discuss various types of pruritogens, released from immune cells,
keratinocytes, neurons, glial cells, and cancer cells, as well as the pruritogen recep-
tors expressed by primary sensory neurons (pruriceptors) and spinal cord neurons.
Understanding how neuroimmune interactions modulate acute and chronic itch will
be necessary to develop more effective treatments for these pathologies.
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7.1 Introduction to Itch

Itch (or pruritus) is an unpleasant sensation on the skin that provokes scratching
behavior. It is normally a benign, though unpleasant, physiologic response. However,
when itch becomes severe, chronic, or occurs with certain medical conditions, it has
a significant effect on a patient’s well-being. Clinically, itch is considered either
acute (lasting less than 6 weeks) or chronic (continuing beyond 6 weeks). Chronic
itch is experienced by 15% of the population and negatively affects sleep, mood,
and personal relationships, significantly reducing overall quality of life as a result.

Although our understanding of the mechanisms and pathways that carry pruritic
stimuli and process itch sensation is still limited, the most well-supported distinc-
tion between types of itch is between histaminergic and non-histaminergic itch
(Ikoma et al. 2006; Yosipovitch and Papoiu 2008). The different types of itch cor-
respond to differences in disease and treatment responses. Acute itch is coded
through a histamine-induced neuronal pathway, whereas chronic itch signaling is
non-histaminergic. Chronic itch is the result of interactions between nerves that
sense non-histaminergic stimuli, the immune system, and keratinocytes in the skin
(Yosipovitch and Bernhard 2013). On the molecular level, pruriceptors, the itch-
sensing primary sensory neurons, are responsible for responding to itch-inducing
stimuli called pruritogens and modulating itch signaling throughout the nervous
system (Ringkamp et al. 2011; Akiyama and Carstens 2013; LaMotte et al. 2014).
The sensation of itch results from nerve fiber activation in the dermo-epidermal
junction of the skin (Han and Dong 2014). Neuropathic itch can result from damage
to the nervous system, including nerve fiber compression or degeneration and glial
cell damage (Misery et al. 2014).

The nervous system and the immune system work in tandem to protect and warn
individuals of threats by sensing the presence of pathogens as well as injured and
dying cells. As a result of their coevolution and overlapping roles, neurons and
immune cells respond to both environmental inputs as well as signals from each
other. This bilateral interaction tunes the responses of the two systems in different
circumstances. Nociceptive neurons express various receptors for soluble mediators
produced by the immune system, including ions, amines, lipids, cytokines, and che-
mokines (see Chap. 2). Conversely, immune cells such as macrophages and mast
cells can be directly activated by neuropeptides and other neuromodulators released
from the peripheral terminals of activated nociceptors. Therefore, the extensive
crosstalk between the nervous and immune systems is being increasingly recog-
nized as an essential aspect of itch-related homeostasis and disease. In the following
sessions, we discuss cells, mediators, receptors, and effectors of itch (Table 7.1),
with specific focus on neuroimmune and neuroglial interactions.
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Table 7.1 Cells, mediators, receptors, and effectors of itch
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Resources Pruritogens Receptors Effectors

Neurons Substance P NKIR NKIR
GRP GRPR GRPR

Keratinocytes NGF TrkA TRPV1
Endothelin-1 ETA TRPV1
TSLP1 TSLPR TRPAL1
BAMBS-22 peptide MrgprC11 TRPV1/TRPA1
1L-33 IL-33R TRPV1/TRPA1
miR-146a TRPV1 TRPV1

Mast cells Histamine HIR/H4R TRPV1/Navl.7
Tryptase PAR1/2 TRPV1
Serotonin SHTR TRPA1

T cells 1L-31 IL-31R TRPV1/TRPA1

T cell lymphoma miR-711 TRPA1 TRPA1

Drugs Chloroquine MagprA3 TRPA1/Navl1.7
f-alanine MrgprD TRPA1
Imiquimod TLR7 TRPAL
Morphine MOR MOR

Oxidative stress ROS (H,0,) TRPAL1 TRPAL1

Itch mediators are secreted from primary sensory neurons, keratinocytes, and immune cells. In
addition, commonly used drugs are also known to elicit itch. Furthermore, oxidative stress such as
reactive oxygen species (ROS) can also elicit itch via activation of TRPA1 (Liu and Ji 2012)

7.2 Epidermis and Keratinocytes in Itch

Itch is a unique sensory modality, as it is restricted to the skin, mucous membranes,
and cornea. No other tissues or organs are capable of experiencing itch (Yosipovitch
and Papoiu 2008). It has been demonstrated that removal of the epidermis abolishes
the perception of pruritus, but not pain (Schmelz et al. 1997). The sensation of itch
originates from the itch-specific nerve fibers located in the epidermis and dermal-
epidermal junction, termed pruriceptors. Itch-specific nerve fibers (predominantly
C fibers) are characterized by mechano-insensitivity, low conduction velocities,
large areas of innervation, and high transcutaneous electrical thresholds (Schmelz
et al. 2003). These itch fibers have close relation to epidermal cells such as
keratinocytes.

Keratinocytes are a cell type in the skin that form the protective barrier between
the body and the external environment (e.g., regulation of water loss, antimicrobial
peptide secretion). Keratinocytes contribute to itch by releasing pruritogens, includ-
ing the alarmin thymic stromal lymphopoietin (TSLP), to directly activate prurito-
ceptive neurons (Schwendinger-Schreck et al. 2015; Wilson et al. 2013; Ziegler
et al. 2013). Keratinocytes also express the same receptors expressed on neurons to
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mediate pruritus. For example, mast cell proteases not only trigger pruritus via acti-
vation of PAR2+ sensory neurons (Schwendinger-Schreck et al. 2015), but they also
stimulate the release of TSLP from keratinocytes (Wilson et al. 2013). In addition,
TSLP secreted from keratinocytes may indirectly promote skin inflammation and
pruritus pathways by activating immune cells. TSLP binds to TSLP receptor
(TSLPR) on Th2 cells and type 2 innate lymphoid cells leading to the production of
pruritogenic cytokines (Indra 2013; Ochiai et al. 2018; Soumelis et al. 2002). 1L-4
and IL-13 produced by immune cells can also stimulate keratinocytes to secrete
TSLP (Bogiatzi et al. 2007). Additionally, keratinocytes release nerve growth factor
(NGF) in response to neuropeptides substance P (SP) and calcitonin gene-related
peptide (CGRP), in order to modulate innervation and leakiness of the skin barrier
(neurogenic inflammation). Thus, keratinocyte—neuron interactions create powerful
bi-directional feedback loops that can worsen chronic skin conditions.

7.3 Immune Cells and Mediators in Itch

Activation of the immune system can affect neurophysiological, neurochemical,
and neuroendocrine activities. Cytokines, chemokines, peptides, micro-RNAs, and
other factors produced and released by immune cells may directly act on peripheral
neurons, especially pruriceptors (Fig. 7.1 and Table 7.1). We will summarize the
interaction among different immune cells and nociceptors below.

Mast cells are the “frontier soldiers” of the immune system. They are involved in
the innate and adaptive immune system (Galli et al. 2005; Kubo 2017). Mast cells
are found in externally exposed surfaces such as the epithelial lining of the skin,
airways of the lung, mucosa of the gastrointestinal tract, and meningeal membrane
of the central nervous system (CNS). This feature allows them to induce a rapid
immune response to environmental stimuli, such as allergens and pathogens.
Increasing evidence has demonstrated that mast cells contribute to various diseases
via their interactions with the vasculature and CNS (Aich et al. 2015; Galli et al.
2005; Xanthos et al. 2011). Mast cell degranulation is critical for the innate immune
response and allergic reactions. The release of histamine, bradykinin, and other
mediators upon degranulation may contribute to itch sensitization in pathological
conditions. It has been found that the degranulation of mast cells partly requires
interaction between mast cells and peripheral nerve terminals. The process is medi-
ated by the calcium-dependent cell adhesion molecule N-cadherin, which is
expressed in both mast cells and nociceptor neurons (Cyphert et al. 2009; Suzuki
et al. 2004).

Histaminergic itch is induced through the H1 and H4 receptors on sensory
nerves. Combined antagonism of H1 and H4 receptors may be a useful strategy in
controlling itch and inflammation in diseases such as atopic dermatitis (AD) and
psoriasis (Ohsawa and Hirasawa 2014). Non-histaminergic itch may be associated
with several distinct neural pathways. One of them is Proteinase-activated receptor-
2 (PAR2), as PAR2+ fibers and the PAR2 agonist tryptase are increased in lesioned
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Fig. 7.1 Neuroimmune interactions in the skin for the induction of itch. Following skin injury,
keratinocytes and immune cells such as mast cells, NK cells, eosinophils, T cells, neutrophils, and
basophils, produce various itch mediators, including histamine released by mast cells and cyto-
kines from immune cells. These pruritogens then bind to specific receptors expressed on pruricep-
tors (itch-sensing neurons), which can result in the activation of key enzymes (e.g., phospholipase)
and protein kinases that can further activate critical ion channels (e.g., transient receptor potential
ion channels TRPA1, TRPV1, and TRPV4 and sodium channels Nav1.7). The subsequent propa-
gation of action potentials through the pruriceptive neurons to the central nervous system causes
itch sensation. Furthermore, miRNAs, such as miR-711 released from cutaneous T cell lymphoma
(CTCL) and miR-146a released from keratinocytes can also induce pruritus via direct activation of
TRPA1 and TRPV1, respectively. Additionally, drugs such as opioids (morphine), anti-malaria
drug chloroquine, and anti-cancer drug imiquimod also elicit itch via activation of pruriceptors

AD skin. Upon activation of PAR2+ fibers, SP and CGRP are released, leading to
the potentiation of neurogenic inflammation (Kempkes et al. 2014; Steinhoff
et al. 2003a).

Macrophages are derived from circulating monocytes and recruited within hours
of an injury. Regional macrophages take on a phagocytic role almost immediately
after injury to remove worn out cells and other cellular debris in both innate and
adaptive immune responses. After their activation and recruitment, macrophages
release numerous soluble mediators, which sensitize nociceptors/pruriceptors
toward pruritus, for instance, during pruritus induced by hydroxyethyl starch (Bork
2005). Mice with pruritic inflammatory skin disease lack heterogeneous nuclear
ribonucleoprotein D (hnRNPD), which is a regulator of inflammatory cytokine
mRNA stability (Sadri and Schneider 2009).



176 O. Chen et al.

Skin dendritic cells are antigen-presenting cells (APCs) which initiate the adap-
tive immune response against invading pathogens by presenting antigens to T cells
(Tay et al. 2014). It has been shown that overexpression of the cysteine protease
cathepsin S induces elevated PAR2 expression in dendritic cells and the expression
of Type 1 helper T cell-(Th1) related cytokines, leading to spontaneous scratching
behavior (Kim et al. 2012).

Activation of type 2 helper T-cells (Th2 cells) is important for moderate to severe
AD. IL-4 and IL-13 are cytokines required for the development, initiation, and
maintenance of the Th2 subset of the T cells. Increased expression of IL-4 and IL-13
are associated with eosinophilic infiltration and increased production of NGF and
the NGF receptor TrkA (Leung et al. 2004; Simon et al. 2004). Overexpression of
IL-4 and IL-13 in the epidermis of transgenic mice causes AD and pruritus (Chan
etal. 2001; Zheng et al. 2009). The expression levels of IL-4 and IL-13 are elevated
in human skin samples of AD patients, with IL-13 elevated in the serum (Jeong
et al. 2003). Serum levels of IL-13 in turn are correlated with disease severity
(Metwally et al. 2004). Recently, researchers found that TRPA1 is linked with
IL-13-related pruritus in AD (Oh et al. 2013). Monoclonal antibodies targeting I1L.-4
and IL-13 can significantly reduce the severity of pruritus in AD patients (Griffiths
et al. 2021). IL-33 is a promoter of Th2-mediated inflammation in the pathogenesis
of AD (Kroeger et al. 2009; Rankin et al. 2010; Savinko et al. 2012), and the expres-
sion of IL-33 is elevated in the skin cells of AD patients (Savinko et al. 2012).

IL-31 is one of the most prominent itch mediators produced by Th2 cells and its
receptor (IL-31R) is expressed on keratinocytes, epithelial cells, and primary sen-
sory neurons including nociceptors/pruriceptors (Dillon et al. 2004; Heise et al.
2009; Kremer et al. 2014; Sonkoly et al. 2006). IL-31RA is also localized in small
diameter neurons of human DRG (Cevikbas et al. 2014; Sonkoly et al. 2006).
IL-31R activation leads to activation of the JAK family of tyrosine kinases, which
leads to the activation of transcription factors (STAT-1/5 and ERK-1/2) and an MAP
kinase signaling cascade (Cornelissen et al. 2012; Kasraie et al. 2013). IL-31 expres-
sion is elevated in many pruritic disorders including AD, allergic contact dermatitis,
and cutaneous T-cell lymphoma (CTCL) (Ohmatsu et al. 2012; Raap et al. 2008;
Singer et al. 2013; Sonkoly et al. 2006).

Nerve growth factor (NGF) is a neurotrophin which is critical for peripheral
nervous system development, growth, differentiation, and regeneration (Yamamoto
et al. 2007). It has been demonstrated that serum levels of NGF correlate with the
degree of scratching behavior in mice (Yamamoto et al. 2007). Eosinophils serve as
a main source of NGF. Thus, NGF is thought to participate in neural hyperplasia
(Kanda and Watanabe 2003). In mouse models, NGF stimulates increased levels of
substance P and calcitonin gene-related peptide (CGRP), which are factors involved
in neurogenic inflammation and the hypersensitization of pruriceptors (Verge et al.
1995). In addition, NGF primes sensory nerves by lowering the threshold for itch
sensation. NGF can also induce TRKA activation, which increases the phosphoryla-
tion of phosphoinositide 3-kinases (PI3K) and stimulates TRPV1 expression and
calcium influx (Nockher and Renz 2006; Zhuang et al. 2004).
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7.4 Itch Receptors and Signaling in Itch-Sensing Sensory
Neurons (Pruriceptors)

7.4.1 G Protein-Coupled Receptor (GPCR)

To detect external changes, nerve fibers of the pruriceptors (a subset of nociceptors)
express specialized receptors. Different receptors are present in different types of
nerve fibers to respond to specific ligands (Han and Dong 2014). One common
characteristic of these receptors is that they are members of the G protein-coupled
receptor (GPCR) family.

Itching and vasodilation can be induced by various types of itch mediators
(Fig. 7.1). For example, histamine is released from immune cells due to tissue
inflammation and exposure to environmental allergens (Ikoma et al. 2006; Shim
et al. 2007; Simons and Simons 2011). There are four histamine receptors, all of
which are GPCRs (Simons and Simons 2011). HIR and H4R are expressed in the
DRG and have been identified as potential mediators of pruriception (Simons and
Simons 2011). HIR is an important receptor for histamine-induced itch reactions,
and HI1R-specific inhibitors can completely suppress histamine-induced itch in
human skin (Simons and Simons 2011). In addition, H4R inhibitors can block itch
in a contact dermatitis mouse model, indicating that H4R is another mediator of itch
(Rossbach et al. 2009). A novel H4R antagonist (JNJ 39758979) reduced histamine-
induced pruritus in a randomized control trial (Kollmeier et al. 2014). Furthermore,
HIR and H4R dual blockade was more effective at reducing itch and inflammation
than blockade of either alone (Cowden et al. 2010).

Mas-related G protein-coupled receptors (Mrgprs) are a subgroup of GPCRs
(Dong et al. 2001). Mice express more than 50 different Mrgprs, while humans
express 10 members of the receptor family (Dong et al. 2001; Zylka et al. 2003).
Many Mrgprs are expressed by nociceptors in the DRG and the trigeminal ganglia,
which project axons into the skin to sense noxious mechanical stimuli and tempera-
ture (Dong et al. 2001; McNeil and Dong 2012). Mrgprs are involved in chloroquine
(CQ)-induced itch (Liu et al. 2009). In Mrgpr knockout mice, while neither noci-
ception nor histaminergic itch was reduced, but CQ-induced calcium influx and
action potentials were abolished (Liu et al. 2009). Further research has revealed that
mouse MrgprA3 and human MrgprX1 are involved in CQ-induced itch (Sikand
etal. 2011). In a mouse model in which investigators genetically expressed TRPV 1
in MrgprA3+ neurons, capsaicin administration resulted in activation of MrgprA3+
neurons and induced itching but not pain (Han et al. 2013). Thus, MrgprA3+ neu-
rons mediate an itch-specific circuit. These critical findings have demonstrated that
sensation does not depend on stimulus type but rather on the specific activated neu-
ronal pathway (Han et al. 2013).

Protease-activated receptors (PAR) are another family of itch-related GPCRs
found on different cell types, including keratinocytes and pruriceptive neurons in
the DRG (Han and Dong 2014). Activation of PAR2 and PAR4 leads to the induc-
tion of non-histaminergic itch (Reddy et al. 2008; Vergnolle et al. 2003). PAR2 can
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be activated by various endogenous and exogenous proteases, such as cathepsin S,
tryptase, dust mites, and Staphylococcus aureus (Reddy et al. 2008, 2010; Soh et al.
2010; Steinhoff et al. 2006). Tryptase, an endogenous agonist of PAR2, is signifi-
cantly increased in lesioned skin of AD patients (Steinhoff et al. 2003a). More inter-
estingly, histamine levels are not increased in lesioned skin from AD patients
compared to healthy controls, further demonstrating that histaminergic nerves are
not involved in AD-related itch (Buddenkotte et al. 2005).

7.4.2 Transient Receptor Potential Ion Channels

The transient receptor potential (TRP) family consists of several major ion channels
that transmit positively charged ions across the cell membrane. They are important
for sensory perception, including itch, and other sensory modalities (Minke and
Cook 2002; Moran et al. 2011). Several TRP family members have been implicated
in itch including TRPV1, TRPA1, and TRPMS8 (Moore et al. 2018).

TRPV1 is expressed broadly in nociceptors, keratinocytes, and mast cells (Han
et al. 2013; Shim et al. 2007; Stander et al. 2004). TRPV1 signaling mediates both
histaminergic and non-histaminergic itch; especially the former. TRPV is activated
by various stimuli including capsaicin, high temperature (over 42 °C), acid
(pH < 5.9), ATP, and changes in chemical and inflammatory conditions. Histamine-
induced TRPV1 activation results in itch (Imamachi et al. 2009; Shim et al. 2007)
and requires the activation of phospholipase A2 and 12-lipoxygenase. TRPV1
expression in histamine-sensitive C nerve fibers is correlated with an associated
burning sensation of histamine-induced itch (Stander et al. 2004). TRPV1 signaling
also causes the release of neuropeptides such as substance P and calcitonin gene-
related peptide, leading to neurogenic inflammation (Aubdool and Brain 2011).

TRPAL is expressed by nociceptors, sensory C fibers, keratinocytes, and fibro-
blasts (Atoyan et al. 2009; Kwan et al. 2009). TRPA1 responds to pain and itch
(Toth et al. 2014). TRPA1 is a mediator of non-histaminergic itch and is involved in
Mrgpr-mediated itch (Wilson et al. 2011), as well as pruritus induced by oxidative
stress (Liu et al. 2012), miR-711 (Han et al. 2018), and serotonin (Table 7.1).
Lesioned skin samples from AD patients have increased TRPA1 expression com-
pared to healthy controls (Oh et al. 2013).

It was found that lymphoma-secreted miR-711 is sufficient to elicit potent pruri-
tus via direct activation of TRPA1 (Han et al. 2018, Fig. 7.2). Unlike conventional
activation of TRPA1 from the intracellular side of the channel, miR-711 binds the
channel on the extracellular loop and rapidly activates TRPA 1, without causing neu-
rogenic inflammation (Han et al. 2018).

TRPMS is a temperature-sensitive calcium channel expressed by primary sen-
sory neurons, mast cells, and keratinocytes (Denda and Tsutsumi 2011; McCoy
et al. 2011). Menthol, eucalyptol, and icillin are the notable ligands of TRPMS
(Valdes-Rodriguez et al. 2013). Activation of TRPMS causes intracellular calcium
influx and a cooling sensation (Patel et al. 2007). TRPMS is expressed on
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miR-711

Myla cell

Fig. 7.2 miRNA-mediated cancer itch. Cutaneous T cell lymphoma (CTCL) is a chronic itch
condition and CTCL patients suffer from serve pruritus. Inoculation of human Myla cells from
CTCL is sufficient to induce lymphoma and chronic itch in immune-deficient mice (Chen et al.
2022). Both mouse and human CTCL produced miR-711, which was shown to induce robust pru-
ritus following intradermal injection. miR-711 directly activates transient receptor potential
ankyrin 1 (TRPA1) on sensory neurons. TRPA1 was believed to be activated mainly through intra-
cellular interactions with its ligands; however, recent studies show that it can also be activated
extracellularly via RNA-protein interactions (Han et al. 2018). Notably, miR-711 only activates a
subset of neurons that also respond to histamine and chloroquine, indicating a population of
pruriceptors

myelinated cutaneous nerves and implicated in the transmission of itch signals,
accounting for the heterogeneity of symptoms reported by chronic pruritus patients
(Ringkamp et al. 2011).

7.4.3 Toll-Like Receptors (TLRs)

Toll-like receptors (TLRs) are pattern-recognition receptors that initiate innate
immune responses by recognizing pathogen-associated molecular patterns (PAMPs)
and danger-associated molecular patterns (DAMPs) (Akira et al. 2006). Liu et al.
showed that TLR7 is expressed in small DRG neurons to mediate itch sensation
(Liu et al. 2010). Immunohistochemistry revealed that TLR7 colocalizes with
gastrin-releasing peptide (GRP), MrgprA3, and TRPV1 (Liu et al. 2010).
Imidazoquinoline derivatives (imiquimod and resiquimod) and guanosine analogs
(loxoribine) are ligands for TLR7 (Hemmi et al. 2002). Intradermal injection of
imiquimod, resiquimod, and loxoribine induced itch-indicative scratching behavior
in wild-type mice, and scratching is reduced in TIr7~~ knockout mice (Liu et al.
2010). Strikingly, bath application of TLR7 ligands on dissociated DRG neurons
elicits inward currents and action potentials, and this effect is abolished in Tlr7~"~
knockout mice (Liu et al. 2010). TIr7~~ knockout mice show a significant reduction
in scratching behaviors in response to non-histaminergic pruritogens, including
chloroquine, endothelin-1, and SLIGRL-NH2, which is a PAR2 agonist (Liu et al.
2010). However, TLR7 null mice exhibit normal scratching behaviors elicited by
histamine, HTMT, or compound 48/80 (Liu et al. 2010). In addition to TLR7, the
activation of TLR3 also generates itch, and its expression in DRGs is colocalized
with GRP and TRPV1 (Liu et al. 2012). The TLR3 agonist poly (I:C) leads to
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excitation of DRG neurons which results in scratching behavior (Liu et al. 2012).
Similarly, global deletion of TLR3 abolishes scratching behaviors induced by the
TLR3 agonists chloroquine and histamine. Thus, TLR3 is required for histaminer-
gic and non-histaminergic itch, and both TLR7 and TLR3 are critical itch receptors
that regulate the excitability of pruriceptive neurons (Liu and Ji 2014). Thus, TLRs
may serve as novel targets for therapies against pruritis. Please see Chap. 8 for more
details on TLR signaling in pain and itch.

7.5 Neuroimmune Interactions in Skin Diseases
and Chronic Itch

The skin is the largest organ of the human body, with vital roles in maintaining
homeostasis, providing a protective barrier, and defending against foreign invaders
and pathogens. Nerve fibers innervating the skin are located in the vicinity of kera-
tinocytes, fibroblasts, endothelial cells, Schwann cells, and resident immune cell
populations. The cutaneous sensory nerve fibers (CSNFs), which innervate the der-
mis and epidermis, represent the majority of nerve fibers in the skin. CSNFs origi-
nate from the dorsal root ganglia (DRG) and the trigeminal ganglia. The afferent
fibers of DRG neurons extend outwards to the body’s skin, and stimuli at these
projections send signals back to the sensory neuron cell bodies within the DRGs.
These signals are then delivered to the dorsal horn of the spinal cord and upwards to
the brainstem and thalamus (Fig. 7.3a). Trigeminal ganglia neurons innervate the
skin of the head and face.

The autonomic nervous system also innervates the skin but makes up a small
overall percentage of the nerve fibers. These nerves are only found in the dermal
layer and innervate hair follicles, blood vessels, lymphatic vessels, apocrine and
eccrine glands, and erector pili muscles. The resident dermal immune population
ensures both protection against pathogens and maintenance of tolerance against
innocuous antigens. The skin is highly innervated, and neuroimmune interactions
are important for communicating with and responding to the external environment.

Abnormal neuroimmune interactions have consistently been shown to cause a
number of inflammatory skin conditions. Neuroimmune interactions play a key role

»

Fig. 7.3 (continued) expressing neuropeptide Y (NPY), which inhibits mechanical itch. The
properties of the excitatory neurons involved in mechanical itch are still not fully understood.
Primary sensory neurons of DRG are activated in response to chemical pruritogens and release
glutamate, natriuretic polypeptide B (NppB), and gastrin-releasing peptide (GRP). NppB acti-
vates natriuretic peptide receptor A (Npra) to release GRP. GRP then activates GRP receptor
(GRPR) to transduce the signal to projection neurons (PN) in the dorsal horn. In chronic itch,
astrocytes can interact with GRPR-expressing neurons with secreting neuromodulators.
Scratching sends signals to inhibitory neurons that express basic helix-loop-helix B5 (Bhlhb5).
These interneurons release inhibitory neurotransmitters like dynorphin, glycine, and gamma-
aminobutyric acid (GABA) that negatively act upon GRPR-positive neurons. This results in atten-
uation of the itch sensation
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Fig. 7.3 Itch pathways for chemical and mechanical itch (a) Ascending and descending path-
ways of itch. Itch signals are peripherally detected in the skin by itch-sensing primary sensory
neurons (pruriceptors), with their cell bodies resided in dorsal root ganglia (DRG). Then, the itch
signals are transduced to the spinal cord, ascend through the spinothalamic tract to the thalamus,
and finally to the sensory cortex, eliciting itch sensation (pruritus). Pruritic signals also travel
through the spinoparabrachial pathway to reach the parabrachial nucleus (PBN). Once itch sig-
nals have reached the brain, they are further projected to the premotor area (PMA), supplemen-
tary motor area (SMA), and striatum. These areas play a role in sending signals to initiate
scratching behavior as a motor reflex. Furthermore, the descending control from the periaqueduc-
tal gray (PAG) can also modulate the spinal cord itch circuit. (b) Spinal cord neurocircuits for
mechanical itch and chemical itch and mechanism of itch relief by scratching. Mechanical itch
stimuli from TLRS5-expressing primary sensory neurons project onto spinal cord neurons
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in the pathogenesis of allergic contact dermatitis (ACD), atopic dermatitis (AD),
and psoriasis.

ACD is a T-cell-mediated hypersensitivity reaction caused by allergens and hap-
tens, which causes itchy, inflamed skin. Cutaneous sensory nerves control the
immune response via interactions with antigen-presenting cells. Recently, TRPV1
and TRPA1 were found to have different roles in contact hypersensitization in a
mouse ACD model caused by treatment with squaric acid dibutylester (SADBE).
While SADBE directly activated both TRPV1 and TRPA1 channels on neurons to
produce itch, only TRPV1 ion channels played a role in inflammation (LaMotte
et al. 2014). This was demonstrated when the removal of TRPV1+ neurons or
genetic deficiency in TRPV1 led to increased inflammation. On the other hand,
TRPA1 mediates both itch and inflammation (edema, leukocyte infiltration, kerati-
nocyte hyperplasia) in ACD mouse models using urushiol (poison ivy component)
and oxazolone, and interestingly, TRPV1 channels were not involved (Liu
et al. 2013).

AD is a chronic inflammatory skin condition, with symptoms including constant
itchiness, thick scaly skin, damaged epidermal barrier function, and a T helper 2
(TH2) cell-skewed allergic response. One major feature of AD lesions is hyperin-
nervation and penetration of sensory neurons into the epidermis, causing increased
itch and release of neuropeptides. Lesions and blood samples from AD patients
have been found to contain high concentrations of substance P and NGF, which lead
to keratinocyte hyperproliferation. In an innervated skin model, where human AD
skin samples were cultured alongside porcine DRGs, sensory nerves caused kerati-
nocyte proliferation that was dependent on CGRP. Isolated AD skin samples used in
this model also demonstrated increased innervation and neurite outgrowth, CGRP
release, and epidermal thickening compared with healthy control skin samples
(Erickson et al. 2021).

Psoriasis is an inflammatory disorder of the skin defined by dysregulation of the
IL-17/IL-23 axis, acanthosis (dark discoloration in body folds), hyperkeratosis
(abnormal thickening of the skin), and itch. Neuroimmune interactions control the
induction of IL-23 signaling and formation of inflammatory lesions. The role of the
sensory nervous system in psoriasiform skin inflammation was first demonstrated
by cutaneous denervation of a psoriasis mouse model. When the skin was surgically
axotomized (axons severed along an axis) in KC-Tie2 psoriasiform mice, acantho-
sis improved greatly, while CD4+ T cells and CD11lc + DCs decreased. These
effects were shown to depend on CGRP and substance P, pointing toward the ner-
vous system’s major role in psoriasis. In a follow-up study, botulinum neurotoxin A
(BoNT-A), a neurotoxin that cleaves SNAP25, was injected intradermally into
KC-Tie2 mice. BONT-A prevented the release of CGRP and substance P, and greatly
improved skin inflammation and epidermal hyperplasia (Riol-Blanco et al. 2014).
Small-scale human clinical trials have confirmed the effectiveness of BoNT-A in
improving plaque psoriasis (Todberg et al. 2018). Using a mouse of psoriasis model
driven by TLR7/8 agonist imiquimod, TRPV 1+ nerves were found to control IL-23
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release via dermal dendritic cells. These dendritic cells control IL-17 expression via
y6 T cells in the skin, thus promoting psoriatic inflammation (van der Fits et al. 2009).

Cutaneous T-cell lymphoma (CTCL) is a cancer that causes T-cells to mount an
immunological attack against the skin, resulting in dermatological sequelae and the
development of tumors. Approximately 88% of CTCL patients are affected by
severe pruritus that requires separate treatment from the lymphoma itself. Emollients,
topical steroids, and oral histamines fail to relieve the chronic itch, suggesting that
CTCL pruritus is not caused by histamines (Cevikbas and Lerner 2020). Researchers,
therefore, have sought histamine-independent mediators as possible treatment tar-
gets to alleviate chronic pruritus. It was found that CTCL is associated with
increased levels of the IL-31 in plasma, which correlate with itch severity
(Nattkemper et al. 2016). IL-31 is produced by Th2 cells, particularly those in the
malignant population associated with CTCL (Singer et al. 2013). Researchers spec-
ulate that IL-31 exerts indirect effects on sensory nerves through T cells and kerati-
nocytes to transduce itch sensations (Nattkemper et al. 2016). Studies have also
suggested that IL-31 initiates basophil migration and the release of IL-4 and IL-13.
Recently, histamine receptor 4 (H4R) has been observed on CD4+ T-cells. This
receptor increases mRNA expression of IL-31. Additionally, a recent study showed
no correlation between itch severity and IL-31 levels in the early stages of CTCL,
which is dominated by Th1 cells rather than Th2 cells (Malek et al. 2015). Studies
involving different treatments at different stages of CTCL indicate additional mech-
anisms involved in pruritus. Successful treatment with SP receptor antagonism has
been reported, and treatment regimens with gabapentin and mirtazapine during
advanced stages of CTCL were also proposed (Erickson et al. 2021). To study the
mechanisms of CTCL, an animal model of CTCL was developed at Duke University
using immune-deficient mice. Inoculation of Myla cells from a CTCL patient
resulted in robust tumor growth and chronic pruritus that can last more than
2 months. Lymphoma is highly innervated by nerve fibers and intra-tumoral injec-
tion of nerve blockers (C-fibers or A-fibers) or IL-31 neutralizing antibody signifi-
cantly attenuated pruritus (Chen et al. 2022). Moreover, lymphoma secreted
miR-711, which can elicit itch via direct activation of TRPA1 (Fig. 7.2).

7.6 Neurocircuits of Itch

There is considerable overlap between the molecular mediators of pain and itch, and
they even coexist in some chronic pathologies (Liu and Ji 2013). However, while
there certainly does seem to be some intersections between the two, pain and itch
remain separate processes. It is possible to knock out itch-related behaviors in
mouse models while retaining symptoms of pain, demonstrating distinct pathways
for each sensation (Fig. 7.3a).
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7.6.1 Pain and Itch

Two theories of how signals of pain and itch are transmitted throughout the nervous
system are the labeled-line coding model and the population-coding model. Labeled-
line coding posits that primary afferent sensory neurons specific to either pain or
itch will send information to central nervous system (CNS) neurons, which produce
the respective sensation (Ma 2010). This theory holds that different sensory modali-
ties are modulated by mutually exclusive neuronal populations (Sun et al. 2017).
The labeled-line theory has been challenged by the finding that painful can suppress
itch through a specific neurocircuit in the spinal cord involving inhibitory neurons
(Fig. 7.3b).

The population-coding model proposes that a subpopulation of neurons receives
pain and itch signals through distinct combinations of activated fibers (Akiyama and
Carstens 2013; Ma 2010). Upon receiving either type of stimuli, the neurons will
transmit a signal for the specific sensation. Population-coding reflects a complex
and intricately integrated system of sensory transmission (LaMotte et al. 2014).

Intercommunication between different parts of the nervous system suggests how
related etiological processes and mediators cause pain and itch. Chronic pain and
itch negatively impact quality of life, and this is compounded by the fact that these
pathologies often accompany one another (Liu and Ji 2013). Further studies on the
molecular mechanisms underlying these sensations will contribute to the develop-
ment of more effective treatments.

7.6.2 Neuropeptides as Itch Transmitters

Substance P (SP) is a neuropeptide which is highly involved in afferent neuronal
signaling (De Felipe et al. 1998). SP is released by activated sensory neurons and
binds to neurokinin receptors (NK1) expressed on mast cells, keratinocytes, and
cutaneous nerves, resulting in the release of other itch mediators (Kremer et al.
2014). Intradermal injection of SP results in mast cell activation and histamine
release (Jorizzo et al. 1983; van der Kleij et al. 2003). SP also induces itch that is not
dependent on histamine, but rather on mast cells. Furthermore, SP-activated mast
cells release inflammatory mediators such as leukotriene B4, prostaglandin D2, and
TNF-a (Luger 2002; Steinhoff et al. 2003b). In addition to the mast cells, SP also
triggers the release of pruritogenic compounds from keratinocytes, endothelial
cells, and immune cells (Biro et al. 2007; Kulka et al. 2008). Recently, it was found
that SP is an endogenous agonist of Mrgprb2 in mast cells and mediates immune
cells’ migration via Mrgprb2. SP was shown to activate human mast cells via
MRGPRX?2 (human homolog of Mrgprb2) for the release of inflammatory cyto-
kines and chemokines (Green et al. 2019).

Gastrin-releasing peptide (GRP) is a neuropeptide involved in the sensation of
itch. Intradermal or intrathecal injection of GRP elicited itch in mice (Sun and Chen
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2007; Kulka et al. 2008). GRP receptor (GRPR) is expressed on spinal cord
neurons, and activation of GRPR transmits the itch signal to higher order neurons
(Mishra and Hoon 2013; Sun and Chen 2007; Sun et al. 2009). Ablation of GRPR-
expressing neurons in the spinal cord results in substantial deficits in scratching
behavior in response to all chemical itch stimuli (Sun et al. 2009). In monkey
chronic idiopathic pruritus models, the expression of GRP and GRPRs in the spinal
cord and skin are significantly increased (Nattkemper et al. 2013).

7.6.3 Spinal Cord Circuits of Chemical and Mechanical Itch

When pruritic neuronal signals are transduced to the spinal cord from primary sen-
sory neurons, there is a circuit in the spinal cord modulating signaling and affecting
conscious itch sensation (Fig. 7.3b). Mechanical itch, such as alloknesis (when nor-
mal mechanical stimuli are perceived as itchy stimuli) and hyperknesis (excessive
itch perception to a pruritic stimuli) are conveyed by an itch-related circuit. It has
been demonstrated that neuropeptide Y (NPY) positive neurons have an inhibitory
effect on mechanical itch (Bourane et al. 2015). For chemical itch, primary sensory
neurons respond to pruritic stimuli by releasing glutamate and natriuretic polypep-
tide B (NppB). Nppb activates natriuretic peptide receptor A (NPA) to release
GRP. In addition, primary sensory neurons may release GRP themselves. Thus,
GRP and GRPRs are critical molecules involved in chemical itch (Fig. 7.3b).

In chronic itch models, the chemical itch circuit can be modulated by astrocytes
in the spinal cord (Ji et al. 2019). Lipocalin-2 released by astrocytes potentiates
GRP signaling (Shiratori-Hayashi et al. 2015). Toll-like receptor 4 (TLR4) is also
involved in chronic itch through astrogliosis in the spinal cord (Liu et al. 2016,
Fig. 7.4).

To relieve the response from the system, there is a circuit to mitigate pruritus.
Pain, cooling, and mechanical stimuli (scratching) can attenuate itch sensation and
activate a specific population of inhibitory neurons, which is characterized by their
expression of basic helix-loop-helix family member B5 (Bhlhb5) (Ross et al. 2010).
These inhibitory interneurons release neurotransmitters such as dynorphin, glycine,
and gamma-aminobutyric acid (GABA) to inhibit the activity of GPRP+ neurons
(Fig. 7.3b).

After processing in the spinal cord, itch signals are transduced through the spi-
nothalamic tract to the thalamus and through the spinoparabrachial pathway to the
parabrachial nucleus (Mu et al. 2017), as shown in Fig. 7.3a. Pruritic signals are
then projected to various brain regions such as the primary and secondary somato-
sensory cortex. These regions contribute to the localization and intensity of itch.
Other projected regions are linked with different behaviors or sensitizations related
to itch. The midcingulate cortex is linked to perception and motivation; the anterior
cingulate cortex (ACC) and insula are associated with unpleasant sensations; the
premotor area (PMA), supplementary motor areas, striatum, and cerebellum are
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Fig. 7.4 Astrocyte activation drives chronic itch pathology via neuroglial interactions. Chronic
itch conditions such as dry skin injury or cutaneous T cell lymphoma result in astroglial reaction
in the spinal cord dorsal horn. Increased activity of TLR4 and signal transducer and activator of
transcription 3 (STAT3) has been implicated in reactive astrogliosis (Liu et al. 2016; Shiratori-
Hayashi et al. 2015). The activation of astrocytes in the spinal cord induces the release of neuroin-
flammatory signals that lead to itch, such as lipocalin-2 (LCN2). LCN2 potentiates itch symptoms
by acting on neurons expressing gastrin-releasing peptide receptor (GRPR). Reactive astrocytes
also upregulate the synthesis of inflammatory molecules like C-X-C chemokine ligand 1 (CXCLI),
interleukin 1 beta (IL-1f), and C-C motif chemokine 2 (CCL2). CXCL1 binds to C-X-C chemo-
kine receptor 1 (CXCR2), IL-1f binds to interleukin 1 receptor (IL-1R), and CCL2 binds to C-C
motif chemokine receptor 2 (CCR2). It is possible that these molecules bind to their receptors and
then act on GRP+ interneurons and GRPR+ neurons as well as pruriceptors in the periphery to
drive chronic itch symptoms. These astrocyte-derived mediators could increase the excitation of
postsynaptic neurons and disinhibition of inhibitory interneurons to drive chronic itch sensation.
(Modified from Ji et al. 2019) (Nature Review Neuroscience, Author’s own copyright)

involved in controlling and initiating scratching behavior, and the prefrontal area is
implicated in decision-making (Fig. 7.3a).

7.6.4 Opioid-Induced Itch

Opioid-induced pruritus most commonly occurs following neuraxial administration
of opioids, with 30-60% of patients reporting itch symptoms. Pregnant women who
receive epidural or spinal morphine are often treated with opioids and are particu-
larly prone to side effects related to itch (Melo et al. 2018; Wang et al. 2021). While
itch symptoms are often associated with peripheral mechanisms, opioid-induced
itch is primarily mediated by the central mechanisms (Liu et al. 2011). It is
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noteworthy that opioid-induced itch is thought to arise through a mechanism largely
independent of the analgesic effects of opioids (Wang et al. 2021). In the past, it was
believed that opioid analgesia itself unmasked itch. While it was initially proposed
that neurons expressing both mu opioid receptor (MOR) and GRPR were respon-
sible for the induction of morphine-induced itch (Liu et al. 2011), recent studies
found that there are distinct neuronal populations that express either MOR or GRPR,
both of which are involved in the itch circuitry. Strikingly, it was found that pruritus
induced by intrathecal injection of the mu opioid receptors agonists (morphine or
DAMGO) was totally abolished in mice with a specific deletion of OprmlI (gene
encoding MOR) in Vgat+ inhibitory neurons (Wang et al. 2021). Furthermore,
ablating GRPR-expressing neurons blocked morphine-induced itch, and the admin-
istration of a GRPR antagonist successfully eliminates morphine-induced itch.
Taken together, these findings suggest morphine inhibits GABAergic neurons with
a downstream effect of disinhibiting excitatory GRPR neurons (Wang et al. 2021).
Furthermore, it was found that kappa-opioid receptor agonists can alleviate
morphine-induced itch without affecting the analgesic properties of morphine in
mice (Nguyen et al. 2021). Additionally, opioid receptors in TRPV1-expressing
sensory neurons may mediate peripheral opioid-induced itch (Melo et al. 2018).
Different types of skin cells, such as keratinocytes, mast cells, fibroblasts, and mac-
rophages, express MORs (Reich and Szepietowski 2012). Further studies are still
required to fully characterize the mechanism of opioid-induced itch in both the
peripheral and central nervous systems, but notable progress has been made in
recent years.

7.7 Glial Cells in Itch

Recent studies have shown that reactive astrocytes in the spinal cord are involved in
the pathogenesis of chronic itch. Intrathecal administration of astroglial inhibitors
reduces chronic itch, as mouse models of dry skin and cutaneous T-cell lymphoma
(CTCL) exhibit astrogliosis in itch-affected areas of the spinal cord (Fig. 7.4).
Astrocytes induce chronic itch by multiple mechanisms. Astrocyte activation is
dependent on toll-like receptor 4 (TLR4) and transcription factor signal transducer
and activator of transcription 3 (STAT3). Blocking TLR4 signaling and the expres-
sion of astrocytic STAT3 inhibits chronic itch, or suppression of STAT3-dependent
astrogliosis decreased scratching behavior in chronic itch conditions (Shiratori-
Hayashi et al. 2015; Liu et al. 2016; Chen et al. 2022). The activation of spinal
astrocytes leads to the release of several immune factors, such as lipocalin-2
(LCN2). Intrathecally administering LCN2 together with GRP increased GRP-
induced scratching in mice by acting on GRPR-expressing neurons. However,
administering LCN2 alone did not increase itch and neuronal excitability (Shiratori-
Hayashi and Tsuda 2021). Mouse models of chronic itch exhibit elevated LCN2
levels in the spinal dorsal horn, and suppressing astrocytic LCN2 activation can
block pruritus (Furutani et al. 2022; Shiratori-Hayashi and Tsuda 2021). Astrocytic
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LCN2 was also shown to increase the GRP-evoked excitability of GRPR+ postsyn-
aptic neurons in a mouse model of chronic itch (Koga et al. 2020). These findings
suggest that chronic itch induced by GRP is heightened by LCN2 release. Persistent
STAT3 activation in astrocytes was evoked by IL-6 through inositol trisphosphate
receptor type 1 (IP3R1) and transient receptor potential canonical (TRPC) channels
(Shiratori-Hayashi and Tsuda 2021). Another cytokine involved in astrocyte-
mediated chronic itch is IL-33, which maintains chronic itch through the JAK-
STAT3 pathway. ST2, the receptor for IL-33, is highly expressed in astrocytes, and
ST2-knockout mice exhibited reduced astrocyte activation and decreased scratching
behavior (Du et al. 2019).

The chemokine receptor CXCR3 is also upregulated in the central nervous sys-
tem of chronic itch models and is involved in astrocyte-mediated chronic itch.
CXCR3-knockout mice exhibit normal acute itch symptoms but reduced scratching
under chronic itch-inducing conditions, indicating that CXCR3 plays an important
role in chronic itch. Administration of a CXCR3 antagonist reduced astrogliosis and
chronic itch as well (Du et al. 2022; Jing et al. 2018). While more work is still
required to fully understand the mechanisms underlying reactive spinal astrocyte-
related chronic itch, it is a promising avenue of study for future therapeutic tech-
niques to treat pruritus.

Activation of mitogen-activated protein (MAP) kinases in chronic itch condi-
tions will lead to the release of pro-inflammatory molecules including C-X-C che-
mokine ligand 1 (CXCL1), interleukin 1 beta (IL-1B), and C-C motif chemokine 2
(CCL2), which bind to their receptors on GRP-expressing interneurons and post-
synaptic GRPR-expressing neurons (Ji et al. 2019; Du et al. 2022). This may result
in the disinhibition of inhibitory interneurons and excitation of postsynaptic neu-
rons (Fig. 7.4).

7.8 Conclusion

Recent studies show the important effects of crosstalk between the nervous and
immune systems in itch sensitization. Peripheral pruriceptors act as immune sensors
and coordinate with immune cells to form a comprehensive, well-organized defense
system. Immune-related receptors, such as Toll-like receptors, are expressed in
peripheral nociceptors and can be activated by certain ligands and environmental
stimuli. Immune cells can also be activated by neuropeptides and modulate periph-
eral nociceptors. The neuroimmune interaction of peripheral pruriceptors and
immune cells play an important role in itch regulation for both physiological and
pathological conditions and for future clinical treatments. Research has suggested
that the central nervous system is also deeply involved in itch symptoms as itch
signals from peripheral neurons are transduced through the spinal cord and brain.
Itch circuits in the CNS, such as those for chemical or mechanical itch, are inter-
twined with the action of glial cells, molecular mediators of chronic pain, opioid
receptors, and other circuits. While the nervous and immune systems are distinct
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from each other, it is clear that studying their interactions will be critical to further
develop clinical therapeutic techniques and improve patient outcomes. As our
understanding develops of how these systems work together to generate different
pathologies, more effective treatment strategies will be established.
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Chapter 8
Toll-Like Receptors in Pain and Itch

Amanda S. Andriessen, Elmira Hezarkhani, and Christopher R. Donnelly

Abstract Pattern recognition receptors (PRR) are genetically encoded proteins
which recognize a host of highly conserved “danger signals” produced by microbial
organisms (pathogen-associated molecular patterns, or PAMPs) or released by dam-
aged host cells (damage-associated molecular patterns, or DAMPs). PAMP or
DAMP-mediated activation of PRR-bearing immune cells is a critical step in initiat-
ing an immune response. The Toll-like receptors (TLRs) are a small family of pro-
teins with deep evolutionary origins; they are present in both invertebrate and
vertebrate species and all TLR members share a common Toll-Interleukin-1
Receptor (TIR) domain. There is considerable variation in the number of TLRs
present in different species with Drosophila (9), mice (12), and humans (10) each
having a slightly different number which pales in comparison to the number present
in purple sea urchins (222). In this chapter, we discuss the basic biology of the
TLRs, including their activation, subcellular localization, and downstream signal-
ing. We highlight the critical role that TLRs play in initiating innate and adaptive
immune responses and emphasize a discussion of how TLR-mediated proinflamma-
tory signaling is coupled to pain or itch through neuro-immune interactions. We
also highlight emerging evidence that suggests TLR signaling in sensory neurons
can rapidly modulate neuronal excitability and discuss the physiological conse-
quences of non-canonical TLR signaling in neurons. Overall, this chapter reviews
the plethora of evidence which now exists to support the many ways in which TLR
signaling can regulate sensory function via neuro—immune interactions.
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Abbreviations

AP1 Activator Protein-1

BDNF Brain-Derived Neurotrophic Factor

CIPN Chemotherapy-Induced Peripheral Neuropathy
CLR C-type Lectin Receptor

CNS Central Nervous System

DAMP Damage-Associated Molecular Pattern

DRG Dorsal Root Ganglion

ET-1 Endothelin-1

GPCR G Protein Coupled Receptor
hBD2 Human Beta-Defensin-2
HMGB1  High Mobility Group Box Protein 1

HSP Heat Shock Protein

IFM Inflammatory Mediator

IFN-I Type-I Interferon

IKK Inhibitor of Nuclear Factor-kB (IkB) Kinase

IL Interleukin

IL-1R Interleukin-1 Receptor-Associated Kinase (Biragyn et al. 2002)
ISG Interferon Stimulated Gene

LPS Lipopolysaccharide

LTP Long-Term Potentiation

MAPK Mitogen-Activated Protein Kinase

MyD88 Mpyeloid Differentiation Primary Response 88
NF200 Neurofilament 200

NF-«xB Nuclear Factor-kB

NGF Nerve Growth Factor

NLR Nucleotide-Binding and Oligomerization Domain (NOD)-Like
Receptor

PAMP Pathogen-Associated Molecular Pattern

PGE, Prostaglandin E2

pION Partial Infraorbital Nerve Ligation

PNS Peripheral Nervous System

Poly(I:C)  Polyinosinic-Polycytidylic Acid

PRR Pattern Recognition Receptor

PTX Paclitaxel

SDH Spinal Dorsal Horn

sEPSC Spontaneous Excitatory Postsynaptic Current

SGC Satellite Glial Cell

sIPSC Spontaneous Inhibitory Postsynaptic Current

SMOC Supramolecular Organizing Complex

TBK1 Tank-Binding Kinase-1

TG Trigeminal Ganglion

TIR Toll-Interleukin-1 Receptor [Homology Domain]
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TIRAP TIR Domain Containing Adaptor Protein

TLR Toll-Like receptor

TNF Tumor Necrosis Factor

TRAF TNF Receptor Associated Factor (Caterina et al. 2000)
TRIF TIR-Domain-Containing Adapter-Indued Interferon-Beta
TrkA Tropomyosin Receptor Kinase A

TRPA1 Transient Receptor Potential Cation Channel Subfamily A Member 1
TRPMS8  Transient Receptor Potential Cation Channel Subfamily M Member 8
TRPV1 Transient Receptor Potential Cation Channel Subfamily V Member 1

8.1 A Historical Perspective on Toll-Like Receptors

The overarching purpose of the immune system is to recognize, fight against, and
ultimately dispel molecules in our body that we do not recognize and thus could be
potentially harmful (Parkin and Cohen 2001). In our conceptual framework of the
immune system, we view it as a system divided into two main components: innate
immunity and adaptive immunity. Innate immunity encompasses a system designed
to provide the first line of defense against invading microorganisms and potential
pathogens, conferring rapid, but relatively non-specific protection. In contrast,
adaptive immunity, mediated primarily by B and T lymphocytes, takes days or
weeks to fully develop, but has the advantage of being specifically directed at a
putative danger signal (e.g., a pathogenic microorganism) and also confers immu-
nological memory, wherein the putative danger signal can be “remembered” by
adaptive immune cells to enable their rapid activation in subsequent encounters
(Parkin and Cohen 2001).

With a few noteworthy examples, our conceptual understanding of how the
immune system functions have largely emerged from work performed over the last
century. In 1884, Elie Metchnikoff discovered the presence of cells in a species of
water flea which engulfed fungal spores, ultimately naming these cells “phago-
cytes.” Through further experiments, his work led to antimicrobial defense, phago-
cytosis, and rapid microbial detection as key elements of the innate immune system
(Modlin 2012), but the molecular mechanisms remained unresolved. An under-
standing of how the adaptive immune system functions was later to emerge. In
1955, Niels Jerne suggested that an expansive array of soluble antibodies is present
in the blood prior to infection, which Frank Burnet further refined in 1957 when he
put forth the clonal selection theory. The clonal selection theory suggested that B
cells bear a single type of receptor, and its activation, induced by detection of a
particular antigen, triggers clonal expansion to generate an expanded lineage of B
cells bearing receptors identical to that of the initial parent cell (Burnet 1976). Thus,
this theory explained how B cells produce identical antigen-specific clones for
humoral antibody-mediated immunity and came to be a foundational concept in our
understanding of adaptive immunity (Hodgkin et al. 2007). Thirty years following
the work of Burnet, Charles Janeway proposed that innate immune recognition is
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coupled with antigen-specific immunity through the use of genetically encoded pat-
tern recognition receptors (PRRs), which recognize exogenous pathogen-associated
molecular patterns, or PAMPs (Janeway 2013; Janeway Jr. 1989). Shortly after
Janeway’s discoveries, Polly Matzinger recognized that inflammation and immu-
nity can also be initiated in the absence of exogenous stimuli, eventually developing
the danger model of the immune response which proposed that damaged host cells
are likewise capable of releasing signals that can induce immune responses, which
eventually came to be known as damage-associated molecular patterns, or DAMPs
(Seong and Matzinger 2004).

The understanding of the innate immune system significantly expanded in when
Sims et al. cloned the gene for IL-1R1, but the sequence did not point to how II-1R1
signals as there was a lack of any recognizable pattern in the cytosolic domain (Sims
et al. 1988). Three years later, Gay and Keith discovered homology in the amino
acid sequence of the IL-1R1 cytosolic domain and that of Toll, a protein in
Drosophila melanogaster (Gay and Keith 1991). Toll was already noteworthy for its
critical role in Drosophila embryogenesis (Anderson et al. 1985a, b), but the work
of Gay and Keith suggested a potentially new function for Toll in inflammation and
immunity. Similar to Toll, the drosophila protein, Dorsal, was also known to play an
important role in embryonic development in flies, and it was found that the REL
homology domain of Dorsal is shared by the mammalian protein nuclear factor
kappa B (NF-xB) (Steward 1987). At the time, NF-kB was known to be a transcrip-
tion factor expressed in lymphocytes (Baeuerle and Henkel 1994), and its drosoph-
ila paralog Dif was known to activate transcription of cecropin, an antimicrobial
peptide (Ip et al. 1993), suggesting an inducible role for the NF-kB family of tran-
scription factors in immunity. Later, NF-xB was demonstrated to be activated by
ligands of Toll and IL-1R1 (Belvin and Anderson 1996; Whitham et al. 1996).
Notably, several mammalian proteins were identified which were found to exhibit
an even greater degree of homology with Toll than did IL-1R1, sharing the Toll-
Interleukin-1 receptor (TIR) domain. Medzhitov and colleagues explored the func-
tion of the so-called human Toll (hToll), discovering that hToll activates NF-kB and
thus expression of NF-kB-dependent genes (Medzhitov et al. 1997). Shortly there-
after, five additional mammalian Toll homologs were identified and collectively
referred to as Toll-like receptors (TLRs). The hToll identified in the previous study
is now referred to as TLR4 which will be further explored in following sections.

Today we recognize that TLRs are among the most famous innate immune regu-
lators and are present in all animals from insects to humans, with 10 TLRs con-
served in humans and 13 TLRs in mice. Coincident with Charles Janeway’s proposed
pattern recognition theory, TLRs are the founding members of an expansive family
of pattern recognition receptors, yielding an elegant system capable of recognizing
and responding to potentially hazardous cues derived from microorganisms
(PAMPs) or endogenous host cells (DAMPs). Given that all organisms appear to be
at risk of infection, the selective pressure to evolve mechanisms to defend against
exogenous and endogenous threats is, and always has been, immense. Thus, PRRs
are posited to have early in the history of life, and thus are present in all living things
(Janeway 2013; Janeway Jr. 1989).
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8.2 TLR Signaling in Immune Cells

Supporting their long evolutionary history and functional significance, all TLRs
have a highly conserved structure. They are Type I transmembrane glycoproteins
composed of an N-terminal extracellular domain that is leucine-rich, a transmem-
brane domain, and a C-terminal intracellular TIR domain (Harvey Lodish et al.
2000; Rock et al. 1998). The leucine-rich repeats that make up the ectodomain fold
into a solenoid, horseshoe-shaped structure that is inactive until cleaved by endo-
somal proteases, which are stimulated following TLR-specific ligand interactions.
This cleavage of the TLR ectodomain yields functional ability of the TLR to act as
a PRR (Botos et al. 2011; Fitzgerald and Kagan 2020; Latz et al. 2007; Ohto et al.
2018; Tanji et al. 2016). All mammalian TLRs examined thus far form direct contact
with their ligands through interactions between these ectodomains and their specific
ligands. The single transmembrane domain leads to the cytosolic TIR domain,
which functions to trigger the downstream signaling of TLRs through interactions
with various adaptor proteins.

In accordance with the critical role of TLRs in innate immunity, they are highly
expressed by a wide variety of immune cells, with some degree of cell-type specific-
ity (Zuany-Amorim et al. 2002). TLRs also exhibit differential patterns of mem-
brane localization (Fitzgerald and Kagan 2020; Liu et al. 2010a; Randow and Seed
2001). In naive conditions, TLRs recognizing microbial membrane components
such as proteins, lipids, or lipoproteins (TLR1, TLR2, TLR4, TLRS, TLR6, and
TLR10) are present on the cell surface where they typically encounter their natural
agonists (Fig. 8.1). In contrast, nucleic acid sensing TLRs (TLR3, TLR7, TLRS, and
TLRY) are typically localized within endosomal compartments, which poises them
to detect aberrant intracellular nucleic acids while limiting the degree to which self-
derived ligands released by dying cells in the extracellular space promote autoim-
mune responses (Alexopoulou et al. 2001; Hemmi et al. 2002, 2000) (Fig. 8.1). Cell
surface-localized TLRs are typically monomeric, forming homo- and/or heterodi-
mers with other monomers upon ligand binding (Jin et al. 2007; Jin and Lee 2008;
Park et al. 2009), whereas endosomal TLRs have been shown to exist as pre-formed
homodimers (Ohto et al. 2018; Tanji et al. 2016). Unlike their surface-localized
counterparts, the ectodomains of endosomal TLRs must be cleaved by cathepsins to
enable dimerization and signal transduction (Ewald et al. 2011; Fukui et al. 2018).

For both cell surface- and endosome-localized TLRs, ligand binding causes con-
formational changes which bring the cytosolic TIR domains into close proximity.
The subsequent detection of dimerized TIR domains by the membrane adaptor pro-
teins TIRAP and TRAM leads to the assembly of an oligomerized scaffold of cyto-
solic proteins known as supramolecular organizing centers (SMOCs). TIRAP
prompts the assembly of the myddosome, which is characterized by the presence of
myeloid differentiation primary response 88 (MyD88) oligomers, interleukin-1
receptor-associated kinases (IRAKs), and TNF receptor associated factor-6
(TRAF6), leading to downstream signaling. Loss of MyD88 or other myddosome
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components impairs signaling by all TLRs except TLR3 and TLR4 (Akira and
Hoshino 2003), and thus, myddosome-mediated signaling is critical for most TLR-
mediated functions. Within the myddosome, TRAF6 activates the kinase, TAK1,
which stimulates IKK-mediated NF-kB and MAPK/AP-1-mediated transcriptional
responses (Emmerich et al. 2013; Wang et al. 2001), as well as recruitment of tank-
binding kinase-1 (TBK1). While activation of the transcription factors NF-kB and
AP-1 are responsible for the upregulation of inflammatory mediators, myddosome-
dependent TBK1 is critical for induction of rapid metabolic changes such as induc-
tion of glycolysis (Everts et al. 2014; Fitzgerald and Kagan 2020; Tan and
Kagan 2019).

MyD88-independent signaling mediated by TLR4 requires the membrane pro-
tein TRAM, which recognizes the homodimers of TLR4, prompting binding to TIR-
domain-containing adapter-inducing interferon-f (TRIF) and subsequent TNF
receptor associated factor-3 (TRAF3)-dependent activation of the kinase tank-
binding kinase-1 (TBK1). This TRIF-dependent, myddosome-independent pathway
has been referred to as the triffosome (Fitzgerald and Kagan 2020). TBK1 phos-
phorylation drives transcription of type-I interferons (IFN-I) and other interferon
stimulated genes (ISG) (Fitzgerald et al. 2003a; McWhirter et al. 2004). Although
TBKI is an element of both the myddosome and triffosome, MyD88 lacks a pLxIS
motif present within TRIF, and phosphorylation of this motif enables TRIF to inter-
act with the interferon regulatory factor-3 (IRF3) which is critical for TBKI1-
mediated IFN-I responses. Thus, IFN-I induction is a feature largely restricted to
myddosome-independent TLR signaling mediated by the triffosome. Interestingly,
it is worth noting that TRAM does not bind to TLR3, and it remains unclear whether
a presently unknown adaptor protein with a function analogous to TRAM is required
for MyD88-independent TLR3 signaling (Fitzgerald et al. 2003b; Kawai et al. 2001;
Navarro and David 1999; Yamamoto et al. 2003a, b).

In summary, TLR activation by PAMPs or DAMPs in immune cells leads to
activation of a downstream signaling cascade that varies depending on the TLR in
question, but can be broadly divided into two main categories: (1) Myd88/
myddosome-mediated TLR signaling, which is employed by all TLRs except TLR3
and is associated with NF-kB and AP-1-dependent transcriptional induction of
inflammatory mediators and TRAF6/TBK1-dependent metabolic changes; and (2)
TRIF/triffosome-mediated TLR3 and TLR4 signaling, which activates NF-kB,
AP-1, and TBKI, yielding an inflammatory response which also features IFN-I
(Fig. 8.2). While initially TLR signaling was studied primarily in innate and adap-
tive immune cells, a plethora of literature has emerged to suggest that other cell
types are also capable of participating in inflammation and immunity via canonical
TLR signaling (Kariké et al. 2004; Lafon et al. 2006; McKimmie and
Fazakerley 2005).
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Fig. 8.2 TLR4 signaling in-depth. TLR4 is the most significant and well-known TLR when it
comes to pain. This figure displays the downstream effectors of TLR4 activation from DAMPs,
LPS, and PTX. There are two SMOCs for TLR4: the myddosome (which forms around most acti-
vated TLRs except TLR3) and the MyD88-independent Triffosome (which only forms around
TLR4 and TLR3). Activation by a DAMP or PAMP causes formation of a TLR4 dimer on the cell
surface, leading to formation of the myddosome, composed of TIRAP, TBK1, TRAF6, and
MyD88, which forms around the base of the receptor. This can then activate TNF receptor-
associated factor 3 (TRAF3) and downstream kinases such as IRAKs/TRAF6 which come together
to form the triffosome. CD14 induces endocytosis upstream of TLR4 signaling and the combined
work of CD14 and TLR4 promotes the TRIF signaling in the triffosome (Gay et al. 2014;
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8.3 Detecting Danger Is a Shared Responsibility of Immune
Cells and Neurons

Hydra, a freshwater metazoan in the Cnidaria phylum, is among the first organisms
known to have evolved a nervous system. Notably, Hydra lacks a mesoderm, and
thus lacks a defined immune system (Augustin et al. 2017). Given the strong evolu-
tionary selection for organisms to develop host defense machinery, the apparent
lack of an immune system is a curious finding and implies other cell types likely
contribute to host defense. Interestingly, emerging evidence suggests that the Hydra
nervous system plays a direct and active role in host defense, producing antimicro-
bial peptides and shaping the microbial communities that coat its external body
surface (Augustin et al. 2017; Fraune and Bosch 2007). Notably, single cell sequenc-
ing analysis of Hydra neurons indicates that they possess elements of TLRs and
other pattern recognition receptors, such as NOD-like receptors (NLRs) and C-type
lectin receptors (CLRs), and a large proportion of neuronal genes encode antimicro-
bial peptides (Klimovich et al. 2020). In C. elegans, many components of the innate
immune system are missing, and neurons appear to compensate for their loss
(Irazoqui et al. 2010a, b; Pujol et al. 2001). For example, nematode sensory neurons
mediate avoidance behaviors in response to pathogenic bacteria (Cao and Aballay
2016) and utilizes neuronal GPCR-mediated signaling for the induction or repres-
sion of protective immunity in other tissues through many transcriptional mecha-
nisms (Wani et al. 2020). These real-world examples illustrate the highly overlapping
role of the nervous system and immune system in protecting organisms from poten-
tially hazardous stimuli and raise questions as to the evolutionary origins of both
systems. Appreciating that the very concept of the immune system and nervous
system is in some ways an artifact of artificial classification systems, we recognize
vertebrates as possessing a well-defined immune system which is separate and dis-
tinct in many ways from the nervous system, but an intricate coupling between the
two systems exists. Neuronal detection of physical, thermal, and chemical stimuli
on a timescale of milliseconds enables rapid behavioral modification to avoid acute
threats. In addition, immune cell-derived inflammatory mediators can modulate
sensory neuron excitability to draw the attention of an organism to an existing injury
or threat leading to protective behavioral responses. In this section we will highlight
how TLR signaling in immune cells and PNS- or CNS-resident glial cells contrib-
utes to pain through the production of inflammatory mediators. We will also discuss
how neuronal TLR signaling is similar and divergent compared to canonical TLR
signaling in immune cells.

<
<

Fig. 8.2 (continued) Kieser and Kagan 2017). CD14 is an essential component for the subsequent
internalization of the TLR and PAMP through endocytosis (Zanoni et al. 2011). Of note, MD2 is
the only protein required specifically for TLR4 endocytosis and it has no ability to signal indepen-
dently of TLR4 (Tan et al. 2015). This process leads to downstream activation of interferon regula-
tory factors (IRF3), NF-kB, and various MAP kinases and eventually cytokines. Simultaneously
TLR4 can directly activate TRPV1 channels to cause cation influx which increases excitability in
neurons. TLR4 is an important example of conserved aspects of TLR signaling and non-canonical
ion channel coupling (Fitzgerald and Kagan 2020)
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8.4 TLR Signaling in Immune Cells Is Indirectly Coupled
to Pain via Release of Inflammatory Mediators

The classical view of TLRs signaling in immune cells is coupled to pain through the
secretion of inflammatory mediators that sensitize nociceptors. Common among all
TLRs, as their canonical immune response function, is to produce inflammatory
cytokines which in turn activate resident immune cells, mast cells, and macro-
phages. Within minutes these immune cells release more proinflammatory media-
tors and chemokines in addition to other injury response mediators. These activated
immune cells and their mediators contribute to peripheral nociceptive sensitization
through these factors and interacting directly with nociceptors (Ren and Dubner
2010). All TLRs, except TLR3, use MyD88 as an adaptor in their mechanism which
then mainly activates NFxB family members and MAP kinases which then tend to
produce a pro-inflammatory response through cytokines like IL-6 and IL-12. TLR3
only uses TRIF which mainly activates IRF family members to induce anti-viral
interferon responses (Liu and Ding 2016; Liu et al. 2017; Takeuchi and Akira 2010).
Nociceptors express many receptors for these proinflammatory cytokines and che-
mokines such as IL-1R, TNFR1, TrkA, gp140, and IL-5R which respond to the
following TLR-induced upregulated and exocytosed 1L-1p, TNF, NGF, IL-6, and
IL-5, respectively. These released IFMs can induce phosphorylation of ligand-gated
channels, such as TRPV1 and TRPAI1, or modification of voltage-gated sodium
channels which leads to increased excitability through changes in neuronal mem-
brane properties, increased firing, and heightened sensitivity to thermal or mechani-
cal stimuli (Pinho-Ribeiro et al. 2017). As an example, one study using a rat L5
spinal nerve ligation model showed that upregulation of TLR3, by way of Poly(I:C)
administration, promoted neuropathic pain through promoted expression of inflam-
matory mediators. Knockdown of TLR3 was able to inhibit SNL-induced microglia
autophagy along with relieving mechanical and cold hypersensitivity (Chen and Lu
2017). Additionally, TLR7-mediated recognition of single stranded RNA from both
influenza virus and nonviral origins induces production of inflammatory cytokines
of the innate immune system, including interferons which have been shown to
directly activate sensory neurons in DRG and trigeminal ganglia (Barragin-Iglesias
et al. 2020; Diebold Sandra et al. 2004). Painful conditions and disease have been
well documented as a result of TLR-mediated proinflammatory processes increase
analgesia through direct interaction with nociceptors (Aravalli et al. 2007; Liu and
Ding 2016; Nicotra et al. 2012). Thus, TLR activation in immune cells can not only
lead to general inflammation but sensitization of nociceptors and pain.
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8.5 TLR Signaling in Pain via Neuro-Immune
and Neuro-Glia Interactions

While TLRs are classically thought as being expressed by innate and adaptive
immune cells, TLRs are also expressed by cell types throughout the peripheral and
central nervous systems, including Schwann cells, oligodendrocytes, microglia,
astrocytes, and various peripheral and central neuron populations (Bruno et al.
2018). Among peripheral sensory neurons, expression of various TLRs and MyD88
has been demonstrated using multiple experimental methods, including transcrip-
tomic analysis, immunohistochemistry and in situ hybridization, and functional
approaches such as electrophysiology and behavioral experiments (Donnelly et al.
2020; Goethals et al. 2010; Liu et al. 2014). However, unlike immune cells, periph-
eral sensory neurons are electrically excitable cells, bearing ion channels which are
coupled, either directly or indirectly, to receptors for inflammatory mediators
(IFMs) as well as TLRs. This coupling enables IFMs and TLR ligands to rapidly
alter neuronal excitability, leading to behavioral outputs such as pain, analgesia, or
itch (Donnelly et al. 2020).

Under homeostatic conditions, DRG-resident satellite glial cells (SGCs) express
relatively high levels of T1r3 and low levels of TIr2 and TIr6. After intraplantar CFA
administration, murine 7/r2 and T1r6 are upregulated in SGCs, and agonists of the
TLR2/6 heterodimer drive IL-33 production, which directly sensitizes nociceptors
(Huang et al. 2020). The contribution of TLR3 in SGCs is unknown. Interestingly,
expression of TLR4 in SGCs has been reported to be dependent on neuronal con-
tact, as SGCs isolated from DRG neurons dramatically upregulate Tlr4 (Tse
et al. 2014).

Sensory ganglia-infiltrating macrophages are another important contributor to
pain pathogenesis after injury, and DRG-infiltrating macrophages have been shown
to express several TLRs including TLR2, TLR4, TLRO (Bruno et al. 2018; Kim et al.
2011; Chen et al. 2020; Luo et al. 2019). Following nerve injury, mice lacking TIr2
exhibited reduced accumulation of DRG-infiltrating macrophages (Kim et al. 2011;
Shi et al. 2011). Given that numerous cell types in the DRG and spinal dorsal horn
express TLR4, it has been difficult to identify the specific contribution of TLR4 in
macrophages. In rodent models of chemotherapy-induced peripheral neuropathy
(CIPN)-associated pain, TLR4 signaling in DRG sensory neurons and spinal microg-
lia are each regarded to contribute to pain pathogenesis (Li et al. 2014). Interestingly,
a recent study found that the gut microbiota contributes to CIPN-induced pain, and
bone marrow transplant experiments suggested this was through a mechanism
involving TLR4 signaling in hematopoietic cells, including macrophages (Shen et al.
2017). TLRY also contributes to CIPN-induced neuropathic pain, and reportedly
does so in male but not female mice (Luo et al. 2019). According to a recent single
cell RNA-seq study evaluating several different injury models, a multitude of addi-
tional TLRs are induced in neuronal and non-neuronal cell types following injury or
insults, including TIr1, TIr2, T3, Tlr4, Tlr7, and TIr9 (Renthal et al. 2020). Thus, it
will be interesting to determine how additional TLRs as well as TLR signaling in
additional cell types may contribute to acute and chronic pain conditions.
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Within the spinal cord, glial cells also express TLRs, and their activation has
been shown to increase excitability and sensitization of peripheral sensory neurons
through neuro—immune interactions. Microglia, a CNS-resident immune cell which
shares many features with peripheral macrophages, are known to express most
TLRs, which enables them to detect a variety of PAMPs and DAMPs and initiate
protective immunity (Bsibsi et al. 2002; Olson and Miller 2004). Following nerve
injury, murine spinal cord glial cells isolated from TIr2 knockout (KO) mice exhibit
reduced expression of TNF, IL-1p, IL-6, and iNOS genes comparison to WT glial
cells, and Tlr2 KO mice exhibit reduced mechanical allodynia and thermal hyperal-
gesia, suggesting glial Tlr2-mediated IFMs are an important contributor to neuronal
sensitization and neuropathic pain after injury (Kim et al. 2007). In both rodents and
humans, the TLR4 ligand LPS is regarded as one of the best-known activators of
microglia, inducing robust production and release of IFMs and causing marked
microglial activation and persistent pain (Clark et al. 2010; Saito et al. 2010). Tlr4
KO mice exhibit reduced neuropathic pain behaviors following nerve injury and a
concomitant reduction in microglia proliferation and pro-inflammatory cytokine
induction in the spinal cord (Tanga et al. 2005). Intrathecal injection of TLR4 antag-
onists reverses nerve injury-induced mechanical allodynia and thermal hyperalgesia
in mice and rats (Bettoni et al. 2008; Nicotra et al. 2012). In microglia, TLR4-
mediated activation of p38 MAPK is critical for the release of TNF, IL-1§, BDNF,
prostaglandin E2 (PGE2), and nitric oxide, all of which contribute to pain hypersen-
sitivity (Chen et al. 2018; Saito et al. 2010).

Compared to microglia, astrocytes express a more limited repertoire of TLRs,
and fewer studies exist which have studied the role of TLR signaling in astrocytes
in pain pathogenesis. In rodents, TLR2, TLR3, and TLR4 regulate spinal astrocyte
activation following nerve injury (Kim et al. 2007; Tanga et al. 2005) and appear to
be the main TLRs expressed in astrocytes. A recent single cell RNA-seq analysis of
murine brain astrocytes found that TIr3 is expressed most abundantly, with more
modest levels of TIr2. This study failed to detect Tlr4, although more sensitive
methods have shown low levels of constitutive expression of Tlr4 in astrocytes
(Hasel et al. 2021). TLR3 activation by extracellular poly I:C treatment prompts
astrocytes to produce pro-inflammatory mediators (Scumpia et al. 2005). LPS stim-
ulation of astrocytes induces proinflammatory cytokine production (Carpentier
et al. 2005; Gorina et al. 2011). TLR4 signaling in astrocytes contributes to the
pathogenesis of CIPN-associated neuropathic pain in mice and rats (Li et al. 2014).

8.6 Non-canonical TLR Signaling in Sensory Neurons via
Coupling to Ion Channels

The transient receptor potential (TRP) channel family is the largest and most widely
studied family of noxious stimulus detectors (Patapoutian et al. 2009). This family
is composed of 28 structurally similar non-selective ligand-gated cation channels
divided into multiple subfamilies. As discussed in previous chapters, TRP channels
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are critical for sensing various thermal and cold stimuli, and can be activated by
naturally occurring chemical ligands (e.g., capsaicin for TRPV1, menthol for
TRPMS, and mustard oil for TRPA1) (Moore et al. 2018). TRPV1 and TRPA1 are
well-documented to play a critical roles in neurogenic inflammation, neuronal sen-
sitization, acute and chronic pain, and itch (Bautista et al. 2006; Caterina et al. 2000;
Donnelly et al. 2020; Liu et al. 2016, 2010b; Patapoutian et al. 2009). Notably,
RNA-Seq studies have demonstrated DRGs expression TLR1, TLR2, TLR3, TLR4,
and TLRS5 in both mice and non-human primates (Kupari et al. 2021; Usoskin et al.
2015; Yang et al. 2019; Zeisel et al. 2018). With one noteworthy exception which we
discuss later (TLRS5), most TLRs are selectively enriched in nociceptors.
Interestingly, many studies have demonstrated that TLRs are co-expressed with
TRPV1 or TRPA1, and TLR activation by PAMPs or DAMPs can rapidly modulate
neuronal excitability through functional coupling to TRPV1 or TRPA1 (Barajon
et al. 2009; Fitzgerald and Kagan 2020; Lacagnina et al. 2018; Liu et al. 2012a;
Materazzi et al. 2012; Park et al. 2014; Qi et al. 2011).

Among TLRs exhibiting expression in sensory neurons, TLR4 is the most widely
studied. TLR4 is important for the initiation and establishment of chronic pain as
well as other inflammatory pathologies (Bruno et al. 2018; Gao et al. 2017;
Mohammad Hosseini et al. 2015; Wu et al. 2010; Zuany-Amorim et al. 2002). While
much of this has been attributed to TLR4 signaling in non-neuronal cells, contribut-
ing to pain via neuro—immune or neuro—glia interactions, TLR4 is also highly
expressed in DRG nociceptors (Bruno et al. 2018; Donnelly et al. 2020; Zuany-
Amorim et al. 2002). The prototypical PAMP, lipopolysaccharide (LPS, also known
as endotoxin) signals through TLR4 by binding its co-receptor myeloid differentia-
tion protein-2 (MD-2) in the TLR4 binding cavity. TLR4 also responds to various
DAMPs, including heat shock proteins, extracellular matrix degradation products,
and high-mobility group box-1 (HMGB1) (Fig. 8.3) (Beutler and Rietschel 2003;
Botos et al. 2011; Kelly et al. 2006). Acute application of LPS to dissociated tri-
geminal ganglion (TG) neurons evokes inward currents and increased Ca2+ influx
within a timescale of seconds to minutes (Diogenes et al. 2011). Rapid capsaicin-
induced pain behaviors are reduced in global TLR4 knockout mice, and capsaicin-
induced Ca2+ influx is reduced in TIr4 deficient DRG neurons (Min et al. 2018).
Notably, co-IP experiments suggest that TLR4 and TRPV1 physically interact via
the TIR domain of TLR4, which prevents internalization of TRPV1. TLR4 signal-
ing in peripheral sensory neurons was also recently reported to contribute to the
early onset of nerve injury-induced neuropathic pain behaviors in female mice, but
not male mice, via HMGB 1-mediated TLR4 activation in nociceptors (Szabo-Pardi
et al. 2021). This study did not explore whether these effects were TRPV1-
dependent. Thus, TLR4 signaling in nociceptors contributes to pain, possibly via
multiple cellular mechanisms, including direct coupling to TPRV 1.

Although the central dogma is that nucleic acid sensing TLRs such as TLR3 and
TLR7 are localized to endosomal membranes, recent studies have suggested surface
localization can occur in sensory neurons and some immune cell types (Kanno et al.
2015; Liu et al. 2010b; Mielcarska et al. 2021; Park et al. 2014). In DRG neurons,
TLR7 was reported to be expressed by small-diameter nociceptors and colocalized
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Fig. 8.3 Overview of TLR mechanisms in neurons TLRs are well known to increase inflammatory
cytokines and chemokines yet these factors have various effects beyond innate and adaptive immu-
nity. Upon activation of a TLR it can lead to activation of TRPV1, TRPA1, or an unknown receptor
of QX-314 in addition to canonical upregulation of pro-inflammatory cytokines and chemokines.
The production of IFMs as well as TRPV1 and TRPA1 activation leads to increased neuronal excit-
ability and in turn causes peripheral sensitization of sensory neurons, experienced as pain or itch.
The activation of the receptor of QX-314, such as from TLRS activation, will inhibit sodium ion
influx which would otherwise increase the neuronal excitability

on the cell surface with TPRV1 (Liu et al.). Intraplantar administration of the
microRNA (miRNA) let-7b elicits rapid pain-related behaviors in mice, and miR-
let-7b perfusion rapidly induces inward currents and action potentials in DRG noci-
ceptors. These actions were reported to be dependent on functional coupling
between TLR7 and TRPA1, wherein TLR7-mediated detection of let-7b modulates
neuronal excitability via TRPA1 (Park et al. 2014). These studies suggest that dam-
aged host cells may release miRNAs, which act as DAMPs, activating TLR7 in
nociceptors to rapidly promote pain. TIr3 is also expressed in TRPV 1+ nociceptors
(Barajon et al. 2009; Liu et al. 2012a) and appears to be dispensable for acute pain,
but important for central sensitization-mediated pain hypersensitivity. The TLR3
agonists Poly(I:C) and dsDNA rapidly induce inward currents and action potentials
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in DRG neurons, an effect which is abolished in 773 KO mice. Recordings from
lamina II neurons of the spinal dorsal horn in slice preparations found that Poly(I:C)
induced a TLR3-dependent increase in the frequency of spontaneous excitatory
post-synaptic currents (SEPSCs), and tetanic stimulation of C-fibers induced long-
term potentiation (LTP) of the field potential in WT, but not Tlr3-deficient mice (Liu
et al. 2012a). Activation of TLR3 was also shown to upregulate TRPV1 and rapidly
enhanced TRPV 1-mediated Ca?* flux (Qi et al. 2011). Thus, activation of TLR3 in
nociceptors promotes central sensitization through coupling to TRPV1, although
the precise mechanism remains unknown.

Historically, TLR8 has been less studied than its colleagues TLR7 and TLR3
since it was believed to be non-functional in mice; however, studies showing its role
in cell apoptosis and upregulation in the CNS in response to microbial activation
have since brought it more attention (Ma et al. 2007; Olson and Miller 2004). One
such recent study demonstrated that while acute itch, pain sensation, and inflamma-
tory pain were not impaired by TLRS8-/-, chronic pain in a spinal nerve ligation
(SNL) model was significantly reduced in the TLR8 knockout mice. Subsequent
imaging showed that not only was TLRS highly expressed in small-diameter, mainly
nonpeptidergic IB4+, neurons, but the intensity of TLR8 was increased post-SNL at
all timepoints (3, 20, and 21 days) (Zhang et al. 2018). TLRS8 has been shown to
play a similar role in the other collection of primary sensory neurons, trigeminal
ganglia (TG). In a model of partial infraorbital nerve ligation (pIONL), similar to
SNL, TLR8 has enduring increased expression in TG neurons. Genetic deletion of
TLR8 with pIONL not only attenuated mechanical allodynia but the expected
effects of reduced activation of ERK and p38-MAPK and reduced pro-inflammatory
cytokines, for example, TNF-a, II-1p (Zhao et al. 2021). In both the TG and DRG
models of nerve ligation, timing of TLR8 knockdown was an important factor that
contributed to the conclusion that TLRS is required for the maintenance of neuro-
pathic pain. Additionally, TLRS8 agonists, VI X-2337, in naive mice alone is enough
to produce mechanical allodynia based on nocifensive behavior (for TG-directed
pain) and paw-withdrawal (for DRG-directed pain) (Zhang et al. 2018; Zhao
et al. 2021).

8.7 TLRS and Mechanical Allodynia

TLRS is unique in that it is one of the few TLRs that recognizes a protein PAMP,
bacterial flagellin, which is a critical component of bacterial flagella in both Gram-
negative and -positive bacteria (Hayashi et al. 2001). While it is highly expressed in
the intestinal mucosal epithelium, immunohistochemistry, in situ hybridization, and
RNA-sequencing studies demonstrate that TLRS is also highly expressed by large-
diameter neurofilament-200 (NF-200)-positive DRG sensory neurons (Gewirtz
et al. 2001; Xu et al. 2015; Yang et al. 2019). In fact, in situ hybridization showed
that nearly all (91%) of Tlr5+ neurons exhibit NF200-positive immunoreactivity,
and that the vast majority (78%) of NF200-positive neurons co-express Tlr5+.
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NF200 is a marker for large-diameter, low-threshold, myelinated A-fiber neurons
which are responsible for mechanical allodynia (Ahn et al. 2012; Campbell et al.
1988; Ohsawa et al. 2013; Ossipov et al. 2002). Application of the TLRS ligand,
flagellin, induces calcium responses in mouse DRG neurons. Additionally, co-
application of flagellin with QX-314, a positively charged membrane-impermeable
lidocaine derivative, suppresses mechanical allodynia in animal models of
chemotherapy-induced peripheral neuropathy (CIPN), sciatic nerve injury, and dia-
betic neuropathy-induced neuropathic pain. This co-application selectively blocks
action potentials by suppressing sodium currents, thereby suppressing Ap-fiber con-
duction to attenuate neuropathic pain behaviors in both naive and CIPN mice.
However, the effect is lost in 71r5 deficient mice, emphasizing that it is TLRS-
mediated (Xu et al. 2015). This has since been followed up in a chronic constriction
injury (CCI) model of neuropathic pain in rats where activation of TLRS, via flagel-
lin administration, relieved mechanical hyperalgesia and mechanical allodynia for
up to 6 h post-injection (Chang et al. 2021). In the CNS, TLRS is expressed in
microglia and has been shown to modulate their activity in response to flagellin or
brain injury. However, in alignment with the canonical view of TLRs, microglial
activation of TLRS in the brain appears to exacerbate nerve injury-induced neuroin-
flammation and neuropathic pain (Ifuku et al. 2020).

8.8 TLR Signaling in Itch Pathogenesis

As discussed in previous chapters, pruriception, or the sensation of itch, serves as an
additional sensory mechanism to aid in the detection of potential environmental
hazards or threats. Scratching behavior activates reward circuits, which in turn
evoke pleasurable feelings along with an increased desire to scratch (Su et al. 2019).
There are several distinct subtypes of itch, including: touch-evoked itch (mechani-
cal itch), chemical itch, opioid-induced itch, and chronic itch, a condition in which
itching lasts for longer than 6 weeks Isaac M. Chiu (2018). Chronic itch can occur
as a consequence of many conditions beyond dermatological diseases, including
neoplasms (cutaneous T-cell lymphoma), systemic diseases (e.g., chronic liver dis-
ease, end-stage kidney diseases), and metabolic disorders (Chen et al. 2021; Kremer
et al. 2020; Kurban et al. 2008). As discussed in previous chapters, the peripheral
and central neural circuits responsible for itch is a rapidly developing field that has
primarily emerged within the last 15 years (Dong and Dong 2018). In peripheral
sensory ganglia, itch-sensing neurons are regarded as a subpopulation of nocicep-
tors, termed pruriceptors, although TRPV1 and TRPA1 are expressed in both popu-
lations (Ji 2015). In this section we will review how TLRs contribute to itch
pathogenesis via neuro—immune interactions or via sensory neuron-intrinsic mecha-
nisms involving coupling with ion channels.

TLRs are expressed by several cell types within the skin, including keratinocytes
and Langerhans cells in the epidermis, and macrophages, dendritic cells, and mast
cells within the dermis (Miller 2008). Keratinocytes, the major epidermal cell type,
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are frequently the first responders to exogenous pathogens or injury. In keratino-
cytes obtained from psoriatic skin lesions, expression of several TLRs is elevated
leading to proinflammatory cytokine signaling which exacerbates skin inflamma-
tion (Cristina Lebre et al. 2003; Lebre et al. 2007). In chronic itch patients with
atopic dermatitis, prurigo nodularis, and psoriasis, protein levels of TLR3 are
increased in lesional skin compared to non-lesional skin or healthy skin. Human
keratinocytes treated with the TLR3 agonist poly(I:C) show increased expression of
endothelin-1 (ET-1), which stimulates mouse DRG neurons to release of B-type
natriuretic peptide (Szolldsi et al. 2019), a known neuropeptide uniquely involved
in pruritus (Shimizu et al. 2014). Notably, ET-1 is also elevated in lesional skin in
prurigo nodularis patients (Kido-Nakahara et al. 2014), suggesting this mechanism
may be conserved in humans. As mentioned in the previous section, small-diameter
DRG neurons, usually considered nociceptors, express TLR3, which contributes to
central sensitization after an acute pain stimulus. Itch-sensing sensory neurons, or
pruriceptors, are a subpopulation of nociceptors, and TLR3 is expressed within a
subset of TRPV 1+, GRP+ pruriceptors. Interestingly, intradermal injection of the
TLR3 agonist poly(I:C) induces robust scratching behaviors in mice, which are
abolished in Tlr3 KO mice. Scratching behaviors induced by intradermal prurito-
gens were also attenuated in mice lacking TIr3, and TLR3-deficient mice did not
exhibit dry skin-induced scratching behaviors unlike WT controls. This appears to
be directly dependent on TLR3 signaling in pruriceptors, as acute perfusion with
RNA extracted from skin or poly(I:C) induces inward currents in TLR3+ DRG neu-
rons (Ji 2015).

Similar to TLR3, TLR7 has been demonstrated to play important roles in both
pain and itch. TLR7 is expressed in a subpopulation of pruriceptors, only some of
which express the GPCR MrgprA3, which is responsible for histamine-independent,
chloroquine-dependent itch behaviors. TLR7 agonists induce dose-dependent
scratching behaviors in mice, and dose-dependent inward currents in DRG neurons,
both of which are abolished in Tlr7 KO mice (Liu et al. 2012b). Interestingly, pruri-
tus is a common side effect of the TLR7 agonist imiquimod when applied topically
in human cancer patients (Madan et al. 2010) Similar to TLR3, TLR2 is expressed
in mouse DRG and TG neurons, and mice lacking TLR2 exhibit attenuated acute
and chronic itch behaviors, as well as reduced formalin-induced inflammatory pain.
Activation of TLR1/2 heterodimers using the agonist Pam3CSK4 evoked both pain
and itch, whereas activation of TLR2/6 heterodimers using lipoteichoic acid and
zymosan produced only pain (Wang et al. 2020). These effects were attributed to
direct activation of DRG neurons, as Pam3CSK4 and zymosan increased Ca2+ sig-
nals in dissociated DRG neurons, although it is possible other cell types contribute
in vivo.

Several studies have investigated the role of TLR4 in itch. Human f-defensin 2
(hBD2) is an antimicrobial peptide highly upregulated in keratinocytes in psoriasis
patients (Jansen et al. 2009). Intradermal hBD2 injection prompted itch behaviors in
WT mice, but not in mice lacking Tlr4 globally or mice lacking Tlr4 selectively in
myeloid cells (LysM-Cre; TIr4fx/fx mice) Similarly, TRPV1 KO mice exhibited
reduced scratching behaviors, suggesting both TLR4 and TRPV1 are important in
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this process. Calcium imaging experiments revealed that hBD2 induced Ca2+ sig-
nals in keratinocytes, but not DRG sensory neurons, and this effect was TLR4-
dependent. Thus, hBD2 appears to induce itch via neuro—immune interactions,
accomplished via TLR4 activation in cutaneous immune cells, likely leading to
induction of an unidentified pruriceptive mediator that acts, in part, via TRPV 1+ in
nociceptors (Feng et al. 2017). Liu et al. (2016) found that TLR4 does not contribute
to acute itch behaviors induced by intradermal administration of pruritogens, but
TLRA4 is critical in the pathogenesis of dry skin-induced chronic itch (Tong Liu et al.
2016). Interestingly, this was attributed to TLR4 signaling in astrocytes, which con-
tribute to central sensitization in chronic pain and chronic itch conditions (Ji et al.
2019; Liu et al. 2016).

8.9 Conclusion

Over the course of the past 40 years, our knowledge of TLRs has significantly
expanded. Ample evidence now exists which demonstrates that canonical TLR sig-
naling in immune cells is a critical regulator of pain and itch, accomplished by TLR-
mediated induction of IFMs which themselves alter the excitability of peripheral
nociceptors. In addition, TLR signaling in peripheral sensory neurons, including
nociceptors (TLR3, TLR4, TLR7) and mechanoreceptors (TLRS), can directly
modulate neuronal excitability through a unique, non-canonical, and transcription-
independent mechanism involving coupling with ion channels. The plethora of
research focused on how TLR signaling controls sensory neuron activity has led to
a deeper understanding of the intricate coupling between sensory neurons and
immune cells and the inextricable link between pain and inflammation. While less
extensive research exists regarding the role of TLRs in itch, there has nevertheless
been significant findings to further understand how TLRs affect acute and chronic
itch conditions. Understanding how exogenous PAMPs or endogenous DAMPs sig-
nal via TLRs via canonical and non-canonical mechanisms has also altered our
conceptual understanding of the role of peripheral sensory neurons as detectors of
danger signals, expanding the repertoire beyond just the detection of physical and
thermal stimuli. This has opened the door to an emerging, but at present undevel-
oped field of research focused on interactions between neurons and microorgan-
isms. Thus, from the discovery of Toll in drosophila to recent studies investigating
the role of TLRs beyond immunity and in nociception, there have been important
advancements made toward a deeper understanding of TLRs in neuro—immune
interactions.
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Chapter 9
Immunotherapy and Pain

Junli Zhao, Alexus Roberts, Yul Huh, and Ru-Rong Ji

Abstract Immunotherapy was initially developed as a method to treat cancer
through the use of the host’s immune system. Now, immunotherapy is used as a
treatment for a wide variety of diseases. The connection between the nervous sys-
tem and the immune system in chronic pain and neurological disease has given a
new facet to immunotherapy research. This chapter provides an overview of the
most common forms of immunotherapy and the emerging potential of immuno-
therapy in the treatment and management of various neurological diseases, includ-
ing brain tumors, Alzheimer’s disease, multiple sclerosis, stroke, spinal cord injury,
and pain. We will particularly highlight pain-related immunotherapy mechanisms
that target the programmed cell death protein 1 (PD-1) and stimulator of interferon
gene (STING) pathways, as well as cytokine pathways, immune cell ablation, and
adoptive cell transfer.

Keywords Adoptive cell transfer - Bone cancer pain - Cytokines - PD-1 - PD-L1 -
Immune checkpoint inhibitor - Immune cell ablation - Immunotherapy -
Macrophages - Osteoclast - type-I interferons

9.1 Introduction

Immunotherapy is often perceived to be a relatively recent medical advancement
despite its historical background across several cultures. The prevalence of disease
in human populations has been a problem across time and efforts to prevent various
diseases emerged early in human history. One of the first recorded instances of a
possible immunotherapy treatment occurred in the third century BC China, during
the Qin dynasty, where inoculation with the variola minor virus prevented smallpox
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infection (Decker et al. 2017; Dobosz and Dzieciatkowski 2019). This chapter will
cover modern advancements in immunotherapy, with a particular focus on cancer
treatment research from the initial studies through to the discovery of cancer immu-
notherapy by James P. Allison and Tasuku Honjo, who were awarded the Nobel
Prize in 2018 (Fig. 9.1).

“Immunotherapy” as a term encompasses a wide variety of methods and thera-
pies, including cytokines, vaccines, oncolytic viruses, adoptive cell therapy, and
antibody-based immunotherapy. Cytokines are small proteins produced and secreted
by immune cells and are essential for immune cell signaling. Cytokines were ini-
tially recognized as systemic soluble factors that regulate lymphocyte function and
inflammatory responses and were recognized as “non-specific immunotherapies”
(Berraondo et al. 2019). The first cytokine type I interferon (IFN) was discovered in
1957 (Isaacs and Lindenmann 1957). The FDA approved the use of type I interferon

Interferon discovered
IL-2 discovered

CTLA-4 discovered

FDA approval of IL-2

PD-1 discovered [ L:lF) ) 1992 as Immunotherapy

FDA approval of interferon alpha
as adjuvant Immunotherapy

FDA approval of CTLA-4
blockade as immunotherapy

FDA approval of PD-1/PD-L1
blockade as Immunotherapy

a’:g\;\!1aj!Pill)1 -L;in FDA approval of CAR-T
B . dus; ati:n therapy as Immunotherapy

Nobel Prize awarded to
cancer Immunotherapy

X

Fig. 9.1 Timeline for major events leading to the development of immunotherapy
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as an adjuvant immunotherapy in 1995. The T-cell growth factor interleukin 2 (IL-2)
was discovered in 1976. IL-2 is a key cytokine with pleiotropic effects on the
immune system and is considered as an immunostimulatory cytokine (Morgan et al.
1976). The discovery of IL-2 revolutionized the fields of basic immunology, immu-
notherapy for human cancers since IL-2 was an early candidate for cancer immuno-
therapy, and FDA approved it for the treatment of metastatic renal cell carcinoma in
1992 and metastatic melanoma in 1998. In addition to these two cytokines, other
pro-inflammatory cytokines including IL-1$ and tumor necrosis factor o« (TNFo)
and anti-inflammatory cytokines such as IL-10 and IL-6 have also been used in
immunotherapy.

Antibodies to immune checkpoint molecules have become the most promising
form of immunotherapy for the treatment of cancer due to their low toxicity profile
and the ease by which they can be prepared and administered to patients. The first
immune checkpoint molecule cytotoxic T-lymphocyte antigen number 4 (CTLA-4)
was discovered in 1987 (Brunet et al. 1987). The function of CTLA-4 as a crucial
immune checkpoint and target for anticancer therapy was discovered in 1995, after
which the first anti-CTLA-4 antibody was immediately developed and tested in
animal models in 1996 (Krummel and Allison 1995; Leach et al. 1996). The first
checkpoint inhibitor used in cancer patients was ipilimumab, which was approved
by the FDA in 2011 for the advanced melanoma treatment. Another very notable
immune checkpoint molecule is programmed cell death protein 1 (PD-1), which
was discovered by Dr. Tasuku Honjo’s group at Kyoto University in 1992 (Ishida
et al. 1992). After many clinical trials, the FDA approved the first anti-PD-1 inhibi-
tor, nivolumab, in 2014.

Even though immunotherapy is primarily known as a cancer treatment, it has
significant potential for the treatment of a variety of additional diseases and condi-
tions (Fig. 9.2). This potential has become the focus of immunotherapy research.
The role of the immune system in chronic and neuropathic pain has been well-
documented in the literature, but the implications of these findings are still being
studied. Significant pain augmentation or reduction immunotherapy regimens have
been demonstrated across numerous molecular mechanisms, including immune
checkpoint blockade, adoptive immunotherapy, and various cytokines. These exam-
ples illustrate the breadth of research topics within immunotherapy, which is bound
to expand further. Notably, many immunotherapy treatments have not been studied
in the context of pain management. Thus, future research efforts hold great promise
for the development of novel immunotherapy-based clinical treatments for
chronic pain.
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Fig. 9.2 Immunotherapy in CNS diseases. Immunotherapy is widely used in various CNS disor-
ders in both animal models and patients, including Alzheimer’s disease, glioblastoma, multiple
sclerosis, stroke, and spinal cord injury

9.2 Immunotherapy for Neurological Disease

9.2.1 Immunotherapy in Brain Tumors and Brain Metastases

Gliomas are the most common type of primary brain tumors and are categorized
based on their cell of origin, which can include astrocytes, oligodendrocytes, and
ependymal cells (Gladson et al. 2010). Gliomas are further graded from grade I to
IV based on the malignancy of the tumor as determined by WHO guidelines (Louis
et al. 2016). Glioblastoma multiforme (GBM) has been a central focus of current
research efforts due to its aggressive nature, high lethality, and the fact that it is the
most common malignant brain tumor diagnosed in adults. GBM is a grade IV gli-
oma that forms from astrocytes, which are a type of glial cell found in the central
nervous system.

Recent research into treating GBM has focused primarily on immune checkpoint
blockade, in which anti-PD-1 therapy induces a pro-inflammatory environment to
increase the infiltration of immune cells into the tumor (Wang et al. 2021b).
However, clinical studies have yet to show consistent and efficient results from
treatment due to challenges posed by the nature of GBM tumors. The main compli-
cation of GBM treatment is the blood-brain barrier (BBB) which prevents the suc-
cessful trafficking of anti-PD-1 drugs to the tumor site, and recent research has
focused on methods to overcome the obstruction posed by the BBB through the use
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of peptide shuttles (Cavaco et al. 2020). Additionally, the immunosuppressive
microenvironment of GBM tumors poses another hurdle for anti-PD-1 therapy,
which likely contributes to the inconsistent outcomes of clinical studies (Sampson
et al. 2020).

Chimeric antigen receptor-T, or CAR-T, cell immunotherapy is a form of adop-
tive immunotherapy that takes T-cells from patients and modifies them to add the
chimeric antigen receptor, which allows these engineered T-cells to bind to and
attack cancer cells (Sterner and Sterner 2021). This form of immunotherapy has
successfully treated blood cancers and is currently being explored as a potential
treatment for GBM. Although clinical studies have shown promising results, com-
plications remain when treating solid tumors, with particular concerns about T-cell
trafficking, tumor infiltration, and the immunosuppressive microenvironment of
GBM tumors.

9.2.2 Immunotherapy in Alzheimer’s Disease

Alzheimer’s disease (AD) is a common neurodegenerative disease primarily found
in older individuals, and it is the most common cause of dementia worldwide. The
clinical symptoms of AD include a decline in cognitive abilities in two or more
areas, such as memory, language, and behavior. The cellular mechanisms of this
disorder have been a central focus of research, with two mechanisms garnering the
most interest, namely, the extracellular accumulation of f-amyloid (Ap) plaques
and the formation of neurofibrillary tangles, which are composed of hyperphos-
phorylated tau proteins (Weller and Budson 2018). The Af plaques have been stud-
ied extensively as a potential point of intervention for treatments under development.

The PD-1/PD-L1 pathway has been an area of interest in Alzheimer’s research,
though studies have shown mixed results. Alzheimer’s patients have been observed to
have lower expression of PD-1 on T-cells and lower expression of PD-L1 on mono-
cytes and macrophages. These findings indicate the clinical significance of the
PD-1/PD-L1 pathway in the development of Alzheimer’s disease (Saresella et al. 2012).

The efficacy of anti-PD-1 treatments in the reduction of AD symptoms and
pathology has been well demonstrated with the mechanisms of action well-
documented. In a study published by Rosenzweig et al. and supported by additional
studies by Baruch et al., anti-PD-1 treatment was found to improve memory and led
to increased AP plaque clearance (Baruch et al. 2016; Rosenzweig et al. 2019).
PD-1/PD-L1 blockade boosts immune cell activity with the mobilization of
monocyte-derived macrophages to the brain, which results in the reduction of Ap
plaque loads.

PD-1 signaling has also been associated with the production of IL-10, which has
been found to inhibit inflammatory responses and reduce AD pathology in animal
models (Guillot-Sestier et al. 2015; Koronyo-Hamaoui et al. 2009). This indicates
that increasing PD-1 expression in AD patients may have a positive effect through
re-establishing immune homeostasis.
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9.2.3 Immunotherapy in Multiple Sclerosis

Multiple sclerosis (MS) is a chronic autoimmune disease of the CNS that is charac-
terized by lesions of the brain and spinal cord due to the degradation of myelin,
which is the protective covering of nerves and particularly the axons. The physical
symptoms of MS include neuropathic pain, bladder dysfunction, and fatigue, and
patients experience episodes that worsen over time. MS is the most common cause
of disability in young adults, and its incidence and prevalence are increasing
(Dobson and Giovannoni 2019).

Research examining the expression of a wide variety of co-stimulatory mole-
cules in MS patients found a significant increase in cells expressing PD-1 (Trabattoni
et al. 2009), which indicated the potential for the treatment of MS through the
PD-1/PD-L1 pathway. Animal studies found that anti-PD-1 treatment or deletion of
the Pdcdl gene worsened MS pathology due to alterations of cytokine expression
by T-cells (IFN-y, IL-17) and B-cells (IL-10), suggesting the possibility of an MS
treatment based on the enhancement of PD-1/PD-L1 signaling (Carter et al. 2007,
Salama et al. 2003).

The use of interferon beta (IFN-f) to treat relapsing-remitting multiple sclerosis
has been for over 20 years and remains an important treatment despite a lack of
understanding of its mechanisms (Jakimovski et al. 2018). One mechanism discov-
ered through clinical studies is the apparent suppression of certain pro-inflammatory
cytokines, specifically interleukin-17 (IL-17) and interleukin-23 (IL-23) (Kurtuncu
et al. 2012).

The STING (stimulator of interferon gene) agonist cGAMP was also reported as
a therapy for MS. Studies showed that cGAMP mitigated MS by stimulating type I
interferon dependent and independent immune-regulatory pathways. cGAMP
induces IL-10 expression in both APCs and CD4* T-cells in a process that is ERK
and CREB dependent. IL-10 induction by cGAMP is primarily IL-27 dependent,
and cGAMP induction of IL-10 and IL-27 is crucial for protection against MS
(Johnson et al. 2021). Meanwhile, splenic myeloid DCs may be another pivotal cell
population that senses ingested DNA and cGAMP to generate robust tolerogenic
responses to prevent MS progression in animal models (Lemos et al. 2020).

9.2.4 Immunotherapy in Stroke

Stroke is a severe neurological event characterized by a disruption in the flow of
blood to the brain, which results in cell death and brain damage. The initial clinical
symptoms of stroke include difficulty with speech and speech comprehension,
paralysis, numbness, and loss of coordination. In the acute phase of stroke, there is
a significant increase in neuroinflammation, which has certain beneficial effects but
also significant detrimental effects.
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PD-1 is expressed by activated microglia and macrophages after stroke. PD-1
knockout leads to larger brain infarcts and exacerbated neurological deficits. PD-1
expression by B-cells can lead to the inhibition of inflammatory responses of other
immune effector cells. B-cells can also produce IL-10 and increase PD-1 expression
by T-cells, providing neuroprotection against stroke (Bodhankar et al. 2013; Ren
et al. 2011a; Ren et al. 2011b). T regulatory cells could lead to the inhibition of
neutrophils through PD-1/PD-L1 signaling and protect the BBB by suppressing the
expression of matrix metalloproteinase-9 (MMP-9). Thus, activation of the
PD-1/PD-L1 pathway can serve a protective role during a stroke (Qin et al. 2019;
Ren et al. 2011a).

Inflammatory processes that occur after the initial onset of the event worsen the
negative impacts of a stroke. This suggests that the upregulation of anti-inflammatory
cytokines could prove beneficial in decreasing long-term negative effects following
a stroke. The connection between expression of anti-inflammatory cytokines and
positive stroke outcomes has been the focus of several studies, in which upregulat-
ing specific interferons, especially IFN-f, has been shown to reduce neuroinflam-
mation in the brain after stroke. Studies show that systemically administrated IFN-f§
could attenuate brain infarct progression after stroke (Veldhuis et al. 2003). Immune
cells like mast cells, macrophages, and neutrophils from the circulation release the
inflammatory cytokines after stroke, including IL-6, IL-4, IL-1p, IL-23p9, and
TNFa, which lead to CNS inflammation and result in infarct formation in the brain.
IFN-B treatment may suppress these overexpressed inflammatory cytokines and
reduce brain infarcts caused by strokes (Inacio et al. 2015; Kuo et al. 2016).
Meanwhile, microglia switch from a resting to a reactive state during a stroke, and
this change of phenotype leads to the release of inflammatory cytokines. IFN-f3
treatment may inhibit microglia activation and protect the brain from inflammatory
cytokines after stroke (Kuo et al. 2016).

9.2.5 Immunotherapy in Spinal Cord Injury

Spinal cord injury (SCI) is a debilitating condition where significant damage to the
spinal cord occurs from a traumatic or nontraumatic injury. Traumatic SCI has a
primary and secondary stage of injury. The primary stage includes the physical
injury to the spinal cord, and the secondary stage occurs in response to the injury
event of the primary stage. This secondary stage response is characterized by inflam-
mation and inflammatory cascades (Zha et al. 2014). The inflammatory response is
the stage of SCI that can be addressed and treated with immunotherapy treatment,
with anti-PD-1 therapies and IFN-f among the most well researched.

It was found that PD-1 expression is significantly upregulated in chronic SCI,
which then impairs T-cell cytokine production. The use of anti-PD-1 therapy could
potentially ameliorate these changes and rescue T-cell function in the spinal cord
(Zha et al. 2014). PD-1 expression also plays an important role in the modulation of
macrophage and microglial phenotypes after SCI. There are two primary
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polarization types: the M1 “classically activated” phenotype and the M2 “alterna-
tively activated” phenotype. The M1 phenotype promotes neuroinflammation
through an increase in pro-inflammatory cytokines while the M2 phenotype sup-
presses neuroinflammation and encourages axonal regeneration. Upregulation of
PD-1 signaling promotes the M2 phenotype after SCI, which in turn leads to better
disease outcomes (Yao et al. 2014).

IFN-B has been reported to have potential therapeutic effects in acute
SCI. Administration of IFN- after SCI reduces myeloperoxidase activity, lipid per-
oxidation, and expression of inflammatory cytokines (mainly IL-6), with improved
motor recovery (Gok et al. 2007; Sandrow-Feinberg et al. 2010). Nishimura et al.
engineered neural stem cells (NSC) to constitutively secrete large amounts of IFN-f§
within the spinal cord injury site (Nishimura et al. 2013). Animals treated with these
IFN-B-secreting neural stem cells had a significant reduction in astrocyte prolifera-
tion and enhanced preservation of axons, ultimately resulting in improved motor
performance after SCI. Thus, IFN-f is beneficial in reducing SCI-related tissue
damage and injury.

9.3 PD-1-Based Immunotherapy and Pain

9.3.1 Immunotherapy Targeting PD-1/PD-L1 in Physiological
and Pathological Pain

Immune checkpoint mechanisms and their blockade are one of the most well-
studied immunotherapy treatments. The primary immune checkpoint explored in
this chapter is the PD-1/PD-L1 axis, which consists of the cell surface receptor
PD-1 and its corresponding ligand PD-L1. This pathway inhibits the function of
T-cells, so the disruption or blockade of these pathways leads to a stronger immune
response, which has been utilized extensively in cancer treatments. Recent research
has demonstrated a strong link between PD-1/PD-L1 axis and acute and chronic
pain (Zhao et al. 2021).

“No pain, no gain” is true with anti-PD-1 immunotherapy. PD-1/PD-L1 expres-
sion has been shown to inhibit nociceptive neuron excitability, producing significant
analgesic effects in both mouse and human studies. Conversely, blocking of the
PD-1/PD-L1 pathway activation induces spontaneous pain and hypersensitivity.
PD-1/PD-L1 pathway suppresses neuronal excitability in both mouse and human
DRG neurons through the modulation of sodium and potassium channels (Chen
et al. 2017). Furthermore, PD-1/PD-L1 signaling potentiates the TREK?2 potassium
channel. These modifications of sodium and potassium channels are regulated by
SHP-1, which is activated by PD-L1 in DRG neurons via phosphorylation. Thus,
the PD-1/PD-L1 pathway produces antinociception through neuromodulation
(Fig. 9.3).
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Fig. 9.3 PD-1 signaling in microglia and neurons. Black arrows indicate positive regulation and
red lines with bars represent inhibitory regulation. Abbreviations: GABA,R, gamma-aminobutyric
acid A receptor; Kv4.2, potassium voltage-gated channel subfamily D member 2; MOR, mu-
opioid receptor; PD-1, programmed cell death protein 1; PD-L1, PD-1 ligand; RAS, a small
GTPase encoding RAS (retrovirus-associated DNA sequences); SHP, Src homology 2 domain-
containing protein tyrosine phosphatases; TREK2, TWIK-related potassium channel-2

9.3.2 Immunotherapy Targeting PD-1 in Melanoma

Immunotherapies targeting PD-1 have revolutionized the clinical treatment of mela-
noma (Carlino et al. 2021). Given the important role of PD-1/PD-L1 signaling in
melanoma, Chen et al. examined the contribution of PD-1/PD-L1 signaling to pain
sensitivity in a mouse model of melanoma (Chen et al. 2017). The authors used
several approaches, including pharmacological (soluble PD-1), genetic therapy
(PD-1 siRNA), and anti-PD-1 antibody (nivolumab) treatments as means to block
the PD-1/PD-L1 pathway in a melanoma animal model. The treatments elicited
marked spontaneous pain and mechanical allodynia. In vivo recordings of mouse
sciatic nerve showed that nivolumab treatment significantly increased spontaneous
firing of nerve fibers, indicating that anti-PD-1 treatment can unmask pain by
increasing the excitability of primary afferent fibers. Even though PD-1 blockade
increased pain sensitivity in melanoma-bearing mice, the increased levels of mRNAs
encoding T-cell markers (CD2, CD3), a macrophage marker (CD68), and inflamma-
tory cytokine markers (TNF, IL-1p, IL-6, IFN-y, CCL2) did not change, indicating
that blocking PD-1/PD-L1 signaling induces pain via nonimmune modulation in the
acute phase (first 3 hours).
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9.3.3 Immunotherapy Targeting PD-1 in Morphine Analgesia

PD-1 co-localizes with opioid receptors in DRG sensory neurons in mouse and
human DRG tissues. PD-1 receptor and opioid receptor interaction modulates the
function of opioid receptors in DRG sensory neurons (Wang et al. 2020b). PD-1
knockout or blockade by anti-PD-1 antibody could impair morphine-mediated anal-
gesia in both rodents and nonhuman primates. Morphine could produce antinoci-
ception via suppression of calcium currents in DRG neurons and synaptic
transmission in the spinal cord, which could be reversed by PD-1 knockout or
blockade. Additionally, PD-1 deficiency enhances opioid-induced hyperalgesia, tol-
erance, and long-term potentiation in the spinal cord.

9.3.4 Immunotherapy Targeting PD-1 in Bone Cancer Pain

Bone cancer pain usually results from tumor metastases reaching the bone from
late-stage metastatic cancers, which form osteolytic bone lesions and fractures. The
evidence of potent effects of anti-PD-1 immunotherapy in reducing metastatic
tumors led Wang et al. to investigate whether anti-PD-1 blockade can reduce pri-
mary or metastatic bone cancer pain. They used a bone cancer pain animal model
that received an inoculation of Lewis lung cancer cells (LLC) into the intramedul-
lary canal of the femur (Wang et al. 2020a). PD-1 knockout mice or WT mice under-
going a PD-1 blockade by repeated administration of anti-PD- 1 antibody (nivolumab)
exhibited remarkable protection against bone destruction in the mentioned pain
model. Mechanistically, PD-L1 promoted RANKL-induced osteoclastogenesis
through JNK activation and chemokine C-C motif ligand 2 (CCL2) secretion.
Moreover, PD-L1 can also activate SHP-1 to downregulate TRPV1 in DRG neurons
and delay the development of bone cancer pain in mice. Thus, immunotherapy tar-
geting PD-1/PD-L1 signaling could produce long-term benefits by preserving the
bone structure and alleviating bone cancer pain through the suppression of osteo-
clastogenesis (Fig. 9.4).

Notably, anti-PD-1 treatment with nivolumab initially (early phase) causes an
increase in bone cancer pain due to neuronal modulation in the animal model (Wang
et al. 2020a). In contrast, nivolumab reduced bone cancer pain in the late phase of
treatment through modulation of osteoclasts and protection from bone destruction.
While the PD-1/PD-L1 pathway produces acute antinociception through neuromod-
ulation, the delayed effects of this pathway may also depend on immunomodulation
(Wang et al. 2020a). Thus, anti-PD-1 treatment’s initial increase of cancer pain
before the later phase reduction of cancer pain is a result of both neuromodulation
and immunomodulation.
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Fig. 9.4 Neuroimmune interactions mediated by the PD-L1 and PD-1 axis in bone cancer pain.
Activation of this immune checkpoint pathway results in osteoclast differentiation, bone destruc-
tion, and bone cancer pain. Immunotherapy with anti-PD-1 treatment (nivolumab) can inhibit the
differentiation of preosteoclasts into osteoclasts, thus protecting against bone destruction and
cancer pain

9.4 Interferon-Based Immunotherapy and Pain

9.4.1 Immunotherapy Targeting IFN-f in Pain

Increasing evidence suggests that type-I interferons (IFNs) regulate pain via neuro-
immune and neuro-glial interactions (Tan et al. 2021). Intrathecal injection of IFN-f§
increases paw withdrawal threshold in naive mice and provides analgesia in inflam-
matory and neuropathic pain animal models. IFN-f treatment relieves mechanical
allodynia induced by intrathecal injection of TLR2 or TLR4 ligands (Stokes et al.
2013). A single intrathecal IFN-f administration attenuates nerve injury-induced
mechanical allodynia for several days in mice, which may be mediated by an inhibi-
tion of MAPK activation and the induction of interferon-stimulated gene 15
(ISG-15) (Liu et al. 2020). Intrathecal injection of IFN-f also showed a significant
transient dose-dependent inhibition of CFA-induced inflammatory pain and this
analgesic effect is reversed by intrathecal naloxone, suggesting that IFN-f} analgesia
occurs through central opioid receptor-mediated signaling (Liu et al. 2021).
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9.4.2 Immunotherapy Targeting STING in Physiological
and Neuropathic Pain

STING, as an innate immune regulator, is a critical sensor of self and pathogen-
derived DNA. DNA sensed by STING leads to the induction of type-I interferons
and other cytokines, which promote immune cell-mediated eradication of patho-
gens and neoplastic cells (Ishikawa and Barber 2008; Woo et al. 2014). In addition
to the important role of STING in the immune system, STING has been shown to be
a critical regulator of nociception through IFN-I signaling in DRG sensory neurons.
Donnelly et al. demonstrated that administration of synthetic (DMXAA and ADU-
S100) or biological (cGAMP) STING agonists can increase mechanical pain thresh-
olds in both naive and neuropathic pain model mice. More importantly, STING
agonists produce analgesia in nonhuman primates. In contrast, mice lacking STING,
including global (Sting1¢7¢") and sensory neuron-selective (StingI; Nav1.8-Cre)
knockout mice, showed enhanced pain hypersensitivity and nociceptor excitability
(Donnelly et al. 2021).

Activation of STING drives the production of IFN-I family members IFN-« and
IFN-B. Mice lacking IFNARI, including global (Ifnari¢”¢) and sensory neuron-
selective (Ifnar ", Nav1.8-Cre) knockout mice, exhibited robust hypersensitivity to
mechanical and cold stimuli as well as nociceptive activity. Thus, STING signaling
with IFN-I serves as a critical regulator of physiological nociception and a promis-
ing target for treating neuropathic pain (Donnelly et al. 2021).

Another study showed that the spinal cord microglial STING/TBKI1/NF-xB
pathway contributes to pain initiation via IL-6 signaling. Pharmacological blockade
of STING with the antagonist C-176 may be a promising target in preventing or
limiting the initiation of neuropathic pain (Sun et al. 2022).

9.4.3 Immunotherapy Targeting STING in Bone Cancer Pain

STING is a robust driver of anti-tumor immunity, which has led to the development
of STING activators and small-molecule agonists as adjuvants for cancer immuno-
therapy (Kwon and Bakhoum 2020). Activation of the STING pathway by the syn-
thetic agonists DMXAA or ADU-S100 potently enhances anti-tumor immunity and
promotes bone formation in a murine bone autoimmune disease model (Baum et al.
2017; Kwon et al. 2019). In addition, STING agonists can also serve as a therapeu-
tic strategy for metastatic bone cancer pain and its comorbidities, including tumor-
induced bone destruction and functional impairment. Wang et al. demonstrated that
STING-mediated IFN-I signaling has direct effects on bone cancer pain in several
different animal models via direct suppression of nociceptive excitability (neuro-
modulation). In addition, the potent analgesic effects of STING agonists are likely
due to a combination of their direct effects on DRG sensory neurons (neuromodula-
tion) and suppression of tumor burden and bone destruction (immune modulation)
(Wang et al. 2021a).
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9.5 Immunotherapy Targeting Pro-Inflammatory
Cytokines in Pain

Cytokines are the main signaling molecules of immune system activation and have
been shown to facilitate and increase pain. Cytokines are grouped into either pro-
inflammatory or anti-inflammatory. The pro-inflammatory cytokines, including
TNFa, IL-1, IL-6, and IL-17, have been found to be elevated in pain animal mod-
els. Meanwhile, anti-inflammatory cytokines, including IL-4, IL-10, and TGF-p, are
associated with a reduction in pain symptoms. Current studies have shown that anti-
cytokine immunotherapies in the clinic were focused on pro-inflammatory cyto-
kines and their receptors (Kalpachidou et al. 2022), and the following will serve as
an introduction to these cytokines.

Tumor necrosis factor a (TNFa) was discovered in 1975 by Carswell et al. and
the initial studies on TNFa primarily focused on its potential as a treatment for can-
cer (Carswell et al. 1975). However, anti-TNFa treatments have also been exten-
sively explored in the context of neuropathic pain. Several studies have shown a
correlation between neuropathic pain and TNFa upregulation (Leung and Cahill
2010; Wagner and Myers 1996). This correlation was also confirmed in humans
through clinical studies in which elevated levels of TNFa were observed in patients
with chronic neuropathic pain conditions (Alexander et al. 2005; Brisby et al. 2002).
These findings suggest a clinical benefit to reducing the expression of TNFa, which
was validated in animal models and clinical studies that found anti-TNFa treatment
reduced neuropathic pain (Monaco et al. 2015). TNFa inhibitors, including inflix-
imab, etanercept, adalimumab, certolizumab pegol, and golimumab, are currently
FDA-approved for painful disorders such as inflammatory bowel disease, rheuma-
toid arthritis, psoriatic arthritis, and ankylosing spondylitis (Hung et al. 2017). With
its safety profile and tolerability with long-term use, TNFa blockade may have sig-
nificant value in the clinical treatment of chronic pain.

Interleukin 1B (IL-1pB) is another pro-inflammatory cytokine that lowers pain
thresholds, which has been explored as a potential target to reduce pain. The expres-
sion and upregulation of IL-1p have been extensively documented in various neuro-
pathic pain conditions. Treatment with exogenous IL-1p has been shown to induce
both mechanical and thermal hyperalgesia (Xiang et al. 2019; Zelenka et al. 2005).
Treatment with anti-IL-1f antibody can reduce pain symptoms in animal models
(Schafers et al. 2001). The mechanisms behind the hyperalgesia effects of IL-1f
were studied in a variety of clinical studies and animal models. One important
mechanism is the pro-inflammatory cascade, in which other pronociceptive media-
tors are significantly upregulated in response to IL-1f expression. IL-1p acts on
both the peripheral and central nervous system, establishing the importance of IL-1f
as a pro-inflammatory cytokine as well as an attractive target for anti-cytokine ther-
apies developed to reduce neuropathic pain. Three IL-1-targeting agents have been
approved for the treatment of inflammatory diseases: the IL-1 receptor antagonist
anakinra for rheumatoid arthritis, the soluble decoy receptor rilonacept for
cryopyrin-associated periodic syndromes, and the monoclonal anti-IL-1f antibody
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canakinumab for systemic juvenile idiopathic arthritis (Alten et al. 2011; Botsios
et al. 2007; Norheim et al. 2012). Several other drugs targeting IL-1p are in clinical
trials. These anti-IL-1f treatments will need more studies with regard to pain
conditions.

As a pro-inflammatory cytokine, IL-17 is upregulated in several animal pain
models. IL-17 levels also increase with time during the development of chronic pain
(Kim and Moalem-Taylor 2011; Meng et al. 2013; Noma et al. 2011). Exogenous
IL-17 injection can induce neuropathic pain while anti-IL-17 antibody or IL-17
genetic knockout can decrease pain (Day et al. 2014). The mechanism underlying
IL-17 involvement in neuropathic pain is related to the increased activity of tran-
sient receptor protein vanilloid 4 (TRPV4), an ion channel that has been found to
mediate mechanical allodynia (Segond von Banchet et al. 2013). IL-17 also regu-
lates neuron-glial interactions and synaptic transmission in neuropathic pain (Luo
et al. 2019). The IL-23/IL-17A/TRPV1 axis plays an important role in neuropathic
pain via macrophage-sensory neuron interactions (Luo et al. 2021). Currently, there
are two IL-17A antibodies secukinumab and ixekizumab which are approved for the
treatment of plaque psoriasis and also in clinical trials for other inflammatory dis-
eases (Zwicky et al. 2020).

9.6 Immunotherapy to Ablate Immune Cell
Populations in Pain

The immune system includes the innate immune system and the adaptive immune
system. The innate immune system (T-cells, macrophages, neutrophils, microglia)
and pro-inflammatory cytokines contribute to the pain transition from acute to
chronic phase (Baral et al. 2019; Ji et al. 2016). Recent studies are pointing toward
a potential role of immune cells in pain management.

T-cells are the main regulators of the immune response that contribute to the
initiation and resolution of pain. T-cells can be divided into several subsets based on
the pattern of cytokine production and specific expression of characteristic tran-
scription factors (Zhu and Paul 2008). Thus, different subsets of T-cells may play
different roles in pain. Many studies evaluated the contribution of T-cells to pain by
comparing pain behaviors in WT mice and different types of T-cell deficiency mice,
including Ragl~~, Rag2~~, nude, and SCID mice, as well as the mice reconstituted
with specific populations of T-cells. At baseline, there is no significant difference in
pain sensitivity between WT and T-cell-deficient mice (Cao and DeLeo 2008;
Moalem et al. 2004; Vicuna et al. 2015). In different pain animal models, research-
ers did find varying contributions from different subsets of T-cells to the transition
from acute to chronic pain. In neuropathic pain models, T-cells infiltrated the ner-
vous system after nerve injury, mainly in DRGs, and contributed to pain hypersen-
sitivity (Austin et al. 2012; Du et al. 2018). Ablation of T-cells in neuropathic pain
models (CCI, SNI, and PSNL) reduced pain sensitivity compared with control mice
(Costigan et al. 2009; Kleinschnitz et al. 2006; Kobayashi et al. 2015). The
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development of pain hypersensitivity was completely prevented in Ragl™~ or
Rag2~~ mice in the SNI model and the reintroduction of T-cells was able to reverse
the results, which indicate a detrimental role for T-cells in chronic pain induced by
nerve injury (Cao and DeLeo 2008; Costigan et al. 2009; Vicuna et al. 2015).
Chemotherapy-induced peripheral neuropathy (CIPN) is a common side effect of
cancer treatment and is often associated with pain (Krukowski et al. 2016). In the
CIPN model induced by injection of paclitaxel or cisplatin, Rag!™" or Rag2~~ mice
had similar pain hypersensitivity as WT mice but their resolution of pain was signifi-
cantly delayed (Krukowski et al. 2016; Laumet et al. 2019). Reconstitution of CD8*
T-cells restored pain resolution in these T-cell-deficient CIPN model mice. In an
inflammatory pain model induced by injection of Complete Freund’s Adjuvant (CFA),
the severity of mechanical allodynia was identical in WT and several different subsets
of T-cell-deficient mice, including nude, Tcrb™-, Terd™~, Ragl~-, and Rag2~~ mice
(Ghasemlou et al. 2015; Laumet et al. 2018; Petrovic et al. 2019; Sorge et al. 2015).
However, pain resolution was significantly delayed in these T-cell-deficient mice, and
reconstitution with wild-type T-cells was able to restore pain resolution (Basso et al.
2016). In summary, T-cells are evidently detrimental in nerve injury models and ben-
eficial in CIPN and CFA models. This differentiation may be derived from the engage-
ment of different T-cell subsets. Thus, immunotherapy targeting T-cells should select
for different T-cell subsets in different pain conditions.

Crosstalk between microglia and infiltrating macrophages or tissue-resident
macrophages with primary afferent neurons contributes to the induction and main-
tenance of different chronic pain conditions (Bang et al. 2018; Chen et al. 2018).
Macrophage number is significantly increased after nerve injury, indicating prono-
ciceptive neurons and macrophages interact during pain. The effects of macro-
phages on pain modulation were examined by pharmacological and genetic ablations
of macrophages in neuropathic pain models. Studies showed that clodronate abla-
tion of DRG macrophages reduced mechanical allodynia in a nerve injury model
and CIPN model (Cobos et al. 2018; Old et al. 2014). CSF1R inhibitors have the
ability to cross the BBB and deplete CNS microglia and macrophages. As a result,
blocking CSFIR signaling effectively attenuates injury-triggered neuropathic pain
behavior. In addition, transgenic mouse lines that express a drug-inducible suicide
gene, for example, herpes simplex virus type 1 thymidine kinase (CD11b-TK) or
diphtheria toxin receptor (CD11b-DTR, LysM-DTR, and Cx3cr1-DTR) in both
microglia and macrophages, or Cx3cr/ global knockout mice, can be used to ablate
microglia and macrophages. Thus, the ablation of microglia and macrophages can
attenuate the allodynia and pain hypersensitivity from neuropathic pain.

9.7 Adoptive Inmunotherapy in Pain

This section will cover the adoptive transfer of macrophages and T-cells for resolu-
tion of inflammatory pain, neuropathic pain, and infection-induced pain. The role of
bone marrow stromal (stem) cells in pain control will be covered in Chap. 10.
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9.7.1 Adoptive Transfer of Macrophages
Jor the Resolution of Pain

Even though the mechanisms of pain induction have been extensively studied, the
mechanisms of pain resolution are still not fully understood. Macrophages have
been reported as key players in the resolution of pain. One study pointed toward
macrophages as key players in the resolution of pain whose activity is blunted dur-
ing nerve injury based on data from single-cell RNA sequencing (Niehaus et al.
2021). They demonstrated that the macrophages from superficially injured animals
had increased expression of the anti-inflammatory mediator CD163 and alleviated
nociceptive hypersensitivity via the cytokine IL-10. The hypersensitivity could be
reduced in nerve injury animal models by increasing macrophage CD163 expression.

GPR37 expressed in macrophages is also a critical contributor to the resolution
of inflammatory pain and infection-induced pain. Bang et al. demonstrated that
GPR37 knockout (Gpr37~-) mice exhibited deficits in macrophage phagocytic
activity, dysregulation of pro- or anti-inflammatory cytokines, and delayed resolu-
tion of zymosan-induced inflammatory pain (Bang et al. 2018). Macrophage deple-
tion delays the resolution of inflammatory pain while the adoptive transfer of
macrophages from WT mice promotes the resolution of inflammatory pain.
Neuroprotectin DI (NPD1) and artesunate (ARU) act as ligands of GPR37.
Activation of GPR37 by NPD1 and ARU promotes the resolution of inflammatory
and bacterial infection-induced pain. In addition, the adoptive transfer of macro-
phages primed with GPR37 activators could confer protection against malaria and
listeria infection (Bang et al. 2021; Bang et al. 2018). Thus, specific targeting of
macrophage-bound GPR37 by NPD1 or ARU could help promote inflammatory
pain resolution and alleviate other inflammation-related disorders (Fig. 9.5).
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Fig. 9.5 GPR37 regulates macrophage phenotype and phagocytosis in the resolution of inflamma-
tory pain. Neuroprotectin D1 (NPD1) treatment can increase the phagocytosis of macrophages and
thus relieve pain
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Furthermore, recent research efforts into inflammatory pain resolution point
toward macrophage mitochondrial transfer as a major mechanism. Vlist et al. found
that macrophages actively control the resolution of inflammatory pain outside of the
site of inflammation by transferring mitochondria to sensory neurons (van der Vlist
et al. 2022). During inflammatory pain resolution, M2-like macrophages infiltrate
the DRG containing the somata of sensory neurons, correlating with the recovery of
oxidative phosphorylation in sensory neurons. The resolution of pain by mitochon-
drial transfer requires the expression of the CD200 receptor (CD200R) on macro-
phages and the non-canonical CD200R-ligand iSecl on sensory neurons (van der
Vlist et al. 2022). Thus, the restoration of mitochondrial homeostasis in neurons and
perhaps enhanced mitochondria transferred from macrophages could be a novel
therapeutic strategy for chronic pain resolution.

9.7.2 Adoptive Transfer of T-Cells for the Resolution of Pain

Adoptive transfer of T-cells, either from the patient or from other sources, to treat
various conditions is known as adoptive immunotherapy. Although this treatment
was initially developed as a cancer treatment, it has been found to be useful in treat-
ing neurological diseases and more recently in pain management. In the context of
pain management, a recent clinical study demonstrated the effectiveness of adoptive
immunotherapy to reduce pain in advanced cancer patients. One recent study
showed that transfusion of immune cells was reportedly associated with reductions
in opioid consumption and pain intensity among patients with advanced cancer and
suggested increased production of endogenous opioids due to the activation of
CD4* T-lymphocytes (Zhou et al. 2020).

The administration of mesenchymal stem cells (MSCs) or bone marrow stromal
cells (BMSCs) is another strategy to relieve bone cancer pain, neuropathic pain, or
osteoarthritis. Injection of autologous MSCs into the joint alleviated pain in patients
with osteoarthritis (Harrell et al. 2019). Intrathecal injection of BMSCs has been
shown to exert antinociceptive effects in animal models of bone cancer pain and
neuropathic pain (Chen et al. 2015; Huh et al. 2017; Sun et al. 2017). BMSC trans-
plantation may have the potential to treat painful diseases in patients. Thus, cell-
based pain therapies will represent a promising strategy to treat chronic pain.

9.8 Concluding Remarks

Although immunotherapy is perceived to be a recent medical advancement in clini-
cal cancer therapy, increasing evidence highlights the emerging role of immuno-
therapy in treating a range of diseases, including pain. The mechanisms of pain
induction and resolution are complex, and the potential of immunotherapy as a
novel approach to pain management will be a research area of increasing interest to
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address the multifaceted mechanisms of chronic pain. Ongoing and future research
in connecting immunotherapy and the treatment of pain will thus hold promise in
novel clinical applications.
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Chapter 10
Cell Therapy and Regenerative Pain
Medicine: Preclinical Studies

Toby Chen, Yul Huh, and Andrew Breglio

Abstract Mesenchymal stem cells (MSCs) and bone marrow stem cells (BMSCs)
represent a novel therapy for chronic pain due to their immunomodulatory and neu-
roprotective properties. MSCs have shown long-lasting analgesic effects in preclini-
cal models of pain that have been historically difficult to treat clinically. These
conditions include neuropathic pain and cancer pain. The analgesic effects con-
ferred by MSCs are mediated by a multitude of secreted mediators, including anti-
inflammatory cytokines and growth factors, which can reduce neuroinflammation
and pain signaling via neuroimmune interactions and further protect neurodegen-
eration. Extracellular vesicles secreted from MSCs are increasingly understood to
mediate anti-inflammatory, pro-survival, regenerative, and analgesic effects previ-
ously attributed to MSCs themselves. These MSC-EVs may hold several advan-
tages as therapeutics as compared to MSC cell therapy, though much remains to be
learned. Importantly, there are multiple routes of administration for MSCs that can
be catered to clinical needs. Overall, MSCs and their secretome provide a highly
promising treatment modality to resolve some of the most prevalent and debilitating
chronic pain conditions.
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10.1 Introduction: Defining Mesenchymal Stem Cells
and Bone Marrow Stromal Cells

Nonhematopoietic stem cell populations within the bone marrow were first observed
by German pathologist Julius Connheim in the late nineteenth century (Prockop
1997). In the 1980s, Friedenstein and fellow researchers discovered that a particular
portion of whole bone marrow filtrates possesses the ability to adhere to plastic
culture dishes, while non-adherent hematopoietic cells could be washed away.
These cells were termed mesenchymal stem cells (MSCs) by Arnold Caplan (Caplan
1991) or bone marrow stromal cells (BMSCs) (Chamberlain et al. 2007). In culture,
adherent MSCs multiply rapidly within 2—4 days, and the resulting colonies of cells
demonstrate multipotency, differentiating into colonies of osteoblasts, chondro-
cytes, adipocytes, and myoblasts (Castro-Malaspina et al. 1980).

MSC:s have been isolated from a variety of different sources including bone mar-
row, adipose tissue, amniotic fluid, periosteum, and fetal tissues such as the umbili-
cal cord (Campagnoli et al. 2001; In 't Anker et al. 2003). These cells are
characterized by specific cell markers. Human MSCs are negative for the hemato-
poietic markers CD45, CD34, CD14, and CD11; the costimulatory markers CD80,
CD86, and CD40; and the adhesion molecules CD31(PECAM-1), CD18 (LFA-1),
and CD56. MSCs do express CD105 (SH2), CD73 (SH3/4), CD44, CD90 (Thy-1),
CD71, and Stro-1, as well as adhesion molecules CD106 (VCAM-1), CD166
(ALCAM), ICAM-1, and CD29 (Haynesworth et al. 1992). Furthermore, adult
human MSCs have been shown to express intermediate levels of MHC class I, but
do not express MHC class II (Le Blanc and Ringden 2005).

Therapeutic applications have been explored in a variety of diseases, such as
autoimmune diseases, degenerative diseases, neurological diseases, and cardiovas-
cular diseases. Many routes of delivery have been investigated to optimize the thera-
peutic potential of these cells (Fig. 10.1).

10.2 Neuroimmune Modulation by MSCs

MSCs show various effects on innate immunity processes. For instance, MSCs have
been shown to inhibit the maturation of monocytes (Jiang et al. 2005) and to impair
the antigen-presenting function of dendritic cells (DCs) via a decrease of MHC
class II, CD11c, CD83 expression, and decreased IL-12 production, in addition to
inhibiting DC production of inflammatory tumor necrosis factor (TNF) (Aggarwal
and Pittenger 2005). Furthermore, MSCs can inhibit resting NK cell cytotoxic activ-
ity and can also inhibit NK-cell proliferation and IFN-y production (Spaggiari et al.
2006). Interestingly, IFN-y protects MSCs from NK-cell-mediated lysis, and thus
an inflammatory environment rich in IFN-y may increase survival in favor of MSCs
(Uccelli et al. 2008). MSCs have also been shown to reduce neutrophil respiratory
bursts and extend the life span of neutrophils by inhibiting IL-6-mediated neutrophil
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Fig. 10.1 BMSC/MSC routes of administration. These routes include intranasal, intrathecal,
intra-articular, and intravenous delivery

apoptosis (Raffaghello et al. 2008). The MSC secretome enhances the immunoregu-
latory and pro-resolving properties of regulatory macrophages by increasing CD206
expression and decreasing expression of MMP2 (Holopainen et al. 2020).

With regard to adaptive immunity, MSCs have been shown to inhibit T cell pro-
liferation, though T cell apoptosis is not promoted by MSCs. Rather, the antiprolif-
erative effect on T cells is associated with converting T cells to a state of quiescence
and survival (Zappia et al. 2005). Decreased proliferation leads to decreased IFN-y
production, shifting T cells from a pro-inflammatory state to an anti-inflammatory
state marked by increased IL-4 production by T helper 2 cells (Aggarwal and
Pittenger 2005). MSCs have also been found to cause IL-10 production by plasma-
cytoid dendritic cells, which then stimulates the generation of additional regulatory
T cells, leading to additional suppression of immune system activation (Maccario
et al. 2005). B cell proliferation and differentiation has been found to be inhibited
by MSCs in vitro, from the release of soluble factors by MSCs, as well as cell-cell
contact possibly mediated by PD1 interactions (Uccelli et al. 2008).

Several soluble immunosuppressive factors are secreted by MSCs. IFN-y can
trigger MSCs to release nitric oxide and indoleamine 2,3-dioxygenase (IDO)
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(Krampera et al. 2006). IDO specifically can inhibit lymphocyte proliferation by
depleting the lymphocyte-essential amino acid tryptophan (Uccelli et al. 2008).
Nitric oxide is involved in the inhibition of T cell activation (Ren et al. 2008).
Additional soluble factors are constitutively secreted by MSCs and include TGF-f1,
HGEF, IL-10, PGE2 (prostaglandin E2), heme oxygenase-1 (HO-1), IL-6, and solu-
ble HLA-GS5 (Jiang and Xu 2020). The production of these various molecules cre-
ates a redundant system of MSC-mediated immunoregulation.

MSC:s can also exhibit effects on surrounding neurons and neural precursor cells.
Trophic and anti-apoptotic molecules secreted by MSCs can rescue injured neurons
and oligodendrocytes from apoptosis (Li et al. 2002). The anti-inflammatory and
antiproliferative effects that MSCs have on microglia and astrocytes form a neuro-
protective environment (Uccelli et al. 2008). And notably, local neural precursor
cells are promoted to proliferate and mature by MSCs, enabling differentiation of
mature neurons and oligodendrocytes (Munoz et al. 2005). Thus, MSCs have wide
neuroimmune-modulatory effects that can be harnessed to treat neuroinflammation
and pain (Fig. 10.2).

Neuroprotection

Immune

Analgesia
Regulation ®!

Fig. 10.2 BMSCs/MSCs secrete anti-inflammatory and pro-resolution factors as well as neuro-
trophic factors
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10.3 Preclinical Models of MSC/BMSC-Mediated
Pain Relief

MSCs have attracted interest in treating chronic pain conditions that have been par-
ticularly difficult to treat clinically, including degeneration/inflammation-related
pain, neuropathic pain, cancer pain, opioid tolerance, and opioid-induced hyperal-
gesia. Preclinical studies using cellular therapies to treat animal pain models have
enabled researchers to evaluate the safety and efficacy of MSC treatment. BMSCs
have been utilized in several studies to determine the efficacy of treatment via intra-
venous injection as well as local injection at the site of injury (Huh et al. 2017).
These studies found BMSCs sourced from mouse, rat, and human bone marrow
conferred analgesic effects in rodent models of neuropathic pain including nerve
injury, spinal cord injury, diabetic neuropathy induced by streptozotocin, and arthri-
tis (Huh et al. 2017).

MSCs exhibit potent immunosuppressive properties which make them promis-
ing candidates for autologous and allogeneic transplantation, as their use may not
necessitate the need for immunosuppressive regimens (Giordano et al. 2007).
Although MSCs were originally thought to possess the ability to replace diseased or
injured tissue due to their differentiation into various types of tissue in vitro
(Pittenger et al. 1999), the secreted factors from MSCs including cytokines, chemo-
kines, and trophic factors have been found to mediate profound immunomodulatory
effects (Caplan and Correa 2011). Thus, MSCs are a promising treatment for many
pain conditions, and many preclinical studies have shown their ability to provide
pain relief (Table 10.1).

10.3.1 Degenerative/Inflammatory Pain

One of the most encountered chronic pain conditions in the clinic is osteoarthritis
(OA). Patients often report a significant impact on their quality of life due to OA
despite current therapies that are intended to provide pain relief, reduction of inflam-
mation, and improvements in joint function (Martel-Pelletier et al. 2016). There
have been several studies using autologous or allogeneic MSCs to treat animal mod-
els of OA, including in rodents, rabbits, sheep, and horses (Alfageh et al. 2008;
Grigolo et al. 2009; Horie et al. 2012; Schnabel et al. 2013). These initial studies
examined the ability of transplanted MSCs to serve as a regenerative therapy for
cartilage content at the articular surface (Freitag et al. 2016; Wyles et al. 2015).
More recently, the paracrine activity of MSCs and the resulting major benefits
conferred by these secreted products on inflammatory pain have come under focus
(Pers et al. 2015). Although intra-articular MSC treatments have shown joint tissue
regeneration, studies found that the transplanted MSCs represented a smaller num-
ber of cells in the regenerated tissue versus the host’s native cells (Murphy et al.
2003). Additional studies found that MSC transplantation leads to a change in the
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Table 10.1 Preclinical studies of BMSC/MSC treatments for chronic pain conditions

Reference Pain model Species | Delivery site Effects on pain
Musolino SLNC Rat Intraganglionic Prevention of mechanical
et al. and thermal allodynia
Klass et al. CCI Rat Intravenous Improvement of
mechanical allodynia and
thermal hyperalgesia
Shibata et al. | STZ-induced Rat Injection in the Improvement of
diabetes hind limb skeletal | hypoalgesia
muscle
Abrams et al. | Spinal cord injury | Rat Injury site Improvement of
mechanical allodynia, no
effect on thermal
hyperalgesia
Siniscalco SNI Mouse | Lateral cerebral Improvement of
et al. ventricle mechanical allodynia and
thermal hyperalgesia
Siniscalco SNI Mouse | Intravenous Improvement of
etal. mechanical allodynia and
thermal hyperalgesia
Orozcoetal. | Degenerative disk | Human | Intradiscal Decrease in pain
disease injection
Guo et al. Chronic orofacial | Rat Intravenous injury | Reversed mechanical
pain site hypersensitivity
Naruse et al. | STZ-induced Rat Injection in the Improves mechanical
diabetes hind limb skeletal | hyperalgesia, cold
muscle allodynia
van Buul et al. | Osteoarthritis Rat Intra-articular Decrease in pain
injection
Zhang, etal. |SNL Rat Intrathecal Improvement of
injection mechanical allodynia
Chen et al. CCI, SNI, mouse | Mouse | Intrathecal Suppress neuropathic pain
injection
Pettine et al. | Degenerative disk | Human | Intrathecal Decrease in pain
disease injection
Yousefifard Spinal cord injury | Rat Injury site Improvement of
etal. mechanical and cold
allodynia; mechanical and
thermal hyperalgesia
Guo et al TL, SNL, Rat and | Intravenous; injury | Improvement of
CCI-ION mice site mechanical and thermal
hyperalgesia; suppress
aversive behavior
Lietal. SNL Rat Intrathecal Improvement of
injection mechanical allodynia and
thermal hyperalgesia
Fischeretal. |TNI Rat Intrathecal Improvement of
injection mechanical hyperalgesia

(continued)
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Table 10.1 (continued)

Reference Pain model Species | Delivery site Effects on pain
Hua et al. Opioid tolerance | Rat and | Intrathecal Prevention and reversal of
and opioid- mouse | injection and opioid tolerance;
induced intravenous prevention and reversal of
hyperalgesia injection opioid-induced
hyperalgesia
Liu et al. CCI Rat Intrathecal Improvement of
injection and mechanical allodynia and
intravenous thermal hyperalgesia
injection
Boukelmoune | Cisplatin and Mouse | Intranasal Improvement of
et al. paclitaxel-induced administration mechanical allodynia and
CIPN spontaneous pain

cell signaling environment, which then leads to increases in the collagen production
in the host (Horie et al. 2012). Thus, these findings suggest that MSC treatments
lead to considerable shifts in the inflammatory milieu to encourage the repair of
injured tissue versus serving as replacement tissue, which further suggests a major
immunomodulatory role that is carried out by MSCs.

A rat tendon injury model was treated with a single intravenous or local injection
of rat MSCs by Guo et al. in 2011, and they found that the MSC treatment was able
to reverse mechanical allodynia in this pain model. Furthermore, the group also
found that the anti-allodynic effect of MSCs was blocked by the opioid receptor
antagonist naloxone, which suggests the involvement of endogenous opioids (Guo
et al. 2011). A follow-up study by the group additionally demonstrated that long-
term pain relief from MSC treatment was mediated by immune interactions and the
activation of monocytes along with the activation of p-opioid receptors in the brain
stem and CXCL1/CXCR2 chemokine signaling (Guo et al. 2017).

Chronic low back pain is a common clinical condition that is often caused by
intervertebral disk degeneration. Cytokines contained in degenerative disk tissue
can directly cause pain by upregulating protease activity on surrounding nerve tis-
sue (Risbud and Shapiro 2014). Current treatments for chronic back pain are unable
to completely treat the condition without major side effects, including pharmaco-
logical therapies that provide limited long-term efficacy and surgical treatments that
may be beneficial but carry the risk of subsequent disk injury adjacent to the surgi-
cal site. MSC therapies are being investigated as an alternative approach to repair
injured vertebral disks (Sakai and Andersson 2015). In a similar mechanistic model
as MSC treatment for OA, MSCs may serve as immune modulatory cells that can
signal through paracrine activity to shift the inflammatory environment of the
injured disk toward an anti-inflammatory and pro-resolution environment to stimu-
late healing processes for the injured tissue (Orozco et al. 2011).

MSC:s have also been studied for their ability to treat conditions related to inflam-
matory bowel disease (IBD). IBD carries significant morbidity and mortality risks
and major effects on the quality of life of a patient due to significant symptoms
including abdominal pain, gastrointestinal bleeding, and impaired gastrointestinal
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function (Srinath et al. 2014). Current treatments are limited to treating the symp-
toms of IBD and do not address the underlying causes currently under investigation.
A recent study utilized intravenous injections of MSCs in a rat model of IBD, and
the treatment was able to lead to a significant reduction of intestinal damage caused
by TNF-a-mediated inflammatory processes, ischemia-reperfusion injury, and tight
junction disruption related to ZO-1 downregulation (Shen et al. 2013).

10.3.2 Neuropathic Pain

Neuropathic pain is caused by a disease of, or direct injury to, the somatosensory
nervous system or sensory nervous system (Cheng 2021), and the resulting pain is
often refractory to treatments. Since current clinical treatments for neuropathic pain
are limited in their efficacy, there is a pressing need for novel, more effective treat-
ments. Preclinical neuropathic pain models have been utilized to investigate various
MSC treatments including intraganglionic (Musolino et al. 2007), intraspinal
(Abrams et al. 2009), intracranial (Siniscalco et al. 2010), intramuscular (Shibata
et al. 2008), and intrathecal administration (Fischer et al. 2017), as well as systemic
administration via intravenous and intranasal injections.

Intravenous MSC treatments were found to reduce both mechanical allodynia
and thermal hyperalgesia in several rodent chronic pain models including the sciatic
nerve injury model (Klass et al. 2007), infraorbital nerve injury model (Guo et al.
2016), and the spared nerve injury model (SNI) (Siniscalcoetal. 2011). Intramuscular
injections of MSCs effectively reduced mechanical allodynia and cold allodynia in
the STZ diabetic neuropathy model (Naruse et al. 2011). In spinal cord injury rat
and mice models, intraspinal injection of MSCs reduced mechanical allodynia and
thermal hyperalgesia (Abrams et al. 2009; Watanabe et al. 2015). Intraganglionic
injection of MSCs in a rat sciatic nerve chronic constriction injury model led to
reduced mechanical allodynia and thermal hyperalgesia (Musolino et al. 2007).
Similar effects were observed in a rat spinal nerve ligation model after intrathecal
injections of MSCs (Zhang et al. 2014b).

A group from Duke University found that a single intrathecal injection of 2.5 x
105 BMSCs provided long-term analgesia in mouse models of neuropathic pain
including chronic constriction injury (CCI) of the sciatic nerve as well as a spared
nerve injury (SNI) model (Chen et al. 2015). This treatment was able to provide
analgesic effects for early- and late-phase neuropathic pain and the significance of
the effect was measured for several weeks following the single intrathecal injection.
Upon examination of the dorsal root ganglia (DRG), the BMSCs provided protec-
tion for DRG neurons from damage to their axons, and furthermore, both DRG and
spinal cord tissues taken from CCI model mice treated with intrathecal BMSCs
exhibited reduced neuroinflammation.

The group found that upon injection into the intrathecal space, the BMSCs spe-
cifically migrated to the DRGs by a CXCL12/CXCR4 chemokine interaction, where
injured DRGs upregulated CXCL12, signaling for trafficking of CXCR4-expressing
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BMSCs to specifically migrate to the sites of injured DRG tissues (Chen et al.
2015). Additionally, the intrathecal BMSCs were found to specifically inhibit neu-
ropathic pain by secreting the anti-inflammatory cytokine TGF-f1, which was mea-
sured in the cerebral spinal fluid. When TGF-B1 was inhibited by intrathecally
injected anti-TGF-B1 neutralizing antibody, the analgesic effect of the BMSCs was
transiently reversed. The potency of the analgesic effect of TGF-1 was indicated
by the ability of very low doses of exogenous intrathecal TGF-f1 between 1 and
10 ng to provide pain relief for neuropathic pain models. The ability of BMSCs to
survive in DRGs for several months without conversion to other cell types further
indicated that these cells served as continuous sources of anti-inflammatory secreted
analgesic products for neuropathic pain conditions.

Liu et al. further compared MSC treatment protocols in rat models of neuro-
pathic pain induced by chronic constriction injury of the sciatic nerve and found that
both intrathecal and intravenous injections produced powerful and long-lasting
analgesic effects and that MSCs from either the bone marrow or adipose tissue pro-
duced identical effects (Liu et al. 2017). A one-time injection produced anti-
hyperalgesia effects that lasted for the entire experimental course (42 days) without
any signs of weaning. Immunohistochemistry studies further confirmed that intra-
thecally injected MSCs migrated from the injection site to the surface of DRGs
affected by the chronic constriction injury of the ipsilateral sciatic nerve.

Recently, a study demonstrated that nasal administration of 1 x 10°® MSCs
reversed both cisplatin-induced and paclitaxel-induced mechanical allodynia and
spontaneous pain (Boukelmoune et al. 2021). Nasally administered MSCs migrate
to the meninges of the brain, the brain parenchyma and multiple distal sites which
include the meninges of the spinal cord and peripheral lymph nodes where they may
directly or indirectly promote the reversal of chemotherapy-induced peripheral neu-
ropathy (CIPN) and restoration of neuronal function (Boukelmoune et al. 2021;
Chiu et al. 2018; Galeano et al. 2018). Human MSCs and mouse MSCs were both
effective in resolving mechanical pain. Two doses of nasally administered mouse
MSC completely restored intraepidermal nerve fiber (IENF) density to levels higher
than the controls. Three weeks after the completion of MSC treatment, which was
when mechanical allodynia was fully resolved, basal and maximal mitochondrial
respiration rates of DRG neurons were normalized compared to the post-
chemotherapy baseline.

Opioid tolerance (OT) and opioid-induced hyperalgesia (OIH) are the primary
drivers for opioid dose escalation, overdose, and opioid-related deaths. Hua et al.
discovered that MSC transplantation effectively prevented the development of OT
and OIH and consistently reversed established OT and OIH in rats as well as in mice
(Hua et al. 2016; Li et al. 2018). Either intrathecal or intravenous infusion of MSCs
prevented the development of OT and OIH that were induced by daily morphine
injections. When performed after OT and OIH had fully developed, either intrathe-
cal or intravenous MSC injection effectively reversed it. These studies identified a
new therapeutic strategy to overcome the challenges of opioid tolerance and opioid-
induced hyperalgesia.
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10.3.3 Cancer Pain

Chronic inflammation is a consequence that often develops with the progression of
cancer (Spaeth et al. 2008). The role of MSCs with respect to cancer and its progres-
sion is not settled in the literature (Prakash et al. 2016), as certain studies suggest
that MSCs possess anti-tumor properties (Zhu et al. 2009), while other studies con-
versely found that MSCs promoted the growth of tumors (Mele et al. 2014). While
early-stage cancers in and of themselves may not always cause pain until they
undergo metastatic spread to bone or other sites (Chen et al. 2017), the neuropathic
pain and visceral pain caused by chemotherapy, surgical interventions, and radio-
therapy are experienced by up to half of patients who receive treatment. Researchers
found that an intravenous administration of MSCs at the four-week timepoint fol-
lowing radiotherapy was able to reverse visceral allodynia in a rodent model by
reducing the interactions between mast cells and PGP9.5+ nerve fibers. MSC treat-
ment also lowered the ulceration of the colon caused by radiotherapy (Durand
et al. 2015).

10.4 Different Routes of Administering MSCs/BMSCs

FDA-approved intrathecally administered drugs have a proven safety record, and
clinical trials have shown that intrathecally administered MSCs do not lead to
adverse side effects in recipients when followed up for 12 months. The intrathecal
space is also considered to possess immune privilege due to the isolation of the CSF
from systemic circulation due to the blood—brain barrier, and thus MSCs adminis-
tered intrathecally may avoid host immune responses. Therefore, the intrathecal
route of administration has the advantage of addressing major pain pathways involv-
ing the spinal cord and DRG, protecting MSCs from the host immune response,
which enables their long-term survival, and in turn the MSCs can confer long-term
pain relief.

In contrast, systemic administration of MSCs via intravenous injection may
require greater dosage numbers of cells due to the accumulation of MSCs in pulmo-
nary capillaries following circulation. On the one side, this route of administration
allows cell-to-cell interactions between MSCs and immune cells, which may lead to
changes in macrophage immune states, for example, and lead to beneficial immune
modulation. On the other side, it has been found that more than 99% of systemically
administered MSCs fail to survive in circulation beyond one week (Lee et al. 2009).
Within the lungs, MSCs are subject to innate immune responses within a few days
of injection, and processes such as macrophage phagocytosis lead to clearance of
the MSCs themselves (Karp and Leng Teo 2009). Interestingly, phagocytosis of
MSCs induces phenotypical and functional changes in monocytes, which subse-
quently modulate cells of the adaptive immune system (de Witte et al. 2018). Thus,
monocytes play a crucial role in mediating, distributing, and transferring the
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immunomodulatory effect of MSC. Interestingly, metabolically inactivated and
even fragmented MSCs possess remarkable immunomodulatory capacities (Chang
et al. 2012; Gongalves et al. 2017; Luk et al. 2016). This is consistent with observa-
tions that MSCs produce long-term immunomodulatory effects despite having a
short half-life after intravenous administration (Eggenhofer et al. 2012; Fischer
et al. 2009; Hua et al. 2016; Liu et al. 2017).

Nasally administered MSCs are a promising treatment modality for CIPN as it is
safe and has long-lasting efficacy. Intranasally delivered xenogeneic MSCs are
effective in resolving CIPN in mice (Boukelmoune et al. 2021; Squillaro et al.
2016). Additionally, nasal administration of MSC does not interfere with the anti-
tumor effects of chemotherapeutic drugs (Chiu et al. 2018; Spanos et al. 2009;
Vichaya et al. 2016). However, the effects of MSCs on the fate of tumors that may
attract MSCs themselves are unknown. Additionally, although nasal administration
of MSC is promising in preclinical studies, the dosage, feasibility, and safety of
nasal MSC administration for humans have yet to be determined.

Localized MSC injection is an option to treat localized pathologies. The injec-
tions of MSCs directly into injured intervertebral disk, injured spinal cord, or injured
ganglia are examples of such applications. Care should be taken to avoid/minimize
introducing additional injury to the target tissue.

10.5 MSC Secreted Mediators That Reduce Pain
and Neuroinflammation

10.5.1 Transforming Growth Factor Beta 1 (TGF-f1)

TGF-B1 is a widely expressed secreted signaling protein that exists in various tis-
sues that control for a variety of cellular functions including growth, differentiation,
and apoptosis (Zhang and An 2007). TGF-f1 is secreted by MSCs and is further
upregulated by inflammatory factors such as IFN-y and TNF-a (Gotherstrom et al.
2005). TGF-B1 is both a powerful immunosuppressive cytokine and a powerful
neuromodulator.

Accumulating evidence suggests that TGF-f1 plays a key role in relieving
chronic pain through inhibiting nerve injury-induced proliferation and activation of
microglia and astrocytes as well as reducing the expression and secretion of pro-
inflammatory cytokines (Chen et al. 2013; Echeverry et al. 2009; Lantero et al.
2012). Recently, TGF-1 has been shown to rapidly, within 1 minute, modulate
synaptic transmission and neuronal excitability in the spinal cord and DRG, respec-
tively, via a noncanonical mechanism (Chen et al. 2015). Identifying the details of
TGF-B1 signaling that provide analgesia will be important in understanding how
MSC:s reduce chronic pain.
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10.5.2 Interleukin-10

Interleukin-10 (IL-10) is another powerful anti-inflammatory cytokine that is pro-
duced by MSCs, which causes many effects on immunoregulation and inflamma-
tion. IL-10 expression can be additionally enhanced by TLR ligands and PEG2
(Plumas et al. 2005). Currently, IL-10 has been shown to inhibit pro-inflammatory
factors, antigen-presenting cell maturation, expression of MHC, and costimulatory
factors. Relative to the high production of TGF-p by MSCs, the release of IL-10
from MSCs was found to be very low (Chen et al. 2015). The role of IL-10 in MSC-
mediated analgesia is controversial. When using MSCs and MSC-conditioned
media, some authors reported no significant changes in the level of IL-10 in differ-
ent ex vivo and in vitro models (Nemeth et al. 2009).

Chen et al. in 2015 demonstrated that IL-10 antibodies did not neutralize the
analgesic effects of MSCs, suggesting that IL-10 release does not seem to contribute
to pain relief induced by MSCs. However, a recent study showed the opposite to be
true; analgesic effects of MSCs were reversed by IL-10 and TGF- antibody neu-
tralization (Li et al. 2017). Thus, the roles and mechanisms of IL-10 in modulating
chronic pain need to be further examined.

10.5.3 Tumor Necrosis Factor-Stimulated Gene-6 (TSG-6)

Tumor necrosis factor-stimulated gene-6 (TSG-6) is an inflammation-associated
secreted glycoprotein that is upregulated in many pathological and physiological
contexts (Day and Milner 2019; Milner and Day 2003). Aggregated MSCs express
TSG-6, which is an important immune-suppressive factor (Sala et al. 2015). TSG-6’s
relationship with MSCs has been extensively investigated and it seems that MSCs
increase levels of TSG-6, which can reduce inflammation (Sala et al. 2015).
Intravenously administered MSCs were mostly trapped in the lungs as illustrated by
cell tracking studies and the MSCs in the lung had TSG-6 as one of the highest
upregulated transcripts (Huh et al. 2017). The silencing of TSG-6 in MSCs resulted
in a loss of beneficial effects whereas exogenous TSG-6 administration replicated
the therapeutic effects of MSCs (Wang et al. 2012).

10.5.4 Hepatocyte Growth Factor 1 (HGF-1)

Hepatocyte growth factor 1 (HGF-1) was initially isolated as a liver mitogen and is
expressed by MSCs (Rasmusson 2006; Son et al. 2006). Overall, HGF is a paracrine
cellular growth, motility, and morphogenic factor and its activation is linked with
several regenerative processes (Lefebvre et al. 2012). HGF induces IL-10 expres-
sion in monocytes and promotes IL-10 signaling in Treg cells. HGF produced by
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MSC:s also promotes expansion of immune-suppressive myeloid-derived suppres-
sor cells (MDSC), which release soluble factors that are implicated in the regenera-
tive process (Benkhoucha et al. 2010).

In vivo administration of HGF-1 provides a protective effect from autoimmune
disease. This occurs by activating regulatory T cells which then produce IL-10
(Okunishi et al. 2007). In the EAE model of multiple sclerosis, the protective effects
of MSCs and MSC-conditioned media are no longer observed when blocking
HGF-1 using antibodies, demonstrating the key role of HGF-1 in the therapeutic
activities of MSCs (Bai et al. 2012). Moreover, HGF-1 is seemingly required for the
neuroprotective effects of MSC-conditioned media (Lu et al. 2011). As a result, the
production of HGF-1 by MSCs shows a variety of effects including angiogenesis,
immune modulation, and protection from apoptosis (Huh et al. 2017).

10.5.5 Tissue Inhibitors of Metalloproteinase (TIMPs)

Metalloproteinases (MMPs) are part of a class of calcium-dependent enzymes that
require a zinc ion in their active site for catalytic activity. MMP activity is regulated
by endogenous proteins called tissue inhibitors of metalloproteinases (TIMPs) that
bind to active and alternative sites of the activated MMP (Malemud 2006). Recently,
human umbilical cord plasma was enriched with TIMP-2 and showed that systemic
treatments of TIMP-2 and umbilical cord plasma in aged mice increased synaptic
plasticity and improved hippocampal-dependent cognition (Castellano et al. 2017).
TIMP proteins were able to suppress neuropathic pain; TIMP-1 alleviated early-
phase neuropathic pain and TIMP-2 reduced late-phase neuropathic pain (Kawasaki
et al. 2008). These findings, in combination with the fact that TIMP-2 was present
in umbilical plasma, suggest that similar adult MSCs may produce TIMP proteins
that can inhibit MMP-mediated neuroinflammation and pain (Huh et al. 2017).

10.5.6 Interleukin-1 Receptor Antagonist (ILI1Ra)

IL1Ra has been shown to clinically reduce pain following acute anterior cruciate
ligament injury (Chevalier et al. 2005; Kraus et al. 2012). Accumulating evidence
has demonstrated that IL-1 plays a key role in modulating pain (Honore et al. 2006;
Schweizer et al. 1988; Wolf et al. 2003). IL-1 is a pro-inflammatory cytokine; regu-
lating the IL-1 receptor may affect IL-1 function and inflammatory responses.
MSCs express IL1Ra and this elevates IL-10 expression and suppresses CD4+ T
cell activation, overall causing MSCs to promote M2 macrophage polarization and
Treg generation. ILIRA could also suppress B-cell differentiation and antibody
production (In 't Anker et al. 2003; Mareschi et al. 2001).
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10.5.7 Indoleamine 2,3-Dioxygenase (IDO)

IDO has two isoforms: IDO1 and IDO2. These isoforms deplete the amount of tryp-
tophan by catalyzing the amino acid into different metabolites (Meisel et al. 2004).
The depletion of tryptophan results in T cell arrest cells (Bottcher et al. 2016).
Tryptophan depletion could induce Treg generation as well (Mauri and Bosma
2012). MSCs express and utilize IDO as an immunosuppressant (Ren et al. 2009).
If not expressed in MSCs in the quiescent state, expression can be induced by IFN-y
and enhanced by PGE2 (Dai and Gupta 1990).

10.5.8 Prostaglandin E2 (PGE2)

PGE?2 is of particular interest because direct delivery of PGE2 can induce inflamma-
tion and the benefits of aspirin-like drugs are at least partially due to their ability to
inhibit PGE2 production (McCoy et al. 2002; Stock et al. 2001). MSCs express
COX-2 which produces PGE2 (Aggarwal and Pittenger 2005). The production of
PGE?2 is enhanced by inflammatory stimuli or the combination of IFN-y and TNF-a
treatment demonstrating that MSCs produce high amounts of PGE2 to suppress the
immune response (English et al. 2007). Some studies show that PGE2 may have
pro-inflammatory effects since it enhances DC maturation and T cell proliferation
(Sreeramkumar et al. 2012). PGE2-mediated acute inflammatory response may pro-
mote the resolution process.

10.6 Extracellular Vesicles (EVs)

A variety of extracellular vesicles (EVs) are released by MSCs, including exosomes
and microvesicles. Exosomes, which range from 40 to 100 nm in size, are formed
from the fusion of multi-vesicular bodies (a late endosome containing membrane-
bound intraluminal vesicles) within the late endosomal compartment and released
from the plasma membrane. This is opposed to microvesicles, which are more typi-
cally 100-1000 nm in diameter and are generated via direct budding from the cell
membrane (Heijnen et al. 1999). Distinguishing between these two types of extra-
cellular vesicles is challenging given overlapping characteristics and surface mark-
ers. While some investigators have ascribed their results specifically to exosomes,
exosomes and microvesicles are released concomitantly and commonly co-isolated,
and so the findings discussed below are more inclusively and accurately ascribed to
MSC extracellular vesicles (Lotvall et al. 2014; Thery et al. 2018). MSC-EVs trans-
port mRNAs that can change the behavior of target cells by affecting different func-
tions including control of transcription, cell proliferation, and immune regulation
(Bruno et al. 2009).
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MSC-EVs contain a wide variety of biologically active molecules, including
cytokines and growth factors, signaling lipids, mRNA, regulatory miRNA, and
IncRNA molecules. MSC-EVs can facilitate the transfer of these molecules from
the MSCs of origin to distant recipient cells causing a modification in the target cell
behavior (Phinney and Pittenger 2017). Mechanisms for EV action on target cells
include interaction with cell surface receptors or internalization of biologically
active proteins, mRNAs, or miRNAs. EVs secreted from MSCs carry surface mark-
ers reflective of their cell of origin, including CD29, CD73, CD44, and CD105
(Camussi et al. 2010). However, MSC-EV content is not simply reflective of the
composition of the cells of origin; MSC-EVs are selectively enriched for specific
mRNA, miRNA, and proteins (Beninson and Fleshner 2014; Bruno et al. 2009,
2015; Borger et al. 2017; Camussi et al. 2010; Collino et al. 2010; Eirin et al. 2014;
Kim et al. 2012; Tsiapalis and O’Driscoll 2020).

Increasingly commonly, MSC-EVs are being found to have a comparable
neuroimmune-modulating activity to that of MSCs themselves (Borger et al. 2017,
Bruno et al. 2015). MSCs also carry proteins involved in immune tolerance, notably
PD-L1, galectin (Gal-1) and TGF-f1 (Mokarizadeh et al. 2012). Diverse studies
have demonstrated MSC-EV modulation of microglial activity and attenuation of
neuroinflammatory disease (Harrell et al. 2019). In a mouse model of Alzheimer’s
disease, EVs isolated from human umbilical cord MSCs induced polarization of
microglia toward immunosuppressive M2 phenotype. This was associated with sig-
nificantly increased levels of NEP, IDE, IL-10, and TGF-f and reduced levels of the
inflammatory cytokines TNF-a and IL-1f in the brain tissue of treated mice (Ding
et al. 2018). In a mouse model of multiple sclerosis, MSC-EVs were shown to
attenuate microglia-derived inflammatory cytokines TNF-a, IL-1-3, IL-18, IL-6,
and IL-12 as well as T cell-derived IFN-y and IL-17A (Laso-Garcia et al. 2018).
The ability of systemic administration of MSC-EVs to decrease circulating levels of
the pro-inflammatory cytokine TNF-a and increase circulating levels of the anti-
inflammatory cytokines TGF-p and IL-10 has been reported across animal models
as well as in human patients (Nassar et al. 2016). MSC-EV cargo also includes
miRNAs, and MSC-EVs are particularly enriched with miR-223, miR-564, and
miR-451. These highly expressed miRNAs have been found to affect genes related
to multi-organ development, cell survival, and immune regulation (Collino et al.
2010). Furthermore, EVs from MSCs also carry proteins involved in immune toler-
ance, notably PD-L1, Gal-1, and TGF-p (Mokarizadeh et al. 2012).

The immunologically active contents of MSC-EVs possess the potential to atten-
uate immune activation (Bruno et al. 2015). Namely, MSC-EV treatment can lead
to the downregulation of auto-reactive lymphocyte proliferation, promotion of
PGE2 and TGF-p by T cells, and transfer of mRNA and protein such as TGF-f3
directly to recipient immune cells, all of which can restore an activated immune
environment to a physiological state (Zhang et al. 2014a). Therefore, MSC-EVs
possess significant potential in treating neuroinflammation and chronic pain.

Regarding the efficacy of MSC-EVs as a treatment for neuropathic pain, a very
limited number of studies have investigated MSC-EVs in this context and have been
limited to nerve-injury models. In a rat spinal nerve ligation model of neuropathic
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pain, Shiue et al. (2019) demonstrated that EVs isolated from cultured human
umbilical cord MSCs could attenuate mechanical allodynia and thermal hyperalge-
sia in a dose-dependent manner when injected intrathecally. This effect was seen as
early as 15 minutes after injection. The longevity of a single injection was not elabo-
rated on. Instead, they demonstrated that continuous intrathecal infusion of EVs
could both prevent nerve ligation-induced pain, when started immediately follow-
ing nerve injury, and reverse it, when started four days after nerve ligation. Ligation-
induced upregulation of oligodendrocytes, astrocytes, satellite glial cells, and
microglia was attenuated within both the spinal cord and DRG following EV admin-
istration, as was upregulation of pro-inflammatory cytokines TNF-a and IL-1f in
the DRG. In a follow-up study, the same group demonstrated similar effectiveness
of a different route of EV administration in the same model of nerve injury-induced
pain. A sponge-like alginate scaffold was soaked with MSC-EVs and then wrapped
around the spinal nerve ligation site. Major findings paralleled those of intrathecal
administration, including attenuation of mechanical allodynia and thermal hyperal-
gesia, attenuation of local glial activation, attenuation of pro-inflammatory markers,
and enhanced expression of anti-inflammatory IL-10 and neurotrophic GDNF. This
study also presented limited evidence suggesting that MSC-EV treatment induced
myelination (Hsu et al. 2020).

While the investigation into the effectiveness of MSC-EVs to alter neuropathic
pain following nerve injury has been limited, a growing body of evidence has dem-
onstrated that MSC-EVs can promote neuronal survival and regeneration. Local
delivery of MSC-derived extracellular vesicles has shown promise in promoting
neuronal survival and axonal regeneration in several animal models (Li et al. 2020;
Rao et al. 2019; Wang et al. 2021). Further investigation should determine whether
these outcomes correlate with improvement in neuropathic pain outcomes.

Regarding the efficacy of MSC-EVs as a treatment for degenerative/inflammatory
pain, anti-degenerative and immunomodulatory effects have been repeatedly dem-
onstrated, but pain outcomes remain underexplored. In several studies of interverte-
bral disk degeneration, MSC-EVs derived from varying types of MSCs have been
shown to promote extracellular matrix homeostasis and promote cell survival and
proliferation (Lu et al. 2021). In studies of osteoarthritis, the evidence suggests that
MSC-derived exosomes may protect cartilage and bone from degradation at least in
part by regulating the inflammatory response (Mianehsaz et al. 2019). In vivo,
MSC-EVs have been reported to reduce the production of the inflammatory media-
tors TNF-a, IL-6, PGE2, and nitric oxide as well as the production of matrix metal-
lopeptidase 13 from chondrocytes of patients with osteoarthritis, while at the same
time enhancing the production of the anti-inflammatory cytokine IL-10 (Tofino-
Vian et al. 2018). In vivo, MSC-EVs have been reported to suppress pain and reduce
inflammation in a rat model of temporomandibular joint osteoarthritis. Using chon-
drocyte culture, this separate research group re-demonstrated suppression of nitric
oxide and MMP13 production from chondrocytes following treatment with MSC-
EVs (Zhang et al. 2019).

While the immunomodulatory effects of MSC-EVs are well-established, the effi-
cacy of MSC-derived extracellular vesicles in addressing chronic pain remains
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underexplored. If effective for chronic pain, MSC-EVs possess several advantages
as therapeutics as compared to cellular therapy or synthetic drug delivery nanopar-
ticles. These include lack of immunogenicity, the ability to cross major biological
barriers such as the blood-brain barrier, increased stability and processing as com-
pared to MSCs, no tumor formation potential, and intrinsic as well as modifiable
homing capacity (E. L. Andaloussi et al. 2013; Rashed et al. 2017). Further,
MSC-EV composition can be manipulated through the manipulation of MSC cul-
ture conditions (Beninson and Fleshner 2014; Tsiapalis and O’Driscoll 2020).
Significantly higher concentrations of immunosuppressive cytokines have been
reported in EVs from MSC:s first primed with inflammatory cytokines (TNF-a and
IFN-y) as compared to MSC-EVs from standard culture conditions (Lai et al. 2019).
This suggests that the therapeutic properties of MSC-EVs can be optimized via the
manipulation of culture conditions. Culture conditions that replicate inflammation
or biological stress may result in an anti-inflammatory and/or pro-survival EV phe-
notype. With further investigation, MSC-EVs may supplant MSCs in many thera-
peutic applications.

10.7 Conclusions

MSC:s represent a novel therapy for chronic pain due to their immunomodulatory
and neuroprotective properties. MSCs have shown the potential to treat chronic pain
conditions in preclinical models that have been historically difficult to treat clini-
cally. The analgesic effects conferred by MSCs are mediated by a multitude of
secreted mediators that reduce neuroinflammation and pain signaling. Extracellular
vesicles secreted from MSCs are increasingly understood to mediate anti-
inflammatory, pro-survival, regenerative, and analgesic effects previously attributed
to MSCs themselves. These MSC-EVs may hold several advantages as therapeutics
as compared to MSC cell therapy, though much remains to be learned. Importantly,
there are multiple routes of administration for MSCs that can be catered to clinical
needs. Overall, MSCs and their secretome provide a highly promising treatment
modality to resolve some of the most prevalent and debilitating chronic pain
conditions.
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Chapter 11
Cell-Based Therapies in Clinical Pain
Management

Jianguo Cheng

Abstract Development of novel therapies is required to transform care for chronic
and refractory pain due to degenerative and neuropathic conditions. Mesenchymal
stem cell (MSC)-based therapies are supported by strong biological rationale based
upon the remarkable immunomodulatory and analgesic effects of MSCs shown in
pre-clinical studies. Such therapies are not only feasible but also are becoming a
reality in clinical practice for a wide range of immunologically related diseases. In
the field of pain medicine, there is a growing body of literature that reports promis-
ing results from randomized clinical trials for joint pain and prospective studies for
neuropathic pain. These clinical investigations demonstrate that MSC therapies are
not only safe but also efficacious for their respective indications. Further investiga-
tions are required to translate research findings to clinical practice. The key to
increasing the scientific rigor and success of future clinical trials is to use refined
standardized research protocols and cell quality control standards that take into
account of factors such as appropriate selection of patients, source of cells, donors
of cells, methods of cell processing, route of administration, and number of trans-
plantations (doses). In this chapter, I will focus on these critical aspects of clinical
investigation of MSC-based therapies.
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11.1 Introduction

Managing chronic pain from degenerative and neuropathic conditions is one of the
greatest challenges in pain medicine (Cheng 2019a, b; Cheng et al. 2020). Patients
with such chronic pain conditions frequently fail to respond to the current treatment
continuum (Cheng et al. 2022), ranging from physical, cognitive-behavioral, phar-
macological (Xu et al. 2016), interventional (Cheng et al. 2019; Shin and Cheng
2021; Xuetal. 2017,2021, 2022), to surgical approaches (Cheng et al. 2022; Rogers
etal. 2021; Xu et al. 2021) (Fig. 11.1). Thus, novel and more efficacious treatment
strategies are urgently needed to relieve the burden of pain, suffering, and disability.
Regenerative medicine is a rapidly growing area of research and clinical applica-
tions (Buchheit et al. 2020). Recent studies suggest that regenerative therapies may
significantly improve symptoms and distinctly modify disease processes of chronic
pain through neuroimmune-modulatory and analgesic effects of regenerative agents.
In this chapter, we focus on clinical investigations of MSC-based therapies in the
management of chronic pain. Preclinical studies of mesenchymal stem cell (MSC)
therapies are discussed in Chap. 10. Other regenerative approaches through platelet
rich plasma (PRP) and autologous conditioned serum (ACS) are discussed in Chap.
12. Cell-free therapies employing exosomes or gene therapies are active areas of
research but are beyond the scope of this chapter.
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Fig. 11.1 Continuum of joint pain treatment. (Modified from Cheng et al. 2022, Elsevier)
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The biological rationale for MSC therapy is multifold and has been discussed
extensively in Chap. 10. Briefly, recent studies demonstrate that autoimmune pro-
cesses and neuroimmune interactions play central roles in the pathogenesis of
chronic pain (Birklein et al. 2014; Cuhadar et al. 2019; David Clark et al. 2018;
Goebel and Blaes 2013; Helyes et al. 2019; Prasad and Chakravarthy 2021; Tékus
et al. 2014; Ugeyler et al. 2007). MSCs, which are present in the perivascular space
of nearly all tissues (Lin et al. 2014; Spees et al. 2016), are capable of profoundly
modulating neuroimmune functions through multiple mechanisms, including direct
cell-to-cell contact, paracrine secretion of cytokines (e.g., TGF-p1, IL-10), chemo-
kines, and growth factors, homing of released exosomes or microvesicles that con-
tain immunoregulatory molecules, and mitochondrial trafficking via tunneling
nanotubes (Najar et al. 2016; Song et al. 2020; Spees et al. 2016). Remarkably, it
has been demonstrated that apoptotic, metabolically inactivated, or even fragmented
MSC:s possess immunomodulatory capabilities (Chang et al. 2012; Gongalves et al.
2017; Luk et al. 2016). As an emerging therapy in pain management (Buchheit et al.
2020), MSC transplantation has shown promise in preclinical studies to treat neuro-
pathic pain (NP) (Chen et al. 2015; Hosseini et al. 2015; Liu et al. 2017), opioid
tolerance (Cheng 2018; Hua et al. 2016; Li et al. 2018), and chronic pain due to
degenerative musculoskeletal diseases (Centeno et al. 2017; Chakravarthy et al.
2017; Kim et al. 2022; Vega et al. 2015).

Translating MSC-based therapies to clinical practice is not only feasible
(Buchheit et al. 2020; Law et al. 2019) but is also a current reality with recent break-
throughs (Levy et al. 2020). The first allogeneic stem cell therapy using a product of
adipose-derived hMSCs (Alofisel) has been approved by the European Medicines
Agency (EMA) for use in clinical practice in the European Union to treat complex
perianal fistulas in Crohn’s disease based upon a successful Phase III trial (Panés
et al. 2016). In addition to Alofisel, there are 10 globally approved MSC therapies
and products to treat a variety of diseases such as graft versus host disease (GVvHD)
(Canada, New Zealand, and Japan), knee articular cartilage defects (South Korea),
spinal cord injury (Japan), critical limb ischemia (India), and acute myocardial
infarction (South Korea). Interestingly, in a randomized controlled trial, it is recently
demonstrated that infusion of UC-MSCs dramatically improved survival in patients
with COVID-19 acute respiratory distress syndrome (Lanzoni et al. 2021). Currently,
the use of hMSCs for various diseases is being investigated in nearly 1000 clinical
trials (Jayaraman et al. 2021; Kabat et al. 2020), among which about 100 are
designed for immune-mediated disorders, such as rheumatoid arthritis (Lopez-
Santalla et al. 2020), multiple sclerosis (Zhou et al. 2019), and diabetes (Bhansali
et al. 2017; Cai et al. 2016). A significant and consistent finding from published
clinical trials is that MSC therapy is not only safe, but also efficacious in improving
clinical outcomes in a number of diseases (Saeedi et al. 2019).
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11.2 Factors That Determine Clinical Outcomes

11.2.1 Quality Control of MSCs

Quality control of human MSCs is of paramount importance for successful applica-
tion in clinical investigations and clinical practice. There are established protocols
regarding the raw materials, equipment, and processes of generating hMSCs under
current good manufacture practice (¢cGMP). Important considerations include the
source of MSCs (bone marrow vs. adipose tissue vs. umbilical cord tissue), autolo-
gous vs. allogeneic, age and health status of donors, number of cell passages, and
absence of biological and other sources of contamination (Zaim et al. 2012). Early
(2nd-3rd) passages of allogeneic hMSCs that meet lot release criteria are typically
used to minimize variability and ensure a streamlined and safe supply at low cost
(Jayaraman et al. 2021; Pittenger et al. 2019).

Many patients with chronic pain seek experimental therapies after failure of
response to available therapies. To fill this void, clinics have emerged to offer “stem
cell” therapy using unproven products and methods. This development has led the
FDA to issue a Consumer Alert about concerns that patients seeking remedies may
be misled by information about products, which place patients at risk (July 22,
2020, FDA).

11.2.2 Transplantation Protocols

Outcomes of clinical investigations of cell-based therapies are determined particu-
lar key factors of experimental design, including patient selection, sources of cells,
donors of cells, processing methods of cells, route of application, and the number of
transplantations (doses). Investigators must take into consideration these critical
factors to ensure scientific rigor and the success of clinical investigations. Patient
selection through inclusion and exclusion criteria is based upon indications of the
therapy and patient characteristics that include biopsychosocial profiling and
responsiveness to previous treatments.

Autologous bone marrow aspirate or adipose tissue aspirate containing MSCs
are used in many cell-based studies with minimal manipulation of the cells (Durand
and Zubair 2022) (Fig. 11.2). Examples of this type of use of autologous MSCs
include studies to treat trigeminal nerve neuropathic pain (Vickers et al. 2014),
pudendal neuralgia (Venturi et al. 2015), shoulder joint pain (Dwyer et al. 2021),
and discogenic pain (Pettine et al. 2015). These types of studies typically lack ade-
quate cell quality control measures and may be unclear about the number, vitality,
and purity of cells. Furthermore, the sources of the cells used are cost-prohibitive
with limited cell dosages, high donor variability, and potentially biological incom-
patibility issues. The advantage of using autologous cells, however, is that their use
is more permissive under current FDA regulations.
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Fig. 11.2 Pros and cons of autologous vs. allogeneic MSCs. (Modified from Durand and Zubair
2022, Elsevier)

Allogeneic MSCs, in contrast, are typically from young and healthy donors who
are screened with strict tests and criteria (Durand and Zubair 2022). Cells are pro-
cessed and multiplied through cell culture under cGMP conditions with comprehen-
sive quality control measures and criteria. Most clinical trials utilize clinical grade
BM-MSCs, AD-MSCs, or UC-MSCs that are provided by off-the-shelf and ready-
to-use packages. Such cells can be used either directly after thawing or alternatively
after subsequent culture so that fresh cells are utilized. The advantages of using
allogeneic MSCs include optimal selection of high-quality cells, minimal variabil-
ity between cell products, cost-effectiveness, and streamlined and safe supply to
multiple centers for clinical investigation or application.

A variety of routes of transplantation have been utilized in clinical investigation,
including intravenous, intrathecal, intraarticular, intradiscal, subcutaneous, and site
of injury applications. The route of application chosen is primarily dictated by the
pathophysiology of the clinical indication under investigation. For example, intraar-
ticular injections are used in almost all trials for knee osteoarthritis (OA) as a result
of localized degenerative changes in the joint while intravenous injections are most
commonly used in trials for knee rheumatoid arthritis (RA) as a result of the sys-
temic autoimmune disorder (Hwang et al. 2021). Either a single injection or repeated
multiple dose injections may be studied in clinical trials for sustained therapeutic
effects.
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11.3 Evidence from Clinical Investigations of MSC Therapy
for Degenerative Joint Pain

11.3.1 Knee and Shoulder Osteoarthritis

Osteoarthritis affects more than 46 million Americans and is a major cause of dis-
ability. Stem cell therapy for osteoarthritis is an area of intensive research in pre-
clinical and clinical settings (Fig. 11.3) (Cheng 2018). A substantial number of
randomized clinical trials (RCTs) on the management of knee OA with stem cells
have been reported and 19 meta-analyses of clinical studies were published from
January 2020 to July 2021. An independent, systematic review of the literature
yielded a total of 183 studies, of which 33 were randomized clinical trials, including
a total of 6860 patients with knee OA (Schmitz et al. 2022). The review emphasized
that it is important to recognize methodological limitations, interpret the results, and
draw conclusions from systematic review and meta-analyses.

Intra-articular injections of MSCs may improve pain and functionality. A sys-
tematic review of intra-articular injections of MSCs without adjuvant therapies for
knee OA included a total of 19 studies on 440 knees treated (Tan et al. 2021). All
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studies reported an improvement in visual analogue scale (VAS) pain scores and
functional outcome measures such as the Western Ontario and McMaster Universities
Osteoarthritis Index (WOMAC) and Osteoarthritis Outcome Score following inter-
vention. The review concluded that intra-articular injections of MSCs, without adju-
vant therapies, can improve pain and function for osteoarthritis. Significantly better
outcomes were obtained with the use of bone marrow-derived MSCs (BM-MSCs)
as compared with adipose-derived MSCs (AD-MSCs) and with the use of cultured
MSC:s as opposed to uncultured MSCs.

There are notable inconsistencies in reported outcomes. A systematic review and
meta-analysis of 10 RCTs on MSCs for knee arthritis included studies in 335
patients (Ma et al. 2020). MSC therapy yielded beneficial effects at 6, 12, and 24
months, with significant improvement in VAS, WOMAC and low rates of adverse
events. This meta-analysis showed that both BM-MSCs and AD-MSCs had a great
application potential in the treatment of knee OA. AD-MSCs tended to be superior
to BM-MSCs according to the limited clinical evidence available. However, a simi-
lar review of 13 RCTs found that, compared with placebo, there was no significant
difference in VAS for pain, WOMAC pain score, WOMAC function score, or
WOMAC stiffness score for MSCs (Dai et al. 2021). Therefore, caution must be
taken when clinicians interpret the results of meta-analyses of clinical studies on the
management of knee OA with stem cells (Schmitz et al. 2022).

The dosage or number of cells administered to a patient, in addition to the source
of cells, may impact outcomes. A systematic review and meta-analysis focused on
the effects of cell count and included 14 studies involving 564 patients (Muthu et al.
2022). The authors categorized the studies based on the MSC count into four groups,
namely less than 1 x 107 cells, between 1-5 x 107cells, between 5-10 x 107cells, and
greater than 10 x 107 cells. They noted incremental decreases in the VAS with
increasing dosages of MSCs at 12 months and 24 months and incremental improve-
ment in the WOMAC, KOOS with increasing dosage of MSCs at 12 months respec-
tively. They did not find any significant increase in the adverse events with increased
dosage of MSCs in any of the groups compared. It was concluded that treatment
with between 5-10 x 107 cells showed consistent and significant improvement in
pain and functional outcomes compared to the other treatment groups. Hence, a cell
count between 5-10 x 107 MSCs is recommended for the target site to obtain supe-
rior benefits from the procedure.

A recent pilot RCT compared the efficacy of a single, intra-articular, nonconcen-
trated bone marrow aspirate (BMA) injection in comparison to cortisone for the
treatment of glenohumeral joint OA-related shoulder pain (Dwyer et al. 2021). The
study included 25 shoulders injections of 22 patients who completed baseline and
12 month patient-reported outcome measures (12 shoulders received cortisone, 13
shoulders received BMA). In the BMA group, a significant improvement was seen
in Western Ontario Osteoarthritis of the Shoulder (WOQOS) index (p = 0.002), the
QuickDASH (11 items to measure physical function and symptoms in people with
any or multiple musculoskeletal disorders of the upper limb), and the EQ-5D-5L
pain dimension between baseline and 12 months. No significant difference was seen
for any outcome in the cortisone group between baseline and 12 months. A
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significant difference in changes in scores was seen in the QuickDASH and the
EQ-5D-5L pain scores and the EQ-5D-5L health scores in favor of BMA. It was
concluded that patients with glenohumeral joint OA treated with BMA have supe-
rior changes in the QuickDASH and EQ-5D-5L pain and health scores at 12 months
post-injection when compared to patients treated with cortisone.

These studies strongly suggest that MSC therapy may provide pain relief and
functional improvement in patients with joint pain due to osteoarthritis. Further
studies with more rigorous designs should take into account the cell types, cell
counts, cell quality, and means of delivery, as well as patient characteristics such as
age and stages of disease.

11.3.2 Intervertebral Discogenic Pain

Percutaneously delivered MSC therapy has been proposed as a potential means to
holistically ameliorate discogenic low back pain through three mechanisms: mitiga-
tion of primary nociceptive disc pain, reduction or reversal of the catabolic metabo-
lism, and restoration of disc tissue.

In an open label pilot study (Pettine et al. 2015), 26 patients (median age 40
years; range 18-61) received autologous bone marrow concentrate (BMC) disc
injections (13 one level, 13 two levels). Approximately 1 ml of BMC was analyzed
for total nucleated cell (TNC) content, colony-forming unit-fibroblast (CFU-F) fre-
quency, differentiation potential, and phenotype characterization. The average
Oswestry disability index (ODI) and VAS scores were reduced to 22.8 and 29.2 at 3
months, 24.4 and 26.3 at 6 months, and 25.0 and 33.2 at 12 months, respectively
(p £0.0001). Eight of twenty patients had improved disc degenerative severity by
one modified Pfirrmann grade on MRI at 1 year. The average BMC contained
121 x 10 TNC/ml with 2713 CFU-F/ml (synonymous with MSCs). Although all
subjects presented a substantial reduction in pain, patients receiving greater than
2000 CFU-F/ml experienced a significantly faster and greater reduction in ODI and
VAS. Subjects younger than 40 years of age experienced an average pain reduction
of 69.5% for ODI (p = 0.03) and 70.6% VAS score (p = 0.01) at 12 months. This
study provides evidence of the safety and feasibility for the nonsurgical treatment of
DDD with autologous BMC and indicates an effect of mesenchymal cell concentra-
tion on discogenic pain reduction. Follow-up studies further confirmed these find-
ings in the non-surgical treatment of discogenic pain with autologous BMC, with
durable pain relief (71% VAS reduction) and ODI improvements (>64%) through
two years (Pettine et al. 2016) and three years (Pettine et al. 2017).

A systematic review of 7 studies involving 97 patients found significant improve-
ments in VAS (66.0-20.9 mm, p < 0.001) and ODI (44.4-19.1, p < 0.001) after the
intradiscal BMC injection. It was concluded that intradiscal injection of BMC for
lumbar disc degeneration resulted in statistically and clinically significant improve-
ments in VAS and ODI with low re-injection and complication rates (Hirase et al.
2020). More recently, we systematically reviewed the effectiveness of intradiscal
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biologic treatments for discogenic low back pain (Schneider et al. 2022). It was
found that, for mesenchymal stem cells, the aggregate success rate (>50% improve-
ment) at six months is 53.5% (95% Confidence Interval: 38.6—-68.4%), though using
worst-case analysis this rate decreased to 40.7% (95% Confidence Interval:
28.1-53.2%). Also, >30% functional improvement was achieved in 74.3% of cases
(95% Confidence Interval: 59.8-88.7%) at 6 months but using worst-case analysis,
this rate decreased to 44.1% (95% Confidence Interval: 28.1-53.2%). Thus, pre-
liminary observation supports the use of intradiscal biologic agents for the treat-
ment of discogenic low back pain.

11.4 Evidence from Clinical Investigations of MSC Therapy
for Rheumatoid Arthritis

Rheumatoid arthritis (RA) is a chronic systemic autoimmune disease, which affects
the lining of the synovial joints causing inflammation, loss of mobility, erosion of
joints, and stiffness and pain (Fig. 11.3) (Hwang et al. 2021). A key component for
the pathogenesis of RA is abnormal immune responses against the synovium.
Progression of RA is characterized by dysfunction of innate and adaptive immunity,
including dysregulated cytokine networks and immune complex-mediated comple-
ment activation. Current treatments to modulate the altered immune responses
include corticosteroids, antirheumatic drugs, and biological agents, which may
cause adverse effects to a significant number of RA patients. Additionally, some RA
patients are resistant to these therapies. In recent years, MSC-based therapies have
been proposed as a novel and promising therapeutic approach in the treatment of
RA (Lopez-Santalla et al. 2020). To date, nearly one hundred studies in animal RA
models have shown promising results for clinical application. Proof-of-concept
clinical studies have demonstrated a satisfactory safety profile for RA treatment
with MSC therapy.

Clinical trial registrations in RA patients with MSC therapy have increased lin-
early since 2011 and reached a plateau in 2018 (Lopez-Santalla et al. 2020). In
general, toxicity or adverse effects have not been found in any of the RA clinical
trials conducted. Not enough sufficient data on efficacy has been obtained from the
completed studies, most likely because these studies were underpowered. Also, the
large majority of RA patients enrolled in these studies were refractory to conven-
tional RA treatments with a long history of disease. Given the excellent safety pro-
file of MSC-based therapy, there are eight clinical trials using MSC-based therapy
that are registered and active in “clinicaltrials.gov”” where MSC therapy at early
stages of RA are being explored. For better comparisons of results among clinical
trials, an improvement in the standardization of treatment protocols is needed in
terms of sources of MSCs, MHC contexts, manufacturing protocols, routes of deliv-
ery, cell dosing (cell number), and systematic analysis of the results. Additionally,
appropriate selection of patients who are most likely to respond to the therapy will
benefit the clinical application of MSC therapy for RA.
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11.5 Evidence from Clinical Investigation of MSC Therapy
for Neuropathic Pain

Many neuropathic pain conditions are debilitating and difficult to treat. Managing
neuropathic pain is one of the most significant challenges in clinical pain. Application
of MSC therapy is limited to a few prospective case series, in which autologous
adipose or bone marrow aspirates containing “MSCs” were injected locally or intra-
thecally, and patients reported a significant reduction of neuropathic pain caused by
injuries of the trigeminal nerve (Vickers et al. 2014), the pudendal nerve (Venturi
etal. 2015), or the spinal cord (Vaquero et al. 2018). While intriguing, these clinical
reports are preliminary due to a lack of control groups and small sample sizes.

Trigeminal neuropathic pain is a debilitating condition that affects the face. It is
often refractory to pharmacological or procedural treatment. In a case series (Vickers
etal. 2014), 10 female patients with symptoms of neuropathic trigeminal pain were
prospectively treated with local injections into the pain field with the stromal vascu-
lar fraction of lipoaspirate that contained 33 million to 162 million autologous
“MSCs” with a cell viability of 62-91%. There were no systemic or local tissue side
effects from the stem cell therapy (n = 41 oral and facial injection sites). At 6
months, 5 out of 9 subjects had reductions in both pain intensity scores and use of
anti-neuropathic medication. Their mean numeric rating scale (NRS) pain scores
were also significantly reduced from 7.5 at the pre-treatment timepoint to 4.3 at 6
months. Thus, this preliminary open-labeled study is promising, showing that
administration of autologous stem cells is a safe and well-tolerated intervention for
neuropathic trigeminal pain and significantly reduced pain intensity at 6 months.

Pudendal neuralgia is also a difficult-to-treat condition that affects the perineal
area. A case series of 15 female patients with pudendal neuralgia were prospectively
treated with transperineal injections of autologous adipose tissue with MSCs along
the Alcock’s canal (Venturi et al. 2015). Twelve patients completed the follow-up
protocol. There were no complications. Two patients had no pain improvement and
continued to use analgesic drugs. The mean VAS pain score significantly reduced
from 8.1 pre-treatment to 3.3 at 12 months while the health quality measure SF36
significantly improve from 85.0 pre-treatment to 75.5 at 12 months. It was con-
cluded that this new treatment is readily administered, carries low risk of complica-
tions, and provides significant improvement of symptoms.

Spinal cord injury (SCI)-related neuropathic pain represents a significant cause
of decreased quality of life. In a prospective study (Vaquero et al. 2018), 10 patients
suffering from chronic SCI received 100 million BM-MSCs into the subarachnoid
space by lumbar puncture during the first month of the study. This procedure was
repeated at months 4 and 7 of the study, reaching a total dose of 300 million cells.
The mean VAS pain score reduced significantly from 5.5 pre-treatment to 1.5 at 10
months post-treatment. This study supports the use of intrathecal administration of
autologous MSC:s for the treatment of neuropathic pain in patients with SCI.
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11.6 Summary

MSC therapy has shown its safety and efficacy in studies ranging from RCTs for
joint pain to prospective case series for neuropathic pain. MSC therapy has shown
potential for treating both OA and RA with reduced pain, improved joint function,
and enhanced overall life satisfaction in patients, although osteoarthritis (OA)
patients had more promising results compared to rheumatoid arthritis (RA) patients.
Clinical trials on OA and RA demonstrate that MSC therapy is a safe treatment
option without serious adverse events. For neuropathic pain, MSC therapy has
gained preliminary data that support the safety and efficacy even in patients with the
most difficult-to-treat conditions such as trigeminal neuropathic pain, pudendal
neuralgia, and SCI-related neuropathic pain. More studies will be required to exam-
ine the long-term safety and efficacy of MSC therapies and their respective clinical
applications. Future research employing the latest technical advances and experi-
mental protocols hold the key to increasing scientific evidence required to effec-
tively translate MSC therapies to clinical practice in pain management.
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Platelet-Rich Plasma and Autologous
Conditioned Serum: Non-Cellular Biologic
Therapies for Neuroimmune Modulation
and the Treatment of Arthritis Pain

Thomas Buchheit

Abstract Osteoarthritis (OA) affects more than 50 million in the United States
(Lawrence et al Part IT Arthritis Rheum 58(1):26-35, 2008); however, most of these
individuals are not considered surgical candidates. Alternative treatment options
such as medications, intra-articular corticosteroid or hyaluronic acid injections, or
radiofrequency nerve ablations can reduce pain and improve function in some indi-
viduals, but many others are left in a state of “orthopedic limbo”: conservative ther-
apies are insufficient, and surgery is not an option. Biologically based regenerative
pain medicine therapies such as platelet-rich plasma (PRP) and autologous condi-
tioned serum (ACS) offer new options for these patients and are used with increas-
ing frequency in the United States. In this chapter, I will discuss the neuroimmune
alterations that drive the development of osteoarthritis, the mechanisms of action of
these biologically based, non-stem cell therapies, and clinical outcomes with the use
of PRP and ACS.
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12.1 Introduction: Current Treatments for Osteoarthritis

The non-surgical management of patients with osteoarthritis (OA) of the knee or
other joints follows a common pathway: physical therapy (PT), analgesic medica-
tions such as non-steroidal anti-inflammatory drugs (NSAIDs for topical and/or sys-
temic uses) and acetaminophen, or procedures such as intra-articular corticosteroids
(IA-C) and intra-articular hyaluronic acid (IA-HA). For patients with refractory
pain, radiofrequency lesioning/destruction of the nerves that supply sensation to the
joint is also considered. Of these modalities, PT and exercise remain critically
important foundational therapies for any individual with degenerative joint disease.
Exercise activates cartilage (chondrocytes) and tendon cells (tenocytes), increases
collagen synthesis, and builds joint strength and stability (Hinterwimmer et al.
2004; O'Connor et al. 2015). Further, mechanical loading on joints has been shown
to inhibit the production of inflammatory cytokines such as IL-1, reducing cartilage
breakdown (Torzilli et al. 2010). For these reasons, PT and exercise should be part
of all treatment plans.

Other treatments used for arthritis may not be as beneficial, however. For
instance, NSAIDS carry significant risks: they have been shown to double the
chances of kidney injury in individuals over the age of 65 and increase the risks for
gastrointestinal bleeding and cardiovascular disease. Medication alternatives such
as acetaminophen may be associated with lower kidney and GI toxicity but is often
less effective than NSAIDS and may cause liver damage (Ong et al. 2007).

Injection techniques such as IA-C are performed several million times each year
in the United States for the treatment of OA pain; although this procedure provides
many patients with rapid analgesia, its benefits are generally short-lived, often last-
ing only a few weeks (Juni et al. 2015). When performed in a repeated fashion, IA-C
also carries the risks of decreased bone density (Al-Shoha et al. 2012), immune
system dysfunction (Sytsma et al. 2018), and cellular aging (Poulsen et al. 2014);
there is also now clear evidence that repeated IA-C injections will accelerate carti-
lage loss and worsen joint damage (McAlindon et al. 2017).

IA-HA is another procedure frequently used for patients with OA. Hyaluronic
acid, a normal part of synovial fluid, breaks down into smaller, less viscous mole-
cules in arthritis. In efforts to improve joint viscosity, reinjection of HA has been a
common procedure since the 1990s for these individuals (Temple-Wong et al.
2016). Hyaluronic acid, manufactured from rooster combs or bacterial sources, has
been shown to be effective: a 2006 Cochrane review of 76 studies demonstrated
improved pain and function for several months following IA-HA (Bellamy et al.
2006). Subsequent meta-analyses support both the clinical effectiveness for up to 6
months and the superiority to IA-C (Campbell et al. 2015a; He et al. 2017). IA-HA,
however, often provides only modest improvements in pain and function for many
patients, prompting major societies such as the American Academy of Orthopedic
Surgeons and the American College of Rheumatology to recommend against the
use of this procedure for the routine treatment of knee OA pain (Jevsevar 2013;
Kolasinski et al. 2020). These guidelines, however, do not consider the beneficial
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biological functions of IA-HA including the reduction of inflammatory cytokines
such as IL-1f, TNFa, and IL-6, and a decrease in joint-damaging enzymes such as
matrix metalloproteinases (MMP) (Nicholls et al. 2017). Further, HA increases the
synthesis of beneficial cartilage proteoglycan, extracellular matrix proteins, and tis-
sue inhibitors of metalloproteinases (TIMPs) (Campo et al. 2012; Nicholls et al.
2017; Waddell et al. 2007). These biologic activities appear to be magnified with the
use of higher molecular weight products (Bowman et al. 2018), and may confer
longer-term health benefits to the joint.

The other non-surgical procedure that has gained popularity for the treatment of
OA pain (particularly the knee) is the use of geniculate radiofrequency lesioning
(RFL) to ablate and reduce the nerve supply to the joint. This procedure has been
shown to provide better pain relief than IA-C at 3 months (Chen et al. 2020b) and
TA-HA at 6 months (Chen et al. 2020a) but does carry limitations; nerve ablation
may decrease joint position sense, one of the important goals of many physical
therapy and rehabilitation programs. If effective, RFL may need to be repeated
every 10—12 months to maintain analgesia. I generally recommend this procedure
for patients with end-stage OA who are not surgical candidates or for those who
have persistent pain after joint replacement surgery.

Although these interventions may help, they are insufficient to treat the millions
of adults in the United States with functional limitations from OA who are not surgi-
cal candidates (Hootman et al. 2016). Many patients remain in “orthopedic limbo™:
their pain is not significantly improved by traditional non-surgical treatments and
their arthritis is not severe enough to require joint replacement surgery. Non-cellular
biologic therapies such as PRP and ACS may offer additional analgesic benefits to
these individuals through modulation of neuroimmune mechanisms.

12.2 Dissociation of Pain and Degeneration

The diagnosis of OA is based on standardized radiologic criteria such as the
Kellgren—Lawrence (K-L) scale that includes four different categories of x-ray
findings:

Grade 1, doubtful narrowing of joint space and possible osteophytic lipping

Grade 2, definite osteophytes and possible narrowing of joint space

Grade 3, moderate multiple osteophytes, definite narrowing of joints space, some
sclerosis, and possible deformity of bone contours; and

Grade 4, large osteophytes, marked narrowing of joint space, severe sclerosis, and
definite deformity of bone contours

Although the K-L grading system has been used as the gold standard for OA
diagnosis for over 50 years, almost %2 of individuals who meet these criteria for knee
arthritis report little or no pain (Hannan et al. 2000). Similarly, while the prevalence
of radiographic hip OA in individuals over the age of 50 is nearly 20%, only about
4% experience significant symptoms (Kim et al. 2014). This dramatic disconnect
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between anatomy and symptoms challenges the validity of traditional diagnostic
criteria and necessitates that we revisit the drivers of pain in OA. Although central
sensitization is clearly a factor in regulating the severity of pain with any degenera-
tive condition (Arendt-Nielsen 2017), central modulation is not sufficient to explain
the diversity of symptom experiences, particularly in patients with bilateral disease
but only unilateral pain (Barreto et al. 2019) or the absence of pain with advanced
“bone on bone” OA. In these circumstances, peripheral biochemical alterations
clearly play a dominant role in defining the severity of OA symptoms.

12.3 The Link Between Neuroinflammatory Mediators
and Pain

Overexpression of inflammatory cytokines such as IL-1p, IL-6, and TNFa plays a
prominent role in the initiation of degenerative joint disease (Martel-Pelletier et al.
1992), and the severity of pain in OA correlates with several of these proteins
(Cuellar et al. 2009). Although cytokines likely play a diminished role for pain as
OA advances (Orita et al. 2011), their early activities induce the production of cata-
bolic enzymes such as matrix metalloproteinase (MMP) and a disintegrin and
metalloproteinase with thrombospondin motifs (ADAMTS) causing both joint ero-
sion and neural sensitization (Adams et al. 2015; Goldring and Otero 2011; Nicholls
et al. 2017; Pujol et al. 2009; Vandooren et al. 2014). MMP has several subtypes
(MMP-1, MMP-3, MMP-13) that are found in higher concentrations in patients
with arthritis (Yoshihara et al. 2000); likewise, ADAMTS type 4 and 5 are particu-
larly damaging to joint cartilage (Yang et al. 2017). This catabolic cascade is further
magnified by a parallel loss of growth factors such as TGF-f, FGF, IGF, HGF and
protective cytokines such as IL-1 receptor antagonist (IL-1Ra) (Arend et al. 1998;
Pujol et al. 2009). The composite of these biochemical activities ultimately leads to
joint space narrowing, osteophyte overgrowth, and the radiographic diagnosis of
OA (Blasioli and Kaplan 2014). The observed cytokine dysregulation in OA has led
to several medication trials of disease-modifying antirheumatic drugs (DMARDs)
in an attempt to slow or halt disease progression; unfortunately, these drugs have
been largely ineffective in improving pain and symptoms (Chevalier et al. 2009;
Chevalier et al. 2015). Effective, longer-term treatments for OA must address the
complex biochemical alterations that lead to OA progression.

12.4 The Biochemistry of a Healthy Joint

Although no single cytokine appears able to reverse the catabolic cascade of OA,
several are capable of improving the inflammatory changes of early OA and reduc-
ing pain (Pujol et al. 2009). IL-1Ra binds to the IL-1 receptor but does not induce a
intracellular response, thereby inhibiting the damaging effects of this cytokine
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Fig. 12.1 Cytokines, growth factors, and MMP need to be in balance to maintain joint health.
Cytokines such as IL-1 and TNF, and enzymes such as MMPs worsen cartilage damage; anabolic
factors such as TGF- and IL-1Ra augment the synthetic capacity of the synovial fluid and joint

(Arend et al. 1998). IL-10 is released by exercise and can both reduce pain and
resolve inflammation following injury (da Silva et al. 2015; Grace et al. 2016;
Sloane et al. 2009). Growth factors are also a critical component of healthy joints,
promoting both collagen and proteoglycan production. In particular, TGF-f plays
an important role in additionally reducing neuroinflammation and pain (Chen et al.
2015; Echeverry et al. 2009). The final category of proteins necessary for biochemi-
cal balance of the synovial fluid are TIMPS (the inhibitors of MMP and ADAMTS).
TIMPS perform a vital role in controlling levels of enzymatic tissue breakdown,
thereby offering joint and articular surface protection (Nakamura et al. 2020;
Yoshihara et al. 2000). The healthy joint needs these protective cytokines, anabolic
growth factors, and enzyme inhibitors to work in concert to maintain (or re-establish)
function and reduce pain. This balance is illustrated in Fig. 12.1.

12.5 The Spectrum of Regenerative Therapies

Regenerative pain medicine encompasses a diversity of both “biologic” and “non-
biologic” treatments. Common non-biologically based therapies include procedures
such as surgical microfracturing, tendon fenestration, and prolotherapy. In surgical
microfracturing, multiple lesions are created in the bone surface at the site of carti-
lage injury; this procedure has been shown to induce both cartilage growth and
clinical improvements in the treated joint (Bae et al. 2006). Tendon fenestration
employs a parallel process, where multiple needle passes create microinjury and
induce the proliferative phase of healing in a chronic tendon injury (Jacobson et al.
2016). Prolotherapy uses a combination of both chemical and mechanical processes
to produce controlled inflammation and induction of endogenous healing
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mechanisms in the target structure (Topol et al. 2011). In contrast, the biologically
based treatments rely on neuroimmune mechanisms rather than physical or chemi-
cal methods to induce tissue recovery, and include both cellular (stem cells) and
non-cellular (PRP and ACS) interventions. This chapter will present the non-cellular
treatments, their mechanisms of action, and their clinical effects in the treatment of
osteoarthritis.

12.5.1 Platelet-Rich Plasma (PRP)

PRP has been used clinically since the 1980s when it was found that platelet con-
centrates stimulated wound healing after surgery (Alves and Grimalt 2018). Platelets
contain over 300 growth factors such as transforming growth factor-p (TGF-p),
platelet-derived growth factor (PDGF), insulin-like growth factor (IGF), fibroblastic
growth factor (FGF), hepatocyte growth factor (HGF), epidermal growth factor
(EGF), vascular endothelial growth factor (VEGF), and others (Blair and
Flaumenhaft 2009; Hickey et al. 2003; Xie et al. 2014). In most PRP preparations,
white blood cells (WBCs) such as neutrophils and monocytes are also present in
varying concentrations. WBC concentrations may increase levels of pro-
inflammatory cytokines (Andia and Maffulli 2013), but also play a role in inducing
the healing cascade after injection. This progression of cellular activities after tissue
injury is shown in Fig. 12.2.

PRP contains additional anabolic factors such as tissue inhibitors of metallopro-
teases (TIMP-1, TIMP-2, TIMP-3, and TIMP-4) that promote cellular proliferation,
matrix formation, and collagen synthesis (Rughetti et al. 2008). The secreted growth
factors such as TGF-B, FGF, and IGF are also capable of recruiting endogenous
hematopoietic stem cells and progenitor cells to the site, furthering tissue restora-
tion (Baay et al. 2011; Crane and Cao 2014; Le Blanc and Mougiakakos 2012).
Several classification systems have been proposed to characterize the PRP products,
describing platelet counts, neutrophil, monocyte and growth factor concentrations,
and other variables (Lana et al. 2017); ongoing research continues to define the
optimal characteristics of PRP for various disorders. Two general methods of prepa-
ration include a “buffy coat” system and a “plasma-based” system. The buffy coat
system is named after the appearance of plasma following centrifugation: there
remains a “whitish” layer (the “buffy coat”) on top of the red cells. These systems
typically use a single, longer centrifugation process to isolate the platelet layer and
often contain a higher concentration of platelets and WBCs.

With a plasma-based process for PRP, two shorter centrifugation steps are often
performed; the initial centrifugation (a “soft spin”) keeps platelets in plasma sus-
pension; this plasma suspension subsequently undergoes a second spin to isolate the
platelets. This method often reduces the WBC concentrations in PRP (and the
potential for post-injection inflammatory pain) (Braun et al. 2014; Riboh et al.
2016); however, it also has the potential to reduce platelet counts and growth factor
concentrations (Fig. 12.3).
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Fig. 12.3 “Plasma” process for PRP. (a). Whole blood is collected with anticoagulant and briefly
centrifuged with low centrifugal forces (a “softspin”). This process keeps many of the platelets in
plasma suspension. (b). This plasma suspension then undergoes a second spin to concentrate the
platelets. Most of the PPP is then removed, and the platelets re-suspended in the remaining plasma
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PRP-based growth factors such as TGF-p, PDGF, IGF, FGF, EGF, VEGF, and
HGF have been shown to produce multiple beneficial effects including the reduction
of inflammatory cytokines such as IL-1P. The activation of NFxB, a critical
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transcription factor for immune and inflammatory processes, is also minimized in
osteoarthritic chondrocytes through suppression of CXCR4 in surrounding
monocytes/macrophages (Bendinelli et al. 2010; Blair and Flaumenhaft 2009;
Hickey et al. 2003; van Buul et al. 2011; Xie et al. 2014). TGF-f and other growth
factors additionally promote collagen and proteoglycan production, and chondro-
cyte proliferation (Akeda et al. 2006; J.-P. Pujol et al. 2009; Sun et al. 2010; van
Buul et al. 2011; Wu et al. 2011). PRP-based TIMPs suppress the activity of cata-
bolic enzymes such as MMP3, MMP 13, and ADAMTS, preserving cartilage
(Rughetti et al. 2008; Sundman et al. 2014). Collectively, these activities have been
shown to enhance cartilage and meniscal cell regeneration in animal models (Ishida
et al. 2007; Kwon et al. 2012); however, radiographic restoration of cartilage does
not appear to be significant when measured in in human trials (Hart et al. 2013). In
addition to direct growth factor and cytokine effects, PRP has been shown to
increase endogenous hyaluronic acid secretion in arthritis patients (Anitua et al.
2007), with presumptive improvements in synovial fluid viscosity (Detterline et al.
2008). Overall, PRP appears to improve the health of existing cartilage and tissues
by reducing concentrations of damaging cytokines and catabolic enzymes, aug-
menting beneficial cytokines and growth factors, and promoting endogenous hyal-
uronic acid production.

The majority of clinical trials of PRP have been in the treatment of knee osteoar-
thritis where reductions in pain and improvements in function have been demon-
strated by both cohort studies (Halpern et al. 2013) and randomized controlled trials
(Patel et al. 2013; Sanchez et al. 2012; Vaquerizo et al. 2013). Meta-analyses and
systematic reviews additionally support the use of PRP for mild to moderate OA,
finding superiority of PRP to IA-HA at 12 months or greater and level I evidence for
pain reduction at this period (Belk et al. 2020; Campbell et al. 2015b; Chang et al.
2014; Dai et al. 2017; Johal et al. 2019; Meheux et al. 2016; Sadabad et al. 2016).
However, the superiority of PRP over IA-HA has not been noted in all trials (Di
Martino et al. 2019; Filardo et al. 2015), leading to an ongoing debate as to the
optimal PRP preparation methods and WBC concentrations (Belk et al. 2020). It has
been further demonstrated that low platelet PRP products have limited effectiveness
in the treatment of knee OA (Bennell et al. 2021). The first randomized comparative
trial between PRP and bone marrow stem cells was performed in 2020; the interven-
tions were both found to be effective at 12 months and no difference in outcome was
seen between the treatment methods (Anz et al. 2020). The benefits of PRP appear
to be greatest in younger patients with earlier stage disease (Chang et al. 2014;
Halpern et al. 2013; Patel et al. 2013), likely because of greater autologous growth
factor concentrations and fewer senescent chondrocytes. Interestingly, although the
impact of hyaluronic acid injection by itself may be modest, there is growing evi-
dence that JA-HA enhances the benefits of PRP by further inhibiting MMP and
acting as a matrix for anabolic PRP activities (Chen et al. 2014; Dai et al. 2017,
Privata et al. 2019; Zhao et al. 2020).

PRP has also been studied for the treatment of tendinopathy; pre-clinical data
reveal that the injection of PRP-based growth factors such as TGFp and VEGF
increases the strength of healing tendons (Docheva et al. 2015; Rodik and
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McDermott 2016). Clinically, PRP demonstrates good longer-term outcomes for
patients with lateral epicondylopathy (Gosens et al. 2011; Johal et al. 2019; Mishra
et al. 2014; Peerbooms et al. 2010) faster recovery of ACL after surgery (Seijas
et al. 2013), and evidence of improved tendon healing after injury (Gautam et al.
2015). In a randomized trial, PRP was shown to be superior to dry needling in rota-
tor cuff disease (Rha et al. 2013); however, positive results with the use of PRP in
rotator cuff tendinopathy are not universal (Kesikburun et al. 2013; Rha et al. 2013;
Schwitzguebel et al. 2019). A 2016 meta-analysis of 18 studies further supports the
use of ultrasound-guided PRP in the treatment of chronic tendinopathies of multiple
locations (Fitzpatrick et al. 2017), although definitive conclusions and indications
for PRP use with various tendinopathies are still being clarified.

12.5.2 Autologous Conditioned Serum (ACS)

Whole blood incubation techniques have also been explored as a method to aug-
ment beneficial cytokines and anabolic growth factors. Initial research in this pro-
cess was performed in Germany and the United States in the 1990s, with the
subsequent development of ACS (Evans 2005; Wehling et al. 2007). ACS is now
used throughout Europe and in several sites in the United States (Evans et al. 2016).
In contrast to PRP, ACS is a filtered serum product without platelets or other cellular
components (Evans et al. 2016) (Fig. 12.4).

The ACS incubation process has been shown to significantly increase levels of
anti-inflammatory cytokines such as IL-1Ra, IL-4, and IL-10, as well as TGFp, a
critical growth factor for cartilage and tissue health (Evans et al. 2016). When used
in animal models, ACS produces thickening of tendons, higher concentrations of
type I collagen, and decreases in synovial hyperplasia (Frisbie et al. 2007). In addi-
tion to the important induction of cytokines and growth factors in ACS, it also
appears that extracellular vesicles such as exosomes may play a vital role in the
prolonged analgesia that is observed after injection (Shirokova et al. 2020). The
role of exosomes in biologically based therapies remains an active area of
investigation.

Initial published use of ACS for the treatment of knee arthritis pain included
1000 patients as part of a prospective, observational trial; WOMAC scores improved
by 75% in >70% of patients (Baltzer et al. 2003). A large, blinded, randomized
controlled trial (RCT) in 2009 demonstrated superior clinical outcomes of ACS over
IA-HA and placebo, and improvements were maintained for at least 2 years (Baltzer
et al. 2009). A smaller RCT by Yang et al. was also performed in patients with knee
OA; the primary outcome measure of this study did not reach significance; however,
the investigators noted that KOOS scores were significantly improved in the ACS
group at 12 months in comparison to the saline injections (Yang et al. 2008). The
benefits of ACS are further supported by a 2-year observational trial of 118 patients
who experienced a 62% decrease in VAS scores and a 56% decrease in WOMAC
scores at follow-up (Garcia-Escudero and Trillos 2015). Positive observational
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results have also been noted with the use of ACS for hip arthritis (Baltzer et al.
2013), rotator cuff pathology (Damjanov et al. 2018), and Achilles tendinopathy
(von Wehren et al. 2019). As a surgical adjuvant, ACS appears to improve outcomes
of ACL reconstruction, providing superior WOMAC and IKDC scores compared to
the control patients and significant decreases in the synovial fluid levels of IL-1
(Darabos et al. 2011).

12.6 Conclusions

It is increasingly clear that neuroimmune mechanisms drive symptoms in OA and
the biochemical imbalance that leads to disease progression is significantly respon-
sive to regenerative pain therapies. Despite the multitude of processing techniques,
there are common analgesic mechanisms that these therapies share, including the
enhancement of growth factors and anabolic cytokines. PRP and ACS have been
used for decades and demonstrate superiority to standard treatments such as steroid
or IA-HA injection, not only reducing symptoms, but potentially modifying disease
course. As research continues to clarify optimal processing methods and disease-
specific indications, the roles for these biologically based interventions will con-
tinue to expand in the non-surgical treatment of osteoarthritis.
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Exercise and Diet in the Control
of Inflammation and Pain
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Abstract Lifestyle choices, such as exercise and diet, can play significant roles in
mediating inflammation and consequently, pain. Functional medicine is an emerg-
ing medical specialty that focuses on lifestyle influences, genetics, and the environ-
ment to determine what is causing disease or chronic conditions such as chronic
pain. The foundation of functional medicine is the use of food as a first-line therapy.
The right nutrition, combined with the right lifestyle and behavioral interventions,
will help individuals take charge of their health. Healthy diets are enriched with
omega-3 unsaturated fatty acids, such as DHA (docosahexaenoic acid) and EPA
(eicosapentaenoic acid). These are precursors of specialized proresolving mediators
(SPMs) which are known to potently inhibit pain in various animal models of
inflammation. Exercise can profoundly change immune cell phenotypes and pro-
mote the resolution of inflammation and pain. In particular, a combination of exer-
cise and a healthy diet can facilitate the biosynthesis of SPMs from DHA and EPA,
generating synergistic health benefits.
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13.1 Introduction

Behavior change cannot be picked up at the pharmacy and taken twice daily. As a
result, exercise and diet are often overlooked in the management of pain in favor of
pharmacological, interventional, or surgical treatments. Nonetheless, exercise and
diet can have consequential roles in helping to reduce inflammation and attenuate
pain. Functional medicine is an emerging specialty that focuses on lifestyle influ-
ences, genetics, and the environment to determine what is causing disease or chronic
conditions such as chronic pain. The foundation of functional medicine is that life-
style and behavioral interventions can help individuals take charge of their health.
In this chapter, we examine the evidence backing various types of lifestyle modifi-
cations in the context of inflammation and pain and propose possible mechanisms
for these effects.

The role of diet in pain stands to reason; supplying the body with building blocks
for pro-resolution molecules such as specialized proresolving mediators (SPMs)
may be of benefit. Certain diets may also contribute by reducing or promoting
inflammation. Dietary interventions typically fall into three categories: restricting
or eliminating particular types of food (e.g., low-fat diets, gluten-free diets, keto-
genic diets, and vegetarian and vegan diets), altering total calorie intake, and sup-
plementation via the addition of non-drug products (such as fish oil).

The benefit of exercise, however, may initially seem counterintuitive. It is widely
accepted in the research field that pain is aversive, and that pain relief is rewarding
(King et al. 2009; Navratilova et al. 2012). So why do so many people seek out
strenuous exercise, and how can causing acute stress aid resolution? One well-
known phenomenon of exercise is the “runner’s high”; runners and many other ath-
letes often report experiencing a brief period of euphoria after intense exercise.
Endorphins, cannabinoids, and dopamine may be responsible for this phenomenon,
and each of these has been separately tied to pain modulation. Still, the runner's high
is just one of the many ways in which exercise interacts with the pain system. A
wealth of studies suggest that exercise may contribute to the resolution of inflamma-
tion and the attenuation of pain by interacting with the immune system.

Despite the difficulties in implementing behavior change as medicine, the role of
diet and exercise in chronic pain remains an important field of study. The mecha-
nisms underlying these effects should be elucidated both to highlight the impor-
tance of healthy habits and to improve the field’s understanding of protective and
pro-resolution mechanisms.

13.2 Exercise, Inflammation, and Pain

Exercise can reduce inflammation and pain (Gleeson et al. 2011; Runhaar et al.
2019). Exercise has long been used in rehabilitation programs, especially for
patients with chronic musculoskeletal conditions and chronic pain, and clinical
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trials support this practice for patients with conditions such as low back pain or
musculoskeletal pain (Tan et al. 2022; Van Middelkoop et al. 2010). In rodents,
swim therapy has been found to alleviate the chronic pain caused by nerve injury.
It was found in two studies that regular swim therapy sessions significantly
reduced the mechanical allodynia and thermal hyperalgesia in both rats with
chronic constriction injury (CCI) and mice with partial sciatic nerve ligation
(PSNL) compared to animals receiving a control intervention (Shen et al. 2013;
Kami et al. 2018). Rats with a spinal cord injury saw substantial improvements in
mechanical allodynia after commencing either of swimming and treadmill train-
ing as compared to stand training or no intervention (Hutchinson et al. 2004).
However, mice with chronic inflammatory and neuropathic pain exhibit deficits in
voluntary wheel running as well as other movement-related assays (e.g., open
field test, see Chap. 3). This presents a challenge: those who need exercise most
may find their condition inhibitive.

Exercise is not just beneficial in resolving pain: it’s also a powerful preventative
measure. Correlational epidemiology repeatedly finds that those who are more
active are less likely to develop a chronic pain condition (Law and Sluka 2017). This
is consistent with the notion that long periods of sitting, as many experience in their
day-to-day lives, can increase the excitability of pain pathways while decreasing the
inhibitory effects of the central nervous system (CNS), making people who sit for
long periods of time more susceptible to developing chronic pain. Conversely, regu-
lar exercise can decrease pain pathway excitability while increasing inhibitory
effects in both the central nervous system and the immune system, powerfully
reducing the risk of developing chronic pain. These ideas have led some experts to
declare chronic pain to be, in part, a “disease of inactivity” (Sluka et al. 2018). This
is also supported by animal research. Strikingly, six weeks of voluntary wheel run-
ning prior to nerve injury has been found to reduce the severity of pain and to hasten
recovery in rats (Grace et al. 2016). A similar trend was found in mice allowed
seven days of wheel running prior to establishment of chemotherapy-induced
peripheral neuropathy (Slivicki et al. 2019).

The use of exercise, however, is very much a balancing act: the act of exercising
can trigger pain in patients, which makes it difficult to continue exercise regimens
during rehabilitation programs. Studies using animal models of exercise-induced
pain suggest that activation of NMDA (N-methyl-D-aspartate) receptors in pain-
modulating areas may be the cause of this pain; in other words, the induction of
this pain follows a central mechanism (Sluka et al. 2018). A related concern is
that some animal work has relied upon forced, not voluntary, exercise. Still, expo-
sure to voluntary exercise has proven effective, even when animals exercised rela-
tively little (Pitcher et al. 2017). In other words, even a little exercise may go a
long way in helping relieve persistent pain. Extrapolating these data, it seems that
encouraging chronic pain patients to partake in any degree of physical activity
may be beneficial, even if their pain prevents them from engaging in strenuous
exercise.
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13.2.1 Release of Neurochemicals and Exerkines

The question remains: how does exercise exert these striking effects? One explana-
tion points to the release of neurochemicals—some of which may be at the root of
the “runner’s high.” Endorphins and endocannabinoids are two neuropeptides
released during exercise. Dopamine may also be stimulated by voluntary exercise.
Notably, these exercise-produced signaling molecules can serve as neuromodula-
tors and inhibit pain in certain contexts (Pilozzi et al. 2020). They are best known
for contributing to the phenomenon of the “runner’s high,” a brief feel-good period
after intensive exercise (Boecker et al. 2008; Fuss et al. 2015). Endorphins, or
“endogenous morphine” are named as such because they imitate the effects of mor-
phine, by binding to morphine receptors. Twenty different kinds of endorphins
exist; the one most tied to exercise is known as a beta-endorphin. Beta-endorphin is
also released during acupuncture and meditation (Han 2003). Endorphins tend to be
too large to cross the blood—brain barrier but may be endogenously produced in the
CNS and travel via cerebrospinal fluid (Veening et al. 2012).

Like endorphins, endocannabinoids are endogenously produced and can create
pleasurable feelings during exercise, in this case by acting on the endocannabinoid
system. Unlike endorphins, endocannabinoids are small enough that they can cross
the blood—brain barrier to reach the brain. In particular, endocannabinoids produce
effects similar to tetrahydrocannabinol (THC), the main psychoactive component
found in marijuana. Endocannabinoids are known to interact with sensory neurons
and microglia through both the cannabinoid 1 receptors (CB1) and cannabinoid 2
receptors (CB2), respectively. Notably, CB2 is expressed in spinal cord microglia
and activation of CB2 can induce an anti-inflammatory phenotype of microglia and
inhibit neuropathic pain in rodents (Romero-Sandoval et al. 2009).

A third hypothesis is that exercise may release dopamine. Ventral tegmental area
dopaminergic neurons are a critical part of the mesolimbic system. The exercised-
induced hypoalgesia provided by voluntary wheel running has been tied to increased
activation of the mesolimbic reward system (Kami et al. 2018). Recent studies using
a range of exercise protocols suggest that central inhibitory mechanisms may play a
role in the analgesic effect of exercise. Opioid, serotonin, and NMDA mechanisms
in the rostral ventromedial medulla all increase exercise-induced analgesia (Lima
et al. 2017).

The realization that skeletal muscle is an endocrine organ capable of secreting
myokines (e.g., interleukin-6 [IL-6]), which participate in tissue and immune cross-
talk, has provided a critical link between exercise and the health benefits it induces
(Whitham and Febbraio 2016). These myokines are a subset of the exerkines released
following exercise; there are cardiokines from heart, hepatokines from liver, adipo-
kines from white adipose tissue, baptokines from brown adipose tissue, and neuro-
kines from neurons. Based on these findings, exerkines are defined as a broad
category of signaling moieties released in response to acute and chronic exercise,
which exert their beneficial effects, including pain relief, through endocrine, para-
crine and/or autocrine pathways and neuroimmune interactions (Chow et al. 2022).
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These exerckines could interact with pain in numerous ways. Exercise triggers
multiple endogenous protective and repair processes by altering gene expression
and releasing a range of factors that prepare our body for the next challenge. These
factors involve anti-oxidation, energy metabolism, and anti-inflammation. Oxidative
stress can be triggered following an acute injury and cause secondary damage lead-
ing to chronic pain onset. Safakhah et al. examined whether exercise can reduce
these secondary mechanisms after CCI in animals. They found that post-injury exer-
cise not only reduced allodynia and hyperalgesia, but also increased ferric reducing
ability of plasma (FRAP) and reduced TNF-alpha levels (Safakhah et al. 2017).
Other ways in which exerkines may affect pain processing by inducing neuroplasti-
city and stimulating the secretion of BDNF (brain-derived neurotrophic factor)
(Chow et al. 2022). Chronic pain is commonly thought of as maladaptive long-term
potentiation (Ji et al. 2003); successful amelioration of SCI-induced allodynia via
treadmill exercise in rats has been tied to increased BDNF transcription (Hutchinson
et al. 2004). Still other exerkines may work to maintain brain homeostasis and con-
fer protection against pathological insults by regulating glial activation and neuro-
inflammation. Activated microglia and multiple pro-inflammatory cytokines play
active roles in the pathogenesis of pain as well as other neurodegenerative diseases,
such as Alzheimer’s disease (AD) and Parkinson’s disease (PD). It is safe to say that
pain is not the only neurological condition improved by exercise. In the following
section, we will explore how exerkines affect pain via crosstalk with the
immune system.

13.2.2 Immune Crosstalk in Exercise—Induced
Pain Modulation

In addition to its neuromodulatory effects, the anti-inflammatory effects of exercise
are also well recognized and documented (Gleeson et al. 2011; Runhaar et al. 2019).
Long-term exercise at low-to-moderate intensity beneficially regulates the inflam-
matory response (Mee-Inta et al. 2019). Nerve injury results in immune system
activation leading to an increase in proinflammatory cytokines at both the location
of injury and the spinal dorsal horn. Exercise has been found to stimulate macro-
phages to make a phenotypic switch, from a pro-inflammatory phenotype (M1) to
an anti-inflammatory phenotype (M2) in uninjured muscle and, after a nerve injury
and to promote the production of anti-inflammatory cytokines, contributing to an
analgesic effect. Much of this effect is thought to be regulated via exerkine secretion.

The cytokine IL-6 was the first identified myokine, as skeletal muscle releases
large amounts of IL-6 (Chow et al. 2022; Steensberg et al. 2000). Extensive research
has shown that IL-6 can be both proinflammatory and anti-inflammatory in a
context-dependent manner (Kistner et al. 2022). It was proposed that distinct signal-
ing pathways (classic-signaling and trans-signaling) may mediate different effects
of IL-6. The pro-inflammatory effects of IL-6 use trans-signaling by which IL-6
binds to a soluble form of IL-6 receptor. In contrast, the anti-inflammatory effects
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of IL-6 are mediated by classic-signaling in which IL-6 acts on the membrane-
bound non-signaling a-receptor. Notably, the levels of IL-6 may be reduced in sev-
eral neurodegenerative diseases, including Alzheimer’s disease and Parkinson’s
disease.

Other myokines may also exhibit different anti-inflammatory properties. IL-6
upregulates the expressions of anti-inflammatory cytokine IL-10 and IL-1 receptor
antagonist (IL-1Ra). IL-1Ra has a higher affinity for the IL-1R than IL-1o or IL-1.
Blocking the binding of IL-1 to its receptor interrupts the pro-inflammatory IL-1
signaling cascade and related microglial activity. It was found that long-term exer-
cise can increase the production and secretion of IL-10 in the skeletal muscles and
drives resident macrophages to take on an anti-inflammatory “M2” phenotype. This
phenotypic shifting has also been observed in spinal cord microglia following exer-
cise in a mouse model of neuropathic pain (Gong et al. 2017). Furthermore, inhibit-
ing IL-10 blocked the benefit of wheel running in mice with musculoskeletal pain
(Leung et al. 2016). These anti-inflammatory myokines can also be transported into
the CNS from the peripheral circulation. Thus, exercise can alleviate pain by upreg-
ulation of the anti-inflammatory cytokines and inhibition of microglial activation in
the spinal cord (Lesnak and Sluka 2020).

Recent evidence also points to the cytokine IL-4 as being an exerkine of critical
importance in exercise-induced pain modulation. In a mouse model of peripheral
nerve injury, two weeks of low-intensity exercise inhibited peripheral and central
neuroinflammatory responses via upregulation of IL-4 (Bobinski et al. 2018).
Moreover, treadmill exercise resulted in an increase in M2 macrophages and
decrease in M1 macrophages, which secrete anti-inflammatory and inflammatory
macrophages, respectively, in comparison to sedentary mice. Importantly, these
results were not seen in IL-4 knockout mice. Furthermore, IL-4 has been found to
contribute to pain amelioration by stimulating the secretion of endorphins from
macrophages at the site of nerve injury (Celik et al. 2020), perhaps suggesting a link
between exerkine and neuropeptide mechanisms.

13.2.3 Respiration and Circulation

Inflammation is notable for causing various breathing problems, perhaps most com-
monly seen in asthma, which affects over 20 million Americans. However, increased
breathing rate and thus circulation can contribute to reducing inflammation follow-
ing exercise. In general, decreased circulation reduces the body's ability to repair
damaged tissues and protect tissues against further damage, as the body requires the
flow of blood to deliver nutrients and carry away toxins, dead cells, and other debris.
Thus, not only does increased inflammation impair circulation, poor circulation can
also cause chronic inflammation. (Interestingly, as will be discussed later about the
diet, nutrients found in nuts, seeds, olive oil, and oily fish can help improve circula-
tory health while inhibiting inflammation). One group, examining the role of
improving heart circulation in mice as a method of treating coronary heart disease,
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found that activating blood circulation could help inhibit inflammation (Ma
et al. 2014).

Breathing during exercise can also activate the sympathetic nervous system. It is
well established that the sympathetic and parasympathetic nervous systems control
the heart rate. While the sympathetic nervous system releases catecholamines (epi-
nephrine and norepinephrine) to accelerate the heart rate, the parasympathetic ner-
vous system releases the hormone acetylcholine to slow the heart rate. Exercising
for any duration increases heart rate, which will stay elevated for as long as the
exercise is continued. At the beginning of exercise, the body removes the parasym-
pathetic stimulation, which allows the heart rate to gradually increase. As exercise
becomes more intensive, the sympathetic system acts to accelerate the heart rate
even more. By contrast, regular cardiovascular exercise over an extended period of
time is known to decrease your resting heart rate by increasing heart size, contractile
strength, and length of time the heart fills with blood. This results in an increase in
activity of the parasympathetic nervous system and decrease in sympathetic nervous
system. In short, an accelerated heart rate, as seen in exercise, requires the use of the
parasympathetic system to slow down.

The sympathetic nervous system has been linked to inflammation. The sympa-
thetic system is well known for the “fight or flight” response. In addition, it is part
of constant regulatory machinery that keeps body functions in a steady-state equi-
librium. The sympathetic nervous system operates closely with the hypothalamic-
pituitary axis (HPA) and the sensory nervous system and vagal nervous system
(VNS), to accomplish its functions. When a pathogen enters the body, local activa-
tion of immune cells releases proinflammatory mediators, which are able to excite
or sensitize (by lowering thresholds) of nociceptive afferent and vagal afferent nerve
fibers. The inflammatory signals reach to the brain and result in activation of the two
major stress axes, the HPA axis and the sympathetic nervous system. The proinflam-
matory cytokines IL-1p and TNF are crucial in this communication from the
immune system to the central nervous system. In turn, central sympathetic activity
also talks to the immune system, exhibiting direct effects on inflammatory cyto-
kines. In a study with hypertensive patients, central inhibition of the sympathetic
nervous system decreased peripheral TNF serum levels. Similarly, stress responses
that modulate sympathetic nervous system activity have a great impact on inflam-
mation. However, there might be a disruption of this communication between the
brain and the immune system in the course of protracted inflammation, as shown in
an arthritis model in rats. Thus, the activation of the sympathetic nervous system
during exercise may also influence inflammation through the increased sympathetic
nervous system activity (Wei et al. 2020).

Exercise has also been shown to benefit people with knee osteoarthritis.
Subchondral bone degeneration and synovitis are the main characteristics of knee
osteoarthritis, which can be exacerbated with mechanical overload, inflammation,
factors involving metabolism or hormones and aging. Although surgery for knee
osteoarthritis is available, it tends to be for patients with end-stage knee osteoarthri-
tis only. As such, exercise becomes an important part of treatment for those with
knee osteoarthritis. Exercise can not only inhibit inflammation and further
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degeneration of cartilage, it can also stop the loss of subchondral bone and metaphy-
seal bone trabeculae. According to recent studies, pain, stiffness, joint dysfunction,
and muscle weakness are also improved with exercise in patients with knee osteoar-
thritis. Varied forms of exercise, including aerobic exercise, strength training, neu-
romuscular exercise, balance training, proprioception training, aquatic exercise, as
well as traditional exercise can all provide benefits, such as reduced inflammation,
delayed cartilage and bone degeneration, and improved tendon and muscle structure
(Zeng et al. 2021).

The mechanisms by which exercise helps prevent the exacerbation of chronic
inflammatory diseases requires further elucidation. One study has shown that exer-
cise can promote resolution of acute inflammation by increasing levels of resolvin
D1 and macrophage phagocytic activity. The study found that mice given a four-
week treadmill exercise regimen had higher RvD1 and macrophage phagocytic
activity levels. They also found that neutrophil clearance occurred earlier after acute
inflammation. The authors further determined that exercise may achieve these
effects through the release of epinephrine, which is known to have immunomodula-
tory effects. Macrophages treated with epinephrine show higher levels of RvD1 and
15-lipoxygenase-1 abundance. These changes were prevented by incubation with
the ol adrenergic receptor (al1-AR) antagonist prazosin. It was found that stimula-
tion of al-AR with phenylephrine also enhanced RvD1 production and macrophage
phagocytosis. During acute inflammation, prazosin abrogated exercise-enhanced
neutrophil clearance, macrophage phagocytosis, and RvD1 biosynthesis. These
results point to the possibility that exercise-stimulated epinephrine enhances resolu-
tion of acute inflammation in an a1-AR-dependent manner (Zheng et al. 2019).

Of particular interest is a study from Harvard Medical School reported that
stretching can impact inflammation resolution. Tissue stretching was shown to acti-
vate local pro-resolving mechanisms in the acute phase of inflammation. In a rat
model of inflammation induced by carrageenan, stretching was shown to reduce
edema and neutrophil count and increase RvD1 concentrations within inflamed tis-
sue. Interestingly, subcutaneous resolvin administration could recapitulate the
action of stretching. The in vivo effects can be reproduced in ex vivo conditions,
which demonstrated that stretching of connective tissue was sufficient to inhibit the
migration of neutrophils and enhance tissue RvD1 concentration (Lisbeth Berrueta
et al. 2016).

Another study characterized the inflammatory lipid mediator response in blood
to unaccustomed resistance exercise in humans. It was found that acute proinflam-
matory signaling is mechanistically linked to the induction of an active resolution
program, regulated by proresolving lipid mediators during post-exercise period of
recovery. Postexercise recovery was characterized by elevated levels of cyclooxy-
genase (COX)-derived prostanoids, lipoxygenase-derived leukotrienes, as well as
eicosapentaenoic acid (EPA) and docosahexaenoic acid (DHA)-derived resolvins
(RvD1 and RVEI), and protectins. Notably, Ibuprofen, an anti-inflammatory treat-
ment, not only blocked the exercise-induced prostanoids but also suppressed the
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SPM response (Markworth et al. 2013). Thus, exercise-induced acute inflammation
may have beneficial effects by promoting SPM production and signaling.

13.3 Diet in Inflammation and Pain

Diet also plays a significant role in modulating inflammation. Microbiota and its
metabolites have been shown to alter CNS function. Probiotics restore the eubiosis
in the gut while a gluten-free diet, by modulation of microbiota profile and intestinal
permeability, can alter the activity of microbiota-gut-brain axis, which was associ-
ated with the pathogenesis of depression. Of note is that microbiota being able to
digest gluten may play a role in the formation of peptides with different immuno-
genic capacities. It was found that the combination of a gluten-free diet and probi-
otic supplementation may inhibit the immune-inflammatory cascade in major
depression disorder, improving both psychiatric and gut barrier-associated features
(Karakula-Juchnowicz et al. 2019).

Gluten-related disorders include Celiac disease (CD) and non-celiac gluten/
wheat sensitivity (NCG/WS). Both are triggered and worsened by ingestion of glu-
ten proteins. Other components, such as amylase/trypsin inhibitors and fermentable
oligosaccharides, disaccharides, monosaccharides and polyols, may also play a role
in the development of NCG/WS onset. The only effective treatment to date is a life-
long adherence to a strictly gluten-free diet. Emerging evidence shows the involve-
ment of intestinal barrier which regulates the delicate crosstalk between metabolic,
neuroendocrine, and immunological functions. Especially, the microbiota plays a
crucial role in regulating the gut integrity and inflammation process, which is asso-
ciated with the outbreak of CD and NCG/WS (Caio et al. 2020).

In NOD/ShiL.t] (NOD) mice, in which leukocytes infiltrate pancreatic islets to
produce insulitis, a lifelong gluten-free diet was found to decrease infiltration of
monocytes/macrophages and T cells in salivary glands, leading to reduced inflam-
mation in pancreatic islets. Thus, autoimmune diseases, such as type 1 diabetes
(T1D) and Sjogren's syndrome (SS), may be alleviated by a gluten-free diet (Haupt-
Jorgensen et al. 2022).

Omega-3 polyunsaturated fatty acids (PUFAs) are enriched in healthy diet and
fish oil and demonstrate a wide range of benefits in human health and animal dis-
ease models. PUFAs include eicosapentaenoic acid (EPA), docosapentaenoic acid
(DPA), and docosahexaenoic acid (DHA). It is generally believed that many of the
biological functions of PUFAs are mediated via bioactive metabolites, produced by
the actions of fatty acid oxygenases, including cyclooxygenases, lipoxygenases,
and cytochrome P450 monooxygenases (Ishihara et al. 2019).

In a clinical trial with EPA intervention, icosapent ethyl (the ethyl ester form of
EPA) demonstrates a significant improvement of cardiovascular events. Importantly,
EPA is a precursor for the formation of E series of resolvins, which belong to a
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subfamily of specialized proresolving mediators (SPMs). Resolvin E1 (RVE1) is the
best investigated member of E series of resolvins. It stimulates the resolution of
inflammation and reduces atherosclerosis through its specific receptor ChemR23
(also named ERV). Furthermore, -3 fatty acids produce additional benefits by
decreasing the levels of proinflammatory and proatherosclerotic leukotrienes.
Interestingly, the ratio of resolvins and leukotrienes is an emerging marker of resolv-
ing vs. non-resolving vascular inflammation. SPMs was shown to alleviate athero-
sclerosis independently of changing cholesterol and triglyceride levels. The findings
of the recent clinical trials of ®-3 fatty acid supplementation have demonstrated the
importance of the type and dose of ®-3 supplementation. They also highlight the
need for risk stratification in terms of patient selection for ®-3 supplementation for
prevention of primary and secondary cardiovascular diseases (Back et al. 2019).

Diet can have a profound impact on both inflammation and pain. One diet that
has been popularized as a method of reducing inflammation is the omega-3 diet.
Omega-3 fatty acids are also known as “essential fats” because they cannot be pro-
duced in the human body and thus must be obtained through food. These fats can be
divided into three groups: alpha-linolenic acid (ALA), eicosapentaenoic acid (EPA),
and docosahexaenoic acid (DHA). ALA can be found in various nuts, such as wal-
nuts, and many plants. EPA and DHA can both be found in cold-water fish, includ-
ing salmon and tuna. This section explores the effects of omega-3 fatty acids and
diets including these fats on inflammation and pain.

PUFAs have been found to be analgesic (Bjgrklund et al. 2019). EPA and DHA
are essential precursors for the biosynthesis of SPMs, which includes resolvins,
protectins, and maresins (Ji 2023; Serhan 2014). These mediators all act as potent
analgesics in various animal models of pain, including inflammatory, post-operative,
and neuropathic pain models. Resolvins can powerfully suppress inflammatory
pain. They are 1000 times more effective than EPA and DHA precursors found in
food items and 100 times more effective than morphine. These mediators not only
resolve inflammation, but also suppress neural plasticity, glial function, and
TRP (transient receptor potential) channel function (Ji 2023). Previous studies have
found fish oil diets to be ineffective for treating migraines and rheumatoid arthritis.
In these studies, however, it is ambiguous whether or not the PUFAs from the diets
were transferred to the patients in any significant way. In another study, in which
PUFAs were directly administered to patients suffering from migraines, patients
saw significant reductions in pain, supporting the effectiveness of PUFAs in sup-
pressing pain (Van De Ven and Ji 2013).

Another diet known to reduce inflammation is the ketogenic diet, which consists
of high-fat, low carbohydrate food that causes cells to rely on ketone rather than
glucose for energy. The ketogenic diet has been shown to be effective in treating
pediatric epilepsy and type II diabetes, and may potentially even reduce brain injury.
The cellular mechanisms enabled by a dependence on ketone suggest that the keto-
genic diet may be able to reduce pain and inflammation. One study found a signifi-
cant reduction in inflammation in rats given a ketogenic diet, based on hindpaw
swelling and plasma extraversion measurements. In addition, the diet resulted in
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thermal hypoalgesia. As such, the ketogenic diet may be another option for reducing
inflammation via diet (Ruskin et al. 2009).

Another study examined the effects of a meat-, gluten-, and lactose-free diet in
rheumatoid arthritis patients. They found that the diet reduced the number of circu-
lating leukocytes and neutrophils, as well as the level of hs-C-Reactive Protein after
three months, suggesting that such a diet may help further control inflammation in
rheumatoid arthritis patients who already have proper drug treatments in place
(Guagnano et al. 2021).

Conversely, some diets can also contribute to inflammation. The stereotypical
“western diet,” full of processed oils and fats, and known for promoting obesity, has
been identified as a diet that can promote inflammation through omega-6 PUFAs.
Omega-6 PUFAs can be found in many vegetable oils, such as sunflower, corn,
soybean, and cottonseed oils. These PUFAs can build up in membrane phospholip-
ids, then oxidize into pronociceptive oxylipins to induce pain. In mice, omega-6
PUFAs have been found to induce peripheral neuropathy, perhaps explaining the
neuropathy found in many obese but non-diabetic people (McGinnis and Ji 2021).
In particular, mice administered an w-6 PUFA-enriched diet develop lasting hyper-
sensitivity, develop persistent spontaneously active and hyper-responsive glabrous
afferent fibers, and histologic markers of peripheral nerve damage characteristic of
peripheral neuropathy. Moreover, omega-6 PUFAs, such as linoleic and arachidonic
acids, build up in lumbar dorsal root ganglia and can be allowed to move more eas-
ily by phospholipase PLA2 activity. Omega-6-induced peripheral neuropathy is
reversible, however, by either inhibiting platelet-activating factor acetylhydrolase
(PLA2G7) or with a diet rich in omega-3 PUFAs. These treatments can reduce noci-
ceptive behaviors, neurophysiologic abnormalities, and afferent histopathology
induced by high omega-6 consumption in mice. Omega-6 PUFA accumulation also
worsens allodynia found in preclinical inflammatory and neuropathic pain models,
which is highly correlated with many pain indices of clinical diabetic neuropathy
(Boyd et al. 2021).

13.4 Conclusions and Future Directions

This chapter examined the benefits of exercise and diet in terms of reducing inflam-
mation and pain. During exercise, the release of neurochemicals (i.e., endorphins
and endocannabinoids) and increased respiration and circulation can help reduce
inflammation. Over time, exercise can also contribute to altering fat composition,
increasing brown fat while decreasing white fat, which is associated with inflamma-
tion. Moreover, exercise results in release of epinephrine and IL-6, which can pro-
mote SPM levels and phagocytic activity by macrophages to resolve inflammation.
Exercise is particularly helpful to those with knee osteoarthritis, which otherwise
impairs mobility and decreases quality of life.
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Diet can also play an important role in reducing inflammation, with omega-3
PUFAs, found in fish oil, containing precursors for a variety of SPMs, all of which
help resolve pain and inflammation. High-fat, low-carbohydrate ketogenic diets and
meat-, gluten-, and lactose-free diets were also shown to decrease inflammation. On
the other hand, omega-6 PUFAs, often found in vegetable oils used in high-fat
“western” diets which promote obesity, increase inflammation, leading to painful
peripheral neuropathy. The effects of omega-6 PUFAs, however, can be reversed via
the administration of omega-3 PUFAs.

The anti-inflammatory effects of both exercise and omega-3 diets may depend on
SPMs. SPMs consist of cell signaling molecules that are produced via the metabo-
lism of PUFAs by one or several of the enzymes, including lipoxygenase, cyclooxy-
genase, and cytochrome P450 monooxygenase. SPMs have potent anti-inflammatory
and neuroprotective capabilities. As mentioned before, SPMs consist of resolvins,
protectins, and maresins and possess potent analgesic actions in various animal
models (Ji 2023). Exercise and diets can effectively change immune cell phenotypes
and contribute to the resolution of inflammation and pain. We highlight that a com-
bination of exercise and a healthy diet can facilitate the biosynthesis of SPMs from
omega-3 PUFAs, leading to synergistic health benefits (Figs. 13.1 and 13.2).

Regulating inflammation
through exercise
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Fig. 13.1 Regulation of inflammation through exercise. Exercise can help regulate inflammation
through a variety of processes, including the release of neurochemicals, respiration, and changing
fat composition. The latter two processes contribute to increased metabolism. In such a way, exer-
cise is able to promote the regulation of inflammation in various ways, leading to pain relief
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Fig. 13.2 Effects of exercise on a nerve-injured rodent. Exercise drives pain relief at multiple
levels. In all nervous tissues (nerve, spinal cord, and brain), endocannabinoids and -endorphins
modulate neuronal activity. IL-4 and IL-10 drive microglia toward an anti-inflammatory phenotype
in the spinal cord and macrophages toward a similar phenotype near the injured nerve. In skeletal
muscle, IL-6 drives secretion of IL-10 and IL-1Ra, contributing along with other myokines toward
reduction of chronic inflammation and chronic pain
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Chapter 14
Mechanisms-Based Pain Therapies

Raissa Quezado da Nobrega, Ru-Rong Ji, and Jianguo Cheng

Abstract Chronic pain is a prevalent disease with high impact on public health and
individual’s quality of life. Understanding the complex mechanisms and causes of
pain is crucial for precise diagnosis, adequate management, and better patient out-
comes. As we deepen our knowledge, new therapeutic targets and strategies are
expanding and becoming more mechanism-based. Current mechanism-based thera-
pies include approaches to modulating the transduction, conduction, transmission,
perception, and adaptation of pain through pharmacological, interventional, surgi-
cal, physical/psychological behavioral treatments. Increasing evidence suggests
that some of these treatments can not only alleviate pain symptoms but also control
disease progression by modulation of inflammation and neuroinflammation.

Keywords Acupuncture - Cognitive-behavioral therapy - Electrotherapeutics -
Integrative therapy - Interventional therapy - Multimodal therapy - Nerve blocks -
Nerve ablation - Peripheral nerve stimulation - Pharmacotherapy - Physiotherapy -
Spinal cord stimulation - Transcutaneous electrical nerve stimulation (TENS)

14.1 Introduction

Chronic pain affects approximately 50 million Americans and contributes to an esti-
mate $560 billion per year in health care costs (Cheng et al. 2020; Dahlhamer et al.
2018). Despite the scientific advances and better understanding of the
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pathophysiology of chronic pain over the past decades, the management of chronic
pain remains challenging. Chronic pain can be a result of the dysfunction of multi-
ple disease processes involving complex neural components such as peripheral
nerves, the spinal cord, and higher brain centers (Vardeh et al. 2016). For a given
pain condition, different pain mechanisms can be present simultaneously (e.g.,
nociceptive, nociplastic, neuropathic). The condition can also be affected by the
patient’s comorbidities, gender, genetics and epigenetic factors, and psychosocial
factors (Mills et al. 2019). Thus, identifying the exact mechanism involved can be
challenging or even impossible due to limitations in our understanding of the pain
conditions. Consequently, the treatment is frequently guided by the diagnosis and
symptoms’ characteristics (Cohen et al. 2021). Furthermore, therapies may lack
specificity, have different mechanisms, and act on several targets causing unwanted
side effects. Hence, it is fundamental to thoroughly assess the patient and accurately
define the diagnosis and differential diagnosis, taking into consideration of the anat-
omy, cellular and molecular mechanisms, genetic implications, and the influences
of biopsychosocial factors as anxiety, depression, social economic status, and pain
catastrophizing (Cheng 2018; Cheng et al. 2020). Whenever possible, mechanism-
based therapy for pain should be the guiding principle for pain management and
pain research. Currently, a patient-centered, multimodal, and integrated approach is
the best practice for optimal clinical outcomes (Cheng 2018; Cheng et al. 2020). In
this chapter, we concisely review the commonly used and mechanism-based thera-
pies that include pharmacological treatments, interventional procedures, surgeries,
and physical and cognitive behavioral therapies (PT and CBT).

14.2 Pharmacological Therapies

Understanding the underlying pain mechanism is important in order to guide selec-
tion of medications for optimal pain relief. For example, neuropathic pain occurs
when there is a lesion within the somatosensory nervous system leading to ectopic
activity by voltage-gated sodium channels and transient receptor channels causing
pain. Thus, medications that target and modulate those channels such as carbamaze-
pine and lidocaine have a role on the treatment. Nociceptive pain is associated with
nociceptor activation by an inflammatory process and can be treated by using non-
steroidal anti-inflammatory drugs (NSAIDs) and tumor necrosis factor inhibitors
(Scholz and Woolf 2002). Central mechanisms of pain are therapeutic target as well.
When the peripheral noxious input reaches the spinal cord dorsal horn, there is
release of substance P and glutamate into the synaptic cleft. Glutamate receptors
such as N-methyl-D-aspartate (NMDA) and a-amino-3-hydroxy-5-methyl-4
isoxazolepropironic acid (AMPA) receptors play a role in the transmission of pain
signals to supraspinal centers and in central sensitization of pain at the spinal cord
level. Compromise of spinal inhibitory effects by GABAergic or glycinergic inter-
neurons in the spinal cord is another mechanism of central sensitization. Furthermore,
activation of immune cells (microglia) and glial cells (astrocytes) also contributes to
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central sensitization through cytokine/chemokines release. Moreover, reduced
descending inhibitory control from supraspinal centers may also contribute to cen-
tral sensitization. Inhibiting the reuptake of neurotransmitters necessary for this
path by antidepressants or NMDA receptors antagonists can lead to pain relief
(Rekatsina et al. 2020). Multiple mechanisms may be present simultaneously in dif-
ferent pain conditions so that anti-inflammatory drugs, commonly prescribed for
nociceptive pain, might sometimes work for a neuropathic condition and a mem-
brane stabilizer, such as antiepileptic drugs, might improve postsurgical pain
(Scholz and Woolf 2002).

The commonly used medications include local anesthetics, NSAIDs, anticonvul-
sants, antidepressants, muscle relaxants, opioids, and ketamine, among other drugs.
The therapeutic targets are summarized in Table 14.1, while the guiding principle
for selection of drugs are shown in Table 14.2. The mechanism of action of the local
anesthetics is through a reversible blockade of voltage-gated sodium channels,
inhibiting action potential propagation (Hermanns et al. 2019). NSAIDs reduce
inflammation by inhibiting the COX enzyme, responsible for catalyzing the conver-
sion of arachidonic acid into prostaglandins. The NSAIDs are divided into selective
(COX-1) or non-selective (COX-2), with celecoxib representing a unique COX-2
selective medication that has decreased gastrointestinal symptoms (Bovill 1997).
Anticonvulsants medications are membrane stabilizers that block calcium or sodium
channels. Those channels play an important role in peripheral and central hyperex-
citability (Sills and Rogawski 2020). Most muscle relaxants act centrally, activating
alpha-2 adrenergic receptor and presumably increasing presynaptic inhibition of
motor neurons (tizanidine) or inhibiting 5-HT?2 receptor (cyclobenzaprine), improv-
ing muscle spasms (Coward 1994; Kobayashi et al. 1996). Baclofen may cause
muscle relaxation via activation of GABAB receptors. Opioids activates mu, kappa,
or delta opioid receptors to produce analgesia. Those receptors are coupled with G1
proteins, and the resulting effect is mainly inhibitory with a resulting hyperpolariza-
tion and reduction in neuronal excitability (Bovill 1997). There are multiple classes
of antidepressants used in pain management including serotonin-norepinephrine
reuptake inhibitors (e.g., duloxetine and tricyclic antidepressants (TCAs)), selective
serotonin reuptake inhibitors (e.g., fluoxetine) and selective norepinephrine reup-
take inhibitors (e.g., tapentadol). These medications have inhibitory influence on
nociceptive transmission through enhancing the descending bulbospinal inhibitory
pathway (Fishbain et al. 2000). Ketamine is an anesthetic used to manage refractory
chronic pain through its action inhibiting the NMDA receptors (Pickering et al.
2020). Many of the medications have a complex mechanism, frequently acting in
multiple sites. For example, tramadol is a mu opioid receptor agonist but also inhib-
its serotonin and norepinephrine reuptake; methadone is a Mu opioid receptor ago-
nist and a NMDA receptor antagonist; and gabapentin blocks voltage-gated calcium
channels and modulates other targets such as transient receptor potential channels
and NMDA -receptors.

The search for new pharmacotherapies continues due to limitations of the current
treatments, such as lack of efficacy or undesirable adverse effects. Recently, oliceri-
dine, a biased opioid medication, was Food and Drug Administration
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Table 14.1 Therapeutic agents in clinical practice

Therapeutic target/
mechanisms

Representative drugs

p opioid receptor agonists

Opioids: Morphine, Hydrocodone, Hydromorphone, Methadone,
Fentanyl, Tramadol, Tapentadol

Cyclooxygenase (Cox-1 and
Cox-2) non-selective
inhibitors

Meloxicam, Ibuprofen, Naproxen

Cox-2 selective inhibitor

Celecoxib (NSAIDs)

Voltage-gated sodium
channels: non-selective
blockers

Antiepileptic drugs: Carbamazepine, Oxycarbazapine; Local
anesthetics: Lidocaine, Bupivacaine, Ropivacaine

Voltage-gated calcium
channels: Cay2.2 blocker

Ziconotide (used intrathecally for cancer and chronic non-cancer
pain)

Ca?* channel o251 subunit
blocker

Gabapentinoid: gabapentin, pregabalin (Antiepileptic drugs)

TRPV1 agonists

Capsaicin, Resiniferatoxin (RTX)

NMDA Receptor antagonist

Ketamine, a dissociative anesthetic

SHT 1B/D agonists

Triptans for Migraine

SHT/NE transporter,
serotonin-norepinephrine
reuptake inhibitors (SNRIs)

Duloxetine (Antidepressants); Tramadol, Tricyclic
antidepressants: Amitriptyline, Nortriptyline, Desipramine, etc.

SHT transporter, serotonin
selective reuptake inhibitors
(SSRIs)

Fluoxetine (alleviation of nociceptive pain, and attenuation of
opioid tolerance and dependence)

Norepinephrine transporter,
Norepinephrine reuptake
inhibitors (NRI)

Tapentadol

Adrenergic o2 receptor
agonist

Tizanidine (muscle relaxant)

SHT?2 receptor antagonist

Cyclobenzaprine (muscle relaxant)

Synaptosome-associated
protein (SNAP-25)

Botulinum toxin A

Vesicle-associated membrane
protein (VAMP)

Botulinum toxin B

CGRP receptor monoclonal
antibody

Erenumab for migraine headache prevention

CGRP monoclonal antibodies

Fremanezumab, Galcanezumab, and Eptinezumab for migraine
headache treatment and prevention

TNF-a inhibitors

Infliximab, Adalimumab, Etanercept, Golimumab, and
Eertolizumab for rheumatoid arthritis (RA), juvenile arthritis,
psoriatic arthritis, plaque psoriasis, ankylosing spondylitis,
ulcerative colitis (UC), and Crohn’s disease

(FDA)-approved for the management of acute pain in controlled settings for its
selectivity for the mu-receptor and reduced side effects due to low potency for beta-
arrestin recruitment (Markham 2020; Tan and Habib 2021). Also, biologic therapy
through the use of monoclonal antibodies (mABs) takes advantage of its high
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Table 14.2 Selection of therapeutic agents in clinical practice

Types of pain Nociceptive Neuropathic Nociplastic
Mechanisms Nociceptor Lesion of the Immune and inflammatory
activation by somatosensory nervous | processes leading to
inflammatory system leading to peripheral sensitisation and
process ectopic discharge central sensitisation
Examples Somatic: bone Central: spinal cord Fibromyalgia, irritable
fracture, metastases, | injury, stroke, bowel syndrome, complex
muscle spasm, Parkinson’s disease, regional pain syndrome
osteoartrhitis, multiple sclerosis type 1, temporomandibular
postoperative pain, | Peripheral: Diabetic (TMJ) disorder
burns neuropathy,
Visceral: postherpetic neuralgia;
cholecistitis, trigeminal neuralgia,
nephrolithiasis, CRPS-2, chemotherapy-

angina, mesenteric | induced neuropathy
ischemia, cancer

Nonsteroidal Y ? Y
anti-inflammatory

drugs (NSAIDs)

Analgesics (e.g. Y Y Y
acetaminophen)

Anticonvulsants ? Y Y
Antidepressants Y Y

Opioids Y ? ?

Image guided Y Y Y for CRPS-1 and TMJ
injections pain
Neuromodulation Y Y for CRPS-1
Exercise Y Y Y
Behavioural Y Y Y
interventions

affinity and specificity for predetermined ligands or targets in pain transmission and
neurogenic inflammation with reduced adverse effects. Calcitonin gene-related pep-
tide (CGRP) binds to calcitonin-like receptors and activates the cascade involved
with nociceptive transmission. Several mABs against CGRP or CRRP receptors
have been successfully utilized in clinical practice for prophylaxis and treatment of
headaches based on strong evidence provided by high-impact clinical trials. Another
therapy frequently used in the management of migraine headaches is botulinum
toxin, which involves multiple and complex mechanisms in the peripheral and cen-
tral nervous systems including reducing expression of critical pain-related the chan-
nels and receptors and inhibiting secretion of neurotransmitters that are related to
peripheral and central sensitization (Matak et al. 2019; Sim 2011).

Emerging new molecular targets are under investigation or in clinical trials. For
example, anti-nerve growth factor (anti-NGF) antibodies are a promising therapy
for osteoarthritis with studies showing improved pain control and function; how-
ever, meta-analyses of clinical trials identified adverse effects in patients treated
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with tanezumab (Sdnchez-Robles et al. 2021). The transient receptor potential
ankyrin 1 (TRPAT) has a major role in pain and several studies have showed its role
in the inflammatory and immune response. Despite exciting preclinical findings,
clinical trials had disappointing pharmacokinetics and pharmacodynamic features
(Souza Monteiro de Araujo et al. 2020). Other analgesic target is the voltage-gated
sodium channel Nav1.7, but human data so far has been disappointing in chronic
pain conditions (Nguyen and Yarov-Yarovoy 2022).

14.3 Non-pharmacological Therapies

Acupuncture is part of the traditional Chinese medicine and has been used for more
than 3000 years. It provides pain relief by activating a variety of bioactive chemicals
through peripheral, spinal, and supraspinal mechanisms, include endogenous opi-
oids, serotonin, and norepinephrine. Endogenous opioids desensitize peripheral
nociceptors and reduce proinflammatory cytokines peripherally and in the spinal
cord. Serotonin and norepinephrine may decrease spinal NMDA receptor subunit
GluN1 phosphorylation (Zhang et al. 2014). Activation of the descending inhibitory
pathways may also contribute to acupuncture analgesic effects. A placebo effect
may also account for some of the analgesic effects. Functional magnetic resonance
imaging (MRI) studies have identified signal changes in the brain regions associated
with nociceptive processing and pain perception (e.g., insula, thalamus, median pre-
frontal cortex); however, the available data shows no difference between verum and
sham acupuncture group. Nevertheless, it has been shown that the procedure pro-
vided pain relief in many painful conditions. Based on favorable benefit/risks ratio
and low cost, the procedure is among the treatments recommended for low back
pain by the American College of physicians (Coutaux 2017; Ezzo et al. 2000).

The transcutaneous electrical nerve stimulation (TENS) is a non-invasive, inex-
pensive, self-administered technique to relieve pain. TENS techniques include con-
ventional TENS, acupuncture-like TENS and intense TENS. Clinical experience
and systematic reviews suggest that TENS is beneficial for several types of chronic
pain and possibly for acute pain as an adjunct to pharmacotherapy. The mechanisms
of TENS are to selectively activate large diameter non-noxious afferents (A-beta) to
reduce nociceptor cell activity and sensitization at a segmental level in the central
nervous system. Pain relief with conventional TENS is rapid in onset and offset and
is maximal when the patient experiences a strong but non-painful paresthesia
beneath the electrodes (Johnson 2007).
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14.4 Interventional Procedures

Interventional techniques for pain management have increased significantly in the
past 20 years. These procedures can be diagnostic (e.g., facet medial branch block)
and/or therapeutic (e.g., radio frequency ablation [RFA]) and randomized studies
showed that when these techniques are performed under a multimodal approach, the
outcome is better compared to the injections alone (Cohen et al. 2014). Intraarticular
injections of corticosteroids, hyaluronic acid, or blood-derived products aim to tar-
get the inflammation at several levels of the cascade, restore lubricant and shock-
absorbing effect and reduce synovial inflammation, and deliver a broad spectrum of
growth factors and other specific molecules to the injury site, respectively (Ayhan
et al. 2014). Guidelines recommend intraarticular steroid injection for inflammatory
disease such as osteoarthritis that affects large and medium joints; however, fre-
quent injections may cause decrease in cartilage volume (Cohen et al. 2021). Nerve
blocks with local anesthetic with or without steroid aim to reversibly block the
nociceptive afferent fibers and decrease the inflammation process. Interestingly, the
clinical response for the blocks often far outlasts the pharmacological effect of the
medications and a central or systemic effect might also be present (Caracas et al.
2009; Gracely et al. 1992). Epidural steroid injection (ESI), for example, is rou-
tinely performed for conditions such as radiculopathy. A recent meta-analysis
showed that the use of ESI for lumbosacral radicular pain is more effective com-
pared to conservative measures (Yang et al. 2020) and only low-quality data sup-
ports the procedure for non-radicular pain(Cohen et al. 2013). For cervical conditions
as disc herniation or stenosis, level II evidence supports ESI for long-term pain
improvement (Manchikanti et al. 2015). Nerve ablation is a modality that irrevers-
ibly blocks the nociceptive afferent signal and possibly provides a longer-term relief
of joint pain or peripheral neuropathic pain conditions through radio frequency
ablation (RFA), cryoneurolysis, chemoneurolysis (phenol or alcohol), and balloon
compression. RFA is the most frequently performed procedure in this category and
targets sensory nerves without a significant motor component (alpha fibers). It is
most commonly used to provide longer-term pain relief from facet, sacroiliac, knee,
and other joints depending on the technique applied and patient characteristics
(Cohen et al. 2021). The duration of pain relief is believed to be limited by re-
innervation of the target region through regeneration of the ablated nerve fibers and/
or sprouting of adjacent nerve fibers.

14.5 Surgical Approach

There are multiple surgical procedures designed for chronic pain conditions, par-
ticularly involving large joints and the spine. Large joint procedures such as total
knee or hip replacement not only can reduce pain but also improve functionality.
Studies showed that up to 38% of the patients continued to have post-surgical pain
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after the arthroplasty (Fletcher et al. 2015), most likely due to neuropathic, noci-
plastic, or a central component of the pain. Spine surgeries, such as laminectomy,
foraminotomy and discectomy, aim to decompress specific nerves, decrease the
inflammatory process, and improve pain and other symptoms. The outcomes are
variable depending on many factors. For example, in a systematic review, low-
quality evidence supported surgical decompression for lumbar disc herniation com-
pared with non-surgical management for pain improvement at 6-month and physical
functions at 1-year follow-up (Chen et al. 2018). For lumbar discogenic pain, no
significant differences in disability scores were identified between patients who had
lumbar fusion versus the nonoperative group (Chen et al. 2018), suggesting that
lumbar fusion is not indicated unless there is a significant spinal instability. A sys-
tematic review showed that patients with degenerative cervical myelopathy that
underwent surgical management had similar functional outcomes compared to the
non-surgical group, although those managed conservatively had higher rates of hos-
pital admission and treatment for spinal cord injury (Rhee et al. 2017).

14.6 Neuromodulation

Neurostimulation is a growing field in pain management and is discussed in detail
in Chap. 14. This modality of treatment provides pain relief by electrical modula-
tion of the nervous system through spinal cord stimulator (SCS), dorsal root gan-
glion stimulator (DRG) and peripheral nerve stimulator (PNS), among others. Here,
we briefly highlight the major advances of neuromodulation in recent years.

SCS is most frequently used to treat failed back surgery syndrome (FBSS), non-
surgical refractory back pain (NSRBP), painful diabetic neuropathy (PDN), and
complex regional pain syndrome (CRPS). Electrode(s) are implanted percutane-
ously or surgically in the posterior epidural space in the thoracic or cervical spine to
target the dorsal column of the spinal cord. The mechanisms of action are complex
and not fully understood, although it is initially based upon the gate control theory.
More recent studies indicate that both neuronal and non-neuronal mechanisms may
contribute the therapeutic effects. For example, RNA sequence analysis studies
reveal that SCS-induced differentially-expressed genes (DEGs) are concentrated
around signaling pathways in the immune functions mediated by microglia, and
synaptic signaling/cell-cell signaling/trans-synaptic signaling between neuronal
cells (Stephens et al. 2018).

In recent years, several high-impact randomized controlled trials (RCT) provide
strong evidence supporting the efficacy of SCS in several refractory pain conditions.
In failed back surgery syndrome, two RCTs observed significant pain improved
when SCS was compared to conservative medical treatment alone (Kumar et al.
2007, 2008). However, in these studies SCS was less effective to manage low back
pain compared to leg pain. More recently, new modalities have been used to address
low back pain through multicolumn leads and new stimulation modalities such as
high-frequency (10 k Hertz) stimulation (HF-10), burst stimulation, and close-loop
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stimulation with better outcomes (Moisset et al. 2020). A RCT demonstrated supe-
riority of high-frequency (HF-10) SCS over traditional SCS with higher success
rates (~80%) in reducing both the back and leg pain by at least 50% in patients with
FBSS (Kapural et al. 2015). This effect was sustained in 24-month follow-up
(Kapural et al. 2016). HF-10 SCS was further studied for non-surgical refractory
back pain in a RCT that demonstrated similar efficacy in follow-up over 12 months,
providing evidence for durability of the therapy to improve pain, physical function,
quality of life, and opioid use (Kapural et al. 2022). Notably, in a recent RCT, HF-10
SCS has been demonstrated to achieve 85% success rate in reducing pain by at least
50% in patients with painful diabetic neuropathy (PDN), a common and debilitating
complication of diabetes, in contrast to conventional medical management (CMM),
which has a success rate of 5%.

Closed-loop SCS takes advantage of recording and utilizing evoked compound
action potentials (ECAP) from spinal cord stimulation to automatically control the
stimulus intensity of SCS through a closed-loop feedback mechanism, thereby to
deliver stimulation at therapeutic intensity continuously. This modality has recently
FDA-approved for clinical application for patients with failed back surgery syn-
drome or non-surgical refractory back pain, based on a recently published RCT
(Mekhail et al. 2020, 2022).

DRG stimulation has recently been studied in patients with CRPS in the lower
extremity in a RCT. Specifically designed electrodes are placed in close proximity
to the DRGs concordant to the involved regions of the CRPS in the leg, such as L4,
L5, and S1 DRGs. The RCT demonstrated that DRG stimulation is safe, efficacious,
and superior compared to SCS in managing CRPS in the lower extremities (Deer
et al. 2017). PNS may be considered when the pain is restricted to one or two spe-
cific nerve distribution. More detailed information is provided in a systematic
review we recently published (Xu et al. 2021).

14.7 Physical and Cognitive Behavioral Therapies

Decreasing pain and restoring function are the primary goal of physical therapy
(PT). The treatment plan is delineated by the physical therapist and might include
manual therapy (e.g., massage and joint manipulation), exercise, education, TENS,
heat/ice, among others. Although mechanisms of PT are complex, studies have
shown that clinical practice might be guided by mechanistic understanding of the
particular pain condition at hand. For example, if a nociceptive-driven pain is sus-
pected, a region-specific exercise might have a better outcome compared to a pain
with a central sensitization component that may benefit more from a generalized
strengthening or aerobic exercises with a focus on modulating central inhibition and
excitation (Chimenti et al. 2018).

Cognitive behavioral therapy (CBT) is the most common psychological approach
for patients with chronic pain and consists of evaluating and managing maladaptive
thoughts and behaviors with the goal to improve emotions and coping techniques.
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CBT has been studied in different pain conditions as a stand-alone therapy or com-
bined therapy. A systematic review showed that CBT provided small benefit for
reducing pain, disability, and distress in the short-term compared with treatment as
usual/waiting list (Eccleston et al. 2009). Mindfulness therapy is a subtype of CBT
that promotes nonreactive self-regulated awareness. It can be performed by differ-
ent meditation routines and does not require a specific training (Jinich-Diamant
et al. 2020). Neuro-imaging studies utilizing functional MRI demonstrated potential
mechanisms supporting short and long-term pain attenuation (Zeidan et al. 2019). A
systematic review found sufficient evidence across a large body of literature (59
studies, over 5000 participants) that CBT has small or very small beneficial effects
for reducing pain, disability, and distress in chronic pain (Williams et al. 2020).

14.8 Multimodal Approach

Pain is determined by biological, psychological, and social factors and treatment
plan should address each of these components by a multidisciplinary team.
Guidelines recommend incorporating a biopsychosocial approach into individual-
ized plans of care. Although this approach can be costly and time-consuming, the
long-term benefits in terms of quality of life and function likely outweigh these
issues (Steglitz et al. 2012). In addition to pharmacological and non-pharmacological
measures to manage chronic pain, a comprehensive approach should also include
self-care, sleep hygiene, smoking cessation, weight loss if indicated, and a healthy
lifestyle. Pain-related disability is lower in patients who have an active role in their
care (Steglitz et al. 2012). Exercise is the most frequently used self-management
that improves deconditioning and helps weight loss, sleep, and general well-being,
as discussed in Chap. 15. Exercise is more beneficial for function than pain relief
and for musculoskeletal and diffuse pain compared to neuropathic pain, although it
is beneficial across different pain conditions (Geneen et al. 2017). Several RCTs
showed that exercising two to three times per week for 20-30 min is beneficial for
pain relief and functionality (Chimenti et al. 2018).

Pain can also be the cause and/or consequence of sleep deficiency. Poor sleep
quality and duration are risk factor for chronic pain. Deficient sleep can lead to
hyperalgesia and exacerbation of the pain symptoms (Haack et al. 2020). Hence,
focusing on improving sleep is an important part of pain management. Healthy and
balanced diets might reduce inflammation and sensitization and improve chronic
pain, as discussed in Chap. 15. However, there is no data favoring a specific type of
diet as superior (Field et al. 2022). Educating and supporting the patient to have
realistic expectation on the management of the pain condition are also important. In
conclusion, given the complexity of chronic pain, successful management must be
patient-centered, multimodal, and integrated through self-care combined with a
multidisciplinary team approach.

It is important to point out that some of the above-mentioned treatments can not
only alleviate pain symptoms but may also control diseases progression, by
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modulation of inflammation and neuroinflammation. These inflammation-modulat-
ing treatments are not restricted to anti-inflammatory treatments, such as NSAIDs.
They also include neuromodulation (SCS, vagal nerve stimulation (VNS)) and non-
pharmacological/complementary treatments (acupuncture, TENS) (da Silva et al.
2015; Sato et al. 2014, Ji et al. 2018; Tao et al. 2020, 2021).
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Chapter 15
Neuromodulation in Pain Management

Paul Guillod and Jianguo Cheng

Abstract Neuromodulation employs electrical stimulation along nervous tissue to
reduce the perception of pain. This can be achieved distally along peripheral nerves,
centrally in the spinal column or brain, or at autonomic targets such as the vagus
nerve. The field is rapidly advancing in its technology and clinical application as
well as in our understanding of its wide-ranging biological effects. Beyond its puta-
tive role of suppressing transmission of pain signals, neuromodulation has been
demonstrated to influence and even reverse neuroimmune mechanisms involved in
the generation and maintenance of chronic pain states. Novel waveforms and closed-
loop systems offer clinicians highly configurable systems to optimize patient expe-
rience and maximize therapeutic benefit for an expanding range of chronic pain
conditions.

15.1 Introduction

15.1.1 Basics/History

Neuromodulation refers to external influence on neuronal circuity outside of its
intrinsic physiologic mechanisms. There are multiple techniques to achieve this
objective. In the context of this chapter, neuromodulation refers to the use of electri-
cal stimulation of targeted neural structures for pain relief. The discovery of using
electricity for treating pain dates as far back as the early AD period with the use of
the electric ray fish for gout pain. It was not until the eighteenth century with the
discovery of methods for generating electric fields that heralded the advent of the
first patient electrical therapy device in 1902, the first spinal cord stimulation in the
1960s, and further progression to multiple advanced neuromodulation modalities
today (Mekhail et al. 2010, 2018). Neuromodulation is among the most active areas
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of research and new clinical applications in the field of pain management, particu-
larly for some of the most common, debilitating, and refractory pain conditions in
daily practice.

The goal with neuromodulation, as with any therapy, is to be targeted, specific,
and least-invasive as possible. Pain information travels through the electrochemical
signaling pathways in the nervous system, which begins with transduction in the
periphery, conduction along peripheral nerves, transmission/modulation in the spi-
nal cord and brain, and perception in the cerebral cortex. As the nervous system
relies on action potentials for information transmission, stimulation at any point
along this path can be utilized for neuromodulation therapy. In addition, non-
neuronal cells, such as glial cells and immune cells, have been strongly implicated
in the mechanisms of neuromodulation for pain relief.

15.1.2 Common Modalities of Neuromodulation

Neuromodulation modalities include transcutaneous electrical nerve stimulation
(TENS) across the skin, peripheral nerve stimulation (PNS) along nerve tracts, dor-
sal root ganglion (DRG) stimulation at the cell bodies of the primary sensory neu-
rons, spinal cord stimulation (SCS) along the dorsal column, deep brain stimulation
(DBS) in select areas of the cerebrum, and motor cortical stimulation (MCS).
Modulation of pain additionally occurs through the autonomic nervous system
which confers additional targets such as with vagal nerve stimulation (VNS). In
each case, an array of electrodes (or leads) are selectively placed at intended site and
are connected to a pulse generator that is worn or implanted. Stimulation therapy
has historically been most efficacious in neuropathic pain states—pain generated by
lesions or dysfunction in the somatosensory nervous system through a maladaptive
process. Recent studies have shown promise in reducing nociceptive and inflamma-
tory mediated pain states as well.

Neuromodulation is in the process of a rapid evolution in clinical application
supported by research evidence for safety and efficacy with novel targets, wave-
forms, frequency, lead stability, and other technological advances (Mekhail et al.
2018). When assessing for success, most studies define >50% improvement in the
visual analog scale (VAS) or numerical rating score (NRS) as a therapy responder.
Other functionality metrics are increasingly emphasized, such as the SF-36 for
quality of life, Oswestry Disability Index (ODI) for ability to participate in activi-
ties, McGill Pain Questionnaire (MPQ) for quality/affective components, and the
Beck Depression Inventory-II (BDI-II) for psychiatric contributions in addition to
tracking medication use (particularly opioids) and healthcare costs (Kumar et al.
2007). Consensus guidelines emphasize appropriate patient selection from an indi-
cation standpoint while reinforcing the need for patients to have realistic, well-
informed expectations free from psychological barriers (Deer et al. 2014). As
chronic pain states are associated with psychiatric comorbidities and/or substance
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use disorders, consideration for neuromodulation therapy must be provided in the
context of a multidisciplinary care setting.

15.1.3 Electrical Stimulation Principles

It is helpful to understand the terminology of electrical stimulation. Frequency,
measured in Hertz (Hz; second-1, “per second”), determines the spacing of electri-
cal pulses/discharges. Therapeutic frequency in SCS can vary considerably from
conventional low frequency stimulation (10-120 Hz), which is typically associated
with paresthesia, to high frequency stimulation (1-10 kHz), which is paresthesia-
free (Paz-Solis et al. 2022). Pulse width, measured in microseconds (ps), determines
how long each electrical pulse lasts, generally much lower than the upper bound of
I/frequency. Wider pulse width is associated with higher energy delivered.
Amplitude, or intensity, in the context of stimulation therapy can refer to the sup-
plied voltage (V) or current (mA) of each pulse depending on the independent deliv-
ery metric chosen. Most often current is used given dynamic variations in resistance
along the lead and at the tissue interface translated to voltage using Ohm’s law
(V =1IR). The energy per pulse describes how much electrical charge (nanocou-
lombs) is deposited in the tissue with each pulse which is determined by the current
integrated over the pulse duration; for square waves, this is simply a multiplication
of the current and pulse width. The energy per pulse importantly relates to the
degree of depolarization and concomitant activation of neuronal and non-neuronal
cells, such as glial cells (e.g., astrocytes) and immune cells (e.g., microglia).

It is important to place the electrodes in proximity to the intended target either
empirically (HF-10, paresthesia-free SCS) or guided by paresthesia in the painful
areas of the body (paresthesia based SCS). Local tissue effects such as scarring or
CSF between epidural leads and the spinal cord can lead to excessive charge disper-
sion and the need for greater intensity to meet therapeutic goals which can lead to
suboptimal therapeutic effects and/or unintended side effects such as motor activation
or stimulation over non-painful areas, as well as early battery depletion. To minimize
charge buildup and electrochemical reactions at the lead-tissue interface, charge bal-
ancing can be achieved by allowing an equal amount of current passing in the opposite
direction following each pulse or burst of pulses. This can be achieved passively, as is
most common, or actively with generation of an inverted pulse (Miller et al. 2016).

Traditionally, neuromodulation has been titrated to effect by adjusting the fre-
quency, pulse width, and intensity of a tonic train of pulses. Modern waveforms
have emerged in recent years which utilize multiple overlapping frequencies, wave-
forms, or bursts of pulses (Fig. 15.1) (Paz-Solis et al. 2022). The total time that an
electrical stimulation is on compared to off is its duty cycle, expressed in either
percentage or ratio of time. For tonic stimulation, this can be calculated by multiply-
ing the frequency and the pulse width; for instance, a 50 Hz signal with a 200 ps
pulse width would have a duty cycle of 1%. SCS using duty cycles in excess of 20%
is referred to as “high-dose” systems. Studies on the effects of decreasing duty cycle
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Fig. 15.1 Stimulation waveforms. Traditional stimulation utilizes low frequency pulses (generally
around 50 Hz) which result in the feeling of paresthesias. Burst stimulation uses trains of higher
frequency pulses repeated at a lower frequency which for most patients does not result in paresthe-
sias. High-frequency stimulation (10 kHz) is paresthesia-free. For simplicity, charge balancing not
illustrated

by incorporating intermittent stimulation have provided evidence of maintained
therapeutic efficacy at substantially lower duty cycle and preserved battery life
(Provenzano et al. 2022).

Electrodes with increasing number of contacts are developed and utilized clini-
cally to account for heterogeneity in anatomy, potential lead migration, and the need
for broad coverage. These contacts can be selectively modified or programmed in
configuration and polarity (anodes or cathodes) for optimizing therapeutic effects.
As this presents a dramatically large parameter space for configuration, finite ele-
ment models have been developed to aid in “shaping” the complex electrical fields
for optimizing spatial specificity and tissue penetration (Khadka et al. 2020).

15.2 Spinal Cord Stimulation

Spinal cord stimulation (SCS) involves stimulation along the dorsal column of the
spinal cord (Fig. 15.2). The first use in humans was by Dr. Shealy in 1967 with a
single monopolar lead implanted in the intrathecal space of a 70-year-old man with
inoperable bronchogenic carcinoma demonstrating profound pain relief and pro-
duction of a “buzzing” sensation over his trunk in his last few days before succumb-
ing to his disease (Shealy et al. 1967). It was later demonstrated that stimulation of
the dorsal column can be achieved with lead placement in the epidural space. The
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Fig. 15.2 Spinal cord stimulation involves placement of leads in the epidural space along the
dorsal column. In this example, AP and lateral fluoroscopic images show two 8-contact
percutaneous cylindrical leads in the thoracic spine for a patient with chronic low back pain

field has grown considerably in the decades since with over 50,000 SCS systems
implanted in the US annually.

SCS has traditionally been paresthesia-based with the goal of stimulation to
evoke a tingling sensation produced by tonic stimulation at lower frequencies
(10-120 Hz, generally around 50 Hz) by activation of sensory afferents. Leads are
placed with contacts over spinal levels based on coverage for the areas of pain. For
instance, leads can be placed in the upper cervical epidural space for neck and upper
extremity pain, or the thoracic region for low back and leg pain. Indications for SCS
have expanded in recent years to include failed back surgery syndrome (FBSS),
complex regional pain syndrome (CRPS) I and II, non-surgical refractory back pain
(NSRBP), intractable angina, and painful diabetic neuropathy (PDN). With respect
to FBSS alone, roughly 10 to 40% of patients who undergo low spine surgery have
persistent or recurrent pain (North et al. 2005), presenting a large population of
potential candidates for the therapy.

Appropriately selected patients through clinical and psychological evaluations
will first go through a SCS trial of 1-2 weeks. In the trial period, one or two leads
are placed percutaneously and connected to an external generator. The leads are
placed in close proximity to the target segments guided by fluoroscopy either empir-
ically, in the case of paresthesia-free SCS system, or with intra-procedure paresthe-
sia mapping to ensure stimulation cover the painful region. The percutaneous leads
are removed at the end of the trial period. If the degree of pain relief is sufficient to
warrant permanent implant (at least 50% relief), then a permanent system can be
implanted. Permanent leads can be placed either surgically with a laminotomy and
manual placement of a paddle lead or percutaneously with threading of cylindrical
leads. Paddle leads have the advantage of unidirectional current with less migration
and are preferred in situations with difficult epidural access, while percutaneous
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leads are minimally invasive and more easily revised. Compared to medical man-
agement alone, SCS has been shown to improve quality of life, functionality, patient
satisfaction, and pain scores in appropriately selected patients while also being cost-
effective taking into account quality adjusted life years (Farber et al. 2017; Zucco
et al. 2015).

One of the earliest prospective randomized-controlled trials (RCT) with tonic
SCS (tSCS) in 2005 demonstrates advantage of SCS therapy in 50 patients with
persistent radicular pain following spine surgery (North et al. 2005). Patients were
randomized to undergo neuromodulation with tSCS or repeat surgery with 3 year
outcomes showing significantly more responders (>50% relief) in the SCS group
(47%) compared to the reoperation group (12%). Another RCT around that time
compared SCS to conservative medical management in 100 patients with FBSS and
predominantly neuropathic leg pain demonstrating a 48% responder rate in the SCS
group compared to 9% in medical management group at 6 months (Kumar et al.
2005, 2007). More recent studies have focused on novel applications and novel
waveform therapies including high-frequency stimulation, burst stimulation, dif-
ferential targeted multiplex (DTM) stimulation, and closed-loop stimulation in
comparison with traditional SCS. Additionally, stimulation at the dorsal root gan-
glion has presented a new target which has shown particular efficacy in CRPS I and
II (causalgia).

High-frequency stimulation refers to the use of stimulation frequencies beyond
>1 kHz, usually 10 kHz, which do not produce paresthesias. The multicenter, ran-
domized, controlled, pivotal trial in 2015 consisted of 198 patients with chronic,
intractable trunk and/or leg pain with subjects randomized 1:1 to tSCS or 10 kHz
SCS (HFS) (Kapural et al. 2015). Lead position for the HFS group consisted of one
with a distal tip at T8 and another over T9, while the conventional therapy group
underwent paresthesia mapping with the average lead tip position near T7/T8. At
the 3 months primary endpoint, the HFS group had significantly higher response
rates for both back pain (84.5 vs. 43.8%) and leg pain (83.1 vs. 55.5%) with an
overall response at 2 years of 76.5% in the HFS group compared to 49.3% in tSCS
group (Kapural et al. 2016). However, a smaller sample size RCT of 55 patients
with FBSS comparing HFS to tSCS did not significant differences in response
between groups or across multiple outcome metrics (De Andres et al. 2017). Two
more recent RCTs compared HFS to conventional medical management for non-
surgical refractory back pain (NSRBP) (Kapural et al. 2022) and diabetic polyneu-
ropathy (PDN) (Petersen et al. 2021) respectively and demonstrated significant
improvements in the HFS group (85% response in PDN, 80.9% in NSRBP) com-
pared to medical management alone (5% in PDN, 1.3% in NSRBP).

Burst Stimulation

As its name implies, burst stimulation refers to trains of pulses at a high frequency
which are repeated at a lower frequency which is thought to reflect more endoge-
nous encoding patterns of thalamic cells and engage additional supraspinal path-
ways (Sherman 2001). The current paradigm studied and used commercially
consists of 5 pulses at 500 Hz repeated at 40 Hz. The first preliminary study with
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burst stimulation consisted of 15 patients with chronic back and limb pain with a
significant higher response for back pain in the burst group (51%) compared to the
tonic group (30%) with non-significant differences in effect on limb pain. The fol-
low-up RCT SUNBURST trial in 2017 consisted of 100 patients who received a
permanent SCS implant randomized to 12 weeks of tSCS or burst stimulation fol-
lowed by a 12 week crossover (Deer et al. 2018). In the trial, 60% of patients
responded to burst stimulation compared to 51% in tonic stimulation, though nota-
bly response rate was defined as >30% change in VAS. When using >50% relief as
aresponder cutoff, response rates were 39% for burst and 32% for tonic stimulation
maintaining significant difference across groups but a lower response in the tonic
stimulation group than conventionally seen. The majority (61%) of patients experi-
enced no paresthesias using burst stimulation. Patient preference was an additional
endpoint in the study with 71% preferring burst, 19% preferring tonic, and 10%
without preference. A follow-up study looked at “microdosing” burst therapy with
on and off periods finding equivalent efficacy (Vesper et al. 2019).

Differential Targeted Multiplex Stimulation (DTM)

DTM refers to the use of synchronous overlapping waveforms (50-1200 Hz,
50450 ps pulse widths) derived largely from animal studies that demonstrated
frequency-dependent effects on neuronal-glial interactions and modulation of gene
expression profiles (Vallejo et al. 2010, 2020). In a feasibility study comparing
DTM to traditional therapy, 20 subjects with predominantly intractable low back
pain underwent placement of trial leads with 3-5 days of tonic stimulation followed
by 3-5 days of DTM stimulation with significantly higher response in the DTM
group (80%) relative to the tSCS group (50%) and 85% of patients preferring
DTM. A follow-up RCT recapitulated these early findings with 128 subjects ran-
domized 1:1 to tSCS or DTM with 3 month follow-up demonstrating significantly
higher response rates in the DTM group (80.1 vs. 51.2%). Notably there was also a
higher proportion of profound responders (defined as >80% relief) with 69% in the
DTM group compared to 35% in the control at 12 months.

Closed-Loop Stimulation

This method leverages stimulation-evoked potentials, termed evoked compound
action potentials (ECAP), which are recorded through the unused lead contacts. The
amplitude of the ECAP is then used to automate stimulus intensity adjustment in
contrast with conventional open-loop therapy where energy output is fixed once the
settings/intensity are manually adjusted. This is important as patient movement,
postural changes, and even small physiologic perturbations like coughing all have
effects on the current delivered from the electrodes to the spinal cord, which can
change the experienced intensity of stimulation. The Evoke study in 2019 was the
first double-blind RCT in 134 subjects diagnosed with intractable trunk and limb
pain who were randomized 1:1 to ECAP or tSCS (Levy et al. 2019; Mekhail et al.
2020). Responder rates at 1 year was 83% for the ECAP group compared to 61% in
the control group consistent across both back and leg pain. The number of profound
responders (>80% relief) was also significantly higher at 56% in the ECAP group
compared to 37% in the control group. This modality of SCS is recently



342 P. Guillod and J. Cheng

FDA-approved for clinical use. Contrary to the SUNBURST trial, the Evoke trial
had a higher proportion of responders to traditional therapy thought related to the
use of ECAPs for setting program intensity during tSCS programming despite not
incorporating real-time ECAP adjustments.

Dorsal Root Ganglion (DRG) Stimulation

DRG stimulation involves placing electrodes through the epidural space to an inter-
vertebral foramen overlying the DRG, which contains the cell bodies of primary
sensory neurons (Fig. 15.3). Similar to SCS, DRG is used for intractable neuro-
pathic pain syndromes, such as CRPS. An early trial of 8 patients implanted with
DRG stimulation for CRPS I & II demonstrated 6 patients having greater than 50%
relief at 12 months (Van Buyten et al. 2015). The follow-up RCT, the ACCURATE
trial in 152 patients with CRPS I or CRPS II (diagnosed through Budapest criteria)
randomized 1:1 to DRG stimulation or traditional SCS, demonstrates significant
difference in >50% pain relief responder rates—=81.2% in the DRG group compared
to 55.7% in the SCS group at 3 months which was maintained at 12 months (74.2
vs. 53%). The study also demonstrated improvements in QOL metrics in DRG stim-
ulation compared to SCS and decreased postural effects. Similar to SCS, the lead
position for DRG stimulation is based on the dermatomal innervations of spinal
nerves such as targeting L4-S1 for foot pain, L3-L4 for knee pain, and L1 and S2 for
pelvic pain. It is noteworthy that DRG stimulation is not FAD-approved for CRPS
in the upper extremities despite CRPS is more common in the upper extremities
than the low extremities.

Fig. 15.3 Dorsal root ganglion (DRG) stimulation. In this example, a patient with chronic
neuropathic pain in both lower extremities has 4-contact percutaneous DRG leads inserted along
the left L3, right L5, and bilateral S1 foramen
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15.3 Mechanisms of Neuromodulation

The first and most enduring proposed mechanism of neuromodulation through elec-
trical stimulation was the gate control theory introduced by Melzack and Wall in
1965 (Melzack and Wall 1965). At the time, it was known that A9, C, and Af sen-
sory fibers synapse at the dorsal horn. Theory postulates that mechanosensitive
afferents from the large diameter, myelinated A fibers suppress the nociceptive
input from smaller diameter, unmyelinated C fibers and thinly myelinated Ad fibers
through circuit interactions as a result of co-synapsing on inhibitory interneurons
and second order wide dynamic range (WDR) and nociceptor specific neurons. In
other words, preferential stimulation of sensory fibers produce paresthesias which
mask input from nociceptive fibers on a segmental basis in the dorsal horn. Outside
of the patient experience of paresthesias, evidence for activation of sensory fibers
includes detection of antidromic depolarization in the periphery, action potentials in
the dorsal column (ECAPs), SSEP detection, and somatosensory cortex activation
by fMRI (Sdrulla et al. 2018). However, the gate theory does not explain non-
paresthesia-based stimulation or how stimulation effects persist following cessa-
tion, but it does offer a crude mechanistic approximation and highlights the role of
central effects in pain modulation.

There has been a myriad of alternative or additional proposed mechanisms of
stimulation including local and supraspinal effects. Local effects include changes in
excitatory/inhibitory neurotransmitter release (]glutamate, TGABA), effects on
neuromodulatory transmitter systems (serotoninergic, cholinergic, adrenergic, opi-
oid, cannabinoid), and effects on glial cells involved in neuro-glial communication
and inflammation. Supraspinal considerations include effects along corticospinal
and spinothalamic tracts communicating with brainstem nuclei which can lead to
downstream inhibition and cortical regions involved in pain perception. For instance,
with burst stimulation human PET scans and SSEP studies have suggested that the
burst patterns activate medial pathways of the spinothalamic system which project
to the anterior cingulate cortex involved in the affective response to pain, whereas
tonic stimulation invokes the lateral pathway through the gracile nucleus projecting
to the sensory cortex involved in discriminative pathways of pain leading to pares-
thesias (Chakravarthy et al. 2019). With high frequency stimulation, researchers
have postulated effects such as desynchronization of maladaptive signals, conduc-
tion blockade through depolarizing or hyperpolarizing effects, or wind-up suppres-
sion. As will be explored in a later section, glial cells and immune cells have been
found to have a significant role in the development, maintenance, and resolution of
chronic pain with evidence for changes in response to neuromodulation (Vallejo
et al. 2010, 2020).
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15.4 Peripheral Nerve Stimulation and Vagal
Nerve Stimulation

Peripheral Nerve Stimulation

When patients have unilateral, regional pain in distributions that follow patterns of
peripheral nerves or a known nerve injury, peripheral nerve stimulation (PNS) can
be an effective form of neuromodulation therapy. PNS offers advantages such as
avoiding irreversible ablative procedures which can cause deafferentation pain,
avoiding complex surgical nerve grafting, and providing much longer relief than
peripheral blocks while still being reversible. PNS has found utility in numerous
pain syndromes including neuropathic, ischemic, visceral, and post-traumatic/sur-
gical pain (Chakravarthy et al. 2016).

The earliest trial of peripheral nerve stimulation was actually performed in 1967
by Wall and Sweet (Wall and Sweet 1967) involving 8 patients undergoing percuta-
neous or open placement of electrodes with sessions of 2 min of stimulation (100 Hz,
100 s pulse width) producing paresthesias over the involved area and reduced sensi-
tivity to pressure. Half of the patients reported a preserved effect for 30 min after
stopping stimulation. Later in 1976 Campbell and Long (Campbell and Long 1976)
performed a percutaneous trial followed by surgical dissection and placement of a
bipolar electrode wrapped around the affected nerve in 23 patients. Patients self-
directed their stimulation and follow-up at 1.5 years showed 4 patients with excel-
lent response (no analgesics, able to return to work), 5 with a moderate response,
and the remaining with limited response. They also determined that the poor
responders tended to be related to sites of stimulation that were distal to the origin
of pain or site of injury.

The advances in technology since then, especially the development of ultrasound
guidance, have fostered a resurgence in PNS interest with greater precision, ease,
and speed of placement (Sivanesan and Gulati 2019). We have systematically
reviewed clinical applications of PNS for pain management (Xu et al. 2021). Similar
to SCS, the mechanism of peripheral stimulation is thought related to the gate con-
trol theory with the generation of paresthesias through activation of Af fibers during
stimulation that inhibits nociceptive transmission. PNS is additionally thought to
aid in nerve recovery by altering the ectopic discharge activity from an area that has
sustained injury with reduction in peripheral sensitization effects, nociceptive
threshold, and peripherally induced reconditioning of the CNS through an as yet to
be determined mechanism (Deer et al. 2021). The most frequent complication fol-
lowing percutaneous placement tends to be lead migration due to difficulty in
anchoring over mobile myofascial areas or lead fracturing due to small diameter
contacts. PNS electrodes can either be implanted permanently with an implantable
pulse generator (IPG) or placed temporarily (connected to an external generator)
with FDA approval for up to 60 days. Coiled leads are used most often for percuta-
neous placement with a retrospective study demonstrating roughly 25 times less
chance of infection with coiled leads compared with non-coiled (Ilfeld et al. 2017).



15 Neuromodulation in Pain Management 345

A 2016 prospective PNS RCT included 94 patients with intractable chronic pain
of a peripheral nerve origin (27 lower extremity, 26 upper extremity, 41 trunk) who
underwent PNS implant with a permanent system and 1:1 randomization to treat-
ment or sham (Deer et al. 2016). At the 3 month primary endpoint, 38% of the
stimulation group were considered responders (>50% improvement) compared to
10% in the control group with average pain score reductions of 27% in the treatment
group and 2% in the control. A 2022 retrospective review of 747 patients who
underwent 60-day temporary placement of a PNS system for similar indications
showed a 60% response rate. Interestingly half of the responding group were found
to be early responders (<2 weeks) and half were found to have a delayed response
to therapy (Naidu et al. 2022). Many smaller studies have looked at specific sites/
indications for PNS with benefits shown for cluster headaches with sphenopalatine
ganglion stimulation (Goadsby et al. 2019), chronic migraines through occipital
nerve stimulation (Mekhail et al. 2017), low back pain (McRoberts et al. 2013), and
post-amputation pain (residual or phantom limb pain) (Gilmore et al. 2019). Certain
peripheral nerves have also been found to have relief through unclear mechanisms
such as tibial nerve stimulation providing relief of chronic pelvic pain (Hanyu-
Deutmeyer and Pritzlaff 2020; Istek et al. 2014). Overall PNS technology continues
to advance with increased adoption among providers.

Vagal Nerve Stimulation

The tenth cranial nerve, vagus nerve, is the predominant supply of the parasympa-
thetic nervous system to the rest of the body with mixed sensory and motor fibers.
Originating in the brainstem, the vagus nerve projects bilaterally in the neck along
the carotids before branching into its terminal supply to the viscera including the
heart, lungs, and gastrointestinal system. The descending effects of the vagus nerve
include autonomic tone as well as effects on inflammation (Bonaz et al. 2013).
Termed the inflammatory reflex (Pavlov and Tracey 2012), the vagus nerve includes
afferents which respond to various changes including tissue inflammation and in
turn activate an efferent cholinergic anti-inflammatory pathway that inhibits proin-
flammatory cytokine production and response in immune cells. This system has
been shown to have a role in autoimmune disease and metabolic disorders offering
additional opportunities for neuromodulation.

Vagal nerve stimulation (VNS) was in fact one of the earliest forms of electrical
stimulation dated back to the 1880s by Corning to abort seizures which involved the
application of a “carotid fork™ that was applied to the neck with simultaneous elec-
trical stimulation of the traversing vagus nerves and cervical sympathetic nerves
(Lanska 2002). Due to inconsistent results, its use did not enter mainstream clinical
application until almost 100 years later in 1988 with the first implantable vagal
nerve stimulator used to treat refractory epilepsy. Its mechanism is still unknown
but thought through activation of ascending pathway effects in the CNS. Since then
VNS has been explored for a range of syndromes including migraines, cluster head-
aches, heart failure, fibromyalgia, depression, intractable hiccups, autoimmune dis-
ease, and even sepsis (Johnson and Wilson 2018).
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The most common site for vagal stimulation is in the neck given easy access to a
proximal aspect of the nerve. The left vagus nerve is generally utilized as the right
innervates the sinoatrial node in the heart which when stimulated can cause brady-
cardia. Side effects of VNS stimulation largely fall to the recurrent laryngeal stimu-
lation induced dysphonia, hoarseness, and cough. Frequencies for VNS tend to be
lower (10-30 Hz) as studies have shown damage to the vagus nerve at frequencies
above 50 Hz (Groves and Brown 2005).

As mentioned, VNS is currently being explored for its anti-inflammatory effects
through activation of the cholinergic anti-inflammatory pathway (CAP). For
instance, one pilot study for multidrug-refractory rheumatoid arthritis (Genovese
et al. 2020) included 14 patients undergoing placement of a vagal nerve stimulator
(10 Hz, 250 us pulse width) comparing 1 min of stimulation daily, 1 min four times
daily, and sham. While safety and tolerance were the primary endpoint, five of the
ten patients in the treatment groups met or exceeded the minimally clinically impor-
tant difference (MCID) in disease activity score (DAS28CRP) after 12 weeks of
stimulation compared to none in the sham control. Subjects also had blood drawn
for in-vitro monocyte stimulation using LPS and measurement of the resulting cyto-
kine levels. The results showed a substantial decrease (>30%) in pro-inflammatory
cytokines IL1p, IL6, and tumor necrosis factor-alpha (TNF) in the treatment group
following stimulation. While a pilot and underpowered study with limited stimula-
tion time, it provides insight into the feasibility of using VNS for its anti-inflammatory
effects. Overall the use of VNS for intractable chronic pain and inflammation-
mediated pain is in its early stages with promising results and implications for oth-
erwise difficult-to-manage conditions.

15.5 Modulation of Immune Function by Neuromodulation

The mechanisms and cumulative effects of stimulation therapy remain to be fully
elucidated but there are demonstrated effects on immune function. This is particu-
larly relevant as there is strong evidence that microglia and astrocytes are intimately
involved in neuroinflammation following injury with downstream effects including
neurotoxicity, hyperexcitability, and dysregulated synaptic communication
(Milligan and Watkins 2009). Following activation, glial cells and immune cells
release a number of proinflammatory signaling molecules including cytokines
(interleukin-6 [IL-1b], IL-6, TNF-a), chemokines (CCL2, CXCL1), and matrix
metalloproteases (MMP-2, MMP-9) with downstream activation of the inflamma-
tory NF-kB pathway which has been implicated in the development of chronic
pain states.

The population of glial cells and immune cells is very large, reflecting their
important regulatory role. Studies on ex-vivo human spinal tissue have shown that
there are as many as 6 times glial cells (astrocytes and microglia) as neurons. In the
spinal cord roughly 13% of cells are neurons, 75% glial and immune cells, and 12%
endothelial cells (Bahney and von Bartheld 2018). While astrocytes, the
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predominant glial cells, do not generate action potentials themselves, they do have
resting membrane potentials and exposure to oscillating electric fields with stimula-
tion has been shown to have effects on their gene expression profiles and even
receptor activation in the absence of ligand binding. Similarly and perhaps more
importantly, microglia are the predominant immune cells with functionality similar
to macrophages in the peripheral. Interactions between neurons, microglia, and
astrocytes play a critical role in the development, maintenance, and resolution of
chronic pain states (Buchheit et al. 2020).

The majority of research demonstrating profound effects on glial cells and
immune function by stimulation come from animal studies. In a 2014 study using a
spared nerve injury model, rats were exposed to epidural spinal cord stimulation
2 weeks following injury over 4 days at different frequencies (4 and 60 Hz), intensi-
ties (up to 90% of motor threshold), and times (30 min to 6 h). Analysis of the ex-
vivo spinal cords revealed significantly increased glial immunoreactivity after the
injury followed by significant decreases in biomarkers of glial and immune cell
activation (GFAP, MCP-1, OX-42) in the dorsal horn following SCS therapy in a
dose-dependent manner, which correlated with observed pain and threshold behav-
ior (Sato et al. 2014). Vallejo’s group further demonstrated frequency-dependent
changes in transcriptomes (mRNA expression) and proteomics (Cedefio et al. 2020).
In one study, they performed full-genome microarray analysis and weighted gene
correlation network analysis and compared 72 h of continuous SCS (50 Hz) with
sham control in rats with spared-nerve injury. Activation of glia and upregulated
gene expression (TIr2, Cxcl16, and Cd68) following SCS is associated with the
beneficial responses such as neuroprotection and repair. In a follow-up study, the
group performed proteomic analysis of dorsal spinal cord tissue following 72 h of
SCS (10 Hz) in a rat model of nerve injury and found that 155 interconnected pro-
teins significantly affected by SCS were associated with collagen-fibril organiza-
tion, extracellular matrix integrity, redox pathways, and stress response (Tilley et al.
2021). Collectively, SCS following nerve injury appears to upregulate the restor-
ative functions of activated glial and immune cells while downregulating their pro-
inflammatory effects. These results have led to the development of DTM SCS. While
difficult to carry out analogous studies in humans due to the need for tissue analysis,
there have been studies that demonstrated increases in the anti-inflammatory cyto-
kine IL-10 in the CSF and blood following burst SCS (Kinfe et al. 2017). It remains
to be determined how electric fields specifically affect neuroinflammation; the find-
ings of these studies offer insights into the potential pro- and anti-inflammatory
balancing effects induced by neuromodulation therapy.

15.6 Conclusion

Neuromodulation has advanced considerably since its inception in the 1960s with
new indications, targets, waveforms, and improvements in device safety, longevity,
and ease of placement. We are in a stage of rapid evolution in technology and
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high-quality clinical trials demonstrating strong evidence for neuromodulation ther-
apy. The shift from traditional tonic stimulation to novel waveforms including high-
frequency, burst, DTM, and the use of closed-loop systems has improved outcome
measures in pain and functionality. Clinicians today can choose from a variety of
modulation paradigms including SCS, DRG stimulation, PNS, and VNS that modu-
late neuroimmune functions at various sites of pain processing. While our under-
standing of the basis of stimulation has improved since the proposal of the gate
control theory, the mechanisms and cumulative effects of neurostimulation remain
to be fully characterized. A growing area of research is focused on the interplay
between the immune system and nervous system in the context of pain generation,
chronification, and resolution with early evidence showing benefits of stimulation
with respect to mitigating effects of chronic inflammation.
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Chapter 16
What Patients Need to Know About Pain
Therapy?

Ellen W. K. Rosenquist

Abstract When you have pain, especially pain that is persistent, it can pervade
every aspect of your life. Fear can start to build and anxiety may increase as you try
to figure out where to begin to find help. As you start your search, you may feel
overwhelmed by the seemingly endless options available to you. Where do you
start? What are legitimate treatment options and what are not? Who’s a credible
provider and who is not? What can you do to help yourself? In this era of social
media and the Internet, there are countless “experts” with “advice” about almost
everything. But, how do you know what is fake and what is real? This chapter will
help guide you to the most appropriate path for you to find the right provider for you
and give you direction on how you can be an active participant in your journey to
recovery.

Keywords Diagnosis - Provider - Traditional Chinese medicine (TCM)

16.1 Know Your Provider

There are several types of providers who offer pain management in our society.

e Traditional Chinese medicine providers
e Naturopathic physicians

e Chiropractors

* Osteopathic and allopathic physicians

Traditional Chinese medicine (TCM) providers utilize several approaches includ-
ing, but not limited to, acupuncture, tai chi, and herbal products to help improve
quality of life and treat some pain conditions. TCM has evolved over thousands of
years. A TCM provider WITHOUT a recognized medical degree (DO, MD) can
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become a Doctor of Acupuncture and Oriental Medicine by obtaining an advanced
clinical doctorate which requires 2 years of additional study beyond a master’s
degree. There are also a number of intensive training programs a provider can com-
plete to earn a Doctor of Traditional Chinese Medicine which typically includes
acupuncture training. TCM providers are not considered medical physicians in the
United States.

According to the NIH National Center for Complementary and Integrative
Medicine, “Chiropractic is a licensed health care profession that emphasizes the
body’s ability to heal itself. Treatment typically involves manual therapy, often
including spinal manipulation. Other forms of treatment, such as exercise and nutri-
tional counseling, may be used as well.” (https://www.nccih.nih.gov/health/
chiropractic-in-depth) Chronic low back pain or neck pain are common reasons why
a patient may seek treatment from a chiropractor. Chiropractors may also treat other
musculoskeletal related pains. In order to practice chiropractic in the United States,
chiropractors must complete a Doctor of Chiropractic degree, pass a board exami-
nation, and have a state license.

According to the Association of Accredited Naturopathic Medical Colleges,
established in 2001, “Naturopathic medicine is a distinct health care profession that
combines the wisdom of nature with the rigors of modern science. Naturopathic
physicians (NDs) are trained as primary care providers who diagnose, treat and
manage patients with acute and chronic conditions, while addressing disease and
dysfunction at the level of body, mind and spirit.”(https://aanmc.org/naturopathic-
medicine/) Naturopathic physicians focus on wellness through promotion of health
and prevention of disease using natural means, if possible. Licensed naturopathic
physicians complete a 4-year graduate-level degree in naturopathic medicine.

Osteopathic and allopathic physicians are licensed medical physicians who have
completed extensive education and training in their chosen specialties. This typi-
cally includes a 4-year undergraduate degree, a 4-year medical degree, 3—5 years of
training through a residency program, followed by an additional 1-3 years post-
residency fellowship focused on specialty training, that is, pain management. There
are slight differences in philosophy and training between osteopathic and allopathic
physicians. For instance, osteopathic physicians are trained in osteopathic manipu-
lation (OMM) which is excluded from allopathic training programs. Many medical
physicians obtain additional training in acupuncture and other complimentary med-
ical techniques that can be used to treat pain.

When you are searching for a provider to address your pain management needs,
you must first determine what approach you personally feel comfortable with and
can have confidence in. It is important to understand that while some conditions can
be treated with natural or holistic methods, many conditions do require the advances
of medical science and should be addressed by a medical physician. No matter what
route you decide to take, you must make sure that the provider you choose to estab-
lish a clinical relationship with is well educated, adequately trained, and board certi-
fied if applicable. The task of searching for a medical physician can seem daunting.
Online search engines can provide you with a plethora of information about any
given provider. However, the accuracy of the information can come into question.
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There are numerous online sources that allow individuals to submit reviews about
providers that they may or may not have actually interacted with. Just like online
voting for a friend’s pet for a contest, often times the value of a provider’s rating can
be skewed and be misleading. A patient who may not have agreed with what the
provider has offered as treatment options or a patient who is angry because the pro-
vider would not prescribe inappropriate medications that the patient desired may
provide a bad review on one of these review sites. That same patient can ask their
friends and family to also submit bad reviews to the same review site in order to
purposely reduce the overall rating of that provider. Therefore, it is not recom-
mended to utilize these sources as your primary source of information regarding a
potential provider.

Every state has a state board of medicine which has a publicly accessible web-
site. You can search for a particular provider to determine if they are board certified.
It is not required that a physician is board certified to practice medicine in the United
States. However, having board certification means that the physician has met all of
the expert requirements of their specialty and continues to meet the requirements for
continued medical education and training needed to keep them up to date with
advanced knowledge in their particular field of medicine. You can also determine if
there have been any complaints filed against that provider or if there has been any
disciplinary action taken against the provider.

Another reliable source of information regarding a potential provider is the offi-
cial website of the healthcare system or practice where the provider is employed.
Many of these websites provide a professional summary of each provider and what
specific conditions the physician treats. There is also usually a section containing
patient reviews, including comments. Even with all of these various resources avail-
able, none can be considered to be 100% accurate and you ultimately have to com-
bine all of the information you have gathered and determine your confidence in that
provider’s ability to address your needs.

16.2 Know Your Diagnosis

Once you have seen your physician about your condition, you may be given a diag-
nosis or a differential diagnosis. What is a differential diagnosis? It is the process
that your physician goes through to differentiate between conditions that share simi-
lar signs or symptoms. More testing or diagnostic procedures may need to be done
before a specific diagnosis can be provided. If this is your situation, you may be
given a list of additional tests or procedures that your provider wants you to do
which will aid them in determining what the source of your pain is and how to man-
age it optimally. Even if your physician explains in detail what they are ordering or
why they are ordering it, you still may have questions when you walk out the door.
Where can you find additional information about these tests and procedures that are
accurate? The Internet is the most common and utilized source for information in
today’s world. While there are countless sites you can refer to, below are just a few
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examples of resources with the highest standards of reliability and accuracy. It is
important to know that most major healthcare systems in the United States have
publicly available information regarding specific tests and procedures.

https://medlineplus.gov/: MedlinePlus is a service of the National Library of
Medicine (NLM), the world’s largest medical library, which is part of the National
Institutes of Health (NIH). Our mission is to present high-quality, relevant health
and wellness information that is trusted, easy to understand, and free of advertising,
in both English and Spanish. Anywhere, anytime, on any device—for free.(https://
medlineplus.gov/about/)

https://www.mayoclinic.org/tests-procedures
https://my.clevelandclinic.org/health/treatments

16.3 Know Your Treatment Options and Participate
in Formulating Your Treatment Plan

Once your physician has determined your diagnosis, treatment options will be
offered to you. It is important for you to work with your physician as a team to
develop a plan of care. However, it is vital that you keep an open mind and listen to
all of the treatment options that the provider offers to you. There may be options
offered to you that you have tried in the past that were not successful or you know
of someone who has had that treatment before and it didn’t work for them. You
should not dismiss these options immediately. You are unique and your body and
symptoms do change with time. Therefore, something that may not have worked
before may help at this stage in your life. Also, everyone responds to treatments dif-
ferently. Your response to a treatment will not be the exact same as a friend who has
had the same treatment. It is equally important for your physician to understand
your priorities and goals for treatment of your condition. What may be the physi-
cian’s priority in your treatment plan may not be your priority, so you want to make
sure both of you are in alignment with the overall treatment plan.

16.4 Know Your Specific Treatment Modalities

There are many modalities for treating pain. Most pain management providers con-
sider a multimodal approach to treatment.

e Physical therapy and aqua therapy

e Acupuncture or other complimentary medical techniques

e Pharmacologic agents

 Interventional pain procedures (injections, minimally invasive surgeries)

* Psychology based treatments (cognitive behavioral feedback, biofeedback)


https://medlineplus.gov/
https://www.mayoclinic.org/tests-procedures
https://my.clevelandclinic.org/health/treatments
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Physical therapy is a modality that utilizes methods such as massage, heat, and
stretches and exercise to help reduce pain by improving flexibility, mobility,
strength, and dynamic function of the body. Treatments are individualized for each
patient after a physical therapist has evaluated you. The stretches, exercises, and
techniques learned during your physical therapy exercises should be performed on
a consistent basis even after you have completed your course of therapy in order to
maintain the improvements your body has achieved. It is important to understand
that change takes time with improvements in function of our bodies and sometimes
training our bodies to do different things than what it is used to can create some
increased pain.

There are a number of complimentary medical techniques available that can be
integrated as part of a multidisciplinary treatment plan. Acupuncture, frequency
specific microcurrent treatment, Reiki, and electromagnetic therapy are several
examples. Most providers who offer these complimentary techniques have com-
pleted additional training to become adept at these techniques. You should confirm
with the provider that they do have adequate training if offered on of these treatment
options.

There are many different pharmacologic agents that have been utilized for the
treatment of different types of pain. Opioid medications had long been used widely
to treat all types of pain. However, with new knowledge of how these medications
work in the human body, the use of these medications for the treatment of chronic
non-cancer pain has fallen out of favor. There are medications that treat inflamma-
tory pain like arthritis. There are medications that treat nerve related pain like dia-
betic neuropathy. There are medications that treat pain from muscle spasms. Your
physician may prescribe a combination of different categories of medications
depending on the complexity and the origin of your pain complaints.

With advances in medical science and technology, there are many different inter-
ventional treatments that can be utilized to treat pain. It is very important to keep in
mind that an injection is just one type of treatment for specific types of pain. There
is not an injection that will help with every type of pain. Injections do not take the
place of other categories of treatment. Not every patient with the same diagnosis is
an appropriate candidate for the same injection. Just because you know someone
who had an injection that worked for them does not mean that the same injection
will work for you. Each individual patient is unique with unique considerations that
your physician will account for when developing your unique treatment plan.

Psychology-based treatments have become more acceptable forms of treatment
as society has overcome a lot of the stigma surrounding psychological disorders. It
is widely accepted that a person’s biology, psychological state, and social environ-
ment all contribute to an individual’s chronic pain experiences. There is a great deal
of complexity related to the psychology of chronic pain and several different
psychology-based treatment modalities have been developed and proven very suc-
cessful in the treatment of the psychological aspects of chronic pain (Psychol Res
Behav Manag, 2014).
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16.5 Know How to Monitor Your Treatment Responses

Once a treatment plan has been implemented, it is important to monitor your body
for any type of response to treatment—good or bad. It may be helpful to you to start
a journal to record your daily pain experiences in order to be able to notice subtle
improvement trends or any unwanted side effects of a given treatment. Be careful
not to overanalyze, however, because excessive attention to your pain can actually
cause your pain to worsen (pain catastrophizing) (Schutze et al., 2020). Review
your journal before each follow-up appointment so that you are able to provide your
physician with accurate recall of any changes in your condition. This will help your
physician to adjust your treatment plan as necessary.

16.6 Know How to Report and Mitigate Side Effects
and Adverse Events

If you do notice side effects that can be confidently related to a specific treatment, it
is important to inform your physician as soon as possible. When reporting the side
effect(s), provide detailed and specific information that can help your physician
determine any other appropriate alternative treatment options that may be available
to you. If you feel that the side effects that you are experiencing are serious and you
are not able to reach your physician, you should present to the nearest urgent care or
emergency room for an evaluation.

16.7 Know How Your Lifestyle Can Exacerbate or Mitigate
Your Pain

Many lifestyle choices and habits can affect your pain. Smoking, sleep hygiene,
nutrition, and ergonomics are a few examples of modifiable factors that can influ-
ence chronic pain.

Multiple epidemiological and clinical studies have suggested that the prevalence
of smoking among persons in pain may be up to twice that observed in the general
population. In a study looking at the relationship between chronic pain, cigarette
smoking, and nicotine dependence, it was found that “the prevalence of current
smoking was: 42% among persons experiencing medically unexplained chronic
pain in the past year; 35% among persons reporting medically unexplained chronic
pain in their lifetime; and 30% among persons reporting past year or lifetime chronic
neck or back pain. Furthermore, after adjusting for a host of highly relevant psycho-
social factors (i.e., age, marital status, income, education, race, gender, and the pres-
ence of any lifetime mood, anxiety, or substance use disorder), persons who met
criteria for past year nicotine dependence were almost twice as likely to report past
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year medically-unexplained chronic pain (OR = 1.83; 95% CI = 1.15-2.90) and past
year chronic neck or back pain (OR = 1.95; 95% CI = 1.41-2.68)” (Zvolensky
et al. 2009).

Some studies conducted in recent years suggest that sleep disturbances may con-
tribute to the development and maintenance of chronic pain, including endogenous
pain inhibition and joint pain (Finan et al. 2013) One study concluded that “short-
term (2-month) improvements in sleep predicted long-term (9- and 18-month)
improvements for multiple measures of sleep, chronic pain, and fatigue. These find-
ings are consistent with benefits of improved sleep for chronic pain and fatigue
among older persons with osteoarthritis pain and co-morbid insomnia if robust
improvements in sleep are achieved and sustained” (Viteillo et al. 2014). Therefore,
improving sleep hygiene could potentially result in a reduction in chronic pain
complaints.

What you eat can affect how your body feels. In recent years, it has been sug-
gested that certain foods we eat can increase chronic pain. Foods containing high-
fructose corn syrup or that are high in sugar content, artificial trans fats, vegetable
oils, refined carbohydrates, excessive alcohol, and processed meats are commonly
thought to promote inflammation, thereby promoting chronic pain through low level
inflammation throughout the body. Many practitioners will promote anti-
inflammatory diets such as a “Mediterranean diet.” The American Heart Association
promotes this diet because it “emphasizes vegetables, fruits, whole grains, beans
and legumes; includes low-fat or fat-free dairy products, fish, poultry, non-tropical
vegetable oils and nuts; and limits added sugars, sugary beverages, sodium, highly
processed foods, refined carbohydrates, saturated fats, and fatty or processed
meats”(https://www.heart.org/en/healthy-living/healthy-eating/eat-smart/nutrition-
basics/mediterranean-die).

Simple ergonomic corrections in your daily routine can help to mitigate chronic
daily pain such as working on your posture, having good ergonomics when using a
computer or reading a book, and limiting the use of handheld devices (as they can
put a strain on your neck and joints of your hands).

16.8 Know How to Build and Nurture a Trusting
Patient-Clinician Relationship for Best
Possible Outcomes

Open and honest communication is the best way to build a trusting patient-clinician
relationship which will lead to the best possible outcomes for you as well as the
physician treating you. One thing to remember when interacting with your physi-
cian is that they are human just like you. Despite having very similar educational
backgrounds, every physician is a unique individual with a unique personality.
Every patient is a unique individual with a unique personality. Every person can
have a good day or a bad day the day. I would encourage you to discuss any



360 E. W. K. Rosenquist

concerns you may have with your physician in a sincere and honest fashion. Be
open minded about the information and advice your physician provides to you even
if it is not what you want to hear. Do not go on the defensive immediately if their
ideas are not your ideas. At the end of the day, your physician just wants to help you
get better.
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