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Basic Research for Pain

Yong Luo and Shiqian Shen

�Introduction

Pain is a pathophysiological state defined by the International 
Association for the Study of Pain as “unpleasant sensory and 
emotional experience associated with actual or potential tis-
sue damage, or described in terms of such” [1, 2]. Pain can 
be either acute or chronic based on its duration. Pain often 
becomes chronic when the duration is beyond 3 months for 
nonmalignant pain. With more than 100 million Americans 
suffering from chronic pain, the economic costs of pain 
in the United States are enormous. It is estimated that the 
annual cost of chronic pain is as high as $635 billion a year, 
which is more than the yearly costs for cancer, heart disease, 
and diabetes [3, 4]. Despite the high annual cost of chronic 
pain, in 2017 only $516 million was funded by NIH for pain 
research, which is way far less than the funds for cancer, 
heart disease, and diabetes research ($5980 million, $1370 
million, and $1108 million, respectively). The limited fund-

ing in pain research is partially due to the lack of recognition 
of the importance of basic research on the advancement of 
pain treatment clinically. As it was recently emphasized by 
the American Academy of Pain Medicine, pain is the driving 
force for progress of pain treatment [5]. In this chapter, our 
goal is to review, summarize, and discuss the recent basic 
research findings that have advanced or will likely advance 
future pain treatments. We will focus on (1) stem cell ther-
apy, (2) monoclonal antibody-based pharmacotherapy for 
chronic pain, (3) new imaging modality for the detection of 
pain signal and its response to treatment, and (4) gut micro-
biome modulation of neuropathic and inflammatory pain.

�Stem Cell Therapy

Pain can be caused by degenerative diseases, such as herni-
ated disc, osteoarthritis, and ligament injury, and by nerve 
damage, such as postherpetic neuropathy and diabetic neu-
ropathy; therefore, the idea of using stem cells to regener-
ate the degenerated materials and even re-establish normal 
innervation becomes appealing to researchers. The majority 
of the stem cells used in research are mesenchymal stem cells 
(MSCs) derived from bone marrow. MSCs have the capacity 
of self-renewal while maintaining multipotency. They can be 
differentiated into osteoblasts and chondrocytes under neu-
rons under appropriate induction conditions.

Discogenic pain has been a common but difficult to treat 
pain condition secondary to degeneration. Recently, stem cell 
therapy started to emerge as a new modality to treat discogenic 
pain. In a pilot study in 2011, ten patients with chronic pain due 
to lumbar disc degeneration were treated by intra-disc injec-
tion of autologous expanded bone marrow MSCs. Both safety 
and efficacy were demonstrated in this study. Nine out of ten 
patients experienced pain and disability reduction by 61.5% 
and 48%, respectively, at 3 months and continued to improve 
at 6 and 12 months [6, 7]. Although this was not a controlled 
randomized study, it still proved the safety of autologous MSC 
injections for discogenic pain. A comparison study in 2015 

38

Y. Luo · S. Shen (*) 
Department of Anesthesia, Critical Care and Pain Medicine, 
Massachusetts General Hospital, Boston, MA, USA
e-mail: sshen2@mgh.harvard.edu

Key Points
•	 Stem cell therapy provides promise for treating dis-

cogenic pain.
•	 Targeting CGRP(R) with monoclonal antibodies 

represents a breakthrough in migraine prophylaxis. 
Other monoclonal antibodies under development 
may prove effective for spine pain.

•	 Innovative imaging modalities facilitate pain diag-
nosis and treatment.

•	 Gut microbiome is a new frontier in pain research, 
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complex relationship between dietary/environmen-
tal factors and pain.
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with 26 patients again demonstrated the safety and efficacy of 
autologous MSC injections for discogenic pain. In this study, 
patients were divided equally into two groups. One group 
received one level of intra-disc injection of autologous MSCs, 
and the other group received two levels of autologous MSC 
injections. Significant decrease in both pain and disability 
scores was similarly observed in both groups. No significant 
side effects were observed [8]. Nonetheless, the efficacy of 
MSCs injections for discogenic pain is still awaiting for data 
from large multicenter randomized controlled trials.

�Monoclonal Antibody-Based 
Pharmacotherapy for Chronic Pain

Monoclonal antibodies represent major breakthroughs in 
modern medicine, particularly in the treatment of cancers 
with anti-PD1/PDL1 and anti-CTLA4 antibodies [9, 10]. 
Similarly, pain treatment using monoclonal antibodies has 
made significant progress recently, particularly in migraine 
prevention. In 2018, the US Food and Drug Administration 
approved two monoclonal antibodies targeting calcitonin 
gene-related peptide (CGRP): anti-CGRP receptor mAb 
(erenumab, Novartis, Amgen) and anti-CGRP mAb (freman-
ezumab, Teva; galcanezumab, Eli Lilly) for migraine pre-
vention [11–14]. These antibodies exert their function by 
targeting the trigeminovascular unit and decreasing neuro-
genic inflammation. In double-blinded clinical trials, these 
antibodies reduce the days with headaches by about 40% 
versus about 20% with placebo treatment.

Other monoclonal antibodies, particularly those targeting 
inflammatory cytokines, such as TNF-a, IL-17, and IL-23, 
are originally designed and aimed to treat autoimmune dis-
eases, such as Crohn’s disease, rheumatoid arthritis, and 
psoriasis [15–18]. Pain is one of the major clinical presen-
tations in these conditions. Clinical use of these antibod-
ies for treating autoimmune conditions and associated pain 
symptoms has gained popularity. Humira, a fully human-
ized anti-TNFα monoclonal antibody used for rheumatoid 
arthritis and Crohn’s disease, is one of the best-selling drugs 
globally, with $19.94 billion of revenues generated in 2018 
for its manufacturer. Monoclonal antibodies not only treat 
joint pain/arthritis in the setting of autoimmune diseases but 
also induce arthritis pain in some cases. For example, in the 
aforementioned cancer immunotherapy (checkpoint therapy) 
with anti-PD1/PDL1 and anti-CTLA4 antibodies, immune-
related inflammatory arthritis has been recognized as a side 
effect that affects many different joints with concurrent pain 
complaints [19].

There is currently no monoclonal antibody that is pri-
marily used for chronic pain except for migraine. However, 
monoclonal antibodies against nerve growth factor (NGF) 
have gained significant considerations as new potential pain 
treatment modalities. NGF is a neurotrophic factor involv-

ing in neuron growth, differentiation, and survival [20]. 
Numerous researchers have repeatedly demonstrated that 
NGF level is elevated in chronic pain conditions such as 
diabetic neuropathy, cancer pain, and chronic pancreatitis, 
suggesting its important role in chronic pain signaling [21–
23]. Upon tissue damage caused by noxious stimuli, inflam-
matory factors such as IL-1 and TNFα are released, which 
increases the production of NGF. NGF binds to trkA (tropo-
myosin receptor kinase A) at terminal A-delta and C nerve 
fibers. The interactions between NGF and trkA initiate a 
serial of downstream pain signaling pathways involving pain 
initiation, maintenance, and modulation [22]. Because of 
NGF’s important role in initiation and maintenance of pain 
signaling, anti-NGF antibody has been developed and under-
went clinical trials targeting the NGF signaling pathway as 
a potential promising treatment for chronic pain conditions. 
Tanezumab, a humanized IgG2 anti-NGF monoclonal anti-
body, has been demonstrated efficacy in treating arthritic 
pain in several clinical trials. In a clinical trial that involved 
444 patients by Lane et al. in 2010, tanezumab up to 200 ug/
kg improved pain from knee arthritis by 45–62% [24]. 
Improvement in stiffness and limitations in physical func-
tion were also reported over 16 weeks following treatment. 
The most common adverse effects reported are headache and 
paresthesia. In a similar randomized, double-blind, placebo-
controlled clinical trial with 690 patients, tanezumab treat-
ments at different doses of 2.5 mg, 5 mg, and 10 mg on day 
1, 57, and 113 improved arthritic knee pain by 51–62% using 
Western Ontario and McMaster Universities Osteoarthritis 
Index (WOMAC) and numerical rating scale (NRS) [25]. 
Again, the most common reported side effects are head-
ache and paresthesia. The efficacy of tanezumab in treating 
chronic low back pain was demonstrated in a randomized, 
double-blind, placebo-controlled trial involving 217 patients 
in 2011 by Katz et al. [26]. Treatment with 200 μg/kg of tan-
ezumab for 6 weeks was associated with 52% improvement 
in pain intensity and greater improvement in Roland-Morris 
Disability Questionnaire and Brief Pain Inventory scores. 
Additional research and phase III clinical trials of tanezumab 
on various pain conditions are necessary to characterize the 
mechanisms of action, safety, and efficacy.

�New Imaging Modality for the Detection 
of Pain Signal and Its Response to Treatment

Imaging studies are commonly performed to aid the diagno-
sis of pain and to guide clinical treatment. However, correla-
tion between radiologic structural abnormalities and clinical 
symptoms in low back pain patients is poor. For example, in 
population study, it has been shown that about 40% of peo-
ple under age of 30 years old display lumbar intervertebral 
disc degeneration on the MRI, with no clinical symptoms of 
back pain. Lumbar disc degeneration on MRI is seen in 90% 
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of individuals older than 50–55 years of age [27]. A recent 
study examined 200 subjects and found that combined MRI 
changes in lumbar spine do not correlate with pain inten-
sity, depressive and anxiety syndromes, and quality of life 
in patients with low back pain [28]. Significant efforts have 
been devoted to improving the imaging techniques for better 
diagnosis and treatment.

The dynamic nature of the spine and its mobility across 
multiple segments is difficult to depict with any single imag-
ing modality. To circumvent this limitation, dynamic MRI 
has been advocated [29]. Conventional MRI is usually per-
formed in a supine position, at rest, which may not reveal 
the underlying pathology which is only evident when some 
extent of spine loading is present. MRI in upright standing 
position and flexed and extended position provides addi-
tional information that is not revealed by MRI in supine posi-
tion. More recently, weight-bearing MRI particularly those 
with a side-bending task has been investigated. Pilot study 
indicates that intervertebral rotations and translations have 
good reliability when validated against participant-specific 
three-dimensional models [30]. Current dynamic MRI tech-
niques need to be further developed to optimize its speed and 
diagnostic accuracy. Its eventual clinical use may improve 
assessment of in vivo spine stability and examination of out-
comes of surgical and nonsurgical interventions applied to 
manage pathological spine motion.

Chronic pain involves complex brain processing path-
ways that have gained considerable research interests. 
Accumulating evidence using functional MRI has suggested 
altered corticostriatal processing is implicated in chronic 
pain [31]. In patients with fibromyalgia, there is reduced 
mPFC activity during gain anticipation, possibly related to 
lower estimated reward probabilities as well as dramatically 
heightened mPFC activity to no-loss (nonpunishment) out-
comes. Moreover, fibromyalgia patients demonstrate slightly 
reduced activity during reward anticipation in other brain 
regions, which included the ventral tegmental area, anterior 
cingulate cortex, and anterior insular cortex [31]. Heightened 
anticipation and fear of movement-related pain have been 
linked to detrimental fear-avoidance behavior in chronic low 
back pain. Fear of pain demonstrates significant prognostic 
value regarding the development of persistent musculoskel-
etal pain and disability. There are significant fear constructs 
that are implicated in pain processing [32].

Spinal manipulative therapy has been proposed to work 
partly by exposing patients to nonharmful but forceful mobili-
zation of the painful joint, thereby disrupting the relationship 
among pain anticipation, fear, and movement. Using func-
tional MRI, patients with chronic low back pain have been 
found to demonstrate high blood oxygen level-dependent 
signal in brain circuitry that is implicated in salience, social 
cognition, and mentalizing. The engagement of this cir-
cuitry is reduced after spinal manipulative therapy [33]. Pain 
assessment with pain intensity score and facial expression 

have both been used clinically. Pain facial expressions are 
mainly related to the primary motor cortex and completely 
dissociated from the pattern of brain activity varying with 
pain intensity ratings. Stronger activity has been observed 
in patients with chronic back pain specifically during pain 
facial expressions in several non-motor brain regions such 
as the medial prefrontal cortex, precuneus, and medial tem-
poral lobe. In contrast, no moderating effect of chronic pain 
was observed on brain activity associated with pain intensity 
ratings. Therefore, pain facial expressions and pain intensity 
ratings may reflect different aspects of pain processing and 
suggest that distinctive mechanisms are involved in different 
aspects of chronic pain [34].

Recent progress has been made to image neuroinflam-
mation, considering there is ample evidence that chronic 
pain, including neuropathic chronic pain, has components 
of heightened immune activation [35–40]. Novel contrast 
agents or radioligands offer promising properties in iden-
tifying neuroinflammation with MRI or positron emission 
tomography-MRI (PET/MRI). A molecular biomarker, the 
sigma-1 receptor (S1R), has been shown to be implicated 
in neuroinflammation and nerve injury. [18F]FTC-146 
(6-(3-[18F]fluoropropyl)-3-(2-(azepan-1-yl)ethyl)benzo[d]
thiazol-2(3H)-one) is a radioligand that is selective for S1R 
and is able to locate the site of nerve injury in a rat model 
with PET/MRI [41]. Using similar PET/MRI technology, 
patients with chronic low back pain demonstrate brain glial 
activation in the thalamus and putative somatosensory rep-
resentations of the lumbar spine and leg, revealed by radio-
ligand (11)C-PBR28 that binds to brain translocator protein 
TSPO [42]. In human lumbar degenerative disc disease, 
several levels of degeneration are commonly present, and to 
diagnose the “culprit” level that is responsible for clinical 
symptoms could be challenging. A recent study employed 
ferumoxytol, a nanoparticle formulation of iron, to image 
the neuroinflammation around nerve roots that might be key 
for lumbar radiculitis [43]. Ferumoxytol is approved by the 
US Food and Drug Administration to treat iron-deficiency 
anemia. Nanoparticles are captured by the monocytes-mac-
rophages, which are also critical components of the immune 
system. In a human subject with lumbar disc degeneration 
at several levels, nerve root inflammation was successfully 
identified with ferumoxytol-contrasted MRI at the level that 
was concordant with clinical pain symptoms.

�Gut Microbiome Modulation of Neuropathic 
and Inflammatory Pain

Gut microbiota is the consortium of microorganisms in the 
gastrointestinal tract. Gut microbiota is essential to human 
health and is critical for the homeostasis of multiple key 
systems, including the immune system, the endocrine sys-
tem, and the nervous system. In fact, gut microbiota plays a 
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major role in the bidirectional communication between the 
gut and the brain. Recently, evidence points to an intrigu-
ing association between gut microbiota and neuropsychiatric 
disorders such as schizophrenia, autistic disorders, anxiety 
disorders, and major depressive disorders. There is also a 
critical role for gut microbiota in the pathogenesis of many 
pain conditions.

Chemotherapy-induced peripheral neuropathy is pres-
ent in about one third of patients undergoing therapy and 
is a major dose-limiting side effects of treatment. Limb 
and perioral area numbness, paresthesia, and pain are the 
cardinal symptoms of chemotherapy-induced peripheral 
neuropathy. With the rapidly increasing numbers of can-
cer patients and survivors, chemotherapy-induced pain has 
become a major factor negatively impacting quality of life 
in cancer patients. In a recent research study, using a mouse 
model of oxaliplatin-induced pain, it has been shown that 
gut microbiota eradication using a cocktail of wide spec-
trum of antibiotics prevents the development of chemo-
therapy-induced pain. Similarly, germ-free mice, which do 
not harbor endogenous gut microbiota, are protected from 
developing chemotherapy-induced pain. Gut microbiota 
restoration using fecal transplantation reverses the protec-
tion mediated by the germ-free status. From a mechanistic 
standpoint, chemotherapy triggers gut inflammation and 
epithelial barrier leakage, which promotes bacteria trans-
location, transient bacteremia, and shedding of bacterial 
products into the bloodstream, including lipopolysaccha-
ride. Toll-like receptor 4, the receptor for lipopolysaccha-
ride, mediates some of the impact of gut microbiota on the 
development of chemotherapy-induced pain. Besides neu-
ropathic pain, germ-free mice demonstrate attenuated acute 
inflammatory pain as well.

One area that has received considerable consideration is 
visceral pain. Given the anatomical location of gut microbi-
ota in the gastrointestinal tract, it is natural to relate it directly 
to many diseases in the digestive tract, such as inflammatory 
bowel disease, colon cancer, etc. Irritable bowel syndrome 
presents with episodes of constipation, diarrhea, and abdom-
inal pain. In a Danish population study, antibiotics were 
found to be a risk factor for asymptomatic irritable bowel 
syndrome [44]. It is plausible that the gut microbiota changes 
secondary to antibiotics are associated with the development 
of irritable bowel syndrome. In diarrhea-dominant irritable 
bowel patients, the abundant phyla Firmicutes is signifi-
cantly decreased, and Bacteroidetes is increased. Moreover, 
the alterations of predominant fermenting bacteria such as 
Bacteroidales and Clostridiales might be involved in the 
pathophysiology of diarrhea-dominant irritable bowel syn-
drome [45]. In an Australian study of patients with irritable 
bowel syndrome, depression was negatively associated with 
Lachnospiraceae abundance. Patients exceeding thresholds 
of distress, anxiety, depression, and stress perception showed 

significantly higher abundances of Proteobacteria. Patients 
with anxiety were characterized by elevated Bacteroidaceae. 
These microbial changes might underscore the psycho-
logical distress which is a key pathogenic factor in irritable 
bowel syndrome [46].

Therapeutics based on gut microbiota to treat irritable 
bowel syndrome so far have led to inconclusive results [47]. 
A multi-strain probiotic regimen for 8 weeks increased ben-
eficial bacteria and decreased harmful bacteria in the micro-
bial stool analysis. The small intestine bacteria overgrowth 
prevalence also decreased at the end of treatment. However, 
the average levels of fecal calprotectin showed a decreasing 
tendency, without reaching statistical significance [48]. In a 
recent meta-analysis, 53 RCTs of probiotics, involving 5545 
patients, were analyzed. Particular combinations of probiot-
ics, or specific species and strains, appeared to have benefi-
cial effects on global irritable bowel syndrome symptoms 
and abdominal pain, but it remained difficult to draw defini-
tive conclusions about their efficacy [47].
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