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A B S T R A C T

Pain is the predominant symptom of osteoarthritis (OA) that drives patients to seek medical care. Currently, there
are no pharmacological treatments that can reverse or halt the progression of OA. Safe and efficacious medica-
tions for long-term management of OA pain are also unavailable. Understanding the mechanisms behind OA pain
generation at onset and over time is critical for developing effective treatments. In this narrative review, we first
summarize our current knowledge on the innervation of the knee joint, and then discuss the molecular mecha-
nism(s) currently thought to underlie OA pain. In particular, we focus on the contribution of each joint component
to the generation of pain. Next, the current experimental models for studying OA pain are summarized, and the
methods to assess pain in rodents are presented. The potential application of emerging microphysiological systems
in OA pain research is especially highlighted. Lastly, we discuss the current challenge in standardizing models and
the selection of appropriate systems to address specific questions.
1. Introduction

Osteoarthritis (OA) is a disease of the whole joint that involves the
pathological alteration of all components. There are currently more than
500 million OA patients worldwide [1], and as recently as 2019, OA was
the 15th highest cause of years lived with disability (YLDs) worldwide,
accounting for 2% of the total global YLDs [2]. OAmay occur in all joints,
including the hands, shoulders, hips, knees, and ankles. However, it is
most common in knees, where symptomatic knee OA accounts for
17–35% of the population older than 50 years, and 88% of OA patients
are older than 45 years [3]. Risk factors for OA include female meno-
pause, obesity, history of joint injury, mechanical overuse, and abnormal
joint alignment. Because advancing age is the most significant and
common risk factor for knee OA, the incidence and impact of OA will
increase dramatically in the face of an aging world population.

Pain is the predominant symptom of OA that causes patients to seek
medical care and impairs their quality of life. Early OA pain symptoms
dic Surgery, University of Pittsbu

ruja), mjm392@pitt.edu (M. M
nell@unthsc.edu (B.A. Bunnell),

July 2022; Accepted 9 August 2
ier Ltd on behalf of Osteoarthritis
/licenses/by-nc-nd/4.0/).
are usually limited to affected joints and are intermittent depending on
the intensity of daily activity. OA pain gradually becomes more severe,
persistent, and unpredictable. Whether or not the same mechanism(s)
underlie the pain associated with early and late phases of OA remains to
be determined. However, the observation that non-steroidal anti-in-
flammatory drugs (NSAIDs) appear to lose antinociceptive efficacy with
disease progression suggests additional mechanisms underlie OA pain in
the later stages of the disease. Furthermore, pain-amplifying circuitry
within the central nervous system is also likely to contribute to the pain
associated with later stages of the disease. This suggestion is based on
evidence that the presence of central sensitization in late-stage OA pa-
tients is similar to that observed in patients with chronic pain associated
with other diseases [4].

Currently, the therapies for OA pain control have limited efficacy and
severe side effects [5]. For example, NSAIDs are the initial drug of choice,
either oral or topical use. However, these are associated with significant
side effects on the gastrointestinal tract and other systems. Corticosteroid
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intra-articular injections are also used in patients with severe pain but
cannot be used repeatedly because of the potential for joint damage, and
intra-articular hyaluronic acid injections are not routinely recommended.
Opioids are the last line of defense for severe OA pain due to serious side
effects, including increased risk of falling, constipation, development of
opioid-use disorders (i.e., addiction), respiratory depression, and death.
Joint replacement surgery currently remains the only therapeutic option
for most in the late stages of the disease. However, this type of surgery is
not recommended to young OA patients due to the finite lifespan of
prosthesis [6]. Complications have also been reported, such as stiffness,
thromboembolism, infection, and other anesthesia-related complications
[7]. In addition, it fails to address chronic pain in ~20% of patients [8].
Therefore, there is an unmet clinical need to treat OA and associated
pain.

The absence of more effective treatments for OA pain is clearly due to
several factors, primarily rooted in our limited understanding of OA
pathogenesis. While the available evidence suggests that both peripheral
and central mechanisms contribute to OA pain [9], the efficacy of total
knee replacement surgery suggests that peripheral mechanisms are pri-
marily responsible for the majority of OA patients. Consequently, this
review focuses on structural changes in the knee joint and the peripheral
mechanism of OA pain signaling pathways. The involvement of the
central nervous system and dorsal root ganglia (DRG) neurons in OA pain
has recently been reviewed elsewhere [10], and is therefore not dis-
cussed here.

2. The knee joint – a highly innervated organ

The knee joint is an organ innervated by both sympathetic and sen-
sory neurons. During healthy conditions, adult hyaline cartilage is
aneural, which, however, can be innervated in the osteoarthritis [11]. In
contrast to innervation of the skin, where neurons give rise to unmy-
elinated and thinly myelinated axons referred to as C- and Aδ-fibers,
respectively, type IV and type III afferents, which are nociceptors,
innervate the knee joint. Moreover, there is clearly a subpopulation of
neurons with more heavily myelinated, namely Aβ- or type II fibers,
which mostly encode stimuli in the non-noxious range [12]. Neurons
typically considered to be the “pain fibers” innervating the knee are
generally type III and type IV fibers. The response properties of the
sensory neurons that innervate the knee have been most extensively
characterized in vivo in the context of mechanical stimuli, where the
nociceptive afferents appear to be most responsive to torque, a mode of
mechanical insult most likely to damage the joint. However, studies
suggest these neurons are also responsive to chemical and possibly
thermal stimuli, suggesting that most of them would be classified as
polymodal nociceptors [13].

Nociceptive afferents have been categorized by several properties in
addition to axon conduction velocity. One of the more common proper-
ties has been whether the neuron expresses the neuropeptides substance
P (SP) and, more commonly, calcitonin gene-related peptide (CGRP),
where those with these neuropeptides are peptidergic and those without
are non-peptidergic. More recent single-cell expression analysis suggests
more subpopulations of putative nociceptive afferents [14]. However,
because most of these single-cell analyses have been performed on neu-
rons not identified by their target of innervation, the subpopulations
identified are likely biased toward the most common subpopulations of
neurons. Given that a recent analysis of neurons retrogradely labeled
from the colon identified two populations not previously identified [14],
it will be essential to perform comparative studies on the knee joint,
where ideally it would be possible to differentially label the various
components of the joint to determine whether there are subpopulations
of sensory neurons specific to any of the knee joint components. All said,
sensory neurons innervating the knee express both CGRP and SP. This is
potentially important in the context of OA, given that these peptides are
not only released from the central terminals of nociceptive afferents
where they appear to contribute to the nociceptive signaling [15], but
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they are released in the periphery, where they appear to contribute to
regulating cells involved in joint remodeling (i.e., osteoblasts and oste-
oclasts), and the immune response to tissue injury [16]. Consistent with
this efferent role for the afferent innervation of the knee, there is evi-
dence that joint damage in models of OA is exacerbated in the absence of
peptidergic innervation of the joint [17].

Sympathetic nerve fibers were found in joint structures, including
synovium, infrapatellar fat pad, and subchondral bone [18]. The effects
of sympathetic neurotransmitters were demonstrated on bone and
cartilage homeostasis and pain mechanisms in OA [19]. Available evi-
dence suggests at least two mechanisms whereby sympathetic nerve fi-
bers may contribute to the pain of OA. First, there is evidence that they
can release inflammatory mediators such as prostaglandin E2. Second,
they may release mediators, including norepinephrine that can act
indirectly on cells such as macrophages or directly on nociceptive af-
ferents [20]. Robust sprouting of postganglionic sympathetic nerve fibers
along with sensory nerve fiber innervation was observed in the synovium
of Freund's complete adjuvant mice arthritis model [21]. These changes
may contribute to the pain associated with OA, which is supported by the
observation that sympathectomy used to be a rescue treatment for pa-
tients with rheumatoid arthritis in the setting of chronic joint pain [22].
In addition, beta-2-adrenergic receptors antagonist alleviate pain sensi-
tivity from high catecholamine levels and sympathetic responses in rat
models of OA [23]. This effect was also found in human OA patients
taking beta-blocker drugs, as they reported lower Western Ontario and
McMaster Universities Osteoarthritis Index (WOMAC) pain scores and
required lower opioid treatment [24]. From a clinical perspective,
persistent pain disorder due to abnormal sympathetic activity was called
reflex sympathetic dystrophy (recently named complex regional pain
syndrome [25]). However, in experimental pain-related OA models, it
appears that the sympathetic nervous system is not directly involved.

3. Joint elements and their contribution to OA pain

Currently known mechanisms of OA pain locally in the knee joint are
summarized in Table 1 and Fig. 1. The contribution of each joint element
is discussed below.

3.1. Cartilage

In the absence of tissue injury, adult articular cartilage is an aneural
and avascular structure. At the early stage of OA, cartilage surface
fibrillation is often seen [40]. Next, chondrocytes undergo
hyper-proliferation in response to matrix loss and form clusters. Other
pathological changes observed in chondrocytes in the presence of OA
include fibrosis, senescence, hypertrophy, and apoptosis [41]. Senescent
chondrocytes isolated from OA cartilage have been shown to generate
cytokines and chemokines that contribute to nociceptor sensitization
and/or activation [42]. Furthermore, and consistent with a potential role
for this tissue in OA-associated pain, the presence of innervation and
vascularization has been documented in cartilage obtained from OA
patients [43]. The increase in vascularization and innervation is associ-
ated with an upregulation in the expression of vascular endothelial
growth factor (VEGF) and NGF [44]. Furthermore, there is evidence that
chondrocytes from OA patients can be stimulated to release inflamma-
tory mediators. For example, chondrocytes appear to express P2X3, and
P2X2/3 receptors, receptors for ATP released from sympathetic post-
ganglionic neurons and other cells, which when activated are associated
with the release of inflammatory cytokines including TNF-α, IL-1β, IL-6,
and CINC-1 [45].

3.2. Synovium

In a healthy joint, the synovial membrane consists of two layers. The
outer layer is comprised mainly of collagen type I, lymphovascular
channels, as well as nerve fibers. In contrast, the inner layer primarily



Table 1
Currently known OA pain mediators.

Potential mediators Actions References

Inflammatory cytokines Pain upon movement was positively correlated with TNF-α, IL-6, and IL-8, and negatively correlated with IL-1β, while pain at
rest was associated with high levels of TNF-α.

[26]

Chemokines CCL12, a monocyte chemoattractant protein, is increasingly expressed in the synovial lining and synovial fluid of OA knees and
following mechanical injury

[27]

Manipulations of the CCL2/CCR2 axis in this model influence pain behaviors but not the structural changes in DMM model of
OA

[28]

Nerve growth factor (NGF) Intraarticular Anti-NGF monoclonal antibodies injection reduced local knee pain in MIA mouse OA model [29]
Brain-derived neurotrophic factor
(BDNF)

mRNA of BDNF and TrkB genes were upregulated in human OA synovium, and BDNF was present in OA synovial fluid. The
sequestration of BDNF via TrkB FC chimeric acutely reversed OA pain behaviors, while intraarticular injection of BDNF further
exacerbated them in MIA and MNX models.

[30]

Acid-sensing ion channels (ASIC) An increase in ASIC3 in both the synovium and DRG was found in the MIA model of OA in the rat. Mechanical hyperalgesia is
attenuated in genetically eliminated mouse models (i.e., ASIC3 knock-out) despite an increase of inflammatory mediators,
namely IL-6, matrix metalloproteinase (MMP-3), and MMP-13.

[31]

Transient receptor potential (TRP)
cation channels

Systemic administration of TRPV1 antagonists has been shown to attenuate hypersensitivity in MIA rat OA models but not in
sham rats.

[32]

TRPV1 agonist was able to polarize M1macrophages to anM2 phenotype and reduce synovial inflammation through the Ca2þ/
calmodulin-dependent protein kinase II (CaMKII)/nuclear factor-erythroid 2-related factor 2 (Nrf2) signaling pathway

[33]

Hypersensitivity associated with the MIA model of OA is attenuated in TRPA1 knock-out mice [34]
Systemic administration of the TRPA1 antagonist A-967079 attenuated the increases in spontaneous and evoked activity in the
spinal cord dorsal horn neurons in the MIA model of OA

[35]

There was an increase in TRPM8 activity in mouse DRG neurons retrogradely labeled from knee challenged with OA synovial
fluid

[36]

Mechanical hypersensitivity associated with the MIA model of OA is attenuated in TRPV4 knock-out rats [37]
Hypersensitivity was increased with TRPV4 agonists and decreased with TRPV4 antagonists that were administered
intraarticularly in MIA model of OA

[38]

Voltage-Gated Sodium (Nav)
channels

Selectively blocking Nav1.7 and Nav1.8 had efficacy in the rat MIA model of OA with both system and local administration of
antagonists

[39]

(Acronyms: OA-osteoarthritis, MIA-monoiodoacetate-induced OA model, MNX-medial meniscal transection-induced OA model. DMM-destabilization of medial
meniscus-induced OA model, TNF-α-tumor necrosis factor-α, IL-6-interleukin-6, and IL-8-interleukin-8, IL-1β-interleukin-1β, CCL2-Chemokine (C–C motif) ligand 2,
CCR2- CC-chemokine receptor 2, TrkB-tropomyosin receptor kinase B, TRPV-transient receptor potential cation channel subfamily V member, TRPA-transient receptor
potential ankyrin family, TRPM-transient receptor potential melastatin family).
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contains two synoviocytes, macrophage and fibroblast-like cells [46].
Structural changes observed in the synovium associated with OA include
hyperplasia, infiltration of mononuclear cells, activated T and B cells,
macrophage clusters, and the production/release of pro-inflammatory
cytokines [47]. The association between synovial inflammation (syno-
vitis) and pain has been investigated. The infiltration of inflammatory
cells like helper T-cells (Th), specifically Th1 CCR5þ cells, into synovium
was significantly increased in the synovial membrane from patients who
reported greater pain and correlated with functional disability [48].
Klein-Wieringa also demonstrated that activated helper T cells found in
synovium membranes were associated with higher pain scores in OA
patients [49]. Another study identified that macrophage-inhibitory fac-
tor in the synovial fluid, not in serum, positively correlated withWOMAC
pain score [50]. In addition to the infiltrating immune cells that are
capable of releasing mediators and likely contributing to the pain of OA,
there is evidence that the native cells residing in the synovial tissues can
also generate pain mediators. In particular, these cells have been shown
to release BDNF, which, as noted previously, is a trophic factor impli-
cated in nociceptive signaling [30].

Evidence also suggests the correlation between sensory innervation,
indicated by CGRP expression, and inflammation in synovial tissue. In an
in vitro study, Minarani and co-workers treated synovium tissue explants
with TNF-α, IL-1β, or PGE2, resulting in an increased expression of CGRP
[51]. In the MIA-induced OAmodel, Hoshino and co-workers showed the
correlation of pain-related behavior and synovial hypercellularity, which
proved to be faster and irreversible at a higher dose of MIAwhich showed
a positive correlation of CGRP nerve fibers in the synovial tissue [52].
Bourassa et al. also described an increased density of sensory and sym-
pathetic nerve fiber sprouting in the MIA-induced OA rat model, similar
to the neuropathic model [53]. In agreement with the observations
above, a study by Obeidat et al. showed dense innervation in lateral
synovium and increased signal in deep later of medial synovium in the
knee joint of mice undergoing DMM [54]. Also, from OA patients,
synovium showed a positive correlation of COX2 and CGRP receptor
3

expression [47]. Together, inflammation in the synovium appears to
contribute to neuronal sprouting.

Lastly, the study of pain-associated genes from OA patient synovial
biopsies showed that neuronal proteins were the top three genes that
were differentially expressed in high pain patients, which were the Stress
Responsive DNAJB4 Interacting Membrane Protein (SDIM1), Carboxy-
peptidase E (CPE), and Otoferlin (OTOF). SDIM1 and CPE play a role in
the cellular stress response. OTOF is a transmembrane protein that can
modulate the GABAergic activity in the GAD65-dependent manner in
neuronal and non-neuronal cells [55].

3.3. Infrapatellar fat pad

The intrapatellar fat pad (IPFP) is an intracapsular but extrasynovial
tissue localized anteriorly distal to the patella. IPFP from OA patients
showed structural changes, including increased inflammatory infiltra-
tion, vascularization, and thickened interlobular septa [56]. Currently,
there is a disagreement as to whether the fat pad volume is associated
with pain levels reported in OA. However, other evidence suggests the
contribution of fat pads to OA pain. Results from Aikawa et al. identified
CGRP-expressing cells in the IPFP from OA patients, which correlated
with the severity of OA knee on plain film X-rays as scored with the
Kellgren-Lawrence classification. As CGRP expression was stimulated by
TNF-α, IL-1β, and PGE2 in the synovial membrane, the study also implied
the correlation between CGRP expression and COX2 expression in the
IPFP [57]. Another study investigated IPFPs from OA patients who had
undergone knee replacement surgery. They found that increased VEGF,
MCP-1, and IL-6 protein levels were associated with increased IPFP
vascularity in OA samples when compared to those in healthy controls
[58].

Preclinical data also supports a role for the IPFP in pain associated
with OA. For example, in the rat MIA model of OA, a high concentration
of MIA produced persistent inflammation of the fat pad, which was
similar to human OA structural changes [59].



Fig. 1. The pathological changes of OA knee joint and the mechanisms underlying the activation and sensitization of nociceptive afferents. (Acronyms:
TrKA-Tropomyosin Receptor Kinase A, ASIC- Acid Sensing Ion Channels, TRP- Transient Receptor Potential Channels, NaV Channels- Sodium Voltage-Gated Channels,
MAPK- mitogen-activated protein kinases, cAMP- Cyclic-30,50-adenosine monophosphate, PKA- Protein Kinase A, PKC- protein kinase C, PLC- phosphoinositide-specific
phospholipase C, ERK- extracellular-signal-regulated kinases, Na- Sodium Ions, Ca- Calcium ions).
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3.4. Subchondral bone

The subchondral bone consists of the subchondral bone plate and
subchondral trabeculae. The subchondral bone plate lies beneath calci-
fied cartilage providing not only mechanical support but also allowing for
molecular interconnections [60]. Bone remodeling through osteoblasts
and osteoclasts provides the ability to endure repetitive loading [61].
Subchondral bone alterations, such as the progressive increase in sub-
chondral plate thickness and development of subchondral bone cysts, and
formation of osteophytes classically serve as radiographic evidence of OA
[62].

In the ACLT mice OA model, Zhu et al. demonstrated that levels of
tartrate-resistant acid phosphatase-positive (TRAP-positive) osteoclasts
increased in the subchondral bone as a pathological feature of OA
correlated with CGRP positive sensory innervation. However, only a few
TRAP-positive cells and CGRP-positive sensory neurons were found in
the sham group [63]. In addition, this study reported that netrin-1
secreted from osteoclasts was the primary mediator inducing sensory
nerve axonal growth; sensory innervation of subchondral bone in the OA
model was inhibited by either knock-out of receptor activator of nuclear
factor kappa-B ligand mice, knock-out of Netrin1 gene in TRAP-positive
osteoclasts, or alendronate, a drug that inhibited osteoclast activity [63].

In OA patients, osteoclast activity is also associated with the forma-
tion of channels that connect subchondral bone to avascular noncalcified
cartilage via the tidemark. These channels appear to provide a pathway
for the emergence of fibrovascular and infiltrating inflammatory cells,
4

especially macrophages [64]. As with other joint tissues, vascular inva-
sion is associated with sensory innervation. Consistent with this model,
there is evidence that the fibrovascular tissue expresses VEGF and NGF
and that the vascular channels contain CGRP nerve fibers [44].
CGRP-immunoreactive sensory nerve fibers, found in human OA osteo-
chondral tissues, were increased in osteochondral channels and sub-
chondral bone marrow spaces underneath the damaged cartilage.
Moreover, the percentage of nerve fibers was significantly higher in
symptomatic than asymptomatic cases [65]. Evidence that these changes
in the bone contribute to OA pain comes from a study with resolvin, a
pro-resolution lipid mediator [66]. In OA patients, resolvin receptors,
ALX and ChemR23, were found in the medial tibial plateau, and receptor
levels were significantly correlated with IL-6 levels in the specimens.
Notably, while preclinical evidence shows that exogenous systemic and
intrathecal administration of resolvin precursors could reduce pain
behavior in theMIA OAmodel, there was no reduction in joint pathology,
revealed by unchanged chondropathy grading scores, synovitis levels,
and the numbers of TRAP-positive osteoclasts [66].
3.5. Meniscus

Menisci are crescent-shaped wedges of fibrocartilage attached to the
tibia beneath the femur in the knee joint. In OA patients, meniscal pa-
thologies such as tearing, maceration, or destruction were often found in
MRI imaging [67]. However, Kornick et al. used MRI to examine the
meniscal horns in asymptomatic volunteers and found that there was at
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least a 25% prevalence of meniscal signal abnormalities as early as the 2
nd decade of life [68], suggesting that meniscal pathology is not directly
related to the generation of knee pain. Currently, studies addressing the
contribution of menisci to pain are limited. In one study, meniscal
structures in high-grade chondropathy showed increased perivascular
CGRP-IR nerves in the outer region when compared to low-grade
chondropathy. Unfortunately, there were no pain data available [69].
In another study conducted in themouse DMMOAmodel, it was reported
that nerve fiber immunoreactivity was undetectable in lateral and medial
menisci of 10-week-old naive mice but was detectable in the medial
meniscus at 16 weeks after DMM [54].

3.6. Ligament

Ligaments are the structures connecting two bones or fibrocartilagi-
nous structures to the bone. The main intraarticular ligaments are the
anterior cruciate ligament (ACL) and posterior cruciate ligament (PCL),
connecting the femur to the tibia. As noted previously, ACL degeneration
and ACL injury are known for their association with OA in humans [70].
Interestingly, in contrast to other joint elements, there is evidence of a
decrease in the innervation of the ACL in OA patients. This was suggested
to be the cause of chronic dysfunction and the emergence of OA in these
patients [71]. However, the contribution of ACL damage to pain in OA
patients was not studied. Ikeuchi et al. examined innervation of the PCL
in OA and non-OA donors with immunohistochemistry and found that
the difference of the nociceptive neuron density, identified by
CGRP-positive staining, did not reach a statistical significance between
these two groups. However, they revealed that PGP9.5-immunoreactive
signals, a general nerve marker, in the PCLs from OA knees were statis-
tically less innervated than non-OA knees [72]. Of note, the relationship
between the decrease in total innervations in the PCL and OA patho-
physiology has not been demonstrated. Taken together, while these re-
sults suggest that a decrease in ligament innervation may contribute to
joint instability and, consequently, damage, this is one of the few joint
tissues that does not appear to contribute to the pain associated with OA
directly.

4. Preclinical models for studying OA pain

Currently, both clinical and experimental studies are conducted to
investigate OA pain. Assessing pain in clinical studies usually involves
discussing pain intensity history and pain characteristics, physical ex-
aminations that focus on pain sensitization such as mechanical temporal
summation, pressure pain threshold, and investigations like biomarkers
and imaging. These clinical aspects of OA pain have been recently
overviewed by Rice et al. [73]. In the present review, we focus on the
currently established preclinical models.

Mice and rats are commonly used to study OA pain. Various methods
have been developed to create changes in the knee joint that resemble
those observed in OA patients [74]. Intra-articular injections of chem-
icals, such as MIA and collagenase, are associated with changes in the
joint and hypersensitivity within a week of injection. The behavioral
phenotypes are robust and reproducible, but their clinical relevance is
controversial because of the nature of the damage. Consequently, the
inflammatory response initiated may not model those observed in OA
patients. While more difficult and time-consuming, surgical manipula-
tions have rapidly emerged as the gold standard, at least for models of
post-traumatic OA. For example, destabilization of the medial meniscus
(DMM) results in joint damage that develops slowly (8–12 weeks).
Furthermore, it is associated with minor cartilage damage than medial
meniscal transection (MNX) and anterior cruciate ligament transection
(ACLT), which are associated with greater joint instability and conse-
quently a more rapid (2 weeks) development of more severe joint dam-
age. As an alternative approach to the generation of more
pathophysiologically relevant OA models, investigators have used
hyper-physiological joint loading to cause cartilage lesions, which can
5

generate signs and symptoms of OA without a surgical procedure [75].
Lastly, researchers have developed models of spontaneous OA via the
manipulation of genetic and natural occurrences. The genetically modi-
fied models are based on genes associated with OA pathogenesis, such as
protease and collagen type IX α1 genes. A naturally occurring OA model
is also believed to closely simulate the natural progression of human
primary osteoarthritis [76]. However, these models can take a long time
to develop and may induce highly variable disease phenotypes. The
detailed description and comparisons of different OA models can be
found in a recent article by Alves-Sim~oes [74].

In Fig. 2, we summarize representative animal models used for OA
pain research and highlight the methods used to assess pain in rodents.
These models have also been used to assess the influence of OA on joint
innervation. Pain assessment in small animal models evaluates behav-
ioral responses, facial responses, vocal responses, and spontaneous
exploratory activity [77]. Mechanical sensitivity is often assessed with
the von Frey test [78], which involves applying a series of calibrated von
Frey filament to the plantar surface of animal's foot, and the assessment
of the intensity sufficient to make the animal withdraw its foot from the
stimulus, or the frequency of withdrawal to repeated applications of the
same intensity stimulus. The response to stimuli that would not usually
evoke a response implies the presence of mechanical allodynia. Other
tests of mechanical sensitivity involve devices such as calipers that can
generate pressure on the hind paw or knee. As with the von Frey test, the
nociceptive threshold is defined as the intensity of the stimulus needed to
evoke a withdrawal and/or vocalization. Decreases in pressure thresh-
olds are consistent with the emergence of hyperalgesia [79]. Indirect
measures of pain or sensitivity associated with the joint involve tech-
niques or devices that enable an assessment of ambulation or
weight-bearing. The catwalk method or quantitative gait analysis eval-
uates quantitative parameters of individual and inter-limb coordination
[80]. In contrast, ongoing pain is associated with monitoring sponta-
neous behaviors, such as hindlimb-directed grooming. More recently,
investigators have employed the conditioned place preference assay to
assess the presence of spontaneous pain, where pain relief, such as that
associated with a temporary nerve block, is paired with one side of a
two-sided chamber [81]. In contrast, the vehicle is paired with the other.
This pairing is done over several days, and on test day, the animals are
given free access to both chambers. If animals spend more time on the
side paired with pain relief, this change is interpreted to mean that the
animals are in spontaneous pain.

Other larger OA animal models (e.g. rabbits, dogs, pigs, sheep, and
horses) are also used, which may reflect more complex pathophysiology
in humans. Data generated with these models has been well summarized
elsewhere [82]. Of note, using these models is more time-consuming and
costly than rodents. Therefore, these models have been often used in
therapeutic validation studies before clinical trials.

5. Potential of emerging microphysiological system in studying
OA pain

As summarized above, animal models are currently the primary tool
used to identify mechanisms contributing to OA pain. There are limita-
tions associated with using these models, not the least of which include
the difficulty in assessing the presence of pain in a rodent. Furthermore,
load distribution and biomechanics in the human knee joint are different
in rodents [83]. Given the limited progress in the development of novel
therapeutic approaches for treating OA pain, it is reasonable to begin to
question the utility of these current models and pain-assessing methods.
In particular, considerable effort should be directed at the standardiza-
tion of OA models, pain outcome measurements, and methodology to
facilitate comparisons between different settings.

As an alternative to animal models, investigators have begun to
consider the utility of cell/organ culture systems to investigate the
mechanisms of OA pain. While isolated neurons alone may suggest po-
tential novel therapeutic targets, these systems fail to account for the fact



Fig. 2. Current rodent models for studying OA pain. The representative methods to assess pain behavior are also summarized. (Acronyms: MIA-monoiodoacetate
injection, ACLT-anterior cruciate ligament transection, MNX-medial meniscal transection, DMM-destabilization of medial meniscus, MJL-mechanical joint loading).
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that neurites are embedded within joint tissues and surrounded by cells/
matrices that may influence the neural response properties, including
both bi-directional influences of joint tissue on the phenotype of neurons
and neurons on the phenotype of joint tissue. Therefore, the influence of
tissues on neural activity is hard to capture in isolated cell culture
models. The limitations of current animal and in vitromodels suggest that
more effective and predictive models of OA are needed. To address these
issues, attention has recently been focused on developing clinically
Table 2
Studies that used the MPS technology to study neurons and evaluate innervation/pai

Application Device name Cell sources Cul

Axonal degeneration Mouse DRG neurons Xon

Bone remodeling Rat DRG sensory neurons, MC3T3-
E1 pre-osteoblastic cell line

PDM
axo

Bone remodeling Rat DRG sensory neurons, rat
mesenchymal stem cells

A m

Bone repair Rat DRG sensory neuron, Bone
marrow-derived endothelial cells

PDM

Heart disease 3D3C chips Human induce Pluripotent stem
cells

PDM

Heart disease Cardiac
sympathetic
nervous system

Rat cardiomyocytes and superior
cervical ganglions

Org
Gel

Inflammatory bone
disease

Neuro-
vascularized bone
chip

Murine embryonic DRG cells,
mouse bone marrow cells, Human
umbilical vein endothelial cells

PDM
Col
hyd

Motor neuron and
muscle degenerative
disease

Mice spinal cord explants and
myocytes

PDM

Motor neuron disease Human embryonic stem-derived
motor neuron spheroids and
endothelial cells

PDM
cha

Neuromuscular
disorder

hNMJ-on-chip Human induce pluripotent stem
cells and myoblasts from biopsies

PDM

Peripheral nerve injury Mouse C2C12 myoblasts and mice
spinal cord (ventral horns) explants

PDM

Tooth pain Embryonic mice trigeminal ganglia
and molar tooth germs

A m

(Acronyms: MPS- Microphysiological system, DRG- Dorsal root ganglion, PDMS- Po
GelMa- Gelatin Methacrylate, 3D3C chips- 3-dimension-three-compartment chips, hN
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relevant microphysiological systems (MPS) or tissue chips [84].
The general concept of MPS is to use human cells to generate mini-

ature and functional organ analogs that simulate the defined human
physiology and tissue interactions. Although the use of MPS to study OA
pain has not been reported, different types of MPSs were developed to
study the interactions of neurons with other cell types. In Table 2, we
summarized the studies that included neurons in MPS to inform how to
use this emerging system to address OA pain. For example, Neto et al.
n.

ture method Experiment References

a microfluidics Investigate the function of peripheral axons of
DRG

[89]

S with somal and
nal compartments

Evaluate bone and peripheral axonal
regeneration

[85]

icrofluidic device Evaluate DRG neurons outgrowth and
osteoblastogenesis effect on MSCs

[88]

S microfluidic devices Evaluate sensory neuron effects on
endothelial cells angiogenesis and ECM
remodeling

[87]

S microfluidic devices Generate electrophysiologically functional,
human-based cardiac innervation model

[90]

an-chip devices with
Ma hydrogels

Sympathetic innervation increased beat rates
of cardiac cells in microfluidic system 3D co-
culture

[91]

S with Fibrin and
lagen/fibroblast
rogel microchannels

Generate in vitro bone microenvironment
model, and test drugs (e.g. ibuprofen)

[86]

S microfluidic devices Investigate neuromuscular junction
interaction and activity

[92]

S with hydrogel
nnel

Simulate 3D vascular and Motor neuron
networks and study the effect of vascular
network on synaptic connectivity

[93]

S microfluidic chips Generate a model to study neuronal activity
and muscular responses

[94]

S microfluidic devices Investigate the effect of promoting
contractibility of skeletal muscles on axonal
regeneration

[95]

icrofluidic device Investigate the role of innervation in
developing teeth

[96]

lydimethylsiloxane, MSC- Mesenchymal stem cells, ECM- Extracellular matrix,
MJ- Human neuromuscular junction).



Fig. 3. Tissue chip as a new model for studying OA pain. Here, we propose
to create innervated tissue chip to investigate the mechanism of OA pain and
development treatments. The joint elements, such as bone, cartilage, meniscus,
tendon/ligament, fat, synovium, will be separately created from tissue-specific
cells or stem cells, such as mesenchymal stem cells or induced pluripotent
stem cells (iPSCs). Moreover, these tissues will be connected through micro-
fluidics to enable crosstalk. Then the neurons along with supporting cells will be
seeded into the central chamber and then innervate tissues (except cartilage)
through the microchannels in between. Once the pain-enabled tissue chip is
established, different insults, such as pro-inflammatory cytokines or mechanical
overloading, will be used to induce tissue changes and generate pain-like re-
sponses in neurons. In particular, their roles in pain generation can be defined
by stimulating different tissues adversely. Collection of medium from different
tissues can also lead to finding pain mediators or biomarkers. The system can be
used for drug screening as well.
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created a rat DRG-derived sensory neuron-preosteoblastic cell line
MC3T3-E1 co-culture model and showed functional sensory nerve
growing toward osteoblasts [85]. Similarly, a neurovascularized bone
MPS was developed to mimic the bone microenvironment under in-
flammatory conditions, such as OA and RA. Interestingly,
anti-inflammatory drug-loaded nanoparticles were shown to reduce
neural growth in this model implying one of the underlying mechanisms
of analgesia was to reduce the innervation [86]. Leroux et al. investigated
the effects of neuronal networks on angiogenesis and bone extracellular
matrix to study bone remodeling. They discovered that sensory neurons,
particularly with CGRP and SP neuropeptides treatment, promoted
angiogenesis through upregulating the expression of relevant markers,
including vascular endothelial growth factor, angiopoietin 1, type IV
collagen, and matrix metalloproteinase 2 [87]. Moreover, a
microfluidic-based MPS was used to demonstrate a positive effect of
neuronal outgrowth on the mesenchymal stem cell osteoblastogenesis
[88].

Muscle-nerve chips have been developed to study axon regeneration.
In this system, an isolated axonal compartment can be used to identify
factors that facilitate regeneration, while an isolated muscle compart-
ment can be used to assess the impact of interventions such as muscle
contraction on the regeneration [89,95]. Similarly, MPS with micro-
fluidics has been developed to model neuromuscular disorders, affecting
motor neurons (e.g., amyotrophic lateral sclerosis (ALS) and spinal
muscular atrophy (SMA)), muscles (e.g., Duchenne muscular dystrophy
(DMD)), or Schwann cells (e.g., Charcot–Marie–Tooth disease and
Guillain–Barr�e syndrome). All of these systems take advantage of the
ability to assess the influence of cell-cell interactions under “naïve” and
pathological conditions [92–94]. Other examples of microfluidic-based
nerve-tissue MPSs include teeth, where nerve-tooth interactions were
studied [96], as well as the heart, where it is possible to study the impact
of autonomic nerve dysfunction on heart problems, such as those asso-
ciated with myocardial infarction and arrhythmia [90,91].

In Fig. 3, based on our recent work in creating a four-tissue miniature
joint system [97], we propose an innervated MPS that can be used in
studying OA pain. In this model, joint elements that may contribute to
pain are included, as well as sensory neurons to innervate the different
tissues. Through advanced technologies, such as embedded microelec-
trode arrays (MEAs), we can monitor the generation of what would be
pain signals of minutes, hours, or days, and use this output to test
treatments. Moreover, patient cell-derived iPSCs can be used to generate
tissue chips, which will allow the development of personalized treatment
methods. Nevertheless, while tremendous advances have been made in
MPS technology, cell sources, platform design, modeling of human
physiology, and simulation of pathological changes in OA still need to be
optimized in the future.

In summary, as is true of all scientific endeavors, there are advantages
and disadvantages to every model system used. Therefore, the selection
of models depends on the questions to be addressed. For example, in vitro
neural culture can be used to study the direct influences of agents on
nerves, while animal models are ideal for assessing the systemic influence
of a disease driver or treatments. In order to answer how one tissue, such
as synovium, changes nociceptor activity, an innervated MPS could be an
ideal platform. In addition, the use of multiple models to validate a novel
therapy or targets would allow for a better understanding of the mech-
anism of treatments and capture the unexpected side effect that cannot be
identified in one model. A good previous example is a monoclonal anti-
body against NGF, which showed promising results in animal studies but
unexpectedly accelerated cartilage degradation in human studies. In the
future, the potential therapeutics need to be validated in several models
from different aspects before they can be moved forward to clinical trials.
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