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ARTICLE INFO ABSTRACT

Keywords: Osteoarthritis (OA) is the most common form of musculoskeletal disease, and its prevalence is increasing due to
Joint osteoarthritis the aging of the population. Chronic pain is the most burdensome symptom of OA that significantly lowers
Astrocytes patients’ quality of life, also due to its frequent association with emotional comorbidities, such as anxiety and
Ig;f;;:ii depression. In recent years, both chronic pain and mood alterations have been linked to the development of
Anxiety neuroinflammation in the peripheral nervous system, spinal cord and supraspinal brain areas. Thus, mechanisms
Depression at the basis of the development of the neuroinflammatory process may indicate promising targets for novel

treatment for pain and affective comorbidities that accompany OA. In order to assess the key role of neuro-
inflammation in the maintenance of chronic pain and its potential involvement in development of psychiatric
components, the monoiodoacetate (MIA) model of OA in rodents has been used and validated. In the present
commentary article, we aim to summarize up-to-date results achieved in this experimental model of OA, focusing
on glia activation and cytokine production in the sciatic nerve, dorsal root ganglia (DRGs), spinal cord and brain
areas. The association of a neuroinflammatory state with the development of pain and anxiety- and depression-
like behaviors are discussed. Results suggest that cells and molecules involved in neuroinflammation may

represent novel targets for innovative pharmacological treatments of OA pain and mood comorbidities.

1. Introduction

Osteoarthritis (OA) is the most frequent form of musculoskeletal
disease and affects millions of people in the world, especially the elderly.
Thus, considering the increase in life expectancy, the number of subjects
suffering from this pathology is growing every year [1,2].

It is well known that OA is a complex pathology that involves all the
structures, tissues, and cells that compose the joint, in which both me-
chanical and inflammatory factors cause progressive joint degeneration
[3-5]. As a direct consequence, functional impairment represents an
important negative trait of the pathology, but the main symptom that
deeply and negatively impacts patients is pain [6]. Signs of progressive
joint damage, including cartilage erosion, subchondral bone sclerosis,
synovitis, bone remodeling with osteophyte formation, and meniscal
damage may theoretically all contribute to pain onset and maintenance
[3,7]. However, in OA patients, no direct correlation has been found
between structural joint harm and the intensity or persistence of pain
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[8]. Indeed, although OA patients are known to complain of both joint
and referred pain (i.e., pain in areas adjacent to the affected joint)
[9,10], it has been reported that a subset of patients continues to feel
pain even after a technically successful joint replacement [11]. These
clinical observations describe the complexity of the genesis and main-
tenance of OA pain, suggesting the existence of a neuropathic compo-
nent, given that either pain arises also in areas outside of the injury site
or it manifests after the peripheral nociceptive input has been removed
[12,13].

In OA-damaged joints, different cell populations such as synovio-
cytes, inflammatory cells, and chondrocytes produce chemokines, cy-
tokines, and proteases that can sensitize primary sensory neuronal
afferents [8,12]. The continuous increase in nociceptive inputs from the
periphery further results in central sensitization in the dorsal horn of the
spinal cord. Indeed, pathological changes in the joint cause hyperex-
citability of second-order spinal neurons [8,12], by reducing their firing
thresholds and enhancing their responses to knee stimulation.
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Moreover, sensitized dorsal horn neurons expand their receptive fields, a
mechanism that underlies the spread of hypersensitivity from the
affected joint (either knee, hip or ankle joints which could all be affected
by OA) to adjacent areas. The expansion of receptive fields and reduc-
tion of mechanical thresholds around the joint area are consistently
observed in OA patients [14].

Nowadays, there is no cure for OA, with currently available treat-
ments only focusing on temporary symptomatic pain relief and on the
reduction of inflammation, often leaving patients with considerable pain
and functional disability. Paracetamol, non-steroidal anti-inflammatory
drugs (NSAIDs), steroids and in some rare cases opioids are the most
prescribed pain-relieving therapies for OA [15].

Interestingly, it is now recognized that OA pain is frequently
accompanied by co-morbid affective manifestations, such as anxiety and
depression [16,17], which could additionally impact the patient’s
quality of life and aggravate pain perception, contributing to the tran-
sition to chronic pain. It has been hypothesized that the underlying
mechanisms involved in chronic pain processes are also implicated in
the development of memory deficits and psychiatric disorders due to a
neurobiological overlap between pain processing and stressful and
emotional signals [18,19]. In particular, a pivotal role for neuro-
inflammation, an inflammatory response in the central (CNS) and pe-
ripheral nervous system (PNS), in the pathogenesis of both chronic pain
and depressive/anxious diseases is now emerging [20-24]. Hallmarks of
neuroinflammation are the activation of glial cells (such as microglia,
astrocytes and satellite glial cells, SGCs), and macrophage infiltration.
During a neuroinflammatory condition, all these cell populations release
chemokines and other mediators, and through neuroimmune in-
teractions modify pain signaling [23] at key stations in pain trans-
mission (including dorsal root ganglia, DRGs, and the dorsal horn of the
spinal cord). Similarly, the presence of activated non-neuronal cells in
supraspinal areas is currently proposed as a predisposing factor in the
development of emotional and psychiatric disorders [18].

Despite the above-mentioned evidence, the role of neuro-
inflammation as a common substrate for pain chronicization and the
development of anxious-depressive disorders in OA has begun to be
considered and studied only recently. Due to the complexity of investi-
gating these underlying mechanisms in patients, preclinical models of
OA in rodents have been developed and utilized to try to decipher the
existence of links among pain, emotional disturbances and neuro-
inflammation in PNS and CNS.

The aim of this review is therefore to discuss preclinical evidence on
the key role of neuroinflammation in the maintenance of chronic OA
pain and its potential involvement in the development of OA-related
anxious-depressive components, and to propose a translation of
currently available results to a clinical setting.

2. Neuroinflammation

Inflammation is a protective response against external pathogens or
damaged cells, which promotes their elimination and, consequently, the
resolution of infections or wound healing. Several studies have shown
that, following injury or infections, also the nervous system exhibits the
typical features of inflammation, named neuroinflammation [25], a
localized form of inflammation that occurs in PNS (nerves and ganglia)
and CNS (spinal cord and brain) [20]. Physiologically, it represents a
defense mechanism that initially protects the brain by eliminating
pathogens, promoting tissue repair, and removing cellular debris. A
prolonged inflammatory response, however, becomes detrimental and
consequently inhibits tissue regeneration [26]. Neuroinflammation can
indeed be classified as neuroprotective or neurodegenerative, depending
on whether its effects last for a short amount of time or become chronic
and endure for a prolonged time, resulting in nervous system damage
[25]. There is growing evidence that numerous factors, such as trauma
or the normal aging process, contribute to neuroinflammation. It is also
a major cause and the driver of the progression of several
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Fig. 1. Schematic representation of the glial cell populations involved in neu-
roinflammation and of their typical markers. After PNS injury or peripheral
inflammatory stimuli, Schwann cells and SGCs become activated, express spe-
cific markers, and release pro-inflammatory cytokines, thus contributing to the
generation and maintenance of an inflammatory environment. Microglia cells
and astrocytes are the main actors involved in CNS inflammation. After in-
flammatory stimuli, both cell types can exert pro-inflammatory functions,
which are neurotoxic and detrimental, or anti-inflammatory functions, which
are instead beneficial. Depending on their state of activation, and on whether
they are exerting neuroprotective or neurotoxic functions, these cells express
different markers. The CNS is also populated by oligodendrocytes, which, upon
injury, express a wide range of inflammatory mediators and several receptors,
which enable them to sense and react to inflammation. Created with BioR
ender.com.

neurodegenerative and neuropsychiatric diseases, such as Alzheimer’s
disease (AD), Parkinson’s disease (PD), multiple sclerosis (MS), amyo-
trophic lateral sclerosis (ALS), and depression [27,28]. In addition,
neuroinflammation is associated with different types of pain involving
the CNS, such as central neuropathic pain, but also quite unexpectedly
with other pain conditions, such as OA pain. Indeed, it is now clear that
some painful conditions for a long time considered as being exquisitely
peripheral (e.g., OA pain or chronic constriction injury of the sciatic
nerve) also manifest typical features of centrally driven pain, including
signs of neuroinflammation in the PNS and CNS [20,25].

Neuroinflammation is characterized by vascular changes resulting in
increased blood-brain barrier (BBB) permeability, which leads to
increased invasion of leukocytes, activation of glial cells, and eventually
production of inflammatory mediators, including cytokines and che-
mokines [20].

In the PNS, the main types of glial cells are Schwann cells (SCs),
which provide myelin sheaths to peripheral nerves and maintain ho-
meostasis of the neuronal microenvironment, and satellite glial cells
(SGCs), which envelop the cell bodies of primary sensory neurons within
the DRGs and trigeminal ganglia (TGs) and are coupled together through
gap junctions. In response to inflammatory stimuli and nerve injury,
these cells are activated before the central glia and release inflammatory
mediators that sensitize nociceptors at the level of axons and cell bodies
[29]. After peripheral nerve injury, activated SCs release proin-
flammatory cytokines, such as tumor necrosis factor (TNF-a) and
interleukin (IL)-1f [30]. SGCs, on the other hand, actively participate in
neuroinflammation by upregulating glial fibrillary acidic protein
(GFAP) and glutamine synthetase (GS), which represent markers of their
activation under pathophysiological conditions, as described in Fig. 1
and in [31]. During neuroinflammation, an increase in SGC-SGC and
neuron-SGC coupling mediated by gap junctions and an increased
release of proinflammatory mediators, such as TNF-a, IL-1f, IL-6 and
CX3CL1, also occur. SGCs are also believed to regulate the environment
around neuronal bodies under pathological conditions by releasing
additional factors that modulate neuronal activity, such as adenosine 5'-
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triphosphate (ATP), nitric oxide and prostaglandins [30]. Besides,
infiltrating macrophages and immune cells collaborate with SGCs to
sensitize sensory neurons through the release of multiple pro-
inflammatory mediators [32,33].

The main non-neuronal key actors in CNS inflammation are micro-
glia cells and astrocytes. Both glial cell types can have pro-inflammatory
or anti-inflammatory functions, leading to detrimental or beneficial ef-
fects during neuroinflammation, depending on the timing, underlying
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signaling mechanisms and complex intercellular interactions [34].
Microglia cells are ubiquitously distributed in the brain and spinal
cord and represent the principal innate immune cells and the first cell
population to react following pathological lesions. Their main functions
are to detect changes in the surrounding environment through their
sensomes, to migrate to injured sites, to remodel synapses, and to control
myelin homeostasis [25]. Finally, following inflammatory stimuli,
microglia cells become activated, change their morphology from
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Fig. 2. Time course of the onset of pain-like behavior after induction of OA in mice. Mechanical allodynia (A), thermal hyperalgesia (B) and weight-bearing re-
sponses (C) were assessed in 11-week old male C57BL/6J mice, before (day 0) and after a single intra-articular administration of MIA (1 mg in 10 pl saline in the right
knee; Merck Life Science, Milan, Italy). Control (CTR) mice were intra-articularly treated in the right knee with 10 pl saline on day 0. Tests to evaluate pain-like
behavior were conducted as previously described [53]. Briefly, mechanical allodynia was evaluated on OA paw (mid-plantar surface) using dynamic plantar aes-
thesiometer (von Frey filament @ 0.5 mm, setting: 10 g in 10 s; Ugo Basile, Italy). Thermal hyperalgesia was assessed on OA paw (mid-plantar surface) by plantar test
with a constant intensity radiant heat source (beam diameter 0.5 cm and intensity 20 L.R.; Ugo Basile, Italy). Weight-bearing asymmetry changes in the weight
bearing on hind limbs were tested using incapacitance tester (interval: 3sec; Linton Instruments, Norfolk, UK). Data represent the mean + SEM of 8 mice/group.
Statistical analysis was performed by two-way ANOVA followed by Bonferroni’s post-test. *p < 0.05, **p < 0.01, ***p < 0.001 compared to CTR. PWT, paw

withdrawal threshold; PWL, paw withdraw latency.
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ramified to ameboid [29], and release pro-inflammatory cytokines, such
as TNF-a, IL-1p and chemokines, and recruit infiltrating immune cells to
eliminate the inflammatory triggers and to contribute to damage repair
[26]. Depending on their state of activation, on the pathological con-
dition, and on whether they are exerting a pro- or anti-inflammatory
function, microglia cells express different markers that are summa-
rized in [35] (see Fig. 1). Although the common definition of M1 pro-
inflammatory and M2 anti-inflammatory microglia subpopulations has
currently been overcome by a more dynamic and integrated view of
microglia functions [35], the expression of specific markers and the
morphology of microglia are still considered very useful tools to describe
the stage of tissue inflammation or its resolution upon pharmacological
interventions.

Astrocytes are the largest glial cell population in the brain and spinal
cord and play an active and critical role in maintaining brain homeo-
stasis. Currently, GFAP, GS and S100p are the main markers used to
assess astrocyte activation state (as shown in Fig. 1 and summarized in
[34]). Astrocytes are activated under various pathological conditions
and convert to a reactive state, called astrogliosis, characterized by
morphological changes, significantly increased GFAP expression and
cell proliferation, which is believed to be associated with a loss of
astrocyte homeostatic functions [30,36]. Similar to microglia, astrocyte
response to danger signals during neuroinflammation can be beneficial
or detrimental depending on the stimuli from the inflamed environment.
During acute neuroinflammation, reactive astrocytes perform neuro-
protective functions through the secretion of neurotrophins to support
damaged neurons and the formation of a glial scar to enclose the
damaged area, thereby limiting the spread of a cytotoxic milieu and
promoting axon regeneration [34]. However, during chronic neuro-
inflammation, astrocytes are exposed to a variety of danger signals,
resulting in an increase in their reactivity that contributes to demye-
lination and neurodegeneration. Pro-inflammatory reactive astrocytes
upregulate several genes (e.g., complement cascade genes) and induce
pro-inflammatory factors (e.g., IL-1p and TNF-a), with damaging func-
tions [25,26,36].

In addition to microglia and astrocytes, the CNS is also populated by
oligodendrocytes (OLs), highly specialized cells whose main role is to
constitute myelin [37]. Based on several studies, it is now clear that OLs
have also immunomodulatory properties, through which they actively
contribute to the immune-inflammatory response in neurodegenerative
diseases. This is relevant not only to neuroinflammatory conditions but
also to other neurological disorders in which inflammation strongly
contributes to neurodegeneration. Indeed, selective loss of myelin and
OLs contributes to their pathogenesis [38]. Several mechanisms are
known to generate OL stress, but one of the most important factors is
inflammation. Studies suggest that pro-inflammatory cytokines have the
potential to impair OLs already during their development [25].

Overall, published literature demonstrates that neuroinflammation
represents a complex response to CNS and PNS injuries, involves a wide
number of cellular and molecular actors, and could represent a valid
target for many central and peripheral pathological conditions.

3. The MIA rodent model of OA

Several OA models have been developed in the last years [24,39,40].
Among them, models of spontaneous OA in rodents are unreliable and
time-consuming, therefore the most successful rodent models of the
disease are based on either surgically- or chemically-induced OA. Sur-
gical models include induction of damage to the anterior cruciate liga-
ment and partial or complete meniscectomy, but they have not been
frequently utilized to study OA-related pain due to the technical diffi-
culties of the interventions and to the often unpredictable time course of
the development of painful symptoms [41].

For these reasons, chemically-induced OA models are generally
preferred. They usually consist of a single intra-articular injection of
substances (e.g., monoiodoacetate - MIA - papain or collagenase) which
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target different components of the joint [40,42]. Injection is usually
performed in the knee, but other joints such as the hip and the ankle can
be exposed to the drug as well [43-45]. Based on its wide use as a
reliable OA rodent model, we focused the present review on data ob-
tained in both mice and rats injected with MIA into the knee joint.

Although artificial induction of OA cannot fully recapitulate the
natural onset of the human disease, it is nevertheless useful to originate
robust and reproducible pain phenotypes, making these models partic-
ularly adequate for studying the molecular pain pathways and for testing
the efficacy of new pharmacological agents to treat OA pain [46].

MIA-induced OA is the most widely used rodent model to study the
underlying mechanisms and to develop new analgesics for OA pain
[47-49]. MIA is an inhibitor of glyceraldehyde-3-phosphate dehydro-
genase activity, which causes dose-dependent cell death by disrupting
cellular glycolysis [48]. Thus, the knee intra-articular injection of MIA
results in histopathological alterations and functional impairment like
some of the features observed in the early phases of human OA. Since the
site of injection is restricted to the joint space, intra-articular injection of
MIA causes chondrocyte cell death only, leading to cartilage degenera-
tion and subsequent subchondral bone alterations [50,51]. As previ-
ously mentioned, the MIA model is of simple induction and leads to the
development of a robust disease model that mimics human OA pain;
however, the injection into the joint capsule must be extremely precise
and carried out by expert personnel. Indeed, the release of MIA outside
the joint space could cause the death of the animal.

Although some variables, such as the dose of injected MIA, may
change the time course of the development of joint damage and of pain-
related behaviors as well as the extent of pain intensity, the presence of
sensory hypersensitivity is generally observed starting from 3 days after
MIA injection and remains overtly present up to 28 days [48,52-54].
Hypersensitivity may last longer, but most studies are interrupted 4-5
weeks after MIA injection for ethical reasons [55].

3.1. Pain-related behavior in the MIA model of OA

Pain assessment in animals is challenging. In the MIA model, Von
Frey filament or the dynamic plantar aesthesiometer tests are employed
to measure alterations of nociceptive mechanical thresholds (allodynia)
in the hind paw rather than in the injected knee joint, since assessing
joint pain threshold is technically difficult in rodents. Measurements
performed on the paw reflect refers OA knee joint pain. Indeed, as
mentioned above, during experimental OA, joint afferents typically
expand their receptive fields to areas adjacent to the injected joint [56],
as it spontaneously happens in human OA [14]. In addition, another
commonly used method for pain evaluation is the incapacitance test,
which measures the weight distribution between both hindlimbs, thus
providing a measurement of static pain [57]. Although mechanical
thresholds and weight distribution are more commonly used, thermal
hyperalgesia has been reported in the MIA model as well (Fig. 2) [53].

4. Inflammation in MIA-induced rodent models of OA
4.1. Inflammatory response in the joints

After MIA injection, a strong inflammatory response develops in the
knee joint, as described in [23,24,48]. Proinflammatory cytokines such
as IL-1B, IL-6 and TNF-a are significantly increased around 3 days after
OA induction and their levels remain elevated for several weeks
[8,23,54].

Several chemokines, such as chemokine ligand (CCL) 2 and its re-
ceptor CCR2 are also found increased in the MIA-treated joint [58].
Recently, among chemokines, our research group identified the over-
expression of the prokineticin system (PKS) in the knee joint [54], which
includes a ligand, prokineticin (PK)2, and two GPCRs (PKR1 and PKR2),
and exerts pro-inflammatory and pronociceptive effects [59-62]. Syn-
oviocytes, infiltrating inflammatory cells, chondrocytes, as well as
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Table 1
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Summary of published data on the development of neuroinflammation after induction of OA by injection of MIA in rodents. The table summarizes the main changes in
the expression of markers/mediators of neuroinflammation following its progression in key tissues in rodent models of MIA-induced OA. See text for details.

Animal model Sciatic nerve DRGs Spinal Cord HPC PFC Ref.
Sprague Dawley rats, adult n.a. n.a. CD11b and GFAP: 1T21  n.a. n.a. [85]
males
MIA: 3 mg in 50 pl saline,
right knee joint
Sprague Dawley rats, females, 6- n.a. ATF3: = T7; 1T14, T21 Ibal: = T7; 1T14, T21 n.a. n.a. [8]
week-old and T28 and T28
MIA: 2 mg in 25 pl saline,
right knee joint
Sprague Dawley rats, adult n.a n.a Ibal: 1T7, T14 and T28 n.a. n.a [80]
males GFAP: = T7 and T14; 1
MIA: 1 mg in 50 pl saline, left T28
knee joint
Wistar rats, adult males n.a ATF3: 1T3, T7, T14, T21 n.a n.a. n.a. [71]
MIA: 0.3, 1, 2 mg in 25 pl and T31
saline, left knee joint
Sprague Dawley rats, adult n.a. ATF3: 1T3, T7 and T14 Ibal and ATF3: n.a. n.a. [68]
males = T3 and T14; 1T7
MIA: 1 or 2 mg in 25 pl saline,
left knee joint
Sprague Dawley rats, adult n.a n.a IL-6, GFAP and CD11b: n.a. n.a. [87]
males 1T21
MIA: 3 mg in 25 pl saline, left
knee joint
Sprague Dawley and Wistar n.a. n.a. Ibal and GFAP:1T21 n.a. n.a. [81]
Kyoto rats, adult males
MIA: 1 mg in 50 pl saline, left
knee joint
Sprague Dawley rats, adult n.a. ATF3: = T4 and T14 Ibal, GFAP, IL-6 and n.a. n.a. [84]
males TNFo: = T4 and T14
MIA: 2 mg in 25 pl saline, left IL-1p: = T4; 1T14
knee joint
Sprague Dawley rats, adult n.a ATF3: 1T35 n.a. n.a n.a [45]
males Ibal and GFAP:
MIA: 0.8, 1.6 or 2.4 in 40 pul = T7 and T14; 1T35 and
saline, tiobiotalar joint T42
Sprague Dawley rats, adult n.a. n.a. IL-1p, IL-6 and TNFa:1 n.a. n.a. [88]
males T14 and T28
MIA: 4.8 mg in 60 pl saline,
right knee joint
Sprague Dawley rats, adult n.a IL-18, IL-6 and TNFo: n.a n.a [82]
males 1T3, T7, T14 and T21
MIA: 1 mg in 50 pl saline, Ibal: = T3 and T7;
knee joint 1T14 and T21
GFAP: = T3, T7 and
T14; 1T21
Sprague Dawley rats, adult n.a. IL-1B, IL-6 and TNFa: =  IL-1$: 1T3, T7, T14 and n.a. n.a. [73]
males T3; 1T7, T14 and T21 T21
MIA: 1 mg in 50 pl saline, IL-6: = T3 and T7;
knee joint 1T14 and T21
TNFa: = T3;
1T7, T14 and T21
Ibal: 1T18
GFAP: =T18
C57BL/6J mice, 8-10-week-old n.a. ATF3: 1T7 Ibal: = T7; 1T28 n.a. n.a. [72]
males GFAP: = T7 and T28
MIA: 0.5, 0.75 and 1 mg in 10
ul saline, left knee joint
Swiss Albino mice, 9-12-week- n.a. Ibal: = T15 (trend 1) TNFa: 1T1 and T15 n.a. n.a. [83]
old males IL-1f: = T1; 1T15
MIA: 1 mg in 10 pl saline, Ibal: 1T15
knee joint
Female mice, 6-8-week-old n.a n.a n.a. CD11b: 1T29 n.a. [102]
MIA: 0.15 mg in 10 pl saline, GFAP: = T29
right knee joint
C57BL/6J mice, 10-week-old IL-1, IL-6, CD68, GFAP and IL-1f, CD68 and ATF3: 1L-1p, IL-6, GFAP, n.a. n.a. [66]
males ATF3:1T21 1T21 CD68 and ATF3:1T21
MIA: 1 mg in 10 pl saline, IL-6 and GFAP: = T21
right knee joint
C57BL/6J mice, 10-week-old IL-18, IL-6, TNFa, CD68, IL-1B, CD68, GFAP and IL-6, CD11b, GFAP and n.a. n.a [53]

males
MIA: 1 mg in 10 pl saline,
right knee joint

GFAP: 1T14
ATF3: = T14

ATF3: 1T14
IL-6 and TNFa: = T14

ATF3: 1T14
IL-1p and TNFo: = T14

(continued on next page)
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Table 1 (continued)
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Animal model Sciatic nerve DRGs Spinal Cord HPC PFC Ref.
C57BL/6J mice, 10-week-old n.a. n.a. n.a. TNFa, Ibal and IL-6, TNFa, Ibal [52]
males GFAP: and GFAP: 1T14
MIA: 1 mg in 10 pl saline, 1T14
right knee joint IL-6: = T14
C57BL/6J mice, 10-week-old PK2, PKR1, IL-1p, IL-6, n.a. PK2, PKR1, IL-16, IL-6  PK2, IL-1p, TNFa IL-1p, TNFa and [54]
males CD11b, GFAP and ATF3: and GFAP: 1T28 and GFAP: 1T28 Ibal: 1T28
MIA: 1 mg in 10 pl saline, 1T28 CD11b and ATF3:=T28 IL-6 and Ibal: = PK2, IL-6 and

right knee joint

T28 GFAP:= T28

HPC: hippocampus; PFC: prefrontal cortex; =: not modified in MIA-treated vs CTR animals; 1: increased in MIA-treated vs CTR animals; n.a.: not available; T: time

(days) after MIA injection.

infrapatellar fat may express PKRs and produce PK2 [63,64], whose
upregulation could sustain an inflammatory loop in turn promoting the
recruitment of inflammatory cells, the release of pro-inflammatory/
algogenic mediators and a direct sensitization of nociceptors [61,62].
A close link between the PKS and known inflammatory pathways is
demonstrated by the fact that administration of diclofenac to MIA mice,
besides relieving pain, also exerts a significant reduction of PK2 and its
receptors in OA knee joint [54]. Interestingly, a recent paper identified
the presence of high levels of PK2 also in the knee synovial fluid of OA
patients, drawing the attention to this chemokine as a possible new
marker and/or target for OA treatment [65].

4.2. OA-induced neuroinflammation in the PNS

Since most pain measurements are performed at the paw level (i.e.,
referred pain) and the sciatic nerve and its distal afferents (e.g., the
tibial, common peroneal and sural nerves) innervate the paw, this sta-
tion represents the first tissue where a neuroimmune interaction may be
possible after OA induction. Therefore, in a series of studies we analyzed
the activation of non-neuronal components in the sciatic nerve of MIA
mice at different time points [53,54,66]. Briefly, from 14 to 28 days after
MIA injection elevated levels of the proinflammatory cytokines IL-1f
and IL-6 were constantly present, and GFAP expression, which in the
nerve can identify activated SCs, steadily increased. Instead, the over-
expression of markers related to macrophage activation, such as CD11b
and CD68, peaked precociously at 14 days, but then slowly decreased,
although it remained significantly elevated up to 28 days after MIA in-
jection (unpublished data; [53,54,66]).

Activated or infiltrating macrophages could be responsible for the
increase of inflammatory markers in the sciatic nerve and may be a
consequence of demyelination [67]. Indeed, Thakur and colleagues
[13,68] and Muley and coworkers [67] observed significant demyelin-
ation of the sciatic nerve in the MIA rat and mouse models. Demyelin-
ation and neuroinflammation are largely interrelated, and sciatic nerve
damage and subsequent neuroinflammation are also confirmed by the
expression of the transcription factor 3 (ATF3), a marker of neuronal
damage/stress, which gradually increases over time [53,54,66]. We
found a stable upregulation of PK2 and its receptors in the sciatic nerve
as well (unpublished data, [54]). Although no direct evidence of the
cellular source of PK2 are available in MIA models, results from our
previous studies in different neuropathic pain models [69] suggest that
both infiltrating macrophages and activated SCs may be the primary
source of PK2.

Since the cell bodies of sensory neurons that innervate the joints are
located in the DRGs, neuroinflammation has been evaluated in this tis-
sue as well. As shown in the sciatic nerve, a time-dependent increase of
the neuronal stress marker ATF3 was reported at 3, 7 and 14 days after
MIA injection [53,68,70,71], with a more limited increase 7 days after
MIA injection demonstrated in [72]. Furthermore, our group [66]
observed that at later observation times (i.e., 21 days after MIA injec-
tion) ATF3 expression is still upregulated and Bourassa and colleagues
[45] demonstrated an increase of this stress signal at 5 weeks after MIA.
Overall, these data confirm how intra-joint degeneration processes

impact PNS tissues. IL-1p, IL-6 and TNF-a levels were also reported to be
increased in rat DRGs as early as 7 days after MIA injection [73]. Our
group confirmed the presence of high IL-1p levels in mouse DRGs both at
14 and 21 days after OA induction. Moreover, we also observed the
presence of activated SGCs in DRGs, as demonstrated by elevated GFAP
expression at 14, 21 and 28 days after induction of OA (unpublished
data; [53,66]).

In addition to the activation of resident glia, recent research
described a role for DRG-infiltrating immune cells, in particular mac-
rophages, as key contributors in the development of OA-associated pain
[74]. Authors further observed that these infiltrating macrophages ex-
press typical markers of the M1 pro-inflammatory phenotype and how
their switch to an anti-inflammatory M2 phenotype may be beneficial
for pain relief [75,76]. To support these data, we also observed the
overexpression of macrophage markers in mouse DRGs, which was
particularly evident between 14 and 21 days after MIA injection
[53,66]. Interestingly, depleting macrophages before induction of OA in
mice resolved pain-like behaviors by day 7 without affecting the initial
development of pain. Authors demonstrated that inhibition of a member
of the transforming growth factor (TGF)-f signaling pathway (i.e.
myostatin) during established OA fully reverted pain and macrophage
DRG infiltration [75].

As summarized in Table 1, unfortunately, results from the few
research papers on the neuroimmune interaction in DRGs in the MIA
model are not always coherent, also because different methodologies
have been used; thus, further work is needed to assess its role in the
development of OA-related pain. Although we are aware that it is
difficult and likely incorrect to make comparisons among different an-
imal models, based on available data our opinion is that the involvement
of neuroinflammation in DRGs in the MIA model appears less relevant
than in other preclinical models of chronic neuropathic pain, such as
chemotherapy-induced or partial nerve ligation-induced neuropathic
pain [59,60,72,77]. Our impression is that infiltrating macrophages,
rather than activated resident SGCs, may be relevant for the mainte-
nance of OA pain.

4.3. Neuroinflammation in the spinal cord of MIA-induced OA

Primary afferent fibers innervating the knee joint project to several
spinal cord segments and terminate in both the superficial and deeper
laminae, where they make synapse with second-order dorsal horn neu-
rons [78], which become hyperexcitable following pathological changes
in the joint, with a reduction of their firing threshold and an enhance-
ment of their responses to knee stimulation (see also section 3.1).
Furthermore, sensitized dorsal horn neurons expand their receptive
fields, a mechanism that underlies the spread of hypersensitivity from
the knee joint to adjacent areas [56]. Thus, neuroinflammation in the
spinal cord is a distinctive sign of persistent pain [79], and it has been
increasingly reported also in the MIA model both in mice and rats, as
summarized below.

There is a general consensus about the activation of spinal cord
microglia in MIA-induced OA (Table 1). Most studies on rodent models
(both mice and rats) investigated the development of microgliosis at
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different times after MIA injection, by analyzing the expression levels of
the microglia marker Ibal, either as mRNA or protein by Western
blotting and/or immunohistochemistry. Studies with other markers,
such as CD11b and CD68, provided similar results.

Sagar and colleagues [80] demonstrated microglia activation in rat
spinal cord as early as 7 days after OA induction, which remained
elevated at 14 and 28 days. Other studies in rats confirmed that
microgliosis is observed at 14 and 21 days after MIA administration
[73,81,82], while Bourassa and colleagues [45] reported elevated Ibal
expression at later time points, i.e. 6 weeks after OA induction, thus
suggesting persistence of microglia involvement over time. Additionally,
also in mice OA models, activation of microglia can be detected at 15
[83] and at 28 days after MIA injection [72]. Furthermore, a series of
studies from our group demonstrated increased CD11b and CD68
expression at 14 and 21 days after OA induction in mice [53,66].
However, in contrast with other reports, we observed that microglia
marker overexpression disappeared at 28 days after MIA injection [54].
Finally, a study in rats did not find any significant alteration of microglia
markers either at a very early phase (4 days) or at later time points (14
days post-MIA injection) [84].

In contrast, astrocyte activation, as measured by GFAP expression, is
less clearly evident, with some studies reporting no astrocyte response
[72,85], while others demonstrate increased GFAP immunoreactivity
[86,87]. In particular, elevated GFAP expression was found only at a late
phase of the disease in rats, meaning starting from 21 days after MIA
injection [80-82]. On the contrary, we found a significant increase in
GFAP expression at 14, 21 and 28 days after MIA injection in mice
[53,54,66].

Overall, from the above-mentioned studies, it can be summed up that
continuous nociceptive inputs from the joint significantly affect the
activation of non-neuronal cells in the spinal cord. Moreover, published
results lead to hypothesize that microglia may represent the driving
force in the development of pathological neuroimmune interaction
which in turn leads to a stable but less consistent astrocyte involvement.

Furthermore, in addition to the demonstration of glial cell activation,
the identification of the signaling molecules that are produced and
released by glia and immune cells in the spinal cord, and that either
directly sensitize neurons or further fuel the activation of glial cells, is of
utmost importance. Indeed, a few papers evaluated the levels of pro-
inflammatory cytokines in spinal cord of rat and mice after MIA injec-
tion. In a rat model of OA, Sun and coworkers [73,82] reported a time-
dependent increase of IL-18, TNF-a and IL-6 expression, as early as 3
days after MIA injection and gradually increasing up to 21 days.
Elevated levels of pro-inflammatory cytokines were also reported by Li
and colleagues [88] and Lokwood and coworkers [84] at 14 and 28 days.

The pattern of cytokine upregulation is slightly different in the
mouse model of OA. We found an upregulation of IL-6 starting from 14
days after OA induction which remains elevated at later time points (i.e.,
21 and 28 days after MIA injection), while IL-1p was increased starting
from 21 days after OA induction [52,54,66]. We also found over-
expression of the chemokine PK2 (unpublished data; [54]).

It is well documented that the expression of cytokines, such as IL-1,
TNF-a and IL-6, and of neuropeptides can be regulated by NF-kB [89], a
key transcription factor that plays a fundamental role in inflammatory
diseases, including autoimmune disorders, cancer and neuro-
degeneration. Activation of NF-kB induces TNF-a, IL-1f and cyclo-
oxygenase (COX)-2 upregulation in the spinal cord, in turn leading to
pain hypersensitivity following peripheral inflammation [90]. Consis-
tently, NF-kB activation has been reported in OA rats as early as 7 days
after MIA injection and remained constant up to 28 days. These results
suggest that the activation of NF-kB/p65 in the spinal cord may induce
upregulation of inflammatory mediators, such as TNF-a, IL-1p, and IL-6,
also in OA, thus contributing to the development of neuroinflammation
[88].

To the best of our knowledge, no data are currently available on the
involvement of oligodendrocytes in OA-induced pro-inflammatory

Biochemical Pharmacology xxx (xxxx) xxx

alterations at the spinal cord level. Since their role in the development of
neuroinflammatory responses is now clearly emerging (see section 2 and
Fig. 1), it will be worth evaluating their contribution to spinal neuronal
sensitization in the MIA rodent models as well.

In conclusion, although currently available data are still limited, a
significant involvement of neuroinflammatory components in the spinal
cord is really evident in MIA-induced OA, in line with other chronic pain
conditions such as neuropathic pain. Spinal neuroinflammation likely
contributes to the chronicization of pain as an underlying mechanism of
advanced knee OA.

5. Mood alterations and supraspinal neuroinflammation in MIA
models of OA

It has now become evident that chronic pain affects various aspects
of patient’s quality of life, including mood, sleep and cognitive processes
[91,92]. Indeed, mood disorders, such as major depressive disorders and
anxiety, are frequently observed in chronic pain patients [16,17,93]. In
turn, these co-morbidities can aggravate pain perception, leading to the
generation of a vicious circle which further contributes to sustaining
chronic pain in OA as well [94]. It is therefore extremely important to
understand the underlying mechanisms to develop innovative treat-
ments that can simultaneously control the nociceptive, affective and
cognitive manifestations of OA. Therefore, preclinical studies have
recently started to address the anxio-depressive-like consequences of
chronic pain in several pain models, including MIA-induced OA [95].

As a general issue, we are perfectly aware of the drawbacks and
intrinsic limitations of the behavioral tests that are generally employed
to detect mood alterations in rodents. Nevertheless, they have been
validated for their reliability and have proved to be useful in preclinical
settings and to extrapolate data to be applied to the clinics. A detailed
description of their advantages and limitations goes beyond the scope of
this paper, and we therefore address the reader to a recently published
extensive review on this topic [96]. In brief, the elevated plus maze
(EPM), the open field (OF) and the light/dark box (LDB) are the most
frequently used tests to assess the presence of anxiety-like conditions
[97]. Tail suspension (TST) and forced swimming (FST) tests are instead
generally accepted and validated methods to evaluate the presence of a
depressive-like behavior [98], while the novel object recognition test
(NOR) is the most frequently utilized to detect memory impairment, that
is usually also associated with depression [99].

Most of the studies that reported psychiatric manifestations in the
MIA rodent models also attempted to evaluate the underlying mecha-
nisms, by measuring the expression of mediators and neuro-
inflammatory markers in various brain areas.

As reported above, the studies on OA-related pain measurements
were performed both in rats and in mice. Conversely, the few papers
dealing with depression and anxiety-like behaviors have been mostly
conducted in mice.

LaPorta and coworkers [100] demonstrated that a weak anxiety
state, evaluated with the EPM test, was already present at 7 days and
became more severe at 21 days after MIA injection. Cognitive impair-
ment, assessed with the NOR test, was also present in OA mice with a
similar time course. These authors did not look for neuroinflammation
in the brain, since their study was only focused on the role of the
endocannabinoid system. Subsequently, Carcolé and colleagues [101]
also observed a time-dependent increase in the anxiety-like condition
(EPM test) in OA mice. Indeed, a mild anxiety status was observed 11
days after MIA injection, while it was clearly evident at 21 days. Besides,
in this paper authors also found a clear depressive-like condition, as
evaluated with the FST, 25 days from OA induction. Additionally, in
parallel with behavioral alterations, authors detected significant
microgliosis, as demonstrated by an increase of the total number and the
soma perimeter of microglial cells in the prelimbic and infralimbic areas.
Moreover, by employing several tests (i.e., EPM and OF for anxiety; FST
and TST for depression) Batalle and colleagues [102,103] demonstrated
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anxiety- and depression-like behavior in mice 29 days after MIA injec-
tion. Moreover, animals also displayed cognitive impairment [103]. In
parallel with these behavioral dysfunctions, authors also found supra-
spinal biochemical alterations: the microglia marker CD11b was upre-
gulated in the hippocampus, while astrocytic makers were not modified.
Moreover, an increase in nitric oxide (NO) synthase was observed both
in the hippocampus and the amygdala. Studies from our group
confirmed the development of altered mood behaviors and cognitive
function in mice at 14 [53] and 28 days [54] after MIA injection by
applying the same behavioral tests (i.e., LDT, EPM and OF for anxiety;
TST and FST for depression; NOR for cognitive impairment) to evaluate
anxiety- and depressive-like behaviors. Additionally, we detected signs
of neuroinflammation both in the hippocampus and in the prefrontal
cortex, although with slight differences depending on the time point and
brain area. Indeed, the hippocampus was characterized by astrogliosis
both at 14 and 28 days after MIA injection, but only at the latter time
point upregulation of pro-inflammatory cytokines was also detected.
Similarly, in the prefrontal cortex, IL-1f and TNF-a were overexpressed
at 28 days after MIA administration; however, significant glial activa-
tion was observed 14 days post-induction of OA, while at 28 days GFAP
(astrocyte marker) returned to physiological levels [52,54].

Finally, an interesting paper by Burston and coworkers [81] tested
two rat strains, characterized by differences in basal anxiety levels.
Following induction of OA, the basal high-anxiety Wistar Kyoto rats
developed more severe pain symptoms in comparison to low-anxiety
Sprague Dawley rats, further confirming that anxiety may impact on
pain perception. Authors also found significant activation of astrocytes
both in the periaqueductal gray and in the anterior cingulate cortex,
which well correlated with the levels of anxiety and pain in the two
strains.

In conclusion, the very few studies analyzing the relationship be-
tween OA pain and mood disorders in MIA rodent models consistently
agree on the significant presence of anxiety- and depression-like be-
haviors. It must be also underlined that the development of the psy-
choactive comorbidities starts when painful symptoms persist for at least
two weeks, indicating the importance of pain chronicization in the
negative modulation of mood. From a clinical point of view, this
observation is extremely relevant, since it suggests that a prompt and
efficacious approach to pain can prevent the subsequent and long-
lasting development of highly invalidating mood comorbidities.

6. Therapeutic approaches targeting neuroinflammation in MIA
models

Since its implementation, the MIA model in rodents has been
extensively utilized not only to study the mechanisms underlying OA-
induced pain, but also to check and validate the efficacy of different
drug treatments, nutraceuticals and non-pharmacological approaches to
counteract pain, disability, histological modifications and joint damage.
More recently, thanks to emerging evidence on the involvement of
neuroinflammation in pain chronicization, also the impact of different
treatments on neuroinflammatory pathways has started to be evaluated
in preclinical models of OA.

Indeed, research in this field has moved in two directions: on one
hand, to propose drugs that specifically target non-neuronal cells and
have been shown to switch off or dampen neuroinflammatory pathways;
on the other, to re-evaluate whether classical OA therapeutic regimens
may exert their favorable effects also by targeting neuroinflammation.

Chronic treatment with the microglia inhibitors minocycline and
fluorocitrate was found effective in reducing allodynia and neuro-
inflammation as well, suggesting a pivotal role for glia cells in main-
taining OA-related hypersensitivity in the MIA model [45,80]. Besides,
we recently demonstrated how the pharmacological blockade of PK2, a
chemokine overexpressed in the CNS and PNS in OA pain (see above),
also ameliorates painful symptoms and neuroinflammation [54]. Li and
colleagues [88] showed how the inhibition of NF-kB activation and
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translocation in the spinal cord is effective in controlling both pain hy-
persensitivity and neuroinflammation.

Among standard analgesic drugs currently used to treat pain in OA
patients, NSAIDs are prevalent, followed by opioids in selected patients.
In MIA rodent models of OA, NSAIDs such as diclofenac and nimesulide
relieved hypersensitivity, significantly reduced microglia and astrocyte
activation, as well as decreased the levels of pro-inflammatory cytokines
in both DRGs and spinal cord [54,80]. Moreover, in parallel with the
reduction of painful symptoms, a precocious treatment with diclofenac
was able to prevent the development of anxious-depressive-like behav-
iors as well, also by decreasing neuroinflammatory activation in brain
areas [54].

In recent years, the ability of NSAIDs to modulate and blunt neuro-
inflammation in the brain has been actively studied as novel therapeutic
approach in neurodegenerative diseases, such as AD and PD [104]. Also
based on available data in these different pathological settings, at the
moment we cannot state whether the positive effect of this class of drugs
on neuroinflammation in the MIA models is due to their direct effect on
the glia component or to the reduction of pain that may represent a
primary neuroinflammatory trigger.

The use of opioids in non-cancer pain remains a debated question,
due to the well-known adverse effects related to their chronic use. In the
MIA model opioid administration exerts a significant analgesic effect
[52,53,55,105], but the interplay among morphine, opioid receptors
and neuroinflammation is complex and multifaceted, as recently
extensively studied [106]. Chronic morphine administration has been
associated with microglia activation and cytokine production in the
spinal cord and this activation was suggested as one of the mechanisms
underlying tolerance and opioid-induced hyperalgesia [107,108]. The
impact exerted by morphine on brain neuroinflammation is debated,
with often contradictory literature data, showing both increased
[109,110] and decreased [111,112] central neuroinflammation. Work
from our group clearly indicates that one week of morphine treatment in
MIA model, at a dose able to relieve pain, blunted the activation of
microglia and astrocytes and the overexpression of proinflammatory
cytokines both in the PNS and CNS, and prevented the development of
anxio-depressive behavior [52,53]. Once more it can be hypothesized
that in OA models the final effect of opioids on neuroinflammation is
likely due to the combination of their effect in relieving pain in turn
blunting pain-induced neuroinflammation, balanced by a potential
direct effect on the glia components. It is also possible that the doses and
the duration of opioid treatment may be relevant to understand their
interactions with neuroinflammation. However novel pharmacological
approaches specifically targeted on neuroinflammation must be actively
sought. In this direction, Carcole and coworkers [83] also demonstrated
how the pharmacological blockade of Sigma-1 receptor (s1R), that is
expressed by several cell types in the CNS including microglia, inhibits
mechanical hypersensitivity, cognitive deficits and depressive-like states
associated with OA pain in mice. A series of studies by Batalle and co-
workers [102,103] showed how hydrogen sulfide slow-release donors
counteracted pain and mood alterations, reducing neuroinflammatory
markers.

Considering the presence of a neuropathic component in MIA-
induced pain, a few studies evaluated the effect of treatment with an-
tidepressants in MIA rats, since these drugs represent the first line
treatment for neuropathic pain. The serotonin-noradrenaline reuptake
inhibitor (SNRI) duloxetine was effective in relieving MIA-related hy-
persensitivity [105,113-115] especially when administered in the late
phase of the disease. Yoneda and colleagues [115] also demonstrated
that the effect of this SNRI was due to the modulation of endogenous
descending inhibitor control. Interestingly, Nasti¢ and coworkers [114]
showed that the novel antidepressant vortioxetine counteracted pain
and was also able to restore the cognitive impairment (as measured with
the NOR test) in MIA rats. However, none of these studies performed any
biochemical analysis in order to evaluate the effect of antidepressant
treatments on neuroinflammation. Thus, this represents an issue of great
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Fig. 3. Schematic representation of the known neuroinflammatory mechanisms underlying the development and progression of OA pain. The cartoon summarizes
the main cell populations involved in neuroinflammatory pathways underlying OA pain in the knee joint, in the sciatic nerve, in DRGs and in the spinal cord, and the
main mediators released by these cells. See text for details. Created with BioRender.com.

interest for future research.

Also, more advanced approaches, such as the epigenetic regulation
of pro-inflammatory cytokines production [73] or the treatment with
mesenchymal stem cells and their secretome, were able not only to
counteract allodynia and hyperalgesia but also significantly blunted the
neuroinflammatory status in the PNS and CNS [66,82].

We can therefore hypothesize that an efficacious control of the
neuroinflammatory components during OA may represent a promising
strategy to counteract both pain and related comorbidities.

7. Limitations and conclusion

In summary, recent research on the MIA model has generated crucial
and novel insights into the mechanisms involved in OA pain, strongly
highlighting the involvement of neuroinflammation in the PNS and CNS.
Moreover, these studies have suggested that glia activation may be at the
basis of the development of mood and cognitive comorbidities that
frequently accompany OA as well (summarized in Fig. 3).

We are aware that the number of studies on this topic is still limited
and that some bias need to be addressed. For example, aging is one of the
major risk factors for the development of OA and research is increasingly
unveiling how age-related systemic and local inflammation can
contribute to the progression of OA joint damage [116]. Indeed, only 3
published original papers reported the use of aged mice in MIA-induced
OA, with contrasting results. From two of them [52,53], the basal
presence of an inflammatory and neuroinflammatory condition in aged
mice clearly emerged, with further aggravation following MIA injection.
Conversely, Ogbonna and coworkers [117] reported reduced spinal cord
microglia activation in old mice after exposure to MIA.

Another variable that has not been adequately taken into consider-
ation is sex, since it represents a major determinant in the inflammatory
process and differences between male and female OA patients in both
disease progression and pain burden have been widely reported [118].
In preclinical studies on MIA models, there is no agreement on this issue,
since some studies were conducted in female while others in male mice,
but no direct comparisons have been performed [119]. Interestingly, it
has been suggested that the development and maintenance of

neuroinflammation may be dimorphic, with a preferential activation of
different cell types, such as microglia/astrocytes or infiltrating immune
cells in males and females, respectively [120,121]. Whether this is the
case in OA-induced neuroinflammation still needs to be elucidated.

These aspects deserve an in-depth evaluation in order to translate
basic research results into innovative, and if possible personalized
therapies for OA patients. However, we are confident that the precise
understanding and elucidation of the neuroimmune interactions in OA
pain will soon indicate new targets to develop novel therapeutic ap-
proaches that could ameliorate pain, associated mood disorders and the
overall quality of life of OA patients.
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